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Preface

Preface

This paper owes much to the constructive criticism by various people. I would like to express
special thanks to my supervisors, Prof. Dr. Ir. J.W.M. Bergmans and Dr. Ir. J.A. Blom (of the
Eindhoven University of Technology) and Drs. T.J. van Brakel and Dr. Ir. F.H. van der Veen
(of the Academic Hospital Maastricht). In addition, a word of thanks to my colleagues at the
University of Maastricht, whom it was a pleasure working with. Finally, I would like to thank
my family and friends for their support.

I hope this paper serves as a meaningful contribution to the discussion of the mechanisms of
atrial fibrillation. It does not pretend to answer all the (difficult) questions, which we are
facing, but rather to shed a new light on the topic.

It is repeatedly mentioned that there is no such thing as a Holy Grail for solving all problems
in health care; rather progress should be made through small increments. Essential to achieve
these small advances are investigation and a coherent approach.

Guy Vaessen
Eindhoven University of Technology, July 2005
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Explanation of terms

Explanation of terms

theory that AF becomes persistent because of changes in the

transient ischemic attacks (temporary stroke)
electrical conduction path over the heart (depolarized tissue)
length of one wavelet (tissue that is depolarized forms one

atrial effective refractory period
atrial fibrillation (arrhythmia)
atrial fibrillation cycle length
contraction of the heart after an electrical stimulation
theory that AF becomes persistent because of changes in the

AERP:
AF:
AFCL:
Capture:
Contractile remoddeling:
way the heart contracts
CT: conduction time
CVA: cerebrovascular accident (see: stroke)
ECG: electro-cardiogram
Electrical remoddeling: theory that AF becomes persistent because of changes in
electrical properties in atria tissue
Embolus (embolism): a small blood clot
Hypertension: high blood pressure
LA: left atrium
Stenosis: narrowing of a blood vessel
Stroke: when the blood supply to a part of the brain is interrupted by
Occlusion
Structural remoddeling:
cell-type of the atria
TIA:
Wavelet:
Wavelength:
wavelet).
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1 Key problem

Key problem

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia. Although AF
affects less than 1% of individuals in their fifties, up to 8% of 70 year olds suffer from this
arrhythmia. In addition to frequent disabling symptoms, the arrhythmia is associated with a 2
fold increased mortality, a 5-fold increased risk of stroke, a shortening of life by 18 years, a
significant decrease in cardiac output (10-20%) and an increased heart-rate. Mitral valve
disease (insufficiency and stenosis), left heart failure and hypertension contribute to the
establishment of AF. However, the exact relationship between left atrium (LA) overload and
AF remains unclear. Left atrial dilatation has been described as a cause and as a consequence
of AF. Although several new treatment modalities are available to restore and maintain sinus
rhythm, the long-term success of such a strategy remains disappointing. Over the past few
years, significant progress has been made in understanding the underlying pathophysiology.
However, much remains unclear. In this report an attempt has been made to study the
electrophysiological changes induced by left atrial dilatation to explain the underlying
mechanisms and to pose possible treatments for AF. In this report the work of my own is
described, thereafter an introduction to the heart in general and AF in particular is given. After
this the methods and results are explained and finally, in the discussion, the results of this
study are compared with other studies.
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2 Work of my own in Final Report

Work ofmy own in Final Report

In this chapter I described what I did during my final training period to be able to write this
report.

2. 1 Final Report

The global structure is made in consultation with my supervisor Drs. T.J. van Brakel. The
surgical practice was explained to me by: Drs. J. Remes (heart surgeon) and Drs. T.J. van
Brakel. I made all the graphs and flowcharts. I also studied literature about AF, atrial
dilatation and heart function and compared the results from this study with the results from
other studies.

2.2 Presentations

I gave four presentations: about the progress of the study, about the model in general, about
the results of drug therapy and a final presentation about the results obtained from the data
analysis.

2.3 Measurements Methods

In this Final Report data is analyzed. The data was obtained in a previous study. The process
of data-analyses and the conclusions that can be drawn from these analyses are the subject of
this report. Data analysis in a medical situation creates some problems that are of non
technical nature. (Difference in subjects and limitations on the amount and type of
measurements that are possible.) Although these problems are worth discussing and had to be
dealt with, it is not part of this final report. The raw data had to be examined and useful
signals had to be separated from noise. This was done by using noise filtering techniques (see
paragraph: Noise filtering). Thereafter data containing erroneous signals was discarded. This
was done by hand. The data was analyzed using several measurement systems. With these
measurement systems it was possible to perform the measurements described in this report.
Some of the measurement systems are in house developed, such as 'Pacemap' 'IDEEQ' and
Cardiotek.
Some measurements were not performed on a regular basis. This resulted in gaps (of days or
weeks) in the data. To avoid problems and/or misinterpretations, care was taken to select a
useful representation of that data (the data was presented on a weekly basis instead of a daily
basis). If this was not possible, the data was discarded and not taken into account for the
results.

2.4 Analyzing tissue samples

During surgery tissue samples were obtained by removing some heart-tissue. These tissue
samples were coloured and then analyzed with a microscope. The amount of fibrosis and the
cell-type were determined and compared with each other.

2
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2.5 Processing and interpreting results

Work of my own in Final Report

I performed the processing and interpreting of data. All raw data acquired up till now have
been analyzed and archived by means of various computer programs. The results were
compared with results from other studies. This was done in order to see whether our
investigation gave new insights or that further investigation was needed.

2.6 Additional activities

~ Visiting an AF-symposium in the MECC.
~ Attending a lesson in microscopy.
~ Analyzing tissue samples under a microscope.

3
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3 Introduction

Introduction

In this chapter a general introduction to the anatomy- and electrophysiology of the heart is
given. After that the hemodynamics of the bloodflow are discussed. Finally the impact- and
treatment of AF are discussed and the hypotheses are formulated.

3. 1 Anatomy of the heart

The heart is a hollow organ, largely consisting of muscular tissue, on the inside covered with
a thin membrane; the endocard. The heart cavity is separated by a partition into a left- and
right half and by another partition into atrium (auricle) and ventricle (chamber). The heart
works like a double pump (right- and left half of heart). The atria have a function of 'primer'
and take care of additional filling of the ventricles and through this cause an extra volume
push of 10-25%. The muscular walls of the left- and right atrium are integrated, as well as the
muscular wall of the left- and right ventricle. The atrium wall, however, is separated from the
ventricle wall by a layer that is impermeable for action potentials. Therefore there is no direct
electric connection between atrium and ventricle other than the AV-knot and the bundle of
His. (See Figure 1)

Sinus node

AV knot

Figure 1: Anatomy of the heart

3.2 Electrophysiology of the heart

Pulmonary Veins

Left atrium

Mitral valve

The heart's natural pacemaker consists of cells (nodal tissue) that possess no rest potential,
because their membranes slightly leak Na+. Hereby these cells lose their charge and the
potential difference over the cell membrane is reduced. If the potential difference is smaller
than 55 mY, this leads to depolarization. Therefore, these cells independently generate a
regular series of action potentials. The fastest depolarizing cells are located in the sinus node
(the sinus node is located at the top of the right atrium). This pulse is conducted by the heart
cells over both atria and therefore will bring the entire heart muscle into depolarization. The
pulse is received by the AV-knot, delayed and thereafter conducted through the bundle of His
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to the bottom of the ventricles to consequently depolarize both ventricles and cause
contraction. Therefore, the atria contract from the top to the bottom while the ventricles
contract the other way around (see Figure 2).

R

p T

Q S

P Wave QRS Complell;

Adivat'kln 01 tne atria A.cllvatlOtl 01 tho
Vtlottiellf$

TW~!lVe

Figure 2: Electric conduction during a heartbeat

The heart does not operate entirely independently. Through connections of the sinus knot with
the autonomous nervous system the heartbeat can be altered within a broad range, see Figure
3. In case the heart's atrium starts to fibrillate, the normal impulse conduction (initiated by the
sinus knot) is disrupted. The atria no longer contract in a controlled way, but experience a
rapid activation (up to 300 contractions per minute). Due to the delayed conduction in the
AV-knot not every atrial activation during AF will be conducted to the ventricles. This
protects the ventricles from fibrillation. However, AF does lead to an increased and irregular
ventricular pace, characterized in the Electro-Cardiogram (ECG) by an irregular heartbeat and
absence of the P-top. Recent studies have shown that AF is a self-sustaining arrhythmia. Once
a patient develops AF, changes occur in the heart tissue, which promotes the stability of AF.
Studies have shown that AF is more common among patients with large atria. In humans there
is an automatic activity originating from within the pulmonary veins, which can trigger the
onset of atrial fibrillation.
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Normal H~art~at

fast Heartbeat

Slow Hool1beat

Figure 3: Different heart rhythms

3.3 Hemodynamics

Introduction

With each heartbeat the blood is pumped through the arteries by fits and starts. The pressure
that is exerted on the wall of the arteries is known as blood pressure. Because the walls of
arteries are elastic, they give away when the pressure wave flows through the vein and damp
enormous pressure differentials. A healthy adult has a blood pressure of approximately
120/80 mm Hg. The first number represents the upper pressure or systolic pressure. This is
the blood pressure's highest value in the arteries at the moment the heart contracts. The
second number is the lower pressure or diastolic pressure. This corresponds to the pressure
when the heart is in relaxed state.

The blood that returns from the body to the heart is poor of oxygen and rich of carbon dioxide
(C02). Through two main veins (the vena cava interior and vena cava superior) this blood is
collected in the right atrium. Blood from the pulmonary veins is collected in the left atrium.
Almost simultaneously both atria contract and cause the flow of more blood to the ventricles.
Slightly after this, both ventricles contract which causes the blood to be pushed into the lung
artery (ateria pulmonalis) and the aorta. The tricuspidalis valve and the mitralis valve prevent
the blood from flowing back to respectively the right and left atrium. The blood pushed into
the main arteries cannot flow back to the chambers because of a valve. At the transition of the
right ventricle to the lung artery is the pulmonalis valve. The aorta valve is situated between
the left chamber and the aorta. These valves prevent the blood from flowing back to the
ventricles l

.

6



New insights into the mechanisms of Atrial fibrillation

3.4 Impact of atrial fibrillation

Introduction

Atrium fibrillation (AF) is the most common form of heart rhythm disorder. The societal
effects of AF are considerable. The incidence of AF in the population above 60 years of age is
estimated at 2 to 4%. This can increase to 40% in case of congestive heart failure and valve
surgery. Furthermore AF may be associated with physiologic stresses such as all surgical
procedures, pulmonary embolism, chronic lung diseases, hyperthyroidism, and alcohol
ingestion. Other disease states commonly associated with AF include hypertension, valvular
heart disease, congestive heart failure (CHF), coronary atery disease, Wolff-Parkinson-White
(WPH) syndrome, pericarditis, and cardiomypathy. When no identifiable risk factor for AF is
present, the condition is classified as lone AF. The possible consequences of atrium
fibrillation are diverse in nature7

. Apart from the subjective discomfort there is a diminished
hemodynamic heart function. But above all, the risks of clot forming as a result of blood
stunning in the atria and the resulting cerebro vascular accidents (CVA and TIA) caused by
embolism, have a huge physical and societal impact. Due to ageing it is very likely that AF
arises in an increasing part of the population. From clinical data and studies it follows that the
duration of AF episodes increases with the time frame in which AF remains untreated81

.

In previous investigations of AF it was found that AF causes electric and structural changes in
the atria. These changes cause the AF-duration to increase further. One of these changes is
called 'electrical remodelling'. The other ones are 'structural- and contractile remodelling' 39,

45. Electrical remodelling involves a decrease in the duration of action potentials and a
diminishing Atrial Effective Refractory Period (AERP). From this research it also follows that
the increase in AF-duration continues after the electrical remodelling has been completed (the
refractory period does not decrease further but the AF-duration does). These data point to the
existence of a 'second factor' that further increases the AF-duration after a completed
electrical remodelling81

, 73. Despite the fact that various research studies have been conducted
on this phenomenon, it still remains unclear which conditions and mechanisms are
responsible for the initiation and subsistence of AF.

According to Moe's multiple wavelet theory 43 - 45 the induceability, stability and mean AF
time is determined by: 1) the mass of the heart, 2) the wavelength of the electrical activation
and 3) differences in electrophysiology. Although atrium dilatation will not increase the mass
of the atrium directly, the size and therefore the surface of the atrium will definitely expand.
Through this it is possible for a larger number of wave fronts to coexist on the atrium
simultaneously. Dilatation will also cause the elasticity of the atrium to increase. In turn this
will cause a fibrosation, which results in a decrease of the conduction velocity. Therefore it is
highly plausible that atrium dilatation has a role to play in structural- and contractile
remodelling.

From previous research it is known that left atrial overload affects the sensitivity for AF. AF
is rarely present in left atria that are smaller than 40 mm (3%). However, AF is common in
left atria greater than 40 mm (54%). In atria greater than 45 mm, often caused by mitral valve
insufficiency, it is unlikely that an electric shock is capable of getting a patient in sinus
rhythm for longer than 6 months. Patients experiencing valve failure have, apart from dilated
atria, also frequently problems with AF. However, with these patients it is impossible to
determine whether the valve failure is cause or effect of the chronic atrial dilatation. Various
researches have demonstrated that dilatation causes AF but also vice versa. 20, 67, 66 Attempts
to generate long AF periods (>1 hour) by means ofdilatation alone have been unsuccessful up
till now. Even though it is clear that dilatation affects AF, it remains unclear which
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pathophysiological mechanisms cause this and which of these mechanisms can be used to
treat AF.
The goal of this final report is to unravel the mechanisms responsible for the existence of AF.

3.5 Treatment of AF

The management of AF is directed at three basic goals: (1) control of the ventricular response,
(2) minimization oftromboembolic risk, and (3) restoration and maintenance of sinus rhythm.
To achieve these goals several clinical treatments are available. The effectiveness of these
treatments depends, among other factors, on the duration of AF. If AF is recent, cardioversion
may be achieved by electrical shock. Another treatment of AF is drug therapy, however the
effectiveness of anti-arrhythmic drugs is incomplete and the potential risks, some of them
fatal, are a serious concern. For this reason the selection of a drug must always be based on
safety. Anti-arrhythmic drugs are classified in several classes, based on the mechanism they
act on. Non-pharmacological strategies (besides electrical shock) are: radiofrequency ablation,
maze procedure and catheter/pacemaker implantation (in combination with an AV -node
block). These methods can be combined with anticoagulation drugs to prevent tromboembolic
risk.

3.6 Hypotheses

The goal of this study is to develop a deeper insight into the mechanisms, which promote AF.
Therefore the following hypotheses are tested:

1) Atrial dilatation leads to pathophysiological changes, which promote the existence of
AF.

2) The left atrium dilates due to LA pressure overload.
(There are many reasons why the atria could dilatate, but in this study it is
important that the dilatation is caused by LA pressure overload, because this
results in reproduce able effects.)

3) Atrial dilatation leads to stress, this stress causes fibrosis, and due to this fibrosis
multiple wavelets can exist on the atria, which promote the existence of AF.

4) Atrial dilatation increases the size of the left atrium, due to the increased size more
wave fronts can coexist on the atrium.

8
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4 Methods

Methods

In this chapter the methods are described. First the research plan is explained. Hereafter the
measurements, measurement equipment, data acquisition and inducibility of AF are explained
in detail. Finally the limitations of this study are given and explained why they exist.

4. 1 Research plan

To study the effects left atrial dilatation has on the existence and stability of AF, a research
plan has been made. The various measurements taken in this study are explained in Figure 4.
In order to exclude AF caused by surgery two groups of animals are investigated: open shunt
and closed shunt subjects. Open Shunt subjects are subjects who have had a fully functional
graft between aorta and left atrium. Closed shunt subjects have not had a working shunt. The
treatment these two groups got was exactly the same, so the only difference was the existence
of a working shunt. It is extremely important to have a closed shunt group because this way
results measured with the open shunt group can not only be compared among each other and
in time, but also with the control group. Furthermore the changes in time in the control group
can also be measured.

Measurements
during surgery

M€a"'l,nlf'rn~llS dW1ng
~¢ond ftll10w ~p

Figure 4: Flowchart of all measurements taken

In order to investigate the pathophysiological changes tissue samples were taken from various
locations on the entire heart. By comparing the control group with the open shunt group it was
possible to analyze the effects of atrial dilatation. In order to check whether the effects of
atrial dilatation are reversible the shunt was also closed a couple of times, after which tissue
samples were taken.

9
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4.1.1 Placing graft and measuring equipment

Methods

The surgical procedure is described hereafter. After moving the left lung to distal and the
opening of the pericard an invasive left atrium pressure measurement was performed. This
was achieved by placing an incision on the epicardial surface of the left atrium heart ear.
Subsequently, a ventilated catheter for continued measurement could be inserted. At the end
of the operation the catheter was removed again. Bipolar measurement electrodes were placed
on the epicardial surface (the measurement electrodes before implantation can be seen in
Figure 5 and Figure 6). A single 4-channel electrode patch was placed on the body of the left
atrium; the second electrode patch on the ear of the left atrium and finally an electrode patch
was placed on the left ventricle. Three reference electrodes were placed subcutanely.

Figure 5: Complete measurement electrode (90 cm in length)

Figure 6: Close-up of the three silicone patches, every electrode is made of silver

10
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In addition, six ultrasonic crystals were installed on the epicardial surface. The electrodes
were placed in pairs:

Dorsal - Ventral
Cranial- Caudal
Central - Central

The placing of a shunt between aorta thoracalis descendus and left atrium took place as
follows: administering Heparine intravenous, placing of the shunt (Graft 6 to 8 mm). The
shunt could be planted on the transition aorta bow - aorta descendens by means of a side
clamp. The shunt was also planted on the left atrium with a side clamp.

4.2 Measurements

4.2.1 Data acquisition

The study-data was acquired using several measurement systems. These measurement
systems could not filter all the noise from the signals. Therefore it was necessary to perform
additional noise filtering techniques. With these noise filtering methods it was possible to
obtain a 'more realistic' representation of the actual value.

4.2.1.1 Noise filtering

The data was filtered to obtain a realistic representation of the actual value. Due to the nature
of the noise it was necessary to select a suitable filtering method. Fixed filters are necessarily
a compromise. The filter should affect the data as little as possible, while removing the noise
as much as possible. Evidently, the optimum depends on the data content. In Figure 7 several
methods to filter noise are shown, each method having its own specific area in which it is
applicable. In the standard neighbourhood filter all data is combined to form the output. It is
possible, however, to exclude some data in some cases. This is possible because it is known
what types of noise we deal with. The median filter selects the data point with the least
extreme value. In the K-nearest neighbourhood filter, (for K=2) only the two data points
closest to the median data point are selected. The order statistical filter filters all data points,
but the weight a data point has decreases with the distance to the median (or central) data
point. In sigma-nearest filtering only the data points that differ less than a value delta (d)
from the median data point are selected. The differential order statistical filter is used when
all data points are filtered. The weight decreases with the distance to the data point that is
currently filtered.

Conductance measurement
The conductance measurement does not suffer from noise, but it is possible that the
measurements are not performed well. This is the only error that should be accounted for. The
cardiac-output is measured five times. These measurements should give five times
approximately the same value. Clear outliners can be discarded by performing the
measurement additional times. Therefore the appropriate filtering method is: Standard
neighbourhood.

11
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Atrial Fibrillation Cycle Length (AFCL)
AF signals are random as the waves travel over the atria in a very unorganized way. During
AF the cycle length is often as short as 80 ms, giving more than 500 data points per minute.
From these (on average) 500 data points the cycle length is determined. The cycle length
varies between 80 ms and 160 ms and is distributed in a Gaussian way. Therefore median
filtering is applied and the median value is called the AFCL.

Dilatation
Dilatation is measured by determining the inter crystal distance in mm. This distance varies
during every heartbeat. In addition breathing causes the distance to change too. To filter this
kind of noise first the average distance was measured over a period of 30 seconds.
Subsequently this measurement was repeated 5 times. Thereafter the median data point was
determined and sigma nearest filtering was applied, with delta (d) = 5%. The data points that
differ less than 5% with respect to the median data point are averaged to form the output.

All other measurements (LA pressure, aortic pressure, conduction-time and AF-duration)
were filtered using the standard neighbourhood method, but first the most extreme values
were discarded.

Standard neighbourhood

Increasing value

(a) Standard neighbourhood selects all eXisting data
pOints.

K neafest neighbours {l(=2}

..
Increasing value

Median filter

..
Increasing value

(b) The median filter selects the data pOint with the
least extreme value.

t . ·10

(c) K-nearest, for K=2, selects the two data points closest (d) The OS-filter IS a weighted average, the weight
to the current data point decreasing With the distance, in ranks to the central

rank number

Sigma m~arelilt neighbours Differential ordef statisfleal filter

+d .. ..
Increasing value

(e) The sigma filter averages all data points that differ
less than a value delta (d) from the current data point

Increasing value

(f) The DOS-filter is a weighted average, the weight
decreasing with the distance, In ranks to the current
data point

Figure 7: Several methods to filter noise from data points. The data point that is filtered is the one with
the thicker line. The darker the data point the higher the weighting in the output of the filter
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4.2.2 Inducibility of AF

Methods

Figure 8: Left pane self-terminating AF, right pane prolonged AF

If a burst of 50 pulses with an interval of 20 ms is applied to a left atrium, AF may result.
Usually AF lasts only for a couple of milliseconds. However in dilatated atria, AF may last
much longer, depending on the amount of dilatation and how long the atrium has been
dilatated. When AF last only for a couple of milliseconds we speak of self-terminating AF.
When AF last longer than an hour, we speak of prolonged AF, see Figure 8. Other definitions
are: sustained AF (AF lasting longer than one day) and "never ending" AF (AF lasting longer
than one week). Please note that the author always makes these definitions, in various reports
the definitions are chosen differently.

4.2.3 Description of crystals and electrodes

The employed measurement equipment consisted of crystals and measurement electrodes.
The crystals used were 2 mm, round crystals (Sonometrics ®, London, Canada), suitable for
implantation in soft tissue (see Figure 9).

Figure 9: Close-up of one of the six crystals

The crystals are made of piezo-electric ceramic material and they transmit and receive sound
waves. These crystals work at ultrasonic frequencies (l MHz and higher). One crystal
transmits a signal and this signal is received by another crystal. The time differential between
transmitting and receiving allows the determination of the distance between sender and
receiver. Because multiple crystals were placed on the atrium, the size of the atrium could be
determined. By connecting measurement equipment to the crystals, the crystals could be
activated and measurements could be performed. The size of the atrium varied during one
heartbeat and across multiple heartbeats. This made it necessary to take an average of the
measured signal (see paragraph about noise filtering). This way the distance between 6 crystal
pairs was measured.
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The measurement electrodes for pacing and sensing consisted of three patches of four
channels each that were embedded in silicon gel (Figure 5 and Figure 6) and three reference
electrodes that were attached subcutaneous. The electrodes used, were made of silver. By
means of these electrodes, each placed on a different part of the heart (2 electrodes on the
atrium and one electrode on the ventricle), it was possible to record electric signals of the
heart and to electrically stimulate part of the heart. The measurement equipment comprised a
simulator and a sensor unit (Cardiotek, Maastricht Airport, the Netherlands). The stimulator
could send signals of different frequency, duration and current intensity to the measurement
electrodes. The sensor could detect signals and amplifY them. The measurement equipment
was connected to a laptop (which controlled the process). This provided the possibility to
execute different electric measurements, record signals and electrically stimulate (parts of) the
heart. Although it is theoretically possible to stimulate the ventricle also, this was never done.

4.2.4 Measurements during surgery

Immediately after opening of the pericardium, LA and aortic pressures were measured. These
values were taken as reference points. The effect of acute pressure overload in the LA, and the
repercussion on blood pressure was evaluated both immediately and half an hour after
opening of the shunt. At the end of follow-up these pressure measurements were repeated one
last time. After the crystals had been placed, they were connected to the measurement
equipment. The size of the left atrium has been measured before placement of the shunt,
immediately after placement of the shunt and then after each five minutes. Subsequently, the
threshold, conduction time, AF-duration, refractory period and AFCL were measured by
means of the measurement electrodes. The threshold was measured by stimulating a
measurement electrode with decreasing current intensity. The threshold is that value of
current intensity where capture is just present (capture: a heartbeat directly after an electric
stimulation). In all subsequent measurements, electric stimulation has been performed with a
current intensity of 4-times threshold. The conduction time (CT) has been measured by pacing
the atrium with 5 series of 50 pulses using an interval of 400, 350, 300, 250 and 200 ms
respectively. The conduction time was determined by measuring the time between a
stimulation of the first measurement electrode (on the atrium) and the detection of this
stimulation by the second electrode (on the atrium) see Figure 10. Conductance measurements
were also performed; this was done with a conductance catheter. The conductance
measurements gave the cardiac-output. This was done by flushing 10 ml water of zero
degrees centigrade through the catheter. The sensors inside the catheter measured the time it
took before temperature was normal again. This is a direct measurement of cardiac-output. By
flushing 7.5 ml of salty water through the catheter it was possible to measure conductance of
the blood.
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Figure 10: Conduction measurement pacing with 400 ms. The conduction time (CT) was measured
between LAI and LA4, it's value was 33 milliseconds

The AF-duration is the time a person is in AF, after a burst of 50 pulses with an interval of 20
ms has been given to the atrium. The first three AF measurements were left out in the
determination of the average AF-duration (because AFCL is unstable during the first five
minutes) In Figure 11 a typical recording during AF is shown.
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Figure 11: Signals measured during AF. The average AFCL (distance between 2 peaks) was 110 ms on
La4, Please note that this picture only shows atrial activations not a complete ECG as shown in Figure 3
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The AFCL was measured during AF. The AFCL can be defined as the time between detection
of a fibrillation wave and the detection of the following fibrillation wave. Stated differently,
the AFCL is the fibrillation interval, see Figure 11.

Figure 12: AERP measurement: the small arrows indicate the 81 with an interval of 400 ms, the bold
arrows indicate the 82. The upper panel shows that at 170 ms no capture arose while with an interval of
180 ms capture did arise (lower panel)

The AERP has been measured at 4 different pace-intervals (400, 350, 300 and 250 ms). For
each pace-interval 10 pulses (S 1) were given plus one additional pulse (S2) that was being
extended by 5 ms each time until capture arose. The shortest possible interval between the last
pulse (S 1) and the extra pulse (S2), which led to capture, is the refractory period (see Figure
12). Because the AERP depends on heart-rhythm, it is necessary to control the rhythm of the
heart. This is done with the 10 pulses (S 1). After 10 pulses the heart has adopted to this
specific rate and the refractory period can be determined.

4.2.5 Measurements during follow-up

During the study period measurements were conducted twice a week. This consisted of taking
an ECG, measuring electric parameters (conduction time, refractory period, induceability of
AF) and quantifYing left atrium dilatation. If it turned out to be possible to induce long
episodes (> 1 week) of AF, recordings were made at regular intervals (at least 1 x per quarter
hour) by means of which the AFCL could be determined. The measurements have been
performed in awaken condition and with sinus rhythm, with the exception of the measurement
of the AFCL that took place during AF. When AF lasted longer than one week drug therapy
was used to treat AF. Conductance measurements were performed for the second time when
cardioversion was successful. After the conductance measurements AF was either re-induced
and the shunt was closed or the measurements were terminated. Closure of the shunt was done
by searching for the subcutanely situated shunt loop and tightening this. If it was chosen to
close the shunt, the follow-up took a few weeks extra. During this time period it was checked
whether AF induced by chronic dilatation is reversible.
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4.2.6 Limitations of the current measurement setup

Methods

Unfortunately there are several limitations to the measurements; these limitations lie in the
way the measurements are performed. Pressure measurements and conductance catheter
measurements cannot be performed during follow-up. AFCL measurements require an AF
episode of at least one minute. AF episodes shorter than one minute are generally measured
during the first week of follow-up; therefore no AFCL-data can be presented till after one
week after surgery. Vice versa, measurements that require sinus-rhythm (CT, AERP and
dilatation) cannot be performed when someone is in AF. After four weeks of dilatation it is
therefore almost impossible to perfoml sufficient measurements to draw statistically relevant
conclusions. This is important to keep in mind when viewing the results presented in the next
section.
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5 Results

Results

In this chapter the results of all the measurements that are performed are given. The data
shown with standard deviation are averaged over the whole group (control- or open shunt
group). The standard deviation is shown with bars. There was only a small difference between
the subjects; this means that the standard deviation was not caused by one or two extreme
cases. The data without standard deviation (with the exception of Figure 28) are individual
data.

In a period of 12 months 22 subjects underwent surgery. During surgery of all subjects, acute
dilatation was observed, immediately after opening of the shunt. The course of the
experiments was as follows:

1) Five times the shunt was closed immediately after positioning the shunt. This was
done to show that surgery itself does not lead to an increased vulnerability for AF.

2) Thirteen subjects had an open shunt and were studied during four weeks after surgery.
3) Four times follow-up was ended because of side effects. The results from this group

were discarded.

After 28 days of overload, LA volume increased significantly by 32 ± 5% and LA pressure
raised from 12 ± 3 mmHg to 27 ± 10 mmHg (p < 0.05). Five subjects presented prolonged AF
(> 1 hour), eight sustained AF (> 24 hours) and six "never-ending" AF. The effective
refractory period did not increase significantly.

5. 1 Pressure measurements

5.1.1 Intraoperative pressure measurements

During surgery the mean left atrial pressure was measured at regular intervals. Immediately
after opening of the shunt (after 30 minutes) an increase in pressure was recorded. From 12 ±
3 mm Hg to 27 ± 10 mm Hg (p < 0.05), see Figure 13. This pressure overload results in an
enlarged left atrium and changed hemodynamics.
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Figure 13: The effect of acute pressure overload in the LA (the standard deviation is shown with bars)

At the same time the mean aortic pressure drops from 92 ± 12 mm Hg to 73 ± 10 mm Hg (p <
0.05) when the shunt is opened, see Figure 14.
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Figure 14: Opening of the shunt results in a decrease in aortic pressure (the standard deviation is shown
with bars)
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5.1.2 Mean LA pressure overload during follow-up

Results

In Figure 13 and Figure 14 the effect of acute LA- and aortic pressure overload is shown. In
paragraph 5.1.3 and 5.1.4, the acute effect will be compared with the chronic situation.

5.1.3 Mean LA and aorta pressure open shunt versus closed shunt

In the closed shunt group, there was no significant change in LA pressure during follow-up.
(From 9 ± 6 to 9 ± 2 rom Hg) Also no significant increase in aortic pressure was measured
(from 91 ± 3 to 108 ± 13 mm Hg), see Figure 15 and Figure 16. In the open shunt group there
was a significant increase in LA-pressure (from 10 ± 3 to 25 ± 8 rom Hg). Even the aortic
pressure is at the end of follow-up higher than before opening of the shunt (from 94 ± 11 to
123 ± 11 rom Hg).
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Figure 15: Mean aortic pressure, closed shunt & open shunt
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5.1.4 Systole LA and aorta pressure

In Figure 17 and Figure 18 systolic pressures are shown. These pressures give the maximum
pressures measured and are an indication for the maximum stretch induced. Again, in the
closed shunt group, no significant changes could be measured. (LA pressure drops from 12 ±
2 to 9 ± 1 mm Hg, and aortic pressure remains 125 mm Hg) While in the open shunt group
both pressures, (LA and aortic), are significantly increased (LA from 13 ± 2 to 39 ± 10 mm
Hg) (aortic from 119 ± 18 to 152 ± 7 mm Hg) at the end of follow-up.
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5.2 LA dilatation

In contrast to pressure measurements, acute dilatation measurements cannot be compared
with chronic dilatation measurements. The reason for this is that the left atrium dilatates
differently when a subject lies on a bench. This effect is not (or not to such extend) present in
case of pressure measurements. Non-the-less the situation before opening of the shunt was
taken as baseline (100%).

5.2.1 Acute LA dilatation

As can be seen in Figure 19, LA size increases significantly in subjects with an open shunt
from 100% to 110.9 ± 8%, in subjects with a closed shunt there is no significant increase in
LA length from 100% to 101.87 ± 4%.
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Figure 19: Acute and chronic LA-dilatation (% of baseline) the standard deviation is shown with bars

5.2.2 Chronic LA dilatation

In Figure 19 the effect of chronic LA dilatation is shown. In the open shunt group, the LA
dilatates even further during follow-up (from 114 ± 9% to 143 ± 18%). There was no
dilatation in the closed shunt group after four weeks of follow-up (from 84 ± 9% to 82 ± 3%).
The maximum dilatation measured in the closed shunt group was 92%.

5.3 Conduction time

In Figure 20 the evolution in conduction time is shown. From Figure 20 it is clear that there is
no significant change in conduction time. It does not matter whether or not the shunt is open
or closed. Although it may appear that an open shunt gives a slower conduction, the
difference is no significant.
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Figure 20: Evolution in conduction time over 35 days

23



New insights into the mechanisms of Atrial fibrillation

5.4 Effective atrial refractory period

Results

The AERP was measured at pacing intervals of 400 ms. The AERP was measured weekly
during follow-up. Figure 21 shows that the AERP is higher in the open shunt group. This
difference is clearly visible. Even after only 30 minutes of shunt. After four weeks, the AERP
is increased from 153 ± 14 ms to 181 ± 11 ms in the open shunt group, and from 147 ± 10 ms
to 159 ± 18 ms in the closed shunt group.
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Figure 21: Evolution in AERP over 5 weeks. The AERP is measured with a pace interval of 400 ms

5.5 AF cycle length

Before the AFCL can be determined an episode of at least 1 minute has to be recorded.
Because AF episodes longer than 1 minute are rare at the beginning of follow-up, it is
impossible to display measurement points before the one week of dilatation. From Figure 22
it is clear that there is no significant change in AFCL (from 148 ± 11 ms to 152 ± 10 ms). The
AFCL is acquired from data measured five minutes after conversion from sinus-rhythm to AF
has taken place. This is done because AFCL is 'stable' after five minutes. When an episode of
AF lasts longer (more than 20 minutes) the AFCL suddenly drops; see, Figure 23 and Figure
24. Because of this the AFCL can only be measured in a small time span. The AFCL can only
be measured in the open shunt group, because AF episodes could not be measured in the
closed shunt group.
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Figure 22: Evolution in AFCL during follow-up. The AFCL is measured during AF in the open shunt
group

5.5.1 Evolution of AFCL during AF

The AFCL was recorded and determined several times during AF to evaluate the effect of AF
on the AFCL. Figure 23 shows that the AFCL drops from 174 to 149 ms during 287 minutes
of AF. Figure 24 shows a drop in AFCL from 143 to 123 ms during 450 minutes of AF.
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Figure 23: Evolution of AFCL during AF. The total AF-episode lasted more than 5 hours (not shown)
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Figure 24: Evolution of AFCL during AF (the first 5 minutes are not recorded). The total AF-episode
lasted more than 1 day before sinus-rhythm returned

5.6 AF duration

5.6.1 Acute effect of dilatation on AF duration

The AF duration was measured before the shunt was opened and 30 minutes after the shunt
was opened. The AF duration increased from 5 ± 1 seconds (before shunt) to 23 ± 9 seconds
(p < 0.05) (after 30 minutes of shunt), see Figure 25.
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Figure 25: Increase in AF duration 30 minutes after opening of the shunt
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5.6.2 Chronic effect of dilatation on AF duration

Results

In Figure 26 the time course for developing long lasting AF is displayed. It is clear that in the
first week no subject had AF and that after 35 days seven subjects had AF lasting longer than
one day.
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Figure 26: Number of subjects in the open shunt group, which developed AF longer than 1 hour and/or 1
day

5.7 AF duration - LA dilatation

The question arises whether an open shunt is a requirement for developing AF. And whether
an open shunt alone is sufficient. Therefore the maximum AF duration is shown against the
amount of dilatation in Figure 27. In the control group (no dilatation) it was not possible to
induce long periods of AF, although with 30 percent more dilatation it became possible to
induce long periods of AF. It is clearly visible from Figure 27 that a large amount of dilatation
immediately leads to long lasting AF. It is also clear that it takes some time before a suitable
substrate for AF is developed. Because there is no time factor involved in Figure 27 it is
necessary to make another graph.
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In Figure 28 the AF duration is plotted against the amount of dilatation. The measurement
points show the evolution over time. The control group is not shown, because there is no
significant evolution in AF-time in the control group.
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5.8 Results of drug therapy

Results

In order to treat AF drug therapy can be used. There are two ways to approach these
symptoms: rate control and rhythm control. Rate control treatments seek to reduce the heart
rate to normal, usually 60 to 100 beats per minute. Rhythm control seeks to restore the normal
heart rhythm. Studies suggest that rhythm control is mainly a concern in newly diagnosed AF,
while rate control is more important in the chronic phase. Rate control with anticoagulation is
as effective as rhythm control this has been shown in long term mortality studies, the
AFFIRM Trial.84

AF can induce a reduction in left ventricular ejection fraction, called cardiomyopathy. This
can significantly increase mortality and morbidity. Controlling the rate and possibly the
rhythm can decrease mortality and morbidity. Two drugs are used: Sotalol and Flecainide.
Sotalol is a Type II and III drug and Flecainide is a Type IC drug. Sotalol is used for rate
control, while Flecainide is used for rhythm control. Using either Flecainide or Sotalol can
cause adverse effects so care must be taken to determine the dose needed in order to prevent
these effects. The Sotalol dose used is 0.2 mg/(kg min) and the Flecainide dose is 0.1 mg/(kg
min). If cardioversion is still unsuccessful after one hour, the doses are doubled. This is done
because the drug concentration in the blood reaches steady state after one hour.

5.8.1 Treatment with Sotalol

Sotalol is used to reduce the rate at which the atria quiver. This clarifies that monitoring the
AFCL is a very good method to determine whether Sotalol treatment is effective or not. This
is a more subtle method than recording ECGs because there is no P-top present in an ECG
during AF, and this makes automatic detection of the heart rate cumbersome. Half an hour
before drug therapy had begun, AFCL was already measured to give a baseline value. From
Figure 29 it is clear that a dose of 0.2 mg/(kg min) is insufficient to change the heart rate.
After one hour the dose was doubled. Immediately after doubling the dose, AFCL began to
increase, thereby limiting the quiver-rate. Unfortunately, Sotalol also slows down the heart
rhythm so the drug therapy had to be terminated prematurely because of several adverse
effects (ventricles started to skip beats).
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Figure 29: AFCL before and during treatment with 80talol at 60 minutes the dose was doubled
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5.8.2 Treatment with Flecainide

Flecainide treatment was used on two subjects. Because Sotalol remains in the blood for 24
hours, one week was waited before Flecainide was given. The ultimate goal of Flecainide
therapy is cardioversion, but also with Flecainide adverse effects can occur. This can be seen
by taking an ECG and measuring the RR-interval, see Figure 32. From Figure 30 and Figure
31 it can be seen that after doubling of the dose, cardioversion took place in both subjects.
From Figure 32 it is clear that Flecainide also has side effects on the heart-rate (the heart rate
dropped significantly). Therefore it is necessary to monitor heart-rate when administering
drug.
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Figure 30: AFCL before and during Flecainide treatment
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Figure 31: AFCL before and during Flecainide treatment
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Figure 32: Measurement of the RR-interval during Flecainide experiment

In clinical trials with patients who have a history of AF, drug therapy alone is very
unsuccessful in terminating AF. Usually another therapy, such as ablation is used to treat AF
while drug is given to keep a patient in sinus-rhythm. The success of drug therapy in this final
report could be due to the fact that AF-duration was relatively short. The maximum AF
episode was 21 days.

5.8.3 Anticoagulation

In confirmed AF, anticoagulant treatment is a crucial way to prevent stroke. Treatment of AF
patients older than 60 with warfarin (also known as Coumadin®) results in a significant
reduction in the subsequent risk of stroke. Patients younger than 60 who have any structural
heart disease (i.e.: valvular heart disease, ejection fraction:s 35%, history of heart attack) also
benefit from warfarin. Patients under age 60 who do not have structural heart disease do not
require warfarin, and can be treated with aspirin. Other methods are also used. The new
anticoagulant ximelagatran has been shown to prevent stroke with equal efficacy as warfarin,
without the difficult monitoring process associated with warfarin.

5.9 Histology

Multiple transmural tissue samples from different sites of the left atrium, right atrium and left
ventricle of both control and open shunt subjects were fixed in 10% neutral buffered formalin.
Tissues were processed, embedded in paraffin, and sectioned in 5 Jlm thick sections. Serial
sections were stained with HE and Sirius red.

Tissue samples from the left atrium were compared in order to identify elements of a potential
pathologic transformation resulting in a substrate able to house AF. Representative
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histological sections from control subjects (Figure 33, Figure 34, Figure 37 and Figure 38)
and open shunt subjects are shown below.

5.9.1 HE staining

In HE staining at low and higher magnification, different sections of the LA appeared grossly
normal under light microscopy. Four weeks of volume and pressure overload did not result in
a degenerative evolution or in hypertrophy of myocytes (Figure 33 - Figure 36).

Figure 33: HE staining closed shunt group magnification of lOOx

Figure 34: HE staining of closed shunt group magnification 400x

Figure 35: HE staining of open shunt group magnification lOOx
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Figure 36: HE staining of open shunt group magnification 400x

5.9.2 Sirius red

Results

In Sirius red (Figure 37 till Figure 40) an intensification of collagen staining was obvious in
the tissue samples of overload LA. At higher magnification an increased amount of young,
less dense (deep) coloured, connective tissue was identified around bundles of myofibers.
This connective tissue was embedded in a large amount of ground substance with a high
number of fibroblasts. Islands of macrophages disclose an ongoing chronic inflammatory
response, see Figure 40.

Figure 37: Sirius red staining closed shunt group magnification lOOx

Figure 38: Sirius red staining closed shunt group magnification 400x
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Figure 39: Sirius red staining open shunt group magnification 100x

Figure 40: Sirius red staining open shunt group magnification 400x

Results

Comparison of right atrial tissue samples of the control and overload group (not shown) did
not reveal any degenerative evolution or an intensified interstitial fibrosis.
Evaluations of left ventricle-overload tissue samples in HE and Sirius red staining, showed
nonnal myocytes structure with little fibrotic accentuation (not shown).
From these results can be concluded that isolated LA overload is the cause of these
pathophysiological changes.
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6 Discussion

Discussion

In this chapter the results from this study are compared with the results of other studies. Then
the results are summarized in the final note and the clinical implications are outlined.
Hereafter the limitations, conclusions and evaluation of the study are given. Finally the
discussion ends with recommendations for future projects. One important recommendation is
explained further in 'Closing of the shunt'.

6.1 Discussion of results compared to other studies

Already in the fifties, Fraser24 correlated atrial enlargement with the incidence of AF. In 1976,
Henry27 quantified the relationship between echocardiographically determined LA size and
AF. AF was uncommon if LA diameter was less than 40 mm and frequent if it exceeded 40
mm. They hypothised that chronic hemodynamic overload resulted in atrial dilatation which
increased the propensity of AF. Large prospective studies (Vasan74, Vaziri75, Psatlo)
confirmed LA enlargement as a risk factor for the vulnerability to AF. Recently Grigioni26

stated that age and left atrial size were the only predictive parameters for the occurrence of
AF in patients with Mitral-valve Regurgitation (MR) whereas left ventricular function and
severity ofMR were not independently correlated with AF.
Schotten66 in his review discussed different elements of the complexity of this relationship.
Atrial dilatation is not only pointed as the cause of AF, it is also the consequence of AF. In
the Stroke Prevention in Atrial Fibrillation trial (SPAF), (Dittrich19) it is estimated that the
impact of more than one year of AF is a LA diameter enlargement by 2.5 mm.

In some studies acute atrial dilatation has been studied. It was found that acute atrial dilatation
increased the vulnerability to AF but the underlying electrophysiological mechanisms
remained conflicting. Some described atrial refractoriness as unchanged (Wijffels82), others as
shortened (Ravelli54), or even extended (prolonged) (Satoh64

, Sideris69) in response to acute
dilatation.

Neuberger47 has studied the effect of chronic atrial dilatation. In subjects with complete AV
block. Four weeks after the ablation the atrial diameter was increased by 12% with an
augmentation of mean atrial pressure by 5 mm Hg. There was a prolongation of induced AF
paroxysms up to several hours without a shortening of the AERP. It was hypothesized that
enlarged atria allow more re-entrant circuits to coexist, which increases the stability of AF.
This was achieved with a small enlargement resulting in only a very small increase in AF
time. Verheule76 created mitral valve regurgitation to induce atrial dilatation. This resulted in
a doubling of LA volume in a time span of 32 ± 9 days. Sustained AF (> 1 hour) was
observed in half of the cases with an increase of the AERP.

In the introduction it is mentioned that AF causes electrical remodelling. This electrical
remodelling ensures that AF becomes more stable and the duration of AF episodes increases.
Wijffels80. It turned out that a second factor had to be prevalent (Todd72

). This report has
discussed atrium dilatation as a possible second factor. To this aim, a model has been set up
with atrium dilatation being the sole provoking/triggering factor. Placing a shunt between
aorta and left atrium caused the atrium's dilatation. Although this kind of connection is not
present in reality, it is certainly possible to enlarge the atrium through valve failure.
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In order to analyze the connection between atrium size and increased sensitivity for AF, the
development of atrium dilatation has been compared with the development of AF-duration
(Figure 25, Figure 27 and Figure 28). From Figure 25, Figure 26 and Figure 28 it becomes
clear that in the first days after surgery the AF episodes are very short and stop within a few
seconds. However, after some weeks a substrate originated by means of which long AF
episodes could be induced. In order to make a statement about the substrate, the AFCL has
been determined. It has already been proven in earlier studies that AF itself is responsible for
a decrease in cycle length. The question rises whether dilatation alone has a similar effect on
the cycle length. From Figure 22 till Figure 24 it is clear that long lasting AF-episodes can be
induced at high cycle lengths (cycle lengths higher than 120 ms are regarded high). In fact
when a subject was allowed to remain 24 hours in sinus-rhythm (after a long period of AF),
high cycle lengths were measured again. This proves that dilatation does not affect the cycle
length at all. While the mechanism of electrical remodelling (described in 'AF begets AF',
Wijffels 80) causes a considerable shortening of the AFCL. Only after this it is possible to
induce long AF episodes. However, from Figure 22 till Figure 24 it follows that it is possible
to induce long AF episodes at long AFCL (> 130 ms) in the subjects examined in this study.
This contrasts to the existing models that are based on electrical remodelling and this presents
an indication for a different substrate.

Atrial dilatation itself has two possible effects: 1) increase of the atrial surface, and 2)
increase of the hypertrophy. These two effects combined facilitate an increase of the number
of wave fronts that can simultaneously coexist on the atrium. The required number of wave
fronts to maintain AF is 4 to 6 (Alessie4

). The amount of wave fronts that can simultaneously
be present on the atrium depends on the size of the atrium and the wavelength.
The wavelength is determined by the product of the effective refractory period, (AERP) and
the conduction velocity (WL = AERP * CV). Fibrosis alters the path of the action potentials
and decreases the conduction velocity. Conduction time is a direct measure for the conduction
velocity. This is why the conduction time is determined during succession. Figure 20 shows
that the conduction times remain unchanged during follow-up; this means that the conduction
velocity does not change as a result of this. The refractory period does not decrease either (in
fact the AERP increases), (see Figure 21). This implies that on basis of the refractory period
and the conduction time alone the wavelength will increase. An increase in wavelength means
that fewer wave fronts can coexist on the atria. Therefore atrium dilatation alone is
responsible for the (for stable AF) necessary increase in wave fronts. In the following
paragraphs, the study results, conclusions and possible clinical implications are outlined.

It turns out to be possible to induce long AF episodes in subjects experiencing chronic atrial
dilatation (see Figure 19). Current research shows that after 1-2 weeks, long AF episodes
were possible without a significant decrease of the AFCL (see Figure 22 till Figure 24).
During these 1-2 weeks, left atrial dilatation was the only trigger factor. During these (long)
AF episodes the AFCL did decrease (see Figure 23 and Figure 24). In this model, using
chronic atrial dilatation as sole trigger factor, it turned out to be possible to induce long AF
episodes at AFCL greater than 120 ms. This implies that 1-2 weeks of left atrial dilatation
leads to changes in the atrium which facilitate the occurrence of chronic AF. This effect
cannot be explained by electrical remodelling, because the AERP and more importantly the
AFCL do not decrease during this period.

A study by Verheule76 shows that it is possible to induce AF episodes greater than one hour in
10 out of 19 subjects. In this study damaging the mitral valves caused the atrial dilatation. In
the dilated atria, among others, spots with fibrosis could be observed. An important difference
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with the current study is that instead of AF episodes of I-hour AF episodes of longer than 1
week could be induced, the difference is probably caused by the amount of dilatation, which
is greater in this study. In other studies the AERP decreased as a result of electrical
remodelling, but this does not occur in the current study. Even though the volume increase of
the atrium, a week after surgery, is spectacular, it can be ascertained with certainty that the
atria were dilated by the shunt, see Figure 15 till Figure 18, Figure 27 and Figure 28. In the
open shunt group it turned out to be possible to induce long AF-episodes during multiple
days.

6.2 Final note

From this study it is clear that the left atrium dilatates due to LA pressure overload (see
Figure 15 till Figure 18). It is therefore possible to evaluate the effects of chronic dilatation on
AF-duration. By means of this model the way in which dilatation leads to chronic AF can be
investigated. The mechanism that is responsible for the substrate cannot be explained by
electrical remodelling. The hypothesis that dilatation causes stretch in the atrium, through
which fibrosis arises can be confirmed (see Figure 33 till Figure 40). This fibrosis causes the
conduction velocity to diminish and the course of action potentials to change. The increase of
the atrium surface and fibrosis facilitate the existence of multiple wave fronts on the atrium
and the origination of a stable substrate for chronic AF within 1-2 weeks. All the hypotheses
that are posed in section 3.6 could be checked and can be confirmed.

6.3 Clinical implications

This study presents indications that dilatation within 1-2 weeks leads to a substrate for AF.
This implies that it is of vital importance to attempt to replace the valves of patients
experiencing mitral valve insufficiency because of the risk of AF. The consequence of this is
that the atrium will be stretched even further. The unique property of the current model is that
dilatation is the sole trigger factor. In case of electrical remodelling, the atrium is artificially
kept in AF. This causes several effects: electrophysiological (shorter AFCL) and mechanical
(more dilatation). The current model facilitates the study of the effect of dilatation alone,
instead of the effects of multiple mechanisms in other models, which makes it easier to
determine causality. In this model new treatment methods and medication can be tested
because the underlying mechanism is unique and fundamentally different. In addition, the
amount of dilatation can be controlled very easily as it is possible to use a larger or smaller
graft (shunt). It is shown in Figure 29 till Figure 31 that drug therapy can be very successful,
especially if administered early. Because of adverse effects the dose has to be kept low in
order to prevent them.

6.4 Limitations

The limitations of this study are:
1) Surgery itself leads to a short-lived increased sensitivity for AF until 3-4 days after

surgery. After this period this effect disappears.
2) There was no investigation regarding the long-term effects of atrial dilatation (> 6

weeks).
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3) Because the electrode-patch is fixed to the atrium the atria-tissue cannot dilate directly
under the patch. This has side effects on the conduction-time and could be a reason
why the conduction time does not increase.

6.5 Conclusions

In this study it turned out to be possible to investigate a model of long-lived dilatation in
which AP-episodes of more than one week could be induced. Other studies investigating the
effects of atrial dilatation showed that AF-episodes lasted a maximum of one hour.25

- 31 In
other studies atrial dilatation was caused by damaging the valves whereas in this study it was
done by placing a shunt. This study is the first to induce such long AF-episodes. 25 - 31 In
addition, this study facilitated the evaluation of the effects of long-lived dilatation; dilatation
could even be terminated. This considerably increases the value and applicability of the
chronic atrial dilatation (by means of shunt) model, because now it is also possible to test the
effect of medication and valve replacement.

6.6 Evaluation

It is clear that atrial dilatation facilitates AF. The effect dilatation has on the AF duration is
determined by the amount of dilatation (both pressure and size) and how long this dilatation is
present. It is also clear that if atrial dilatation is removed, vulnerability to AF diminishes,
providing that AF is not ongoing for a very long time.

6.7 Recommendations for future projects

I) The effect of fibrosis on the conduction path of the action potentials has to be
measured. This can be done by monitoring this conduction path during surgery and at
the end of follow-up.

2) A conductance measurement was performed five times. However it was impossible to
draw any conclusions on how cardiac-output was effected by AF.

3) Conduction-time measurements should be performed with an additional electrode
patch.

4) Whether there is any change in conduction path cannot be determined on basis of
these results. The change in conduction path followed by the action potentials can only
be determined by making high-density recordings of the path that the action potentials
follow, both during surgery and at the end of follow-up.

6.8 Closing of the shunt

The shunt has been closed three times. The shunt was only closed after at least one week of
AF measurements. Closing the shunt resulted in a very slow decrease in dilatation. LA
pressures, however, dropped quickly and three days after closing the shunt all subjects were in
sinus-rhythm again. This is certainly something that has to be investigated in future projects.
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