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CHAPTER 1

Clinical Evidence for the Progressive Nature of Atrial Fibrillation

Atrial fibrillation (AF) is the most common arrhythmia in man with a prevalence of
about 0.4% in the total population. Because its prevalence increases with age to 2-4%
in people over 60 years of age' "̂  and because of the aging of our population, it is very
likely that the arrhythmia will become even more common in the near future. From
clinical observations it has been known that atrial fibrillation has a progressive nature.
In patients, AF often starts as short paroxysms which gradually increase in duration
and after some years, finally deteriorating into chronic AF.2-6-7 Godtfredsen retrospec-
tively analyzed the progress of 1212 patients with electrocardiographically confirmed
atrial fibrillation and reported that of all patients who initially presented with parox-
ysmal atrial fibrillation, 33% developed chronic AF after a median duration of 34
months.^ This percentage, the so-called 'transition rate', varied considerably with
the etiology of AF and was as high as 66% in patients with rheumatic heart disease.
It would seem logical to explain the transition of paroxysmal to chronic AF by a
progression of the underlying heart disease (e.g. rheumatic heart disease, congestive
heart failure, arteriosclerotic/ischemic heart disease, degenerative changes due to
aging). However, in 2-32% of the AF-patients, the arrhythmia occurs in the presence
of an apparently healthy heart (lone atrial fibrillation).2-4,7-11 Even in this group of
patients with lone AF a transition from paroxysmal to chronic AF is seen in 4-24% of
cases, which by definition can not be attributed to a worsening of an underlying
cardiovascular disease.~^

Additional evidence for the progressive nature of AF is provided by the observation
that the success rate of cardioversion by anti-fibrillatory drugs diminishes when AF
has persisted for a considerable t ime. ' -- ' Both Crijns et al. and Suttorp et al.
compared the effects of intravenous flecainide in patients with recent onset AF
(duration < 24 hours) and in those with AF of longer duration.' 5-' ? The results of these
studies are given in Table 1, and show that drug efficacy clearly diminished from 86%
for recent onset AF to only 39% for chronic AF.
Similarly, the success rate of electrical defibrillation and subsequent maintenance of
sinus rhythm depend strongly on the previous history of atrial fibrillation.22-26

Table 1. The diminishing efficacy of flecainide in patients with chronic AF

Efficacy of intravenous flecainide

Study Recent onset AF(< 24 h) Chronic AF (>24 h)

Crijns etal.,1988^ 77% (10/13) 0%(0/7)

Suttorp et al., 1989'^ 86% (19/22) 40% (4/10)

Suttorp etal., 1990" 93% (13/14) 83% (5/6)

Overall efficacy 86% (42/49) 39% (9/23)

10



INTRODUCTION

instance, Resnekov and McDonald reported that the direct success rate of DC-coun-
tershock diminished from nearly 100% in AF lasting less than one month to only 48%
when the arrhythmia had been present for over 5 years.^2

Aim of the Present Study '"' *-

A possible explanation for the progressive nature of AF is the deterioration in
underlying heart disease with time. However, a completely different hypothesis would
be that atrial fibrillation /r.yg// causes progressive electrophysiological and/or struc-
tural changes to the atrial myocardium, which favor the initiation and perpetuation of
the arrhythmia. The aim of the present study was to test this alternative hypothesis.

Evaluation of the Hypothesis: The Chronically Instrumented Goat : -

In order to evaluate the hypothesis that a/na//?fcr/7/a//7;/i begefa «/na/_/?fen7/ar/o/i, an
animal model was developed in which, in a completely healthy heart, the effects of
repetitive paroxysms of AF on the duration of subsequent AF-episodes could be
studied. For this model we needed an animal 1) with atria big enough to allow the
induction and perpetuation of AF, 2) which could be instrumented with multiple atrial
recording and stimulation electrodes for chronic electrophysiological measurements
and 3) which could be connected to the equipment used for the continuous mainte-
nance of AF (24 hours a day).

Their was extensive experience in our laboratory with a model of chronically
instrumented conscious dogs. This model was used to study the role of the atrial
wavelength in the induction of atrial tachyarrhythmias and for the evaluation of
anti-fibrillatory drugs.27-29 Although at first sight this dog model seemed adequate
for our study, a number of disadvantages were evident. Since dogs are very lively
animals, it is almost impossible to connect them to a cable for 24 hours a day. Therefore
and because of additional reasons such as housing of the animals and financial
considerations, the goat (40-60 kg) was chosen for the present study. Because male
(billy) goats are known to have an unpleasant smell and are more difficult to handle
we used only female (nanny) goats.

The Effects of Repetitive Induction of AF in the First Instrumented Goat

In September 1991 the first goat was successfully instrumented with multiple epi-
cardial atrial electrodes. Following recovery from surgery, the implanted electrodes
and the so-called 'automatic external atrial fibrillator' were tested. This device,
consisting of a personal computer and a stimulator, continuously monitored a bipolar

11
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Figure 1. The effects of repetitive induction of atrial fibrillation on the duration of AF-episodes. On the horizontal
axis the duration of maintained AF is given, on the vertical axis the duration of AF-episodes is plotted on a logarithmic
scale. Each episode of AF was calculated from the time between two stimuli and plotted as an individual point. When
at t=0 hours the automatic atrial fibrillator was switched on, the fibrillation episodes were short-lasting and usually
terminated within less than 10 seconds. Due to the repetitive induction of AF. the duration of fibrillation episodes
gradually prolonged and after 24 hours the average duration was already 5 minutes. On the second day the duration
of AF-episode further increased to about I hour and finally within 3 days of pacing AF became chronic (duration 24
hours) (arrow).

atrial electrogram and was able to distinguish between AF and sinus rhythm. Each
time that AF spontaneously converted, the resumption of sinus rhythm was detected
by the atrial fibrillator and AF was immediately reinduced by a burst of rapid atrial
stimuli. In this way, AF was automatically maintained by the fibrillator for 24 hours
a day. The moments of reinduction of AF were stored on the hard-disk of the computer,
allowing off-line analysis of the duration of the individual fibrillation episodes.

On the 4'^ of November 1991 the first goat was connected to the external atrial
fibrillator and the automatic detection was switched on. In Fig 1 the effects of the
artificial maintenance of AF by the atrial fibrillator on the duration of the individual
subsequent episodes of AF can be seen. The duration of each episode was calculated
from the time between two consecutive bursts of atrial stimuli and is plotted as an
individual data point. As can be seen, when the stimulator was switched on (t=0), the
fibrillation episodes were short-lasting and usually terminated within less than 10-20
seconds. Due to the repetitive induction of AF, the duration of fibrillation episodes
gradually prolonged and after 24 hours the average duration was already 5 minutes.

12
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On the second day the duration of the AF-episode further increased to about 1 hour
and finally AF became chronic (duration > 24 hours) (arrow) after 64 hours of being
connected to the atrial fibrillator. This episode of AF lasted for more than 29 days and
was successfully converted to sinus rhythm by intravenous administration of Ciben-
zoline (Cipralan®).

This single observation, was the starting point for this thesis, testing the hypothesis
whether V4/r/a/ FiTjnV/ar/on begete v4fr/a/ F/ftr/V/af/o/i.'

Some historical aspects of atrial fibrillation are discussed in chapter 2, together
with the current knowledge concerning the mechanisms and determinants of AF. In
chapter 3 the effects of the repetitive induction of AF on the duration and activation
rate of fibrillation are described, together with the effects on the electrophysiological
properties of the atria. We describe how AF causes a marked decrease in the atrial
effective refractory period (electrical remodeling) and discuss how this contributes to
the perpetuation of AF. Chapter 4 reports on the role of some possible triggers which
might cause this process of atrial electrical remodeling. The AF-induced changes in
refractory period are related to changes in the shape and duration of epicardially
recorded Monophasic Action Potentials in chapter 5. In chapter 6, the pharmacological
conversion of chronic AF by drugs with class IA, IC and III actions is studied, while
in chapter 7 the effects of these drugs on the circuit size, wavelength and excitable
gap during AF is reported. In chapter 8, the spontaneous and Cibenzoline facilitated
termination of atrial fibrillation are described. Finally, in chapter 9 a general discus-
sion and some possible implications of this thesis are given.
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CHAPTER 2

2.1. History of Atrial Fibrillation

In 1628, the English physician William Harvey (1578-1657) gave what was probably
the first description of atrial fibrillation.' In his Exercitatio ana/om/ca dV mo/a cordi's
ef ftzngui/!i.s in a/r/ma//4»«5, Harvey describes his observations:

f/ie awrzc/es am/ fo p a w on to f/ie ven/rzc/es.
W/7/i every/fc/ng ^ c o m m g more j/Mgg/5/1 a5 r/ie /i^arr //>5 dying, and a/so m/?s/re.s
a«rf z/?e co/der o/oorferf an/ma/5, //je^e /wo move«ien/s become .yepara/ed' £y an
znzerva/ o//nac//v/fy.. . . f7na//v a5 z7 sinfcs to deaZn fr/ie venzric/e) ceases to rep/y
w/7/i a proper /nove/wenf /o r/ie- p«/safi>!g awr/c/e. . . . Z?«r / . . . . /jave /io//cerf, //ia/
a/7er f/ie /jear/ proper, anrf e\'en f«e r/g/j/ awr/c/e were ceai/ng to oea/ and

••»• appeared on //ie po/nr o/a'ettA«, an ofe^cure move/Men/, «nJM/af/on/pa/p/fa//on Ziaa"
c/ear/v conf/nMea" /n f/ie r/g/ir awr/cM/ar otooa" /7^/f/or as /ong a i r/ie fc/ooa" waj
percepfii>fy /wowed VV/7/J H'a/7?;//i a«d sp/n7.

Among the first clinical descriptions of patients suffering from atrial fibrillation
(grossly irregular pulses), were those from the French physician Jean Baptiste Senac
(1693-1770).' Senac was inspired by the work of Harvey and repeated his animal
experiments confirming the origin of the heart beat. Senac's 7ra/fe aV /a Sfrucrwre d«
Coewr */e son acf/0/1 ef a*e ses wfl/aa"/e5 (1749) was the first textbook on cardiology,
later followed by his Tra/Ve dej Ma/aa7es O*M Coewr (1774). By accurate linking clinical
observations to post-mortem findings he correlated mitral valve disease and distension
of the atria with marked irregularity of the pulse. Although some of his pathophysi-
ological explanations did not survive the ages, his/<?£>n/Mga/ m/JtfMre o/r«tari> ant/
£W//HV//W? U/7/? a //#«/ pMn?a/7ve (palpitations could be provoked by stomach disten-
tion) is still very "up to date".

A relationship between irregularity of the pulse in humans and atrial fibrillation as
seen in animals was also suggested by the Scottish physiologist Arthur Cushny
(1866-1926). In an effort to fill in the gap between clinical observations and physi-
ological experiments, Cushny compared clinical sphygmographic tracings taken in
cases of irregularity of the pulse with arterial sphygmographic tracings from dog
experiments.- Although, in this paper most of his attention was directed towards atrial
and ventricular extrasystoles as a cause of irregularity of the pulse, he was clearly
aware of the "extreme irregularity of the heart known clinically as delirium cordis"

/f is unnecessary to e.rp/a/n f/iaf in p/iwsio/ogy f/»'s ferm (aW/r/wm coraVs) rs wsea"
to /nd/ca/e /?0n7/ary con/rac/zons o///ie neart, wn/c/i arresf fne rircw/af/on and
prove iwmed/afe/v /a/a/. 7ne c//n/ca/ spnvg/nogram zn z/iese cases resewo/es
<"jrat7/y z/iar oPZoi/ied/rom dogs wTien zne aMric/e zs wndergozng/?ori7/ar>' con-
zrat7/ons, u7»'c/i ;n«v fee con//n«ed/or a /ong z/me vvirnoH/prov/ng/a/a/. / d o noZ
wzsn Zo awe/7 z/iaz zne c//'/i/ca/ de//r/M/n cord/'s zs /denz/ca/ U'Z7/J z/iepnys/o/og/'ca/
de/zrzM/n aMrz'cM/ae, OMZ zne resemo/ance zs cerzazn/v szrz'/tzng.
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About 7 years later Cushny again showed the similarity of arterial pulse tracings
recorded from dogs with a condition known as "auricular delirium or fibrillary
contraction in the auricle" and pulse tracings from a 64-year old woman with a grossly
irregular pulse. In this study, Cushny suggested that this irregular pulse was due to
atrial fibrillation thereby claiming the occurrence of atrial fibrillation in humans.-* In
the same time, Heinrich Edwald Hering (1866-1948) reported a condition he termed
"pulsus irregularis perpetuus" claiming that this was a distinct arrhythmia in humans.
However, Hering did not attribute his findings to atrial fibrillation, but persisted to
think that the arrhythmia was based on extrasystoles.'* In the early 1890*, the Scottish
physician James Mackenzie (1853-1925) recorded simultaneous arterial and venous
pulse tracing in hundreds of patients with irregular heart action. The absence of the
atrial activity in the jugular pulse and the predominant systolic wave ("ventricular
form of venous pulse") were very common findings and in 1907 Mackenzie accepted
Cushny's hypothesis that these findings represented atrial fibrillation. After the Dutch
physiologist Willem Einthoven (1860-1927) introduced the string-galvanometer,-'' he
was the first to publish an electrocardiogram depicting atrial fibrillation in 1906
although he did not correlate this tracing with the arrhythmia. In 1909 Rothberger and
Winterberg were the first to use this new technique to prove that atrial fibrillation
existed in humans. They compared electrocardiograms recorded from animals with
electrically induced atrial fibrillation with those from patients with what they believed
had "pulsus irregularis perpetuus" and showed that these shared three common
distinctive features: 1) a totally irregular ventricular rate 2) an absence of P-waves
and 3) the presence of baseline oscillations of the string galvanometer representing
fibrillary waves.6 Almost simultaneously with the work of Rothberger, the British
physician Thomas Lewis (1881-1945)^ independently reported his studies of electro-
cardiogram recordings of patients with completely irregular heart rhythm. Lewis's
conclusion, that the irregular pulse seen in patients with mitral stenosis or general
cardiovascular degeneration ("pulsus irregularis perpetuus') was due to atrial fibril-
lation, was based on the following evidence: 1) the clinical irregularity of the arterial
pulse and heart apex is a specific finding and can be mimicked by experimentally
induced atrial fibrillation, 2) electrocardiograms from patients with irregular heart
beats show irregular waves between the ventricular curves, that disappear when the
irregularity vanishes (paroxysmal form). The "diastolic waves" are identical to those
seen in experimental fibrillation. 3) the venous curves recorded both from patients
with an irregular pulse and from experimental atrial fibrillation, show a prominent
ventricular systolic wave and an absent normal atrial contraction wave. With this
Lewis concluded that the well known auricular fibrillation (first described by Harvey in
1628) was a common condition in humans thereby stressing its clinical importance.^

17



CHAPTER 2

2.2. History of The Mechanism of Atrial Fibrillation r / ! - i i x iA

Ever since atrial fibrillation (AF) has been recognized, people have been intrigued by
the possible mechanism for the rapid irregular atrial activations which are charac-
teristic for the arrhythmia. Currently, the 'Multiple Wavelet' hypothesis, as formu-
lated by Moe around 1960 and experimentally confirmed by Allessie in 1985, is the
most generally accepted hypothesis to explain AF. In the decades preceding the
formulation of Moe's multiple wavelet hypothesis, the scientific world had roughly
been divided into those advocating the C//-CHS movemenf theory and those supporting
the ecrop/c/ocMs theory to explain atrial fibrillation. ,... , , .•.-.,,-.;

; ;
T h e C i r c u s M o v e m e n t T h e o r y . .- • -.• i . . . . . . . , ,, .,.•*; ,., , , i , , , ; i -.,. , ...,

In 1906 Mayer^ was the first to demonstrate the occurrence of circus movement in
the jelly-fish. By cutting out the center of the medusa and removing the marginal sense
organs, Mayer was left with a ring of paralyzed tissue. If this preparation was
stimulated at any point, a circulating contraction wave started that could continue for
days. Although Mayer himself never understood the clinical relevance of his findings,
Mines and Garrey fortunately did. Mines was inspired by the work of Mayer and
repeated his experiments in ring preparations of tortoise atrium connected to ventricu-
lar tissue.'0 Mines showed that in this ring preparation, a reciprocating rhythm
between atrium and ventricle could be started. He reasoned that it was very likely that
the rhythm was caused by circulating excitation, because it occurred in the presence
of slow conduction and a short refractory period and furthermore could be initiated
and terminated by a single extra-systole. Mines not only suggested that these obser-
vations could explain some cases of paroxysmal tachycardia, but also suggested that
circus movement could be involved in fibrillation (reciprocating rhythm between
different portions of a single chamber): : . , , , i ,

// /A capaWe o//Mrt/;er extension to ejcp/a/n //ie CO/J^/7/OH q/"77£ri7/a»on,
arises under prer/se/j /7iose circumstances w/i/c/i produce fne comfrY/ons in /iear?
»Hi.«7e esse/jf/a//«r f/ie w«/)//es/fl/ton o/Yiirz//fl//Hj? euri/rtf/Yw, nowe/v,

One?
f/ie

In the same year that Mines died probably as a result of an experiment he performed
on himself, Garrey confirmed his findings in a ring cut from the base of a fibrillating
turtle ventricle." Although fibrillary contractions usually continued in a ring of two
centimeters wide, Garrey found that marked changes occurred when this ring was
narrowed to one centimeter.
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/ne ring, a// progre.y.si>!g iw /ne same d/rec/Zo/i, a/i e.vnipi/i'on to w/i/c/i we way
/ne

Together with his observation that fibrillation immediately ceased in small pieces of
atrial or ventricular tissue that were cut from the fibrillating heart, Garrey showed that
circus movement seemed to underlie the fibrillatory process, and also highlighted the
importance of conduction block and tissue mass forthe perpetuation of the arrhythmia.
In his discussion about the nature of the fibrillary process, 45 years before Moe
developed 'his' multiple wavelet hypothesis, Garrey already stated that mw////;/e

were underlying the process of atrial Fibrillation: ,,

77ie ejtis/ence O/SMC/J Woc/fcs, and espec/a//;y o/Wocfcs o/VraMS/'/ory c/iarac/er and
.s/i//r;>ig /ocaf/on, /w^ been no/ed in /ne ejcper/n?«i/s de/ai/ed a/wve. 7/iese

wave »i a ien'ei o/
/?/s /n //?e.ve "circus

co/i/racf/Vw.v" deferwi/'/jerf £>v f/;e presence o/fo/ocfa, //ia/ we see //ie essevif/a/
pne/zomeno o//iiri7/a//on. /« s/na// //wsses o/fissi/e WocAs woy e.v/.v/, /?«/ ?/ie ////?e
/iecessan'/or f/ie /w/7«/se /o traverse «// ai'ai/afc/e* CIVCHI/S /S WI7/JI/I //;e re/rac/ory
per/orf a/ia" /«e mass confrac/s as a M«I7 a/irf _/iferi7/afion /s /nus i/wpossiA/e. //;
/arger masses //»'s /s nof frwe /or //ie /arger //?e mass //ie grea/er //;e /?oss/7?/e
/»<mi>er a/ia" /e/igAn O/C/>CMI7S, a/iJ //?e grea/er //ie profeafci7/r>" //?a/ eac/? i/npu/.v£
H'i7/ c/rcw/a/e MM?// I7 reac/ies n'sswe w/zicn was once con/rac/ea" />«/ nas passed OM/
o/f/je re/rac/or\' s/a/e; //JMS a conf/m/ows circM/afion o//wi/7w/ses is ina//g//ra/ed.
w/iiCH is/ii>ri7/a//o/i. 5«C/J a ;nec/ia«/sin VVOMWaccoM/i//«r r//egrea/er /ia/w7i7v «/
/arge Ziear/s /o/ifcri7/a/e and/or //ie grea/er pers/s/ence q/"/ne/7/7r///arv s/a/e in
/arge /issue masses.

In 1920 Lewis et al, inspired by the experimental observations of Mines and Garrey,
partly reconstructed the activation pattern of experimentally induced atrial flutter in
dogs, and showed that this arrhythmia was based on a single reentrant circuit around
the caval veins.'" One year later Lewis et al.'-' reconstructed the atrial activation
pattern in a case of human atrial flutter by detailed examination of the auricular
electrical axis. In three different planes, he showed that during each flutter cycle this
axis revolved through 360 degrees allowing a rough three-dimensional reconstruction
of the activation pattern. It was concluded that similar to observations in animals, the
flutter wave was running around both caval veins. Directly thereafter, Lewis used
exactly the same method for the demonstration of circus movement in a case of clinical
fibrillation.''* In this paper, Lewis states:

A s/uay o//ne movemen/s o//ne e/ec/r/ca/ axis o//ne aur/c/e con/irms in a s/n'Jti'ng
manner /ne conc/us/on W/JIC/J nas been drawn /row experi/nen/s on an/ma/s,
/iame/v //ia/ in/7ori//a/ion a s/ng/e circu/a/ing wave con/ro/s //ie oea/ing o//ne
aun'c/es. fiu/ /nis cen/ra/ or circu/a/ory wave does no/ run /ne cons/an/ course
w/iic/i i7 pursues in/7u//er.
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T h e Ectopic F o c u s T h e o r y <;- ••>•.*••<

Although the CZ>CM.S movemenr theory as advocated by Lewis was easily accepted in
the English speaking world, the German scientific workers were more difficult to
convince and held on to the ecf op/c/OCHS /fteory as first proposed by Engelmann'^
and later confirmed by Scherf.'^ Scherf strongly opposed the circus movement theory
as proposed by Lewis. He showed that tying off the taenia terminalis, a muscle bundle
which by Lewis was found to be part of the circuit, terminated atrial flutter in only 1
out of 17 dogs.'^ Some years later, Scherf s believe was further strengthened by his
observation that aconitine injection into the myocardial wall resulted in rapid and
irregular atrial activations similar to those present during AF.'^-'S in addition, he
reported that cooling of the aconitine spot immediately abolished AF which reap-
peared when the cooling was interrupted. He concluded that:

77iese resw/rs canno/ fee e.vp/azneo' fey f/ie CIVCHS move/wen/ r/ieory o/Lew/j. 77zey
can on/v fee e.*/?/a/n«/ fey OKM/M/H/* //?af awncM/ar ^7w/ter a/ia" /?fen7/a//on are
/n/7/a/ft/ fey rap/d //n/?M/ie/on«a//'o/i /« a sing/e center.

The Multiple Wavelet Hypothesis
• • • ' . • > i \

Around 1960, Moe and co-workers developed the multiple wavelet hypothesis to
explain the mechanism of atrial fibrillation. 19-21 Inspired by the work of others,
opposing either the «.7op/c/ocH.s or the drcws /novemc«f theory, Moe argued that both
phenomena had been produced experimentally, and found it conceivable that these
could also occur in patients. However, Moe found it very hard to believe that either
one of them could be responsible for the self-sustained nature of AF. Focusing on the
mechanism that could be responsible for the perpeft/ar/on of the arrhythmia, he
performed an additional set of experiments in which he separated the stimuli involved
in initiation and perpetuation of atrial fibrillation. In anesthetized dogs during open-
chest experiments, atrial fibrillation was induced either by rapid pacing or by aconitine
injection. After the stimulator was turned off, fibrillation immediately terminated in
the absence of vagal stimulation, but persisted as long as vagal stimulation was
continued. The remote possibility that pacing itself had initiated a ectopic focus at the
site of stimulation, was excluded by demonstrating the continuation of the arrhythmia
despite clamping off the site of stimulation during vagally maintained AF. Aconitine
injection at the site of the appendage resulted in persistent atrial fibrillation which
seemed to be independent of vagal stimulation. Isolation of the aconitine spot usually
terminated fibrillation in the body of the atrium while in the clamped off appendage
it was replaced by a more regular arrhythmia. However, and similar to the pacing
experiments, fibrillation once induced was self-perpetuating in the body of the atrium
as long as the vagus was stimulated. Based on these observations and on the early
considerations by Garrey, Moe and coworkers formulated the 'Multiple Wavelet'
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hypothesis to explain the characteristics of "true" self-perpetuating atrial fibrillation
as follows:

Order/y spread o/exci/a/ ion wi// no /onger be possi'b/e; //ie gross/y /'rregw/ar wave «
/ron/ becomes/rac/iona/ed as 1/ d/v/'a'ff abou/ is/e/s or s/rands o/re/rac/ory /issue,

eacn o/ /ne daugn/er wave/e/s may now be considered as independen/
i>. Sucn a wave/e/ may acce/era/e or dece/era/e as 1/ encoun/ers /issue /'/i

a more or /ess advanced s/a/e o/ recovery. // may become ej/ingu/'sned as 1/
encoun/ers re/rac/ory /issue; 1/ may divide aga/7i or combine wi/n a neighbor; //
may be e*pec/ed to /fwc/wa/e 1/1 size and cna/ige I'/I d/rec/i'on. //s course /noug/i
defer/M/ned by /ne ejcci/abi/iry or re/ractoriness o/ surrounding /issue, wou/d
appear to be as random as Brow/nan /no//o/i. Fu//v deve/oped//bn7/a/ion wou/d
/nen be a s/a/e in w/i/cn many SMC/I random/y wandering wave/e/s coe.n's/. 77ie
//jfce/iTiood o/ persis/ence o/ /nis process snow/d depend upon /ne number o/
wave/e/s presen/. /f/ne number is /arge, /nere is /////e cnance /na/ a// e/emen/s
wi///a// //i/o pnase f/.e., be re/rac/ory or exci/ab/e si/nu//aneous/y^, bu/ i///ie
nu/nber is ima// //iere /s a considerab/e probabi///}' //ia/ z/iey may/use a//dper/n/7
resM/np//o// O/SI'/IMS rny/nm. 77ie ai'erage number, /n /urn, H'/7/ depend upo/i (/J
/ne a/r/a/ //iass, (2) //ie /nea/i d«ra/ion o///ie re/rac/or>' period, a/id (3.) /ne //iea/i
conduc/i'on ve/oc/fy.

Although at that time Moe and co-workers were not able to test their hypothesis in
living tissue experimentally, they developed a mathematical computer model in which
they showed that self-sustained turbulent activity, having many similarities to atrial
fibrillation, could be induced.2'

About 25 years after Moe had refined Garrey's thoughts and formulated the
'Multiple Wavelet' hypothesis, Allessie and colleagues were able to confirm it
experimentally, by reconstruction of the atrial activation pattern during acetylcholine
induced atrial fibrillation in isolated Langendorff perfused canine hearts.-2 During
sustained atrial fibrillation, they showed that each atrium was activated by multiple
wavelets which usually reentered each other in a random way (random reentry). In
addition to this, the lifetime of the individual wavelet was found to be rather short and
the number of waves varied considerably from time to time. In the presence of an
average of three wavelets per atrium the chances for simultaneous die out of wavelets
in one atrium were rather high and new impulses originating from the other atrium
were considered necessary for the perpetuation of AF. It was concluded that the critical
number of wandering wavelets for the perpetuation of AF was higher than three and
less than or equal to six (three in each atrium).

2.3. The Atrial Wavelength ' ' ' ' ' '

Already in their early descriptions of circus movement, Mines (1913) and Garrey
(1914) formulated prerequisites for the occurrence of reentry.'0." In the auricular-
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ventricular ring, Mines suggested that a small difference in the rate of recovery
between the two A-V connections caused a conduction block of a ventricular extra-
stimulus over one of the two connecting parts (un/d/recf/ona/ Wocfc). In addition, after
activation of the atrium, the wave could only return to the ventricle in the presence of
a J/OW co/tt/Mcr/flM and/or a .v/zorr re/racforv p e r M Only under these circumstances
is the length of the excitation wave shorter than the anatomical pathway around the
obstacle (.sTiort vrave/e/ig//?). In this type of circus movement around an anatomical
obstacle (anatomical reentry) the size of the pathway is usually longer than the
wavelength leaving a part of the circuit fully excitable (excitable gap).

As shown by Allessie et al.̂ 3-25 circus movement can also be induced in prepara-
tions in which no anatomical obstacle is present (functional reentry). In small pieces
of rabbit atrial myocardium, the excitation wave was found to circulate around an area
of functional conduction block. In contrast to reentry around anatomical obstacles, in
this type of reentry (leading circle) no excitable gap was present and the size of the
circuit was equal to the length of the excitation wave. Small areas of conduction block,
which were related to local differences in refractoriness, again were a prerequisite for
the onset of reentry. The length of the line of conduction block needed for the
production of reentry was inversely related to the length of the excitation wave. In the
presence of a short wavelength (slow conduction and/or short refractory period)
already a small area of conduction block was sufficient to serve as a functional obstacle
for the premature impulse to circumvent, and reentrant activity was started.

During atrial fibrillation, the atrium is activated by multiple randomly reentering
/M/icf/ona/ circuits (multiple wavelet hypothesis).".'9-22 These circuits are thought
to have a small or absent excitable gap and their size is thus about equal to the atrial
wavelength. Because the stability of AF is determined by the number of wavelets that
can be present simultaneously, the stability of AF is inversely related to the wave-
length of the atrial impulse. The shorter the wavelength the more waves can fit into
the atria and the more sustained is AF. The important role of the atrial wavelength for
the induction of atrial reentrant arrhythmias has been extensively studied by Smeets
et al. and Rensma et al.26-29 More recently several studies also showed the importance
of the atrial wavelength for the stability of atrial fibrillation. Kirchhof et al.™ showed
that the anti-fibrillatory effects of ORG 7797 were caused by a prolongation of the
minimal wavelength during rapid pacing rates. Similarly, Wang and Nattel et al.
showed that drugs like flecainide, propafenone, d/-s0ta/o/ and ambasilide prolonged
the atrial wavelength at ultra-rapid rates thereby explaining the anti-fibrillatory action
of these drugs.-^'"^ Because the wavelength (the distance that the excitation wave
travels during the refractory period) is determined by the product of the refractory
period and the conduction velocity (WL = CV x RP) changes in these parameters are
likely to determine the inducibility and stability of atrial fibrillation.
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Intra-Atrial Conduction f *«$

The observation that atrial fibrillation is more easily induced at rapid heart rates and
by early premature stimuli can partly be explained by a rate dependent slowing of the
intra-atrial conduction velocity. In human atria. Plumb et al reported a significant and
progressive prolongation of conduction times at increasing pacing rates. -^ In isolated
rabbit atria and in chronically instrumented conscious dogs it has been shown that
during rapid atrial pacing and premature stimuli the conduction velocity is progres-
sively depressed (and the refractory period shortened), thereby shortening the atrial
wavelength and favoring the occurrence of reentrant arrhythmias.-^-^ [p patients,
long or biphasic P-waves, inter-atrial conduction block, fragmented atrial electro-
grams and intra-atrial conduction delay by premature stimuli and depressed atrial
action potentials are all associated with a high atrial vulnerability and occur more
frequently in patients with a history of (paroxysmal) atrial fibrillation.-^-^

Atrial Refractory Period . , , , . , .

Many studies have shown that the atrial refractory period progressively decreases at
shorter coupling intervals.26-29.50-53 in combination with a depression of the conduc-
tion velocity at high rates, this physiological rate adaptation of the refractory period
decreases the atrial wavelength at rapid rates considerably. This explains the high
inducibility of reentrant arrhythmias at rapid pacing rates and short premature stim-
uli.26-29.52 -T/he pro-fibrillatory effects of vagal stimulation, acetylcholine or adeno-
sine administration are well known and are also thought to be based on a shortening
of atrial refractoriness and atrial wavelength. 19.22.26-29,54-58 The important role of a
short refractory period in the genesis of clinical arrhythmias is supported by several
studies in which a high atrial vulnerability and a history of atrial fibrillation showed
a good correlation with short atrial refractory periods.36-39.41.59-61

Besides the importance of a short atrial refractory period, other studies have
indicated that a loss of the physiological rate adaptation of atrial refractoriness is also
correlated with a high vulnerability and stability of atrial fibrillation.62-^ in 1982
Attuel et al. measured the atrial refractory period in patients during pacing at intervals
between 280 and 1500 ms and reported that an absent or poor rate adaptation of the
atrial refractory period was related to a history of and a high vulnerability to atrial
arrhythmias.62.63 it was suggested that a poor or absent rate adaptation of the atrial
refractory period may constitute a clinical entity and might be a marker of atrial
pathology causing the propensity to atrial fibrillation. A few years later, these
observations were extended by Boutjdir and Le Heuzey et al. who measured the effects
of changes in heart rate on the duration of the action potential and refractory period
in isolated strips of human atrial myocardium/**-^ Atrial samples from patients with
chronic AF showed a short action potential duration and effective refractory period,
a poor rate adaptation and an increased dispersion in atrial refractoriness and were
considered to be an important factor for the arrhythmia.
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2.4. The Atrial Tissue Mass ;• f'!t>

The role of tissue mass for fibrillation has been recognized since McWilliam (1887)
who reported that fibrillation recovered less quickly in dogs than in hearts of smaller
species like cat, rabbit, rat, mouse, hedgehog and fowl.^ Based on these observations
and the knowledge that fibrillation in the thin walled atria is less stable than in the
thick ventricle, Garrey (1914) was one of the first to recognize the important role of
tissue mass for the induction and perpetuation of fibrillation and tested this subject
systematically. After cutting or clamping off a small portion of the wall of fibrillating
atrium (cat, rabbit, dog), fibrillation immediately ceased in the separated portion while
the rest continued to fibrillate. The cessation of fibrillation could not be explained by
a loss of the physiological properties of the isolated portion and was reversible by
release of the clamp. By cutting away pieces from fibrillating dog ventricles Garrey
reported that larger pieces fibrillated sometimes for seconds or even half a minute
after removal whereas small bits ceased immediately. By subsequent division of
pieces of rabbit atria, West and Landa (1962) determined the minimal tissue mass for
the induction of atrial arrhythmias,^ while again others related the total body weight
to the incidence, inducibility and stability of atrial fibrillation.^-69 Boswell et al.
determined the duration of atrial fibrillation in dogs of different size and reported a
clear relation between both parameters.^ Similarly, Bohn et al. reported a prevalence
of spontaneous chronic AF of only 0.2% in dogs (55 out of 30.663), but found that
the arrhythmia was much more common in giant breeds than in smaller ones.^9 Moore
et al. induced atrial fibrillation in adult cattle and mules and compared the duration
of AF in these animals with the duration in calves and adult goats who have smaller
atria.™ Whereas in the adult cows AF was persistent and episodes lasted for 95
minutes to over 8 weeks, AF usually terminated within one minute in calves and adult
goats.

Relation between Atrial Wavelength and Atrial Surface Area

As discussed previously, according to Moe' s multiple wavelet hypothesis, the stability
of AF is determined by the number of waves that can be present simultaneously in the
atria. This is determined by both the atrial tissue mass and the atrial wavelength.
Rensma,28.29 estimated the maximal number of wavelets that can be present simulta-
neously in atria of different species by relating the wavelength of the earliest premature
beat to the atrial surface area. It was found that the wavelength does not prolong in
proportion with the increase in atrial size in larger mammals thereby explaining the
increased propensity for atrial fibrillation in these animals. Rensma estimated the
atrial wavelength of the earliest premature beat to be about 3.5 cm in rabbit, 8 cm in
dog, 12 cm in man, 20 cm in horse, 30 cm in elephant and 45 cm in whale. The atrial
surface area was estimated at about 3 cm^ in rabbit, increasing to 35, 60, 300. 1000
and 3000 cm-̂  in dog, man, horse, elephant and whale respectively. Because the
maximal number of wavelets is given by the total atrial surface area divided by the
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area of the individual wavelets (number of wavelets = atrial surface WL^ / 47c), this
would allow only 3 wavelets to be present in the rabbit atrium. This is below the critical
number of 4-6 waves needed for sustained AF as reported by Allessie.22 The estimated
maximal number of wavelets in dog and man was about 6 and 5 and increased further
to 10, 13 and 19 in horse, elephant and whale respectively. These correlated well with
the observation that in rabbits atrial fibrillation is very difficult to induce and usually
of short duration.^' -^ On the other hand, AF is not uncommon in dog^ and man^-^
and seems to occur frequently and is usually of sustained nature in cows and
horses™, 75-78

2.5. Inhomogeneity in Electrophysiological Properties

Inhomogeneities in electrophysiological properties are important both for the induci-
bility (vulnerability) and the stability for AF. Dispersion in atrial refractoriness is
associated with the occurrence of temporal/functional conduction block, which is one
of the prerequisites for the initiation of reentrant arrhythmias.'^-^ in areas with
depressed conduction the wavelength will be shortened locally which might promote
the occurrence of microreentry. On the other hand, areas of conduction block will
force the wavefront to fractionate, thereby increasing the number of waves and thus
AF stability. The important role of local conduction disturbances in the initiation of
reentrant atrial arrhythmias were demonstrated by Lammers et al.79.80 Depression of
conduction can be caused by different mechanisms related to either the active or
passive membrane properties.

Conduction disturbances which occur during rapid pacing or after short premature
stimuli are usually related to local differences in refractory period.^ This nonuniform
recovery of excitability is naturally present in the atria, and may be enhanced by 1)
changes in heart rate,**' 2) by a high vagal tone,^-84 or 3) by various stimuli which
can affect atrial refractoriness locally such as stretch or ischemia. In patients an
increased dispersion in atrial refractoriness has been associated with a higher vulner-
ability, or a positive history of AF.^-61.64,65 j ^ , 1986, Boutjdir and Le Heuzey et al
measured the effective refractory period in superfused strips of human right atrial
appendage. They reported that patients with chronic AF had a shorter refractory period
which poorly adapted to changes in heart rate and showed a significantly greater
dispersion in atrial refractory period.^'^ Similar results were found by Ramdat et al.
who used the local AF-interval as an index of atrial refractoriness.^' Patients with
idiopathic paroxysmal atrial fibrillation had shorter AF-intervals and a significantly
larger dispersion in atrial refractoriness.

Local conduction disturbances can also be related to the direction of wave propa-
gation and in that case are most likely caused by tissue anisotropy^-86 Locally
depressed action potentials as found in fibers from diseased or dilated atria are another
cause of increased heterogeneity in conduction properties and have been related to a
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positive history of atrial fibriIlation.^-49 Progressive fibrosis of the atrial myocar-
dium, as may occur due to the natural process of aging, is also likely to be very
important for the development of AF. Especially in the absence of any another
underlying cardiovascular disease, these degenerative changes can explain the in-
creasing prevalence of AF in the elderly population.^.74

While the atrial mass, the length of the excitation wave and the inhomogeneity in
electrophysiological properties all are thought to have a direct effect on the stability
(number of wavelets) and vulnerability of AF, other factors like the autonomic nervous
system, atrial dilatation and atrial ischemia may only affect the substrate for fibrilla-
tion by modulation of these three "true" determinants.

2.6. The autonomic Nervous system

A number of studies have indicated the important role of the autonomic nervous
system in the occurrence and the stability of AF. Based on the activity of the autonomic
nervous system Coumel at al. described two different subgroups of patients with
paroxysmal AF.87-88 Most frequently, AF was associated with a high vagal tone and
paroxysms occurred typically at night, during rest, after extensive meals or alcohol
absorption. In the second group of patients an opposite trend was noticed and AF
episodes were dependent on a high sympathetic tone. This less common type of AF
typically occurred during the daytime (morning), at exercise or during emotional
stress. Frequently, in patients with this type of AF the increased adrenergic state is
caused by hyperthyroidism or phaeochromocytoma.

Experimentally, the pro-fibrillatory effects of a high vagal tone are well established
and often even a necessary ingredient for stable AF. 19,22,3 i,71 j ^ g effects of high
vagal activity or acetylcholine are thought to be based on the strong shortening of
atrial refractoriness and the atrial wavelength due to activation of the iKAch channel.^"
29,31,54.89 [„ addition to the short refractory period, some of the pro-fibrillatory effects
can also be attributed to an increase in dispersion of atrial refractoriness during high
vagal activity.82-84

The effects of increased sympathetic activity are less clear. Some studies report a
shortening of the atrial refractory period and/or action potential duration,28.55,90-92
while others found no change^-94 or even a lengthening in refractoriness.27.91,92 -j^g
discrepancy in effects can be explained by the fact that adrenergic stimulation can
enhance both inward currents (Na+ or Ca2+)95 and outward currents (K+).^ Kass and
Quadbeck showed that the effects of adrenergic stimulation are concentration depend-
ent. While at lower doses of noradrenaline the action potential prolonged, it shortened
when higher dosages of the drug were given. Thus, the net effect of adrenergic
stimulation will depend on the relative contribution of Na+-, Ca^+- and K+-channels
and on the amount of sympathetic stimulation.

26



HISTORICAL OVERVIEW AND DETERMINANTS OF AF

2.7. Atrial Di latat ion - - ' , , : ^ ••..*., K . , H - . M H : u r s f o n q vwoi

Although the relation between atrial dilatation and atrial fibrillation is well estab-
lished,^"'^ there has been considerable controversy as to whether the atrial enlarge-
ment is the cause or the consequence of AF. The observation that patients with mitral
stenosis and/or mitral insufficiency frequently develop atrial fibrillation strongly
suggests that atrial dilatation can cause atrial fibrillation in these patients.^-^ As
reported by Braunwald, AF seems almost inevitable when mitral valve insufficiency
is very severe and has led to a marked atrial enlargement. '00 in the Framingham study
the presence of rheumatic heart disease increased the risk ratio for the development
of chronic AF to 8.3 in men and 15.3 in women."'6 Additional evidence for the
hypothesis that atrial enlargement increases the stability of AF is given by studies
from Resnekov and others showing that patients with dilated atria are less likely to be
cardioverted by DC-countershock and more likely to revert to atrial fibrillation
afterwards.'0'''07-'09 Experimental atrial dilatation, produced by mitral insufficiency
or acute volume expansion, clearly increases the propensity for atrial fibrillation in
otherwise normal hearts. "0-112

While these studies indicate that atrial dilatation is a potential cause of AF, other
studies have shown that atrial enlargement can also be the result of AF.'O4.1O5,113
Although in some of these studies, progression of underlying heart disease could not
be excluded, Sanfillipo et al. selected a group of 15 patients with lone AF and with
normal atrial dimensions and no mitral valve or left ventricular pathology.'' ^ During
a follow-up period of 12-28 months (average 20.6 months), the diameter of the left
and right atria increased with approximately 10-15% while right and left atrial volume
increased by 35% and 42% respectively. Other evidence for the hypothesis that AF
causes atrial dilatation is given by the observations of Gosselink et al. and Van Gelder
et al. who showed that after successful cardioversion the dimensions of the atria
decreased by 5-10%.''4.115

According to the multiple wavelet hypothesis of atrial fibrillation, the inducibility and
stability of AF are determined by 1) the tissue mass (atrial surface area), 2) the
wavelength (refractory period and conduction velocity) and 3) the dispersion of
electrophysiological properties. Although atrial dilatation will not directly increase
the atrial mass, the atrial surface area will certainly do so which might allow a larger
number of wavelets during AF.
Their is some discrepancy in the literature concerning the effects of acute dilatation
on atrial refractoriness. While some studies describe a lengthening or no change in
refractoriness, "6" "8 others report a clear shortening of atrial refractoriness in re-
sponse to acute atrial stretch." 1-112,119 Recently, Le Grand et al. determined the
refractory period and duration of the atrial action potential in specimens taken from
chronically dilated human atria.'20 Although no changes in atrial refractory periods
were found, the action potentials recorded from dilated atria showed a depressed or
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absent plateau phase, and at slow pacing intervals the duration of the action potential,
measured at 50% and 90% repolarization, was as much as 31 % and 13% shorter. The
ionic basis for the shortened action potential was provided by voltage clamp meas-
urements revealing that the L-type calcium current was reduced by 75%.

Atrial dilatation can not only shorten wavelength by decreasing the atrial refractory
period but may also depress atrial conduction properties. Hordof*** and others,^-^
recorded action potentials in samples from diseased/dilated human atria and related
these with clinical and pre-operative ECG data. A good correlation was found between
a low resting membrane potential (-50 to -60 mV versus -80 mV), a markedly reduced
maximal upstroke of the action potential (< 20 V/sec versus 200 V/sec) and atrial
dilatation, a prolonged P-wave and a clinically history of atrial arrhythmias (e.g. atrial
fibrillation). It was suggested that the occurrence of these depressed action potentials
favors the initiation and perpetuation of reentrant arrhythmias.^"^

Atrial stretch may also be pro-fibrillatory by increasing the spatial inhomogeneity
in electrophysiological properties. Clinically, in patients with mitral stenosis or
insufficiency dilatation will primarily occur in the left atrium thereby increasing the
non-uniformity in electrophysiological properties between the two chambers. On the
other hand, it is likely that the thin parts of the atrium like the free walls are stretched
to a much larger extend than thicker structures like the crista terminalis, Bachmann's
bundle or the interatrial septum. Although little is known about this subject, some
studies indeed reported an increased dispersion in refractory periods in response to
stretch of the atrial myocardium. '2'.'22

2.8. Atrial Ischemia i ^ • ; -»';•!•&*-,«> -.•-• M • - r : -

Coronary artery or ischemic heart disease is a well known risk factor for atrial
fibrillation and has been reported to occur in 19-43% of all patients with
Ap 72,73.106,123 jp t^e Framingham study coronary heart disease was a significant
precursor to atrial fibrillation and was present in 25% of men and 14% of women who
developed AF.'06,l23 Atrial fibrillation is observed in the setting of an acute myocar-
dial infarction, and has been reported in 3-44% of the cases.'24-126 A number of
potential reasons may explain this phenomenon: 1) ischemia of the atrial myocardium,
2) changes in autonomic tone (high vagal or sympathetic tone) following a myocardial
infarction, 3) atrial dilatation due to pump failure (extensive infarct) or valvular
insufficiency (papillary infarct) or 4) pericarditis in case of a transmural infarction.

Hod et al. observed that 3% of the patients with acute myocardial infarction,
developed atrial fibrillation within 3 hours of the onset of pain.'27 The occurrence of
early AF was usually seen in patients with an occluded left circumflex artery and was
associated with left atrial ischemia. Atrial ischemia can favor fibrillation by modifying
the electrophysiological properties of the atria. In 1954 Trautwein et al. reported that
during myocardial ischemia the action potential became markedly shortened.'^
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About 30 years later, Noma showed that the shortening of the action potential during
ischemia was caused by activation of the ATP-regulated potassium channels. ' ^ On
the other hand, the pro-fibrillatory effects may be related to a depression of the
membrane potential and the concomitant slowing of the conduction velocity in the
ischemic area. 130-132 Besides a short refractory period and a slow conduction velocity,
an increased dispersion in electrophysiological properties between the ischemic and
non-ischemic atrial parts might add to the increased propensity for AF.

Atrial ischemia might not only be the cause but also the consequence of AF. In
anesthetized dogs, White et al.' 33 studied the acute effects of electrically induced atrial
fibrillation on the balance between blood supply and energy demand. They found that
atrial fibrillation caused a 2-3 fold increase in atrial blood flow and oxygen consump-
tion. The resulting reduction in the atrial flow reserve makes it conceivable that a
further increase in metabolic demands during AF might lead to atrial ischemia. So,
similar to atrial dilatation, atrial ischemia might be a cause as well as a consequence
of AF, favoring the self-perpetuation of the arrhythmia.
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CHAPTER 3

Abstract

/. In this study we tested the hypothesis that atrial fibrillation (AF) causes
electrophysiological changes of the atrial myocardium which might explain the
progressive nature of the arrhythmia.

A/ff/zods a/iJ flesH/te. Twelve goats were chronically instrumented with multiple
electrodes sutured to the epicardium of both atria. 2-3 Weeks after implantation, the
animals were connected to a fibrillation pacemaker which artificially maintained AF.
Whereas during control episodes of AF were shortlasting (6 ± 3 seconds), artificial
maintenance of AF resulted in a progressive increase in the duration of AF to become
sustained (24 hours) after 7.1 ± 4.8 days (10 of 11 goats). During the first 24 hours of
AF the median fibrillation interval shortened from 145 ± 18 to 108 ± 8 ms and the
inducibility of AF by a single premature stimulus increased from 24% to 76%. The
atrial refractory period (AERP) shortened from 146 ± 19 to 95 ± 20 ms (-35%) (SJSJ:

400 ms). At high pacing rates the shortening was less (-12%) pointing to a reversion
of the normal adaptation of the AERP to heart rate. In 5 goats, after 2-4 weeks of AF,
sinus rhythm was restored and all electrophysiological changes were found to be
reversible within 1 week.

CO/JC/MS/OHS: Artificial maintenance of AF leads to a marked shortening of AERP,
a reversion of its physiological rate adaptation, and an increase in rate, inducibility
and stability of AF. All these changes were completely reversible within 1 week of
sinus rhythm.

Introduction <

Atrial fibrillation (AF) is a common arrhythmia in man with an overall prevalence of
0.4% to 0.9%. Its incidence increases with age with about 0.1 to 0.2% per year over
the age of 40, resulting in a prevalence of 2-4% in the population over 60 years of
age.'"•* Rheumatic and ischemic heart disease, hypertension and congestive heart
failure are important risk factors for the development of AF leading to a prevalence
of as high as 40% in patients with overt congestive heart failure."* On the other hand,
in 3-31 % of documented AF no underlying cardiovascular disease can be detected
(lone AF).2-5-8

Paroxysmal atrial fibrillation often progresses to chronic atrial fibrillation, the
transition rate varying considerably with the underlying etiology.' However 18% of
patients with lone paroxysmal atrial fibrillation also develop sustained fibrillation.^
The duration of the paroxysms of AF was found to be of importance, transition to
chronic fibrillation occurring in 31 % of patients with paroxysms shorter than two days,
versus 46% if the episodes of AF were of longer duration.' From these epidemiologi-
cal data thus it seems that, independent of the underlying etiology, atrial fibrillation
in itself is a progressive disease. The clinical experience that with time it becomes
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more and more difficult to keep a patient with AF in sinus rhythm, has been expressed
by M. Rosenbaum by the term "Domesficaft'on 0/ A/n'a/ F/&n7/«f/cwi" (personal
communication 1992). \ .' I" . X. .

Other evidence that AF promotes AF is the observation that chemical or electrical
defibrillation has a higher success rate when AF has existed only for a short time.
Cardioversion by intravenous administration of flecainide was successful in 76-93%
of patients with recent onset AF (<24 hours) compared to 0-83% in patients with AF
of longer duration.^"'^ Amiodarone cardioverted AF in 85% if lasting for < 1 year
versus 57% in patients who had AF for than 1 year. In patients with long-lasting AF
the chances of /nai/itatn/ng sinus rhythm after cardioversion with amiodarone were
also less.'3 •;;:;;• \ /'• •;..," ^ " •- ^

The success rate of e/ec?r/ca/ atrial defibrillation also depends on the duration of
AF. ''*•'•' In 186 patients whom were successfully defibrillated, the mean duration of
atrial fibrillation was 16 ± 27 months compared to 28 ± 45 months in the total study
group of 246 patients.'^ The recurrence rate after successful DC countershock was
also higher in patients with a longer history of AF. 14,15,17-19

A possible explanation for all these epidemiological and clinical observations is
that, apart from the progressive changes due to an underlying heart disease, atrial
fibrillation itself causes progressive electrophysiological and/or structural changes to
the atria, which promote the initiation or perpetuation of atrial fibrillation. The present
study was designed to test the hypothesis that atrial fibrillation begets atrial fibrillation
and to explore the electrophysiological changes which may be responsible for this
phenomenon.

Methods • '

A Conscious Goat Model of Sustained Atrial Fibrillation. •-•:!,-•

Twelve goats weighing between 46 and 68 kg (55.3 ± 7.4 kg) were used for this study.
Animal handling was performed according to the guiding principles of the American
Society of Physiology and approved by the Animal Investigation Committee of the
University of Limburg. The goats were anaesthetized with Nesdonal® (Thiopental,
10-15 mg/kg) and ventilated by Halothane® (1-2%) and a 1:2 mixture of O2 and N2O.
A left intercostal thoracotomy was made and the pericardium was opened to expose
the heart. A silicon strip (Silastic®, Dow Corning) of 10 x 1.2 cm, containing 15
unipolar platinum recording electrodes (diameter 1.5 mm, inter-electrode distance
6-10 mm) was guided through the anterior transverse sinus between the atria and the
aortic root and sutured to the tips of both atrial appendages. In addition, two smaller
silicon strips of 3 x 1.2 cm, each containing 6 electrodes, were sutured to the lateral
walls of the right and left atria (Fig 1) After approximation of the pericardium and
closure of the thorax, the electrode leads were tunneled subcutaneously to the neck
and exteriorized by a 30-pin connector (Lemosa®, outer diameter 10 mm). Three silver
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Figure 1. Diagram showing the localization of the 27 chronically implanted :• ;: -• • j . •' i.
electrodes on the atria. Three silicon strips were sutured on the epicardium. One ;. .,.-, ^
strip with 15 electrodes was pulled through the sinus transversus between the
aorta and the atria and fixed to both atrial appendages. The distance between •"-';••
the quadruple of electrodes at each end of the silicon strip at the aortic surface . • *,,;. [ i f ' ; '
of the atrial appendages was 6 mm, the distance between the row of electrodes
along Bachmann"s bundle being 10 mm. The two other strips each containing
6 electrodes were sutured to the free wall of the right and left atria. The • '•
interelectrode distance of these electrodes was 6 mm between the quadruple of
electrodes and 10 mm to the distal electrodes. RA, right atrium; LA. left atrium;
PV, pulmonary veins; SCV. superior caval vein; ICV, inferior caval vein.

plates (diameter 25 mm) were left subcutaneously to serve as grounding and indiffer-
ent electrodes and to record a precordial electrocardiogram. Post-operatively the
animals received buprenorfine (Temgesic®, Reckitt & Colman, Hull England) for 1-3
days. Ampicillin (1000 mg) was given prophylactically once before and once after
surgery. . > . i

Automatic Induction of Atrial Fibrillation . ,;

About 2-3 weeks after surgery the goats were connected to an external automatic atrial
fibrillator. The goats were kept in separate boxes (size 1.5 x 0.7 meter) with free access
to food and water. A cable from the ceiling was plugged into the connector in the neck
of the animals and the atrial electrodes were connected to a multi-channel recording
unit (gain 200-400; bandwidth 1-500 Hz). 20 A spring between the cable and the
fixation point at the ceiling allowed free movements of the goats in their boxes. The
atria could be stimulated through any of the epicardial electrodes. The automatic
fibrillator consisted of a personal computer (386 processor) connected to a stimulator
(Medtronic, SP3084). The computer program continuously analyzed one of the
recorded bipolar atrial electrograms and determined the maximal length of the

40



AF BEGETS AF

-Tr
I 50 Hz 50Hz 50 Hz

i w - i . '

SR SR
AF . AF

LA

, ( . , • ) - • ;

ECG
1sec

Figure 2. The functioning of the automatic fibrillation pacemaker. A single bipolar left atrial electrogram (LA) was
sensed continuously for the occurrence of an iso-electrical segment of longer than 300 ms. As soon as a long
iso-electrical segment was detected (sinus rhythm) the pacemaker automatically delivered a 1 second burst of stimuli
(interval 20 ms, 4 x threshold) and atrial fibrillation was promptly reinduced. In this example the fibrillation pacemaker
had just been turned on and only short episodes of self-terminating atrial fibrillation were produced. LA, left atrial
bipolar electrogram; ECG, precordial surface electrocardiogram recorded from one of the subcutaneous electrodes;
AF, atrial fibrillation; SR, sinus rhythm.

iso-electrical segment in consecutive time-windows of 1 second. During sinus rhythm
the duration of the iso-electrical segment was always longer than 300-400 ms, whereas
during atrial fibrillation it was shorter than 80-120 ms. Because of this large difference
this proved to be a simple and reliable criterion to automatically distinguish between
sinus rhythm and atrial fibrillation. When the automatic fibrillator was turned on, a
1-second burst of biphasic stimuli (interval 20 ms, 4 times diastolic threshold) was
delivered as soon as sinus rhythm was detected. As can be seen in Fig 2 this promptly
induced atrial fibrillation in a reproducible way. By giving automatic bursts of stimuli
immediately after atrial fibrillation converted to sinus rhythm, atrial fibrillation could
be maintained continuously during 24 hours a day, 7 days a week. All moments of
induction of AF were stored in the computer and the duration of each episode was
calculated. During the maintenance of AF, the atrial fibrillation interval was measured
on line from a single bipolar atrial electrogram. Additionally, at regular time intervals
all electrograms were stored on magnetic tape and atrial fibrillation interval histo-
grams were made from the unipolar electrograms recorded at different sites.

Experimental Protocol

After the goats had recovered from surgery and before they were connected to the
automatic fibrillator, first an extensive electrophysiological study was done to meas-
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ure the atrial refractory period and conduction velocity at various sites of the atria.
The atrial effective refractory period (AERP) was measured during a wide range of
pacing frequencies (Sj-S j interval 120-600 ms). A single premature stimulus (4 x
threshold) was interpolated at every fifth basic interval and, starting from well within
the refractory period, the S1-S2 coupling interval was incremented in steps of 1 ms.
The shortest S1-S2 interval resulting in a propagated atrial response was taken as the
AERP. This method of measuring the refractory period is fast and reproducible and
has the advantage that the coupling interval of the test stimulus can be incremented
rapidly without disturbing the steady state of the paced heart rate.21 Intra-atrial
conduction velocity was measured during regular pacing with intervals ranging
between 120-600 ms either from the left or the right atrial appendage. The conduction
velocity was calculated from the conduction times recorded at the row of electrodes
positioned on Bachmann's bundle between the right and left atrial appendages. The
distance between the electrodes on Bachmann's bundle used for the calculation of the
conduction velocity varied in different experiments between 2.2 and 7.2 cm.

After the fibrillation pacemaker had been turned on, the atrial refractory periods
and conduction velocities were measured again after respectively 6 and 24 hours of
maintained AF. In some goats these measurements could also be repeated after 2-4
d a y s . n--'.T-'!,M-rr!st.-i..!i?tr''!''-'*-*5f!r,-^

The vulnerability of the atria to fibrillation was compared during control and after
24 hours of AF. During regular pacing with a fixed interval of 400 ms single early
premature stimuli of 4 times threshold were administered through the same stimulat-
ing electrodes as used for regular pacing. Atrial fibrillation was considered to be
induced if the single premature stimulus was followed by rapid irregular atrial activity
lasting for more than 1 second.

In 5 goats the reversibility of effects was studied after conversion of long-lasting
AF (2-4 weeks) to sinus rhythm. In 4 goats AF converted spontaneously and in 1 goat
AF was terminated by an infusion of Cibenzoline (Cipralan®, 1.5 mg/kg). Measure-
ments were made 6 hours, 24 hours, 1 week and 2 weeks after conversion to sinus
rhythm. ' ' ^ '

Data are presented as mean ± standard deviation. Statistical analysis of the obtained
data was performed by using the paired Student's r-test or when the data did not have
a normal distribution by the Wilcoxon matched pairs signed ranks test. In case of
multiple statistical comparisons (e.g. control versus 6 hours and 24 hours of AF) the
p value was corrected by multiplying it with the number of comparisons (Boferroni's
correction). A corrected p value of less than 0.05 was considered to be statistically
significant.
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Development of sustained atrial fibrillation

*.. i c i. i

In Fig 3 a representative example is shown of the induction of atrial fibrillation in a
goat in sinus rhythm and after 24 hours and 2 weeks of electrically maintained atrial
fibrillation. Typically in goats which had been in sinus rhythm all the time, electrically
induced AF lasted only for a short period and usually terminated spontaneously within
seconds (upper trace). However, as shown by the second and third tracing recorded
from the same goat, the duration of paroxysms of AF increased after AF had been
maintained for some time. In this case after 24 hours of AF the bouts of atrial
fibrillation lasted for about 20 seconds (middle trace), and after 2 weeks atrial
fibrillation became sustained and no longer terminated spontaneously (bottom trace).
Actually, the bottom trace shows induction of AF the last time it had converted
spontaneously to sinus rhythm. The repetitive induction of fibrillation not only
resulted in a dramatic prolongation of the £faraf/on of fibrillation but also the rate of
fibrillation increased significantly. This is illustrated in Fig 4 in which a single
unipolar electrogram is shown recorded from the left atrial appendage during various
stages of AF. While during acute fibrillation (upper tracing) the median fibrillation
interval was 149 ms, already after 6 hours of AF the interval had shortened to 132 ms.
After 24 hours of maintained AF the median fibrillation interval had further decreased
to 117 ms to become as short as 91 ms after 2 weeks when AF had become sustained
(lower tracing). Also the configuration of the atrial electrograms changed during the
development of chronic fibrillation. While during the first days of AF most activations
still showed a single steep negative deflection of high amplitude separated by an
iso-electric segment, after 2 weeks of AF single steep deflections were less common
and many electrograms now were of low amplitude with a high degree of fragmenta-
tion and no clear iso-electric segment (lower tracing). This suggests that during recent
onset fibrillation the atrium is still activated uniformly by broad activation waves (type
I fibrillation) and that after 2 weeks of AF, activation of the atrium had become more
complex by the development of multiple arcs of intra-atrial conduction block (type II
or type III fibrillation)-22,23

Fig 5 shows the time course of the prolongation of episodes of AF during the first
two weeks of fibrillation in 4 different goats (panels A-D). As can be seen there existed
a large inter-individual variation in the time course of development of sustained atrial
fibrillation, defined as AF lasting longer than 24 hours. In panel A, sustained
fibrillation occurred already after 3 days. In contrast, in goat D the time course of
prolongation of AF was much slower and after 2 weeks the average duration of AF
was still not longer than 50 minutes. Panels B and C show two examples of an
intermediate time course in which sustained AF was reached after about 8 and 12 days.

In Fig 6 (panels A-D) the time course of changes in fibrillation interval is given for
the same 4 goats as in Fig 5. Compared to the time course in AF </«rar/o«, the time
course of changes in fibrillation mteraj/ showed much less inter-individual variation.

43



CHAPTEH3

burst
pacing AF - Sinus Rhythm

Control

after
24 hours

after
2 weeks

• Sustained AF -

Duration of
Fibrillation

> 2 4 hours

• - • - • • • • • 2 s e c

Figure 3. Prolongation of the duration of episodes of electrically induced atrial fibrillation after maintaining AF for
respectively 24 hours and 2 weeks. The three tracings show a single atrial electrogram recorded from the same goat
during induction of AF by a 1 second burst of stimuli (50 Hz. 4 x threshold). In the upper tracing the goat has been in
sinus rhythm all the time and atrial fibrillation self-terminated within 5 seconds. The second tracing was recorded
after the goat had been connected to the fibrillation pacemaker for 24 hours showing a clear prolongation of the duration
of AF to 20 seconds. The third tracing was recorded after 2 weeks of electrically maintained atrial fibrillation. After
induction of AF this episode became sustained and did not terminate spontaneously anymore.

In all goats the fibrillation interval decreased rapidly within the first 24 hours with a
time course of about 2 ms per hour. The atrial fibrillation interval continued to shorten
more slowly during the next days with only a few milliseconds per day to reach a
steady state after about 6 days. .

Table 1 gives the median duration of the episodes of induced AF and the fibrillation
intervals of all goats both during sinus rhythm and after respectively 24 hours, 48
hours, 1 week and 2 weeks of atrial fibrillation. During sinus rhythm the episodes of
electrically induced atrial fibrillation were very short and terminated already after 6
± 3 seconds. The median interval of these short runs of AF ranged from 113 to 176
ms (mean 145 ± 18 ms). After 24 hours of atrial fibrillation the average duration of
AF had increased to 2.2 ± 3.0 minutes and the fibrillation interval had shortened to
108 ± 8 ms. After 48 hours in two goats AF had become sustained (lasting 24 hours)
while in the remaining 10 goats fibrillation lasted for 7.8 ± 9.7 minutes. The mean
fibrillation interval was 105 ± 8 ms. After 1 week, in 5 of 11 goats AF had become
sustained and in the 6 other animals fibrillation lasted for 241 ± 459 minutes. The
fibrillation interval was 100 ± 5 ms (one goat (#8) dropped out due to the development
of a serious sepsis after 4 days of AF). After 2 weeks, in 9 of 11 goats and within 3
weeks in 10 of 11 goats fibrillation lasted longer than 24 hours. In the goat in which
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Figure 4. A single unipolar atrial electrogram recorded from the left atrial appendage during different stages of atrial
fibrillation. At the right hand side of the tracings the corresponding median fibrillation intervals, as measured from
these short samples of AF, are plotted. As can be seen from the electrograms and the calculated median fibrillation
intervals, the atrial rate clearly increased during the initial phase of atrial fibrillation. Also the morphology of the atrial
electrograms changed in the course of atrial fibrillation. Whereas during recent onset fibrillation the electrograms
mostly showed single deflections of high amplitude separated by an iso-electric segment (upper tracing), after 2 weeks
of AF the electrograms were of lower amplitude and showed a higher degree of fragmentation (lower tracing). V,
ventricular complex. "-"; ;

AFdid not become sustained the longest episode of AF lasted for 13.5 hours. During
sustained atrial fibrillation ( 24 hours) the average AF interval was 99 ± 10 ms
compared to 145 ± 18 ms for the short lasting episodes of AF induced during sinus
rhythm.

Correlation Between Rate and Duration of Atrial Fibrillation

Although the development of chronic fibrillation was accompanied by a progressive
increase in the rate of fibrillation, there was a discrepancy in the r/rae cowrre of these
changes. This is illustrated in Fig 7 in which the changes in both parameters in goat
#3 are plotted during the first 24 hours of electrically maintained AF. As usual
fibrillation started as short paroxysms lasting for only a few seconds (upper panel)
with a fibrillation interval between 150-164 ms (lower panel). However, while the
average fibrillation //item*/ already commenced to shorten within the first hours of
maintained AF, it was not until after 15 hours of repetitive induction of AF that also
the rfwrar/o/i of the episodes of AF started to get longer. At that time the average
fibrillation interval had already shortened to 123 ms. At the end of the first 24 hours
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Figure 5. The time course of development of chronic fibrillation in 4 different goats (panels A-D). On the ordinate
the duration of the episodes of induced AF is plotted on a logarithmic scale. The data points represent the median
duration of all episodes of AF during either a time period of 6 hours (AF shorter than 30 minutes) or 24 hours (AF
longer than 30 minutes). If less than 5 episodes occurred within 24 hours the duration of the episodes of AF are plotted
individually. After logarithmic transformation of all individual data points, linear regression lines were calculated.
The correlation coefficients were 0.65, 0.74, 0.79 and 0.65 respectively. There was considerable interindividual
variation in the time course of development of chronic AF. In panel A (goal #l, table 1), atrial fibrillation became
chronic (24 hours) already after 3 days. In goats B and C (goats #6 and 3) atrial fibrillation was chronic after
respectively 8 and 12 days, whereas in goat D (goat # 4), after 2 weeks of AF the episodes of AF still lasted for only
SO minutes.

of atrial fibrillation the duration of AF had increased to an average of 1.5 minutes and
the fibrillation interval had shortened to 100 ms. In Fig 8, for 6 goats the duration of
the episodes of AF is plotted against the corresponding fibrillation intervals. From
this plot it appears that at fibrillation intervals longer than about 120 ms, fibrillation
was shortlasting and usually terminated spontaneously within less than ten seconds.
However when the median fibrillation interval became shorter than 120 ms an
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Figure 6. The time course of changes of atrial fibrillation interval during the development of chronic atrial fibrillation
in 4 goats. The data in panel A-D are from the same goats as in figure 5. Compared to the large inler-individual
variation in the </i/ra/;on of AF seen in figure 5. the time course of changes in fibrillation I'nfm-a/ was more uniform.
In all four goats (panels A-D). during the first 24 hours of AF the fibrillation interval shortened rapidly and continued
to shorten more gradually during the following days. Data points represent the average atrial fibrillation interval as
measured on line from a bipolar atrial electrogram (sample size 5-20 seconds).

exponential rise in the duration of AF was found. From these data thus it seems that
the cascade of cause and effect, finally leading to chronic atrial fibrillation, is started
by a shortening of the fibrillation interval. As soon as the fibrillation interval passes
a critical threshold of 120 ms, obviously atrial fibrillation becomes more stable and
the duration of AF starts to increase. This in turn will further shorten the fibrillation
interval which will prolong the duration of AF again, etc. Such a positive feedback
mechanism will continue until a new steady state is reached in which atrial fibrillation
has become the predominant atrial rhythm (domestication of atrial fibrillation).
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Table 1. Median duration and interval of episodes of induced atrial fibrillation.

Goat*

1
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10 :

11 ;'

1 2 ;•
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• 1 5 •'.::,
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_
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109

100

t
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' ••*r''$'7 .£-

AF, atrial fibrillation; Sd, standard deviation; SAF, sustained atrial fibrillation (>24 hours);"' p<0.00| compared to control (paired Student's (-test; corrected for multiple comparisons); ^ p<0.05, * p<0.01

compared to control (Wilcoxon matched pairs signed ranks test; corrected for multiple comparisons); f goat dropped out due to the development of a serious sepsis; t after 3 weeks SAF had developed

in 10 of 11 goats.
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Figure 7. An example of the different time course of changes in duration of AF (upper panel) and atrial fibrillation
interval (lower panel) (goat #3). During the first hours of repetitive induction of AF the duration of AF did not change
while the fibrillation interval already shortened considerably. It was not until after about 15 hours of maintained AF
that also the duration of AF started to change. At the end of the first day of atrial fibrillation the episodes of AF lasted
for 1.5 minutes at an average AF interval of 100 ms. The bars in the upper panel represent the 95th percentile of the
durations of induced episodes of AF and in the lower panel they indicate the standard deviation of the average
fibrillation interval.

Effects of Fibrillation on Intra-Atrial Conduct ion ^ •••••-••-••'• >• = '

To test whether the prolongation of AF was caused by disturbances in intra-atrial
conduction, the intra-atrial conduction velocity was determined both during sinus
rhythm and after 6 and 24 hours and 2-4 days of atrial fibrillation. As soon as an
episode of induced atrial fibrillation terminated spontaneously the atria were paced
regularly at various pacing rates either from the left or the right atrial appendage and
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Figure 8. Correlation between AF intervals and the duration of atrial fibrillation. Data are
from 6 goats (#l. #3, #4. #5, #6 and #7). The duration of the episodes of electrically induced
AF is plotted on a logarhitmic scale. At fibrillation intervals longer than 120 ms there was
no correlation with the duration of AF and atrial fibrillation was usually shortlasling.
However as soon as the fibrillation interval became shorter than this critical value (vertical
dashed line) the duration of AF increased exponentially.

the conduction times along the row of electrodes sutured on Bachmann's bundle were
measured over a distance varying between 2.2 and 7.2 cm. In Fig 9 an example is
given (goat #4). At a pacing interval of 500 ms the conduction velocity was 143 cm/s.
Pacing at shorter intervals first resulted in a slight slowing of the conduction velocity
whereas at pacing intervals of less than 250 ms conduction velocity was depressed
more markedly resulting in a velocity of less than 110 cm/s at the maximum pacing
rate. During the first days of AF no depressive effect on the intra-atrial conduction
velocity could be found. The slight shift of the velocity curve to the left was due to a
shortening of the atrial refractory period (see below). As can be seen from table 2,
actually this resulted in an /ncrea.se in conduction velocity during pacing with short
intervals (250 and 200 ms).

E f f e c t s o f F i b r i l l a t i o n o n t h e A t r i a l R e f r a c t o r y P e r i o d .:•..;,.•!.•. .,,;.,,.-

In contrast to the intra-atrial conduction velocity which did not seem to be affected
during the first days of atrial fibrillation, marked changes in the atrial refractory period
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Figure 9. lntra-atrial conduction velocity along the bundle of Bachmann at various pacing intervals during sinus
rhythm and after 6 and 24 hours of atrial fibrillation. lntra-atrial conduction was not affected during the first 24 hours
of atrial fibrillation. The slight shift of the curve to the left is caused by a shortening of atrial refractoriness (see figure
10and II).

occurred within the first 24 hours of AF. Fig 10 gives a representative example. During
pacing with a fixed interval of 400 ms, the atrial refractory period was measured by
giving an early interpolated stimulus (S2) after every fifth basic stimulus (S1). During
control (upper two tracings), the shortest S1-S2 coupling interval that resulted in an
atrial response was 127 ms. Already after 6 hours of AF (middle tracings) the atrial
refractory period had shortened considerably and a premature stimulus of 104 ms
elicited a premature beat which started a short run of rapid atrial responses. After 24
hours of AF, the AERP had shortened to 90 ms and a single early premature beat now
induced a short run of AF. '1

In Fig 11 four examples of the changes in AERP at different pacing intervals are
shown (panels A-D). In panel A (goat #6), due to the physiological rate adaptation of
the refractory period, during control the refractory period shortened from 150 ms
during slow pacing to 132 ms at a pacing interval of 180 ms. Already after 6 hours of
fibrillation, the adaptation curve had clearly shifted downwards indicating a general
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TaMe 2. Effects of Atiial fibrillation on Atrial Conduction Velocity (cmfo).

uoat

#

2

3

4

5

6

7

8

9

10

11

12

Mean

Sd

Sinus Rhythm

Pacing Intervals

400

150

122

139

113

133

140

129

117

103

120

122

126

13

250

143

118

128

105

125

129

113

106

102

109

118

118

12

200

128

107

122

100

113

122

105

106

101

103

114

111

9

—

Fmax

111

98

111

86

109

96

69

102

96

99

105

98

1 2 ••"•

After 6 Hours of AF

Pacing Interval

400

-

-

139

115

128

140

138

122

105

122

120

125

11

250

-

-

135

109

122

135

122

119

100

118

118

120

10

200

-

-

128

106

118

132

116

119

-

-

-

120"

8

Fmax

-
-
106

92
105

108

105

111

-

-

-

105

6

After 24 Hours of AF

Pacing Intervals

400

140

128

143

118

133

143

138

124

102

129

122

129

12

250

136

122

135

115

125

138

129

117

100

123

116

123

11

200

125

115

128

111

120

135

116

117

97

122

116

118*

9

Fmax

109

102

103

102

109

102

105

108

94

106

114

105

5

After 2-4 Days of AF

Pacing Intervals

400

133

122

132

122

_

138

116

_

129

124

127

7

250

130

118

128

120
„

132

105

_

_

124

118

122

8

200

130

113

128

115

_

127

100

_

_

123

117

119

9

Fmax

113

112

104

112
_

108

79

_

_

114

117

107

11 .•

<tt

/ i

Numbers indicate conduction velocity along Bachmann's bundle in cm/s; Fmax, maximal pacing fiequency with 1:1 response. Sd, standard deviation; * p< 0.05,
" p< 0.01 compared to control (paired Student's West; corrected for multiple comparisons).
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Control
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"HI f
.103

After
6 hours AF

3 A iiO

After
24 hours AF

I I 100 ms

Figure 10. Illustration of the shortening of the atrial effective refractory period during the first 24 hours of electrically
maintained atrial fibrillation. The AERP was determined by an interpolated stimulus during pacing at a fixed interval
of 400 ms. While during control (upper two tracings) a premature stimulus given after 126 ms still fell in the refractory
period, a stimulus with a coupling interval of 127 ms evoked a premature atrial response. After 6 hours of AF (middle
tracings) the AERP already had decreased to 104 ms. After 24 hours of AF (lower tracings) the AERP had become
as short as 90 ms. While during control no arrhythmias were induced by a single premature stimulus, after 6 and 24
hours of AF short runs of atrial fibrillation were induced. Si, basic stimulus; S2 extra stimulus; AF. atrial fibrillation.

shortening of the refractory period. After 24 hours of AF the curve was further shifted
downwards and the refractory period at 500 ms pacing interval had shortened by about
50 ms to less than 100 ms. At the higher pacing rates the curve had become flat and
the normal prolongation of the refractory period upon slowing of the heart rate was
abolished. At the slower heart rates (right part of the curve), now the refractory period
actually became s/iorter when the pacing interval was prolonged. In goat #5 (panel
B) after 6 hours of AF only the right part of the curve had shifted downwards and the
refractory period during higher pacing rates was not yet changed. However after 24
hours the whole curve was shifted downwards and at all heart rates the refractory
period had become shorter than 80 ms. Also in this case the rate adaptation was
reversed and the refractory period during slow pacing was shorter than at higher pacing
rates. In goats #4 and #7 (panel C and D) already during control a slight inversed
adaptation of the AERP was present at slow heart rates. Again, atrial fibrillation
shortened the refractory period markedly and in these cases the rate adaptation of the
refractory was maintained. As a result the AERP was short, both at very short and at
long pacing intervals. Whereas in panel C after 24 hours of AF the refractory period
at short and long cycle length was similar (about 110 ms), in panel D the atrial
refractory period at slow heart rates was shorter (94 ms) compared to fast heart rates
(107 ms). In summary, within 24 hours of atrial fibrillation the atrial refractory period
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Refractory Period
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Figure 11. Four examples (panels A-D; goals #6, #5. #4, #7) of changes in atrial refractoriness in the course of the
first 24 hours of fibrillation. In all goats the refractory period shortened markedly at all pacing intervals. In general
the amount of shortening was higher at slow heart rates. As a result, the normal physiological rate adaptation of the
refractory period was either reversed (panels A and B) or attenuated (panel D).

became markedly shortened at all heart rates. Because this shortening was more
pronounced at slower heart rates the physiological adaptation of the refractory period
to changes in heart rate was attenuated or even inversed.

In table 3 the average values of the atrial refractory period at different pacing rates
are given for all experiments. Within 24 hours of atrial fibrillation, during pacing at
400 ms the refractory period shortened from 146 ± 19 ms to 95 ± 20 ms (-35%)
(p<0.001). At a pacing interval of 200 ms it shortened from 131 ± 11 ms to 106 ± 17
ms (-19%) (p<0.001), whereas during the maximal pacing rate (Fmax) the refractory
period changed from 117 ± 12 ms to 103 ± 14 ms (-12%) (p< 0.01). Due to the
abnormal (reversed) adaptation of the refractory period to changes in heart rate, after
24 hours of fibrillation the refractory period during slow heart rates actually had
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Tabk 3. Effects of Atrial Fibrillation on Atrial Effective Refractory Period. „

Goat

#

2

3
4

5

6
7

8

9
10
11

12

Mean

Sd

Sinus Rhythm

Pacing Intervals

400

137

135

175
136

150

142

111

131

150
159
177

146
19

250

151
141

166
130

148
154

115

153
147

139

155

145
13

200

135
124

142

120

139
141

109
127

133

119

148

131
11

Fmax

125
115

130
102

132

116

112
112

116
94

135

117

12

After 6 Hours of AF

Pacing Intervals

400

-

126

139

109

130
124

111

116
118

109

150

123"

13

250

-

130

145

125
134

137

113

128

120
115

139

129""

10

200

-

124

129

120

123
129

108
125
-

-

-

123
7

Fmax

-

109

110
106

120

116
104

109
-

-

-

111

5

;-; After 24 Hours of AF

- Pacing Intervals

;' 400

: 70

'' 98

123

^ 58

: 103

100

89

92
104

84

129

' 95""

20

250

87

104

138
78

118

123

92

109
112

93
127

107"*

18

200

89

112

126

66
114

123

93

109
111

101
122

106*"

17

Fmax

92

118

115 ';

72 5

114

107

99 _̂

104 J
109 |

87

114

C

103"?
14 r

After 2-4 Days of AF

Pacing Intervals

400

73

71

105

56
-

86

77

-
-
59

124

81"
22

250

82

78

125
59

-

101

86

-
-
69

127

' 9 1 -

23

200

8
84

124

62

-
108

76

-
-
78

117

9 1 " *

21

Fmax

81
87

104

62

-
102

90

-
-
81

116

90"
16

ai ro oft
- ^ —i * • -

V"- ~ O

c o
0

V; R>

1
>
I

Numbers indicate atrial effective refractory period in ms; Fmax, maximal pacing frequency with 1:1 response; Sd, standard deviation;" p< 0.01,"" p<0.001 compared

to control (paired Student's t-test; corrected for multiple comparisons). £_ . ••: , ;
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Figure 12. The difference in atrial effective refractory period between the right and left atrial
appendage during regular pacing (400. 300, 250 and 200 ms intervals) during control (sinus
rhythm) and after 24 and 48 hours of maintained atrial fibrillation. Data are the average values
± standard deviation as measured in 4 goats. No increase in the dispersion of atrial refractori-
ness by AF was observed. The slight not statistically significant decrease in dispersion in
AERP might be due to a general shortening of the atrial refractory period by AF.

become shorter than during the maximum pacing rate (95 ± 20 ms versus 103 ± 14
ms). Because the atrial vulnerability to fibrillation progressively increased and also
the duration of the induced episodes of AF became longer, after 24 hours of maintained
AF in some goats it was no longer possible to measure the adaptation curve of the
atrial refractory period. In 8 goats in which the changes in atrial refractoriness could
be followed for a longer period of time (2-4 days) the atrial refractory period shortened
further to 81 ±22 during slow pacing and 90 ± 16 during fast pacing (Fmax)(table 3).

Spatial Dispersion of Atrial Refractoriness * :.,

To assess whether an increased spatial dispersion in atrial refractoriness may play a
role in the increased stability of fibrillation, in four goats the differences in effective
refractory period between the right and left atrial appendage was measured during the
first two days of AF. In Fig 12 the differences in AERP are given during pacing at
various intervals during control (sinus rhythm) and after 24 and 48 hours of AF. During
sinus rhythm the average differences between right and left atrial refractory period
during pacing with intervals of 400, 300, 250 and 200 ms, were 14, 22, 20, and 16 ms
respectively. After 48 hours of AF these values were 8, 8, 6, and 8 ms. This decrease
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Figure 13. A representative example (goat #7) of the spatial distribution of local fibrillation intervals after 1 day and
2 weeks of maintained AF. The numbers indicate the median fibrillation interval measured from a 12 seconds sample
of AF at 12 different atrial sites. After 1 day of AF the shortest local median fibrillation interval was 106 ms (free
wall of left atrium) and the longest was 135 ms (at Bachmann's bundle). After 2 weeks of fibrillation these values
were 96 and 131 ms respectively. The slight increase in the maximal spatial dispersion of the median fibrillation
interval from 29 to 35 ms was not statistically significant (see table 4)

in the spatial difference in atrial refractoriness may be explained by the general
shortening of the atrial refractory period during the first 48 hours of AF.

In addition, in six goats the spatial differences in median atrial fibrillation interval
at 10-13 atrial sites were measured after respectively 1 and 14 days of maintained AF.
An example of the spatial distribution of median AF intervals is given in Fig 13 (goat
# 7). In this case the fibrillation interval was measured at 12 sites located at the right
and left atrial free wall, the right and left atrial appendages and the bundle of
Bachmann. After 24 hours of AF the largest difference in fibrillation interval was 29
ms. At the bundle of Bachmann the median AF interval was 135 ms compared to 106
ms at the free wall of the left atrium. After 2 weeks of AF the spatial dispersion in AF
interval was 35 ms (131 ms at Bachmann's bundle and 96 ms at the left atrial free
wall). In all 6 goats the longest fibrillation interval was mostly found at Bachmann's
bundle. After 24 hours of maintained AF in all 6 goats the shortest fibrillation interval
was found in the left atrium. Differences in fibrillation intervals between the left and
the right atrium varied between 4 and 24 ms. After 2 weeks of AF still in 4 of 6 goats
the shortest AF interval was found in the left atrium (differences between right and
left atrium 11-15 ms). In the other 2 goats AF intervals were similar in both atria. In
table 4 the data of all goats are listed. No statistically significant differences in spatial
distribution of the median fibrillation intervals were found between 24 hours and 2
weeks of atrial fibrillation. Thus, the measurements of spatial differences in refractory
period as well as the spatial distribution of median AF intervals, do not support the
hypothesis that the increase in stability of AF is due to an increased spatial dispersion
in atrial refractoriness.
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Table 4 . Effects of Maintained AF on the Spatial Dispersion of AF-lntervals

r
Goat*

2 • ;, !
3

4
5
6
7

Mean

Sd

After 24 hours of AF

Mean of

Pso

112 ""'"•

116
112
116
118

114

2

Spatial

Dispersion

13

29

16
23

25

29

23

6

Range of

Pso

107-120

96-125

107-123

103-126

104-129

106-135

104-126

After 2 weeks of AF

Mean of

Pso

113

101
96

114
109
109

107
7

Spatial

Dispersion

24

30

17

28

20 >

35 ^

26

6

^ Range of ;

Pso

101-125

88-118

86-103

f~ 106-134

* < 100-120

96-131

96-122

Mean of Pso, average median fibrillation interval measured at 10-13 different sites during 12 seconds of AF. Spatial dispersion,

difference between the site with the shortest and the longest median fibrillation interval. Range of P$o, the values of the shortest

and longest local median fibrillation interval. No significant changes between control and 24 hours were found (paired Student's

f-test).

•_. r i •
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Inducibility of Atrial Fibrillation

The inducibility of atrial Fibrillation by single premature stimuli was tested in 11 goats
at a total of 17 pacing sites (1-2 sites in each goat). During control, at 4 of 17 sites
(24%) (in 3 of 11 goats) the application of a single early premature stimulus induced
short paroxysms of atrial fibrillation. After 24 hours of maintained AF, single
premature stimuli produced atrial fibrillation at 13 of 17 sites (76%; p<0.01) (9 of 11
goats) (table 5). Thus already after 24 hours of AF the vulnerability of the atria to
fibrillation was clearly increased.

After a total period of 19 ± 5 days of maintained AF, in 5 goats the inducibility of
AF was tested again after conversion to sinus rhythm. 6 Hours after conversion the
inducibility of AF was still very high (100%). However after 24 hours the vulnerability
to AF had already clearly decreased (43%), whereas after 1 week of sinus rhythm the
inducibility of AF was comparable to control (29%). „ ;,;,._.;,. ^/ ; , >

.•r' ••; •:-ff i * f - i T r l n n ! : : . it-..;
R e v e r s i b i l i t y o f F i b r i l l a t i o n - I n d u c e d E l e c t r o p h y s i o l o g i c a l C h a n g e s ., .,, i i r . f r , r n ! > ' • • ' < ? •,;<»>•<

In 5 goats in which atrial fibrillation was maintained for 2-4 weeks the reversibility
of the electrophysiological changes by atrial fibrillation was studied. In 4 goats sinus
rhythm restored spontaneously, whereas in 1 goat (goat #6) AF was terminated by
intravenous infusion of Cibenzoline (Cipralan® 1.5 mg/kg). In table 6 the duration
and interval of the paroxysms of electrically induced atrial fibrillation are given
together with the intra-atrial conduction velocity and refractory period as measured
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Table S. Inducibility of Atrial Fibrillation by a Single Early Premature Stimulus.

Goat#

2

3
4

S

6

7

8

9

10
11

12

# Goats

# Sites

Pacing

Site

RA

LA
LA
RA

LA

RA
LA

RA

LA

RA
LA

RA
LA

LA
LA
RA

RA

Sinus

Rhythm

_

-
-
-
-

+
+
-
-
+
-
-
+
-
— 'V

-

-

3/11 (27%)

4/17 (24%)

After Duration
24 Hours ofAF

ofAF (Days)

+ 18
+
+ 14

20
-
+ 14
+

27
+
+
+ ; .

" + ' • ' " • " '

+
+

+
-

9/11 (81%)*
13/17(76%)*

6 Hours
After

Conversion

+

+
+
+
+
+

+

5/5(100%)
7/7(100%)

24 Hours
After

Conversion

+
-
-

-

+

2/4 (50%)

3/7 (43%)

1Week
After
Conversion

_
-
-
-
-

+
+

1/4 (25%)
2/7 (29%)

RA, right atrium; LA, left atrium. AF was induced by a single premature stimulus during pacing at 400 ms; After 14-27 days of AF,
in 4 goats sinus rhythm was restored spontaneously, in 1 goat (#6) AF was converted by infusion of Cibenzoline;' p<0.05, * p<0.01
sinus rhythm compared to 24 hours of atrial fibrillation (Wilcoxon matched pairs signed ranks test).

during control (before AF was chronically maintained) and 6 hours, 24 hours, 1 week
and 2 weeks after conversion of AF to sinus rhythm.

6 Hours after conversion to sinus rhythm the median duration of electrically
induced paroxysms of atrial fibrillation was already back to normal and lasted only 7
± 2 sec. Also the atrial fibrillation interval was significantly prolonged from 105 ± 10
to 139 ± 7 ms. However in all goats some of the induced episodes of AF were still
long-lasting (the 95th percentile of AF duration was 49.1 minutes compared to 13
seconds during control). In 2 goats an episode ofAF was induced still lasting longer
than 1 and 6 hours respectively. After 24 hours of sinus rhythm only short-lasting
episodes of AF could be induced, terminating spontaneously within 6 ± 4 seconds.
After 24 hours also the fibrillation interval was normalized to 151 ±25 ms.

6 Hours after restoration of sinus rhythm, the AERP400 and the AERP200 were
still shorter than during control, the atrial refractory period still showing a clear
reversed adaptation to heart rate. 24 Hours after conversion the AERP200 had returned
to control values, but at slower pacing rates (AERP400) the refractory period was still
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Control (Sinus Rhythm) 24 Hours After Conversion to Sinus Rhythm

Goat

#

2

3 :-_

4 ~

5 r-

6 ";

Mean -J
Sd ;.

Qoat ~-

r;

2

3
4

5

6

Mean

Sd

Duration

ofAF

(sec) ,

5
4 •- ' •

3 £
5 ^

4 ' ;

4 ;.

1

Chronic AF

Total

Duration

(days) -;.

18
14

20
14

27 ":

19 •'•

5 "f

Interval

ofAF

(ms)

139
164

142

150
157

150
9

Last

Episode

(hours)

40

36
2

195
411

137

152

AERP

400
(ms)

137

135
175

136
150

147

15

Interval

ofAF

(ms)

114

89

98

113
111

105*

10

AERP

200
(ms)

135
124

* 142

'* 120

" 139

132

9

CV

400

(cm/s)

150

122

139

113

133

131

13

CV

200

(cm/6)

128
107

122

100

113

1 1 4 ; "•;

10

Duration

ofAF

(sec)

6
4

12
-

2

6
4

24 hours after Conversion to Sinus Rhythm

Duration

i ofAF

_(sec)

6

5
4

:

2

4

2

Interval

ofAF

(ms)

177

174

147
-

155

163

; 13

AERP

400

(ms) '

130 ;

150
177
-

130

147

19

AERP

200

(ms)

129

126

127
-

117

125

5

Interval

ofAF

(ms)

170

181
124
-

130

151

25

CV

400

(cm/s)

125
107

122
_

113

117'

7

AERP

400

(ms)

123
104

125
_

116

117

8

CV

200

(cm/s)

111

98

115
_

100

106
7

AERP

200
(ms)

135
125
129
_

114

126
8

CV

400

(cm/s)

128
115
119
_

102

116

9

CV

200

(cm/s)

120

103
116
_

9 1 :?•

108
11

'- •.-' • . j

'***• T

I?
i •

U:

f
if
' 5f
• V>

' i

H
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Table 6.

Goat

#

2

3 v

4

5 ;•

6

Mean^

Sd i-

Reversibility of Fibrillation-Induced Changes (Continued).

6 Hours After Conversion to Sinus Rhythm

Duration

ofAF

(sec)

10

5
5

6
8

7 , :"

2 i

Interval

ofAF

(ms)

153

.131

140

136
137

• 139

:• 7

AERP

400
(ms)

87

80

82

68

98

83"
10

AERP

200

(ms)

106

98

103
94

103

101***

4

CV

400

(cm/s)

118
122

112

-

117
4

CV

200
(cm/s)

_

105

116

106

-

109

5

' . i

2 Weeks After Conversion to Sinus Rhythm

. Duration

ofAF

(sec)

_

5 : ..'

2 "

' • ' - ' • • .

• 2 | -

. 3 ~ ~-

•' i :*•' r -

: Interval

ofAF

• (ms) '

_

"- 151

- 148 .

• • ' - • '

•• 154 ;

.~ 151 "

' r 2 ••

AERP

400

(ms)

_

146
157
-

130

144
11

AERP

200

(ms)

_

131
126
-

118

125

5

CV

400

(cm/s) ^

-

109 ;

125

f

113

116
7

CV

200
(cm/s)

_

102
114

-
102

106
6

AERP 400, atrial effective refractory period at pacing interval of 400 ms; AERP 200 atrial effective refractory period at pacing interval of 200 ms. CV 400, conduction velocity at pacing inbival of 400

ms; CV 200, conduction velocity at pacing interval of 200 ms;' p< 0.05, " p< 0 .01 , ' " p< 0.001 compared to control (paired Student's (-test; corrected for multiple comparisons).
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shortened. After 1 week of sinus rhythm the rate adaptation of the atrial refractory
period was full normalized and also at slow heart rates the refractory period was
normal again.

After conversion of AF to sinus rhythm the conduction velocity along Bachmann's
bundle remained slightly slower than it was before chronic atrial fibrillation.

Although from these observations no exact time constant for the reversibility of
the various electrophysiological changes can be derived, they show that after
cardioversion of AF, all electrophysiological changes induced by atrial fibrillation are
completely reversible within a few days.

Discussion -

Mechanisms of Chronic Atrial Fibrillation 5 ,- .. ;

Burst pacing between two closely spaced atrial electrodes induces atrial fibrillation
which in normal goats terminates spontaneously within a few seconds. In this study
we showed that, when atrial fibrillation is maintained artificially, the duration of these
paroxysms progressively increases, until after 1-3 weeks atrial fibrillation becomes
sustained. Around 1960 Moe and coworkers^-26 introduced the multiple wavelet
hypothesis, postulating that the persistence of atrial fibrillation depends on the average
number of wavelets being present in the atria. If the number of wavelets is high, the
statistical probability that they will all extinguish at the same time will be small and
atrial fibrillation will persist. On the other hand, when only a small number of wavelets
is present, the chance that they will die out simultaneously is higher and atrial
fibrillation will self-terminate. In 1985, Moe's multiple wavelet hypothesis was
experimentally confirmed by mapping of the atrial activation pattern of atrial fibril-
lation in isolated canine hearts and the critical number of wavelets required to sustain
AF was estimated to be between four and six.-7 More recently high density mapping
has been applied clinically and the presence of random reentry-** of multiple wander-
ing wavelets during electrically induced AF could also be demonstrated in man.22.29

The number of wavelets that can coexist in the atria is determined both by the atrial
tissue mass (or surface area), and the wavelength of the atrial impulse-^^' It is well
known that in larger hearts atrial fibrillation is more stable and of longer duration,-^
and that in humans atrial dilatation is an important risk factor for atrial fibrillation.^
This can be easily understood by realizing that the number of circuits in the atria
increases with the square of the atrial diameter and that in larger mammals the
wavelength of the atrial impulse does not increase proportionally to the size of the
a t r i a l The well known profibrillatory effects of vagal stimulation, acetylcholine and
adenosine are generally ascribed to a shortening of the atrial action potential without
a noticeable effect on conduction velocity. Since the wavelength of atrial refractori-
ness is the product of conduction velocity and refractory period, the wavelength will
become considerably shorter, thus allowing more wavelets to co-exist in a given tissue
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mass. On the other hand drugs that prolong the wavelength of the atrial impulse have
been shown to prevent or terminate atrial fibrillation.3 1-̂ 5.36 j ^ , patients with atrial
fibrillation the wavelength may be shortened, at least locally, by the existence of
intra-atrial conduction defects. Several clinical studies have indicated that long or
biphasic P-waves, late potentials, fragmented atrial electrograms, or increased con-
duction delays of premature beats are all associated with a higher vulnerability to atrial
fibrillation. 37-46 j ^ addition to this pathophysiologic triad of chronic fibrillation (atrial
dilatation, shortened refractoriness and depressed conduction), also increased hetero-
geneity, either in intra-atrial conduction (enhanced nonuniform anisotropy.47-48 lo-
cally depressed action potentials'"^'), or in recovery of excitability (increased spatial
dispersion in atrial refractory periods)^-55 may be of crucial importance.

Shortening of Atrial Refractoriness by Atrial Fibrillation : . ., ,• t

In the present study we found no changes in atrial conduction velocity during the first
days of atrial fibrillation. In contrast marked changes were observed in the atrial
refractory period which, during the first 24 hours of fibrillation, depending on the
pacing rate, shortened by as much as 12% - 35%. Since the conduction velocity was
not affected, the wavelength of the atrial impulse must have been shortened by a
similar amount. This progressive shortening of the wavelength by atrial fibrillation
provides a good explanation for the observed stabilization of AF with time (domesti-
cation of AF). Previous studies have shown that a high correlation exists between the
refractory period as measured by programmed electrical stimulation and the average
cycle length during fibrillation, suggesting that the local fibrillation interval might be
used as an index of local refractoriness.53,56,57 j ^ g advantage of such an index of
local refractoriness is that one can follow the time course of changes in refractory
periods during fibrillation without the need for extensive pacing protocols, which are
not only time limited but may also disturb the experimental conditions. The relation-
ship between the atrial refractory period and the local fibrillation interval was
confirmed in our present study by the observation that the progressive shortening of
the fibrillation interval during the development of chronic fibrillation was associated
with a concomitant shortening of the atrial refractory period as measured by pro-
grammed electrical stimulation. However we want to emphasize that this does not
mean that the median fibrillation interval is e^wa/ to the local refractory period. On
the contrary we believe that during AF the refractory period is somewhat shorter than
the median fibrillation interval and that a small partially excitable gap exists during
atrial fibrillation.^-59 Nevertheless, with these limitations in mind, in our opinion the
median fibrillation interval can be used to estimate cfamges in atrial refractory period
by atrial fibrillation. During the first 24 hours of atrial fibrillation the median cycle
length of AF progressively shortened with a time course of about 2 ms per hour. During
the following days this shortening of the atrial "refractory period" continued at a much
slower rate of only a few milliseconds per day. A steady state in atrial fibrillation
interval was reached after about 6 days of AF.
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Correlation Between Atrial Fibrillation Cycle Length and Stability of AF = ,"• i ; - , i . * ;-.*',' .Mian

Immediately after the fibrillation pacemaker was turned on and atrial fibrillation was
maintained artificially, the refractory period of the atria slowly started to shorten.
Initially, this did not increase the stability of fibrillation and the episodes of induced
AF remained short and self-terminating. The atrial refractory period had to be
shortened to a certain critical value before atrial fibrillation got more stable and the
paroxysms of AF started to last for a longer period of time. On the average, atrial
fibrillation started to last longer after the median fibrillation interval had shortened to
about 120 ms. The median fibrillation interval continued to shorten up to 99 ± 10 ms
during sustained atrial fibrillation (see table 1 and Fig 8). At this point we can only
estimate the critical changes in wavelength associated with (or as we think partly
responsible for) the development of chronic AF. If we assume that the atrial refractory
period is 10% shorter than the median fibrillation interval, and if we take an average
conduction velocity of 61 cm/s as recently measured during type I AF^2 the wave-
length during the short episodes of acute AF would be in the order of 8-9 cm. The
critical wavelength at which AF starts to prolong would then be around 6-7 cm,
whereas during chronic atrial fibrillation the wavelength should be 5-6 cm. However
when atrial conduction during chronic atrial fibrillation in reality is slower than 61
cm/s, the wavelength actually might be smaller. At a conduction velocity of 50 cm/s
the wavelength during sustained AF would be 4-5 cm, whereas at 40 cm/s the multiple
wavelets would be as short as 3-4 cm. At such short wavelengths the diameter of
intra-atrial reentrant circuits could be as small as 1 cm.

There is reason to believe that besides the shortening of refractoriness also other
factors may play a role in the development of chronic fibrillation. This is supported
by the observation that the time course of changes in atrial refractoriness does not
completely run parallel with the time course of development of sustained fibrillation.
Whereas the median fibrillation interval usually already reached a steady state within
a couple of days, it often took an additional 1 -2 weeks for atrial fibrillation to become
persistent. Possible candidates of additional changes in the atria requiring a longer
time period to develop, might be atrial dilatation,^ a general depression of atrial
conduction velocity, or the development of local areas of structural intra-atrial
conduction block.-^

Maladaptation of the atrial refractory period .:, './. , ; i ; . - .:,;;;•,••• . ^ . d . •«/-•• "/:,

In 1982 Attuel et al.^'-^- measured the atrial refractory period in 39 patients during
pacing at three or more basic cycle lengths. They found that in patients in which
sustained atrial tachyarrhythmias could be provoked with 1-3 premature stimuli, the
atrial refractory period either failed to adapt or adapted poorly to changes in heart rate.
On the basis of these observations they suggested that a poor or absent rate adaptation
of the atrial refractory period may constitute a clinical entity and might be a marker
of atrial pathology causing a propensity to atrial fibrillation. These observations were
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extended by Le Heuzey et al. who measured the effects of changes in heart rate on the
duration of the action potential recorded from isolated strips of human atrial myocar-
dium.54.55 prom these studies it was suggested that a maladaptation of refractoriness
might be the cause of atrial fibrillation in man. In our present study we made a similar
observation that maintenance of AF was associated with maladaptation of the atrial
refractory period to changes in heart rate. While normal goats in sinus rhythm showed
aclear shortening of the atrial refractory period at shorter pacing intervals, goats which
had been artificially kept in atrial fibrillation, after one or more days lost this
physiological adaptation and showed either a constant duration of the refractory period
at different pacing rates or an inverse adaptation curve, i.e. instead of lengthening, the
atrial refractory period actually now j/jorterced at slower heart rates. After cardiover-
sion to sinus rhythm the normal adaptation to changes in heart rate was restored within
a couple of days. From these experiments thus it seems that the maladaptation of the
atrial refractory period rather is the resM/r of atrial fibrillation than the a/M.«" of it.
However it can not be excluded that the changes in rate adaptation of the refractory
period is one of the factors that cause atrial fibrillation to become sustained.

What Causes the Shortening of the Refractory Period During AF?

The mechanisms of the shortening of atrial refractoriness by AF are as yet unclear and
require further study. Possible causes are: 1) Long term changes in activity or
sensitivity of the autonomic nervous system, 2) Stretch of the atrial wall due to the
increased intra-atrial pressure, 3) Ischemia of the atrial myocardium, 4) An increase
in plasma atrial natriuretic factor (ANF) levels and 5) The high rate of electrical
activation of the atrial cells per re.

Several studies have emphasized the importance of the autonomic nervous system
for the initiation and perpetuation of atrial fibrillation. Coumel et alA^ have described
two different subgroups of patients with atrial fibrillation. In one group the initiation
of atrial fibrillation was dependent on a high vagal tone, whereas in another group the
occurrence of atrial fibrillation seemed to be related to adrenergic stimulation of the
heart.k* Indeed it is well known that a high vagal tone or the administration of
acetylcholine is profibrillatory because it shortens the atrial action potentials and the
wavelength-^' due to activation of the Î Ach channel.

There is disagreement in the literature about the effect of stretch on the refractory
period, some studies reporting a shortening whereas others have found no change or
even a lengthening of the refractory period.^~™ So far, nobody has measured the
effect of pro/cwged changes in atrial wall stress on atrial refractoriness. Therefore,
although a greater than twofold acute increase in atrial pressure was found to have no
effect on the human atrial refractory period, it remains to be seen whether a chronic
increase in atrial pressure above a certain value does exert important electrophysi-
o l o g i c a l c h a n g e s . ™ : .-. ?vu-i ; v;»ubic<n ixio i j i i ixm;:: •«• *bsure--:• r; ;,i

When the atria become ischemic, activation of ATP-regulated potassium channels
may result in a shortening of the atrial action potential. In 1982 White et al7' showed
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that immediately after induction of AF both atrial perfusion and oxygen consumption
rise sharply. The oxygen consumption increased more than 3-fold while the blood
supply increased with a factor of 2-3, actually resulting in a higher flow per gram in
the fibrillating atria than in the pumping left ventricle. Since the reactive hyperemia
response was significantly attenuated and in some dogs nearly abolished, the flow
reserve during atrial fibrillation is clearly decreased. A further increase in atrial
metabolism, for instance by adrenergic stimulation, could lead to a further increase
in oxygen demand which now can no longer be met by the already maximally dilated
coronary arteries. Whether AF actually causes atrial ischemia is at present unknown.

The increase in the production of ANF by the atrial cells when the atria are thrown
into fibrillation is well documented.^ Recently, Stambler et al. have demonstrated
that the infusion of ANF in dogs may give rise to a shortening of the AERP and the
monophasic action potential.^ If in the goat the plasma concentration of ANF
increases by atrial fibrillation and if the ANF levels become high enough to shorten
the AERP, this mechanism might be involved in the process of domestication of AF.
The fifth most intriguing possibility that the shortening of atrial refractoriness is
mediated by the high rate of depolarization itself will be discussed below.

T Wave 'Memory'

In 1982 Rosenbaum et al. described that rapid atrial or ventricular pacing in humans
could induce T wave changes which developed to a maximum in about 24 hours of
pacing. Because repeated rapid pacing caused the repolarization changes to appear
after a shorter period of time, they concluded that "the myocardial cells involved in
this process seem to keep a 'memory' of the previous effect...".^ As reviewed by
Katz^ primary repolarization abnormalities can be caused by three fundamentally
different causal mechanisms taking place at different levels in the heart: altered
structure (organ), altered metabolism (cell), or altered ion channels (genes). A
distinction between these three different mechanisms can be made on the basis of the
time course and reversibility of the changes. While structural changes are generally
irreversible and may take weeks or even years to develop, metabolic changes occur
virtually instantaneously and are rapidly reversible. It has been postulated that the
changes in repolarization referred to as cardiac 'memory', which develop more slowly
and persist longer than the transient changes mediated by changes in cellular metabo-
lism but are still reversible and not associated with obvious organ damage, "arises
from molecular replacements involving the channel proteins of the heart's plasma
membrane".^ Similarly to the posttachycardia T wave changes, the shortening in
atrial refractory period by atrial fibrillation might be based on alterations in synthesis
and assembly of the potassium channels that control atrial repolarization. As shown
by Agnew^ and Aldrich^ cells posses the ability to synthesize a rich variety of
potassium channels by "mixing and matching" different subunits which can be
expressed by a large family of genes. Recent studies of Rosen et al7**.79 have
demonstrated that in the ventricles cardiac memory was abolished by 4-aminopyrid-
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ine, which blocks both the transient outward potassium current (I'") as well as 1^. In
nerve cells the mechanism of memory has been shown to be caused by second
messager activation of protein kinases which modify ion channel functions of the cell
membrane.^ Although it is not yet known whether prolonged alteration of the atrial
rate and activation sequence modulates protein synthesis and how this could change
structure and/or function of potassium channels, the idea that the development of
chronic atrial fibrillation may be based on changes in gene expression is an intriguing
one and certainly merits more detailed studies using molecular biology techniques.

Other Models of Sustained Atrial Fibrillation •

In 1985 Salmon**' reported that atrial pacing (60 Hz) for more than 90 days resulted
in the development of progressive left atrial enlargement and persistent AF in 4/6
dogs. However, in this study no changes in atrial electrophysiological properties, like
intra-atrial conduction velocity or refractory period, were studied.

Just recently, Morillo et al.^2 published a canine study in which 6 weeks of
continuous rapid atrial pacing (400/min), produced sustained atrial fibrillation (de-
fined as AF lasting 15 minutes) in 82% of the animals. At pacing intervals of 400 and
300 ms the atrial refractory period had shortened from 150 ± 8 to 127 ± 10 ms (-15%)
and from 147 ± 11 to 123 ± 12 ms (-16%) respectively. Together with a marked
increase in atrial size this shortening of the atrial refractory period yielded a positive
predictive value of 88% for the induction of sustained AF. In our study we found an
even more marked shortening in atrial refractoriness measured at a wider range of
pacing intervals. Already after 2-4 days of atrial fibrillation the refractory period
during the maximal pacing rate still eliciting a 1:1 response (FmaxX had shortened
from 123 ± 13 to 90 ± 16 ms (-27%). During slow pacing (400 ms interval) the
shortening of AERP was as much as 45%, from 146 ± 19 to 81 ±22 ms. Due to the
more pronounced shortening of the AERP during slow heart rates, the normal rate
adaptation of the refractory period was inverted and instead of getting longer, now the
refractory period actually got shorter as a response to slowing of the heart rate.

Both clinical and experimental studies have shown that within the first week after
open heart surgery there is a high incidence of atrial tachyarrhythmias due to the
development of a sterile pericarditis.23.83,84 j ^ 1935 p ^ g{ ̂ 83 described a new
model of atrial flutter in dogs, in which a sterile pericarditis was deliberately produced
by dusting generous amounts of talcum powder on the atria and by leaving a gauze
on the free wall of the atria. During the first week following this procedure, episodes
of atrial flutter could be induced reproducibly by programmed electrical stimulation.
More recently the same technique has been used by Ortiz et al to produce atrial
fibrillation in dogs with sterile pericarditis.^. In our study the animals also underwent
a thoracotomy and multiple electrodes were sutured to the atria probably causing a
sterile pericarditis. To avoid electrophysiological changes due to pericarditis the goats
were allowed to recover from surgery for 2 weeks. The experimental protocol was
started after an additional control period of 1 week during which the electrophysi-
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ological measurements of conduction velocity and refractory period were stable and
long-lasting episodes of atrial fibrillation could not be induced. Therefore we believe
that despite the presence of chronically implanted electrodes pericarditis did not play
a major role in our present model of AF. This is further supported by the observation
that all changes associated with maintained AF were found to be completely reversible
after conversion to sinus rhythm.

Clinical Implications - . . . . ••;. . . ; . • • . . .• ,?ii;;t-->:., iijc-. ->«»

The concept that 'atrial fibrillation begets atrial fibrillation' might have some impor-
tant clinical implications. First of all it emphasizes that most of our electrophysiologic
knowledge stems from acute experiments and that we know relatively little about
c/i/wz/c electrophysiological adaptation processes. If it is true that the long-term
shortening of atrial refractoriness during fibrillation is based on a fundamental change
in composition of the ion channels responsible for repolarization of the atrial cells,
the action of anti-arrhythmic drugs on fibrillating atria may be different than the effects
as measured during sinus rhythm. The clinically observed diminished efficacy of
chemical cardioversion after a prolonged period of atrial fibrillation^'- might be
explained by such a process of electrical remodeling. In fact it might be imperative to
reevaluate the effects of existing anti-fibrillatory drugs in chronically fibrillating
hearts. On the other hand it opens the possibility to develop new drugs specifically
targeted at those ion channels that become expressed during atrial fibrillation At. this,
moratim however, these implications are still speculative and more information is
needed about the ionic mechanisms of the fibrillation-induced shortening of repolari-
zation before any firm conclusions can be drawn.

The observed anomalous rate adaptation of the atrial refractory period may play an
important role in the recurrences of AF which are so frequently seen clinically during
the first week after electrical or chemical defibrillation.'^-'S Directly after cardiover-
sion the atrial interval suddenly prolongs from about 100-150 ms during atrial
fibrillation to about 1000 ms during sinus rhythm. When the atrial refractory period
fails to adapt to such a sudden slowing in heart rate by a prolongation of the refractory
period, or even worse, when it becomes shorter due to an inversed rate adaptation,
after conversion to sinus rhythm the atria will be left with a dangerously short
refractory period. Without the natural protection of a long refractory period, the atrial
wavelength will be very short and on first occasion an atrial premature beat may start
fibrillation again. In the goat the shortening of the atrial refractory period and the
maladaptation to heart rate was reversible within the first days of sinus rhythm. If this
is also true in man. protection against the fibrillation-induced maladaptation of the
refractory period during the first week after conversion might help to prevent early
recurrences of AF.

The question remains whether electrical remodeling by AF also occurs in humans
and if so, how this process of electrical remodeling would interfere with atrial
fibrillation. As pointed out above the shortening of the atrial refractory might explain
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the diminished success rate of chemical and electrical cardioversion in patients with
long-lasting atrial fibrillation. And indeed the finding that the shortening of atrial
refractoriness needs a few days to revert completely could explain the early recur-
rences seen after cardioversion. However the complete reversion of the electrophysi-
ological changes within 1 week after restoration of sinus rhythm implies that the role
of electrical remodeling in patients with paroxysmal atrial fibrillation with an inci-
dence of less than once a week seem limited. Due to the reversibility of electrical
remodeling of AF each paroxysm of AF is independent of the previous one. In general
however our study implicates that the best prevention of atrial fibrillation is to
terminate the arrhythmia as soon as possible, thus interrupting the electrophysiologi-
cal sequellae which will lead to chronic atrial fibrillation.

Limitations of the Study

One of the limitations of this study is that we could not follow the changes in atrial
refractory period and conduction velocity for much longer than the first days of
fibrillation. Due to the increased vulnerability of the atria, by that time programmed
electrical stimulation induced periods of AF lasting for such a long time that it became
impossible to complete the protocol. For the same reason it was impossible to measure
the exact time course of reversibility of the shortening of the refractory period.
Directly after cardioversion the atria are still so vulnerable that the administration of
premature stimuli will re-induce long-lasting episodes of atrial fibrillation, which
obviously interrupt the reversibility process. Therefore our reversibility measure-
ments are limited and do not allow accurate quantitative conclusions. Nevertheless
the data that could be collected leave little doubt that the shortening of refractoriness
and the maladaptation to rate are both completely reversible. After one week of sinus
rhythm the atrial refractory period and the duration of induced paroxysms of AF were
normal again. Because of this, each animal served as its own control and it was not
necessary to include a control group of sham operated animals. However, after
conversion to sinus rhythm the intra-atrial conduction velocity did not return to control
values. The lack of a control group of sham operated animals makes it hard to decide
whether the observed slowing in atrial conduction velocity is caused by chronic atrial
fibrillation or is a long-term effect of the presence of the implanted electrodes.

The observations reported in this paper raise many questions which can not be
answered at the present time. Additional experiments will be needed to determine the
possible role of neurohumoral changes, atrial dilatation, ischemia, ANF, and to
determine the ionic channels responsible for the fibrillation-induced shortening of the
action potential. It also remains to be determined whether on the long term, structural
changes of the atrial wall and increased heterogeneity of excitability, refractoriness
and conduction properties contribute to the development of chronic AF. Despite all
these limitations, our study indicates that the concept of 'domestication of atrial
fibrillation' may have a clear pathophysiologic basis which seems worthwhile to
explore. More specifically, our study indicates that the AF-induced electrophysiologi-



CHAPTER 3

cal changes should also be studied in man, and that the reversibility of these changes
after conversion to sinus rhythm should be monitored.
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Electrical Remodeling Due to Atrial Fibrillation in
Chronically Instrumented Conscious Goats
The Role of Neurohumoral Changes, Ischemia, Atrial Stretch, and
High Rate of Electrical Activation . . , , , , , .
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CHAPTER 4

Abstract ^

Ztacifcgrownd: Recently we developed a new model of chronic atrial fibrillation
(CAF) in the goat. Due to AF, the atrial effective refractory period (AERP) shortened
and its physiological rate adaptation became inversed. At the same time the rate and
stability of AF increased. The goal of the present study was to evaluate the possible
role of 1) the autonomic nervous system (ANS), 2) ischemia, 3) stretch, 4) the atrial
natriuretic factor (ANF), and 5) rapid atrial pacing in this process of electrical
remodeling.

A/e/ftods a/id Results: Twenty-five goats were chronically instrumented with
multiple epicardial atrial electrodes. 1) Infusion of atropine (1.0 mg/kg, n=6) or
propranolol (0.6 mg/kg, n=6) did not abolish the AF-induced shortening of AERP or
AF cycle length (AFCL). 2) Blockade of ATP-regulated K+-channels by glyben-
clamide® (10 umol/kg/10 min; n=6) slightly increased the AFCL from 95±4 to 101±5
ms, but AFCL remained considerably shorter than during recent onset AF (145 ms,
p<0.001). 3) Volume loading by infusion of 0.5-1.0 liters of Haemaccel® (n=12) did
not shorten the AERP. 4) The median plasma level of ANF increased from 42 to 99
pg/ml after 1-4 weeks of AF (n=6), but infusion of ANF (0.1-3.1 ug/min) (n=4) did
not shorten AERP. 5) Prolonged rapid pacing (24-48h) (n= 12) progressively shortened
AERP from 134±10 to 105±6 ms (-22%) and attenuated or inversed the normal
physiological rate adaptation of the refractory period. These changes were completely
reversible.

Conclusions: The shortening of AERP by AF is not mediated by changes in
autonomic tone, atrial ischemia, acute stretch or ANF. Rather, the high rate of
electrical activation itself seems to provide the stimulus for the AF induced electrical
remodeling of the atria.

Introduction >

Recently, we reported a study in chronically instrumented goats demonstrating that:
'Atrial fibrillation begets atrial fibrillation'.' Whereas initially, atrial fibrillation (AF)
induced by burst pacing, terminated spontaneously within less than 5 seconds, the
rey?ef/f/v? induction of AF led to a progressive prolongation of the duration of the
induced paroxysms of atrial fibrillation. Within 1-3 weeks, this culminated in sus-
tained atrial fibrillation lasting longer than 24 hours. Also the rate of atrial fibrillation
changed during the first week of maintained AF, increasing from about 400 beats per
minute during the first day, to more than 600/min after 1 week. Programmed electrical
stimulation, which could be performed during the first days when AF still terminated
spontaneously, revealed a significant shortening of the atrial effective refractory
period (AERP). This shortening of the AERP was more pronounced at slower than at
faster heart rates (45% versus 23%) and the normal physiological rate adaptation of
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refractoriness became inversed. Instead of prolonging, now the AERP actually got
5/ior/fr at slower heart rates. These observations suggest that the observed 'domesti-
cation of atrial fibrillation', was at least partly due to an AF-induced shortening and
maladaptation of the atrial refractory period. | K- • > ^

The goal of the present study was to elucidate the j/im«/i that were responsible for
this process of AF-induced electrical remodeling. In this respect we evaluated the
possible role of the autonomic nervous system, atrial ischemia, acute dilatation, and
the atrial natriuretic factor (ANF). We also performed experiments to test the hypothe-
sis that the high rate of electrical activation per .v? was the trigger for the long-term
shortening and inversed rate adaptation of the refractory period by atrial fibrillation.

Methods • „ r <^

The Goat Model of Chronic Atrial Fibrillation

Twenty five goats weighing between 43 and 82 kg (mean 57 ± 9 kg) were used for
this study. Animal handling was performed according to the guiding principles of the
American Society of Physiology and approved by the Animal Investigation Commit-
tee of the University of Limburg.

In Fig 1, the most important characteristics of the chronically instrumented goat
model of atrial fibrillation are given as described in greater detail in Wijffels et al.'
In order to instrument the goats with multiple epicardial atrial electrodes, the animals
were anaesthetized with Nesdonal® (Thiopental, 15 mg/kg) and ventilated by Ha-
lothane® (1-2%) and a 1 : 2 mixture of OT and NiO. A left intercostal thoracotomy
was made and the pericardium was opened to expose the heart. A teflon felt strip
(Bard®) of 10 x 1.2 cm, containing 15 unipolar silver recording electrodes (diameter
2 mm, inter-electrode distance 6-10 mm) was guided through the anterior transverse
sinus between the atria and the aortic root and sutured to the tips of both atrial
appendages. Two smaller felt strips of 3 x 1.2 cm, each containing 6 electrodes, were
sutured to the lateral walls of the right and left atria. Thus, a total of 27 unipolar
electrodes were implanted on the atria (Fig 1, upper left panel). After approximation
of the pericardium and closure of the thorax, the electrode leads were tunneled
subcutaneously to the neck and exteriorized by a 30-pin connector (Lemosa®, outer
diameter 10 mm). Three silver plates (diameter 25 mm) were left subcutaneously to
serve as grounding and indifferent electrodes and to record a precordial electrocar-
diogram. Post-operatively the animals received buprenorfine (0.01 mg/kg, Temgesic®
Reckitt & Colman) for 1 -3 days. Prophylactically, gentamicin (3 mg/kg) and sodium-
ampicillin (Pentrexyl® 1000 mg, Bristol-Myers Squibb) were given intravenously
directly before surgery. After surgery an additional single dose of sodium-ampicillin
(1000 mg) was given intramuscularly.

After about 2-3 weeks, when the animals had completely recovered from surgery,
the goats were connected to an external fibrillation pacemaker. This pacemaker was
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Figure 1. The goat model of sustained atrial fibrillation. f/>/wr £«•/?: Schematic drawing of the implanted epicardial
electrodes. One long teflon felt strip (10 x 1.2 cm), containing 15 unipolar silver electrodes (diameter 2 mm,
inter-electrode distance 6-10 mm) was guided through the anterior transverse sinus between the atria and the aortic
root and sutured to the tips of both atrial appendages. Two smaller felt strips of 3 x 1.2 cm containing 6 electrodes,
were sutured to the lateral walls of the right and left atria. LA. left atrial appendage; RA, right atrial appendage; PV,
pulmonary veins; SCV, superior caval vein; ICV, inferior caval vein, (/pper fl/g/if: Three to four weeks after
implantation, the goats were connected to an external fibrillation pacemaker. This device was able to automatically
detect conversion of AF to sinus rhythm by measuring the length of the iso-electrical segment of a bipolar atrial
electrogram. As soon as AF terminated spontaneously, it was immediately reinduced by delivering a 1 second burst
of stimuli (50 Hz. 4 times diastolic threshold). In this way atrial fibrillation was maintained 24 hours a day. 7 days a
week. /»H-frtf/f: A representative example of the development of sustained atrial fibrillation. As the pacemaker was
switched on (day 0). the induced episodes of AF lasted only for a couple of seconds. However, the repetitive induction
of AF resulted in a progressive increase in the duration of fibrillation. In this case AF became sustained ( 24 hours)
after I week of electrically maintained AF. />W«T/?I^»/I/: An example of the electrical remodeling by AF. During sinus
rhythm the AERP at slow heart rates was 150 ms and showed a physiological adaptation to rapid rates (shortening to
100 ms at the maximal pacing rate). During the first 24 hours of atrial fibrillation the refractory period progressively
shortened at all heart rates to less than 80 ms. The physiological rate adaptation was lost and the AERP had
approximately the same value at all heart rates.

able to recognize the spontaneous termination of AF by monitoring the length of the
iso-electrical segment in a bipolar atrial electrogram. As soon as resumption of sinus
rhythm was detected, the pacemaker promptly reinduced atrial fibrillation by deliv-
ering a 1 second burst of electrical stimuli (50 Hz, 4 times diastolic threshold) (Fig 1,
right upper panel). In this way, the fibrillation pacemaker automatically maintained
AF, 24 hours a day. 7 days a week. A full description of the automatic fibrillation
pacemaker is given elsewhere.'
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In the left lower panel of Fig 1, the effect of chronically maintained AF on the duration
of the fibrillation episodes is shown. When the fibrillation pacemaker was switched
on (day 0), the induced paroxysms of AF were short-lasting and AF terminated
spontaneously within less than 5 seconds. However, the repetitive induction of AFby
the automatic fibrillation pacemaker, led to a progressive increase in the stability of
AF. In this example, after 24 hours of AF the episodes of AF lasted for one minute,
after 6 days for about one hour, and after 9 days for longer than 24 hours (sustained
AF). In this case, the last episode of AF induced at day 10 (last data point) continued
for several weeks, after which AF was cardioverted.

In the right lower panel of Fig 1, the effects of the first 24 hours of AF on the atrial
refractory period are shown. The upper curve shows the normal physiological rate
adaptation of the refractory period. Before AF was induced (sinus rhythm), the atrial
refractory period was 150 ms at pacing intervals of 300-400 ms and shortened
progressively to about 100 ms at shorter pacing intervals. After 6 hours of AF (middle
curve), the AERP during slow pacing had shortened from 150 to 110 ms. During fast
pacing, the shortening of the refractory period was less pronounced. However, as can
be seen from the lower curve, after 24 hours of AF also the refractory period at the
higher pacing rates had shortened. As a result, the physiological rate adaptation of the
refractory period was lost or even slightly reversed, with in this case an AERP of 65-75
ms at high pacing rates and less than 60 ms during pacing at an interval of 400 ms

E l e c t r o p h y s i o l o g i c a i M e a s u r e m e n t s •'•••••' — *•''-;••••:. N! : . :n v > < iv. •,-;-' , . ;.;•

Two weeks after implantation of the atrial electrodes and before connecting the goat
to the fibrillation pacemaker, a control electrophysiologicai study was done. The
AERP was measured at both the right and left atrial appendage during various S|-S|
pacing intervals between 600 ms and 120 ms. A single premature stimulus (S2) of 4
times diastolic threshold was interpolated after every fifth basic interval. The meas-
urement of the local AERP was started with an S1-S2 coupling interval shorter than
the atrial refractory period and incremented in steps of 1 ms. The shortest S1-S2
coupling interval that resulted in a propagated premature atrial response was taken as
the AERP.

The rate of atrial fibrillation was measured from a bipolar atrial electrogram by
counting the number of individual atrial complexes during 15 seconds of AF. The
ventricular response rate during AF was measured from a precordial electrocardio-
gram.

I n f u s i o n o f A t r o p i n e , P r o p r a n o l o l a n d G l y b e n c l a m i d e - - ? : • • > . > ' ; - : • ••••<••••>.>

Atropine and propranolol were administered both before the induction of AF (goats
in sinus rhythm), after 1 -3 days of atrial fibrillation, and after AF had become sustained
(duration > 24 hours). Atropine-sulfate was infused intravenously in cumulative
dosages of 0.1, 0.3, 0.6 and 1.0 mg/kg in steps of 10 minutes. Propranolol-HCL
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(Inderal®, Zeneca) was given in a similar way in cumulative dosages of 0.1, 0.3 and
0.6 mg/kg. In 5 goats with sustained AF, glyburide (glybenclamide®, Sigma Chemi-
cal) was administered intravenously as a 5-minute bolus of 10 umol/kg (4.94 mg/kg).
Before infusion glybenclamide was freshly dissolved in NaOH and distilled water (1
mmol glybenclamide; 17 ml NaOH 0.1 N; 40 ml distilled water). In 3 of 5 goats plasma
levels of glybenclamide were determined by high pressure liquid chromatography
analysis (H.P.L.C.) and fluorescence detection.^ Venous blood samples of 5 ml were
collected in heparinized tubes and centrifuged with 3000 rpm at 4°C. The plasma was
immediately stored at -20 °C.

• . . " . : • . . • . ' • •• , ! , i i . i l \ , f i ! ; : i

A c u t e At r ia l D i la ta t ion • : •• • . ••<- h ^ w v i ••/••<.: - ! : : i ' c

In 12 goats the effects of acute atrial dilatation were studied by rapid infusion of a
blood expanding fluid (Haemaccel®, Hoechst). The infusion regime was 0.5 liters in
5 minutes, followed after 10 minutes by another 0.5 liter in 8 goats. During the volume
loading process with Haemaccel, a two-dimensional echocardiogram was made in 7
goats (Hewlett Packard, 77020-A system, 3.5 MHz transducer). For this purpose the
animals were anaesthetized with an infusion of propofol (Diprivan®, Zeneca) (10-20
mg/min). With the animals positioned on their left side, the left atrial diameter was
measured by M-mode echocardiography, using a parasternal long-axis view. In 4
goats the right atrial pressure was measured by a Swan-Ganz catheter (Baxter) inserted
through an incision in the right jugular vein.

The Atrial Natriuretic Factor (ANF) : : ,,

In 6 goats plasma levels of ANF were monitored during the development of chronic
atrial fibrillation. Venous blood samples were taken from the saphenous vein in cooled
disposable tubes containing EDTA (2 mg/ml blood), immediately centrifuged at 4°C
(3000 r.p.m.) and stored at -20°C. The concentration of ANF was determined by a
radio-immunoassay technique (Nichols Institute Diagnostics).^

In 4 control goats, ANF (oc-human 1-28 ANF, Sigma Chemical) was infused
intravenously. As shown by Olsson et al./* administration of human ANF to conscious
goats (1.5-2 ug/min) increased plasma ANF levels from 3 ± 1 to 525 ± 90 pmol/1 and
effectively increased natriuresis and attenuated water intake in dehydrated animals.
ANF was administered intravenously in the left saphenous vein. Every 2 minutes the
infusion rate was increased with 0.1 ug/min until after 60 minutes a cumulative dosage
of about 100 ug was given. The effective ANF plasma level was determined from
venous blood samples taken from the contra-lateral saphenous vein at 0, 15, 30, 45
and 60 minutes after the start of the infusion.



ELECTRICAL REMODELING BY AF

Effects of Long-term High Rate Atrial Pacing —\-;>ra:, • -;.

The effects of a long-term increase in the atrial pacing rate was studied in 9 goats.
First the atria were paced during 1 to 3 days with a fixed pacing interval between 360
and 400 ms. After the goats were hemodynamically adapted to the fixed slow pacing
rate, the pacing rate was suddenly doubled (interval between 180 and 200 ms).
However, due to the development of 2 : 1 AV-block, the ventricular rate remained the
same. The long-term changes in atrial refractory period by prolonged rapid pacing
were followed during 1 to 2 days, after which the pacing interval was switched back
again to its original interval of 360 to 400 ms. During the next 1 to 2 days the time
course of the reversibility of the changes in AERP were studied.

Statistical Analysis

Data are presented as mean ± standard deviation. Statistical analysis was performed
by a paired Student's Mest. The p-values were corrected for multiple statistical
comparisons by multiplying with the number of comparisons (Bonferroni's correc-
tion). A p-value of less than 0.05 was considered to be statistically significant.

R e S U l t S ;•;• . • • • , - • • •• , • ' : : - : . . > — > v . — , - , r . • • , • > ' ; • . , . - , - . . . - . • • , - . , ; : - . , . . „ » i

Effects of At rop ine and Proprano lo l ' . .-,• V • ' ' . ' , ' • • _ • • . ' , , " T ^ ' " . ^ ^

To test the possibility that the AF-induced changes of the atrial refractory period were
mediated by the autonomic nervous system (ANS), the parasympathetic and sympa-
thetic limb of the ANS were blocked by continuous infusion of a stepwise increasing
concentration of atropine or propranolol. In 6 goats, the effects on the atrial effective
refractory period were measured, both during control (goat in sinus rhythm) and after
a relatively short period (1-3 days) of maintained AF. The refractory period was
measured at various pacing intervals between 600 and 140 ms. In Fig 2 a representative
example of the effects of atropine (left panel) and propranolol (right panel) are given.
In both experiments (different goats), the AF induced shortening of the AERP after
24 hours can be clearly seen. The administration of atropine during sinus rhythm (total
dosage 1.0 mg/kg) slightly prolonged the atrial refractory period during slow pacing
(400 ms interval) (left panel). Obviously, in the awake goat, the cardiac parasympa-
thetic nerves are not very active, and the atrial refractory period is only slightly
shortened by the low quantities of acetylcholine released from the vagal nerve endings.
The important point to note here however, is that after 24 hours of AF, atropine still
prolonged the AERP only slightly. The fact that the AF-induced shortening of atrial
refractoriness was not abolished by atropine means that the shortening of the AERP
by atrial fibrillation was not mediated by an increased vagal tone or a higher sensitivity
of the atrial cells for acetylcholine.
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Figure 2. Representative examples of the effects of atropine and propranolol on the atrial effective refractory period
(AERP) during sinus rhyihni and after 24 hours of electrically maintained AF. Lf/7: The rate dependent AERP during
sinus rhythm before (_) and after administration of alropine (_). After 24 hours of atrial fibrillation (I), the refractory
period had shortened markedly at all heart rates and Ihe rate adaptation was attenuated. Also after 24 hours of AF.
atropine still prolonged the AERP only slightly (_) and the shortening by AF was nor counteracted. R/^/i/: Example
of the effects of propranolol on AERP during sinus rhythm and after electrical remodeling by 24 hours of AF (different
goat). Blockade of the B-adrenergic system had no significant effect on the shortening of the atrial refractory period
induced by atrial fibrillation.

The right panel of Fig 2 shows that infusion of propranolol (0.6 mg/kg) during sinus
rhythm slightly shortened the AERP at slow pacing rates. After 24 hours of atrial
fibrillation, blockade of the B-adrenergic system did not exert a significant effect on
the atrial refractory period. ,

To evaluate the role of the autonomic nervous system in swjfa/ned atrial fibrillation,
the effects of atropine and propranolol on the mean AF-interval were measured. The
ventricular response rate during AF (mean RR-Interval) was monitored for the effects
on AV-conduction. The infusion rate of atropine and propranolol was increased every
10 minutes, until a total dosage of 1.0 mg/kg of atropine and 0.6 mg/kg of propranolol
was given. In Fig 3, the effects of atropine (left) and propranolol (right) on sustained
atrial fibrillation are shown. Both drugs had a concentration dependent effect on
AV-conduction, the mean RR-interval during AF becoming shorter by atropine and
longer by propranolol. However neither drug had a clear effect on the mean atrial
fibrillation interval.
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Figure 3. The effects of atropine and propranolol on sustained atrial fibrillation, i^/f paw/: Infusion of atropine
shortened the mean RR-interval from 400 to 240 ms (upper curve), whereas it had no effect on the mean AF-interval
(middle curve), fl/g/i//NWIW: Propranolol significantly lengthened the mean RR-interval from about 450 ms to more
than 650 ms (upper curve). However, the mean atrial fibrillation interval of about 90 ms was not affected by the drug
(lower curve). ,

Table I summarizes the effects of atropine and propranolol on the atrial refractory
period and mean AF-interval, during sinus rhythm, after I -3 days of AF, and during
sustained AF (6 goats). During sinus rhythm, atropine slightly prolonged the AERP400
from 148 ± 11 to 155 ± 11 ms (n.s.). The AERP200 was 134 ± 7 and 135 ± 6 respectively
(n.s.). After I-3 days of atrial fibrillation, the refractory periods had shortened to 116
± 17 (p<0.01) and 117 ± 12 ms (p<0.05). After 1-3 days of AF, atropine prolonged
the AERP400 slightly from 116 ± 17 to 127 ± 14 and the AERP200 from 117 ± 12 to
and 124 ± 7 ms. However, both the AERP400 and the AERP200 remained shorter than
before AF was induced (p<0.05 and p=0.07). The mean AF-interval during sustained
AF slightly lengthened by atropine from 93 ± 8 ms to 99 ± 5 ms (p<0.05), whereas
the mean RR-interval shortened from 462 ± 71 ms to 351 ± 137 ms (p=0.09). In 1 of
6 experiments atrial fibrillation terminated 45 minutes after infusion of atropine. In
this case the mean AF cycle length had prolonged from 84 to 101 ms.

Propranolol slightly decreased the AERP400 during sinus rhythm from 159 ± 18 to
149 ± 14 ms (n.s.); the AERP2(X) before and after propranolol was 134 ± 6 and 139 ±
6 ms (n.s.). After 1-3 days of AF, propranolol had no effect on atrial refractoriness,
the AERP400 and AERP200 before and after B-blockade being respectively 103 ± 17
and 102 ± 15 and 108 ± 12 and 109 ± 12 ms. The lengthening of the mean AF interval
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Table 1. Sensitivity of AERP and AF-Interval to Atropine and Propranolol During Sinus Rhythm and AF

Atropine (n=6) Propranolol (n=6)

Sinus

Rhythm

After 1-3

daysAF

Sustained AF

AERP400

AERP200

AERP400

AERP200

AF-interval

RR-interval

Pre-drug

148 ± 11

134±7

116±17"

117±12*

93±8

462 ±71

After

40 Minutes

155±11*

135±6

127 ±14*'

124 ±7

99±5*

351±137

Effect

of Atropine

7±5

1±2

9 ± 5

7 ± 8

6 ± 5

—111 ±119

Pre-drug

159 ±18

134±6

103 ± 17*

108 ±12"

93 ±6

454 ±68

After

30 Minutes

149 ±14

139 ±6

102 ±15'

109 ±12"

98 ±10

666 ±83*

Effect *

of Propranolol

-10±10

4 ± 5

-1±4

1±4

4 ± 6

212 ±88

Numbers indicate mean values and standard deviation of the mean; AERP400, Atrial effective refractory period during pacing

with 400 ms cycle length; AERP200. Atrial effective refractory period during pacing with 200 ms cycle length; §, in one goat the

AERP at 400 ms could not be measured after atropine due to an increase in sinus rhythm; * p<0.05, " p<0.01, compared to si-

nus rhythm pre-drug (paired Student's (-test, corrected for multiple comparisons); t p<0.05, drug compared to pre-drug (paired

Student's Mest).

by propranolol from 93 ± 6 ms to 98 ± 10 ms was not statistically significant. The
mean RR-interval lengthened from 454 ± 68 to 666 ± 83 ms (p<0.01).

Despite blockade of eMvsi; \he paia?»>TripalViet'ic Yimb of the AISS by atropine or the
sympathetic limb by propranolol, the mean cycle length of sustained atrial fibrillation
remained significantly shorter than during recent onset AF (99 ± 5 and 98 ± 10 ms
versus 148 ± 13 ms) (p<0.001).

Atrial Ischemia and Administration of Glybenclamide

In anesthetized dogs induction of atrial fibrillation causes a sharp increase in oxygen
consumption of the atrial myocardium from 3.9 ± 0.6 to 12.3 ± 2.8 ml Cb/min per 100
gram (3.2-fold increase).^ At the same time coronary perfusion of the atria increases
2- to 3-fold. During atrial fibrillation, the reactive hyperemia response was found to
be markedly attenuated and in some dogs nearly abolished.^ Thus, although in the
anesthetized dog the coronary flow still seemed adequate to meet the increased oxygen
demand during acutely induced AF, it might be possible that in conscious animals the
reduced coronary flow reserve may no longer meet the increased oxygen demand of
the chronically fibrillating atria. If, as a result, the atria would become ischemic,
opening of ATP-regulated potassium channels might lead to a shortening of the action
potential and atrial refractory period. To test this hypothesis, in 5 goats with sustained
AF the ATP regulated potassium channels were blocked by a bolus injection of
glybenclamide (10 umol/kg i.v.). In Fig 4 an example is given. After infusion of
glybenclamide the mean RR-interval during atrial fibrillation increased from 500 to
more than 600 ms. In this case no effect on the mean AF-interval could be seen.
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Figure 4. The effects of a bolus injection of glybenclamide (10 umol/kg) on chronic atria] fibrillation (effective free
plasma concentration of 1.24 umol/l, lower panel). The RR-interval slightly increased from about 500 ms to 600 ms.
However, the AF-imerval was not affected by blockade of the ATP-regulated K-channels.
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Five, 10 and 15 minutes after the bolus injection of glybenclamide, the average free
plasma concentration was 1.2 ± 0.1, 0.7 ± 0.2 and 0.6 ± 0.2 umol/1 (3 goats). These
plasma levels were well within the effective range of glybenclamide of 0.1 -1.5 |iM as
reported by Escande et al.^ On the average, in 5 goats the injection of glybenclamide
slightly prolonged the mean AF-interval from 95 ± 4 to 101 ± 5 ms (p<0.05). However
blockade of the ATP regulated potassium channels did not abolish the AF-induced
shortening of AF-interval. After glybenclamide the mean AF-interval of sustained AF
was still 101 ±5ms compared to 145 ± 11 ms during recent onset AF (p< 0.001).

Acute Atrial Dilatation v ;

To determine whether atrial dilatation could be the cause of the observed AF-induced
shortening of AERP, in 12 normal goats having been in sinus rhythm before, the
vascular system was overfilled with 0.5-1.0 liters of a blood expanding fluid. In Table
2 the effects of acute volume loading are given. As expected, infusion of Haemaccel®
resulted in a clear increase in atrial pressure and diameter. After infusion of 0.5 and
1.0 liter of Haemaccel the right atrial pressure increased with 2.0 ± 0.7 (p<0.05) and
4.5 ± 0.5 mmHg (p< 0.001). The left atrial diameter increased from 45 ± 4 mm during
control to 48 ± 4 (p<0.001) and 47 ± 2 mm respectively. However, no shortening of
the atrial refractory period was found. The average AERP measured at the right and
left atria during pacing vvrth 300-350 ms interval were 163 ± 21 and 164 ± 21 ms
during control, 171 ±21 and 166 ± 19 ms after infusion of 0.5 liter of Haemaccel®
and 168 ± 23 and 176 ± 16 ms respectively after 1.0 liter (n.s.).

The Atrial Natriuretic Factor :

In 6 goats the level of atrial natriuretic factor was determined from peripheral venous
blood samples collected during sinus rhythm and after 1-2 days and 1-4 weeks of
continuous atrial fibrillation. During sinus rhythm the median ANF plasma level was
42 pg/ml. After 1-2 days and 1-4 weeks of AF the ANF plasma levels were 61 (n.s.)
and 99 pg/ml (p<0.05) respectively.

To test the hypothesis that an increase in ANF plasma levels is responsible for the
shortening of AERP by AF, in 4 goats oc-human 1-28 ANF was infused during 60
minutes at increasing dosages between 0.1-3.1 ug/min. In Fig 5 an example is given.
The ANF infusion resulted in a progressive increase in plasma ANF from 165 pg/ml
to 550 pg/ml at the end of the infusion. Despite this more than 3-fold increase in ANF,
no effects on the atrial effective refractory period was detected. The average ANF
plasma level before and after infusion (n = 3) was 127 ± 27 and 506 ± 33 pg/ml
(p<0.001). The atrial refractory period before and after infusion of ANF was 133 ±
18 and 138 ± 16 ms (n.s.).
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Table 2. The Effects of Acute Volume Loading on Right Atrial Pressure, Left Atrial Diameter and Atrial Refractory Period

Control After Volume Loading With 0.5 Liters After Volume Loading With 1.0 Liters

Right Left Right" Left

Goat Atrial ERP Atrial ERP Atrial Atrial

# 300-350 300-350 Pressure Diameter

(ms) (ms) (mmHg) (mm)

1
2
3
4

5
6
7
8

9

10
11
12

Mean

Sd
n

156
149
178
172

122
192
176
192

165
136
171
149

163
21
12

145
174
158
1 3 3 '-•

139
179
181 •;

191 "

149 .".

151 :
198
-

164
21
11

-
-
-

-

4
9
3
7

_

-

-

-

5.8
2.4
4

41
49
47
52

_

42
42

- 44

_

-

45
4
7

Right Left

Atrial ERP Atrial ERP

300-350 300-350

(ms) (ms)

152

148

180

175

139

198

180

193

171

21

8

148

173

163

134

152

182

182

195

166

19

Change in Left

Right Atrial Atrial

Pressure Diameter

(mmHg) (mm)

44

.. 51

49

56

+ 2
+ 3
+ 2
+ 1

44

44

45

+ 2.0* 48"

0.7 4

4 ' 7

Right Left Change in Left

Atrial ERP Atrial ERP Right atrial Atrial

300-350 300-350 Pressure Diameter

(ms) (ms) (mmHg) (mm)

139

195

179

200

• . 159

133

175

165

168

23

154

181

181

193

158

163

199

176

16
7

+ 5
+ 4
+ 5
+ 4

50

45
47

+ 4.5**
0.5
4

47

2

3
Ui

AERP, atrial effective refractory period: RA, right atrial appendage; LA. left abial appendage: FWRA, free waJ right atrium; FWLA, free wall left atrium: Sd, standard (teviation of the mem; teajuwwionttt

before and after volume loadngwith 0.5-1.0 Hers of Haemaccef*;' p<0.05, ** p<0.01 compared with control (paired Student's Mest, corrected for multiple comparinns).
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Figure 5. Demonstration of the lack of effect of infusion of a-human I -28 ANF on the atrial refractory period during
pacing at an interval of 400 ms. ANF was infused during 60 minutes in a continuously increasing dosage of 0.1 to 3.1
ug/min. The progressive increase in plasma levels of ANF to more than 500 pg/ml did not exert an effect on the
refractory period of the atria.

Long-term Effects of Rapid Atrial Pacing

In 10 goats the effects of prolonged rapid pacing with a cycle length of 180-200 ms
was studied. Fig 6 gives a representative example of the long-term effects of rapid
pacing on the atrial effective refractory period. In this example the atria were paced
with an interval of 180 ms associated with 2 : 1 AV block. At the start of rapid pacing
the AERP was 120 ms (upper tracing). Already after 6 hours of maintained rapid
pacing the atrial refractory period had shortened to 105 ms and the early premature
beat was followed by 3 rapid repetitive responses (middle tracing, asterisks). After 24
hours of rapid pacing the refractory period was further shortened to 99 ms and the
early premature stimulus now induced a short run of atrial fibrillation (lower tracing).
In Fig 7 an example of the time course of this long-term shortening of atrial
refractoriness is shown. First the heart was paced during about 2 days with a fixed
interval of 360 ms with 1 : 1 AV conduction. During this time the goat was allowed
to adapt hemodynamically to this fixed pacing rate. Continuous atrial pacing with an
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Figure 6. An example of the prolonged effects of rapid pacing on the atrial effective refractory period. The atria were
paced with an Si-Si interval of 180 ms with 2 : 1 AV block. At the start of rapid pacing the shortest S1-S2 interval that
captured the atria was 120 ms (upper traces). Already after 6 hours of rapid pacing the AERP had shortened to 105
ms (middle traces). After 24 hours (lower tracings) the shortest coupling interval that could evoke a premature response
was 99 ms. This long-term rate adaptation of the refractory period had a clear effect on the inducibility of atrial
arrhythmias. Whereas in the beginning the earliest premature beat did not induce an arrhythmia, after 6 hours of rapid
pacing a single early premature beat was followed by three spontaneous repetitive responses (asterisks). After 24 hours
the early premature stimulus induced a short run of atrial fibrillation.

interval of 360 ms shortened the AERP from 165 to 155 ms. When the atrial pacing
rate was suddenly doubled (t=0), the atrial refractory period immediately shortened
to 135 ms (physiological rate adaptation). However, when this high pacing rate was
maintained, the AERP conr/n//^ to shorten to 110-115 ms during the first 1-2 days.
This long-term shortening of the AERP showed an exponential time course. During
the first 24 hours the shortening was most pronounced, whereas during the second day
the shortening was clearly less. During the period of rapid pacing the ventricular rate
was unchanged due to the occurrence of 2 : 1 AV block. When after 2 days of rapid
atrial pacing the paced rate was reduced again to an interval of 360 ms (1 : 1 AV
conduction), the AERP36O was 115 ms compared to 155 ms before the two days of
rapid pacing. This long-term shortening of the atrial refractory period of 40 ms was
completely reversible and within 1-2 days of slow pacing the AERP gradually
prolonged again to 155 ms.

In Fig 8 the rate adaptation of the atrial effective refractory period is given both
during slow pacing (360 ms) and after 2 days of rapid pacing (interval 180 ms) (same
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7. T.'.TK- «.\7tirsc ofi'ong-rerm adaptation of the refractory period to pacing rate. After 2 days of atrial pacing
with a fixed interval of 360 ms (I : I AV-conduction), the atrial refractory period was 155 ms (_). Shortening of the
atrial pacing interval to 180 ms resulted in an immediate shortening of the AERP to 135 ms (A) (short-term rate
adaptation). When the high pacing rate was maintained during 2 days, the AERP further shortened to 110-115 ms.
This long-term adaptation to a higher pacing rate occurred while the ventricular rate remained unchanged due to the
presence of 2 : I A V-block. When after 2 days of rapid pacing the pacing rate was slowed again (interval 360 ms) the
AERP gradually prolonged again to its original value.

experiment as Fig 7). After 2 days of rapid pacing the AERP had shortened markedly
at all pacing rates. Especially at the slower pacing rates, the physiological rate
adaptation was inverted and instead of getting longer, now the AERP got shorter at
longer pacing intervals. This resulted in a marked shortening of the refractory period
during pacing with an Sj-S) interval of 400 ms from 153 to 110 ms. Due to the
maladaption of the refractory period to heart rates, after two days of rapid pacing, the
AERP at high and low heart rates was about the same. The adaptation curve with the
open symbols was measured 2 days after the atria had been paced again at a slow rate.
As can be seen the long-term effects of rapid pacing on the atrial refractory period
were reversible and within 2 days the AERP's had almost returned to control values.
In Table 3 the effects of prolonged rapid atrial pacing on the refractory period are
given for 10 goats. During sinus rhythm the atrial refractory period at a pacing interval
of 400 ms was 156 ± 15 ms shortening to 137 ± 5 at a pacing interval of 200 ms. After
1-2 days of slow pacing the AERP400 and AERP200 were 134 ± 10 ms and 130 ± 9
ms respectively. One day of prolonged rapid atrial pacing clearly shortened the
AERP400 from 134 ± 10 to 105 ± 8 ms (p<0.001). The AERP200 had shortened from
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Figure 8. The short-term adaptation to different pacing rates before and after 2 days of continuous rapid atrial pacing.
After 2 days of slow pacing the atrial refractory period shortened from 153 to 130 ms during pacing with progressively
shorter S i -S i intervals (•). After 2 days of rapid pacing (S i-S i interval 180 ms; 2:1 A V-block) the AERP was shortened
at all heart rates (_). In addition the normal physiological rate adaptation was inverted and as a result during slow
pacing the refractory period was now as short as during the maximal pacing rate. When after 2 days of rapid pacing
the pacing interval was doubled again to 360 ms, within 2 days the long-term changes of the AERP by rapid pacing
had almost reversed to control completely (_).

130 ± 9 to 110 ± 8 ms (p<0.00l). After 2 days of rapid pacing the refractory period
did not show a further statistically significant shortening. The physiological prolon-
gation of the refractory period in response to a slowing in heart rate was completely
abolished after I-2 days of continuous rapid pacing, the AERP at the maximal pacing
rate now being slightly longer than during pacing with 400 ms interval (108 ± 7 versus
105 ± 6 ms). As can be seen from the last columns, all the long-term changes in AERP
were completely reversible and after 1-2 days of slow pacing no statistically signifi-
cant changes in refractory periods could be measured anymore.

Discussion

Recently we reported, that in chronically instrumented goats the repetitive induction
of atrial fibrillation resulted in a progressive shortening of atrial refractoriness and
development of sustained atrial fibrillation.' The present study was designed to
evaluate whether the autonomic nervous system, atrial ischemia, acute atrial stretch,
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Table 3. Adaptation of the Atrial Effective Refractory Period to Prolonged Rapid Atrial Pacing

Goat
#

1
2
3
4
5
6
7
8
9
10

Mean

Sd

Sinus Rhythm

Pacing Intervals

400

154
185
148
142
140
165
178
141
161
146

156

15

250

170
153
149
144
142
157

155
138
150
141

150

9

200

141

138

135
146

132

140

143

130

139
130

137

5

Fmax

133
129
117

145

115
130

140

116

128
124

128

10

After 1-3 Days of Slow Pacing
Pacing Intervals

400

131
142

130
134

124

153

146

115
137

130

13455

10

250

151

132

132

143

131

155
141

121

138
134

138®

10

200

143

124

121

138

121

140

138
114

134

125

1305

9

Fmax

129

117

106

140

102

131

128
104

122

115

11955

12

n •. >-

• ' t . (

Numbers indicate atrial effective refractory period in ms. Fmax, maximal pacing frequency; Sd, standard deviation; During slow
pacing the atrium was paced with a fixed interval between 360 and 400 ms and 1:1 AV-conduction; During rapid pacing the atrium
was paced with a fixed interval between 180 and 200 ms and 2:1 AV-conduction; § p<0.01, §§ p<0.001 1-2 days of slow pacing
compared to sinus rhythm (paired Student's Mest); "'p<0.001 1 day of rapid pacing compared to control (paired Student's /-test);
No statistically significant differences were found between 2 days and 1 day of rapid pacing or between reversibility and 1-2 days
of slow pacing; t in these goats changes in atrial refractoriness could not be followed anymore because long-lasting episodes of
atrial fibrillation were induced. -, missing data because in these goats only 24 hours of rapid pacing was performed.

the atrial natriuretic factor or a high rate of atrial activation itself play a role in this
process of electrical remodeling.

The Autonomic Nervous System

Changes in the neurohumoral balance are important both for the induction and
perpetuation of atrial fibrillation. In humans, Coumel et al7 has distinguished two
different types of atrial fibrillation based on the activity of the autonomic nervous
system prior to the occurrence of AF. In one group of patients, AF occurred in the
presence of a high vagal tone, whereas in the other group the sympathetic limb of the
ANS was predominantly active. Experimental studies showed that administration of
acetylcholine or a high vagal tone shorten the refractory period and the wavelength
of the atrial impulse, thereby facilitating the induction of atrial arrhythmias.^"" The
effects of increased sympathetic activity are less clear. Sometimes a shortening of
atrial refractoriness occurs,9-'2-l4 whereas in other cases refractoriness pro-
longs. 10.13,14 -phis discrepancy might be explained by the fact that stimulation of
p-adrenergic receptors enhances inward currents (Na+ or Ca-+),'5 as well as outward

92



ELECTRICAL REMODELING BY AF

Table 3 (continued). Adaptation of the Atrial Effective

Goat
*

1

2

3
4

5

6
7

8

9
10

Mean

Sd

After 1 Day of Rapid Pacing
Pacing Intervals

400

95

108

100

110

t
121

108

99

t
97

105*

8

250

117

115

105
111

*
127

107

109

t
107

112*-

7

200

110
112

102

113

i
128

106
104

t
107

110*

8

Fmax

112

106

95
114

t
116

106

93

t
97

105*

8

Refractory Period to Prolonged Rapid Atrial

After 2 Days of Rapid Pacing

Pacing Intervals

400

_

-

-

104

t
110

115
100

t
98

105

6

250

_

-

-

106

t
125

115

105

t
100

110

9

200

_

-

-

108

t
125
120

106
•H

-

102

112

9

Fmax

-

-

111

112

118

100

100

108
7

Pacing

Reversibility After 1-2 Days of Slow Pacing

Pacing Intervals

400

129

148

143
124

133
154

156

128

136
133

138
11

250

162
142

142

131
147

150

163
124

145
136

144

12

200

148

133
129
134

131

135
134

120

135

126

133

7

Fmax

133

1 2 5 • ; ••:-'

110 .5;m
132

97 ,,,?s
122

123
110

118

120

119

10

potassium currents.'^ The effects of adrenergic stimulation on the action potential
were studied by Quadbeck et al.'^ and Kass et al.'^ They showed that noradrenaline
exerted a biphasic effect on the duration of the action potential. At low concentrations
(10~7 M) the action potential prolonged, whereas at higher concentrations (5x10~^ M)
the duration of the action potential shortened again. Quadbeck et al.''* suggested that
the lengthening of repolarization was caused by activation of an inward current
(possibly Nations), while at higher concentrations this effect was counteracted by
enhancement of an outward potassium current. Kass and co-workers'^ measured the
dose-dependent effects of noradrenaline on the L-type Ca2+-current and the outward
K+-currents. They explained the shortening of the action potential at a higher concen-
tration of noradrenaline by a more pronounced effect on the K+-current (5-fold) than
on the Ca^+.current (2.5-fold). Thus it will depend on the relative contribution of Na+-,
Ca^+- and K+-channels and on the amount of sympathetic stimulation whether the
action potential and hence the refractory period will shorten or lengthen.

In the present study we measured the effects of atropine and propranolol on atrial
refractoriness before and after electrical remodeling by AF. Atropine and propranolol
had only minor effects on the AERP, both during normal sinus rhythm and after AF
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had been maintained for 1-3 days. In all cases the shortening of the refractory period
by AF was preserved after blockade of either limb of the autonomic nervous system
(Table 1). When atropine or propranolol were given during chronic AF, the mean
fibrillation interval remained significantly shorter than during recent onset fibrillation
(99 ± 5 and 98 ± 10 versus 148 ± 13 ms). From these data it might be concluded that
the AF-induced shortening of the atrial refractory period is not mediated by an increase
in parasympathetic or sympathetic activity or by a higher sensitivity for neurotrans-
mitters.

Atrial Ischemia and Blockade of the ATP-regulated Potassium Channels '•

In anesthetized dogs, White et al.^ studied the acute effects of electrically induced
atrial fibrillation on the balance between blood supply and energy demand. They found
that atrial fibrillation caused a 2-3 fold increase in atrial blood flow and oxygen
consumption, the resulting reduction in the atrial flow reserve making it conceivable
that a further increase in metabolic demands during AF might lead to atrial ischemia.
It has been shown that the shortening of the action potential by ischemia is caused by
activation of an ATP-regulated potassium channel.'^ To test the hypothesis that the
AF-induced shortening of the refractory period was caused by atrial ischemia, we
administered a specific blocker of the ATP-regulated channel (glybenclamide) during
sustained AF. We used a high dose of glybenclamide (10 |jmol/kg) compared to other
studies (0.6-6.0 umol/kg),'^'^ resulting in a free plasma concentration of 1.2 ± 0.1
uM (assuming 99% binding to plasmaproteins-"). This concentration is well within
the effective range of 0.1 -1.5 uM used in vitro by other investigators.^ Administration
of glybenclamide during chronic AF prolonged the mean AF cycle length only slightly
from 95 ± 4 to 101 ± 5 ms (p<0.05). This small increase in AF interval by glyben-
clamide can be explained by the observation of Smallwood et al. '^ that also the K+ATP

channels are slightly activated in the absence of ischemia. Because the mean AF
remained significantly shorter than during recent onset AF (101 ± 5 ms versus 145 ±
11 ms, p<0.001), one can conclude that K+ATP channels were not responsible for the
shortening of the atrial refractory period and the increase in rate of atrial fibrillation
occurring during the first days of AF. _ • ;' v

Atrial Dilatation and Effects of Acute Volume Loading

Several studies have shown a positive correlation between atrial enlargement and the
incidence of AF.-'-5 Petersen and co-workers compared the left atrial size deter-
mined by echocardiography, in patients in sinus rhythm, in patients with atrial
fibrillation of 'short' duration (< 3 months) and in a group of patients being in AF for
at least one year.^' The smallest atria were found during sinus rhythm (38 ± 6 mm),
an intermediate size in patients with AF of short duration (43 ± 5 mm), whereas the
largest atria were found in patients in which AF already existed for a long time (49 ±
5 mm). For many years it has been discussed whether atrial enlargement is either the
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cause or a consequence of atrial fibrillation. The high incidence of atrial fibrillation
in the presence of mitral stenosis and/or mitral insufficiency strongly suggests that
atrial dilatation is a cause of AF.22.23 j^i ^ e Framingham study the presence of
rheumatic heart disease increased the risk ratio for the development of chronic AF to
8.3 in men and 15.3 in women.26 Other evidence that atrial stretch causes an increased
propensity for atrial fibrillation was provided by animal studies in which atrial
fibrillation was produced by mitral insufficiency or acute volume expansion.^-29
Several studies have shown that an inverse relationship exists between the size of the
atria and the success rate of cardioversion and maintenance of sinus rhythm.24.3O.3l

While this body of evidence leaves little doubt that atrial enlargement is a cm«e of
atrial fibrillation, other studies indicate that it may also be the rasM/f of it. Both in
humans and animals it has been shown that the atrial pressure and/or capillary wedge
pressure rises acutely during transition from sinus rhythm to atrial fibrillation.^2.33
However, an acute rise in atrial pressure at the onset of AF was not associated with
an immediate increase in atrial size.^3 Other investigators^ measured the atrial
diameter in patients in sinus rhythm and with paroxysmal or chronic AF and found
no increase in atrial size after a paroxysm of AF. Other studies however showed that
prolonged periods of atrial fibrillation did lead to atrial enlargement.25.34 Sanfillipo
et al. followed a group of 15 patients with lone AF with normal atrial dimensions and
no mitral valve or left ventricular pathology.34 During a follow-up period of 12-28
months (average 20.6 months), the diameter of the left and right atria increased with
about 10-15% while right and left atrial volume increased with 35% and 42%
respectively. Studies by Gosselink et al.-^ and Van Gelder et a l . ^ further supported
the development of atrial enlargement as a result of AF by showing that after
successful cardioversion the dimensions of the atria decreased with 5-10%. From all
these studies thus it appears that atrial dilatation can be both a cause and a consequence
of atrial fibrillation. "'•• ' •""•'•• '

There is a discrepancy in the literature about the effects of (acute) atria! dilatation
on the refractory period of the atrial myocardium. In some studies a shortening of the
AERP or the monophasic action potential was found,-^-^ whereas other investiga-
tions reported no effect or a lengthening of the refractory period.^ '-^ in the present
study we measured the effects of infusion of 0.5-1.0 liter of Haemaccel® on the AERP.
The right atrial pressure rose with 4.5 ± 0.5 mmHg while the diameter of the left atrium
increased with 4-7%. The atrial refractory period of both right and left atria did not
shorten but slightly prolonged, although this effect was not statistically significant
(Table 2). The fact that in the goat, an acute increase in atrial pressure did not shorten
the AERP suggests that the AF-induced shortening of the atrial refractory period was
not mediated by an increase in atrial wall stress.

However, this does not exclude that pro/oAjgerf atrial stretch, during days or weeks,
will exert a different effect. Recently, Le Grand et al. studied the effects of chronic
atrial dilatation on the duration of the human atrial action potential.^ In specimens
taken from non-dilated atria (diameter <40 mm) and from dilated atria (diameter 55
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mm), the duration of the refractory period and the action potential was determined.
Although in the two groups no significant differences were found in the atrial
refractory period, marked differences existed in the shape and duration of the action
potential. Action potentials recorded from dilated atria showed a depressed or absent
plateau phase, and at slow pacing intervals the duration of the action potential,
measured at 50% and 90% repolarization, was as much as 31% and 13% shorter.
Because in the dilated atria the rate adaptation of the duration of the action potential
was attenuated, at higher pacing rates the action potential duration was similar in the
t W O g r O U p S . V i : ' , .:;:!;

Both an increased outward potassium current or a decreased inward calcium can
be responsible for this action potential shortening by chronic dilatation. Another
possibility is activation of a chloride current by stretch which will accelerate the first
part of the repolarization.^' Voltage clamp measurements have revealed that in dilated
atria the total outward current, especially the calcium independent transient outward
current (Itoi), was diminished with more than 50%.^ However, the L-type calcium
current was even more reduced (75%), thus explaining the depression of the action
potential plateau and the shortening of the action potential.^ Because 20 of the 27
dilated atria were not fibrillating, these changes were considered to be caused by atrial
dilatation rather than by AF. Therefore, although in our study acute volume loading
did not result in a shortening of atrial refractoriness, it can not be excluded that
prolonged atrial stretch is involved in the observed shortening of the atrial refractory
period by sustained AF.

The Atrial Natriuretic Factor , : • . - • • • •

It is well documented that the plasma level of ANF increases in response to atrial
tachyarrhythmias.42 This was confirmed in our study in which the plasma level of
ANF increased from 42 to 99 pg/ml after 1-4 weeks of AF. The electrophysiological
effects of ANF were recently reviewed by Clemo et al.^3 ANF may exert an
electrophysiological effect either by a direct effect on cardiac ionic channels or
indirectly by modifying the autonomic nervous system. Le Grand et al/*"* studied the
effects of ANF on L-type Ca-currents (lea) and calcium-independent potassium
currents (Itoi) in isolated human atrial myocytes. They found that both currents
decreased under the influence of ANF, the lea with about 38% and 1̂ 1 with 22%.
Although the effects of ANF on the duration of the action potential were not
determined, another study from the same group^ showed that in myocytes from
dilated human atria a similar depression of lea and Itoi was associated with a marked
shortening of the action potential. The /n v/Vo electrophysiological effects of ANF in
dogs were studied by Stambler et al .^ Infusion of a low dosage of ANF (0.015
ug/kg/min) shortened the atrial effective refractory period (AERP) and the duration
of the monophasic action potential (MAPD90), but at higher dosages (0.15 and 0.60
ug/kg/min) no shortening of atrial refractoriness was found. After vagal blockade
(vagotomy + atropine), low dose ANF prolonged AERP and MAPD90, whereas after
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combined vagal and P-adrenergic blockade (vagotomy + atropine + propranolol) low
dose ANF did not affect AERP and MAPD90 anymore. From this study it was
concluded that the shortening of refractoriness by ANF was mediated by the auto-
nomic nervous system. '••-^ — •-'- -•" * " '•

In the present study we determined the changes in ANF during maintained atrial
fibrillation and infused atrial natriuretic factor during sinus rhythm. Although after
1-4 weeks of AF the ANF plasma level was significantly higher than during sinus
rhythm, after 1 -2 days of AF, when the AERP had already markedly shortened, the
ANF plasma level was not yet statistically significant increased. Infusion of a gradual
increasing dosage of ANF during sinus rhythm also did not shorten the atrial refractory
period. These observations do not support that ANF plays a major role in the
AF-induced shortening of atrial refractoriness. -

H i g h R a t e o f E l e c t r i c a l A c t i v a t i o n .••.•.-....• ..--̂  . ; • > • . • • .

Our present data suggest that the AF-induced shortening of the AERP is a direct effect
of the high rate of electrical activation of the atrial cells. Already after 24 hours of
continuous rapid atrial pacing (interval 180-200 ms) the atrial refractory period was
shortened considerably at all heart rates, the physiological rate adaptation of the
refractory period being attenuated or inversed. These effects of prolonged rapid atrial
pacing are strikingly similar to the changes in atrial refractory period resulting of the
repetitive induction of AF.' In both cases, the shortening of atrial refractoriness was
accompanied by an increase in inducibility and stability of AF. In the rapid pacing
experiments, it is unlikely that hemodynamic changes are mediating the changes in
AERP since the doubling of atrial pacing rate was associated with the development
of 2 : 1 AV block and thus the ventricular rate remained the same. Recently, Morillo
et al.46 studied the effects of 6 weeks of rapid atrial pacing (400 beats per minute) in
dogs. After 6 weeks the AERP had shortened by about 15% and episodes of AF lasting
for longer than 15 minutes could be induced in the majority of the animals. In this
study the time course of these changes was not measured. In our study the most marked
changes in AERP already occurred during the first 24 hours. During the first day of
rapid pacing the refractory period shortened progressively with about 1 -2 ms per hour.

Short- and Long-Term Rate Adaptation of the Refractory Period

It is already known for a long time that the refractory period adapts to acw/e changes
in cycle length.**^ Although the duration of the refractory period is predominantly
determined by the immediately preceding cycle,^ later studies have shown that after
a sudden change in heart rate it may take several hundreds of beats before the duration
of the refractory period has attained a new stable value.49-50 Our present study shows
that the adaptation of the atrial refractory period after a change in heart rate actually
may continue for several days. There are some indications that such a long-term
adaptation of the refractory period also exists in the ventricles. In dogs Vos et al.^'
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have shown that 6 weeks after the production of total AV-block, the duration of the
ventricular monophasic action potential had increased by 4-24%.

• ' : . • • • • • • • . ( > &

Which Ionic Channels are Responsible for the AF-induced Shortening of the AERP? . .. ,„

Up to now we do not know which ionic channels are involved in the long-term
shortening of atrial refractoriness. Theoretically the action potential can be shortened
either by a decrease in inward current or an increase in outward current. A study of
Le Grand et al .^ showed that in isolated cells from human dilated atria in which the
action potential duration (APD) was shortened, the calcium influx was markedly
depressed. Interestingly like in atrial fibrillation, also in these dilated atria the
shortening of APD was less pronounced at higher than at lower heart rates, and the
physiological rate adaptation of the action potential was attenuated. Down-regulation
of L-type Ca^+ channels was recently demonstrated to occur in cells isolated from the
border zone of a myocardial infarction.^-

Rosenbaum et al.^3 noted that alterations in rate and sequence of ventricular
activation may result in T-wave changes which can persist for several weeks. It has
been suggested that this cardiac "memory" was a result of tachycardia-induced
changes in channel proteins in the plasma membrane.^ The finding that this memory
could be abolished by administration of 4-aminopyridine strongly suggests that it is
mediated through an up-regulation of the transient outward current (Ito)-^

Recent work by Koning et al. '^ showed that also KATP^-channels can be activated
by short periods of rapid ventricular pacing. In anesthetized pigs, 30 minutes of rapid
ventricular pacing (200 beats per minute) significantly reduced the infarct size
resulting from occlusion of the LAD. Although rapid ventricular pacing itself did not
cause ventricular ischemia, its protective effect could be abolished by pre-treatment
with glybenclamide (1.0 mg/kg). This indicates that rapid ventricular pacing caused
a non-ischemic activation of KATP*-channels.

Like the post-tachycardia T-wave changes and the pacing induced activation of
KATP^-channels, also the long-term shortening of the atrial refractory period by atrial
fibrillation or rapid pacing might be caused by a change in expression of potassium
channels. Although, in the present study we did not determine the role of the transient
outward current, failure of a high dose of glybenclamide (10 umol/kg ~ 4.94 mg/kg)
to abolish the AF-induced shortening of the atrial fibrillation interval argues against
a role of KAXP"*"-channels.

The inversed rate adaptation of the refractory period during electrical remodeling
by AF or rapid pacing may give an important clue about the ionic channels involved
in this process. The transient outward current (Itoi) is known to become partially
inactivated at higher heart rates due to its slow recovery from inactivation.^6 An
increase in the density of these channels could therefore well explain the phenomenon
of reversed rate adaptation. Giles and van Ginneken^ showed that in isolated rabbit
atrial myocytes a decrease in pacing rate from 1 to 0.25 Hz shortened the duration of
the action potential due to an increase of the 4-aminopyridine sensitive transient
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outward current. In isolated sheep Purkinje fibers. Boyett and Fedida^ determined
the rate dependent changes in duration of the action potential. In this preparation, the
longest action potentials were found at a rate of 60 beats per minute. Both decreasing
and increasing the pacing rate resulted in a shortening of the action potential, by a
combined decrease in inward Ca2+-current and increase in background outward
currents.

In goats in sinus rhythm, propranolol slightly shortened the AERP during slow
pacing from 159 ± 18 to 149 ± 14 ms (n.s) whereas no changes were found dtiriBg
higher pacing rates. After 1-3 days of continuous AF this effect of propranolol had
disappeared (Table 1). Since the shortening of atrial refractoriness at slow rates by
propranolol might be due to a reduction of the inward Ca2+-current, the disappearance
of this effect of propranolol by a couple of days of atrial fibrillation, may point to a
depression of the inward Ca2+-current by AF.

Activation of KATP*-channels also affects the action potential duration or the
refractory period in a different way depending on the heart rate. In canine Purkinje
fibers. Bril and Man,^8 showed that activation of KATP*-channels by BRL 34915
(cromakalim, 100 uM) reduced the action potential duration (APD95) most markedly
at lower heart rates (pacing cycle length 1000 ms) from 298 ± 13 to 172 ± 31 ms
(-42%). At higher rates (cycle length 300 ms) the APD shortening was less pronounced
from 205 ± 7 to 138 ± 20 (-33%), thereby attenuating the physiological rate adaptation
of the APD. Athough these studies suggest that up-regulation of the transient outward
or the ATP-regulated potassium currents, or down-regulation of calcium currents
could be involved in the process of electrical remodeling by AF, at this moment it is
still unclear which ionic currents are responsible for the electrical remodeling by AF
and which are the stimuli involved in a possible up- or down-regulation of these
channels.

Clinical Implications .

Indirect evidence suggests that AF-induced electrical remodeling may also occur in
humans. Not only that paroxysmal AF frequently deteriorates in chronic AF but also
the success rate of electrical and pharmacological cardioversion diminishes when
atrial fibrillation has persisted for a long time.30-59,60 Recently, more direct evidence
for electrical remodeling by AF in humans was given by Attuel et al.^' and Daoud et
al.,62 who reported that short episodes of AF or rapid atrial pacing decreased the atrial
refractory period and attenuated or even reversed its rate adaptation. Because the
AF-induced shortening of the atrial refractory increases the propensity for atrial
fibrillation, interventions directed against this process of electrical remodeling might
have clinical implications for a more effective treatment of AF.

In the present study the electrical remodeling by atrial fibrillation seemed not to be
mediated by changes in autonomic tone, atrial ischemia, acute stretch or increased
blood levels of ANF. Instead, the high rate of electrical activation itself seemed to be
the stimulus for the electrical remodeling. At this moment, we do not know the cellular
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mechanisms which are responsible for this phenomenon. As shown recently by
Tieleman et al .^ the process of electrical remodeling was delayed by verapamil,
suggesting that the high calcium influx associated with the high activation rate^*
serves as an intra-cellular stimulus. ! !,;!,

If the AF-induced shortening of atria! refractoriness is indeed due to changes in the
function of a specific ion-channel, drugs might be developed targeting these channels
which may exert a specific anti-fibrillatory action by counteracting the AF-induced
electrical remodeling. Similar to the effects of atrial fibrillation or prolonged rapid
pacing, also atrial flutter might be expected to shorten atrial refractoriness, thus
increasing the propensity for atrial fibrillation.^-''

A limitation of the present study is that we did not study the stimuli for electrical
remodeling during the deve/opmenf of shortening of atrial refractoriness. Theoreti-
cally, it is possible that the factors involved in the development of electrical remod-
eling are no longer operative after the remodeling process of the cell membrane has
been completed. Another limitation is that we did not follow the changes in atrial
diameter and pressure during the development of chronic atrial fibrillation. Only the
effects ofac«te stretch of the atrial wall on the atrial refractory period were evaluated,
which may differ from the effects of pro/o/?g£</ atrial stretch.

Our present study is far from complete and especially the role of specific ion-chan-
nels in the shortening of atrial refractoriness needs to be further explored. Unfortu-
nately, many selective channel blockers are toxic and can not be used in vivo. Future
experiments using isolated tissue samples and/or single cells from fibrillating myo-
cardium will be needed to evaluate the involvement of the various ion-channels in the
AF-induced changes in the repolarization phase of the action potential.

Acknowledgments

The authors would like to thank J.J. van der Heyden and co-workers from the
department of Clinical Pharmacology and Toxicology Academic Hospital Maastricht
for determining the plasma glybenclamide levels and Dr. R.G. Tieleman from the
department of Cardiology Academic Hospital Groningen for the determination of the
ANF plasma levels.

References

1 Wijffels MCEF, Kirchhof CJHJ, Dorland R, Allessie MA: Atrial fibrillation begets atrial fibrillation.
A study in awake chronically instrumented conscious goats. C/rcw/a/itin 1995;92:1954-1968

2 Adams WJ. Skinner GS. Bombardt PA, Courtney M, Brewer JE: Determination of glyburide in
human serum by liquid chromatography with fluorescence detection. Ana/ C/iem 1982;54:1287-
1291

3 Tan ACITL, Rosmalen FMA. Hofman J A. Kloppenborg PWC, Benraad TJ: Evaluation of a direct
assay for atrial natriuretic peptide. C/»>i C/i/'m Acfa 1989; 179:1 -12

100



ELECTRICAL REMODELING BY AF

4 Olsson K, Dahlborn K. Nygren K, Karlberg BE, Anden N-E. Eriksson L: Fluid balance and arterial
blood pressure during intracarotid infusions of atrial natriuretic peptide (ANP) in water-deprived
goats. Ac/a «iym>/ Scand 1989; 137:249-257

5 White CW, Kerber RE, Weiss HR, Marcus ML: The effects of atrial fibrillation on atrial pressure-
volume and flow relationships. Ore /?«• 1982;51:205-215

6 Escande D: The pharmacology of ATP-sensitive K* channels in the heart. P/ftigers Arc/i 1989;414
(Suppl 1):S93-S98

7 Coumel P, Attuel P, Lavallee J, Flammang D. Leclercq JF, Slama R: Syndrome d'arythmie
auriculaire d'origine vagale. Arc/i A/a/ Coeur 1978;71:645-656

8 Hoffman BF, Siebens AA, McBrooks C: Effect of vagal stimulation on cardiac excitability. Am 7
PAvs/W 1952:169:377-383

9 Rensma PL, Allessie MA, Lammers WJEP, Bonke FIM, Schalij MJ: Length of excitation wave and
susceptibility to reentrant atrial arrhythmias in normal conscious dogs. Ore /te.s 1988:62:395-410

10 Smeets JLRM, Allessie MA, Lammers WJEP. Bonke FIM. Hollen SJ: The wavelength of the cardiac
impulse and reentrant arrhythmias in isolated rabbit atrium. The role of heart rate, autonomic
transmitters, temperature, and potassium. Ore /te.? 1986:58:96-108

11 Wang Z, Page PL, Nattel S: Mechanism of flecainide's antiarrhythmic action in experimental atrial
fibrillation. On: / t a 1992;71:271 -287

12 Farges JP, Ollagnier M, Faucon G: Influence of acetylcholine, isoproterenol, quinidine and ouabain
on effective refractory periods of atrial and ventricular myocardium in the dog. ArcA /«/ P/iarma-
coavn 1977:227:206-219

13 Kass RS, Wiegers SE: The ionic basis of concentration-related effects of noradrenaline on the action
potential of calf cardiac Purkinje fibres. 7 PAysio/1982;322:541-558

14 Quadbeck J, Reiter M: Cardiac action potential and inotropic effects of noradrenaline and calcium.
/Vawnyn-ScA/medeter,!?'.s ArcA PAarmaco/ 1975:286:337-351

15 Pelzer D, Pelzer S. McDonald TF: Properties and regulation of calcium channels in muscle cells,
fov P/ro/o/ B/ocAtra P/iarmaco/ 1990; 114:107-207

16 Yazawa K, Kameyama M: Mechanism of receptor-mediated modulation of the delayed outward
potassium current in guinea-pig ventricular myocytes. i PAy.Wo/ 1990:421:135-150

17 Noma A: ATP-regulated K* channels in cardiac muscle. Mm/re 1983:305:147-148
18 Koning MMG, Gho BCG, van Klaarwater E, Opstal RLJ, Duncker DJ, Verdouw PD: Rapid

ventricular pacing produces myocardial protection by nonischemic activation of KATP* channels.
Orc«/a«o/i 1996:93:178-186

19 Smallwood JK, Ertel PJ, Steinberg MI: Modification by glibenclamide of the electrophysiological
consequences of myocardial ischaemia in dogs and rabbits. A'aMnvn-SeAm/VaVAerg'.v ArcA PAarmu-
co/ 1990:342:214-220

20 Crooks MJ, Brown KF: The binding of sulphonylureas to serum albumin. V PAarm PAar/nac
1974;26:304-3U

21 Petersen P, Kastrup J. Brinch K, Godtfredsen J, Boysen G: Relation between left atrial dimension
and duration of atrial fibrillation. A/n 7 OiroVo/ 1987:60:382-384

22 Selzer A, Cohn KE: Natural history of mitral stenosis: a review. G'rcK/afiwi 1972:45:878-890
23 Selzer A, Katayama F: Mitral regurgitation: clinical patterns, pathophysiology and natural history.

Mtt/icwM? 1972;51:337-366
24 Henry WL. Morganroth J. Pearlman AS, Clark CE, Redwood DR. Itscoitz SB, Epstein SE: Relation

between echocardiographically determined left atrial size and atrial fibrillation. Grc«/a/(wi
1976:53:273-279

25 Probst P, Goldschlager N, Selzer A: Left atrial size and atrial fibrillation in mitral stenosis: factors
influencing their relationship. C/rctt/af/o/i 1973:48:1282-1287

26 Kannel WB. Abbott RD, Savage DD, McNamara PM: Epidemiologic features of chronic atrial
fibrillation: the Framingham study. N En,?/./Ated 1982:306:1018-1022

27 Cox JL, Canavan TE, Schuessler RB. Cain ME, Lindsay BD, Stone CM, Smith PK, Corr PB,
Boineau JP: The surgical treatment of atrial fibrillation. II. Intraoperative electrophysiologic

101



CHAPTER 4

mapping and description of theelectrophysiologic basis of atrial flutter and atrial fibrillation. 7 77ior
C W Surji; 1991:101:406-426

28 Solti F, Vecsey T, Kekesi V, Juhasz-Nagy A: The effect of atrial dilatation on the genesis of atrial
arrhythmias. CWiova.sc / t o 1989:23:882-886

29 Ravelli F, Allessie MA: Atrial stretch decreases refractoriness and induces atrial fibrillation in the
isolated rabbit heart. Circu/af/on 1995:92:I-754(Abstract)

30 Resnekov L, McDonald L: Appraisal of electroconversion in treatment of cardiac dysrhythmias. Br
Wear/ 7 1968:30:786-811

31 Brodsky MA, Allen BJ: Factors determining maintenance of sinus rhythm after chronic atrial
fibrillation with left atrial dilatation. /4m 7 Carc/io/ 1989:63:1065-1068

32 Shapiro W. Klein G: Alterations in cardiac function immediately following electrical conversion of
atrial fibrillation to normal sinus rhythm. Ci>ci//a//o/i 1968:38:1074-1084

33 Leistad E, Christensen G, Ilebekk A: Effects of atrial fibrillation on left and right atrial dimensions,
pressures, and compliances. Am 7 /Vivsio/ !993;264:H1093-H1097

34 Sanfilippo AJ, Abascal VM, Sheehan M, Oertel LB, Harrigan P. Hughes RA, Weyman AE: Atrial
enlargement as a consequence of atrial fibrillation. G/ru/ar/oH 1990:82:792-797

35 Gosselink MAT, Crijns HJGM, Hamer HPM, Hillege H, Lie KI: Changes in left and right atrial size
after cardioversion of atrial fibrillation: Role of mitral valve disease. 7 Am Co// Cardjo/
1995:22:1666-1672

36 Van Gelder IC. Crijns HJGM, Gilst van WH, Hamer HPM, Lie KI: Decrease of right and left atrial
sizes after direct-current electrical cardioversion in chronic atrial fibrillation. /4m 7 Ca^rf/o/
1991:67:93-95

37 Calkins H. El-Atassi R, Leon A, Kalbfleisch SJ. Borganelli M. Langberg JJ. Motady F. Effect of
the atrioventricular relationship on atrial refractoriness in humans. /*««• 1992:15:771-778

38 Kaseda S, Zipes DP: Contraction-excitation feedback in the atria: a cause of changes in refractori-
ness. 7 Am Co// Ca/v/io/ 1988; 11:1327-1336

39 Klein LS, Miles WM. Zipes DP: Effect of atrioventricular interval during pacing or reciprocating
tachycardia on atrial size, pressure, and refractory period. Contraction-excitation feedback in human
atrium. O>(«/«;/(w 1990:82:60-68

40 Le Grand B. Hatem S. Deroubaix E, Coue'til JP, Coraboeuf E: Depressed transient outward and
calcium currents in dilated human atria. Card/orajrc /te.v 1994:28:548-556

41 Hume JR. Harvey RD: Chloride conductance pathways in heart. Am 7 /Viyjio/1991 ;261 :C399-C412
42 Clemo HF, Baumgarten CM. Stambler BS, Wood MA. Ellenbogen KA: Atrial natriuretic factor:

Implications for cardiac pacing and electrophysiology. Poce 1994:17:70-91
43 Clemo HF. Baumgarten CM, Ellenbogen KA. Stambler BS: Atrial natriuretic peptide and cardiac

electrophysiology: Autonomic and direct effects. 7 Car<//oiw«- E/rcfro/j/iwio/ 1996:7:149-162
44 Le Grand B. Deroubaix E, Couetil JP, Coraboeuf E: Effects of atrionatriuretic factor on Ca~* current

and Cai-independent transient outward K* current in human atrial cells. /yiiigers Arc/i
1992:421:486-491

45 Stambler BS. Turner DA, Guo C, Guo GB, Ellenbogen KA: Characterization of the in vivo cardiac
electrophysiologic effects of atrial natriuretic factor (ANF). C»>cii/a«'on 1994;90(4):I-247(Abstract)

46 Morillo CA, Klein GJ, Jones DL, Guiraudon CM: Chronic rapid atrial pacing: structural, functional
and electrophysiologic characteristics of a new model of sustained atrial fibrillation. G'fru/arion
1995:91:1588-1595

47 Mcndez C, Grunzit CC. Moe GK: Influence of cycle length upon refractory period of auricles,
ventricles and AV node in the dog. Am 7 P/IVJIO/ 1956:184:287

48 Denes P. Delon W, Dhingra R, Pietras RJ, Rosen KM: The effects of cycle length on cardiac
refractory periods in man. Cirai/afiofi 1974:49:32-41

49 Janse MJ. Van der Steen, van Dam RT. Durrer D: Refractory period of the dog's ventricular
myocardium following sudden changes in frequency. G'rc /te.s 1969:24:251-262

50 Olsson SB. Broman H. Hellstrom C. Talwar KK. Volkmann R: Adaptation of human atrial muscle
repolarisation after high rate stimulation. Carc/ioraw /tes 1984:19:7-14

102



ELECTRICAL REMODELING BY AF

51 Vos MA, De Groot SHM, Van derZande J, Verduyn SC. Wellens HJJ: Electrophysiologicalchanges
observed after creation of AV-block in the dog. Pate- 1995; 18:1094(Abstract)

52 Aggarwal R, Boyden PA: Altered pharmacological responsiveness of reduced L-type caicium
currents in myocytes surviving in the infarcted heart. 7 CaroVow/ir E/fcfwp/mrw/ 1996;?:20-35

53 Rosenbaum MB, Blanco HH, Elizari MV, Lazzari JO, Davidenko JM: Electrotonic modulation of
the T wave and cardiac memory. Am 7 Can/io/ 1982;50:213-222

54 Katz AM: T Wave "memory": possible causal relationship to stress-induced changes in cardiac ion
channels? 7 Carrfiovasc E/ecrrop/nvwo/ 1992;3:150-159

55 Del Balzo U, Rosen MR: T-wave changes persisting after ventricular pacing in canine heart are
altered by 4-aininopyridine but not by lidocaine. Implications with respect to phenomenon of cardiac
"memory". OVo/to/on 1992;4:1464-1472

56 Giles WR, van Ginneken ACG: A transient outward current in isolated cells from crista terminalis
of rabbit heart. 7 P/i.w/o/ !985;368:243-264

57 Boyett MR. Fedida D: The effect of heart rate on the membrane currents of isolated sheep Purkinje
fibres. 7 P/iys/o/ 1988;399:467-491

58 Bril A, Man RY: Effects of the potassium channel activator, BRL 34915, on the action potential
characteristics of canine cardiac Purkinje fibers. 7 /Viannaco/ Erp 77/fr 1990,253:1090-1096

59 Van Gelder IC, Crijns HJGM, Gilst van WH, Verwer R, Lie KI: Prediction of uneventful cardiover-
sion and maintenance of sinus rhythm from direct-current electrical cardioversion of chronic atrial
fibrillation and flutter, Am 7 Ca/vfto/ 1991;68:41-46

60 Suttorp MJ, Kingma HJ, Jessurun ER, Lie-A-Huen L, van Hemel NM, Lie KI: The value of class
IC antiarrhythmic drugs for acute conversion of paroxysmal atrial fibrillation or flutter to sinus
rhythm. 7 /1/w Co// Ca/r//W 1990; 16:1722-1727

61 Attuel P, Leclercq JF, Coumel P: Atrial electrophysiological substrate remodelling after tachycardia
in patients with and without atrial fibrillation. Pace 1995;18:804(Abstract)

62 Daoud EG, Niebauer M, Bogun F, Castellani M, Chan KK, Goyal R, Harvey M, Man CK,
Strickberger SA, Morady F: Atrial fibrillation induced shortening of atrial refractoriness in humans.
CVrcttta/o/i 1995 ;92:1-404( Abstract)

63 Tieleman RG, de Langen CDJ, van der Woude HJ, Grandjean JG, Bel KJ, Wijffels MCEF, Allessie
MA, Crijns HJGM: Reduction of electrical remodeling of the atrium by verapamil. O'/rw/a//wi
1995;92:I-754(Abstract)

64 Langer GA: Calcium exchange in dog ventricular muscle: relation to frequency of contraction and
maintenance of contractility. C7>c /te.? 1965;17:78-89

65 Peters RW, Weiss DN, Carliner NH, Feliciano Z, Shorofsky SR, Gold MR: Overdrive pacing for
atrial flutter. Am 7 CaroVo/ 1994;74:1021 -1023

103



»-":;• ' •i'.ififc'l i-.

, ' i r . .'.i:••»..) ^ - .



AF-INDUCED CHANGES IN MAPS

: • ! • • . • ; • .

, : > <; -/('I b .

" ! ' - ! j A ! ! « : •

• ' . f t ;

•' l t < .

• l i ' i t v ' l . i i iV i ( f ^ . -

Atrial Fibrillation Shortens The Duration and
Inverses the Physiological Rate-Adaptation of the
Monophasic Action Potential Duration in the Goat

C.E.F.
Lwc/e van o'er Zee

Marc A.

American //earf Association, A/̂ ovemoer 70-73, Â ew Or/eans,
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CHAPTER 5

Introduction

We reported that the repetitive induction of atrial fibrillation (AF) resulted in a
progressive increase in the duration of AF-episodes, finally leading to the develop-
ment of chronic AF within 2-4 weeks (see Chapter 3).l The progressive increase in
the stability of atrial fibrillation episodes was accompanied by a significant shortening
of the local AFCL from 145 ± 18 to 100 ± 5 ms (-31%). Electrophysiological
measurements, performed during the first 2-4 days of maintained AF, revealed a
marked shortening of the atrial effective refractory period (AERP) from 146 ± 19 to
81 ± 22 ms (-45%) (pacing interval 400 ms). At the maximal pacing rate however, the
shortening was less (-23%), which resulted in an inversion of the normal adaptation
of the AERP to changes in heart rate (maladaptation). While during control (goats in
sinus rhythm), the AERP s/iorre/ied from 146 ± 19 ms at slow heart rates (Si-Si 400
ms)to 117 ± 12 ms at the maximal heart rate, after 2-4 days of AF the AERP pro/onged
from 81 ± 22 to 90 ± 16 ms when heart rate was increased (Chapter 3).'

Changes in the AERP are most probably due to changes in the duration of the atrial
action potential. It was the aim of the present study to investigate whether the
AF-induced shortening of the AERP and its inversed rate adaptation were indeed
associated with similar changes in the duration of the atrial action potential. For this
reason, we recorded monophasic action potentials (MAP's) from the epicardial
surface of the right atrium in goats which had been in sinus rhythm all the time and
in goats in which chronic AF had developed.

Methods

The Goat Model of Chronic Atrial Fibrillation.

Eleven goats weighing between 46 and 82 kg (mean 58 ± 10 kg) were used for this
study. Animal handling was performed according to the guiding principles of the
American society of Physiology and approved by the Animal Investigation Committee
of the University of Limburg. In order to perform long-term electrophysiological
studies and to induce chronic AF, the goats were instrumented with multiple epicardial
electrodes as described previously in more detail by Wijffels et al. (Chapter 3 and
4).' •- About 2-3 weeks after surgery the goats were connected to an external automatic
atrial fibrillator. This device maintained AF continuously which resulted in the
development of chronic AF (duration more than 24 hours) within a few weeks of
artificially maintained AF (Chapter 3).'

Recordings of the Monophasic Action Potential

Epicardial monophasic action potential recordings of the lateral free wall of the right
atrium were made just prior to the implantation of the epicardial electrodes (n = 9)
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and after 135 ± 13 days of maintained AF (range 97 - 190 days) (o =7).
conditions, anesthesia was induced with Nesdonal® (Thiopenteh 15 nigAg IV) and
maintained by Halothane® (1-2%) and a 1 : 2 mixture of O2 asd NTO. TOKCSKI

monophasic action potentials, a contact electrode (Franz catheter, EPT No. 165*31 was
positioned at the epicardial surface of the right atrial free wall. The MAP signals were
amplified by a custom made DC-coupled differential amplifier (gain i 0-500) provided
with a 20 mV calibration pulse.-* The signals were sampled at i kHz and stoned ©IJ
magnetic tape."* During the experiment, special attention was paid to record signals
with a stable and smooth morphology, a stable diastolic baseline and a minimal
amplitude, defined as the difference between phase 2 and phase 4 of the atrial MAP,
of 3 mV.5-6 If these criteria were not fulfilled, the contact electrode was moved to
anothersite. . - - 1 - ,. , ^

Experimental Protocol and Data Analysis

MAP signals were recorded during: 1) normal sinus rhythm, 2) incremental regular
atrial pacing with Sj-S] intervals ranging between 400 and 180 ms, and 3) acute or
chronic atrial fibrillation. Atrial pacing was performed from a pair of pacing electrodes
at the right atrial appendage (2 ms biphasic stimuli, 4 x threshold). Pacing was started
with an interval just below the sinus rhythm interval and decreased in steps of 10-50
ms until 1:1 atrial conduction was lost (Fmax)- In sinus rhythm goats, AF was induced
by rapid atrial pacing or by a 1 second burst of atrial stimuli (50 Hz, 4 x threshold).
In chronically fibrillating goats, after registration of MAP's during AF, fibrillation
was cardioverted by an epicardially applied biphasic DC-shock (3 : 3 ms, 150 - 350
V) synchronized to the ventricular activity recorded on the surface electrocardiogram.
Shocks were applied through two epicardial electrodes positioned on the right and left
atrial appendages. MAP signals were recorded from a site remote from the site where
the DC-shock had been delivered. The duration of the MAPD was measured at a
repolarization of 20% and 80% of the total amplitude. Because the tail of the
repolarization is asymptotic we considered the MAPDso a more reliable measurement
than the MAPD90. • ••-.••

The Measurements of the Atrial Effective Refractory Period

About 2 weeks after implantation of the atrial electrodes but before connecting the
goats to the automatic atrial fibrillator, a short control electrophysiological study was
performed. The atrial effective refractory period (AERP) was measured at either the
right or the left atrial appendage during various pacing intervals (Si-Si) between 500
and 130 ms (biphasic stimuli, width 2 ms, 4 x diastolic threshold). A single premature
stimulus (S2, 4 x diastolic threshold) was interpolated after every fifth basic interval
and, starting from well within the refractory period, the S1-S2 interval was incre-
mented in steps of 1-2 ms. The shortest S1-S2 coupling interval that resulted in a
propagated premature atrial response was taken as the AERP. In all goats, these
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400 ms

100 200 ms

electrophysiological measurements of
the AERP were repeated after AF had
been maintained by the atrial fibrillator
for 1-21 days (11 ± 3) days.

Statistical Analysis •.,!,,•.•,,;; - , ^ ; ; .: ;;.'

Data are presented as mean and standard
error (SE) of the mean. Statistical analy-
sis was performed by using a non-paired
Student's /-test. A p-value of less than
0.05 was considered to be statistically
significant.

Results

o/Afna/ f/feri//ar/on o« f/ie Dw-
and r/ie Rare-Adaptation of the

200 ms

Control
No significant differences in the upstroke
and the amplitude of the MAP were
found between control goats and chroni-
cally fibrillating goats. However, after
cardioversion of chronic AF dramatic
changes in the duration of the atrial
MAP's were observed. Fig 1 shows rep-
resentative examples of MAP's recorded
from the epicardial surface of the right
atrium in the same goat before induction
of AF (control) and after cardioversion
of chronic AF. It can been seen from
panel A that AF markedly shortened the
monophasic action potential duration
(MAPD) during slow pacing (SI-SI:

400 ms). Whereas during control (sinus rhythm) the MAPD was longer than 200 ms,
after cardioversion of chronic AF the MAPD had shortened to about 100 ms. Panel B
shows that the AF-induced shortening of the MAPD was much less pronounced at
faster pacing rates (S1S1: 200 ms). Although in these examples, the amplitude of the
MAP from the chronically fibrillating atrium was somewhat smaller than the one
recorded during control, in all goats no significant differences in MAP amplitudes

200 ms

Figure 1. Representative examples of the AF-induced
changes in monophasic action potentials during slow and
fast pacing rates. (/p/vrpanW: During slow pacing (Si-Si:
400 ms) AF shortened the MAP dramatically from more
than 200 ms to about 100 ms. Loner/Ki/iW: At fast pacing
rates (Si-Si: 200 ms) the AF-induced shortening of the
MAP duration was less pronounced.
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Control Chronic AF
amplitude

100

75"

50

25

0

400

100 200 ms 100 200 ms

Figure 2. Illustration of the AF-induced inversion of the physiological rate adaptation of the action potential duration.
Whereas during control (left panel) the action potential .f/iorre/ief/ in response to a shortening of the pacing interval
from 400 to 200 ms, after cadioversion of CAF (right panel) the duration of the MAPpro/onged at higher pacing rates.

between the two groups were found (control 15.3 ± 4 mV versus 12.6 ± 4 mV for
chronic AF)

In Fig 2 the AF-induced changes in the rate dependence of the MAP duration are
illustrated. For the same goat, the (normalized) MAP recorded during control (left
panel) and after cardioversion of chronic AF (right panel) are superimposed for pacing
intervals of 400 and 200 ms. Whereas during control the monophasic action potential
duration shortened when the pacing interval was decreased from 400 to 200 ms
(physiological rate adaptation), after cardioversion of chronic AF the duration of the
MAP pra/rwge*/ in response to a faster pacing rate (inversed rate adaptation).

In Table 1 the values of the MAPD at 20% and 80% of total repolarization
(MAPD20 and MAPDgo) are given for different pacing intervals for goats in sinus
rhythm and for goats that had been in chronic AF. On the average, after cardioversion
of chronic AF, during pacing with 400 ms, both the MAPD20 and the MAPDgo had
shortened markedly from 32 ± 4 to 19 ± 3 ms (- 41%, p < 0.05) and from 132 ± 4 ms
to 67 ± 5 ms (- 49%, p < 0.001). At a pacing interval of 200 ms, the shortening of the
MAPDgo was much smaller from 97 ± 7 to 89 ± 11 ms (- 8%, n.s.) while the average
MAPD20 had increased in the fibrillating goats from 23 ± 4 ms to 30 ± 4 ms (+ 30%,
n.s.). Due to the inversion of the rate adaptation of the MAPD in chronically fibrillating
goats, both the MAPD20 and MAPDgo at slow pacing rates had become shorter than
at fast pacing rates (20 ± 3 versus 30 ± 4 ms and 67 ± 5 versus 89 ± 11 ms).
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Table 1. Effects of Atrial Fibrillation on Monophasic Action Potential Duration.

Goat
#

1

2

3
4

5
6
7
8
9

Mean

SE

Goat
#

1
2

3
4

8

10
11

Mean
SE

Sinus

Rhythm
(ms)

440

480
560

490
540

475

580
480

450

499
17

Sinus

Rhythm
(ms)

566

410
455

480

480
580

510
497

25

Goats in Sinus Rhythm (Control)

MAPD20
Pacing Intervals

SR

33
45
14

32
4

31

21

38

49

30

5

400

37
41
34

25
9

30
29

35

45

32
4

300

38
38

29

20
7

32

28
39

54

32

5

250

36

36
29

22

5
26

22
34

-

25
4

200

30

36

26

18
9

20

19
-

-

23
4

180

_

-
-

-

7

21
-
-

-

14

10

After Cardioversion of CAF (125 ± 16 Days of AF)

MAPD20
Pacing Intervals

SR

11

15

19
22

31

10

22

19
3

400

15
14

17

27

30

15
21

20'

3

300

19

16

20

35

35
17

20

23

3

250

21

18

23

38

39
17

18

25
4

200

30
24

30

42
44

23
15

30
4

180

32

30
-
-

47

22
-

33

6

MAPDao
Pacing Intervals

SR

130

137

122

125

86

109

100

139

150

122

7

400

139

137

118
152

117

126

122

143

148

132

4

MAPDao
Pacing Intervals

SR

63
54

83
86

85

60

55
69*"

6

400

61
49

89

73
81

60

58
67"*

5

300

132

135
109

109

116
137

164

136

154

134

6

300

78
57

104

113
87

70

62

82*"

8

250

122

125
102

100
98

136

145
130

-

120

6

250

88
64

106
121

91
79

55
86"

9

OOf

200

121

124

95

85
82

93

79
-

-

97

7

200

89

70

105

129

103

80
45

89
11

180

-
-

-

75

96
-
-

-

86

6

180

87

95
-
-

105

76
-

91

6

Numbers indicate duration of monophasic action potential in ms; MAPD20, monophasic action potential duration at 20% of com-
plete repolarization; MAPDso, monophasic action potential duration at 80% of complete repolarization; SR, sinus rtiythm; SE,
standard error of the mean; * p<0.05, " p<0.01, ' " p<0.001 compared to control (unpaired Student's Mest).
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Table 2. Effects of Atr ial Fibril lation on Alr ia l Effective Refractory Period.

Goat

#

1

2

3
4

5

6

7

8

9

10

11

Mean

SE

Goats in Sinus Rhythm

Pacing Intervals

400

123

166

141

137

167

162

177

129

165

149

162

153

5

300

121

158

138

138

165

165

166

130

163

156

151

150

5

250

126

146

134
134

158

159
155

127

151

159
150

145

4

200

121
133

122

123

140

140

148

116
134

139

141

132

3

180

111

126

119

120

133

137

142

112

122

134

135

127

3

After 11 ± 3 Days of Maintained AF

Pacing Intervals

400

54

64

60

102

-

70

102

90

105

70

86

80*"

6

300

57

68

61

101

-

75
111

100

107
77

93

8 5 ' "

6

250

60

69

63

100

-

80

114

99

108
85

98

8 8 ' "

6

200

61

74

69

97

-

80

119

108

109

89

92

9 0 ' "

6

180

62

75

72
97

-

83

110

104

106

91

95

9 0 " '

5

Numbers indicate the atrial effective refractory period in ms; SE, standard error of the mean; " " p<0.001 compared to control

(unpaired Student's t-test).

Effects of Atrial Fibrillation on the Duration and Rate-Adaptation of the Atrial Effective Refractory
Period

Before the goats were connected to the automatic atrial Fibrillator and after 11 ± 3
days (range 1 -21 days) of maintained AF, the atrial effective refractory period (AERP)
was measured during a wide range of pacing intervals. In Table 2, the average values
of the AERP at different pacing rates are given for all experiments. Atrial fibrillation
markedly shortened the AERP during slow pacing with an interval of 400 ms, from
153 ± 5 ms to 80 ± 6 ms (- 48%, p < 0.001). At a pacing interval of 200 ms, the effects
of AF on atrial refractoriness was less, the AERP shortening from 132 ± 3 ms to 90
± 18 ms (- 32%, p < 0.001) and as a result, the rate adaptation of the AERP became
inversed. While during sinus rhythm, the AERP shortened when heart rate was
increased, after 11 ± 3 days of maintained AF the refractory pra/o«^^ at faster pacing
rates (80 ± 6 versus 90 ±6 ms).

So, similarly to previous reports'-2 (see Chapter 3 and 4) maintenance of AF
resulted in a marked shortening and inversion of the rate adaptation of the AERP. The
present data show that these dramatic changes in atrial refractoriness are indeed
associated with similar changes in the duration of the MAP.
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1

Pacing Interval 200 ms

»

Atrial Fibrillation

Control
mV

15

10-

5 -

0

CAF

250 ms

Figure 3. Illustrations of MAP's recorded in control and chronic AF goats during fast
pacing with an interval of 200 ms (upper panel) and AF (lower panel). MAP's recorded
during fast pacing and AF were much broader (increased MAPD20) in the chronically
fibrillating goats compared to the sinus rhythm goats. Although during acute AF a
clear beat to beat variation in AF cycle length was observed only small variations
were seen in beat to beat morphology. The shape of MAP"s remained rather similar
to those obtained during fast pacing, showing a fast upstroke and a smooth and fast
repolarization. Clear iso-electric segments were still present during acute AF. During
chronic AF. the AF-cycle length had significantly shortened form 150 to 100 ms while
clear beat to beat changes in the morphology, upstroke and amplitude were seen.
Iso-electric segment were no longer present.

Temporal Variation of the Monophasic Action Potential During AF ••'•' ••''"

In Fig 3, representative examples of monophasic action potentials recorded during
pacing with an interval of 200 ms (upper panel) and during AF (lower panel) are given
for control and chronic AF. As previously shown (Table I) MAP's recorded during
200 ms pacing interval were much broader (increased MAPD20) in chronically
fibrillating goats compared to sinus rhythm goats whereas their duration (MAPDso)
was not significantly different. MAP's recorded during atrial fibrillation showed a
similar morphology as during rapid pacing (lower panel). Although during acute AF
a clear beat to beat variation in AF cycle length was found, only small beat to beat
changes in ihe MAP morphology were present while between consecutive beats clear
iso-electric segments were present. The bottom tracing shows MAP's obtained in the
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Control
• i ' ; ' ' • ( • ( '

0 50 100 ms

Figure 4. A number of the MAP's recorded during acute AF
(control, upper panel) and chronic AF (lower panel) are
superimposed. During acute AF, all MAP's had a similar
morphology: a fast upstroke, a relatively high amplitude and
more or less the same duration. In contrast, during chronic
AF the amplitude of recorded signals was much smaller and
the upstrokes was slower. Furthermore, marked beat to beat
changes in MAP morphology and duration were found.

same goat after AF had been maintained for about 20 weeks. The median AF cycle
length had shortened significantly from about 150 to 100 ms. MAP's recorded during
chronic AF showed a considerable irregularity in beat to beat morphology, upstroke
and amplitude while between the consecutive activations no clear iso-electric seg-
ments were observed.

In Fig 4, the beat to beat variations in MAP morphology are illustrated in more
detail by superimposition of a number of the MAP's recorded during AF. During acute
AF (upper panel), all MAP's had a similar morphology; showing a fast upstroke and
a similar amplitude and duration. In contrast, during chronic AF (lower panel) marked
variations in MAP morphology and duration were present. While some MAP's still
showed a relatively fast upstroke and a large amplitude, other action potential were
depressed showing a slow upstroke and a considerably smaller amplitude.

Discussion .-..,• ......

AF-induced Changes in Atrial Monophasic Action Potentials - , : , .,;-,,-:• ' u

We previously reported that in chronically instrumented goats, the repetitive induction
of AF resulted in a dramatic shortening of the atrial effective refractory period.
Because the shortening of the AERP was most pronounced at slow pacing rates, the
physiological rate adaptation of the AERP in the fibrillating heart was lost or even
became inversed.' Since changes in the AERP are most likely a result of changes in
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the duration of the action potential, this study was designed to determine the AF-in-
duced changes in monophasic action potential duration.

The present study confirms our previous findings that AF induces a shortening of
the AERP and inversion of its physiological rate adaptation. Furthermore, the changes
in atrial refractoriness were indeed associated with a shortening and inversion of the
rate adaptation of the duration of the monophasic action potential. These observations
are in agreement with results obtained by Boutjdir et al7 who measured action
potentials in atrial tissue from patients with and without chronic AF. During pacing
at intervals between 400 and 1600 ms, a significantly shorter APD90 and a poor or
absent rate adaptation of the APD was found in fibrillating atria. Although the effects
on atrial refractoriness in human fibrillating atria were less pronounced, the AERP
was only shortened at slow pacing rates (interval 800 ms), in the present study we
found that the effects of AF on the MAPD were less marked than the effects on the
AERP (Tables 1 and 2). While at fast heart rates the AERP was still markedly
shortened by AF, the changes in MAPD were only small. These different effects on
MAPD and AERP might be explained by the fact that both parameters were not
measured simultaneously. In addition, the MAPD was determined during anesthesia
whereas the AERP was determined in conscious animals. Because in chronically
fibrillating goats each measurement of the AERP would have induced long-lasting
episodes of AF. a number of electrical cardioversions would have been necessary to
complete the protocol.

Although previous studies had reported that diseased atrial tissue often shows a
less negative membrane potential, resulting in "slow" rising action potentials and a
decreased intra-atrial conduction velocity,**" '^ these findings were not confirmed by
our present study and the work of Boutjdir et al7 However, we only accepted MAP
recordings which showed a stable baseline, a smooth morphology and an amplitude
of more than 3 mV which might have induced a selection bias in our data. Although
MAP recordings do not reproduce true membrane voltages and therefore can not be
used as absolute measurements of the amplitude and or upstroke of the intracellular
action potential, the rapid upstroke of the MAP makes it unlikely that resting
membrane potentials were markedly depressed in fibrillating atria. In addition, we
previously reported that no gross abnormalities in conduction velocity were observed
after conversion of chronic AF in this goat model.'
Marked differences in MAP morphology during acute and chronic AF were found.
During acute AF. MAP's showed a fast upstroke, minor beat to beat changes in
morphology and duration and clear iso-electrical segments between different activa-
tions. In contrast, during chronic AF MAP's showed a slower upstroke, a smaller
amplitude and more pronounced beat to beat changes in morphology, while iso-elec-
trical segments were no longer present. These observations suggest that during acute
AF the right atrium was still activated by rapidly conducting broad macro-reentrant
waves in the presence of a clear excitable gap (type I AF' '). In contrast, during chronic
AF the right atrial activation seemed more complex, atrial rate was not only faster but
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the conduction velocity seemed depressed while only a small excitable gap was
present (Type II-III AF"). The beat to beat changes in action potential morphology
and duration during chronic AF suggest that also an increased temporal dispersion in
'atrial refractoriness'was present during chronic AF. ... ..,,,,.

Which Ionic Currents can be Involved in the Shortening and Reversed Rate Adaptation of the ; ,.•,
Monophasic Action Potential? „ ...... ,-:,. ,..,.. , .. . . ..

Previously we have suggested that AF-induced changes in the atrial refractory period
might be caused by changes in the structure and/or function of plasma-membrane
ion-channels (Chapter 3 and 4). '- Although in the present study we did not evaluate
the role of specific ion-currents in the process of electrical remodeling, these obser-
vations make it very likely that AF-induced changes in the ionic currents are indeed
involved.

The action potential can be shortened by a reduction of inwardly directed currents
and/or by an increase in repolarizing outwardly directed currents. Atrial inwardly
directed currents are mainly carried through Na+ channels, Ca^+ channels and the
Na+/Ca~+ exchange current while outward currents are carried by several different
K+ channels, a Cl" channel and the Na+/K+ pump ATP-ase. The AF-induced changes
in MAPD were dramatic, the MAP becoming as short as 50-85 ms (Table 1). This
makes it likely that currents particularly activated during the initial phase of the
repolarization play an important role in this process of electrical remodeling. Although
the importance of other currents can not be excluded, below we will consider the
possible role of the Ca-+-current and the transient outward current (I(oi)-

Is electrical remodeling related to a diminished inwardly directed Ca^-current ? \ .

The voltage dependent slow inward L-type Ca^+ current plays an important role in
determining the duration of the action potential. Whereas activation of this channel is
rapid, may last long and is voltage dependent, inactivation is reported to be slow and
voltage as well as Ca-+ dependent. Reduction of Ca-^^-current has been reported to
occur under different pathological conditions such as heart failure, myocardial is-
chemia,'- and atrial dilatation.'-'' In myocytes isolated from dilated human atrium, it
was shown that a depressed Ca-+-current was responsible for the observed shortening
in action potential duration.'-^ Recently, Leistad et al.'^ demonstrated that postfibril-
lation atrial contractile dysfunction could be reduced by the pretreatment with the
calcium agonist verapamil. These data suggest that an increased transsarcolemmal
Ca-+-influx during AF contributes to this atrial dysfunction. In the rat heart, Chatelain
e/ a/.'5 reported a down-regulation of Ca^+-channels after isoproterenol induced
Ca2+-overload, which could be prevented after blocking the Ca2+-channels with SR
33557. Similarly, Tieleman et al.'^ recently showed that rapid atrial pacing induced
electrical remodeling in the goat could be delayed by administration of the Ca-+-chan-
nel blocker verapamil. These studies suggest that AF induced enhanced Ca^^-entry
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and subsequent Ca^^-overload resulting in down-regulation of Ca^+ channels may
account for the AF induced shortening of the action potential.

Increasing the frequency usually has a biphasic effect on the inward Ca2+-cur-
rent.17,18 Boyett and Fedida'® reported that in sheep Purkinje fibers, on going from 6
to 60 stimuli/min, an increase in slow inward current was found while at higher pacing
rates a decrease in Ca^+ current was reported. The role of this current in the frequency
dependence of the action potential duration is supported by the findings of Ruiz-Pet-
rich et al.'^, who observed in rabbit ventricular cells that the Ca-+ channel blocker
Co"*"*" strongly reduced the rate dependent shortening of the action potential. So if AF
induces an intra-cellular Ca-+-overload which depresses the inward Ca-+-currents,
this may account for the observed maladaptation of the M APD. However, it does not
easily explain the AF-induced /mwsed rate adaptation of the MAPD at fast pacing
rates for which another rate dependent current seemed to be involved.

Is electrical remodeling related to an increased transient outward current ? • ; >

The transient outward K+ current (Itoi) is known to play an important role during the
initial repolarization and shows rapid voltage dependent activation followed by a
period of voltage dependent inactivation. Due to a slow recovery from activation this
channel becomes inactivated at higher heart rates. An increase in the density of these
channels could therefore well explain the phenomenon of reversed rate adaptation.
Giles and van Ginneken^' showed that in isolated rabbit atrial myocytes a decrease
in the pacing frequency from 1 to 0.25 Hz shortened the duration of the action potential
due to an increase in the 4-aminopyridine sensitive transient outward current.
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CHAPTERS

Abstract

: Recently we developed a goat model of sustained atrial fibrillation
(SAF) in which repetitive induction of AF by burst pacing shortened the atrial effective
refractory period (AERP) (electrophysiological remodeling) and progressively pro-
longed the paroxysms of AF to become sustained (24 hours) within 1-3 weeks (atrial
fibrillation begets atrial fibrillation). The aim of the present study was to compare the
effects of class IA, IC and HI drugs in this animal model of chronic AF.

A/e//jo^5 a«rf /?eyH/tt: In 17 chronically fibrillating goats, the effects of hydro-
quinidine (HQ), cibenzoline (Ci), flecainide (Fl) and ^-sotalol (dS) were studied. All
drugs were infused intravenously until SAF was cardioverted or adverse drug effects
occurred. HQ, Ci, Fl and c/S restored sinus rhythm in 86,86,67 and 92% of the cases.
Adverse drug effects occurred in 14, 43, 56 and 8% respectively. The average atrial
cycle length of AF (AFCL) was prolonged to a different degree. Just before restoration
of sinus rhythm the four drugs had increased AFCL by 72, 102, 50 and 20%
respectively. The duration of the QRS-complex was prolonged 17% by HQ, 60% by
Ci 50% by Fl and was unchanged by dS. The RR-interval was not affected by HQ,
slightly prolonged by Ci and Fl, and markedly prolonged by dS (48%). The QT-time
was lengthened by HQ, Ci, Fl anddS by 10, 21, 25 and 34%. Directly after restoration
of sinus rhythm the AERP during pacing with an interval of 400 ms was 92±29 (HQ),
123±30 (Ci), 66±10 (Fl) and 73±18 ms (</S) (control value: 149±19 ms). Intra-atrial
conduction velocity was 83±7,74± 13,86± 12 and 110±l 1 cm/s (control value: 116±10
cm/s). Although all four drugs were effective in terminating AF, after cardioversion
the atrial vulnerability was still very high and a single premature stimulus reinduced
AF in 100% of the animals (HQ. Fl or </S) (67% for Ci). As a result of the short AERP
by the AF-induced remodeling and the depressed intra-atrial conduction by the class
I drugs, directly after cardioversion the atrial wavelength was abnormally short
(between 5.7 and 8.8 cm). This can explain the still high atrial vulnerability to AF
directly after cardioversion by class I or class III drugs.

COMC/M.?/OH.V: In a goat model of chronic atrial fibrillation infusion of class IA, IC,
and class III drugs restored sinus rhythm in 67-92% of the cases. However, due to the
short AERP and the depressed intra-atrial conduction directly after cardioversion, the
atrial vulnerability was still very high and a premature beat easily reinduced AF.

Introduction

Atrial fibrillation (AF) can be converted to sinus rhythm (SR) either by pharmacologi-
cal or electrical cardioversion.'"^ Pharmacological cardioversion of AF can be done
successfully by different agents like class IA drugs (quinidine, procainamide),^"^
class IC drugs (propafenone, flecainide, cibenzoline)^"^.'1-13 QJ- class HI drugs
(d(,/)-sotalol, amiodarone).''*~'? A consistent clinical finding is that the success rate
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of pharmacological cardioversion is closely related to the length of time that AF had
persisted before cardioversion is attempted. For instance, Crijns et al.^ and Suttorp et
al/*-5 found that the efficacy of intravenous flecainide in restoring sinus rhythm
diminished from 86% in patients with recent onset fibrillation (<24 hours) to 39% in
patients with AF of longer duration.

Recently we developed a new model of atrial fibrillation in chronically instru-
mented goats. '8 In these animals the repetitive induction of AF by burst pacing (1
second, 50 Hz) during 1-3 weeks, gradually transformed paroxysmal atrial fibrillation
into chronic AF. This observation that 'atrial fibrillation begets atrial fibrillation', may
give an explanation for the clinical experience that the efficacy of anti-fibrillatory
drugs diminishes when AF had persisted for a longer period of time.^^ Electrophysi-
ological measurements performed during the first days of electrically maintained AF,
revealed a marked shortening of the atrial effective refractory period and the AF cycle
length by more than 30%. This process of electrical remodeling might affect the
antifibrillatory action of class I and class III drugs. Since most electrophysiological
studies on the effects of antifibrillatory drugs have been done during acutely induced
atrial fibrillation,'^^ ^g effects of these drugs on remodeled atrial myocardium are
yet unknown. The present study was undertaken to evaluate the antifibrillatory
efficacy of hydroquinidine (class IA), flecainide (class IC), cibenzoline (class IC with
additional class III and IV effects) and </-sotalol (class III) in the goat model of chronic
atrial fibrillation. To determine the effects of these drugs on remodeled myocardium,
directly after pharmacological cardioversion the atrial refractory period, the intra-
atrial conduction velocity, the wavelength and the atrial vulnerability for AF were
measured. . . - . . , . . . ,

Methods

The Goat model of Chronic Atrial Fibrillation

Seventeen goats weighing between 41 and 82 kg (57.6 ± 9.7 kg) were used for this
study. Animal handling was performed according to the guiding principles of the
American Society of Physiology and approved by the Animal Investigation Commit-
tee of the University of Limburg. The goats were instrumented with multiple epi-
cardial electrodes as has been previously described."* Briefly, during general
anesthesia a left intercostal thoracotomy was made and the pericardium was opened.
In all goats a teflon felt strip (Bard®) (10 x 1.2 cm) containing 15 unipolar silver
electrodes (diameter 2 mm, inter-electrode distance 6-10 mm) was sutured to the
surface of Bachmann's bundle. In 5 goats two smaller felt strips (3 x 1.2 cm) each
containing 6 electrodes, were sutured to the lateral walls of the right and left atria. In
12 goats an array of 30 electrodes (interelectrode distance 4 - 4.5 mm) was implanted
on the free wall of the right and left atrium. A small strip (1.2 x 1.2 cm) containing 4
electrodes was sutured to the surface of the left ventricle. After closure of the thorax.
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the electrode leads were tunneled subcutaneously to the neck and externalized by three
30-pin Lemosa® connectors. Three silver plates (diameter 25 mm) were left subcu-
taneously to serve as grounding electrodes and to record a precordial electrocardio-
gram. Post-operatively the animals received buprenorfine (Temgesic®, 0.01 mg/kg,
Reckitt & Colman) during 1-3 days. Gentamicin (3 mg/kg) and sodium-ampicillin
(Pentrexyl® 1000 mg, Bristol-Myers Squibb) was given intravenously directly before
surgery. After surgery an additional dose of sodium-ampicillin (1000 mg) was given
intramuscularly. •-- •-. i i j « - n . - i / b ^ . v H n r L--i •- •.

About 2-4 weeks after surgery, the goats were connected to an external atrial
fibrillator. This device, which has been described in detail elsewhere,"* continuously
analyses the length of the iso-electrical segment in a bipolar atrial electrogram and by
this parameter is able to distinguish sinus rhythm from atrial fibrillation. As soon as
spontaneous conversion to sinus rhythm is detected, the fibrillator promptly reinduces
atrial fibrillation by delivering a 1 second burst of electrical stimuli (50 Hz, 4 times
diastolic threshold). In this way, AF is maintained automatically 24 hours a day, seven
days a week. Within the first days the initially short episodes of AF (<10 seconds)
progressively prolonged and after 1-3 weeks of maintaining AF, atrial fibrillation
became sustained (lasting 24 hours). "* In Table 1, the characteristics of the 17 goats
included in this study are given. In this series atrial fibrillation became sustained (24
hours) after an average of 12 ± 10 days (range 1-34 days). Pharmacological cardiover-
sion was carried out after a total average duration of AF of 32 ± 22 days (range 2 to
116 days) and 19 ± 20 days after AF had become sustained (range 1-87 days). For
each goat the median atrial fibrillation cycle length (AFCL), the total duration of AF
and the duration of sustained AF (from the moment the episodes of AF lasted 24
hours) prior to pharmacological cardioversion by each of the 4 drugs are given,
together with the rate and duration of infusion, the total amount of the drugs
administered and whether cardioversion was successful. Compared to the median AF
cycle length of 145 ms of acutely induced AF,'^ the median cycle length during
chronic AF was markedly shortened to an average of 93 ± 7 ms. It is important to note
that the degree of electrical remodeling (shortening of AFCL) and the total duration
of maintained and chronic AF did not differ in the four groups (one-way ANOVA).

TheElectrophysiologicalStudy . / ' ; , r , ^ . N ; ; •

About 2-3 weeks after implantation, before the animals were connected to the
automatic fibrillator, an electrophysiological study was performed. The atrial effec-
tive refractory period (AERP) was measured during pacing with a fixed Sj-Si cycle
length of 400 ms at either the right or left atrial appendage. A single premature stimulus
(S2) of 4 times diastolic threshold was interpolated after every fifth basic stimulus.
The measurement of AERP was started with an S1-S2 coupling interval shorter than
the atrial refractory period and was incremented in steps of 1 or 2 ms. The shortest
S1-S2 interval that resulted in a propagated premature atrial response was taken as the
AERP. Intra-atrial conduction velocity was measured during regular pacing with an
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Table 1. Characteristics of AF and Drug Infusion

Goat

#

1

2

3
4

5

6
7

8
9
10

11
12
13
14

15

16
17

Mean

Sd

Hydroquinidine (n=7)

AFCL

(ms)

87

99
100

-
99

-
-

-
-
-

-

-
-

-
79

89
84

91

8

Duration

ofAF

(Days)

26

51

2

-
35

-

-
-
-

-
-
-
-

-
81
60

28

40
24

I

Duration

ofSAF

(Days)

2

17
1

-
23

-
-
-
-

-
-

-
-
-

70
56
27

28

24

Infusion

Rate

(mg/kg/min)

0.25

0.25

0.25

-
0.25

-
-
-

-

-
- ....

-
0.25

0.25

0.25

Infusion

time

(Min)

25

26
52

-
21

-

-
-
-

-
-

-
-
-

140
80
54

57

39

Drug

Dosage

(mg/kg)

6.25

6.5

13

-

5.25

-

-
-

-
-

-
-
-
-

35

20

13.5

14.2

9.8

Cardio-

version

yes

yes

yes

-

yes

-

-

-
-
-

-
-
-
-

no

yes

yes

6/7

86%

Cibenzoline (n=14)

AFCL

(ms)

89
104

93
97

94

92
97

86 ;

89

98
89

100
77

89
-
—

-

92

7

Duration

ofAF

(Days)

40
42

9

16

51

63

15
14

42

34

9

10
116

11
_
_

-

34

29

Duration

ofSAF

(Days)

16

8

8

15

39

56

9
6

24

5
1

3
87

1
—
_

-

20
24

Infusion

Rate

(mg/kg/min)

0.1+0.2

0.1

0.1
0.1

0.1+0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.1

. 0.18

0.1
_
_

-

Infusion

Time

(Min)

83

57

39

51

90

52

22

75

36.5

9
55

44

85

80
_
_

-

56
24

Drug

Dosage

(mg/kg)

10.6

5.7

3.9

5.1

12.0

10.4

4.4

15.0

7.3

1.8
11.0

4.4

15.3

8.0
_
_

-

8.2
4.1

Cardio-

version

no

yes
yes

yes

yes

yes

yes

yes

yes

yes

yes

yes
no

yes

_

-

12/14

86%

ro
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Table 1 tomrimtf</;. Characteristics of AF and Drag Infusion

Flecaintde (n=9)

1

2

3

4

5

6

7

8
9

10
11

12

13
14

15

16
17

AFCL Duration Duration Infusion Infusion Drug
Goat ofAF of SAF Rate Time Dosage
# (ms) (Days) (Days) (mg/kg/min) (Min) (mg/kg)

89

100
114

97
97

93

98
93

91

45
57
31
14
14
16
21
23

11

21

23
30

13
2

9
15
15

Mean 97 26

Sd 7 15

10

15

0.1+0.2

0.1
0.1+0.2
0.1+0.2

0.1
0.1+0.2

0.1
0.1+0.2

0.1 +02

81
53
65
70
59
81
60
85

85

10.2
5.3
7.0
8.0
5.9

10.2
6.0
9.5

11.0

Cardio-
version

yes
yes
no
no
yes
yes
yes
no

yes

d-Sotalol (n=12)

AFCL

(ms)

98

99

92
96
81
95
101
92

110

81

Duration Duration
ofAF of SAF
(Days) (Days)

35
38

63
18
18
32
36
15
44

18

30

11

4

56
12
10
14

7

7

37

29

Infusion
Rate
(mg/kg/min)

0.2
0.2

0.2

0.4
0.4
0.4
0.4
0.4
0.4
0.2

0.2

0.2+0.4

Infusion
Time
(Min)

52

15

17

71
12

8.1
2.0

6/9
67%

93
8

30
15

17
15

40

159

45
39

Drug
Dosage
(mg/kg)

10.4

3

3.4

8.0

45.6

13.1

11.2

Cardio-
version

yes
yes

yes

64
21
22
24

26
27

68

26.7
8.4
8.8

9.6
10.4

10.8
13.6

yes
yes
yes
yes
yes
no
yes

yes

yes

11/12

92%

AFCL, Atrial Fibrillation Cyde Length. SAF, Sustained Atrial Fibrillation (> 24h); No statistically significant differences in AFCL and duraflon of (S)AF between any of 4 groups (ANOVA).
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interval of 400 ms at either the left or the right atrial appendage. The conduction
velocity was calculated from the activation times along the row of electrodes along
Bachmann's bundle. The total distance between the electrodes used for measurement
of the conduction velocity varied in different experiments between 5.0 and 7.8 cm
(average 7.0 ± 0.7 cm). After the goats had been maintained in atrial fibrillation during
an average of 12 ± 14 days (range 1-51 days) the electrophysiological study was
repeated.

Pharmacological Cardioversion of AF

During the infusion of the anti-fibrillatory drugs, the goats were connected to a
multichannel recording unit (gain 200-400; bandwidth 1-500 Hz)24 and the median
atrial fibrillation cycle length (AFCL), RR interval, the width of the QRS-complex
and the QT-time were measured every 5-10 minutes. The AFCL was measured from
a bipolar electrogram recorded from the left or right atrial appendage and fibrillation
interval histograms were collected during a period of 15-30 seconds of AF (150-300
cycles). The ventricular response rate was measured by counting the number of
ventricular activations in a ventricular electrogram during 1 minute of AF. The
duration of the QRS-complex and the QT-time were measured either from one of the
precordially implanted subcutaneous silver plates or from a precordial surface ECG.
The average value of 3-6 successive QRS complexes and QT intervals was taken.
First, control measurements were made during 40-80 minutes to ascertain that all
parameters were stable. Then the infusion of one of the 4 drugs was started until one
of the following conditions occurred: 1) cardioversion of AF to sinus rhythm, 2)
prolongation of the duration of the QRS-complex by more than 70%, 3) occurrence
of multiple wide QRS-complexes or ventricular tachycardia (VT), 4) general clinical
symptoms (cold nose, pale mucosae, shortness of breath, gasping, tremors, etc.).
Hydroquinidine-chlorhydrate (Serecor®, Roussel UCLAF) was dissolved freshly in
distilled water (10-15 mg/ml) and administered at a rate of 0.25 mg/kg/min/ (7 goats).
Cibenzoline (Cipralan®. 10 mg/ml, Searle) was infused either at 0.1 mg/kg/min (7
goats) or at 0.2 mg/kg/min (7 goats). In 2 goats after 60 minutes the infusion rate of
0.1 mg/kg/min was increased to 0.2 mg/kg/min. Infusion of flecainide (Tambocor™,
10 mg/ml, Riker 3M Pharma) was started at a dose of 0.1 mg/kg/min and in 6 of 9
goats, after 60-75 minutes increased to 0.2 mg/kg/min. The class III drug J-sotalol
(Bristol-Myers Squibb, 10 mg/ml) was infused either at 0.2 mg/kg/min (n=6) or at 0.4
mg/kg/min (n=6). In one goat initially treated with the low dose, the infusion was
increased to a rate of 0.4 mg/kg/min after 90 minutes.

Statistical Analysis

Data are presented as mean ± standard deviation. Statistical analysis was performed
by either a (paired) Student's Mest or by a one-way ANOVA (differences between
groups). If data were not normally distributed a Mann-Whitney rank sum test was
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used. In case of multiple comparisons, the p-value was corrected by multiplying it
with the number of comparisons (Bonferroni's correction). A p-value of less than 0.05
was considered to be statistically significant.
t i i ' j !-' - b " i > M v ? i ' j ' / . v } : i i ! ; ' i ! ; - i y : r ; ' ' ' ! ' ' ; ' • .•• M ' . : •- -•• • • " • • • ' . • • ••;;; •

Results .

Effects of Hydroquinidine on AF Cycle Length, RR Interval and QRS Duration

In 7 goats hydroquinidine (class IA) was given as a continuous infusion of 0.25
mg/kg/min. In Fig 1 the drug effects on AF-cycle length, RR-interval and QRS-width
are given together with the cumulative rate of successful cardioversion and adverse
drug effects. Average values are plotted together with the standard deviation and the
number of goats in which the drug was still being infused. Hydroquinidine markedly
prolonged the AF-cycle length from 91 ± 8 ms during control to 162 ± 25 ms after 60
minutes of infusion (p < 0.001). At this time, sinus rhythm was restored in 5 of 7
animals without any adverse drug effects being observed. In one goat sinus rhythm
was restored after 80 minutes, whereas in another goat cardioversion was unsuccess-
ful, and after 140 minutes the infusion of hydroquinidine was stopped because the
QRS-width had prolonged by more than 70% (adverse effect). The total success rate
of cardioversion by hydroquinidine thus was 86% (6 of 7 goats), whereas adverse drug
effects occurred in 14% (1 of 7 cases). Hydroquinidine did not affect the ventricular
rate during AF significantly. After 60 minutes of infusion the RR interval was 399 ±
33 compared to 384 ± 63 ms during control (n.s.). The changes in duration of the
QRS-complex, are plotted in the lower panel. At the moment of cardioversion, the
QRS-width had increased by 17 ± 7% compared to 74% in the goat that did not
cardiovert. , - -

Effects of Cibenzoline on AF Cycle Length, RR Interval and QRS Duration

In 14 goats cibenzoline (class IC with additional class III and IV properties) was given
either at a low dosage of 0.1 mg/kg/min (7 goats) or at a high dosage of 0.2 mg/kg/min
(7 goats) (Table 1). In Fig 2 the effects of infusion of the high dosage of cibenzoline
are shown. During the first 60 minutes the median AFCL prolonged from 89 ± 6 to
187 ± 31 ms (p < 0.001). At this time, sinus rhythm had been restored in five goats.
In one goat infusion was stopped after 53 minutes because of a wide QRS-complex
and AF terminated 5 minutes later. The sixth goat cardioverted after 75 minutes of
cibenzoline infusion whereas in one goat cardioversion did not occur and after 85
minutes infusion of cibenzoline was stopped because of a wide QRS-complex. Thus,
the success rate of cardioversion of AF by cibenzoline at a rate of 0.2 mg/kg/min was
86% (6 out of 7). Adverse effects of this high dose of cibenzoline were observed in
29% of the cases (2 out of 7 QRS-width prolongation of more than 70%). As can be
seen from the middle and lower panels of Fig 2, cibenzoline moderately prolonged
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Hydroquinidine (0.25 mg/kg/min)
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QRS-width
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Succesful Cardioversion 6/7
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Adverse Effects 1/7
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Figure 1. The effects of infusion of hydroquinidine (0.25 mg/kg/min) on AF cycle length, RR interval, QRS width
and the rate of cardioversion and adverse drug effects. In the upper three panels the mean values and their standard
deviations are plotted. The numbers on top of the standard deviation bars indicate the number of goats in which
hydroquinidine was still infused. See text for further discussion. AFCL: atrial fibrillation cycle length.

the RR- interval from 437 ± 94 during control to 662 ± 62 ms after 60 minutes (p <
0.05). The duration of the QRS-complex showed a dose dependent increase. At the
moment of cardioversion, the QRS-width had increased with 60 ± 28% compared to
118 ± 39% in the 2 goats in which restoration of sinus rhythm failed. In the 7 goats
initially treated with the low dose of cibenzoline, sinus rhythm was restored in 6
animals (86%) while adverse effects (QRS-width prolongation of more than 70%)
were seen in 4 animals (57%).
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Figure 2. The effects of infusion of cibenzoline (0.2 mg/kg/min) on AF cycle length, RR interval. QRS width and the
rate of cardioversion and adverse drug effects. In the upper three panels the mean values and their standard deviations
are plotted. The numbers on top of the standard deviation bars indicate the number of goats in which cibenzoline was
still infused. See text for further discussion. AFCL: atrial fibrillation cycle length.

E f f e c t s o f F l e c a i n i d e o n A F C y c l e L e n g t h , R R I n t e r v a l a n d Q R S D u r a t i o n ; . • • . :

In Fig 3 the effects of infusion of flecainide (class IC) are plotted (9 goats). During
the first 60 minutes flecainide was infused at a rate of 0.1 mg/kg/min. In case sinus
rhythm was not yet restored followed by a 30 minutes period at a rate of 0.2 mg/kg/min.
Flecainide increased the atrial fibrillation cycle length from 97 ± 7 ms (n=9) to 128 ±
26 ms (n=6) after 60 minutes of infusion (p < 0.01). At that time AF was converted
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Figure 3. The effects of 60 minutes of infusion of flecainide at a rate of 0.1 mg/kg/min followed by infusion at a rate
of 0.2 mg/kg/min on AF cycle length. RR interval, QRS width and the rate of cardioversion and adverse drug effects.
In the upper three panels the mean values and their standard deviations are plotted. The numbers on top of the standard
deviation bars indicate the number of goats in which flecainide was still infused. See text for further discussion. AFCL:
atrial fibrillation cycle length.

in three goats. When the infusion rate of flecainide was increased to 0.2 mg/kg/min
(in four goats after 60 minutes and in one goat after 75 minutes) the AFCL further
prolonged to 147 ± 24 ms after 80 minutes of infusion (n=4) (p=0.32 versus 60 min).
In 5 of the 6 goats that had not cardioverted after 60 minutes, adverse drug effects
were observed. In 2 goats flecainide infusion was stopped because of a long QRS
complex, in two because of occurrence of multiple beats with a wide QRS-complex
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and in one because of ventricular tachycardia. In two goats AF cardioverted respec-
tively 2 and 25 minutes after the infusion was stopped. Thus the total success rate of
cardioversion by flecainide was 67% (6 of 9 goats) while adverse effects were seen
in 56% of the cases (5 of 9 goats). Flecainide had no clear effects on the ventricular
rate during AF, the average RR interval being 468 ± 113 ms after 60 minutes (n=6)
and 445 ± 66 ms after 80 minutes of infusion (n=4) compared to 404 ± 104 ms (n=9)
during control (n.s.). The width of the QRS complex gradually increased to 140 ± 10%
after 60 minutes (p < 0.001) and to 167 ± 18% after 80 minutes of flecainide infusion
(p < 0.05 versus 60 min).

Effects of d-Sotalol on AF-Cycle Length, RR Interval and QRS Duration <? '-' i>

D-sotalol was given as a continuous infusion of either 0.2 mg/kg/min (low dosage, 6
goats) or 0.4 mg/kg/min. (high dosage, 6 goats). In Fig 4 the effects of 60 minutes of
the low rate of infusion of d-sotalol are given. Although J-sotalol only slightly
prolonged the AFCL, the drug was very effective in converting chronic AF to sinus
rhythm (6 of 6 goats). No adverse drug effects were seen. Although t/-sotalol has less
(3-blocking effects than its isomer /-sotalol, the drug still considerably slowed the
ventricular rate during AF, (he RR interva/ being prolonged from 374 ± 109 ms during
control to 518 ± 6 ms after 60 minutes of infusion (n.s.). As can be seen from the lower
panel, J-sotalol had no effect on the duration of the QRS-complex. In 5 of the 6 goats
treated with the high dosage of d-sotalol sustained AF was restored successfully (83%)
whereas in one an adverse drug effect occurred. This goat developed a shock after 27
minutes (10.8 mg/kg) of infusion (see below).

Relative Drug Effects on AF Cycle Length and QRS Width

A prolongation of the AF cycle length is generally considered as a 'positive' effect of
an anti-fibrillatory drug. On the other hand, a slowing of intraventricular conduction
(widening of the QRS-complex) is considered as a 'negative' effect because it
increases the propensity for ventricular arrhythmias. For these reasons, the relative
effect of a drug on atrial fibrillation and intraventricular conduction might be useful
to express its efficacy/safety ratio. In Fig 5 the relative changes in AF cycle length
and QRS width (A-AFCL/A-QRS-ratio) are plotted for each of the four drugs being
studied. Hydroquinidine (n=7) had a significantly stronger effect on AF cycle length
than on the duration of the QRS-complex (upper left panel). In the goats that converted
to sinus rhythm the AF cycle length prolonged with about 130% whereas the QRS
width increased with only 30%. In the goat that did not convert to sinus rhythm, at the
higher concentration of hydroquinidine the effect on the QRS width was larger (up to
75%). For the whole group the A- AFCL/A-QRS ratio was 2.8. Both cibenzoline (n= 11)
and flecainide (n=8) prolonged the QRS-duration relatively more than hydro-
quinidine. The effects on AF cycle length were comparable for cibenzoline and
considerably smaller for flecainide. Consequently, the A-AFCL/A-QRS ratio of
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Figure 4. The effects of infusion of </-sotalol (0.2 mg/kg/min followed by 0.4 mg/kg/min) on AF cycle length. RR
interval. QRS width and the rate of cardioversion and adverse drug effects. In the upper three panels the mean values
and their standard deviations are plotted. The numbers on top of the standard deviation bars indicate the number of
goats in which </-sotalol was still infused. See text for further discussion. AFCL: atrial fibrillation cycle length.

cibenzoline and flecainide were lower than for hydroquinidine (1.1 for cibenzoline
and 0.8 for flecainide). Administration of d-sotalol (n=4) increased the AF cycle
length with a maximum of 40-50%. Because the QRS-duration was not altered the
A-AFCL/A-QRS ratio was infinite.

• i ; . > • . ' ( , ! ! • • ' . • : - • . - . * ; ; •
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Figure 5. Four panels showing the relation between the percentage effects on the AFCL (vertical axis) and the
percentage effects on the width of the QRS-complex (horizontal axis) for hydroquinidine (n=7. upper left panel),
cibenzoline (n=l I. upper right), flecainide (n=8. lower left) and </-sotalol (n=4, lower right). In each panel the data
points represent the individual measurements done during the experiments (at intervals of 5-10 minutes) and are given
separately for goats in which AF was cardioverted (I) and for goats in which AF did not cardiovert (°). The relation
between both parameters is given by the linear regression line through all data point and expressed as the A-AFCL/A-
QRS ratio.

Success Rate of Cardioversion and Effects on AFCL and QRS-Width it,;; • . •

In Fig 6 the cumulative success rates of cardioversion by hydroquinidine, cibenzoline,
flecainide and </-sotalol are plotted in relation to the effects on AF cycle length and
QRS duration. For all drugs the success rate of cardioversion was associated with an
increase in AFCL. Hydroquinidine and flecainide showed a similar quantitative

132



PHARMACOLOGICAL CONVERSON OF CHRW8C AF

200%-

160%-

120%-

Increase
AFCL(%)

.• • •• • : ' ) • " V . '

-• I , '; • ; ; .

• ; . - ! M . > ' *•:

. : _

i . • I

i * ' J I : ' ' • i . ' I

j!:ii)!riiur'-''

• - : , , , n , v ,

_ , i—i 1

_ . - - -

_ i l

i; / .

1
1

Cibenzoline {n=i4) - i -

! Hydroquinidine
; | (n»7)

I • • , - . • • > ; . - «

Flecainide (n«9) i ^ t,. . ,.:.

d-Sotalol(n=12) ; , .
- • • '

0% 20% 40% 60% 80% 100%

Success rate Cardioversion
: ; , , , - i ; i . i ! • > ' . ; • " • • i v ! . : • " • _ ,

"" Increase .̂  . f i t ^ t i ' j . .-.

QRS-width (%) , , f,

160% ^

120%

40%

0%

Cibenzoline (n=11)

i > ! / , ( I I , r - . - , ! t

Flecainide (n=8).

J Hydroquinidine (n«7)

I
I
J

of-SotajplJn"4)

o% 20% 40% 60% 80% 100%

Success rate Cardioversion

Figure 6. t//>per pane/: The relation between the amount of increase in AF cycle length (vertical axis) and (he
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Lower pane/: The relation between the amount of increase in QRS-width (vertical axis) and the cumulative success
rate of cardioversion (horizontal axis) for hydroquinidine, cibenzoline, flecainide and d-sotalol.

relationship between the prolongation of AFCL and the success rate of cardioversion.
When the AFCL was prolonged by 50% about half of the animals had converted to
sinus rhythm. The lower success rate of cardioversion by flecainide (67%) compared
to hydroquinidine (86%) was due to the fact that flecainide widened the QRS complex
more than hydroquinidine and infusion had to be interrupted before cardioversion had
occurred (see lower panel). Although cibenzoline had a slightly lower cardioversion
rate relative to its slowing of the AF rate, the total success of cardioversion by
cibenzoline (86%) was higher than for flecainide since infusion could be continued
until it prolonged the AFCL by as much as 190%. D-sotalol showed a completely
different profile than the three class I drugs. Not only that the class III drug exerted
almost no effect on the duration of the QRS complex, but it cardioverted AF with only
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a slight prolongation of the average AF cycle length of not more than 10-20%. In ]
contrast a 20% prolongation of the AFCL by any of the class I drugs did not cardiovert
AF in a single case.

The success rate of cardioversion of AF by hydroquinidine of 86% was accompa-
nied by a QRS-prolongation of 30%. At this degree of widening of the QRS complex
the efficacy of cibenzoline and flecainide to convert AF was poor and a 30% increase
in QRS width was accompanied by conversion to sinus rhythm of 1 of 11 goats
(cibenzoline) and 1 of 8 (flecainide) respectively. The concentration of cibenzoline
and flecainide required to cardiovert AF in respectively 82% (9 of 11) and 63% (5 of
8) of the cases caused a prolongation of the QRS width with 106 and 88%.

Efficacy and Safety Profiles ,,.̂  *w. •.-.• -^

In Table 2 the rate of successful cardioversion and adverse drug effects are summa-
rized for all drugs. The average effects on AF cycle length, QRS-width, A-AFCL/A-
QRS ratio, RR-interval and QT-time are given separately for goats that were
cardioverted successfully and for those remaining in sustained AF. Hydroquinidine
and cibenzoline had a marked effect on AFCL while the effects of flecainide and
</-sotalol on AFCL were less pronounced.

As can be seen, in goats the QRS-duration is relatively short compared to humans
(40-45 ms versus 80-120 ins)-'' As expected all three class I drugs slowed the
conduction velocity of the cardiac activation wave in the ventricle, though to a
different degree. A few minutes before AF was cardioverted, hydroquinidine, ciben-
zoline and flecainide had prolonged the QRS width with respectively 17,60 and 50%.
d-sotalol did not prolong the QRS complex. Due to the higher concentration of the
drugs, in the animals in which AF did not cardiovert the maximal increase in
QRS-width was higher. The ratio between the increase in AFCL and QRS-width at
the moment of cardioversion was 4.2 for hydroquinidine, 1.7 for cibenzoline, 1.0 for
flecainide and infinite for d-sotalol. In goats that did not cardiovert, the A-AFCL/A-
QRS ratio at the highest concentration of the drugs was lower (2.2, 1.2, and 0.4
respectively). Although the numbers of goats that did not cardiovert are small, this
suggests that the A-AFCL/A-QRS ratio might be used as an index for the effi-
cacy/safety of a class I drug during pharmacological cardioversion of AF. It reflects
either a lower sensitivity of atrial fibrillation to respond to class I drugs, or a higher
sensitivity of the intra-ventricular conduction.

Hydroquinidine did not affect the ventricular response rate during AF, whereas
cibenzoline and flecainide slightly prolonged the RR-interval. d-sotalol caused a
considerable slowing of the ventricular rate during AF, the average RR-interval
increasing with about 48%. As expected the QT-time was markedly prolonged by
d-sotalol (34%). Hydroquinidine, cibenzoline and flecainide moderately prolonged
the QT time by 10-25%. Part of the prolongation of the QT-time was clearly related
to the effects that drugs had on the ventricular rate during AF. Hydroquinidine did not
affect the ventricular rate and had only small effects on QT-interval, while d-sotalol
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Table 2. Effects of Hydroquinidine, Cibenzoline, Recainide and d-Sotalol
= » • • '

Cardioversion

Success/

Failure

Hydro-Ouinidine

Success 6/7

Failure 1/7

Cibenzoline

Success 12/14

Failure 2/14

Flecainid*

Success 6/9

Failure 3/9

d-Sotalol

Success 11/12

Failure 1/12

%

86%

14%

86%

14%

67%

33%

92%

8%

Adverse

Effects

0

1QRST

4QRS T

2QRS T

1 WQRS,

1 VT

1 WQRS,

2QRS T

0

1 Shock

AFCL (ms)

Control

9316

(6)
79

(1)

94±5

(12)

83±6

(2)

95±4

(6)
10119

(3)

93±8

(11)
92

(1)

Drug

160 ± 3 3 "

207

188±38""

187" ±5

141±23"

149 ±36

111±9"*

108

A-AFCL

(paired)

67 ±33

72%
128
161%

94 ±40

102%

104±11

101%

47±23

50%
47 ±27

45%

18 ±8

20%
16
20%

QRS Width (ms)

Control

46±13

(6)
29

(D

41 ±8

0)
48 ± 11

(2)

45±11

(5)
40±3

(3)

46 ±13

(4)
-

Drug

54 ± 1 4 "

51

66 ±18 " "

101 ±6

65 ± 6 "

70 ±10'

45 ±13

-

A-QRS

(paired)

8±4
17%
22
74%

25 ±13

60%
52 ±6

118%

20 ±6

50%
30±8

74%

0.3 ±0,4

- 1 %
-

A-AFCL/

A-QRS

ratio

4.2 ±1.6

2.2

1.7 ± 0.4

1.2 ±0.2

1.0 ±0.1

0.4 ±0.0

-

RR Interval(ms)

Control

385 ±68

(6)
379

(1)

401±84

(12)

528 ±102

(2)

390 ±101

(6)
433±104

(3)

394 ±90

(11)
287

(D

Drug

404 ±34

430

474 ±143"

540 ±113

452 ±77

4S8 ± 1 1 1

572 ±106—

395

A-RR

(paired)

19 ± 41

7%
51
13%

74 ± 101

18%
12 ± 11

2%

62 ±57

20%
55±44

21%

178 ±59

48%
108
38%

QT Time (ms)

Control

235 ±23

(6)
218

(1)

215* 13

(4)
239

(D

201±13

(3)
226

(1)

217±13

(4)
-

Drug

258 ±17*

260 :

260 ±10*
•

270 ...

: " - •

251*16

275 , -

291*24*

-

A-QT

(paired)

23 ±14

10%
42
19%

44 ± 15

21%
31
13%

50 ±25

25%
49 ; "

* \ 5
r

74*23 rr
34% ~

Number of observation is given between parenthesis. °°, infinite; QRS T , prolongation of the duration of the QRS-complex by more than 70%; WQRS, multiple beats with a wide QRS-complex; VT,

ventncular tachycardia;' p<0.05, " p < 0 . 0 1 , ' " p<0.001 versus control (paired Students Mest).
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clearly prolonged the RR-interval which was related to a marked effect on the
QT-interval.

As mentioned previously, the infusion of drugs was continued until AF was
cardioverted or adverse drug effects occurred. In 1 of 7 goats which were cardioverted
with hydroquinidine, the infusion was stopped before cardioversion could be accom-
plished because the QRS-complex had widened with more than 70%. Infusion of
cibenzoline (low and high dosage) restored sinus rhythm in 8 of the 14 experiments
while in 6 cases infusion was stopped because the QRS-complex had widened with
more than 70%. However, because in 4 of these 6 cases, AF terminated 5, 8, 24 and
29 minutes after termination of the infusion, the success rate of cardioversion was still
as high as 86%. During Flecainide infusion (9 goats) termination of AF occurred only
in 4 goats before one of the other end-points was reached. In 2 cases QRS-duration
increased by more than 70% while in respectively 1 and 2 cases ventricular tachycardia
and multiple wide QRS beats occurred. In 2 goats AF still terminated 2 and 25 minutes
after cessation of infusion and the final success rate of flecainide was therefore 67%
(6/9 cases). During d-sotalol AF terminated more frequently (success rate 11/12,92%)
while in 1 goat the infusion was stopped because of deterioration of the clinical
situation of the goat. This goat (#11, Table 1) developed a cardiogenic shock after
10.4 mg/kg d-sotalol which was most probably caused by the negative inotropic
effects of the drug (no primary rhythm disturbances). In none of the experiments
Torsade de Pointes arrhythmias occurred, either during infusion of the drugs or after
restoration of sinus rhythm.

Effects of Hydroquinidine, Cibenzoline, Flecainide and cf-Sotalol on Atrial Refractory Period,
Conduction Velocity, Wavelength and Inducibility of AF.

To study the effects of anti-fibrillatory drugs on the atrial electrophysiological
properties directly after cardioversion, immediately after restoration of sinus rhythm
the atrial effective refractory period (AERP) and intra-atrial conduction velocity (CV)
were measured. From these parameters the wavelength (WL) of the atrial impulse was
calculated (WL = AERP x CV). In Fig 7 an example is given in which the refractory
period, conduction velocity and wavelength is determined after cardioversion of
chronic AF by J-sotalol. In this case the goat had been kept in atrial fibrillation for a
total of 35 days, while during the last 11 days the goat had been in sustained AF. After
52 minutes of infusion of d-sotalol (0.2 mg/kg/min, total dosage 10.4 mg), SAF
converted into sinus rhythm. Immediately thereafter the atria were paced at the right
atrial appendage with an interval of 400 ms. The two unipolar electrograms shown in
Fig 7 were recorded along Bachmann's bundle at respectively 6 and 72 mm from the
pacing site, the difference in activation time between the two electrodes thus repre-
senting the conduction time along Bachmann's bundle from the right to the left atrium.
The AERP at the right atrial appendage was determined by interpolated single stimuli
(S2) of 4 times diastolic threshold, starting well within the refractory period and
incrementing the coupling interval in steps of 1-2 ms. In this case, the conduction time
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Figure 7. Illustration of the failure of antifibrillatory drugs to prolong the atrial wavelength after successful termination
of AF. In this experiment sustained AF terminated after 52 minutes of </-sotalol infusion at a rate of 0.2 mg/kg/min
(I0.4 mg/kg). The atrial wavelength was measured during regular pacing at the right atrial appendage with an interval
of 400 ms. The atrial conduction velocity was determined by measuring the difference in activation times between
two electrodes on Bachmann's bundle, which were 6 mm (upper tracing) and 72 mm from the stimulus site (lower
tracing). The conduction velocity of the regular pulse was 97 cm/s. A premature stimulus introduced after 54 ms
already evoked an atrial response (AERP) which conducted with a velocity of only 67 cm/s. The atrial wavelength of
the regular pulse after termination of AF by d-sotalol was only 5.2 cm and as short as to 3.6 cm for the premature
activation. As a result, atrial fibrillation was easily induced by one single extra-stimulus.

during regular pacing was 68 ms, corresponding with a conduction velocity of 97 cm/s
(interelectrode distance 66 mm). Surprisingly, despite the presence of a high concen-
tration of d-sotalol and the slow rate of pacing, the AERP was still very short and a
premature stimulus with a coupling interval of only 54 ms already elicited a propa-
gated response. The conduction time of the early premature impulse was 99 ms
corresponding to a conduction velocity of 67 cm/s. Thus, directly after cardioversion
the wavelength of the atrial impulse was as short as 5.2 cm (54 ms x 97 cm/s).
Assuming that the AERP of the premature beat was at least as short as during regular
pacing, the slowing of conduction must have shortened the wavelength of the prema-
ture beat to less than 4 cm. This makes it understandable that the premature beat
promptly reinduced atrial fibrillation. Thus, although </-sotalol was very effective in
terminating long-standing atrial fibrillation, it was quite //ie#i?cf/ve in preventing its
reinduction. This paradoxical action of d-sotalol was also found for the other drugs
(see below).
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Table 3. Electrophysiological Properties of the Atria Before and After Pharmacological Cardioversion

Sinus Rhythm

After 12 ±14

Days of AF

Hydroquinidine

After 34 ±19

Days of AF (n=6)

Cibenzoline

After 27 ±20

DaysofAF(n=9)

Flecainide

After 29 ±17

Days of AF (n=5)

d-Sotalol

After 31 * 17

Days of AF (n=8)

AERP (ms)

CV (cm/s)

Wavelength (cm)

Inducibility of AF

149 ±19

116 ± 10

17.4 ±3.2

0/11

0%

77 ±23"*

116±10

8.9 ±2.9*"

9/11™

82%

92 ±29
83±7««

7.5 ±2.0

6/6
100%

123 ± 3 0 "
74 ±13*®

8.8 ± 2.4

6/9
67%

66±10

86 ± 1 2 ^

5.7 ±1.3

5/5
100%

73 ±18

110±11

7.9 ±1.9

8/8
100%

AERP, atrial effective refractory period measured during pacing with 400 ms interval; CV, intra-atrial conduction velocity along

Bachmann's bundle; *" , p<0.001 compared to goats in sinus rhythm (Student's (-test); §§, p<0.01; §§§, p<0.001 compared to goats

after 12 ± 14 days in AF (Student's Mest, corrected for multiple comparisons); t t t . p<0.001 compared to goats in sinus rhythm

(Mann-Whitney rank sum test).

In Table 3 the electrophysiological properties of the atria are given during normal
sinus rhythm (n=ll), after 12 ± 14 days of atrial fibrillation (n=ll) and after
cardioversion by hydroquinidine (n=6), cibenzoline (n=9), flecainide (n=5) and
d-sotalol (n=8). The atrial refractory period in normal goats in sinus rhythm measured
at the right or left atrial appendage was 149 ± 19 ms and the conduction velocity along
Bachmann's bundle was 116 ± 10 cm/s, thus giving a normal value for the atrial
wavelength of 17.4 ± 3.2 cm. Although we previously reported that in normal goats
AF can be induced by one single extra-stimulus in about 27% of the animals. '8 in the
present series the inducibility of AF during control was as low as 0%. After 12 ± 14
days of maintained AF (range 1-21 days) the AERP had shortened markedly to 77 ±
23 ms (p<0.001) whereas the conduction velocity was not changed (116 ± 10 cm/s).
As a result, within 12 days of AF the atrial wavelength had shortened from 17.4 ± 3.2
to 8.9 ± 2.9 cm (p<0.001) and now in 9 of 11 animals (82%, p<0.001) a single
premature stimuli induced an episode of AF. Directly after cardioversion of chronic
AF (34 ± 19 days) by hydroquinidine, the AERP and C V during pacing with an interval
of 400 ms, were 92 ± 29 ms (n.s. versus 12 ± 14 days of AF) and 83 ± 7 cm/s (p<0.001)
respectively. The calculated wavelength thus was as short as 7.5 ± 2.0 cm and AF was
reinduced by single premature stimuli in all goats (100%). After cardioversion by
cibenzoline. the AERP amounted 123 ± 30 ms (p<0.01) and the conduction velocity
was depressed to 74 ± 13 cm/s (p<0.001). Due to the prolongation of the refractory
period by cibenzoline, the wavelength after cardioversion was somewhat longer than
for the other drugs (8.8 ± 2.4 cm) and AF was induced in 67% of the cases. After
conversion by flecainide, the atrial wavelength was as short as 5.7 ± 1.3 cm, caused
by both a short refractory period (66 ± 10 ms) and depressed atrial conduction (86 ±
12 cm/s). AF could be readily reinduced in 100% of the animals. Surprisingly also
after cardioversion by the class III drug d-sotalol. atrial refractoriness was still very
short (73 ± 18 ms). Although intra-atrial conduction velocity was not depressed (110
± 11 cm/s), the shortening of the AERP to less than half the value during sinus rhythm
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shortened the atrial wavelength by more than 50% from 17.4 ± 3.2 to 7.9 ± 1.9 cm.
Because i/-sotalol apparently failed to exert its class III action on atrial myocardium
which has been remodeled by one month of AF, fibrillation could be rcinduced by a
single premature stimulus in all goats (100%). Thus, although SAF could be success-
fully terminated by administration of all four drugs, the atrial vulnerability after
cardioversion was still very high. Cardioversion of AF by hydroquinidine, flecainidc
or d-sotalol did not protect against reinduction of AF (100% inducibility). Only
cibenzoline had some protective effect against recurrences of AF and in 33% of the
goats a single premature stimulus did not induce atrial fibrillation (inducibility 67%).
Thus, although all four drugs markedly decreased the sfafei/iry of SAF and were
effective in restoring sinus rhythm, none of the drugs effectively lowered the VM/«CT-

afc///rv of the atria for AF. The fact that after pharmacological cardioversion the atrial
substrate was still prone to AF can be explained by the abnormally short wavelength
of the atrial impulse (between 5.7 and 8.8 cm).

Discussion ' '
r.- •••, . '?naiJ'j;n

In this study we evaluated the anti-fibrillatory effects of drugs with class IA, IC and
III properties in a recently developed model of sustained AF in goats. "* For each drug
the efficacy in restorating sinus rhythm, the occurrence of adverse drug effects and
the changes in AFCL, RR-interval, duration of the QRS-complex and QT-time were
measured. In addition, the atrial refractory period and intra-atrial conduction velocity
were measured directly after successful restoration of sinus rhythm and the effects of
these drugs on atrial wavelength and vulnerability for AF were determined.

Mechanism of Perpetuation of Atrial Fibrillation

Around 1960, Moe and co-workers2&.27 introduced the multiple wavelet hypothesis
for atrial fibrillation postulating that during AF the atrium is activated by several
independent wavelets. The persistence of AF was thought to be dependent on the
average number of wavelets that were present. If the number of wavelets is low, the
chances that all wavelets will simultaneously die out is relatively high and AF will be
short-lasting. On the other hand, with a high number of wavelets AF would be more
stable because the probability that all wavelets extinguish at the same moment has
become very small. In 1985, the multiple wavelet hypothesis was experimentally
confirmed by Allessie et al.^8 by reconstructing the activation pattern during AF in
isolated canine hearts. In this study the critical number of wavelets necessary to
maintain AF was estimated to be between four and six. Because the number of
wavelets that can be simultaneously present is determined by the atrial size and the
atrial wavelength, these factors are important for the perpetuation of AF. Evidence
that the size of the atria is indeed essential for AF is the observation that fibrillation
can be more easily induced in larger animals-^ and that also in humans the presence
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of a dilated atrium is associated with a high incidence of AF.^ On the other hand,
fibrillation ceases if the tissue is cut into small pieces-" and left atrial isolation,-^
compartmentalization of the atria^ and the maze operation^ are effective treatments
for AF. Another way of modifying the propensity for the atria to fibrillate is to change
the length of the atria! excitation wave. Vagal stimulation, administration of acetyl-
choline, atrial stretch, prolonged atrial pacing and repetitive induction of AF are all
stimuli which shorten atrial refractoriness and atrial wavelength and increase the
inducibility and stability of AF.'9,23,35-42 since the atrial wavelength is the product
of the atrial refractory period and intra-atrial conduction velocity (RP x CV), also a
depression of conduction properties increases the propensity for atrial fibrillation.^-
45

Efficacy and Safety of Cibenzoline, Hydroquinidine, Flecainide and cf-Sotalol , , ,,

In the present study, we showed that all four drugs were effective in converting chronic
atrial fibrillation to sinus rhythm. However, the success rate of cardioversion varied
considerably from only 67% during administration of flecainide to 86, 86 and 92%
during hydroquinidine, cibenzoline and J-sotalol infusion. In patients, it has been
shown that the success rate of cardioversion is strongly dependent on the duration of
the arrhythmia.3~5'4'6,46,47 ^ j (Q some degree by the underlying heart disease and
the degree of atrial dilatation.^ ^ Although the efficacy of antifibrillatory drugs in
patients with chronic AF is usually very low,-'"^-'^-^-^ in our goat model of sustained
AF the conversion rates were relatively high which may be caused by the higher drug
concentration used. Although clinical studies usually show a superiority of class IA
and IC drugs to class III drugs, in our present study flecainide was clearly less effective
than the other three drugs. Although at present we can not explain the lower efficacy
of flecainide, this seemed at least not to be caused by a longer duration of AF in these
animals (Table 1) or, given the marked increase in QRS-width (Table 2), by a too low
dosage of the drug. The relatively high efficacy of d-sotalol might well be explained
by the high concentration which we administered (3.2-27.5 mg/kg, Table 1). As
recently shown by Wang and Nattel et al.21'22 increasing the dosage of d-sotalol from
2 to 8 mg/kg markedly increased the efficacy of this class III drug to cardiovert AF
(13-25% versus 88-100%).

Although all drugs were effective in cardioversion of sustained AF at these high
dosages adverse drug effects occurred more frequently (Table 2). In 13 of the 42
experiments (31%) adverse effects were seen, varying between a prolongation of the
QRS-complex with more than 70%, the occurrence of multiple beats with a wide
QRS-complex, ventricular tachycardia or clinical symptoms of hypotension. A pro-
longation of the QRS-width with more than 70% was most often seen with class IC
drugs and was the reason for termination of infusion in 2 of the 9 (22%) flecainide
and in 6 of the 14 (43%) cibenzoline attempts to pharmacologically cardiovert AF. In
only 1 of the 7 (14%) hydroquinidine and in none of the 12d-sotalol treated animals
the QRS-complex became more than 70% prolonged. Multiple beats with a wide
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QRS-complex were seen in 2 flecainide experiments while paroxysmal ventricular
tachycardia (5 beats) occurred in one. During one t/-sotalol experiment, the infusion
had to be stopped because of severe hypotension probably due to the negative inotropic
effects of the drug. In none of the experiments Torsade de Pointes arrhythmias were
observed.

In our present study we calculated the ratio between the percentage changes in
AFCL and widening of the QRS-complex. This A-AFCL/A-QRS-ratio showed a very
good relation with the efficacy in cardioverting AF and the tolerance of the different
drugs. In goats with sustained AF the A-AFCL/A-QRS-ratio was infinite for d-sotalol,
2.8 for hydroquinidine, 1.1 for cibenzoline and 0.8 for flecainide. The efficacy in
cardioverting AF showed a similar decrease from 92% for <i-sotalol, 86% for hydro-
quinidine and cibenzoline and 67% for flecainide. On the other hand the occurrence
of adverse drug effects was inversely related to the A-AFCL/A-QRS-ratio. Adverse
effects were seen in only 8% of cf-sotalol and 14% of hydroquinidine experiments,
whereas this was the case in as much as 43% of cibenzoline and 56% of flecainide
treated animals.

Drug Effects on Atrial Fibrillation Cycle Length '

In the present study we found that all four drugs progressively prolonged the atrial
fibrillation cycle length. Cibenzoline and hydroquinidine were the most effective
drugs in this regard, prolonging the AFCL by about 80 and 100% whilst the effects
of flecainide (50%) and especially d-sotalol (20%) were less marked (Table 2). These
findings are in agreement with those of Wang et al. who showed that the prolongation
of AF cycle length by procainamide, propafenone and flecainide was more pro-
nounced than high dosages of d,/-sotalol.2'"23

There was no good correlation between effects on AFCL and the success rate of
cardioversion (table 2). For instance d-sotalol increased the AFCL by only 20% but
it terminated AF in 92% of the cases. In contrast, flecainide prolonged the AFCL with
about 50% while its efficacy in restoring sinus rhythm was less (67%). This discrep-
ancy might be explained by the different effects that these drugs have on intra-atrial
conduction velocity. If we assume that d-sotalol had no significant effect on the atrial
conduction velocity during sustained atrial fibrillation this would suggest that also the
circuit size (product of AFCL and CV) during atrial fibrillation increased with about
20%. In contrast, the depressive effects of class IC and to a lesser degree IA drugs on
atrial conduction velocity are likely to diminish the actual prolongation of the circuit
size during AF. As a result, the average size of intra-atrial reentrant circuits might be
smaller than expected on the degree of prolongation of AFCL.
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Drug Effects on Atrial Effective Refractory Period, Intra-atrial Conduction Velocity, Atrial Wavelength
and Inducibility of AF

In order to evaluate the electrophysiological effects of the anti-fibrillatory drugs, we
measured the intra-atrial conduction velocity and atrial effective refractory period
after successful pharmacological cardioversion of sustained AF. Compared to the
values obtained after 12+14 days of fibrillation, the refractory period was increased
by cibenzoline (from 77 ± 23 to 123 ± 30 ms). Hydroquinidine, flecainide and d-sotalol
did not affect the AERP which remained as short as 66-92 ms (Table 3, n.s.). Very
surprisingly, even the class III agent <i-sotalol failed to prolong the atrial refractory
period at slow heart rates and the AERP was still as short as 73 ± 18 ms. In all cases
the AERP remained significantly shorter than 149 ± 19 ms as measured before AF
was started. The conduction velocity was not affected by 12 ± 14 days of AF (116 +
10 cm/s). After cardioversion by d-sotalol the intra-atrial conduction velocity was still
as fast as 110 ± 11 cm/s. As expected all class I drugs depressed the atrial conduction
velocity to a value between 74 and 86 cm/s. As a result, after successful restoration
of sinus rhythm by hydroquinidine, cibenzoline, flecainide, and d-sotalol the atrial
wavelength was still as short as 5.7 to 8.8 cm compared to 17.4 cm during sinus rhythm
and 8.9 cm after 12 ± 14 days of maintained AF.

The relationship between the atrial wavelength and the susceptibility to reentrant
atrial arrhythmia's was extensively studied by Rensma et al.'^ In chronically instru-
mented conscious dogs three critical wavelength zones for the induction of different
atrial reentrant arrhythmias were found. When the wavelength was longer than 12 cm
the atrium was effectively protected against induction of reentrant arrhythmias while
at a wavelength between 10 and 12 cm atrial repetitive responses were evoked. The
critical wavelengths for the induction of atrial flutter and atrial fibrillation were 10
and 8 cm respectively. Our present findings are in agreement with the observations
by Rensma et al.'^ During control (goats in sinus rhythm) the average atrial wave-
length was as long as 17 cm and AF was induced in none of the goats by one single
premature stimulus. After maintenance of AF for 12 ± 14 days the wavelength
shortened to 8.9 cm and simultaneously the inducibility increased to 82%. After
cardioversion by cibenzoline the wavelength remained as short as 8.8 cm and AF was
reinduced in 66% of the cases. In goats treated with hydroquinidine, flecainide and
c/-sotalol the wavelength was even shorter (5.7-7.9 cm), which indeed corresponded
with an inducibility of AF in 100% of the goats. . .... ,

Limitations of the Study : •.-.. ,-,^,;-,,-.-. M I L . 4 ^ ,= . -.-• •; ,

In this study we evaluated the effects of drugs in a model of chronically instrumented
conscious goats. As previously reported, sustained AF developed within a few weeks
of artificially maintenance of AF which seems to be related to a dramatic shortening
of atrial refractoriness by AF.'& Although in humans the presence of a short atrial
refractory period may be involved in the process of AF other factors are likely to play

142



PHARMACOLOGICAL CONVERSION OF CHRONIC AF

a role as well. (Locally) depressed atrial conduction properties,43-45,49 atrial ischemia
and/or a high vagal oradrenergic tone^.37 may all modify the properties of antifibril-
latory drugs and these factors are not taken into account in our present model of
sustained AF.18.41

Despite their high efficacy in cardioverting sustained AF, all four drugs failed to
protect the atrium effectively against the reinduction of fibrillation. After cardiover-
sion we measured the atrial wavelength at slow pacing rates and showed that the high
reinducibility of AF could very well be explained by a failure of the drugs to prolong
the atrial wavelength. However, due to this high atrial vulnerability we were not able
to relate the efficacy of drugs in cardioversion of AF to their effects on atrial
refractoriness and conduction velocity at high atrial pacing rates.
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CHAPTER 7

Introduction

Our common understanding of the mechanisms of atrial fibrillation (AF) and the
actions of anti-fibrillatory drugs is primarily based upon Moe's "multiple wavelet"
hypothesis.'"^ Anti-fibrillatory drugs are thought to prolong the atrial wavelength
(wavelength hypothesis) thereby decreasing the number of wavelets fitting in the atria
and increasing the chances of termination of AF.^-9 The efficacy of class IA and III
drugs are explained by their ability to prolong the wavelength.^8-9 However, the
anti-fibrillatory actions of class IC drugs are less clear because the prolongation in
refractory period by these drugs is counteracted by the depression in conduction
properties. Some studies report no effects of class IC drugs on the atrial wavelength,^
while others found a prolongation at very high pacing rates. -̂8

Recently we developed a goat model of chronic AF in which we showed that the
repetitive induction of episodes of AF resulted in the development of chronic AF.'O
Atrial fibrillation caused a dramatic shortening of atrial refractoriness, no changes in
conduction velocity and thus a marked shortening of the atrial wavelength. We
suggested that these electrophysiological changes brought about by AF were likely to
change the actions of anti-fibrillatory drugs and stressed the importance of testing
anti-fibrillatory drugs in a model of cAro/i/c AF. In a previous study (chapter 6), we
tested drugs with class IA, IC and III properties in goats with chronic AF and showed
that they were all successful in terminating chronic AF (conversion rates 67-92%).
However, surprisingly these drugs failed to prolong the atrial wavelength after
cardioversion at slow pacing rates and the reinducibility of AF by a single premature
stimulus remained as high as 100% for hydroquinidine, flecainide and d-sotalol and
66% for cibenzoline. This discrepancy between a clear anti-fibrillatory effect and the
absence of effects on atrial wavelength and inducibility of AF, stressed the importance
of measuring the wavelength </wr//ig atrial fibrillation itself.

In the present study we developed a method to measure the refractory period of the
atrial myocardium (/wring sustained AF. Using this novel technique we determined
the effects of anti-arrhythmic drugs on atrial refractory period and conduction velocity
d«r/rt£ atrial fibrillation in our goat model of cftron/c atrial fibrillation.'" Subsequently
the effects of hydroquinidine (class IA), cibenzoline (class IC with additional class
III and IV properties), flecainide (class IC) and d-sotalol (class III) were studied. Much
to our surprise we found that the anti-fibrillatory effects were no? based on a
prolongation of the atrial wavelength during AF as suggested in previous studies.
Instead we observed that all drugs progressively widened the excitable gap during AF.

Methods

Six goats weighing between 46 and 65 kg (55 ± 7 kg) were used for this study. Animal
handling was performed according to the guiding principles of the American Society
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Figure 1. Diagram showing the position of the
chronically implanted epicardial electrodes on the
atria. One strip with 23 electrodes (inter-electrode
distance 4-10 mm) was led through the transverse
sinus between the aorta and the atria and fixed to both
atrial appendages. Two other electrode-plaques each
containing 30 electrodes were sutured to the free wall
of the right and left atria. The inter-electrode distance
of these electrodes was 4 mm. RA, right atrium; LA,
left atrium; PV, pulmonary veins; SCV, superior
caval vein; ICV, inferior caval vein.

of Physiology and approved by the Animal Investigation Committee of the University
of Limburg. During general anesthesia and sterile surgery, the goats were instru-
mented with multiple epicardial electrodes as described in more detail in chapters 3,
4 and 6.^- ' ' In Fig 1, a schematic drawing of the multiple epicardial electrodes is
given. In addition to the long teflon felt strip (Bard® PTFE Felt, C.R. Bard Inc.) sutured
to the surface of Bachmann's bundle, a teflon felt electrode-plaque of 3.5 x 2.5 cm,
containing 30 electrodes, was sutured to the lateral walls of the right and left atria.
These electrode-plaques were used for the measurements of the atrial refractory period
and the intra-atrial conduction velocity during AF as will be described below. About
3-4 weeks after surgery the goats were connected to the external automatic atrial
fibrillator which maintained AF continuously.'^ As a result, AF usually became
chronic within a few weeks of pacing.

Electrophysiological Measurements During Chronic AF

After AF had become chronic the goats were disconnected from the fibrillation
pacemaker, placed in a mobile box (size 1.5 x 0.7 meter) with free access to food and
water and brought to the electrophysiological laboratory. Three cables (each 30 wires)
were plugged into the connectors in the neck of the animals and connected to a
256-channel recording unit (gain 200-400; bandwidth 1-500 Hz, sampling rate 1
kHz).'2 For the electrophysiological measurements, a stimulator-amplifier
(Medtronic SP3111) was used. This device was able to record a bipolar electrogram
at the site of pacing. Atrial bipolar stimulation (biphasic stimulus, width 2 ms) was
performed with a strength of 4 times threshold as determined during entrainment of
AF.13.14

During the experiment the AF cycle length (AFCL), refractory period during AF
(RPAF) and the conduction velocity during entrainment of AF (CVAF) were deter-
mined every 5-10 minutes. The local AFCL was measured from the bipolar signal
recorded at the pacing site. A detection algorithm was used to automatically detect
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the moments of atrial activation (negative or positive peak) and 300 consecutive
intervals were collected in a histogram. Of each of these histograms the median (P50)
and P5 and P95 values were calculated.

Measurement of the Refractory Period During AF ^ " ^ _v-* ' •.

To measure the atrial effective refractory period during AF (RPAFX the stimulator-
amplifier (Medtronic SP3111) was connected to a pair of electrodes at the center of
the electrode-plaque. The electrogram recorded at the site of stimulation was used to
synchronize the stimulator. A single stimulus was introduced with a coupling interval
which was well within the refractory period and incremented in steps of 1-2 ms. The
post-stimulus response was visualized at an electrode 4 mm from the pacing site and
in case of capture was characterized by a typical morphology (no R-wave) and a short
latency. The occurrence of a long post-stimulus interval (compensatory pause) or
acceleration of AF were used as additional criteria. In addition to these single
electrogram criteria, activation maps were reconstructed to evaluate the effects of the
single premature stimuli. Capture by the premature stimulus during AF was charac-
terized by a radial spread of activation from the pacing site at the center of the plaque
electrode. In Fig 2, a typical example of a non-capturing stimulus (upper two tracings)
and a capturing stimulus (lower two tracings) during AF are given. In the upper
tracings, a stimulus was introduced 63 ms after detection of a spontaneous AF-com-
plex (AF-S). The electrogram recorded 4 mm from the pacing site showed no signs
of capture. The post-stimulus response showed a normal AF morphology and a long
latency of 53 ms (S-AF). The activation map given on the right shows that the area
under the mapping electrode was activated by a wavefront propagating upwards. A
typical example of capture of AF by a single stimulus is given in the lower tracings.
In this case, a stimulus introduced with a coupling interval of 65 ms, resulted in a
typical morphology (absence of R-top) and a short latency of the post-stimulus
response. In addition, after a short capture interval of 90 ms a relatively long interval
of 117 ms occurred. The activation map at the right shows that the capture response
was indeed associated with a radial spread of activation from the central site of pacing.
For five goats and for several coupling intervals (average range between longest and
shortest coupling interval: 41 ± 15 ms), the 'on line' evaluation of the post-stimulus
response of a single electrogram morphology, was compared with the 'off-line'
reconstruction of the whole activation map and the electrogram morphology off all
electrodes surrounding the pacing site. In Table 1. the sensitivity, specificity, positive
predictive value and the negative predictive value of the single electrogram criteria
are given using the maps as a 'golden standard'. Despite this high correlation of more
than 90%, during the experiment the atrial activation pattern was reconstructed various
times to confirm a positive capture response. The atrial refractory period during AF
was defined as the shortest interval that evoked a capture response in at least 2 out of
10 attempts. ' • - - ' '
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No Capture

Figure 2. A typical example of a non-capturing stimulus (upper two tracings) and a capturing stimulus (lower two
tracings) during AF (same experiment). A stimulus, introduced 63 ms after detection of a spontaneous AF-complex
did not capture the atrium. On the electrogram recorded 4 mm from the pacing site (asterisk) no signs of capture were
seen. The activation map at the right shows that 35 ms after the stimulus had been given the atrium was activated by
a plane wavefront entering the mapping area from below. In contrast, as shown in the lower panel a stimulus with a
coupling interval of 65 ms did capture the atrium during AF. The electrogram at 4 mm from the pacing site showed
a typical capture morphology and a short latency. The activation map at the right shows a radial spread of activation
from the pacing site to the borders of the electrode.

Table 1. Correlation Between the On-line Electrogram Criteria and Capture during AF Determined by Mapping.

Goat# Sensitivity Specificity Positive Predictive Value Negative Predictive Value

Me*

94%
96%
84%
98%
83%

91%
6%

97%
93%
96%
97%
98%

96%
2%

95%
. . • . 8 8 *

» *
94%
98%

94%
3%

92%
96%
98%

94%
5%

For the on-line detection of a positive or negative capture response, the electrogram-morphology of a single electrode was used

(see text for discussion). For the finally accepted off-line score, the absence or presence of a radial spread of activation and the

electrogram-morphology of all electrodes surrounding the site of stimulation was used. For each stimulus, the on-line measurement

was compared to the off-line score. Data are from 5 goats. In each goat, several coupling intervals were used (average range

between the shortest and longest interval 41 ± 15 ms). For each coupling interval the on-line and of-line score of 10-20 stimuli was

determined.
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Measurement of Intra-atrial Conduction Velocity During Entrainment of AF -, ̂  s |

As first described by Allessie and Kirchhof et al.,'^.14 during AF a small excitable
gap is present, permitting regional capture of the atrium. Atrial conduction velocity
and atrial conduction times were measured during stable entrainment of AF with a
pacing interval equal to the median AFCL. An illustration is given in Fig 3. The atrium
was paced with an interval of 106 ms (similar to the median AFCL) at a pair of
electrodes at the border of the plaque electrode. The two unipolar electrograms, were
recorded from electrodes at a distance of respectively 4 and 25 mm from the pacing
site (encircled activation times in isochrone map). While at the beginning of the
tracings only the upper electrode at 4 mm distance was phase-locked to the stimulus,
after about 6 beats also the more distant electrode was captured (onset of regional
capture). In the lower left panel, the isochrone map of the third beat during regional
capture is shown. The atrium was activated from the pacing site in right upwards
direction. The conduction time between the two electrodes at 4 and 25 mm from the
pacing site was 25 ms. In order to measure the intra-atrial conduction velocity, the
electrode array was triangulated as shown in the middle panel. In each of these
triangles the direction and velocity of the propagating wavefront could be calculated
from the activation times at the corners of the triangle. The local conduction velocities
are plotted in the right lower panel and in addition were collected in a histogram and
the median conduction velocity was determined. The conduction times and conduction
velocities were determined off-line and the average and standard deviation of five
activation maps was taken.

Determination of the Window of Entrainment During AF

During control and at the end of infusion of the drugs, rapid atrial pacing was used to
determine the window of entrainment during AF. The atrium was stimulated with a
fixed interval (4 x threshold) from a pair of electrodes selected at the center of the
plaque electrode. Rapid pacing was started with an interval a few milliseconds shorter
than the median AF cycle length. After stable capture was achieved, the pacing interval
was gradually shortened and lengthened in steps of 1-2 ms until stable capture was
lost (stable capture window). In addition, the range of pacing intervals at which at
least 5 consecutive stimuli could capture the atrium was determined (total capture
window).

Administration of Anti-Fibrillatory Drugs

After 60-90 minutes of baseline measurements (at least 7 control measurements)
infusion of hydroquinidine (Serecor®, Roussel UCLAF, France), cibenzoline
(Cipralan®, Continental Pharma/Searle, Belgium), flecainide (Tambocor™, Riker
3M Pharma) or d-sotalol (Bristol-Myers Squibb) was started and AFCL, RPAF and
CVAF were measured every 5-10 minutes. Drugs were infused continuously at a speed
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Pacing Interval 106 ms Onset of Regional Entrainment

I I I

5 mm

22 mm

Isochrone Map Trlang ulatlon Conduction Velocity Map

Figure 3. Method to measure the intra-atrial conduction velocity and the atrial conduction times during stable
entrainment of AF. In this example the atrium was paced with an interval of 106 ms from a pair of electrodes at the
border of the plaque-electrode. The two unipolar electrograms were recorded from electrodes at a distance of 5 and
22 mm from the pacing site (encircled activation times an isochrone map). After about 6 beats stable regional capture
was obtained. The activation map (left lower panel) shows that the atrium was activated from the pacing site at the
left lower border towards the right upper border. The conduction time between two selected electrodes was 25 ms.
After triangulation of the electrode array (middle panel) the local conduction velocities were calculated from the
activation times at the corners of the triangles. The conduction velocities were plotted in a velocity map (right panel)
and collected in a histogram. The median conduction velocity was taken to represent the conduction velocity.

of 0.1 mg/kg/min (flecainide and cibenzoline) or 0.2 mg/kg/min (hydroquinidine and
rf-sotalol). The end-points of infusion were restoration of sinus rhythm or the occur-
rence of adverse drug effects (e.g. QRS - prolongation with more than 70%, ventricular
extra-systoles or ventricular tachycardia). At regular intervals during the infusion
period (15-20 minutes), the capture thresholds at both pacing sites (site of RPAF and
site of CVAF measurement) were redetermined and if necessary the strength of
stimulation was adjusted. '
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Statistical Analysis

Data are presented as mean ± SD. For statistical analysis a (paired) Student's r-test
was performed. A p-value of less than 0.05 was considered to be statistically signifi-
cant. , . • , ,

Lw/ o/y4/?trev/arjo«5 am/ De/mif/o/w 0/Measured Parameters

AFCL: Atrial fibrillation cycle length
Atrial Effective refractory period measured during AF

: Excitable period during AF (= AFCL - RPAF)

Intra-atrial conduction velocity measured during stable entrainment of AF
F: Circuit size during AF (= AFCL x CVAF)

: Wavelength during AF (= RPAF X CVAF)

F̂  Excitable Gap during AF (= CSAF-

Results

The Effects of Hydroquinidine

In Fig 4 a representative example is given of the effects of hydroquinidine on AFCL,
RPAF (upper panel), CVAF (middle panel) and calculated circuit size (CS) and
wavelength (WL) (lower panel). Before drug infusion the median AFCL was 68 ms
(P5 49, P95 95 ms) while the RPAF varied between 46 and 55 ms (about the 5*
percentile of the AFCL histogram). At t = 0 the infusion of hydroquinidine (0.2
mg/kg/min) was started and the AFCL progressively increased to 119 ms after 50
minutes of infusion. A few minutes later, AF converted to sinus rhythm and the
infusion rate was adjusted to a maintenance dose of 0.1 mg/kg/min. Interestingly,
despite a clear prolongation of the AFCL by hydroquinidine the RPAF did not change
and remained as short as 50 ms (control value 50 ± 3). As a result, the excitable period
(EPAF) increased considerably from 18 ms during control to 69 ms just prior to
termination of AF (+ 278%). In this example the average conduction velocity during
capture of AF was slightly increased by hydroquinidine from 37 ± 4 cm/s during
control (range 32-45 cm/s) to about 44 cm/s after 50-minutes of infusion. Apparently,
the depression of conduction velocity by the class IA drug was outweighed by the
prolongation of the entrainment interval during AF (equal to the AFCL) and the
widening of the EPAF- In the lower panel the effects of hydroquinidine on the atrial
wavelength and circuit size during AF are given. Due to the small increase in CVAF<

the wavelength slightly prolonged from 1.8 ± 0.2 cm during control (range 1.5 and
2.3 cm) to 2.2 cm after 50 minutes of hydroquinidine infusion. However, because the
drug markedly prolonged the AFCL, the atrial circuit size increased considerably from
2.5 ± 0.3 cm during control (range 2.2 and 3.1 cm) to 5.3 cm (+109%) after 50 minutes
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Hydroquinidine 0.2 mg/kg/mln
•»- Cardiovereion

Conduction
Velocity
(cm/8)

Excitable
Period

<• C V A F

Circuit Size
+

Wavelength
(cm)

CSAF

Excitable
Gap

WUF

-100 -80 -60 -40 -20 0 20 40 60 80
r ; - , , , j ; |..;,.-. Time (minutes)

Figure 4. (/pper pane/: A representative example of the effects of hydroquinidine on the median AF cycle length
(AFCL) and atrial refractory period during AF (RPAF). The bars represent the Pj and P95 of the AFCL histogram.
AftW/e pa«W: The effects of hydroquinidine on the average intra-atrial conduction velocity (CV) during entrainment
of AF. The bars represent the standard deviation of 5 consecutive measurements. Lowr pa/iW: The effects of
hydroquinidine on the calculated wavelength (WL) and circuit size (CS) during AF. See text for description.
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of drug infusion. As a result, similar to the excitable per/od (ms) also the excitable
gap (cm) increased, in this case from 0.7 ± 0.1 cm to 3.1 cm (+ 358%).

In Table 2, for 5 goats, the effects of hydroquinidine on AFCL, RPAF- CVAF and
conduction time, atrial WL, atrial CS, EP and EG are given together with the capture
window and the range of entrainment intervals. For all parameters, the average value
during control is given together with the values determined at an AFCL prolongation
of about 10%, 25% and 50% as well as during the maximal prolongation of the AFCL.
Although hydroquinidine prolonged the average median AFCL from 96 ± 17 during
control to an average maximal value of 148 ± 11 ms (57%, p < 0.001) the RPAF

increased only slightly from 67 ± 15 to 79 ± 15 ms (16%, p< 0.05). As a result, the
average excitable period during AF widened dramatically from 29 ± 10 ms during
control to 69 ± 16 ms prior to termination (+157%, p < 0.01), taking up almost /;a//
of the AFCL. Hydroquinidine only slightly depressed intra-atrial conduction velocity
from 69 ± 21 to 61 ± 15 cm/s (-7%, n.s.) while the conduction time increased with
about the same degree (+13%, n.s.). Because hydroquinidine slightly increased the
RPAF and decreased the CVAF (opposing effects), the atrial wavelength was not
affected (4.8 ± 1.8 versus 4.9 ± 1.7 cm). In contrast the atrial circuit size increased
considerably from 6.8 ± 2.3 to 9.1 ± 2.5 cm (+50%, p <0.05). As a result, like the EP
also the EG increased dramatically from 2.0 ± 0.8 to 4.2 ± 1.3 cm (158%, p < 0.05).
Thus prior to cardioversion about half of the circuit size consisted of an excitable gap.
The last two columns in Table 2 show that also the capture window during AF was
more than doubled by hydroquinidine.

• • • • . ' ' ' • ' ' . ! • • : • • • • ; >

The Effects of Cibenzoline

In Fig 5 a representative example of the effects of cibenzoline on AFCL, RPAF- CVAF-

CSAF and WLAF is given. Cibenzoline was given as a continuous infusion of 0.1
mg/kg/min until after 60 minutes AF was cardioverted. Cibenzoline progressively
increased the AFCL from 101 ± 2 ms to 175 ms and the RPAF from 78 ± 1 ms to about
108 ms. However, similar to the effects of hydroquinidine (Fig 4), the prolongation
in AFCL was much more pronounced than the increase in RP, which led to a widening
of the excitable period from about 23 ms during control to 67 ms before termination
of AF (+ 189%). The middle panel shows that, despite the widening of the EG, the
CVAF progressively decreased during the first 20 minutes of cibenzoline infusion
from 81 ± 3 to 58 cm/s. After the initial 20 minutes of infusion, the conduction velocity
remained unchanged. As a result, during the first 20 minutes of infusion, cibenzoline
slightly shortened the WLAF and CSAF to respectively 5.5 cm and 7.3 cm. After 20
minutes, due to a continuing increase in AFCL, the CS prolonged to 10.3 cm prior to
restoration of sinus rhythm. The excitable gap during atrial fibrillation gradually
prolonged from 1.9 ± 0.2 during control to 3.9 cm prior to cardioversion (+ 110%).

In Table 3 the effects of cibenzoline on AF parameters are summarized for 5 goats.
As in Table 2, the parameters are given during control, and at an AFCL prolongation
of about 10, 25 and 50% and at the maximal increase in AFCL. Cibenzoline progres-
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Table 2. Effects of Hvdroquinidine on Atrial Fibrillation Parameters.

Control

After AFCL Increase

of About 10%

After AFCL Increase

of About 25%

After AFCL Increase

of About 50%

At Maximum Increase

of AFCL

Number

of Goats

5

5

5

4

5

AF Cycle

Length

(ms)

96± 17

106 ±20

(+9%)

125 ±18

(+31%)

141 ±17

(+ 56%)

148 ± 11

(+ 57%)

RP During

AF

(ms)

67 ±15

71 ±20

(+ 3%)

74 ±20

(+9%)

69 ±14

(+12%)

79 ±19

(+16%)

Excitable

Period

(ms)

29 ±10

35 ±13

(+ 20%)

51 ±11

(+ 85%)

72 ±11

(+156%)

69 ±16

(+157%)

CV During

Capture

(cm/s)

69 ±21

62 ±18

(-10%)

59 ±19

(-15%)

62 ±18

(-8%)

61 ±15

(-7%)

n.s.

Cond Time

During Capture

(ms)

23 ±11

25 ±13

(+9%)

27 ±14

(+ 18%)

28 ±15

(+ 14%)

26 ±13

(+ 13%)

n.s.

Atrial

Wave-Length

(cm)

4.8 ±1.8

4.5 ±1.9

(-7%)

4.5 ±19

(-8%)

4.4 ±1.9

(+2%)

4.9 ±1.7

(+7%)

n.s.

Atrial Circuit

Size

(cm)

6.8 ± 2.3

6.7 ± 2.4

(-2%)

7.5 ± 2.6

(+11%)

8.8 ±3.0

(+ 44%)

9.1 ±2.5

(+ 50%)

Excitable

Gap

(cm)

2.0 ±0.8

2.2 ±1.0

(+ 8%)

3.0 ±1.1

(+ 57%)

4.4 ±1.2

(+146%)

4.2 ±1.3

(+158%)

Total Capture

Windows

(ms)

32 ± 7 . .

(78-110)

~ > • - - • « •

» -

~ ~ - - # ;

i - -

70 ±12

(97-167)

Stable Capture

Window

(ms)

12±11$

(91-111)

>

34±15 ;

(111-145)

Numbers represent mean ± SD. Numbers between parentheses indicate the average percentage change of the given parameter; All measurements were performed during stable AF. In only 4 of 5

goats an increase of 50% of the AF-interval was reached before termination of AF occurred; Excitable Period, difference between AF cycle length and RP during AF. Excitable Gap, difference between

circuit size and wavelength during AF; Total capture window, window between longest and shortest pacing interval at which at least 5 consecutive beats were captured; The average range of capture

intervals is given between parentheses; § In 2 goats during control no stable capture range was found (window defined as 0 ms); *, p<0.05;", p<0.01; *" , p<0.001; n.s., not significant control versus

values at maximum AFCL increase (paired Student's f-test).
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Figure 5. A representative example of the effects of cibenzoline on AF cycle length, refractory period (upper panel),
conduction velocity (middle panel), circuit size and wavelength during AF (lower panel). See text for description.
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Table 3. Effects of Cibenzoline on Atrial Fibrillation Parameters.

Control

After AFCL Increase

of About 10%

After AFCL Increase

of About 25%

After AFCL Increase

of About 50%

At Maximum Increase

of AFCL

Number

of Goats

5

5

4

5

5

AF Cycle

Length

(ms)

96±4

107 ±6

(+12%)

123 ±6

(+ 28%)

146 ±8

(+ 52%)

171 ±8

(+ 79%)

RP During

AF

(ms)

69 ±8

75±11

(+ 8%)

80 ±12

(+17%)

89 ±14

(+ 28%)

95 ±15

(+ 37%)

Excitable

Period

(ms)

27 ±5

32 ±8

(+ 22%)

43±8

(+ 56%)

56± 10

(+114%)

76 ±10

(+191%)

CV During

Capture

(cm/s)

71 ±17

54±16

(- 24%)

47 ±12

(- 36%)

45 ±10

(- 37%)

42 ±15

(- 42%)

Cond Time

During Capture

(ms)

23 ± 11

29 ±13

(+ 28%)

31 ±18

(+ 39%)

35±19

(+51%)

36±18

(+58%)

Atrial

Wave-Length

(cm)

4.9 ±1.2

4.1 ±1.3

(-18%)

3.8 ±1.4

(- 25%)

4.1 ±1.3
(-18%)

4.1 ±1.7
(- 20%)

n.s.

Atrial Circuit

Size

(cm)

6.8 ±1.5 ..

5.8 ±1.5

(-15%) :

5.8 ±1.6 ~

(-18%) :•

6.5 ±1.5

(-4%) ,.

7.2 ± 2.7

(+ 5%)

n.s.

Excitable

Gap

(cm)

1.9 ±0.5

1.7 ±0.4

(-8%)

1.9 ±0.5

(-0.3%)

2.4 ±0.3

(+ 37%)

3.2 ±1.2

(+ 69%)

Total Capture

Windows

(ms)

31 ±5

(75-106)

, i 5 - - • ••"••

l " l -••: '

63 ±4 ;

(131-194)

Stable Capture

Window

(ms)

12±4

(83-95)

- -L ;

- . : ; •

37 ±6

(146-183)

V

* 8

••• I?

Numbers represent mean ± SD of the mean. Numbers between brackets indicate the mean percentage change in the given parameters; In only 4 of 5 goats measurements at an increase of 25% of the

AF-interval were available; *, p<0.05;", p<0.01; "* , p<0.001; n.s., not significant; control versus values at maximum AFCL increase (paired Student's t-test); For abbreviations see legends Table 2.
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sively increased the AFCL from 96 ± 4 to 171 ± 8 ms (p < 0.001) and the RPAF from
69 ± 8 to 95 ± 15 ms (p < 0.01). Because the AFCL was lengthened more than that
the RPAF prolonged (with 79 and 37% respectively), the excitable period widened
from 27 ± 5 to 76 ± 10 ms (191%, p<0.001). On the average, the conduction velocity
during capture was decreased significantly by cibenzoline (42%) while the conduction
time increased with at least a similar degree (58%). Like the example shown in Fig 5,
the depression of conduction was most pronounced during the initial period of
infusion. As a result, both the WL and CS shortened from 4.9 ± 1.2 and 6.8 ± 1.5 cm
to 3.8 ± 1.4 and 5.8 ± 1.6 cm at a prolongation of the AFCL of 25%. Thereafter the
atrial WL slightly prolonged again to 4.1 ± 1.7 cm but remained shorter than during
control. The atrial CS gradually prolonged to 7.2 ± 2.7 cm prior to conversion of AF.
The excitable gap widened from 1.9 ± 0.5 during control to 3.2 ± 1.2 cm before
cardioversion (p < 0.05). Cibenzoline exerted a clear effect on the window of
entrainment during AF. The total window of entrainment increased from 31 ± 5 ms
to 63 ± 4 ms, while the window of stable entrainment increased from 12 ± 4 ms to 37
± 6 ms (both p< 0.001).

The Effects of Flecainide

In Fig 6 an example of the effects of flecainide is given. At t=0 flecainide infusion
was started at a rate of 0.1 mg/kg/min resulting in a progressive increase in AFCL
from 87 ± 1 to 131 ms (+ 50%). However, AF did not terminate. The effect of flecainide
on atrial refractoriness was less pronounced, the RPAF prolonging from 69 ± 1 during
control to 88 ms after 135 minutes of infusion. As a result, the EP increased from 18
± 2 ms to 43 ms (+ 143%). Flecainide markedly depressed the conduction velocity
during entrainment of AF from 55 ± 4 during control to less than 30 cm/s. The lower
panel illustrates the consequences for the CSAF and WLAF- Since the depression of
CVAF by flecainide was more pronounced than the prolongation of AFCL and RPAF

both the atrial CSAF and the WLAF became progressively shorter. While during
control atrial CS and WL measured 4.8 ± 0.4 and 3.8 ± 0.3 cm, after 135 minutes of
flecainide infusion they shortened to 3.7 and 2.5 cm. Despite a clear widening of the
EP (ms) (upper panel), due to the marked depression of CVAF by flecainide the
excitable gap (cm) increased only slightly from 1.0 ± 0.1 cm during control to 1.2 cm
at the maximal drug concentration.

In table 4 the effects of flecainide are summarized for 5 goats. Despite a maximal
prolongation of AFCL of 48%, the average RPAF did not increase significantly (71 ±
12 versus a control value of 68 ± 7 ms). As a result the EP widened from 23 ± 5 ms
to 63 ± 9 ms (+ 189%, p < 0.01). The conduction velocity during capture of AF
significantly decreased with 44% while the conduction time progressively increased
with 62% (both p < 0.05). Administration of flecainide resulted in a marked s/wr/emVig
of the atrial wavelength during AF with 41% (p < 0.05), the estimated circuit size
shortened by 18% (n.s.). Consequently the EG widened from an average of 1.3 ± 0.2
during control to 2.0 ± 0.7 cm (+ 55%). Again the widening of the EP and the EG was
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Figure 6. A representative example of the effects of flecainide on AF cycle length, refractory period (upper panel),
conduction velocity (middle panel), circuit size and wavelength during AF (lower panel). See text for description.
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oi Table 4. Effects of Flecainide on Atrial Fibrillation Parameters.

Control

After AFCL Increase

of about 10%

Number AF Cycle RP During Excitable CV During CondTime Atrial Atrial Circuit

of Goats Length AF Period Capture During Capture Wave-Length Size

(ms) (ms) (ms) (cm/s) (ms) (cm) (cm)

91 ±8

102 ±9

(+11%)

68±7

73 ±7

(+7%)

23 ±5

28 ±5 *

(+ 25%)'

58±9

49±11

(- 17%)

24 ±7

28 ±9
(+ 18%)

4.0 ± 0.8

3.5 ±0.8
(-11%)

5.3 ±0.9

4.9 ±1.0
(-7%)

Excitable Total Capture Stable Capture
Gap

(cm)

1.3 ±0.2

1.4 ±0.3
(+5%)

Windows

(ms)

27 ±8
(75-102)

Window

(ms)

9 ±5*

(85-96)

After AFCL Increase 5 110±9 72 ± 10 38±7

of about 20% (+21%) (+5%) (+

45 ±11 29 ±10 3.3 ±0.9 5.0 ±1.3 1.7 ±0.5
(-22%) (+20%) (-18%) (-6%) (+21%)

After AFCL Increase 5 ' 118±8 71 ±8 47±6 47±12 32±8

of about 30% (+30%) (+4%) (+111%) (-19%) (+38%)

3.4 ±0.9 5.6 ±1.5 2.3 ±0.8
(-17%) (+5%) (+72%)

f. j — j . - .

v? • — - • • —

At Maximum Increase 5 134 ±8

of AFCL : (+ 48%)

71 ±12

(+4%)

n.s.

63 ±9

( + 1 8 9 ^ '

33 ±13

(-44%)

39 ±15

(+62%)

2.4 ±1.1
(-41%)

4.3 ±1.7

(-18%)

n.s

2.0 ±0.7

(+55%).

n.s.

30±13
(111-141)

Numbers represent mean ± SD of the mean. Numbers between brackets indicate the mean percentage change in the given parameters; § In 1 goats during control no stable capture range was found

(window defined as 0 ms);', p<0.05;"', p<0.01; n.s., not significant: control versus values at maximum AFCL increase (paired Student's /-test); For abbreviations see legends Table 2.
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WIDENING OF THE EXCITABLE GAP BY DRUGS

associated with a widening of the window of entrapment from 27 ± 8 to 55 ± 13 ms
(total capture window) and from 9 ± 5 to 30 ± 13 ms (stable capture window) (both
p<0.05).

The Effects of d-Sotatol ! I

In Fig 7 a representative example of the effects of d-sotalol (0.2 mg/kg/min) is given.
Similar to hydroquinidine, cibenzoline and flecainide, d-sotalol gradually prolonged
the AFCL from 71 ± 1 ms during control to about 94 ms after 40-50 minutes of
infusion. At this time chronic AF terminated and sinus rhythm was restored. Interest-
ingly, and quite unexpected the class III drug caused a s/i«rten//?£ of the RPAF- Before
administration of d-sotalol the atrial refractoriness during AF was 43 ± 1 ms. Just
before restoration of sinus rhythm the RPAF had become as short as 33 ms. As a result,
the EP had widened markedly from 28 ± 2 to 59 ms (+113%). The middle panel shows
that the CVAF increased from 40 ± 4 to 55 cm/s which probably is due to an increase
in the pacing interval and the widening of the EP. Due to the opposite effects on RP
and CV the atrial wavelength during AF remained constant during d-sotalol infusion
(1.7 ± 0.2 versus 1.8 cm). However, the atrial circuit size increased from 2.9 ± 0.4 to
5.1 cm (+ 76%) and the EG widened from 1.1 ± 0.2 to 3.2 cm (+ 190%).

Table 5 summarizes the effects of d-sotalol administration in 5 goats. Despite a
clear prolongation of AFCL from 94 ± 17 to 116 ± 19 ms (+ 24%, p < 0.001) the RPAF

did not change significantly. As a result, the EP widened from 23 ± 3 to 47 ± 11 ms
(+ 102%, p < 0.01). The atrial conduction properties during AF were not affected by
d-sotalol, and also the slight increase in atrial wavelength from 4.5 ± 1.9 to 4.8 ± 1.9
cm (+7%) was not statistically significant. The estimated average circuit size pro-
longed from 5.9 ± 2.3 to 7.9 ± 2.5 cm (+ 39%, p < 0.01), with a widening of the
excitable gap from 1.4 ± 0.5 to 3.1 ± 0.9 cm (+ 126%). As could be expected from the
progressive widening of the EP and EG during AF, it became much easier to entrain
the atria during AF during drug administration. The total and stable window of
entrainment increased from 27 ± 9 ms to 54 ± 6 ms (p < 0.01) and from 7 ± 10 to 20
± 14 ms (p < 0.05) respectively. Compared to hydroquinidine, cibenzoline and
flecainide, d-sotalol exerted a relatively small effect on the average shortest pacing
interval that could still entrain the atria during AF. This shortest pacing interval
increased from 78 ms during control to 83 ms (6%) after d-sotalol versus an increase
of 24% by hydroquinidine (from 78 to 97 ms), 75% by cibenzoline (from 75 to 131
ms) and 33% by flecainide (from 75 to 100 ms).

The Drug Effects Just Prior to Termination of Chronic AF

In Table 6 the average effects of all four drugs are given on the various AF parameters
for those goats that successfully cardioverted to sinus rhythm. Values are compared
during chronic AF before drug administration and shortly before pharmacological
restoration of sinus rhythm. Hydroquinidine and d-sotalol were successful in restoring

163



CHAPTER 7

160

120

rf-Sotalol (0.2 mg/kg/min)
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Figure 7. A representative example of the effects of </-sotalol on AF cycle length, refractory period (upper panel)
conduction velocity (middle panel), circuit size and wavelength during AF (lower panel). See text for description.
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Table S. Effects of rf-Sotalol on Alrial Fibrillation Parameters.

Control

After AFCL Increase

of About 10%

After AFCL Increase

of About 20%

After AFCL Increase

of About 30%

At Maximum increase

of AFCL

Number

of Goats

5

5

5

4

5

AF Cycle

Length

(ms)

94 ±17

105 ±20

(+12%)

112*20

(+ 19%)

119*21
(+ 27%)

116*19
(+ 24%)

RP During

AF

(ms)

71 ±18

71 ±17

(+1%)

71 ±18

(-1%)

68 ±22

(-5%)

70 ±20

(-3%)

n.s.

Excitable

Period

(ms)

23 ±3

34±5

(+ 47%)

44±7

(+91%)

51 ±10

(+114%)

47*11

(+102%)

CV During

Capture

(cm/s)

63 ±24

68 ±23

(+11%)

65 ±24

(+5%)

74 ±19

(+ 12%)

68 ±21

(+ 12%)

n.s.

Cond Time

During Capture

(ms)

20 ±8

18±6

(-7%)

20 * 8

(-3%)

17*6

(+1%)

20 ±8

(+1%)

n.s.

Atrial

Wave-LengJh

(cm)

4.5 ±1.9

5.0 ±1.9

(+12%)

4.7 ±2.0

(+4%)

5.2 ±2.0

(+ 5%)

4.8 ±1.9

(+7%)

n.s.

Atrial Circuit

Size

(cm)

5.9 ± 2.3

7.3 ±2.6

(+ 23%)

7.3 * 2.6 , ,

(+ 24%)

8.7 ±2.1

(+ 42%)

7.9 ±2.5

(+ 39%)

Excitable

Gap

(cm)

1.4 ±0.5

2.3 ± 0.8

(+ 64%)

2.6 ± 0.8

(+ 86%)

3.6 * 0.2

(+140%)

3.1 ±0.9

(+126%)

Total Capture

Windows

(ms)

27 ±9

(78-105)

5 4 * 6

(83-137)

Stable Capture

Window

(ms)

7 ±10*

(99-116)

'" ' '

20 ± 14$

(95-120)
ft

Numbers represent mean * SD of the mean. Numbers between brackets indicate the mean percentage change in the given parameters; § In 3 goats during control and in 1 goat after d-Sotalol no stable

capture range was found (window defined as 0 ms);', p<0.05;", px0.01; "* , p<0.001; n.s., not significant: control versus values at maximum AFCL increase (paired Student's f-test); For abbreviations

see legends Table 2.



Table 6. Effects of Drugs on the Pre-cardioversion Values of AF Cycle Length, Refractory Period, Excitable Period. Conduction Velocity. Wavelength, Circuit Size and Excitable
Gap During AF.

Hesioraiion

of Sinus
Rhythm

Hydroquinidine

100%

(5/5)

Cibenzollne

80%

(4/5)

Flecainide

40%

(2/5)

d-Sotalol 100%

(5/5)

Mean 80%

±SD

AFCL (ms)

Chronic
AF

96 ±16

96±2

96±8

94 ±17

96±1

Prior to
Sinus

Rhythm

130±17
+37%

165± 18

+69%

125 ±2

+30%

114±20
+20%

134± 19

39%
•

RPAF (ms)

Chronic
AF

67 ±15

72*7

68 ±10

71*18

70*2

Prior to

Sinus
Rhythm

74 ±19
+9%

97 ±17
+34%

71 ± 17

+3%

70 ±20
-2%

78 ±11

+31%
n.s.

Excitable Period (ms)

Chronic
AF ^

29 ±10

26*8

28*2

23±3

27*2

Prior to

Sinus
Rhythm

56±15
+105%

68±3

+176%

54±16
+86%

43±10

+88%

55 ±9114°
114%
•*

CVAF (cm/s) Wave Length (cm) Circuit Size (cm) Excitable Gap (cm)

Chronic Prior to Chronic Prior to Chronic Prior to Chronic Prior to
AF Sinus AF Sinus AF Sinus AF Sinus

Rhythm Rhythm Rhythm Rhythm

68±21 63±18 4.8*1.8 4.9±2.1 6.8*2.3 8.1 ±2.4 2.0±0.8 33±0.7
. .,;.; - 6 % , . . , +2% . , •.,,.•, +30% +102%

65*13 39±13 4.7*1.3 3.9±1.7 6.3*1,4 6.6 ± 2.6 1.6*0.2 2.7±0.9
- 3 9 % :' - 1 8 % '••••" + 3 % 6 7 %

50*6 31 ± 11 3.4*0S 2.4±1.3 4.8*0.8 3.9±1.4U±0.1 15±0.1
-39% •" -36% -22% +7%

63*24 66 ±23 4.5*1-9 4.8 ±2.2 £9*2.3 7.7 ±3.0 1.4*0.5 2.9 ±1.0
+7% +2% +30% +110%

27*2 55±9114% 62*7 50±15 4.4*0.6 4.0±10 ftflftO.7 6.6±1.6 1.6*02 2.6± 07.

-33% -12% +10% , • +70%

n.s. i n.s. ' n.s.

Numbers represent mean ± SD of the mean and the mean percentage change in Ihe given parameters; *, p<0.05;", p<0.01; n.s., noHtgnificant: control versus values at prior to sinus rhythm (paired
Student's t-test); For abbreviations see legends Table 2. '"*



WIDENING OF THE EXCITABLE GAP BY DRUGS

sinus rhythm in 5 out of 5 goats, whereas cibenzoline and flecainide were effective in
4 and 2 out of 5 goats. Remarkably, the efficacy of the drugs to cardiovert AF was not
related to the effects on AFCL, RPAF. CVAF and WLAF- The high successrate of
cardioversion by hydroquinidine and d-sotalol seemed to be associated with a marked
prolongation of atrial circuit size during AF of about 30%. On the other hand, 4 of the
5 cibenzoline treated animals and 2 of the 5 goats treated with flecainide successfully
cardioverted despite the fact that atrial CSAF did not prolong and even shortened in
the case of flecainide. The only parameter that for all drugs was associated with
cardioversion of AF was a prolongation of the excitable period. Due to a marked
slowing of the CVAF. flecainide had no clear effects on the EG despite a marked
widening of the EP during AF.

Relation Between Changes in AFCL and Refractory Period During AF

If the electrophysiological mechanism of AF is based on (multiple) functional reen-
trant circuits with only a small excitable period, one would expect that changes in
AFCL would be related to changes in atrial refractoriness. A lengthening of the RPAF

would cause a prolongation of the AFCL whereas a shortening of the RPAF would
lead to a shortening of the AFCL. To evaluate whether the drug-induced changes in
AFCL were caused by changes in RPAF. we examined the relationship between these
two parameters. In Fig 8, for all goats, the relative changes in atrial effective refractory'
period during AF are plotted against the changes in AFCL. With all drugs the relative
increase in RPAF was clearly less than the prolongation of the AFCL. While during
cibenzoline infusion still a clear relation between the changes in AFCL and RPAF was
seen, such a relationship was less clear for the other drugs.

Relation Between Changes in AFCL and Conduction Velocity During AF

On the other hand, if AF is based on reentrant circuits with a large excitable gap (e.g.
anatomical reentry), changes of AFCL should be related to changes in the atrial
conduction velocity during AF. In Fig 9, for all drugs, the relative changes in
conduction velocity during entrainment of AF are plotted against the changes in
AFCL. During flecainide administration, the changes in AFCL seemed clearly related
to a slowing of the CVAF and all data points were lying around the line of identity. A
similar pattern was seen during the initial phase of cibenzoline infusion (from 0 - 30%
AFCL prolongation) whereas thereafter the AFCL continued to increase independent
of a slowing of CVAF- NO clear relationship between changes in AFCL and C V ^ F

were found during administration of hydroquinidine or rf-sotalol.
Relation between Changes in AFCL and Excitable Period and Excitable Gap

In Fig 10 and 11 the relation between the prolongation in AFCL, and respectively
the excitable period and the excitable gap are plotted. In each panel, the linear
regression line is plotted together with its slope. As can be clearly seen, all four
anti-fibrillatory drugs progressively increased both the excitable period and the
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Figure 8. Correlation between relative changes in atrial fibrillation cycle length (AD-AFCL; horizontal axis) and atrial
refractory period during AF (A-RPAF. vertical axis). Data for all drugs are from 5 goats. In each panel all individual
data points as determined during the continuos infusion of the drugs are given. See text description.

• • • • : . ! ! ! • ! . . > : . : • / * > ; r • • . . • . • . . ' , • ' • • *

excitable gap. The most pronounced effects on the excitable period were observed
with rf-sotalol and fiecainide (slopes 3.8 and 3.6). On the other hand (Fig 11). the
excitable gap was most markedly widened by d-sotalol and hydroquinidine (slopes
4.5 and 3.2). Fiecainide and cibenzoline, increased the EG with about the same amount
as the AFCL (slopes 1.3 and 0.9 respectively) In summary, due to the relatively small
effects of d-sotalol and fiecainide on RPAF< these drugs were most effective in
prolonging the EP during AF. On the other hand, </-sotalol and hydroquinidine had
relatively small effects on CV^p and as a result most effective widened the EGAF-
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40%

0%

•40%

Hydroquinidine Cibenzoline ix>m'l.

Flecainide d-Sotalol

^

-40% -20% 0% 20% 40% 60% 80% 100% -40% -20% 0% 20% 40% 60% 80% 100%

A-AFCL A-AFCL

Figure 9. Correlation between the relative changes in atrial fibrillation cycle length (A-AFCL; horizontal axis) and
atrial conduction velocity during entrainment of AF (A-CVAF: vertical axis). Data for all drugs are from 5 goats. In
each panel all individual data points as determined during continuous infusion of the drugs are given. See text for
further description.

Increase in Excitable Period and Excitable Gap by Drugs . . ...,, . , . ; ,,,;,,;„ ^.

Although all drugs seemed to widen the EP and/or EG during atrial fibrillation, the
externally applied stimuli are artificial and might not represent the 'true' or functional
excitable gap during atrial fibrillation. However, some other observations given below
further support the concept of a drug-induced widening of the EP and EG during AF.
In Fig 12 an example is given of a sudden acceleration of AF by a single early
premature stimulus after administration of hydroquinidine. The tracing shows an
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Figure 10. The correlation between the relative changes in AFCL and excitable period during AF. The dotted lines
are linear regression lines. All drugs increased the excitable period during AF to a much larger extent than the AFCL.
The relative increase in excitable period was largest for c/-sotalol and flecainide (slope 3.8 and 3.6) and slightly smaller
for hydroquinidine and cibenzoline (slope 3.0 and 2.4)

unipolar atrial electrogram recorded during AF at a distance of 4 mm from the site
where a single premature stimulus was applied. After 40 minutes of hydroquinidine
infusion (0.2 mg/kg/min) the median AFCL had increased from 70 ms to 130-140 ms.
A premature stimulus was given during the measurement of the RPAF- In the example
shown, the stimulus with a coupling interval of 48 ms not only captured the atrium
but suddenly and markedly accelerated the rate of AF. The plot at the bottom shows
the relatively long AFCL of 130-140 ms was suddenly shortened by the stimulus to
less than 70 ms. This observation strongly supports the presence of a large drug-in-
duced 'functional' excitable period during AF.
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Figure 11. The correlation between the relative changes in AFCL and excitable gap (luring AF. (/-Sotaio! and
hydroquinidine widened the excitable gap most markedly, with slopes of 4.5 and 3.2 respectively. Due !o a marfced
depression of the atrial conduction velocity during AF, flecainide and cibenzoline had a relatively small effect tsn the
excitable gap (slopes 1.3 and 0.9).

In Fig 13 an example of 'spontaneous acceleration' of AF is shown. In this case,
d-sotalol (0.2 mg/kg/min) had been administered for 55 minutes and the median AFCL
was increased from 70 ms during control to 86 ms (histogram at bottom of Fig 13).
However, the fibrillation rate fluctuated considerably and the AFCL sometimes
became as long as 110-120 ms (upper tracing and left part of AFCL plot). However,
the slow rate of AF did 5/?on?a«eo«5/y accelerate within a few beats to an average
AFCL of about 70 ms (lower tracing and right part of AFCL plot). During the slow
phase of the arrhythmia (upper tracing) subsequent activations showed a rather similar
morphology with a single steep deflection of high amplitude separated by long
iso-electrical segments. However, during fast/accelerated AF there was a clear beat
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Figure 12. Acceleration of AF by a single premature stimulus after 40 minutes of hydroquinidine infusion (0.2
mg/kg/min). The upper tracing shows an unipolar electrogram of AF recorded at 4 mm from the pacing site. The
median AFCL had increased from 70 ms during control to 130-140 ms. A single premature stimulus (coupling interval
48 ms) captured the atrium and induced a marked acceleration of the rate of AF. At the bottom an interval plot of the
successive AF intervals is given during the acceleration of AF.

to beat change in morphology. Single deflections of high amplitude were less common
and iso-electrical segments were shorter or had disappeared. These changes in the
electrogram morphology suggest that, during slow AF the atrium was activated
uniformly by broad wavefronts (type I fibrillation),'^'^ while during rapid AF the
activation becomes more complex (type II or III fibrillation).'^'6 In this example the
transition between slow and fast AF occurred frequently resulting in a bimodal
histogram as shown at the bottom of Fig 13.

;;! ;v. :.«fi\

u i j . ;i'-'*;*ts?*I
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Figure 13. Spontaneous acceleration of AF after 55 minutes of </-sotalol administration (0.2 mg/kg/min). Although
the median AFCL was increased by the drug from 70 ms during control to 86 ms (histogram at bottom) the fibrillation
rate fluctuated considerably and the AFCL sometimes became as long as 110-120 ms (upper tracing and left part of
AFCL plot). However, the slow rate of AF did s/wma/ieous/y accelerate within a few beats to an average AFCL of
about 70 ms (lower tracing and right part of AFCL plot). See text for further discussion.
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In the present study we determined the effects of drugs with class IA, IC and III
properties on the atrial fibrillation cycle length, the atrial refractory period during AF
and the conduction velocity during entrainment of AF. From these measurements we
estimated the drug induced changes in wavelength, circuit size, excitable period and
excitable gap during AF. In the table below, the effects of all drugs on these parameters
are schematically summarized.

Hydroquinidine

Cibenzoline

Flecainide

d-Sotalol

AFCL

TTT
TTT
TT
T

RPAF

t
TT
T<->

CVAF

!<->

i i
I I
T<->

WLAF

<-•

1
I I
«->

CSAF

TT
<->
1
TT

EPAF

TTT
TTT
TTT
TTT

EGAF

TT
T
T<->
TT

All drugs progressively slowed the local rate of fibrillation. The increase in AFCL
was most pronounced for cibenzoline and hydroquinidine, less for flecainide and
relatively small for d-sotalol. One of the most marked observations of the present
study was that this prolongation in AFCL was not associated with a concomitant and
similar increase in the effective RPAF> resulting in a marked widening of the excitable
period during AF. This discrepancy was found for all drugs but was most unexpected
for d-sotalol. Although this class III drug prolonged the AFCL with 20 to 25%, the
average RPAF did not change or even slightly decreased. Wang and Nattel et al.
recently studied the mechanisms of action of several anti-fibrillatory drugs in a canine
model of vagally mediated AF. Similar to our results, class I drugs were found to
prolong the AFCL significantly more than </,/-sotalol.^-' However, they reported that
the AFCL prolongation was related to a comparable increase in the atrial effective
refractory period as measured during rapid pacing. In contrast, in our study the AFCL
prolongation was rather associated with an increase in the excitable period during AF.
In some of the animals treated with rf-sotalol and flecainide, the prolongation of the
AFCL was even associated with a s/jor/enmg of the atrial refractory period (see Figs
7 and 8, and Tables 4 and 5). This paradoxical shortening of the refractory period
might be explained by inversion of the rate adaptation of atrial refractoriness as found
in chronically fibrillating atria.'^'^"'^ Apparently, the .v/jorten/nj? of the RPAF >"
response to a slowing of the rate during AF outweighed a possible drug-induced
prolongation of the RPAF-

Drug-induced changes in intra-atrial conduction properties were estimated during
stable entrainment of AF. The advantage of this method is that the conduction velocity
is not affected by the natural beat to beat changes in AFCL, direction of wavefront
propagation or by a varying degree of fragmentation during AF. Whereas cibenzoline
and flecainide (class IC) both markedly slowed CVAF (Table 3 and 4), the effects of
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hydroquinidine on C V ^ F were only minor (Table 2). Apparently, the depression of
conduction by this class IA drug was almost completely counterbalanced by the
improvement of conduction as a result of the prolongation of the AFCL and a widening
of the EP during AF. During t/-sotalol infusion the C V ^ F slightly increased, which
could be explained by the slowing of the fibrillation rale and the widening of the EPAF-

Anti-fibrillatory Drugs do not Prolong the Atriai Wavelength During Chronic AF ^ ^ «i

The present data show that the anti-fibrillatory actions of class IA, IC and III drugs
during chronic AF are not based on a prolongation of the atriai wavelength (Tables
2-6). The increase of the RPAF by hydroquinidine was counterbalanced by the slowing
of conduction during fibrillation, whereas rf-sotalol did not affect both parameters
significantly. As a result, the wavelength was not significantly affected by these two
drugs. On the other hand, both cibenzoline and flecainide depressed the intra-alrial
conduction velocity more than they prolonged the refractory period. As a result, the
atriai wavelength during AF was actually shortened by these drugs with about 20 and
40%.

Rensma et al.^ studied the importance of the atriai wavelength for the mdwcfM/fy
of atriai reentrant arrhythmias in chronically instrumented conscious dogs and re-
ported that the anti-fibrillatory actions of quinidine and d-sotalol were based on a
prolongation of the shortest possible wavelength with about 40-45%. In subsequent
studies these observations were extended and in 1991 Kirchhof et al.^ studied the
anti-fibrillatory actions of ORG 7797 on the //;dwr/7j/7/Yv and sfa/?///ry of AF and related
these drug effects to the electrophysiological changes during atriai pacing. The
anti-fibrillatory actions of this experimental class IC drug seemed to be based on a
prolongation of the wavelength at the maximal pacing rate with about 40% (prolon-
gation of the m/nifflfl/ wavelength). More recently, these observations were extended
by Wang and co-workers^ who concluded that the mechanism of the anti-fibrillatory
action of procainamide, flecainide, propafenone, d,/-sotalol and ambasilide was based
on a prolongation of the atriai wavelength at high atriai rates. Although the class IA
and III agents exerted a reverse use-dependent effect on atriai refractoriness and
prolonged the wavelength at slow rates more than at fast rates, class IC drugs caused
a tachycardia-dependent increase in the atriai refractory period which outweighed the
depression in conduction velocity and thus increased the wavelength at rapid rates.
Mapping the activation of the atria during AF showed a significant reduction in the
number of circuits and it was concluded that the anti-fibrillatory action of these drugs
was primarily based on an increase in wavelength which resulted in an increase in the
size and a decrease of the number of reentrant circuits, thus increasing the chances
that reentry was interrupted and AF was terminated.

In the present study we could find no support for an important role of the atriai
wavelength in the jtofe///rv of AF. All four anti-fibrillatory drugs cardioverted chronic
AF without any significant prolongation of the wavelength during AF (Table 6). In a
previous study in chronically fibrillating goats, we showed that after successful
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pharmacological cardioversion of AF the wavelength was still abnormally short (7 -
9 cm). The presence of such a short wavelength after cardioversion was associated
with a high //ufaci6i7f7y of AF by a single premature stimulus up to 100% (see Chapter
6).

Possible Mechanisms of the Widening of the Excitable Period During Atrial Fibrillation by Class I and
III drugs

Several studies have shown that during AF a small excitable period is present. '3-'4
Mapping of the atrial activation pattern during AF has revealed that both functional
and anatomical circuits are present during AF.-*-15.20,21 T ^ average width of the
excitable period during AF is determined by the average excitable period in both
functional (small excitable gap) and anatomical reentrant circuits (larger excitable
gap) and by the relative contribution of these two kind of circuits during AF.

1) The EP in an ana/ont/oi/ reentrant circuit is determined by the difference
between the average conduction time around the anatomical obstacle and the refrac-
tory period. Drugs that slow the conduction velocity can widen the EP by prolonging
the revolution time around the anatomical obstacle. The observed prolongation of the
EPAF by Class 1 drugs (especially IC) might thus be explained by a widening of the
EP in anatomical reentrant circuits which may be present during AF. q

2) Fwncr/o/zfl/ reentrant circuits during AF can either be based on 7««///ig c/rc/e
ree/ifrv'— or on "ra/zcfowz r^«/rv'.-^ During leading circle reentry, the wavefront is
running around a line of functional conduction block and has to make sharp U-turns
at the pivoting points. If the amount of excitatory current of the small number of cells
at the pivoting point is not sufficient to excite the larger number of cells around the
corner, the wavefront has to postpone its turn, thereby introducing a small excitable
period in the circuit. Drugs that depress the upstroke of the action potential (decrease
in excitatory current) or increase the amount of current needed to be excited (excit-
ability) will affect wavefront curvature and thus increase the EP. The widening of the
EPAF might thus be explained by a depression of the upstroke of the action potential
which is likely to occur after administration of class I drugs. Functional reentry during
AF can also be based on random reentry, during which wavelets activate areas which
previously have been activated by other wavelets. During this type of reentry an
excitable gap may occur because cells, after restoring their excitability, have to wait
until another wavelet reaches them to excite them again (EP = waiting time). Drugs
which decrease the number of wavelets that are present during AF, may increase the
EPAF because the chance that a wavelet is directly available after restoration of
excitability will be less. The widening of the EPAF by Class IA and III drugs (such as
hydroquinidine and </-sotalol) might thus be explained by an increase in the average
circuit size, and thus a decrease in the number of wavelets present during AF. Even
if, during random reentry, a wavelet reenters another wavelet directly after restoration
of the excitability, an excitable period may develop due to a beat to beat change in
direction of subsequent activations during AF. While at the point of reentry the cycle
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length is more or less similar to the refractory period, at more distant sites the local
AF cycle length is determined by the sum of the refractory period plus the antegrade
and retrograde conduction times to and from the site of reentry (see Fig 10 of reference
#15 for an illustration). In this case. Class I drugs can widen the EPAF by a depression
of the conduction velocity which increases the antegrade and retrograde conduction
times from the site of reentry (EP = conduction time).

3) An additional reason for a widening of the EPAF may be that drugs decrease the
number of functional reentrant circuits (which usually have a relatively small EP) and
increase the number of anatomical reentrant circuits (which have a relatively large
EP) during AF. A widening of the wavefront curvature may increase the size of a
functional circuit to such an extend that anatomical obstacles become incorporated
within the circuit (shift from functional to anatomical circuit). In this case, the circuit
size and the EP will increase to a much larger extend than would be expected on the
effects on wavefront curvature alone. Thus, a widening of the excitable period during
AF by class I and III drugs can be the result of: 1) a slowing of the conduction velocity
in anatomic circuits, 2) an increase in the conduction delay of functional circuits at
sharp U-turns (leading circle reentry), 3) a prolongation of the average waiting time
during random reentry or a prolongation of the conduction time to and from the site
of random reentry, or 4) a shift from functional to anatomical reentrant circuits.

Is a Widening of the Excitable Period During AF Anti-fibrillatory ?

Although, hydroquinidine, cibenzoline, flecainide and d-sotalol were all effective in
cardioverting chronic AF, they exerted different effects on the AFCL, RPAF* CVAF,

WLAF and CSAF- The only effect that these four drugs had in common was that they
all widened the e*c/tafr/e pen'ot/ during AF. This observation suggests that the
widening of the excitable period might be important for the anti-fibrillatory action of
these drugs. According to Moe's multiple wavelet hypothesis, the stability of atrial
fibrillation is determined by the number of wavelets that is present during AF. If only
a small number of wavelets is present during AF the chances for simultaneous die out
are relatively high, whereas with a large number of wavelets present these chances
are low. Several studies have shown that during AFthe number of wavelets is varying
considerably and that the average number of wavelets depends on the dynamic balance
between dying out of old wavelets and the genesis of new ones.3'>5.24

A widening of the excitable period might be anti-fibrillatory because it may prevent
the genesis of new wavelets. Computer simulations and mapping studies have shown
that new wavelets can be formed when existing waves divide around areas of
functional conduction block.3-'5-24 Functional conduction block during AF will occur
if the local AF-interval becomes shorter than the local refractory period. If a wavelet
encounters such an area of local refractoriness, it may fractionate thereby increasing
the number of wavelets during AF. On the other hand, in the presence of a wide
excitable period during AF, the chance that a wavelet will encounter an area of
functional conduction block is very small. As a result, fractionation of wavelets may
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occur less frequently which is likely to prevent the genesis of new wavelets. Recent
observations by Wang et al.^ might support a role of an EP in the termination of AF.
They reported that during AF 'block in a critical zone led to recovery of the remaining
atrial tissue, with consequent rapid, symmetrical activation precluding the possibility
of further reentrant cycles.'
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CHAPTER 8

Abstract

d: It has been shown that atrial fibrillation (AF) is based on the presence
of multiple wavelets propagating randomly through the atria. However the mecha-
nisms involved in termination of AF are still poorly understood. Recently we devel-
oped a novel model of chronic AF in the goat in which the mechanisms of spontaneous
and drug-induced termination of AF can be studied.

Mf/nods and /te.s«//s: Twelve goats were chronically instrumented with 27 epi-
cardial electrodes, located at the left and right atrial free wall, the right and left atrial
appendages, and the bundle of Bachmann. Chronic AF was induced by an automatic
fibrillation pacemaker (burst pacing, 50 Hz, 1 second). After a few days of continuous
induction of AF the paroxysms of AF lasted for several minutes. After 1-3 weeks AF
became sustained ( 24 hours). Electrograms recorded from 5 different areas were
analyzed during the last 12 seconds of spontaneous or cibenzoline-induced termina-
tion of AF. Ten to 15 beats prior to spontaneous termination, the fibrillation intervals
progressively increased from 113±7 to 165±24 ms (p<0.001). During the last 3 beats,
conduction of the fibrillation waves was increased from 68±8 to 99±10cm/s (p<0.01).
As a result the average estimated circuit size increased from 8±1 to 16±2 cm
(p<0.001). Infusion of cibenzoline during chronic AF prolonged the AF intervals from
108±l 1 to 176±59 ms (p<0.05) and decreased the conduction velocity from 66±7 to
51±16 cm/s (n.s.). Cardioversion of AF by cibenzoline was preceded by the same
phenomena as observed during spontaneous termination of paroxysmal AF, i.e. a
progressive lengthening of the fibrillation interval to 240±60 ms (p<0.05) and an
increase in conduction velocity to 60±18 cm/s (n.s.), resulting in an increase of the
estimated circuit size from 8±2 to 14±5 cm (p=0.07).

Cortc/ws/ons: Spontaneous and drug-facilitated termination of AF are preceded by
a sudden, progressive increase in AF cycle length and conduction velocity. The
resulting increase in estimated atrial circuit size from about 7-8 cm to 14-16 cm is
causing termination of AF.

Introduction

Atrial fibrillation (AF) is a common arrhythmia in man, its incidence greatly increas-
ing with age resulting in a prevalence of 2 to 4% in the population over 60 years of
age.'"-' It often starts as paroxysmal atrial fibrillation but after some time the propen-
sity of atrial fibrillation to terminate spontaneously diminishes and the arrhythmia
becomes sustained.'"* Although some of the electrophysiologic mechanisms under-
lying atrial fibrillation have been elucidated, still little is known about the mechanisms
involved in spontaneous or drug-induced rer/mVumo/j of AF. On the basis of computer
simulations, in 1962 Moe proposed that atrial fibrillation is based on multiple wavelets
propagating randomly through the atria.-"^ Later, mapping studies both in animals and
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in humans have confirmed this hypothesis.^"'^ Termination of atrial fibrillation is
thought to be dependent on the statistical chance that the various wandering wavelets
will die out simultaneously. If the average number of wavelets is small, there is a good
chance that atrial fibrillation will self-terminate. On the other hand, if there are many
wavelets present in the atria, the chances that they will all die out al the same time
becomes negligible and atrial fibrillation will be sustained. In this respect we have
emphasized the critical role of the atrial wavelength and suggested that prolongation
of the wavelength of the fibrillating wavelets might be one of the possible mechanisms
of termination of A F . " ' - This concept was supported by recent studies from Nallel's
laboratory, 13*'4 showing that termination of AF by flecainide was associated with a
decrease in the number of fibrillation wavelets. On the other hand, Swiryn's group'-*'
failed to find evidence of progressive fusion of wavelets prior to termination of AF
in man, and they concluded that: "Atrial fibrillation usually terminates directly to sinus
rhythm and does so abruptly and without forewarning" and that: "Consistent trends
toward more regular cycle lengths, alternating long and short cycle lengths, or
progressively longer cycle lengths were not observed".'-^

Recently we have developed a chronically instrumented goat model of atrial
fibrillation in which electrograms can be recorded from multiple sites of the atria.'^
In the present study we analyzed the electrograms recorded from 5 different parts of
the atria during the last 12 seconds of spontaneous and drug-induced termination of
AF.

The objectives of the present study were 1) to determine whether termination of
AF was preceded by a specific pattern of changes in atrial fibrillation cycle lengths,
2) to measure the beat-to-beat conduction velocities and changes in direction of the
fibrillation waves prior to termination of AF, 3) to monitor the effects of increasing
dosages of a class IC drug (cibenzoline) on the characteristics of atrial fibrillation,
and 4) to compare the pattern of spontaneous termination of AF with the events
associated with pharmacological cardioversion by cibenzoline.

Methods

The conscious goat model of atrial fibrillation.

Twelve goats weighing between 46 and 67 kg were used for this study. Animal
handling was performed according to the guiding principles of the American Society
of Physiology and approved by the Animal Investigation Committee of the University
of Limburg. The goats were anaesthetized with Nesdonal® (Thiopental, 15 mg/kg)
and ventilated by Halothane® (1-2%) and a 1:2 mixture of O2 and N2O. A left
intercostal fhoracotomy was made and the pericardium was opened to expose the
heart. A silicon strip (Silastic®, Dow Corning) of 10 x 1.2 cm, containing 15 unipolar
platinum recording electrodes (diameter 1.5 mm. inter-electrode distance 6-10 mm)
was guided through the anterior transverse sinus between the atria and the aortic root

183



CHAPTER 8
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Figure 1. Unipolar fibrillation electrograms recorded at 5 different areas from the atria (BB. bundle of Bachmann;
LAA, left atrial appendage: RAA, right atrial appendage; LA, left atrial free wall; RA, right atrial free wall). The mean
± SD of the local atrial fibrillation cycles are given at the top of each electrogram. In total 27 epicardial electrodes
were implanted on the atria. One silicon strip containing 15 electrodes was covering the bundle of Bachmann from
the left to the right atrial appendage. Two other silicon strips, each containing 6 electrodes, were sutured to the free
wall of the right and left atria. The encircled quadruples of electrodes (inter-electrode distance 6 mm) were used to
measure the conduction velocities of the fibrillation waves (LAA, RAA. LA, RA). At the bundle of Bachmann (BB)
only conduction times between two neighboring electrodes (inter-electrode distance 6 mm) was measured.

and sutured to the tips of both atrial appendages. In addition, two smaller silicon strips
of 3 x 1.2 cm, each containing 6 electrodes, were sutured to the lateral walls of the
right and left atria (Fig 1). After approximation of the pericardium and closure of the
thorax, the electrode leads were tunneled subcutaneously to the neck and exteriorized
by a 30-pin connector (Lemosa®, outer diameter 10 mm). Three silver plates (diameter
25 mm) were left subcutaneously to serve as grounding and indifferent electrodes and
to record a precordial electrocardiogram. Post-operatively the animals received bu-
prenorfine (Temgesic®, Reckitt & Colman, Hull England) for 1-3 days. Ampicillin
(1000 mg) was given prophylactically both before and after surgery.

About 3 weeks after surgery the goats were connected to an external automatic
atrial fibrillator. '^ The external automatic fibrillator consisted of a personal computer
connected to a stimulator (Medtronic, SP3084). The software continuously analyzed
one of the atrial electrograms and as soon as sinus rhythm was detected, a 1-second
burst of biphasic stimuli (duration 2 ms, interval 20 ms, strength 4 times diastolic
threshold) was delivered to a pair of atrial electrodes. By these automatic bursts of
stimuli, atrial fibrillation could be maintained continuously 24 hours a day, 7 days a
week. As previously described, this procedure caused a progressive shortening of
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atrial refractoriness and a gradual increase in the duration of the induced episodes of
atrial fibrillation. While during control electrically induced AF usually terminated
spontaneously within a few seconds, after 1 -2 days of AF the paroxysms of AF lasted
for several minutes. Usually after 1-3 weeks of maintained AF atrial fibrillation
became sustained (24 hours).'^

A total of nine spontaneous terminations of AF was analyzed in 7 goats. The
duration of these paroxysms of AF varied between 4 and 23 minutes and were recorded
after 1 to 8 days of artificially maintained AF. In 6 other goats (except one in which
also spontaneous termination was analyzed) the pharmacological conversion of
sustained fibrillation by Cipralan® (cibenzoline 10 mg/ml, Searle) was studied.
Cipralan® was administered by successive boli of 0.5 mg/kg i.v. (3 goats), or by a
continuous infusion of 0.2 mg/kg/min (3 goats). The total duration of AF in these goats
was 17 ± 12 days and the duration of the last episode of AF that was cardioverted by
Cipralan® varied between 1 and 29 days (mean 11 ± 10).

D a t a a c q u i s i t i o n a n d a n a l y s i s •• • • ; ' • ! , ; • ' ; < ; , ' , ^ - : " • ' ^ n j , ; , :

At the day of the experiment the 30-pole connector in the neck of the animals was
connected to a multichannel recording unit 17 and all 27 unipolar electrograms (gain
400; bandwidth 1 -500 Hz) were continuously stored on tape together with a precordial
electrocardiogram. The characteristics of the last 12 seconds prior to termination of
AF were analyzed at five different areas of the atria, the left and right atrial free wall,
the right and left atrial appendages, and the bundle of Bachmann (Fig 1). The following
parameters were measured on a beat-to-beat basis: 1) local fibrillation interval, 2)
local conduction time, 3) local conduction velocity, 4) change in direction of wave
propagation. Local activation times were determined from the steepest negative
deflection of the unipolar electrograms. Fibrillation interval histograms were made
from one electrode at each of the five areas. Conduction times were measured between
two neighboring electrodes (interelectrode distance 6 mm). The regional direction and
velocity of propagation was measured at 4 areas (right and left appendages and the
right and left free atrial walls) by calculating the vector of conduction in quadruples
of electrodes 6 mm apart. The quadruples were divided into two triangles and the
vector of each triangle was calculated. The average of the two vectors was taken as
the average direction and conduction velocity in the area of 6 x 6 mm. Only calculated
velocities in the range between 10 and 180 cm/s were taken into account. Both very
low and very high calculated values were discarded because they do not represent an
actual conduction velocity. Very low values point to the occurrence of local intra-atrial
conduction block between the 4 recording electrodes, whereas very high values may
result either from collision or epicardial breakthrough of fibrillation waves.

Data are presented as mean ± standard deviation unless specified otherwise.
Statistical analysis was performed by the paired or unpaired Student's Mest. A p-value
of less than 0.05 was considered to be statistically significant.
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Characteristics of Atrial Fibrillation - • • • • - , • • :- . ^

In Fig 1 an example is shown of the unipolar electrograms recorded from 5 different
areas of the atria during paroxysmal atrial fibrillation. In this case atrial fibrillation
had been induced repetitively during 2 days and as a result the paroxysms of AF now
lasted for more than 20 minutes. The mean fibrillation interval at the different
locations varied between 101 ± 10 ms (left atrium) and 131 ± 14 ms (right atrial free
wall). As can be seen the electrograms showed clear beat-to-beat variations in
configuration, but most of the time consisted of a single negative deflection separated
by a short iso-electric segment, indicating that the different areas of the atria were still
activated relatively uniformly by broad activation waves (Type I fibrillation).'"-'*
Because at this stage fragmented electrograms occurred only rarely, local activation
times could be derived without much uncertainty from the fibrillation electrograms.

In Tables 1 and 2 the characteristics of paroxysmal and sustained atrial fibrillation
are listed. After the automatic fibrillation pacemaker had maintained AF for 3 ± 2
days, the induced paroxysms of AF lasted between 4 and 23 minutes (mean 7.8 ± 5.9)
(Table 1). In each goat the fibrillation cycle length was measured at five atrial sites
(right and left appendage, right and left free wall, bundle of Bachmann). The numbers
in Tables 1 and 2 represent the average values ± SD of the measurements at these 5
atrial sites. In the total group of 9 paroxysms of AF, the mean and median atrial
fibrillation cycle length was 113 ± 7 ms. The temporal variation in fibrillation cycle
length was expressed by the difference between the 5th and 95th percentile (P5-P95)
and by the standard deviation of the local fibrillation interval histogram. During
paroxysmal AF, the P5-95 and the SD of the fibrillation cycle length were 52 ± 10 ms
and 17 ± 3 ms respectively.

After atrial fibrillation had been maintained for an average of 17 ± 12 days (Table
2), the duration of the episodes of atrial fibrillation had dramatically increased to more
than 11 ± 10 days. The mean and median fibrillation cycle length of sustained AF
were 107 ± 11 and 109 ± 12 ms. The P5-95 and SD of the AF-interval histograms
were 51 ± 15 and 17 ± 5 ms. There were no statistically significant differences between
these characteristics of paroxysmal and sustained atrial fibrillation.

Atrial Fibrillation Intervals prior to Spontaneous Termination

Fig 2 shows an electrogram recorded from the free wall of the left atrium during the
last 47 cycles of AF, together with a sequential plot of the last 120 fibrillation intervals
prior to spontaneous termination of AF. Up to the last 20 beats prior to termination,
AF showed the usual temporal variation in fibrillation intervals with a median value
of 103 ms and a P5.95 of 37 ms. However about 2-3 seconds before conversion to sinus
rhythm, this pattern suddenly changed and the atrial fibrillation intervals started to
prolong progressively up to more than 200 ms. In Fig 3 the mean fibrillation intervals
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Table 1. Characteristics of Paroxysmal Atrial Fibrillation

6oat#

1
2
3
3
4
4
5
6
7

Mean
Sd

Duration
ofAF
(Days)

1
8
3
3
1
1
1
2
3

3
2

Duration
Paroxysm
(Min)

7.5
8.0
4.5
4.2
6.6
5.5
5.2

23.0
5.5

7.8
5.9

Mean AF
Interval
(ms)

118±7
119±3
123 ± 11
111 ± 7
104± 15
105 ±11
115±10
117±15
109±9

113
7

Median AF
Interval
(ms)

118±8
118±3
123±12
109 ±7
104 ±16
103 ± 11
117 ± 10
118 ± 14
109 ±8

113
7

Ps

(ms)

94 ±10
99 ±8
97 ±9
78 ±14
81 ±11
79 ±13
88 ±10
91 ±19
79 ±8

87
9

P95

(ms)

140 ±10
138* 11
145 ±12
150±16
124 ±21
136 ±17
143 ±16
141 ±21
136 ±12

139
7

P5-P95

(ms)

46 ±10
39 ±18
49 ±7
72 ±19
44±14
57 ±19
55 ±18
49 ±21
56 ±13

52
10

SdofAF
Interval

14±3
14*7
16 ±2
23 ±7
16*4
18 ± 6
18±5
15±6
19 ± 4

17
3

AF, Atrial Fibrillation. Sd, Standard deviation; In each goat the AF interval was measured at 5 atrial sites (right and left atrial
appendage, right and left atrial free wall and Bachmann's bundle). The mean values and standard deviations of the mean, median,
low and high p-values of these 5 atrial sites are given. The Sd of AF interval represents the standard deviation of the local AF
interval histogram. ., .. . . ,-, ,.;,_,:,;-. ,.^-. - . . . „ . .

Table 2. Characteristics of Sustained Atrial Fibrillation

Goat#

5
8
9
10
11
12

Mean
Sd

Duration
ofAF
(Days)

26
32
21
10
1

11

17
12

Duration
Episode
(Min)

15
29
12
4
1
6

11
10

Mean AF
Interval
(ms)

110*7
116*18
120 ±13
109 ±4
102 ±6
88 ±4

107
11

Median AF
Interval
(ms)

109 ±6
118*22
122 ±12
108 ±3
106±7
88 ±4

109
12

Ps

(ms)

92 ±7
86* 11
86 ±13
73 ±16
69*11
72 ±2

80
9

P95

(ms)

128 ±10
137 ±25
148 ±14
143 ±6
123 ±8
103 ±9

130
16

P5-P95

(ms)

37 ±5
51 ±20
62 ±7
69 ±20
54±15
32 ±10

51
15

SdofAF
Interval

14 ±4
17*6
21 ±2
24 ±8
18*5
10 ±3

17
5

AF, Atrial Fibrillation. Sd, Standard deviation; In each goat the AF interval was measured at 5 atrial sites (right and left atrial
appendage, right and left atrial free wall and Bachmann's bundle). The mean values and standard deviations of the mean, median,
low and high p-values of these 5 atrial sites are given. The Sd of AF interval represents the standard deviation of the local AF
interval histogram.
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Figure 2. Progressive slowing of the rate of atrial fibrillation prior to conversion to sinus rhythm. Upper panel: A
single unipolar electrogram recorded from the left atrial free wall during the last 47 cycles before spontaneous
termination of AF. The individual fibrillation cycles are given in milliseconds. (V = ventricular complex). Lower
panel: Sequential plot of the last 120 local fibrillation intervals before spontaneous termination of AF.
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Figure 3. Progressive prolongation of AF cycle length 2-3 seconds before
spontaneous termination of atrial fibrillation. The data points are the mean values
of the local fibrillation intervals at 5 different atrial sites during termination of 9
paroxysms of AF. In the lower panel the AF cycles are plotted on a beat-to-beat
basis. The last 14 beats before termination were longer than during ongoing AF.
(* p<0.05; ** p<0.01; *** p<0.001J.

at the five recording sites of all 9 paroxysms of AF are plotted during the last 12
seconds of AF. On a beat-to-beat basis, the 14th interval prior to spontaneous
conversion to sinus rhythm was the first cycle to be statistically prolonged (lower
panel). The average cycle lengths at the 5 recording sites of the last three cycles before
termination of AF were 148 ± 10, 153 ± 6, and 165 ± 7 ms (SEM), compared to 113
± 2 ms 12 seconds before termination of AF (p<0.001).
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Local Conduction Times •" ^ •

In 5 different areas (right and left free wall, right and left appendages, bundle of
Bachmann), the differences in activation time between two neighboring electrodes
(distance 6 mm) was measured on a beat-to-beat basis during the last 12 seconds of
atrial fibrillation. Assuming that the two recording sites are activated by the same
fibrillation wave, the difference in activation time will be determined both by the
velocity am/direction of propagation of the fibrillation waves. Only if the impulse is
conducted parallel to the electrodes, the difference in activation time will represent
the true conduction velocity. In all other cases (due to an oblique orientation of the
wavefront relative to the electrodes), the conduction time will overes/i'/wate the actual
conduction velocity. On the other hand the actual average conduction velocity during
AF may be w/itfVre>.sf/mated by local conduction block of the fibrillation waves between
the two recording electrodes. Despite these limitations, measurement of the local
conduction time during atrial fibrillation still may be useful to detect changes in
conduction characteristics of the fibrillation waves. In Fig 4 the atrial conduction times
at the 5 recording sites are plotted during the last 12 seconds of the 9 paroxysms of
AF. During stable AF the average atrial conduction time over a distance of 6 mm was
about 10 ms. Immediately before spontaneous termination of AF the conduction time
became shorter. During the last three beats intra-atrial conduction time was shortened
to less than 5 ms (p<0.05).

Direction and Velocity of Fibrillation Waves

In the right and left atrial free walls and the right and left atrial appendages the
conduction vectors of the fibrillation waves were measured during the last 12 seconds
of AF. In Fig 5 the average conduction velocity and beat-to-beat changes in direction
(delta angle) are plotted during the last 12 seconds of AF. During stable fibrillation
the average conduction velocity was 68 ± 2 cm/s (SEM). About 3 seconds before
termination of AF the average conduction velocity started to increase (upper left
panel). During the last beats the conduction velocity of the fibrillation waves had
increased to about 100 cm/s (p<0.001) (lower left panel). The right panels of Fig 6
show the average beat-to-beat changes in direction of the fibrillation waves (delta
angle). During ongoing fibrillation the average change in direction between two
successive fibrillation waves was 56 ± 3 degrees (mean ± SEM). About 2 seconds
before termination of AF the beat to beat variation in direction of fibrillation waves
started to decrease. During the last 3 beats the delta angle was 37 ± 4, 41 ± 5, and 35
± 5 degrees (mean ± SEM) respectively (p<0.05).

In Table 3 all measurements during spontaneous termination of the 9 paroxysms
of AF are listed. In the calculation of the conduction velocities a lower and upper limit
of respectively 10 and 180 cm/s was taken into account and vectors outside these limits
were discarded. If a lower limit of 30 cm/s was applied, the calculated conduction
velocities were not different indicating that slow conduction or intra-atrial conduction
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Figure 4. Shortening of intra-atrial conduction time before spontaneous termination of
AF (inter-electrode distance 6 mm). The upper panel shows the mean AF conduction
times at 5 atrial areas during the last 12 seconds before termination of 9 episodes of AF.
In the lower panel the mean AF conduction times are plotted on a beat-to-beat basis.
The last three beats prior to termination showed statistically significant shorter conduc-
tion times. (* p<0.05; **p<0.01).

block did not occur at the 4 recorded areas. On the basis of the local conduction
velocity at the 4 atrial areas and the associated fibrillation cycle length, the size of the
reentrant circuits during AF was calculated as:

Circuit Size = Conduction Velocity x AF Cycle Length.

The average circuit size during ongoing AF estimated in this way was 8 ± 1 cm. During
the last three cycles before termination of AF the calculated reentrant circuit size
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Figure 5. Average intra-atrial conduction velocity and delta angle of the fibrillation waves prior to spontaneous
termination of AF as measured from the conduction vector in 4 atrial areas of 6 x 6 mm. Shortly before conversion
to sinus rhythm the conduction velocity increased from 86 to 99 cm/s. During the last 11 cycles conduction velocity
was statistically significant different. The beat to beat changes in direction of the fibrillation waves diminished from
56 to less than 40 degrees (right panels). (* p<0.05; ** p<0.01; *** p<0.001).
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Table 3. Changes in Fibrillation Prior to Spontaneous Termination of AF

Goat#

1

2

3

3

4

4

5

6

7

Mean

SO

Ongoing Atria) Fibrillation

AF

in?

ms

118

119

123

111

104

105

115

117

109

113

7

Cond

Time

ms

13

8

8

10

10

10

14

11

16

11

3

Cond

Vetoc

cm/s

83

71

71

60

63

61

76

64

64

68

8

Delta

Ang

deg

49

43

50

66

62

71

56

44

60

56

10

Circ

Size

cm

10

8

9

7

6

6

9

7

7

8

1

Third last Beat

AF

Int

ms

187

114

153

165

130

131

120

201

133

148"

30

Cond

Time

ms

4

8

5

4

3

6

9

6

6

6'

2

Cond

Veloc

cm/s

112

67

100

94

110

65

126

104

95

97"

20

Delta

Ang

deg

21

35

56

41

36

14

49

43

35

37'

13

Clrc

Size

cm

21

8

15

16

14

9

15

21

13

15"

5

Second Last Beat

AF

Int

ms

172

139

135

166

166

162

133

175

130

153**

18

Cond

Time

ms

6

4

5

3

3

3

4

7

4

* 4 "

1

Cond

Veloc

cm/s

99

87

102

90

113

70

124

106

120

101*"

17

Delta

Ang

deg

30

38

17

47

62

58

50

22

49

41"

16

Circ

Size

cm

17

12

14

15

19

11

16

19

16

15" '

3

* p < 0.05; " p < 0.01; * " p < 0.001.

Table 3. f Conrinuerf) Changes in Fibrillation Prior to Spontaneous Termination of AF

Last Beat Sinus Rhythm

V

Goat#

1

2

3

3

4

4

5

6

7

Mean

SD

AF

Int

ms

156

151

192

173

182

156

134

204

140

165'"

24

Cond

Time

ms

5

6

6

8

3

3

4

6

6

5'

2

Cond

Veloc

cm/s

110

101

101

93

93

91

90

95

119

99"

10

Delta

Ang

deg

17

26

50

39

67

14

30

29

42

35"

17

Circ

Size

cm

17

15

19

16

17

14

12

19

17

16*"

2

Sinus

Int

ms

477

462

548

541

359

363

547

538

478

479

75

Cond

Time

ms

4

3

4

4

3

6

5

5

3

4

1

Cond

Veloc

cm/s

121

108

105

106

97

101

122

110

130

111

11

Delta

Ang

deg

10

5

4

9

20

11

12

10

26

12

7

..,.-..*

- S i •

I ' . i

* p < 0.05; " p < 0 . 0 1 ; " ' p < 0.001.

" i .-. •- : . \ r ; ' I i f f ; ;• -;• ; ; . - • ; . • , • ? ; . v m i n ;
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increased markedly to 15 ± 5, 15 ± 3, and 16 ± 2 cm. This was due to the combination
of a prolongation of AF cycle length and an increase in conduction velocity.

Relationship between AF Cycle Length and Conduction ' '

In Fig 6 the average changes in conduction time, conduction velocity, beat-to-beat
variation in direction, and estimated circuit size during termination of the 9 paroxysms
of AF, are plotted in relation to the changes in fibrillation cycle length. The data points
within the dotted box were recorded during stable fibrillation, whereas the data points
outside the box represent the mean values of the last 15 beats prior to termination.
Linear regression lines were calculated through these last 15 points, using the average
values during sustained AF as its origin. There was a clear correlation between the
progressive prolongation of AF cycle length prior to termination and shortening of
conduction time (r* = 0.92), increase in conduction velocity (r^ = 0.89) and decrease
in delta angle (r^ = 0.80) of the fibrillation waves. Assuming that the conduction
velocity during AF at the four atrial sites is representative for conduction in other areas
of the atria, the average length of the circuitous pathways of the fibrillation waves can
be estimated by the product of conduction velocity and fibrillation cycle length.
During sustained atrial fibrillation (dotted box) the estimated circuit size varied
between 7 and 9 cm (lower right panel). During the last 15 beats before termination
of AF, the estimated circuit size progressively increased to a value of 16 cm during
the last beat of atrial fibrillation (r^ = 0.97).

Cardioversion of Chronic Atrial Fibrillation by Cibenzoline . . . . , . -

Cibenzoline is a class IC anti-arrhythmic drug which decreases the rate of rise of phase
0 and the amplitude of the action potential. In addition cibenzoline also exhibits Class
III and IV effects.'^-20 The effects of cibenzoline on atrial fibrillation was measured
in 6 goats. In this series, the mean total duration of atrial fibrillation was 17 ± 12 days,
whereas the episode that was actually cardioverted by cibenzoline had lasted for 11
± 10 days. The mean fibrillation cycle length of chronic AF was 107 ± 11 ms (see
Table 2). Cibenzoline was administered intravenously in consecutive boli of 0.5
mg/kg (3 goats) or by continuous infusion of 0.2 mg/kg/min (3 goats). In Fig 7 and
Table 4 the effects of cibenzoline are given. Twelve seconds before cardioversion, the
drug had slowed down the rate of atrial fibrillation from an average cycle length of
108 ± 11 to 176 ± 59 ms(p<0.05). During ongoing fibrillation, the conduction velocity
of the fibrillation waves was clearly depressed, the average difference in activation
time between two electrodes 6 mm apart increasing from 11 ± 2 ms to 15 ± 3 ms (p
< 0.05) (upper right panel). The mean AF conduction velocity as measured at the 4
quadruples of electrodes during control was 66 ± 7 compared to 51 ± 16 cm/s after
cibenzoline (p = 0.10) (lower left panel). The beat to beat changes in direction of the
fibrillation waves (delta angle) was 58 ± 8 during control and 50+12 after cibenzoline
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Figure 6. Correlation between progressive prolongation of the AF cycle length prior to termination and AF conduction
time, conduction velocity, delta angle and estimated circuit size. The dotted boxes contain data points during ongoing
atrial fibrillation. The data points outside the box were obtained during the last 15 beats before termination. Linear
regression lines were calculated through these last 15 points, using the average value during ongoing atrial fibrillation
as its origin. See text for description.

(p = 0.16) (lower right panel). The average RR interval lengthened from 380 ± 62 to
445 ± 129 ms (n.s.) (not shown).

In Fig 8 the various changes by cibenzoline are related to the changes in AF cycle
length. Interestingly, cardioversion of AF by cibenzoline was preceded by the same
phenomena as observed during spontaneous termination of AF (compare Fig 6).
During the last 13 beats prior to cardioversion by cibenzoline, the AF cycle length
progressively prolonged from 176 ± 59 to 240 ± 60 ms (p<0.05). Paradoxically, shortly
before cardioversion by a class IC drug, the conduction velocity of the fibrillation
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Figure 7. Cardioversion of chronic AF by cibenzoline. In the 4 panels the effects of cibenzoline on AF cycle length,
intra-atrial conduction time. AF conduction velocity, and delta angle of the fibrillation waves are plotted during the
last 12 seconds before termination of AF. There was a dose dependent increase in AF cycle length and slowing of AF
conduction. Note that, like during spontaneous termination of paroxysmal AF, again a 'spontaneous' progressive
prolongation of AF interval occurred (upper left panel) associated with an increase in conduction velocity (lower left
panel).

waves iVicreaw*/ from 51 ± 16 cm/s to 60 ± 18 cm/s (p=0.32). The delta angle between
the last 2 beats prior to cardioversion decreased from 50 ± 12 to 30 ± 5 degrees
(p<0.01). The estimated circuit size during chronic fibrillation was increased slightly
by cibenzoline from an average of 7 ± 1 to 8 ± 2 cm. This increase in circuit size was
limited, because the effect of the prolongation of AF cycle length on circuit size was
counteracted by the concomitant decrease in conduction velocity. However, just
before cardioversion the estimated circuit size markedly increased. Like during
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Table 4. Cibenzoline-Induced Termination of AF

Chronic Atrial Fibrillation After Cibenzoline Last Beat

AF Cond Cond Delta Circ AF Cond Cond Delta Circ AF Cond Cond Delta Circ

Int Time Veloc Ang Size Int Time Veloc Ang Size Int Time Veloc Ang Size

Goat# ms ms em's deg cm ms ms cm/s deg cm ms ms cm/s deg cm

5

8

9

10

11

12

Mean

SD

110

116

120

109

102

88

108

11

• p < 0.05;" p

10

11

8

12

13

11

11

2

72

69

54

62

70

67

66

7

57

53

63

61

68

44

58

8

8

8

6

7

7

6

7

1

161

148

143

173

136

293

176'

59

18

18

13

18

13

12

15'

3

58

37

57

60

68

27

51

16

55

55

65

51

39

33

50

12

Table 4. (Conji'nued,) Cibenzoline-Induced Termination of AF

Sinus Rythm

9

5

8

10

9

8

8

2

182

264

262

220

176

334

240"

60

8

13

6

15

6

8

9 "

4

46

77

73

49

78

36

60

18

36

29

32

30

28

22

30

5

8

20

19

11

14

12

14

5

SR Cond Cond Delta

Int Time Veloc Angle

Goat# ms ms cm/s deg

5 460 7 79 21 v.- :, • ,. ^ •

8 612 8 83 10 ,̂* . - | • i" ; / j,

9 442 4 79 2 j r. j '"
10 805 6 89 15 ! », j '"'•'''"''''<
11 532 6 87 3 ~- -4- .• '"" > •-
12 499 11 37 33 v ;

Mean 558 7 76 14
SD 135 2 19 12

spontaneous termination of AF, a progressive beat to beat increase in fibrillation cycle
length was associated with an increase in conduction velocity. As a result the estimated
size of the intra-atrial reentrant pathways increased to 14 ± 5 cm just before cardiover-
sion occurred.
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Figure 8. Correlation between changes in AF cycle length by cibenzoline and AF-conduction time, conduction
velocity, delta angle and estimated circuit size. The data points in the solid boxes represent the values during chronic
AF prior to infusion of Cibenzoline. The data points in the dotted boxes were recorded during the last minute before
cardioversion of AF by cibenzoline. The data points outside the dotted box represent the last 13 beats before
termination of AF. Cibenzoline caused a dose dependent prolongation of AF cycle length associated with an increase
in conduction time, a slowing in conduction velocity, a slight decrease in delta angle and a small increase in estimated
circuit size (compare values in solid and dotted boxes). Like during spontaneous termination of paroxysmal AF
(compare Fig 6). also cardioversion of chronic AF by cibenzoline was preceded by a 'spontaneous" progressive
increase in AF cycle length, conduction velocity and estimated circuit size. The linear regression lines were calculated
from the last 13 points before termination and the mean value of the data points within the dotted box. .
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The key observation of this study is, that both spontaneous and pharmacological
conversion of AF is preceded by a progressive prolongation of AF cycle length
together with an increase in conduction velocity of the fibrillation waves. This is not
easy to understand on the basis of a reentrant mechanism, nor is it clear what the cause
and effect relationship between these two forewarning signs might be.

Although the cycle length of AF is for the largest part composed of the atrial
refractory period, recent studies have shown that during AF also a short excitable gap
exists.9-21'22 A lengthening of the AF-interval therefore may be due either to prolon-
gation of the atrial refractory period or to a widening of the excitable gap. Because
we were not able to directly measure the refractory period or the excitable gap during
termination of AF, at this point we can only speculate about the possible implications
of an increase in the refractory period or a widening of the excitable gap for
termination of AF. Since mapping studies have shown that both functional as well as
anatomical circuits can be operative during atrial fibrillation,^-'" and because
anisotropic tissue properties of the atria may play an important role,^-^ below we
will consider the effects of changes in refractory period, excitable gap, and conduction
velocity on different types of reentry.

Progressive Increase in Refractory Period ? , • • .

In a large anatomica/ circuit with a fully excitable gap, prolongation of the refractory
period initially will have no effect on the rate of the arrhythmia. Only when the
excitable gap becomes so narrow that the fibers in the reentrant circuit can only
partially restore their excitability, the conduction velocity of the circulating impulse
will decrease and as a result, the cycle length of the reentrant arrhythmia will prolong.
In smaller anatomical circuits with only a partially excitable gap, prolongation of the
refractory period will slow down the arrhythmia right away, because a shortening of
the excitable gap will further decrease the time for recovery of excitability and thus
further depress conduction velocity. If the gap between the head and the tail of the
reentrant impulse becomes too narrow, the circulating impulse will be eventually
blocked and the arrhythmia will terminate.

The cycle length of both /ra^/nj? c/rc/e reewfrv^ and random /wnrry^ is primarily
controlled by the refractory period, and a progressive lengthening of the atrial
refractory period thus will result in progressive slowing of the arrhythmia.' '.25,27,28
During atrial fibrillation the atrial refractory period may vary by changes in autonomic
tone29 or the amount of stretch of the atrial wall.-^"32 The rate adaptation of the atrial
refractory period may also play an important role, and especially at higher rates
variations in beat to beat interval may cause oscillations in the refractory period.
Irregularities in AF cycle length thus might be associated with beat to beat variations
in the refractory period, a short cycle being followed by a shorter and a long cycle
followed by a longer refractory period. When the gain of such a positive feed back
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mechanism is high, atrial fibrillation might be unstable. A casual long AF cycle length
(for instance due to the absence of a nearby wandering wavelet) will then be followed
by a long refractory period and this in turn will increase the likelihood that the next
cycle will be long also. In this way a progressive beat to beat prolongation of AF cycle
length might occur which (due to the concomitant increase in wavelength) will lead
to termination of AF. The possible role of a diminished rate adaptation of the refractory
period in stabilizing atrial fibrillation has been suggested by Attuel et al. and Le
Heuzey et al.^~-^ These investigators showed that in patients with chronic atrial
fibrillation the adaptation of the atrial refractory period to changes in heart rate was
lost. Interestingly, this was also true in our goat model of sustained AF in which the
normal rate adaptation of the refractory period was even inversed (i.e. the refractory
period became shorter at longer cycle length). '^ When the adaptation of the refractory
period to changes in heart rate is lost, a spontaneous increase in AF cycle length
obviously will no longer lead to an increase in refractory period. This may stabilize
the fibrillatory process because long AF cycles are no longer followed by a longer
refractory period. As a result, the odds will be agamsf a progressive prolongation of
AF cycle length, which in the present study was found to be a primary event in
termination of atrial fibrillation. A progressive prolongation of the refractory period
also would not explain the mcrawe in conduction velocity which we found to be
associated with termination of AF. If an increase in AF cycle length is due to a
lengthening of the refractory period, the time for the atrial fibers to restore their
excitability would remain the same, and despite the slowing in rate of AF, the
fibrillation waves would continue to propagate through partially excitable tissue with
the same depressed velocity.

Progressive Widening of the Excitable Gap ?

The observation that the prolongation of AF cycle length preceding termination of AF
is associated with a concomitant increase in conduction velocity of the fibrillation
waves rather points to a widening of the excitable gap. Depending on the type of
reentry, the mechanisms that lead to a widening of the excitable gap are different.

In amtfow/ea/ ree/ifr)' the excitable period is determined by the difference between
the duration of the refractory period and the revolution time around the anatomic
obstacle. In this situation the excitable period can get longer by: 1) A shortening of
the refractory period, 2) an increase in the size of the anatomical circuit, or 3) a
decrease in the average conduction velocity around the circuit. In the present context
the first possibility can be ignored, since it will not be associated with a prolongation
of the reentrant cycle length. The second mechanism might be involved if the rate of
a reentrant arrhythmia suddenly gets lower or when one arrhythmia converts to another
(for instance the transition from fibrillation to flutter). In case of a pragresm^ beat
to beat increase in cycle length however, this does not seem a very likely mechanism,
since it is hard to imagine how a ser/es of beat-to-beat increases in size of an
anatomical circuit might occur. At first sight, also the third possibility seems to be
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excluded since termination of AF was associated with an i'm:rra.vf rather than a
decrease in conduction velocity of the fibrillation waves. However, this mechanism
should still be seriously considered in case of an anatomical circuit comprising an area
of slow conduction. If the segment of slow conduction becomes further depressed, the
aw rage* conduction velocity around the circuit might decrease (causing a slowing of
the arrhythmia), whereas in the non-depressed parts of the circuit the conduction may
actually speed up (as a consequence of the slowing in rate). Thus a progressive
Wenckebach-like slowing of conduction in part of the circuit may lead to a progressive
slowing of the arrhythmia associated with a progressive increase in conduction
velocity in other parts of the heart.

Under some circumstances, also in /<?<w/m# circte reentry a short excitable gap may
exist. In this type of reentry there is no anatomic obstacle which forces the impulse to
travel in a longer circuit than necessary. Instead the impulse is circulating around a
central line of functional conduction block created by the circulating impulse itself,
and the revolution time of the impulse will be determined by its own refractory period.
In a combined numerical and biological study Cabo et al. have demonstrated that the
curvature of the wave front plays an important role in propagation in two-dimensional
cardiac muscle and that changes in curvature may cause slow conduction or block. -^
Thus, if reentrant circuits are very small, or if the wavefront is making a sharp U-turn
at the ends of a central line of block (for instance due to tissue anisotropy), the local
curvature at the pivot point will be very high and, as a result, the excitatory current
generated by the cells at the crest of the wave will be dissipated in the large wedge of
tissue ahead. In particular when a wavefront tries to make a sharp U-turn around a
line of block oriented parallel to the fiber orientation, the turning wave will face a
very low impedance at the pivot point due to the low coupling resistance of the
longitudinal fibers. If the amount of current generated by the cells at the pivot point
is not enough to depolarize the fibers around the pivot point to their threshold value,
the wave will not be able to make a sharp U-turn. In stead the impulse will make a
wider turn around the pivot point with a much lower curvature of its wavefront. The
resulting conduction delay at the turning points by such an impedance mismatch, will
create a short excitable gap in the reentrant circuit.^"-^^ The width of this partially
excitable gap will depend on the safety factor for conduction. If the safety for
conduction is still high, the excitable gap may be very small. However, if the current
generated by the myocardium is diminished (depressed action potential), or the
amount needed to excite the fibers is increased (excitability), the excitable gap may
become wider. It is difficult to say, what in this case the net effect on the conduction
velocity of fibrillation waves will be. At one hand lowering of the safety factor will
lower the conduction velocity, whereas on the other hand a decrease in the rate of
fibrillation and the associated widening of the excitable gap will increase the conduc-
tion velocity.

During rart^/o/n reen/ry (when a wave is reentering the tail of aflofAer wave), there
are two reasons why an excitable gap may exist: 1) After the fibers have recovered
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their excitability, another wave may not always immediately be available to excite
them, and an excitable gap simply arises because the cells have to wait until one of
the other wavelets has reached them. 2) Even if a fibrillation wave reenters the tail of
another wave immediately after the end of its refractory period, an excitable gap will
arise at more remote areas. Due to the opposite direction of the reentering waves, the
local cycle lengths will be determined by the sum of the cycle length at the site of
random reentry plus the antegrade and retrograde conduction times to and from that
point of reentry (for an illustration see Fig 10 of reference #10). •:; .o >w

The excitable gap during random reentry thus is a complex phenomenon, not only
varying from site to site and from cycle to cycle, but also being determined by multiple
variables like the local refractory period, intra-atrial conduction velocity and the
number of waves. The number of wandering waves seems to be the major determinant
of the duration of the excitable gap during random reentry. The more wavelets are
present, the higher the chance that one of them will be in the immediate neighborhood
as soon as the fibers have restored their excitability and thus the average 'waiting
time' will be short. On the other hand, if for any reason the number of wavelets gets
smaller, the average waiting time will get longer and consequently, on the average,
the excitable period will be prolonged.

E s t i m a t e d S i z e o f I n t r a - a t r i a l C i r c u i t s d u r i n g A F • t t j i , . . . ; • . « - - ; V i : . - > . . , j . ; > ;.,. ^ ••••;;•

The maximal number of reentering fibrillation waves during AF is determined by the
size of the atria and the length of the intra-atrial circuits. In the series of experiments
given in Table 3 the AF waves had a mean cycle length of 113 ms and an average
conduction velocity of 68 cm/s. Thus, during an average cycle length, the AF waves
propagated over a distance of 7.7 cm Simplifying the compli-cated patterns of
excitation during AF to circular-shaped circuits, the diameter of these circuits then
can be estimated to be about 2-3 cm. Prior to spontaneous termination of AF, both AF
cycle length and intra-atrial conduction velocity progressively increased to a value of
165 ms and 99 cm/s during the last beat before termination. Assuming that no areas
of slow conduction were involved, the last reentrant pathway thus must have had a
length of more than 16 cm and a diameter of more than 5 cm.

The Effects of Cibenzoline

Infusion of cibenzoline increased the average fibrillation interval from 108 ± 11 to
176 ± 59 ms and at the same time slowed the velocity of the fibrillation waves from
66 ± 7 to 51 ± 16 cm/s. Because an increase in cycle length and a decrease in
conduction velocity have opposite effects on the size of a reentrant circuit, the
estimated length of the fibrillation circuits increased only slightly from 7 to 8 cm (see
Table 4). Like during spontaneous termination of atrial fibrillation, also during
cardioversion by cibenzoline, the actual conversion to sinus rhythm was preceded by
a 'spontaneous' progressive slowing of the rate of fibrillation. Likewise, this slowing
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of the rate of fibrillation was associated with an increase in conduction velocity of the
fibrillation waves. And again, during the last fibrillatory cycles the length of the
circuitous pathway of the fibrillation waves dramatically increased. With an average
last fibrillation interval of 240 ms and a conduction velocity of 60 cm/s (Table 4), the
last intra-atrial circuits must have been as long as 14 cm (diameter about 5 cm). Given
the size of the atria, such a long estimated length of the last intra-atrial circuit makes
it understandable that fibrillation could no longer perpetuate itself. However we like
to emphasize that the estimation of the size of the fibrillation circuits is based on the
assumption that no areas of slow atrial conduction were involved.

Mechanisms of Termination of AF ,: , , , . . : ; . . . • . • : ' : . ; . : • • , ' . :

Since in 1959 Moe and coworkers demonstrated that AF is a self-sustaining arrhyth-
mia independent of focal discharge, it has been generally accepted that the stability
of the fibrillatory process depends on the number of wavelets which are wandering
through the myocardium.^ Later we have emphasized the role of the wavelength of
the atrial impulse for initiation and termination of AF.'2 Because the wavelength
determines the maximum number of wavelets that can be present in the atria, drugs
that prolong the wavelength are considered to possess anti-fibrillatory properties.
Nattel and coworkers have studied the mechanisms through which various antiar-
rhythmic drugs like flecainide, procainamide, propafenone and sotalol cardiovert
atrial fibrillation in dogs subjected to vagal nerve stimulation. 13,14,40 They concluded
that: "antiarrhythmic drugs terminate experimental AF by increasing the wavelength
for reentry at rapid rates, leading to a reduction in the number of functional reentry
circuits and, eventually, failure of reentrant excitation."''* After Kirchhof et al. had
shown that an experimental class IC drug (ORG 7797) preferentially prolonged the
atrial refractory period at higher pacing rates,'*' Nattel's laboratory demonstrated that
flecainide caused a tachycardia-dependent increase in atrial effective refractory
period, outweighing the depression in conduction velocity and thus increasing the
wavelength.'-'' By mapping the activation of the atria during AF with an array of 112
bipolar electrodes, they found a significant reduction in the number of circuits after 5
minutes of flecainide infusion and a further decrease immediately prior to termination
of AF, the size of the intra-atrial circuit(s) being clearly increased just before AF
terminated.'-^ Brugada et al.^2 studied the effects of a single intravenous dose of
cibenzoline in 20 patients with spontaneous and induced atrial fibrillation. In 18 of 20
patients, AF (mean cycle length 147 ± 34 ms) was converted into a regular flutter with
a cycle length of 302 ± 34 ms. In one patient undergoing a 'corridor' operation,
epicardial mapping of both atria during administration of cibenzoline showed fusion
of multiple wavelets into a single broad wavefront around the caval veins. Instead of
contributing the anti-fibrillatory effects of cibenzoline to a prolongation of the atrial
wavelength, they proposed that this transformation of random reentry into ordered
reentry was primarily due to the depression of intra-atrial conduction leading to
conduction block of the fibrillating waves and reduction of the number of waves.
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The observation in our present study that termination of AF was associated with
an increase in cycle length a«d conduction velocity of the fibrillation waves, suggests
that conversion of AF was not primarily due to an increase in wavelength but to a
progressive witfe/iing 0/ //ie £Jtc/?a6/e gap. As has been discussed above, there are
several possible mechanisms for a widening of the excitable gap, depending on the
type of reentry involved. A sudden widening of the excitable gap may be the result of
a sudden increase in size of the reentrant pathway. This may happen if smaller
functionally determined circuits are interrupted, either by chance or under the influ-
ence of a drug, and are replaced by larger waves traveling around one or more of the
atrial anatomical obstacles. In such a case it will depend on the number of the
anatomical circuits and their cycle length, whether Tine' fibrillation is transferred into
'coarse' AF, or whether AF will be converted into flutter. A more gradual widening
of the excitable gap may occur by 1) a progressive conduction delay in an area of
depressed conduction incorporated in an anatomical circuit, 2) widening of the U-turn
at the pivot points of functional anisotropic reentry, or 3) a progressive decrease in
the number of wavelets during random reentry.

Although none of these explanations can yet been excluded, in our opinion the last
possibility offers the most likely hypothesis for the supposed widening of the excitable
gap associated with spontaneous or drug-induced termination of atrial fibrillation.

L i m i t a t i o n s • " • ^ • • • • • • ' • ••• = •••••

A clear limitation of the present study is that no activation maps were obtained and
that no direct information is as yet available about the spatio-temporal variations in
refractory period and excitable gap during AF. Therefore, most of what has been
discussed above remains speculative and -as Moe liked to say - must be regarded as
'a piece of arm-chair physiology'. Before we can decide upon the different roles
played in termination of fibrillation by 'depression of the action potential', 'prolon-
gation of the wavelength', and 'widening of the excitable gap', techniques have to be
developed to actually measure the excitable gap during AF.
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Synopsis

The present thesis describes the electrophysiological effects of Atrial Fibrillation (AF)
in healthy hearts of chronically instrumented goats. The initial aim of the study was
to test the hypothesis that 'Atrial Fibrillation begets Atrial Fibrillation", which was
based on epidemiological and clinical observations suggesting a progressive nature
of AF. In goats that had been in normal sinus rhythm during their whole life, AF could
be induced but was usually self-terminating within a few seconds. However, when
AF was reinduced repetitively, the duration of AF episodes increased progressively
and finally, within a few weeks of pacing, led to the development of chronic AF.
Electrophysiological studies revealed a dramatic shortening of the atrial effective
refractory period (AERP) while no significant depression in intra-atrial conduction
was found. As a result, the atrial wavelength was shortened which could at least in
part explain the increased propensity for AF. In addition, the shortening of the
refractory period was much more pronounced at slow heart rates than at fast rates
which resulted in an attenuation or sometimes even inversion of the physiological rate
adaptation of refractoriness. While in normal (sinus rhythm) hearts, the refractory
period prolongs in response to a slowing of the heart rate, now the refractory period
failed to prolong and sometimes became even shorter when heart rate was slowed
down.

The shortening of the atrial refractory period seemed not to be caused by a higher
activity of the autonomic nervous system, ischemia of the atrial myocardium or by
increased blood levels of the atrial natriuretic factor (ANF). Although acute atrial
stretch by volume loading did not shorten the AERP, it could not be excluded
completely that chronic atrial stretch for days or weeks is involved in the process of
electrical remodeling. Finally, the high rate of atrial activation itself as is present
during AF seemed to be the trigger for the AF-induced shortening of the refractory
period. After 1 -2 days of rapid pacing (interval 180-200 ms) the atrial refractory period
had not only shortened at all heart rates but also the adaptation to changes in heart
rates became attenuated or reversed.

After AF had become chronic, the efficacy of several anti-fibrillatory agents with
class IA, IC and III properties was studied, revealing some new findings. Although
all drugs were effective in cardioversion of chronic AF, none of the drugs prolonged
atrial wavelength at slow rates and the reinducibility of AF by a single early premature
stimulus remained as high as 66% for cibenzoline to 100% for hydroquinidine,
flecainide and J-sotalol. Interestingly, also the class III drug J-sotalol, which has a
clear reverse use-dependency failed to prolong the refractory period at slow rates and
the AERP remained as short as 71 ± 19 ms. The prolongation of the atrial refractory
period by cibenzoline to 123 ± 30 ms seemed promising, however due to the drug's
depression of conduction velocity cibenzoline failed to prolong the atrial wavelength
and the inducibility still remained as high as 66%.
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In this thesis we also describe the electrophysiological effects of anti-fibrillatory drugs
*/«/•!«§ chronic atrial fibrillation. The effects on AF cycle length, refractory period
during AF and conduction velocity during entrainment of AF were measured to
estimate the drug-induced changes in atrial wavelength, circuit size and excitable
period (in ms) and excitable gap (in cm) during AF. Similar to previous studies, all
drugs prolonged the AF cycle length and were effective in cardioversion of AF.
However, all class IA, IC and III drugs tested failed to prolong the atrial wavelength
during AF, which up to now was considered the mechanism of their anti-fibrillalory
action. Although at least some of the anti-fibrillatory actions of hydroquinidine and
d-sotalol could be attributed to a prolongation of the circuit size during AF, ciben-
zoline did not change circuit size while flecainide even shortened the circuit size
considerably despite clear anti-fibrillatory effects of both drugs. The key observation
in these experiments was that all drugs prolonged the AF cycle length considerably
more than the atrial refractory period during AF. As a result, the excitable period
during AF became wider. Next to a prolongation of wavelength and circuit size, this
widening of the excitable period thus may be an important anti-fibrillatory property.
We hypothesized that a wide excitable period plays a destabilizing role in the balance
between genesis of new wavelets and dying out of old wavelets, which together
determine the number of wavelets that is present during AF. New wavelets are usually
formed by division of existing waves around areas of (functional) conduction block
and a long excitable period may prevent the occurrence of functional conduction block
and by that prevent the genesis of new wavelets.

Implications for Future Experimental Research

The observations as described in the present thesis evoke a number of questions that
should be addressed in future studies. Up to now we do not know what channels are
involved in the AF-induced shortening of the atrial refractory period and action
potential duration. Theoretically these effects can be caused either by a decrease in
inward current or an increase in outward current. The maladaptation of the atrial
refractoriness might give us some clues about the possible channels involved. Several
studies have indicated that the stimulation/up-regulation of transient outward cur-
rents, ''^ ATP-regulated potassium currents,-^ or acetylcholine activated potassium
channels,'*-^ or the depression/down-regulation of calcium currents--^ can cause a
shortening of refractoriness which is more pronounced at slow rates. Although in our
goat studies, the role of ATP-regulated potassium channels and acetylcholine acti-
vated potassium channels for the AF-induced shortening of atrial refractoriness
seemed rather unlikely, future studies using isolated atrial myocytes from fibrillating
atria are needed to elucidate this observation. Once the 'atrial fibrillation' channel is
identified, it may open the possibility for the development of specific blockers or
openers (in case of down-regulation) which may provide an alternative basis for the
development of anti-fibrillatory drugs.
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Theoretically, the stimuli responsible for the development of electrical remodeling
can be different from the factors responsible for maintenance of the electrically
remodeled state. Intra-cellular changes in Na+ or Ca^+ ions being a result of the high
rate of electrical activation during AF or rapid pacing^ might be the trigger for up-
or down-regulation of ion-channels. Especially if one is concerned about the preven-
tion of electrical remodeling, it will be important to know the stimuli that are involved.
Chatelain et al. reported a down-regulation of Ca^^-channels in response to an
isoproterenol induced intracellular Ca^+ overload, which was prevented after blocking
the Ca^+ channels with SR 33557. More direct evidence that Ca^+ overload might
serve as an intra-cellular stimulus for the AF-induced shortening of atrial refractori-
ness was recently provided by Tieleman et al.^ showing that the process of electrical
remodeling can be delayed by the Ca^+ channel blocker verapamil. •

The repetitive induction of atrial fibrillation resulted in a progressive increase in
the duration of AF-episodes which was associated with a marked shortening of atrial
refractoriness and an attenuation or reversion of its adaptation to changes in heart rate.
However, due to an increase in both atrial vulnerability and stability of AF, the changes
in atrial refractory period could only be followed directly during the first 2-4 days of
AF. Previous studies'""'^ showed a good correlation between the local fibrillation
interval and the local refractory period suggesting that the AF-interval can be used as
an index of local refractoriness. The measurements of the AF-interval allowed us to
follow the time course in changes in refractoriness for a much longer period of time.
The observed changes in AF-interval indicated that during the first 24 hours of AF
atrial refractoriness shortened with about 2 ms per hour, during the following days
with only a few milliseconds per day while after about 6 days a new steady state in
atrial refractoriness was reached. In contrast, the stability of atrial fibrillation contin-
ued to increase after the first week of maintained AF and in many goats AF became
chronic after more than 2-4 weeks of pacing. This discrepancy in time course of the
shortening of the AF-interval / "atrial refractoriness" and the increase in stability of
AF indicates that also other factors may be involved in the development of chronic
AF. Future research is needed to solve the following questions:

1) Do^v f/ze refractory /?er/o*//wr?/ier .v/wrteM a/ter ?/2e/?rs/ days o//4F? The local
atrial fibrillation interval did not shorten significantly anymore after the first 6 days
of AF. However, as shown by Allessie et al. and Kirchhof et al. '^ '^ during AF a small
excitable gap can be present indicating that the median AF-interval is certainly not
equal to the atrial refractory period. In addition, in the present thesis it was shown that
the prolongation of the AF-interval by anti-fibrillatory drugs was not associated with
similar changes in the atrial refractory period during AF. Using the techniques
enabling the measurement of the refractory period during AF itself or during stable
entrainment of AF would allow to follow the changes in refractory period during a
much longer time-course and even during chronic AF.

2) VVTzflf /i- r/i? rote o/wa/«Japrfl//o/2 f>/flma/ re/ractori/ieys/or ffte perp̂ rMflf/OH
*7 The physiological rate adaptation may play a role in the spontaneous termina-

210



GENERAL DISCUSSION

tion of AF. During AF, the interval varies on a beat to beat basis which is likely to be
associated with concomitant variations in the local refractory period. If a long
AF-interval is followed by a long refractory period, the likelihood for the next
AF-interval to be long is increased as well. Such a positive feed-back mechanism
might form the basis for the observed progressively increasing AF-intcrvals prior to
the termination of AF. However, if during atrial fibrillation the rate adaptation of the
refractory period is lost or even reversed, a long interval will now be followed by a
short refractory period, making another long interval more M/i/fifcWv. Some preliminary
studies, in which the refractory period could be measured during entrainment of
(sustained) AF indicated that the adaptation of atrial refractoriness indeed was
attenuated. These experiments could be extended by using a single stimulus during
AF to relate the refractory period directly to the immediately preceding AF-interval.
Analysis of the length of subsequent AF-intervals might be used to show a positive
feedback mechanism of long intervals in AF of recent onset (long interval more likely
followed by another long interval) while this feedback mechanism might be lost in
chronic AF (long interval more likely to be followed by a short interval).

3) /.? r/ieiV a ro/e /or (/oca/) depress/on o/ a/r/W co/zdwcf/tf/j properf/Vs? As
previously mentioned, AF did not depress the intra-atrial conduction velocity during
the initial 2-4 days of AF during which electrophysiological studies still could be
performed. Also after cardioversion of chronic atrial fibrillation, the conduction
velocity along Bachmann's bundle was only moderately depressed and because these
effects were not reversible it could not be established whether these changes were the
result of AF or the effect of the long-term implantation of the electrodes. Recently
van der Velden et al. (personal communication) studied the distribution of connexin
(Cx) 40 and 43 (gap junction proteins) in tissue samples taken from atria of goats in
sinus rhythm and of goats in chronic AF. It was found that the expression pattern of
Cx43 was unchanged, while the pattern forCx40 showed small discontinuities in areas
of 100 - 600 um. In the same study, in five goats the atrial conduction velocity in the
free wall of the right atrium was measured during slow pacing, both before implanta-
tion of the electrodes and after 136 ± 44 weeks of maintained AF, by high resolution
mapping (240 electrodes, inter-electrode distance 2.5 mm). Although, these islets of
Cx40 deprived cells did not change the average atrial conduction velocity in the right
atrial free wall (84 ± 12 cm/s in sinus rhythm goats versus 88 ± 6 cm/s in chronically
fibrillating goats), they still may play a role in the occurrence of micro-reentry during
AF which might be important for the perpetuation of AF.

4) W7?tf r w rTie ro/e o/r/2£ S//IHS nod£ a/jrf //le- am'o-ve/i/r/cM/ar AJO<&" ;'/i c/rrowic AF?
Several studies have indicated that the sinus node plays an important role in the
occurrence and perpetuation of AF. Clinically, atrial fibrillation is more commonly
observed in patients with sick sinus syndrome.' 5.16 it has been demonstrated that sinus
node reentry and sinus reciprocation can occur,'7.18 and that suppression of the sinus
node and/or AV-node reduces the inducibility and stability of AF.'9-2l Furthermore,
Kirchhof has shown that during AF, a considerable amount of fibrillation waves
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originated from the sinus node area.22.23 j( was suggested that these impulses, which
were most likely based on sino-atrial reciprocation, might be of importance for the
perpetuation of AF, especially by 'restarting' the fibrillation process in case of nearby
spontaneous termination of AF. Although in the present thesis the role of the sinus
node in the development of chronic AF was not determined, in a few goats we observed
very long sinus node recovery times after spontaneous cardioversion of AF (pauses
of 4 seconds versus a normal sinus rhythm interval of 400-600 ms). Future experi-
ments in which the sinus node function is followed during maintained AF, or
experiments in which the sinus node region is isolated, might reveal the significance
of sinus node dysfunction during AF and elucidate its role for the perpetuation of AF.

5) WTwf w //je rote o/c/iromc afna/ s/refc/i? In the present studies, acute atrial
stretch did not cause a significant shortening of atrial refractoriness. However, this
does not exclude that more prolonged atrial stretch might affect the propensity for AF.
Stretch can affect the substrate for AF in many different ways. Dilatation of the atria
increases the atrial surface area which may allow more wavelets to be present at the
same time. Stretch can also favor the perpetuation of AF by shortening the refractory
period and action potential duration,24-26 depression of the atrial conduction proper-
ties,27-29 0,- by increasing the inhomogeneity in electrophysiological properties.30-31
The role of atrial dilatation was not extensively studied in the present thesis and several
experiments might be designed to determine its possible involvement in the develop-
ment of chronic AF. Of special interest are the recent observations by Borgers and
Ausma et al.^233 showing that in cells from chronically fibrillating goat atria similar
changes occur as seen in ventricular hibernating cells. In fibrillating atrial myocardium
a loss of myofibrils and intra-cellular accumulation of glycogen was found. Next to
the dramatic shortening of the action potential by AF which is likely to prevent
Ca^-ions to enter the cell, these morphological changes might explain the temporary
atrial paralysis after cardioversion of chronic AF.34-36 -phg loss of atrial contractility
during chronic AF might also facilitate recurrences of AF and favor its perpetuation.
The acute induction of AF is associated with an increase in wall stiffness and a
decrease in compliance^^-^S which will prevent marked atrial dilatation in response
to an increase in atrial pressure.37-39 However, in chronically fibrillating atria a loss
of contractility might result in marked dilatation in response to already relatively small
increases in atrial pressure. Although some studies showed a clear relationship
between the occurrence and recurrence of atrial fibrillation and atrial size,40-42 at this
moment the exact role of dilatation and hibernation in recurrence and perpetuation of
the arrhythmia are not known.

Implications for Clinical Research and Possible Clinical Implications •> ;•..,<•...., <.„.;;,

The finding that AF induces electrophysiological changes in the atrial myocardium
which favor the perpetuation of the arrhythmia might also play a role in humans.
Clinically, it has been reported that the efficacy of anti-arrhythmic drugs is much
higher in recent onset AF (< 24 hours) than for AF of longer duration.43-46 Directly
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after cardioversion of AF the atrial rate suddenly slows from 400-600 beats per minute
to 70-120 beats per minute and due to the maladaptation of atrial refractoriness the
refractory period fails to prolong or even can get shorter. Such a dangerously short
refractory period, which is only reversible within a few days of sinus rhythm, may
play an important role in the recurrence of AF which is so common during the first
days to weeks after successful cardioversion.^"^ Although, anti-fibrillatory drugs
are useful in prevention of relapses to AF,-^"^ the long-term maintenance of sinus
rhythm remains a difficult clinical problem. In the present thesis all anti-fibrillatory
drugs were successful in cardioversion of chronic AF; however they failed to prolong
the wavelength at slow rates after successful cardioversion and could not prevent the
reinduction of AF. Surprisingly, also the class III agent d-sotalol, failed to prolong the
atrial refractory period which might suggest that electrical remodeling may change
the electrophysiologicai effects of anti-fibrillatory drugs. The diminishing efficacy of
drugs in AF of longer duration and the high rate of relapses after successful cardiover-
sion might be explained by such a process of electrical remodeling. These observations
stress the importance of testing anti-fibrillatory drugs in electrical remodeled atria and
stress the importance of developing new drugs which are effective in prolonging the
atrial refractory period and wavelength in electrically remodeled hearts.

Another clinical observation in which the process of electrical remodeling may play
a role is that paroxysmal AF often deteriorates into chronic AF.54-57 Although this
transition partly may depend on the progression of an underlying heart disease, it also
occurs in patients with lone AF^-57 and seems to be related to the frequency and
duration of the episodes of AF.̂ 4.56 Some recent studies have provided more direct
evidence that electrical remodeling may also play a role in humans but further clinical
research is needed before one can draw any conclusions. Attuel et al.-^ and Daoud et
al.-^ reported that short episodes of rapid atrial pacing or atrial fibrillation induced in
humans shortened the atrial refractory period and attenuated its physiological rate
adaptation. In addition, the shortened atrial refractory period was associated with a
longer duration of the induced episodes of AF. So, if electrical remodeling also in
humans contributes to the perpetuation of the arrhythmia, this may have several
important implications. As previously mentioned, electrical remodeling may play a
role in the diminishing efficacy of anti-fibrillatory drugs, in the frequent recurrences
of AF after successful cardioversion and in the transition from paroxysmal to chronic
AF. Paroxysms of AF can shorten the refractory period to such an extend that the next
episode of AF is more easily induced and will last longer. On the other hand, the
reversibility of this process implicates that electrical remodeling does not play a role
in patients with infrequent and relatively short episodes of AF. The fact that the effects
of electrical remodeling were reversible within a few days of sinus rhythm implicates
that restoration and maintenance of sinus rhythm can have important anti-fibrillatory
effects. Cardioversion of paroxysmal AF should be performed as soon as possible,
because the longer AF lasts, the more stable it will be and the more difficult it will be
cardioverted. However, directly after cardioversion the refractory period will still be
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very short and relapses of AF thus should be anticipated. Especially during the first
days after cardioversion, it might be useful to monitor these patients or to instruct
them carefully to come to the hospital immediately when AF reoccurs. With such a
strategy, the process of electrical remodeling might be halted and long-term mainte-
nance of sinus rhythm may be achieved. Some evidence to support this strategy was
provided by a study of Crijns et al.^9 who reported that serial anti-arrhythmic drug
treatment increased the 2-year cumulative percentage of patients free of AF or atrial
flutter from 31% to 63%. Further clinical studies evaluating the effects of such a
strategy on the long-term maintenance of sinus rhythm seem warranted.

On the other hand, it should not be forgotten that patients often have an underlying
heart disease which provides a substrate for AF. In patients with markedly dilated
atria, ischemic heart disease or vagally or adrenergically mediated AF, the role of
electrical remodeling might be insignificant and in these different groups of patients
the relative contribution of electrical remodeling should be studied. In our goat studies,
the AF-induced shortening of atrial refractoriness seemed not to be mediated by
changes in the autonomic nervous system, acute stretch, ischemia or ANF, implicating
that interventions directed against these factors does not seem warranted in patients
with AF. • • .• • • ' • : • : • . - . . - • • • . : • ' ; . • ' • ! • • • • • ; - . • . - : > . : . - ••
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SUMMARY

Summary
: - q •

In chapter 1 the background to the present study is given. Atrial fibrillation is the
most common arrhythmia in man with a prevalence of 0.4% in the total population,
4% in cardiac patients and 40% in patients with overt heart failure. From clinical and
epidemiological studies it has been known that AF has a progressive nature. In
patients, AF often starts as short paroxysms which gradually increase in duration,
finally deteriorating into chronic AF. Additional evidence for the progressive nature
of the arrhythmia is that the success rate of cardioversion by anti-fibrillatory drugs
and the successful maintenance of sinus rhythm afterwards are much higher if the
arrhythmia has persisted for only a short time. A possible explanation for the
progressive nature of AF is a deterioration in underlying heart disease (e.g. valvular
disease, coronary heart disease). It was the aim of this present study to test the
alternative hypothesis that atrial fibrillation ita^// causes progressive electrophysi-
ological changes to the atrial myocardium which favor the initiation and perpetuation
of the arrhythmia. In order to evaluate the latter hypothesis an animal model was
developed. Goats were chronically instrumented with multiple epicardial electrodes
which made it possible to maintain atrial fibrillation continuously and to follow the
changes in electrophysiological properties (atrial refractoriness and intra-atrial con-
duction velocity). In chapter 1 the effects of maintenance of atrial fibrillation on the
duration of AF-episodes as measured in the first goat are given.

In chapter 2 a historical overview, mechanisms and determinants of atrial fibril-
lation are given. In chapter 3 the electrophysiological effects of maintenance of AF
are described in more detail. In goats that had been in normal sinus rhythm during
their whole life, AF could be induced but was usually self-terminating within a few
seconds. However, when AF was reinduced repetitively for 24 hours a day and 7 days
a week, the duration of AF-episodes increased progressively and finally in almost all
goats AF became chronic (duration more than 24 hours) within 2-4 weeks. Electro-
physiological studies revealed that the dramatic increase in stability of AF was
accompanied by a progressive shortening of the AF-interval and a shortening of the
atrial effective refractory period. At higher heart rates the shortening of the AERP
was less pronounced resulting in an attenuation or sometimes even inversion of the
physiological rate adaptation of atrial refractoriness. While in normal (sinus rhythm)
hearts, the refractory period prolonged in response to a slowing of heart rate, now the
refractory period failed to prolong and sometimes became even shorter when heart
rate was slowed down. Because no significant changes in the intra-atrial conduction
velocity were found during the first few days of AF, the atrial wavelength (product of
refractory period and conduction velocity) shortened dramatically as well. The
shortening of atrial wavelength was associated with an increase in not only the stability
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of AF but also with an increase in the inducibility of AF by a single early premature
stimulus from 24% to 76% (after 24 hours of AF).

In chapter 4 the possible stimuli for the AF-induced shortening of atrial refractori-
ness (electrical remodeling) are evaluated. The shortening of atrial refractoriness
seemed not to be mediated by a higher activity of the autonomic nervous system,
ischemia of the atrial myocardium or by increased levels of the atrial natriuretic factor
(ANF). Although acute volume loading did not shorten atrial refractoriness, it could
not be excluded that more chronic atrial stretch can be involved in the process of
electrical remodeling. Finally, the high rate of atrial activation itself turned out to be
the trigger for the AF-induced shortening and inversion of the rate adaptation of the
AERP.

Because the AF induced shortening of the AERP is most likely to be due to changes
in the duration of the action potential, monophasic action potentials were recorded in
normal sinus rhythm goats and in goats in which AF had become chronic (chapter
5). Similar to the effects on atrial refractoriness, AF caused a shortening and inversed
rate adaptation of the atrial action potential duration.

In chapters 6, 7 and 8 the effects of class IA, IC and III anti-fibrillatory drugs in
this model of chronic AF are studied. Hydroquinidine (class IA), cibenzoline (class
IC with additional class III and IV effects), flecainide (class IC) and d-sotalol (class
III) were all effective in the cardioversion of chronic AF. Sinus rhythm was restored
by these drugs in 86, 86, 67 and 92% of the goats respectively. Side-effects of these
drugs were seen in 14, 43, 56 and 8% of the goats. Although all drugs were effective
in termination of chronic AF. none of the drugs prolonged the atrial wavelength at
slow heart rates which remained as short as 5.7-8.8 cm versus 17.4 cm in sinus rhythm
goats. As a result, the reinducibility of AF by a single early premature stimulus
remained as high as 67-100% (chapter 6). Measurements of the AERP and the atrial
conduction velocity c/Hn'nj? AF revealed that the anti-fibrillatory effects of class IA,
IC and III drugs is not based on a prolongation of the atrial wavelength during AF,
which previously has been considered to be the mechanism of their action, (chapter
7). The key observation in these experiments was that all drugs prolonged the
AF-interval considerably more that the atrial refractory period during AF. As a result.
the excitable period widened progressively by 100-200%, which may be an important
anti-fibrillatory property. In chapter 8 the changes in AF interval and conduction
velocity just prior to termination of AF are studied. It was concluded that spontaneous
and drug-facilitated termination of AF are preceded by a sudden progressive increase
in the AF interval and atrial conduction velocity. This resulted in an increase in
estimated circuit size (product of AF interval and conduction velocity) from 7-8 cm
to 14-16 cm which preceeds the termination of AF.

Finally, in the last chapter of this thesis (chapter 9) the possible implications and
some of the limitations of this study are discussed.

In summary, repetitive induction of atrial fibrillation in healthy hearts of chroni-
cally instrumented goats leads to a progressive increase in the stability and inducibility

220



SUMMARY

of atrial fibrillation ("AF begets AF'). These changes were associated with a dramatic
shortening of the atrial effective refractory period (electrical remodeling) which
seemed to be caused by the high rate of atrial activation during AF. These findings
may provide a good explanation for the clinically observed progressive nature of the
arrhythmia. Although some recent studies have provided evidence that electrical
remodeling may also play a role in humans, it should not be forgotten that patients
often have an underlying heart disease which provides an additional substrate for AF.
As a consequence the precise role of electrical remodeling is unclear at present and
future studies addressing this subject are needed. The second part of the thesis shows
that the anti-fibrillatory properties of drugs are not necessarily based on a prolongation
of the atrial wavelength, which up to now was considered to be the mechanism of their
action. Although drugs were efficient in cardioversion of chronic AF, they failed in
successful preventing arrhythmia reinduction. These studies have provided new
insight into the pathophysiology of atrial fibrillation and anti-fibrillatory drug actions
and are likely to stimulate development of more effective therapy for this common
arrhythmia.
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SAMENVATT1NG

Samenvatting

Het hart is een holle spier die circa 70 maal per minuut samentrekt en daarmee het
bloed door het lichaam pompt. Iedere contractie van de hartspier wordt voorafgegaan
door een electrische stimulatie van de afzonderlijke spiercellen. Deze electrische
stimulatie wordt verzorgd door een electrische prikkel die in de sinusknoop ontstaat,
een structuur gelegen in het rechter atrium (boezem), en van daaruit wordt voortgeleid
over de beide atria, via de atrioventriculaire knoop (AV-knoop) naar de beide
ventrikels (kamers) van het hart. Dit proefschrift richt zich op atriumfibrilleren (AF)
een zeer frequent voorkomende ritmestoornis bij de mens. Tijdens atriumfibrilleren
worden de beide atria niet meer op de normale regelmatige wijze geactiveerd door de
sinusknoop (frequentie 70 slagen per minuut), maar zijn ertalrijke kriskras doorelkaar
lopende kringstroompjes aanwezig die de atria zeer snel en zeer onregelmatig activ-
eren met een frequentie van circa 400-600 slagen per minuut. Hoewel de AV-knoop
slechts een deel van deze slagen voorgeleidt, verloopt ook de activatie van de kamers
te snel en volstrekt onregelmatig met 100-160 slagen per minuut. De afwezigheid van
een gecoordineerde atriumcontractie en het te snelle en onregelmatige kamerritme
geven klachten van hartkloppingen en een verminderde inspanningstolerantie. Bij
patienten met atriumfibrilleren staat het bloed in de oortjes van de atria vrijwel stil,
waardoor de kans op vorming van bloedstolsels (trombi) en daarmee de kans op
trombo-embolische complicaties wordt verhoogd.

Hoofdstuk 1 beschrijft de achtergrond van de huidige studie. Atriumfibrilleren
heeft een prevalentie van circa 0.4% in de totale bevolking, 4% bij hartpatienten en
40% bij patienten met hartfalen. Uit klinische en epidemiologische studies is gebleken
dat AF een progressief verlopende aandoening is, die aanvankelijk slechts aan-
valsgewijs optreedt om later over te gaan in een chronische vorm. Ook is bekend dat
AF nog veel gemakkelijker te stoppen is (met geneesmiddelen of door electroshock)
en de kans op een recidief nog veel kleiner is, wanneer de ritmestoornis slechts kort
geleden is ontstaan (bijvoorbeeld < 24 uur). Op grand van deze waarnemingen rees
de vraag of dit progressieve verloop van AF het gevolg is van de progressie van een
onderliggende hartaandoening (zoals een klepgebrek of kransslagaderlijden) of dat
AF ̂ //electrofysiologische of structurele veranderingen van de boezem veroorzaakt
die het chronisch worden van AF kunnen verklaren. Om deze laatste hypothese te
toetsen werd een proefdiermodel ontwikkeld. Door in geiten op het oppervlak van
beide atria meerdere elektrodes te implanteren, werd het mogelijk AF op te wekken
en de electrofysiologische eigenschappen van de atria (refractaire periode en gelei-
dingssnelheid) in de tijd te vervolgen. In hoofdstuk 1 wordt het effect getoond van het
herhaaldelijk opwekken van atriumfibrilleren zoals bestudeerd in de allereerste geit.
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Nadat in hoofdstuk 2 een historisch overzicht van atriumfibrilleren wordt gegeven
en de determinanten van de ritmestoornis worden besproken, worden in hoofdstuk 3
de electrofysiologische effecten van atriumfibrilleren in meer detail bestudeerd.
Indien AF opgewekt wordt in geiten, die hun gehele leven in sinus ritme geweest zijn,
stopt deze ritmestoornis gewoonlijk binnen enkele seconden. Echter, door met behulp
van een automatische fibrillatie pacemaker AF continu te onderhouden (gedurende
24 uur per dag en 7 dagen per week), neemt de duur van de afzonderlijke episodes
van AF progressief toe, hetgeen in vrijwel alle geiten binnen 2-4 weken resulteert in
chronisch AF (duur meer dan 24 uur). Deze dramatische toename in de stabiliteit van
AF gaat gepaard met een verkorting van het activatie-interval (tijd tussen twee
opeenvolgende activaties) tijdens AF en een verkorting van de atriale effectieve
refractaire periode (AERP). Omdat tijdens hogere hartfrequenties de verkorting van
de AERP minder uitgesproken is treedt er een afzwakking of soms zelfs een inversie
op van de normale frequentie-afhankelijke verkorting van de AERP. Terwijl in
normale (sinus ritme) harten de AERP verlengt wanneer het hartritme vertraagt, bleek
na 2-4 dagen van onderhouden van atriumfibrilleren de refractaire periode niet meer
te verlengen en soms zelfs te verkorten indien het hartritme werd vertraagd. Tijdens
de eerste dagen van AF treden er geen veranderingen op in de intra-atriale geleid-
ingssnelheid, waardoor ook de atriale golflengte (produkt van de refractaire periode
en de geleidingssnelheid) fors afneemt. De afname van de atriale golflengte werd niet
alleen met een toename in de stabiliteit van AF geassocieerd maar ook met een
toename van de induceerbaarheid van AF door een enkele extra-stimulus van 24% tot
76% (na 24 uur AF).

In hoofdstuk 4 komen de mogelijke stimuli voor de verkorting van de AERP door
AF ("electrical remodeling") aan de orde. De verkorting van de AERP blijkt niet
veroorzaakt te worden door veranderingen van het autonome zenuwstelsel, zuur-
stofgebrek van de atria, atriale rek of verhoogde bloedspiegels van de atriale natriure-
tische factor. Daarentegen blijkt de hoge atriale ontladingsfrequentie zelf de stimulus
voor de verkorting en de inversie van de frequentie-afhankelijkheid van de AERP.

Daar de door AF-geinduceerde verkorting van de refractaire periode het meest
waarschijnlijk berust op een verkorting van de duur van de actiepotentiaal werden
zowel in sinusritme geiten als in geiten waarin chronisch atriumfibrilleren werd
geinduceerd, monofasische actiepotentialen geregistreerd (hoofdstuk 5). Het blijkt
dat, vergelijkbaar met de effecten op de refractaire periode, AF zowel een verkorting als
een inversie van de frequentie-afhankelijkheid van de duur van de actiepotentiaal geeft.

De hoofdstukken 6, 7 en 8 beschrijven de effecten van diverse klasse IA, IC en
III anti-aritmica in dit proefdiermodel van chronisch atriumfibrilleren. Zowel hydro-
quinidine (klasse IA) als cibenzoline (klasse IC met additionele klasse HI en IV
effecten), flecainide (klasse IC) en d-sotalol (klasse III) zijn zeer effectief in cardiover-
sie van chronisch atriumfibrilleren. Sinus ritme werd hersteld in respectievelijk 86,
86, 67 en 92% van de geiten. Bijwerkingen van deze geneesmiddelen werden gezien
in respectievelijk 14, 43, 56 en 8% van de geiten. Ondanks hun effectiviteit in
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terminatie van AF wordt de AERP (gemeten tijdens trage hartfrequenties) door deze
geneesmiddelen nauwelijks verlengd en/of de atriale geleidingssnelheid sterk ver-
traagd waardoor de atriale golflengte (het produkt van de AERP en de geleidingssnel-
heid) abnormaal kort blijft (5.7-8.8 cm, versus 17.4 cm tijdens controle). De
abnormaal korte golflengte werd gecorreleerd met een hoge reinduceerbaarheid van
AF (67-100%) (hoofdstuk 6). Bij metingen van de AERP en de geleidingssnelheid
ryY/e/u AF blijkt dat het anti-fibrillatoire effect van klasse IA, IC en HI anti-aritmica
niet berust op een verlenging van de golflengte tijdens AF, zoals voorheen in andere
studies werd gesuggereerd (hoofdstuk 7). De progressieve verlenging van het AF-in-
terval en het anti-fibrillatoire effect van deze geneesmiddelen werd geassocieerd met
een progressieve verwijding van de exciteerbare periode tijdens AF (verschil tussen
AF- interval en de refractaire periode) met 100-200%. In hoofdstuk 8 wordt beschre-
ven dat zowel de spontane als de cibenzoline-geinduceerde terminatie van atriumfi-
brilleren wordt voorafgegaan door een plotselinge en progressieve toename van het
AF-interval en de geleidingssnelheid tijdens atriumfibrilleren. Een toename in de
geschatte circuit lengte (produkt van AF-interval en geleidingssnelheid) van 7-8 cm
tot 14-16 cm gaat vooraf aan de terminatie van AF.

Het proefschrift wordt afgesloten met een algemene discussie (hoofdstuk 9) waarin
de mogelijke (klinische) implicates en beperkingen van het huidige onderzoek
worden weergegeven.

Samenvattend kunnen we stellen dat het herhaaldelijk opwekken van atriumfi-
brilleren in gezonde harten van chronisch geinstrumenteerde geiten aanleiding geeft
tot een progressieve toename in de induceerbaarheid en stabiliteit van atriumfi-
brilleren ("AF begets AF'). De AF-geinduceerde verkorting van de refractaire periode
("electrical remodeling") speelt hierbij een zeer belangrijke rol. De bevindingen van
dit proefschrift kunnen een goede verklaring geven voor de klinische waarneming dat
atriumfibrilleren een progressief verlopende ritmestoomis is. Aan de andere kant
moeten we niet vergeten dat, patienten met atriumfibrilleren vaak een onderliggende
hart-of vaatziekte hebben, die een additioneel substraat kan vormen voor atriumfi-
brilleren. Hoewel sommige klinische studies inmiddels aanwijzingen geven voor het
optreden van electrical remodeling bij patienten, is de significantie van onze bevin-
dingen in patienten met onderliggende hart- of vaatziekten nog niet geheel duidclijk.
Toekomstig onderzoek zal de relevantie moeten aantonen. Het tweede deel van dit
proefschrift laat zien dat de anti-fibrillatoire effecten van geneesmiddelen niet
noodzakelijk gerelateerd zijn aan een verlenging van de atriale golflengte tijdens AF,
hetgeen tot nu toe beschouwd werd als het werkingsmechanisme van deze genees-
middelen. Bovendien werd gevonden dat geneesmiddelen heel effectief kunnen zijn
in het termineren van chronisch AF terwijl zij falen in de preventie van reinductie van
de ritmestoomis. Deze bevindingen verschaffen ons nieuwe inzichten in de pathofysi-
ologie van atriumfibrilleren en de mechanismen van anti-fibrillatoire geneesmiddelen
en vormen een stimulus voor het ontwikkelen van effectievere therapieen voor deze
veelvoorkomende ritme-stoornis
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NAWOORD

Nawoord

Het is al weer meer dan 8 jaar geleden dat ik, in het derde jaar van mijn studie
geneeskunde, voor de eerste keer in aanraking kwam met de wetenschap en de
"Electrofysiologie". Ik weet nog goed dat ik destijds niet inzag waarom zo'n weten-
schapsstage 6 weken moest duren; een week of twee voor enkele proefjes, het
uitwerken van de data en het opschrijven hiervan leken mij ruimschoots voldoende.
Niets bleek echter minder waar! Hoewel, het mij inmiddels duidelijk is dat het
verrichten van wetenschappelijk onderzoek een zeer tijdrovende bezigheid is, is deze
optimistische inschatting van wat er in een korte tijd allemaal gedaan kan worden, mij
ook bij de afronding van dit promotieonderzoek blijven achtervolgen. Dat dit tot vele
frustraties bij mijzelf en de mensen in mijn directe omgeving geleid heeft moge
duidelijk zijn. Uitspraken als "e/'nd nove/wfer", "6//na /:/aa/-'\ "/«/5A-C-/»VH itow /it
zortcfag nog", "fref beg/nr a/ ergens op te /y&e«" of "«og even fwe tafo//e« K///?mite«"
bleken achteraf gewoon gelogen en slechts bruikbaar voor het oppeppen van mijn
eigen gemoed. Nu het boekje eindelijk af is (ik kan het nog steeds niet geloven), kan
ik zeggen dat ik met een fijn gevoel op de afgelopen jaren terug kan kijken. Een
dankwoord aan eenieder die een bijdrage heeft geleverd aan de totstandkoming van
dit proefschrift is dan ook zeker op zijn plaats. Een aantal mensen zou ik in het
bijzonder willen bedanken.

Allereerst mijn promotor Prof M.A. Allessie. Beste Maurits, om met jou te mogen
werken is een grote eer, een unieke ervaring en ik ben jou dan ook veel dank
verschuldigd. Je drang naar perfectie, je kritische houding en je analyserend vermogen
zijn haast door niemand te evenaren en vormen de basis voor dit proefschrift. De
continue stroom aan nieuwe (meestal goede) ideeen werkte na enige gewenning
inspirerend en motiverend. Dat deze eigenschappen aanleiding gaven tot het keer op
keer veranderen van protocollen, de opstelling van de apparatuur of de opzet van een
paper ben ik inmiddels al lang weer vergeten. Ik hoop dat we in de toekomst even
vruchtbaar en prettig kunnen blijven samenwerken.

Dr. Kirchhof. Beste Charles, al tijdens mijn wetenschapsstage was jij mijn be-
geleider en mocht ik altijd in die mooie grote bruine leren stoel zitten. Gedurende het
eerste jaar van mijn O.I.O.-schap nam jij de dagelijkse begeleiding voor je rekening.
Je ontembare inzet en het ogenschijnlijke plezier dat jij hieraan beleefde waren een
grote steun en werkten zeer stimulerend. Zelfs als ik in het weekend voor problemen
stond was jij bereid de straat even over te steken (dat kon vroeger nog) om mij uit de
brand te helpen. Ik hoop dat ook wij, in de toekomst weer eens als vanouds samen
kunnen experimenteren.

De leden van de beoordelingscommissie, prof. dr. H.J.J. Wellens, dr. H.J.G.M.
Crijns, prof. dr. M.J. Janse, prof. dr. R.S. Reneman, prof. dr. H.A.J. Struijker Boudier
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bedankt voor de bereidheid het manuscript kritisch door te lezen en om op de
verdediging van mijn proefschrift aanwezig te zijn.

Mijn paranimfen Rick Dorland en Marc Bemelmans. Rick, het feit dat jij, een
rasechte Feyenoord fan bent heeft mij niet kunnen weerhouden jou als paranimf te
benoemen. Jij verrichtte een groot deel van de experimenten en stond jarenlang aan
mijn zijde. Dit uurtje zal er ook nog wel bij kunnen! Je tenue en schoenen (kistjes)
zul je even aan moeten passen maar misschien weet je daarna niet meer beter. Beste
Marc, als een van mijn beste vrienden vind ik het heel leuk dat ook jij op deze dag
aan mijn zijde wil staan. De laatste jaren weet ik je steeds meer te waarderen en ik
hoop dat onze vriendschap een lang leven beschoren is.

Een speciaal woord van dank gaat naar Lucas Boersma. Beste Lucie Baby, via het
hockey-eftal volgde ik jou weg naar de electrofysiologie. Je aanwezigheid in het lab
stond immer garant voor een gezellige sfeer en bracht een gezonde concurrentiestrijd
tussen de atrium- en ventrikelboys teweeg (jammer dat je steeds verloor!). Ik hoop
dat we in de komende jaren onder jouw bezielende leiding samen met Zwoelie en
Janice, BTV, Marc en Maya nog af en toe wat ontspannende avonturen kunnen
ondernemen. i . • • • • - . . ; _ • • . • • • >

En dan de jongens en meisjes van het electrofysiologie lab oftewel "The Team of
Rick Dorland": Frans Mast bedankt voor de vele programmeer-avonturen (je wist
nooit wat voor een versie van het stimulusprogramma je nu weer kreeg), Matthijs
Killian voor het capturen, Lucie van der Zee voor de roddel-uitjes naar de slager, Peter
Danse (de Waalse Nar) voor de hernieuwde strijdlust tussen de atrium en ventrikel-
boys, Joost Frederiks voor het abstract formulier (AHA '93) en Karen Konings voor
van alles en nog wat. Het komisch duo Jut en Jul (Jan Hollen en Frits Schmitz)
verdienen een aparte vermelding want zonder jullie bestaat er geen laboratorium voor
de electrofysiologie. De technische ondersteuning bij het vervaardigen en repareren
van de apparatuur was voor mij onmisbaar (als jullie beiden op vakantie gingen, waren
Rick en ik altijd extra voorzichtig om maar geen oscilloscoop en/of prikkelkast op te
blazen). Het opblazen van die ene prikkelkast zal ik overigens nooit vergeten, Jan
bedankt!

De afgelopen jaren is het lab werkelijk overstroomd met buitenlandse gasten. Many
thanks! Clifford Garratt for the discussions and the most helpful comments on
preparing the manuscript. Gavier Chorro, Jean-Claude Deharo, Kai Haberl, John
Power, Flavia Ravelli, Michael Reiter and Docter Who for the pleasant company and
all the scientific support.

De andere collegae van de vakgroep Fysiologie, voor het jarenlang dulden van die
heerlijke "geitenlucht". De dames van het secretariaat, met name Claire Bollen, voor
de secretarieele ondersteuning. Ruud Kruger, Ferenc Verhulst, Jo Habets en Theo van
de Nagel voor de kundige handjes op de OK en het "lenen" van de diverse goederen
(tondeuses, infuuspompen etc.).
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In de afgelopen jaren heb ik het genoegen gehad met vele mensen van andere
vakgroepen en universiteiten te mogen samenwerken. Marc Vos, Marieke de Groot
en Jet Beekman voor de hulp bij het registreren van MAPjes en de totstandkoming
van hoofdstuk 5. Prof. dr. M. Borgers, beste Marcel en Jannie Ausma, eenmaal op het
pad van beland van het hibernerende geiten atrium was jullie kar (overladen met een
grenzeloos enthousiasme) niet meer te stoppen. Robert Tieleman en Cees de Langen,
ondanks de taalbarierre (Groningers zijn niet te verstaan) gaf jullie aanwezigheid altijd
aanleiding tot een gezellige sfeer, succes met jullie eigen onderzoekslijn die nu zijn
vruchten begint af te werpen. Robert, tevens bedankt voor de verwerking van de
ANF-data. Prof. dr. H.J. Jongsma en Huub van der Velden, Prof. dr. J. de Goede en
Bart Hoekstra, voor al de wetenschappelijke discussies.

De mensen van de centrale proefdiervoorzieningen, met name Ton van de
Boogaard, Birgit Kusters, Huub Simons, Frans Slangen, Mai en Joyce voor de
deskundige hulp, advies en de verzorging van de geiten.

Hier wil ik ook enkele woorden van dank richten aan mijn ouders. Jullie hebben
mij van kinds af aan gestimuleerd in mijn studie, de afronding van dit proefschrift is
mede aan jullie te danken. Jullie stonden altijd klaar om mij advies te geven, of mijn
Nederlandse taal te corrigeren. Jullie doorzettingsvermogen is een voorbeeld voor
velen.

Lieve Marieke, mijn dank voor jou is natuurlijk niet in enkele woorden te vatten.
Het afgelopen jaar heb ik niet alleen je computer in beslag genomen maar heb ik jou
en ons huishouden volledig verwaarloosd. Mijn besonges (uitlopende tijdsplanningen,
nachtelijke print-avonturen, de overgang naar de vakgroep Cardiologie) moeten jou
menigmaal tot wanhoop hebben gedreven. Bedankt voor de bemoedigende woorden,
de correctie van de manuscripten en het luisterende oor indien ik volledig ontdaan of
gestressed hier een beroep op deed. Nu mijn proefschrift achter de rug is hoop ik wat
meer vrije tijd voor jou te hebben, bij de afronding van je eigen promotie-onderzoek
wens ik je heel veel succes en kun je in ieder geval een volledig beroep op mij doen.

Natuurlijk wil ik ook eenieder bedanken die ik hier (in alle drukte om dit nawoord
nog op tijd naar de drukker te krijgen) vergeten ben en die zijn naam nog steeds niet
heeft gevonden (dit is namelijk meestal een van de belangrijkste redenen om een
dankwoord te lezen).
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