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Hearts will never be practical
until they can be made unbreakable

Wizard of Oz.






Abstract

Ventricular assist devices (VADs) basically are blood pumpd #re used
routinely in clinical practice for the support of end-stage hieditire patients.
They are mostly used until the patient’s native heart is re@laath a transplant,
but in select cases they can heal a patient’s heart and sutibgdpeeremoved.
Especially in the latter case it is important to have aileéet knowledge of the
effect of the device on the native heart. In this dissertatiom,irtteraction
between a VAD and the heart’s left ventricle is studied on hyaiadic level
with an in vitro and a mathematical model. The results are fucthmpared to
data obtained from animal studies.

First, a summary is given of the cardiovascular system, hedure, and
available therapies. Especially the different applications DY are
highlighted. Next, the newly developed in vitro and mathematical madeld
for the subsequent studies are presented.

These models are used to study the interaction between themdficle and a
rotary blood pump (Medos Deltastream / Medos-HIA microdiagonalppum
where aside from a stationary impeller speed (normal use)patap failure and
varying impeller speed (pulsatile use) are simulated. The narseabf a rotary
pump as VAD is also studied in sheep. It can be concluded that puome fa
does not bring about an acute threat if the VAD has a sufficibigly hydraulic
resistance. The normal use of such a VAD leads effectivelylimading of the
left ventricle, and this can be improved by using the device in a pulsatile mode.

Next, a minimally invasive VAD (PUCA IlI) consisting of a valveatieeter and
positive-displacement pump is studied in an in vitro model, wheoarnt be
concluded that the device can effectively augment aortic pregsiféoav, but is
less suitable to unload the left ventricle. Effective unloadingbeanbtained by
using this device in the (abdominal) aorta.

Finally, the lessons learned from these studies are sumnohareel it is
demonstrated from sheep and calve data that the use of a VAPraltere heart
function in such a way that the most common modeling method for left
ventricular function becomes inadequate.
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to the improvement of the treatment of heart failure patients.
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Overview and rationale

Many ventricular assist devices have been developed since the drébdsany
more are currently in a development phase. The rationale ®rwibik was
therefore not the design of a new device or a contribution to the denetvjpf a
particular device. Nor was it the goal to demonstrate theysaiet efficacy of a
device as it is required by institutions such as the US Food Camd
Administration (FDA) or the CE directives. The primary goaltleé project
summarized in this dissertation was to investigate theraiction between
ventricular assist devices and the native (failing) heart, and tongestep closer
to the full comprehension of the intervening phenomena.

In spite of two decades of extensive experience with implantaliticidar
assist devices, it is still not clear how the heart experietiesissistance and
what the ideal device or operation mode would be. The fact that dessses
have been used as a therapeutic instrument (“bridge to recovesé)act cases
in recent years, further urges the need to understand the bege-thteraction.
The main component of such a device is a blood pump, and its irdaradth
the heart takes place on several levels, e.g., purely mechanieghction,
biochemical reaction, response on the nervous control of the heart. ditte he
device interaction is further complicated by the combinabfoventricular assist
devices with pharmacological therapy. In this work, the intentias t@ focus on
the mechanical heart-device interaction of two types of devltasare fairly
new and with which the experience is very limited: the (rotargyahal pump
(in standard and miniaturized version) and the PUCA Il volumetric pump.

The first chapter of this dissertation is intended for readetisouwt medical
background and it therefore introduces the basic function of the heart andgsvar
forms of heart failure. Methods for treatment of heart failure hbriefly
explained, with special attention to ventricular assist devices had various
forms and applications. There are basically two types of deuicesones that
generate a continuous blood flow (with a rotary pump) and those geneaating
pulsatile flow (with a positive-displacement (volumetric) pumpcltype has
specific advantages and disadvantages and assist device investig@adors
basically split in proponents for either type. Therefore the plogical effect of
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these two types of generated flow is discussed in detail atnthefethe first
chapter.

The following two chapters (Il and IIl) present the tools avaddbt the study of
the heart-device interaction. First, there are ithevitro models that are a
hydraulic simulation of the (systemic) cardiovascular systapart from the
complete cardiovascular model that is used for ‘dynamic’ interactioiest, also
a model of the vascular system without the heart can be usestdtc’ studies;
to assess information on the basic function of the device under &sstleBin
vitro models, also mathematical models are useful tools to studyetredevice
interaction. Chapter Il gives an overview of methods to model the
cardiovascular system in mathematical terms, where the furaftible heart, the
vessels, and the ventricular assist device is simulated withtidoacand
equations, which can be solved by computer programs. A detailedptiescof
the model that has been developed in the course of this projectnsagjitree end
of that chapter.

Chapters IV and V consider the interaction studies itself. Exessudies with

the rotary (diagonal) pumps are described in chapter IV, whereddeon the
heart is investigated for three scenarios of pump use. Fiest ts the case of
sudden pump failure, followed by regular unloading of the heart with a
continuously running rotary pump. The final highlighted scenario is thefuse
rotary pump with a modulated rotational speed, in such a way tpalsatile
flow is generated. These three scenarios are investigated withatiematical
model and ann vitro model, further supported with unloading studies in real
sheep i vivo). Chapter V concerns volumetric pumps, with a main focus on a
catheter-based device that is intended for short-term support: G& Rpump.

This device is characterized in the staticvitro model, followed by a dynamic
interaction study. The heart-device interaction is further cordgarthe effect of

an intra-aortic balloon pump.

Finally, chapter VI summarizes the conclusions drawn from theique
chapters, and it highlights some drawbacks of ith&itro and mathematical
models that are used for heart-device interaction. Theserkeraee generally
valid for models currently used throughout the world. Consequently, siayggest
are given for further improvement of ventricular assist modedsuidy the heart-
device interaction.
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A. ANATOMY AND PHYSIOLOGY OF HEART
AND CIRCULATION

1. Introduction

In the second century, the famous anatomist Claudius Galenusalen,G
performed animal experiments and produced many manuscripts in which he
revealed the secrets of circulation in the human body. Althougirding to his
theory, there wasn’'t much circulating (see Fig. I-1). He beliekat food was
directly converted into blood in the liver. Blood was needed for nutrdfaime

body and moved back and forth like tides in two completely sepangéshss:
arteries and veins. In the heart, he claimed, blood was mixed with air (pneuma
add spirit to the arterial system. This theory was readitgpted and taught by
physicians for the following 15 centuries.

independent ends
of the two flows

arterial

“Hindependent
l ends of the l

two flows
venous arterial

Fig. I-1: lllustration of Galen's view on circulation.
DC: digestive channel. ao: aorta. vc: vena cava.
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Throughout his versatile career as a botanist and anatomisaWHarvey has
always criticized Galen’s theory. His own experiments in th& &@ntury
revealed that there is a continuous movement of blood in a clogednsysthe
body of mammals, and that the heart is the pump that maintaingrtutation.
He hereby laid the foundations for our current insights in the maamal
circulatory system.

2. The circulation

The circulatory system is composed of a pump and conduits (blooels)etbmt

lead to organs where exchange processes occur. The transport nsetiood|
composed of plasma, red and white blood cells, and platelets. The iblood
responsible for transporting heat and oxygen and supplying this to maades

end organs. The organs in turn release waste products (lacticiaszid, ...) or
functional substances such as hormones which are then transported and
exchanged again in other organs. In the lungs, fresh oxygen is supplied to the
blood.

To provide an efficient circulatory system that allows sw#fitigas exchange
through the lungs, the mammalian circulatory system is actaaltyposed of
two circuits that are connected in series (see Fig. 1-2). Bloos through these
circuits at the same flow rate, which is about 5.5 I/min dt fdee largest loop is
the systemic circulation that is maintained by the left ©ilehe heart and
provides oxygen rich blood to all the major organs except for the luhgspart
of the circulatory system starts in the aorta, an elascyawith a diameter of
about 2.5 cm that originates directly from the heart. Attertilood has passed
the organs, it flows into the right side of the heart via the caval veins (inéewior
superior). The ‘right heart’ subsequently pumps the blood through thepaityn
circulation, beginning with the pulmonary artery. The main functiorthef
circulation is to pass blood through the lungs for gas exchange. The pulmonary
circulation ends in the left side of the heart via four pulmonanysyand from
there the oxygenated blood is again ejected in the systemic loop.
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Fig. I-2: Schematic overview of systemic and pulmonary circulation M pa; pulmonary artery.
RA: right atrium. RV: right ventricle. LA: left atrium. LV: left ventricle. PV: portal vein.
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3. Blood vessels

Blood needs to be transported fast and efficiently between the orggins,
allowing enough time for the exchange of substances with the organs.ofégeref
different types of blood vessels are present in the circulaj@tgrs. The large
arteries split into smaller arteries, which branch progressaetl form narrow
vessels that are called arterioles (see Fig. 1-4). Thadeibranch further into
innumerable capillaries with a very small cross sectionr(eiar below 1Qum).
Because there are so many capillaries, the total crossrsedtthe vascular
system actually increases as a result of the branching. Consggqtieatblood
will slow down (200 times slower at capillary level than in #ueta) and allow
an efficient exchange. The capillaries will eventually convergendgavenules
and further into veins. In general, arteries are vessels thapdrafdood away
from the heart while veins transport it towards the heart.

Elastic fiber
(longitudinal layer)

Nonmyelinated

Blood vessel
~ Collagenous

) fibrils

Collagen
Fibroblast bundles

Y\ =

Jjunction

Medial
layer

Flow

070\

Intimal I Endothelial cell
layer ndothelial cells

Fig. I-3: Detailed sketch of the general structure of a blood vessel.

fenestrated)

Basal lamina

In spite of all these different types, all blood vessels angposed of the same
three layers, albeit in different proportions (see Fig. |-Bg ihner layer is called
the intimal layer, which consists of a flat sheet of endotheéli$, resting on a
thin sheet of connective tissue. This layer is necessatydod contact because
it releases products that prevent blood clotting. The middle Iayealied the
medial layer and provides strength and constrictive power to the Wéssels. It

7
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Is constructed of smooth muscle cells embedded in a matrix ofnelast
elasticity) and collagen (~ strength) fibers. The outer lesyealled the adventitia
layer, made of connective tissue that binds the vessel to surrowtdiotures to
hold it in place. The only exception to this three-layer systenthe capillaries,
that only consist of a single layer of endothelial cells to alapid exchange of
substances between blood and surrounding tissue.

Wall/lumen \

2mm/ N —— Aorta
25 mm

1mm/4mm o ——Muscular artery

30 um _ Anteriole — /A
H /30 um o . vV

1 pm/G wm ° ——Capillary ——*—\o »,ﬁp
3um /30 wm —Venule ————|l

Fig. I-4: Wall thickness and inner diameters of different types of blood vessels @

From functional perspective, the large vessels such as the aadtathe
pulmonary artery act as dampers that convert the pulsating fbowtfre heart to
a more continuous flow. For this, they are very elastic by thgh bontent of
elastin fibers in the medial layer. Smaller arteriesnaoee muscular and have a
relatively higher wall thickness (see Fig. 1-4) and they only exéotv resistance
on the blood flow, making them function as regular conduits. The arterioles, on
the other hand, are true resistance vessels. They are stmaferegular arteries
and have a wall thickness equal to their own internal diametarglfpressure
drop is present over these vessels, and the actual total vasesikiance is
mainly regulated by the dilation and constriction of these vesBeéscapillaries
then act as exchange vessels and cause very little presspreatrause of the
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many parallel circuits. Venules and veins have the same tnattgre and differ
mainly in size. They all have a thin media layer that alltvesn to distend or
collapse and thus act as a variable volume reservoir. The veing limbs are
also equipped with valves to prevent backflow. Veins are relatiaefyer and
more numerous than arteries and as a consequence they contaitwakibirtds

of the circulating blood. Their innervation allows for active contraihef stored
volume.

4. The heart

The human heart is located in the mediastinum, the space betwee&mgs in
the thoracic cavity. A normal heart has the size of a persast'safid weighs
about 300 grams. It consists mainly of muscle cells (myocyted)form the
myocardium, the muscle wall of the heart. On the inside, the seaovered
with a layer of endothelial cells that is called the endocarditm outer layer is
the epicardium. The heart is further embedded in the pericarthupmevent
friction injuries as a result of the continuous pumping action of the aed the
tidal moving of the lungs. This pericardium is in fact a flat doublered
membrane that contains 20 to 30 ml of lubricating fluid to fulfdlgushioning
function.

To execute its pumping function and maintain the pulmonary and systemic
circulation, the heart is divided into four chambers (see F&j. TFhe two top
chambers are called the atria (sing.: atrium) and their fuattion is to provide
sufficient and well-timed filling of the chambers below. For thie atria can
function as a blood collecting reservoir, as a conduit, and as a pump, and
alternate between these functions during the cardiac cycle. fiaghawever,

are only faintly muscled and thus have only limited pumping power. dale r
pumping action of the heart is performed by the lower chambersegttigcles.
These have a thick myocardial wall, which is needed to erdet pressures
necessary to eject the blood against the resistance of the lessels: To direct

the flow, the ventricles have an inflow and outflow valve, which areseiadd in

a fibrous disc (annulus fibrosus), which separates the ventricles from the atri
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Fig. I-5: Anatomy of the heart and the governing pressures !,

The atria and ventricles are divided in a left and a right pattid septum. From
functional perspective, the left atrium and ventricle (‘thi# keart’) provide
blood flow into the systemic circulation and the right atrium andtricte
maintain the pulmonary circulation. Sequentially, the blood thaeesdmom the
lungs flows through the pulmonary veins, the left atrium, the leftriodst and
via the aorta into the systemic circulation. There it isectdld again in the vena
cava and flows further through the right atrium, right ventricle, pulnyoadery,
and back to the lungs. The left ventricle has the mitral valve teptdackflow
to the atrium and the aortic valve as an outflow valve, to prevent regiogi
from the aorta into the ventricle. The right ventricle has tleigpid valve and
the pulmonary valve for the same purposes.

Since the heart is an organ in itself, it also requires suppbxyafenated blood.
Therefore the left and right coronary arteries originate dir@llynstream from

10
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the aortic valve and form a network of arteries on the epicardsem Kig. 1-6).

The main arteries on the left heart are the left anterseedeling (LAD) and the
circumflex (LCx) coronary arteries. Through these arteriescapdlaries, blood
is supplied to the myocardium. The arteries go over into veingé#thér in the
coronary sinus in the right atrium, where the oxygen deficient bloodllescted

and directed to the pulmonary circulation.

Left main
coronary artery

Circumflex
branch

Right
coronary
artery

Left anterior
descending

Posterior descending
branch of right \
coronary artery \

Fig. I-6: Sketch of the coronaries as they lay upon the heart .

5. The conduction and contraction system of the hea  rt

5.1. Electrical conduction

The contraction of the heart muscle is initiated by an etattpulse, stimulating
every muscle fiber that contributes to the contraction. Thigreakpulse is in
fact generated within the heart itself and propagated by a smeriduction
system, so there is no need for external innervation to initiateaction. As a
result, the heart will keep beating at its basal rate whe&naikcised from the
body. The intactn situ heart, however, has external innervation to regulate the
heart rate.

11
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The sino-atrial (SA) node in the right atrium is the actual pakem that
discharges pulses at regular intervals. The pulse (or action pgtenpaksed on
through modified muscle cells over both atria, resulting in atrialractn.
Because the fibrous plate between the atria and ventriclectaaally isolating,
that action potential is not passed on to the ventricle. Insteadyitheeatricular
(AV) node that is located just above that plate is activated r@md there the
action potential is spread over the ventricles through bundles of long ¢teeduc
fibers. The action potential is then passed on from cell toatetligh speed,
making the ventricles contract (and generate pumping power) virtasligne
entity. The AV node causes a delay in the pulse transmissiois ihgbortant for
the harmonization of atrial and ventricular pumping action.

5.2. The electrocardiogram
The collective electrical activity of all the heart muscédls is reflected in the
electrocardiogram (ECG) that can be measured at the bodgeswiin an ECG
monitor. The resulting waveform has a typical morphology (seelHigbottom
graph). The first bump is referred to as the P wave and itspmnels to the
electrical activity of the SA node, which indicates the sihtrial contraction. It
is followed by a plateau that is referred to as the PR irdtand that indicates
the delay in the AV node. The following high-amplitude peak is the QRS
complex that indicates the electrical activity of the Jel#s, and thus the onset
of ventricular contraction. Because of the numerous muscle ddls are
activated almost simultaneously, this part of the signal reflgoe highest
electrical activity and it can be used for triggering of cardioviascdevices.
Finally, the asymmetrical T wave reflects the repolaionabf the ventricular
muscle mass.

1mV|: b T ECG
i LGS
] 10
«0.2 s
- :
5sg

Fig. I-7: The ECG: electrical activity of the heart as it can be measured at the body surface @,
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5.3. Contraction of muscle fibers

On microscopic level the myocardium consists of a structured Ilogna
muscle fibers with various orientations (see Fig. 1-8). Theyt@ptther as one
functioning entity that makes complex motions during the cardiac ciyeleh
ventricular fiber is actually a cell (myocyte), that mnstructed of a bundle of
myofibrils which in turn contain sarcomeres. These are the actudtacting
elements, consisting of several thick myosin filaments surroubgesix thin
actin filaments (see Fig. I-8). These filaments are conne@ettossbridges, and
they can slide over one another by repositioning the crossbridgasisTdalled
the sliding filament principle and it results in shortening of thewaere (and
myofibril, and muscle fiber) and the development of force. Such a ctiotra
consumes a lot of energy and oxygen, while also a high quantitycidiroaions
(C&™) is mandatory for the activation and deactivation of the sliding mechanism.

LT T T M)

il

Stretched

Crossbridge

[ oc00000cossuocoogooommursmammonon
Contracted

Fig. I-8: Top: Sketch of the (simplified) orientation of the muscle fibers in the left ventricle!.
Bottom: composition of a muscle fiber &,

13



CHAPTER |

6. The cardiac cycle

In order to pump blood through the circulatory system, the heart Qomggh
alternating phases of filling and ejection. Before decribing theseephasletail,

it has to be clear that both atria and both ventricles work synalsbndut that
atria and ventricles go through different phases. Consequentlyg, #nertwo
pumping cycles going on in the heart, where the ventricles lag behintrithe a
Because the atria, just as the ventricles, can be seen asusok,nonly the
(normal) function of the left side of the heart will be discds€2n the right side,
the exact same phases occur but at lower pressure levels.

At a certain time in the cardiac cycle, the ventricle wilirt to relax and the
pressure inside will drop apidly while the volume stays congiaotolumic
relaxation, see below). Both the atrium and the ventricle agihtbe relaxed (in
‘diastole’) and the mitral valve will open as a result of the gawer gradient
(see ‘start’ in Fig. 1-9, (a)). The atrium has been functioag@ reservoir up to
then and the collected blood can now flow to the ventricle to ensuckfiléipg
(see Fig. I-10, ‘mitral inflow’). This filling phase is actuallyanaged by sucking
action of the ventricle that recoils to its natural shape. Onceollexted blood is
transferred to the ventricle, the atrium will function as aduit and blood from
the pulmonary veins will be channeled directly into the ventricles Pphase
(diastasis) is marked by slow filing of the ventricle. Theafi phase of
ventricular diastole is actually the atrial systole (Aveja the atrium contracts
and functions as a pump to fill the ventricle with extra blooé (Sg. 1-9, (b)).
This ‘atrial kick’ only contributes for 20% to the ventricular fillj, which can be
seen in the small bump in the volume curve of Fig. I-10. If thet kezuld beat
65 times per minute, which is a normal heart rate at rest, thérla heart cycle
would last 0.92 seconds. The ventricular diastole (isovolumizatda + rapid
filling + diastasis + atrial kick) would last almost two+tts of the beat (0.57
seconds).

14
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ventricular diastole

atrial systole

(®)

atrial diastole

Fig. I-9:Different phases in the pumping cycle of the heart. a. early ventricular diastole; b. atrial
contraction and late ventricular diastole; c. ventricular isovolumic contraction; d. ventricular
ejection; e. ventricular isovolumic relaxation.

The volume contained in the ventricle at the end of the ventricllilag fphase is
appropriately called the end-diastolic volume (EDV) and isclpi around 120

ml in an adult human. Because there are different ways to dmiith@etermine

the end of diastole (e.g., by pressure, ECG, etc.), this is nayslaqual to the
maximal ventricular volume, but EDV is at least an approximadiormaximal
volume. The corresponding pressure is the end-diastolic pressurg. (EizRe
values are often used as an indication of the preload that the ventricle is subjecte
to (i.e., to what level the heart is loaded and stretched at the start of conjract
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Fig. I-10: Overview of ECG, aortic, atrial, and ventricular pressure (P.), aortic and mitral flow,
heart sounds, and ventricular volume and their respective timing. Adapted from Yellin =,

Following diastole, the ventricular systole or contraction comngenitelasts
0.35 s and is divided in an isovolumic contraction phase and an ejectian phas
During the short isovolumic contraction (0.05 s), the ventricularchaugets
tensed and builds up pressure. Consequently, the pressure gradienteover
mitral valve is reversed and the valve will close. The ventriqotassure will
then be in a range where the governing pressure heads keep bothclededs
preventing ventricular volume variation (Fig. 1-9, (c)).

At the end of the isovolumic contraction, the intraventricular gunes will
exceed aortic pressure and consequently the aortic valve will opgnd Ra
ejection of blood through this valve will follow (Fig. I-9, (d)). The arterial syst
cannot drain at the same rate and as a result there wibbfags of blood in the
compliant large arteries where the arterial pressure ngdl to its maximum
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(systolic blood pressure). After approximately 0.15 s, the ejectoamssdown

and the drainage rate of the arterial system will exceedjdtioion rate of the
heart, resulting in a gradually decaying arterial blood pressurectid)

continues when the ventricular muscle has started to relaxrasul of the
momentum of the outward flow. The rapidly decreasing ventriculaspre will

Impose an inverse pressure gradient over the aortic valve andlttswidown

the outflow. Eventually, a short backflow will cause the aortic vadvelose and
end the ejection. This can be seen as a disturbance in the acstarpréhat is
referred to as the dicrotic notch. Because of the continuing outflawesult of
momentum, and because of the different definitions of systole, ihardisparity
between end-systolic pressure and end-ejection pressurbend of ejection,
a healthy left ventricle will have ejected about 80 ml of blood instreke. This
is called the stroke volume (SV) and it is on average 67%efhd-diastolic
volume. This value is called the ejection fraction (EF) and imel@ as: EF =
SV/EDV-100.

The ventricular diastole of the next cycle will then start agath a phase of
rapid relaxation that is translated in an isovolumic pressure thepgension in
the muscle suddenly falls, resulting in pressure gradients thaptdath valves
closed and preclude ventricular volume variation (Fig. 1-9, (e)). Thiseplaests
0.08 s, followed by a new rapid filling phase of approximately 0.15 s.
throughout ventricular systole and isovolumic relaxation, the atwasirelaxed
and the mitral valve was closed. Blood coming from the pulmonary veass
then stored in the compliant atrium that thus functioned as evoaséuring the
ventricular diastole, when the aortic valve is closed, the arteloald pressure
decays to a minimum value (diastolic blood pressure) and thedesgees return
to their natural volume.

In total, the ventricular diastole lasted 0.57 s and the systole O@5asrésting
heart rate of 65 beats per minute (BPM). During exercise, thebwiet demand
of the body will increase and thus a higher blood flow is required.i3 higinly
achieved by increasing the heart rate. The higher the hearthmatshorter the
cycle time will be, and it is especially the diastole tizashortened (see Fig.
[-11). Since this is the phase during which the myocardium is isdpplith
oxygenated blood, it means that the heart can only function properly ap
certain heart rate. At high heart rates, the ‘atrial kick’ gaimmrtance because it
compensates for the lack of time to fill the ventricle passively.

17

All

to



CHAPTER |

systole
_ 1000 ~ \ — — diastole
n \
£ 800 - \
S 600 - AN
S 400 - ~
_g \\
~
200 - ~—
. -

40 60 80 100 120 140 160 180
Heart Rate (BPM)

Fig. I-11: Duration of systole and diastole as a function of heart rate. Systole was defined as the
QT interval of the ECG and diastole as the remainder of the heart period.

7. Assessment of cardiac function

7.1. Cardiac pump function
The heart in its natural environment is subject to numerous regulat
mechanisms that adjust the function of the heart to the demand of theThed
vasomotor center from the brain regulates the inotropic statdréctility) and
the heart rate based on information it gets from various ‘presswgesgja
(baroreceptors) and chemical sensors (chemoreceptors). To quaatitinction
of the heart, the main interest goes to the pressures andwseitfican generate,
just as with a regular water pump. The function of these pumps (egntrl
heating pump) is usually visualized in a graph that covers a bevage rof
pressures and flows and from which the desired working point can be assessed. A
similar approach can be adopted for the heart. In the following discudiseon,
focus will be on the left ventricle (LV) as it is the most goful pump chamber
of the heart.

The pressures necessary to determine the function are measidedthe LV,

and averaged over the course of a heart beat in order to obtain ssie@nalue
(mean pressure) for a certain working point at a certain furadtistate. The
same is done with the flow generated by the heart (mean fleardiac output),

but this is measured at its output, i.e., in the aortic arch. Several wliffeveking
points can be obtained, for example by changing the pressure that thiealsear
eject against (afterload). This will result in a number oEguee-flow data pairs
that will together form a parabolic pump graph as seen in Fig. I-13 and Fig. I-14.
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Fig. I-12: Schematic drawing of a cardiac pump characteristic.

The extreme points of the graph can be interpreted as follows: ddtia is
clamped, no flow will be generated but a high pressure will forrthénlLV,

while if the aorta is completely open without afterload, a highv fcan be
generated, but no build up of pressure will be realized. The shape gfaph in
between these points seems characteristic for each individa] akthough its
position can change with functional state. Just as with water guaghs, the
rectangular surface under a working point is the mean power genbsatbd
left ventricle since it is the product of the governing pressure and flow.

In experimental setups it is further possible to change the functtatel of the
heart. Electrical pacing or chronotropic drugs change the heart rates w
inotropic drugs like dobutamine and epinephrine can change the contstatile
(inotropy) of the heart. The effect of these alterationsas se Fig. 1-13 The left
panel of this figure also shows how the volume in the LV at eastale
(‘filling’) alters the position of the pump graph, where increaskiddiyields a
higher, and thus more powerful pump graph. This effect is known as the Frank-
Starling mechanism, which states that the pre-stretch of td@canuscle fibers
— as a result of increased filling — is a determinant for thergetkpower (Fig.
[-14). This is in fact a simple consequence of the sliding fildnagrangement
and the initial overlap between actin and myosin in cardiac mustieh is
determined by filling.
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Fig. I-13: LV pump function graphs of an isolated cat heart .

Although the effect was already known and reported decades B¥fofxto
Frank linked his name to this mechanism in the 1890s when he reploated
increased filling results in increased isovoluhpeessure in frog ventricles. Two
decades later, Ernest Starling was able to produce isbbaact beats with his
‘Starling resistor’ and found that increased filling lead$igher cardiac output
(CO).

50-

Mean ventricular pressure
(mmHg)

STARLING

0 Mean ventricular output 8
(//min)

Fig. I-14: Sketch of LV pump function graphs. The gray arrow indicates the influence of
increased filling, while the black arrows indicate the findings of Frank and Starling.

"In an isovolumic heartbeat the LV volume staysstant over the whole heart cycle. This can be
obtained by clamping the aorta.
*In an isobaric heartbeat the pressure in the Bysstonstant over the whole heart cycle.
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7.2. Pressure-volume loops and elastance
Another method of visualizing and quantifying cardiac function is plottey t
instantaneous LV volume versus the instantaneous LV pressure e3iléng
pressure-volume diagram is typical for a given heart in afapéanctional state
and at a specific working point. Consequently, many pressure-volageadis
(or PV-loops) can be obtained from one heart. Where in the previousdrtbth
oscillatory effects of the heart were neglected by averamiagthe cardiac cycle
(mean values), here they are taken into account and thus a moileddeta
evaluation can be performed. As depicted in Fig. 1-15, the pressure volume
diagram, which is run through counterclockwise, can be split up in fowsepha
that are representative for ventricular function: isovolumic rélaxafilling,
isovolumic contraction, and ejection.

(3) EJECTION
_ (systole)

w

S

2 @ 2

g ISOVOLUMIC ISOVOLUMIC
a. |RELAXATION SYSTOLE

-
-

(1) VENTRICULAR FILLING (diastole)

VOLUME

Fig. I-15: Sketch of a pressure-volume diagram of the left ventricle. The letters indicate valve
action: A. mitral valve opens; B. mitral valve closes; C. aortic valve opens; D. aortic valve
closes.

Suga and Sagawa further elaborated on the pressure-volume digfr&me of
their important findings is that with different loading conditions pbeition and
shape of this loop changes, but that the end-systolic points (approx. pwint D
Fig. I-15) always stay on the same line if the contractifitpot altered (see Fig.
[-16). This line is referred to as the end-systolic pressuraneluelation
(ESPVR). Altering the functional state of the ventricle withtiopic drugs
results in a rotation of the line around its volume interceg}. (8onsequently,
the slope of the ESPVR is correlated to the contractility andutld be of great
clinical importance if only it could be measured easily ingrdai. The slope is
referred to as end-systolic elastancg)(Eince it is an indicator of the elasticity
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of the heart (elastance is the reciprocal of compliance)dasgstole, which is
approximately the maximal elastance that can be obtained baetitecle when
in the same contractile state. Similarly, the end-diastdfistance () can be
found as the slope of a line that connects the end-diastolic poidif$eoént PV-
loops. Such a line (or curve) is known as the end-diastolic pressumaeol
relationship (EDPVR, see Fig. I-16).
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Fig. I-16: The end-systolic pressure volume relationship (dashed line) and its volume intercept
(Vo) derived from differently loaded heart beat data !

Suga and Sagawa further defined the time-varying elastance :tliemry the
volume intercept of the ESPVR, a line can be drawn to each qgicimé¢ PV-loop
and thus a slope or elastance can be calculated for each timevjpthet heart
cycle. Time-varying elastance is therefore defined as:

_ p®
E(t) = VD -V [Eq. I-1]

with:

E(t): time-varying elastance (mmHg/ml)

p(t): time-varying LV pressure (mmHQ)

V(t): time-varying LV volume (ml)

Vo: the volume intercept of the ESPVR (ml)
The elastance curve has a typical shape and its maximum isghailsto Es(see
Fig. 1-17). In spite the fact that the PV-loop varies in shape asdign as a
result of different loading conditions, the elastance curve its@iidependent of
preload (filling of the LV) or afterload (aortic pressuf&) Therefore the curve is
characteristic for a given heart in a specific functional staue valid for all

working points.
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Fig. I-17: PV-loops under different preload conditions (panel A) and the related LV elastance
curve (panel B). T1-T10: Various time points throughout the cardiac cycle.

Suga and Sagawa additionally found that normalization of this eutlhieespect

to amplitude and time results in a general elastance curvesthgiical for the
species. lIrrespective of loading conditions, heart rates, sickness, drug
administration or subject, each normalized elastance curvepxamately
identical. This was later confirmed by Senzaki et4l.
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Fig. 1-18: Energetic parameters in a PV-loop. PE: potential energy; SW: stroke work;
ESPVR: end-systolic pressure-volume relationship.

Other interesting information can be derived from the pressure-valisgeam
by quantifying areas. This results in parameters that eachlaterto a specific
type of energy consumption of the heart (see Fig. I1-18). The suwahbin the
PV-loop, for instance, is referred to as the stroke work (SWherekternal
work, and it is a measure of the amount of energy that is treegféom the
heart to the blood. In other words, this is the amount of energysthested to
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eject blood from the heart. The potential energy (PE) can berdeésl from the
surface between the ESPVR, the EDPVR and the PV-loop aethies to the
energy that is necessary to contract the heart. Even if Wexee no ejection of
blood (isovolumic beat), the heart muscle would still consume grsémgply to
build up pressure. This pressure is of course a consequence of thdlgitas
formed in the separate muscle fibers, which are the real mensiwof the energy.
The sum of the stroke work and potential energy surfaces edldak pressure-
volume area (PVA = SW + PE). It is a measure of the tatalgy consumption
of the ventricle and it appears to be linearly related to thgesxgonsumption of
the muscle™. Another index that is often used is the mechanical efficiency
(Meff) of the LV, which can be defined as the ratio of the stk to the total
oxygen consumption, or alternatively as the ratio of the stroke vwrthe
pressure-volume area.

Further investigation and validation of the time-varying elastancerythieas
revealed that the ESPVR and EDPVR are in fact curvilinedrtlaat the volume
intercept actually varies during the cardiac cytfe Nevertheless, the linear
approximation as it was originally elaborated by Suga and Sagavilli
meaningful and much easier to use.

7.3. Other indices of cardiac function
To quantify cardiac function or contractility in a clinical sedt it is preferred
that indices can be calculated from less invasive data or fraampéers that are
used for standard monitoring of patients. Also, indices that are not {reneors
due to linearization would be of interest. Therefore a numbeterhatives have
been applied.

7.3.1. Maximum pressure derivative
One easy to obtain measure is the so called gg/dthich is the maximum of
the LV pressure derivative (dp/dt). This maximum is normally gmes early
systole, at the end of the isovolumic contraction phase, and a higher val
indicates a ‘stronger’ heart.

7.3.2. Preload recruitable stroke work

Another alternative is the preload recruitable stroke work (PRSWe Frank
and Starling had already demonstrated the impact of the filfitgecheart on the
generated energy, it is logical that cardiac contractility ddaé derived from
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measurements at different preloads. Since every differefdaat level yields a
different PV-loop with a different stroke work, it is possibleplot the stroke
work of each PV-loop as a function of preload. A line can be f{iteth good
correlation) through the obtained data points and the slope is the RREN is
again a measure of contractiliff’. A disadvantage of this method is the
necessity of simultaneous LV pressure and volume measuremertt) vehi
relatively unreliable with contemporary clinically available tegueis.
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Fig. I-19: Example of the preload recruitable stroke work (PRSW) determination for 2 sheep.

7.3.3. Preload adjusted maximal power
This method is based on the power generated by the LV. As discugkdtie
pump function graphs, the power can be calculated as the product oé&3upe
and aortic flow. This can be done for every time point of the camyigle, thus
yielding a power curve. The maximum of this curve is another meadure
contractility, which is again highly dependent on preload. Therefore an
adaptation of the power calculation can be applied by normalizingpdhver
with respect to the end-diastolic volume. A popular way of calagjathe
preload adjusted maximal power (PAMP) is tH&re:

_ p(t) [Q,, (V)
PAMP = ma{w] [Eq I'Z]

with:
PAMP: preload adjusted maximum power (mmH§-fk)
p(t): LV pressure (mmHQ)
Qadt): aortic flow (ml/s)
EDV: end-diastolic LV volume (ml)
a constant (-)
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The constant ‘a’ is experimentally determined and it is negessanake sure
that identical PAMP values are obtained for heartbeats at ehiff@reloads.
Without that correction, one particular heart in a constant fundtgiage but at
different working points would yield different values and thus it would be
impossible to quantify the actual contractility. Therefore, aemamcurate way
that also relates better to the time-varying elastaneeryh is to include the
volume intercept Y in the calculation (see [Eg. I-3]) . This, however, has the
disadvantage that for each PAMP calculation there is need foiplaueats at
various loading conditions to allow estimation qf (¢ee Fig. I-16).

00, (t
PAMP = mz{%] [Eq. I-3]

8. Wall stress

In 1958, Sarnoff demonstrated that one of the primary determinants of
myocardial oxygen consumption is the stress in the myocartflintt is also
accepted that ventricular geometry adaptations as a rexdtdific disease and
abnormal loading conditions, are a means to normalize altered wéartnveall
stress*®9 |t is therefore of interest for the understanding of heart diswasbe
possible therapies to calculate the ventricular wall stress.

The ventricular wall is a non-homogeneous, anisotropic matettialnenlinear
elasticity that is composed of layers of fibers with dédfer orientations
embedded in connective tissue (see Fig. I-8). A complex strasduwtisn can
thus be expected. However, it has been demonstrated experimémadliy\/
wall stress is distributed homogeneously and that a single valuée used to
indicate the wall stress for the whole wafl.

In the simplest model for wall stress calculation, the veetigchpproximated as
a spherical shell. Laplace’s law [Eq. I-4] can then be appliediaberventricular
wall stress to the pressure, the inner diameter, and the (inverse of)ickalkss.

26



INTRODUCTION

o
O

Q
I

[Eq. I-4]

e
=

with:
o: wall stress (N/ff)
p: pressure (N/R)
D: inner diameter (m)
w: wall thickness (m)

More geometrically realistic is to approximate the ventrigke an isotropic,
homogeneous (thick-walled) ellipsoid (Fig. I-20). Two types of steesar then
be defined: meridional (longitudinal) and circumferential waksdr which can
be calculated with modified Laplace equations specifically intnide the
assumed geometry ([Eq. I-5] and [Eq. I-6], respectivVét)

qu = ./Cﬁy

Iom

Fig. I-20: lllustration of the parameters used for the wall stress calculation. D: internal diameter.
L: internal length. h: wall thickness. o.: circumferential wall stress. o,,: meridional wall stress.

|

_ py D’
°m T 4ThD + h) [Eq. 1-5]
2% - D?
quW[Dd[l ) [Eq. I-6]

4Th[{L? + D Ch)

with:
Om:  meridional wall stress at the equator (mmHQ)
oc: circumferential wall stress at the equator (mmHg)
puv: left ventricular pressure (mmHg)
D: internal ventricular diameter (cm)
L: long axis dimension (cm)
h:  wall thickness (cm)
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Apart from wall stress, it is also possible to calculatesthess in the individual
muscle fibers that form the ventricular wall. Remarkably,emialt properties or
geometry are not the major determinants for this type of sthass et al.
demonstrated that fiber stress is governed by ventricular peegsdrthe ratio of
internal volume to wall volume as given in [Eq. 1.

V
o, :£1+3ElviJ b,y [Eq. I-7]
wall
with:
(o fiber stress (mmHQ)

Viv: LV internal volume (ml)
Vwai: myocardial volume (ml)
pwv: LV internal pressure (mmHQ)

9. Blood pressure regulation

In normal conditions, mean arterial blood pressure is maintained/sibfugical
values by the negative feedback mechanism of the nervous systech, is
controlled by the vasomotor center in the brain. If a too lowialtpressure is
present, the vasomotor center will decrease the parasympathdtincrease the
sympathetic activity to normalize the pressure. This works viat2mags: a
vascular pathway (influencing peripheral resistance and volumédigin) and
a cardiac pathway (influences CO).

The peripheral resistance mainly depends on the arteriolar toteziokas only
have sympathetic innervation, which maintains a continuous vasoc@rsioice
via the thick layer of smooth muscle cells. To regulate the saoces
parasympathetic and sympathetic activity, the vasomotor centeformed of
the current arterial pressure by the pressure receptors (tEptoes) that are
present in the aortic arch and in the carotid sinus. These recdplivey electric
pulses to the vasomotor center over the nerve of Hering and Cwgdinegfuency
that is correlated to the mean arterial pressure (MAP).

Fig. 1-21 illustrates how the arterial baroreceptors influence the vasemid
cardiac pathway. Next to the arterial receptors there lace cardiopulmonary
baroreceptors that monitor the atrial, pulmonary and diastolic velairic
pressures. These receptors balance the effects of theladeejptors. When for
instance the arterial receptors react on increased pressurenhbiyting
sympathetic activity and decreasing the heart rate, the pulmaeeaptors will
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in turn increase sympathetic activity to prevent a too low hreset In fact, the
baroreceptor activity is not only dependent on the mean pressurelevél is
also influenced by the pulse pressure and the pulse rate.

Apart from the vascular pathway explained above, vascular tonalsts
determined by thermal and neurohormonal factors. Physiological ifauféaiv
for instance, brings about systolic shear stresses that inducedretias of
different vasodilators (like NO) from the vascular walls.

arterial pressure 2 I

| arterial baroreceptor activity 7 |

parasympathic activity sympathic activity sympathic activity sympathic activity
to the heart 7 to the heart ™ to the veins ~ to the arterioles ~

& Heart Ratey

SA node activit VEenous tones ' arteriole tonex |

| venous pressure N |

v

| venous return |

v

| end-diastolic volume ~ |

Stroke Volumex
\ 4 ¢ v

Cardiac Output ™~ | | Total Peripheral Resistance

|
arterial pressure “ I

Fig. I-21: effect of baroreceptors on arterial pressure regulation.

In serious trauma, when there is great loss of blood, vasocowstraétthe blood
vessels in the skin, the skeletal muscles, and the majonsorgdl occur as a
means to keep the blood in the body. However, due to a safety syt
human body (sympathetic escape) the brain and the heart esoapéehfs
vasoconstriction, since that would be more dangerous than the blood loss.
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B. HEART FAILURE

1. Introduction

At present, cardiovascular diseases (CVD) are still therigathuse of death in
the Western world. It has the same death rate as the followweg sauses of
death combine&?. Worldwide, 16.7 million deaths were attributed to CVD in
2002?31, There are, however, many types of cardiovascular disease, @ee m
lethal than the other: 32% of the 37.954 CVD deaths in Belgium weeddy
diseased coronaries in 19%#. A primary target group for treatment with
cardiac assist devices are people suffering from end-stage stivrgbeart
failure (CHF). It is estimated that there are about 5 omllAmericans and twice
as many Europeans suffering from CHF®. CHF is typical for the older adult
population, while new pediatric cardiac assist devices may beyspin the
treatment of congenital heart defects. Another condition where caadiist
devices are used is the so-called “Low Output Syndrome” (LO%gse
conditions are briefly discussed hereatfter.

0.5% Congenital 13% Other

Cardiovascular
Defects

0.4% Rheumatic Fever/
Rheumatic Heart
Disease

54% Coronary
Heart Disease

4% Diseases
of the Arteries

5% High Blood
Pressure

5% Congestive
Heart Failure

18% Stroke

Fig. I-22: Overview of the different cardiovascular causes of death in the US in the year 2000%2.
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2. Congenital heart disease

Congenital (‘existing at birth’) heart defects occur in childveémen the heart
does not develop normally during pregnancy. They are malformations of the
heart that come in various forms and about 8 out of every 1,000 infarit®@r

with them, which makes it also the type of birth defect withhigbest mortality

221 In some cases, mainly because of improved echographic techndiesg, t
defects may be detected before birth. This is not the cadeahthe patients,
however, and some children can live for years with a congeniattdeefore it

is diagnosed. Some small defects may heal naturally in the ,infecause the
heart keeps developing after birth.

Most congenital heart defects cause blood to flow through the heart and
circulation in an abnormal pattern. One of the most astonishing atuchdicely
rare malformations is the single ventricle, where a baby is ath only one
ventricle that connects to both the pulmonary and systemic circul&oone of
the more common defects are septal defects (both atrial armicukamy which
are perforations in the septum that allow intermixing of oxygenated
deoxygenated blood and thus cause a less efficient oxygen transigsorta
transposition of the great arteries is quite common (about 10% of rataige
heart disease), as is a tetrology of Fallot. In total thezeabout 15 defined
defects that can all occur in various combinations and in diffeyeades of
severity.

Most often, surgical treatment is required to remodel the hedrh& connecting
vessels. Since a number of pediatric cardiac assist devieesuaently under
development, congenital heart disease patients form a potengel taoup for
application of these devices. They cannot only keep the patiegesrlalive and
give time to the surgeons to see the natural development, but theysoan a
provide support while the heart is recovering from reconstruction surgeries.

3. Low Output Syndrome

Open heart surgery (cardiotomy), regardless of the indication fosuigery,
may result in a temporary depression of cardiac function. Thiscaodivtomy
heart failure is apparent when the patient cannot be weaned feohednt-lung
machine that replaced the function of heart and lungs during the opeiatith
the low output syndrome (LOS), the heart seems incapable of producing a
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sufficient cardiac output in spite of the surgery and thus it carratake the
work that it did before. One might say that the heart is in sheckresult of the
operation. LOS may result from inadequate myocardial protectidhébheart-
lung machine or from perioperative ischemic injury.

This condition is usually temporary and can be solved by supportirigetirefor
a while and take over part of its load. For this, a blood pump caneoketiust
keeps circulating the blood through the patient. Due to lack of altersiativthe
past, the roller pump that was used in the heart-lung machine seassasd for
treatment of LOS. Biocompatibility issues prevented use ofpinmsp for more
than a couple of hours. Nowadays centrifugal pumps are more poputaforals
use in the heart-lung machine. In some experienced centers ihipeferred to
use a more complex blood pump that can generate a pulsatile flowifetves
just for a short term.

Almost 1% of the patients who undergo coronary bypass surgery sufferttie

low output syndrome to such an extent that they need mechanical cardiac
support. Most often the patient will then recover from LOS withiee¢ days and

can be weaned from the blood pump, as the heart alone pumps strong tenough
maintain the circulation. However, mortality of patients afigpass surgery is
significantly higher if LOS has developed.

4. Congestive Heart Failure

Congestive Heart Failure (CHF) is a term used to indicatedhédition where

the heart's weak pumping action leads to a buildup of fluid (congestidhgi
lungs and other body tissues such as the legs, feet, ankles, abdidmeen. The
‘water’ in the lungs makes breathing difficult and in the legs, Mstaince, it
causes obvious swellings (edema). A large part of the patidrdssuffer from
congestive heart failure actually dies of the lung dysfunction tlatlys
suffocates them. Overall, the prognosis for CHF is poor: one out of five
diagnosed patients die within the y&ak

CHF always results from an underlying disease that initafifgcted the heart
function, and it is this primary heart disease that should be reswvaae the
congestion. Possible causes are heart valve disease, corongrydegase, or
cardiomyopathy.
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In heart valve disease, one or more heart valves do not functionlgraper
surgery is required to correct or replace the valve. The valesbe either
stenotic - which results in poor opening and high resistance - or reguygi
where insufficient closure results in backflow.

Coronary artery disease alters the supply of oxygenated blood to the
myocardium by obstructed coronaries. The obstruction can be a dtoar a
plaque of fatty substances that has gradually formed inside tbracgrover a
long period. This can be treated by scraping or grinding the plaque away
(atherectomy) or by widening the artery by shortly inflatandpalloon inside
(angioplasty). Other options are the placement of a stent (wesh rtube) to
keep the artery open or to bypass the blockage with an additional blood vessel.

In case the heart muscle itself is diseased and becomes thdorgenerate
sufficient output, the term cardiomyopathy is used. This can faanos be
caused by viral infections or alcohol or drug abuse, but most oftecatise is
unknown (idiopathic). Cardiomyopathy establishes itself in threaddsee Fig.
[-23): dilated (large thin ventricle with little power), restive (stiff ventricle
which impedes filling), or hypertrophic (thickened septum or myouardhat
obstructs blood flow).

The lung edema that results from CHF is specifically cabsedysfunction of
the left ventricle. When this ventricle is too weak to evacuaewthole blood
volume coming from the lungs, a compensation mechanism traégmioish that
volume by extracting fluid from the blood and storing it in the luague. If the
right ventricle fails, a similar process will cause excesflivid buildup in the
veins and upstream organs, hence causing the edema in the legs. Beeause t
kidneys are responsible for the volume regulation in the body, CHRal®sayut
a large burden on them. The fluid buildup will affect their abilitydigpose of
sodium and water, and therefore they often fail as a resultH#¥. @ left
untreated, the disease will progress and eventually other organe/esiken,
resulting in a condition that is called multiple organ failure @CBecause of
the slow but steady progression of the heart failure and its eympit is also
referred to as chronic heart failure.
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Fig. I-23: Different forms of cardiomyopathy (CMP):
A. normal heart; B. dilated CMP; C. restrictive CMP; D. hypertrophic CMP.

The severity of CHF is difficult to quantify because it haded&@nt possible
causes and expresses itself in different combinations of spmptA
classification method based on the functional status of the pat@snintroduced
more than 30 years ago by the New York Heart AssociatiorH@NYand it is
still popular today?”.. It is, however, a very rough classification that is subjective
and lacks reproducibility. The NYHA scale was developed as aallitool, but
IS howadays also often misused as a research tool in stdtestalysis. Patients
within the same NYHA class may show a great variabilitguality of life, or a
patient may show clear improvements that are not indicated byNWi¢A
classification and thus stay in the same class after eessftl treatment.
According to the NYHA classification, a patient suffering from héafure can
be divided in one of the classes below, where class | is obviduslynbst
favorable and class IV the most severe. Patients in claasel\¢onsidered to be
in an end-stage and are eligible for aggressive and invasive tgerappically,
cardiac assist devices that are used to treat CHF cangaiigmts from class IV
to class I.
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CLASS I

CLASS I

CLASS Il

CLASS IV:

This class considers patients with cardiac disdage without
resulting limitations of physical activity. Ordinary physieetivity
does not cause undue fatigue, palpitation, dyspnea, or anginal pain.

Patients with cardiac disease resulting in slighitation of physical
activity are contained in this class. They are comfortableest.
Ordinary physical activity results in fatigue, palpitation, dyspoea
anginal pain.

This class holds patients with cardiac diseaseltiag in marked
limitation of physical activity. They are only comfortald¢ rest.
Less than ordinary physical activity results in fatigue, palpiat
dyspnea or anginal pain.

This class contains patients with cardiac diseasdtmng in inability

to carry on any physical activity without discomfort. They are
therefore confined to bed or chair. Symptoms of the anginal
syndrome or cardiac insufficiency may be present eventatfrasy
physical activity is undertaken, discomfort is increased.
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C. THERAPIES FOR CHF

1. Introduction

For the fifteen centuries after Galen had spread his theory grhttsgology of

the human body (see section A.1), it was believed that hehntefahould be
treated with methods to bring balance between the four humors (blieck bi
yellow bile, phlegm, and blood). In 1683, up to date methods were edployt
Thomas Sydenham who promoted bleeding, purges, blistering, garlic and wine
In the 20" century, the pharmacological treatment of congestive heauteail
slowly evolved from mercury therapies to the actual pharmaaabtherapies,

but large randomized clinical trials of contemporary medicthésiot take place

until 1986%,

Better understanding of the causes of heart failure has alsoolethet
development of surgical approaches, e.g., to treat coronary diseasdver
failure. Current technology and medical experience also allowgglace the
heart when its salvation has becom