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chapter

Introduction
Mapping of Atrial Tachyarrhythmias



Introduction

Tachyarrhythmias originating from the atria are common and give rise to a large num-
ber of visits to the primary care physician and even to hospital admissions.! Atrial tachy-
arrhythmias (AT) occur in subjects of all ages, though more frequently in the elderly.”*
They often arise in patients with ischaemic, hypertensive, valvular or congenital heart dis-
ease.>” Although structural heart disease is present in many patients with AT, they also
arise in patients with apparently normal hearts. *

Pharmacological therapy of AT is often not effective and catheter ablation may therefore
be an attractive alternative treatment option because it is potentially curative.”"
Associated with the on-going improvement in catheter ablation techniques, sophisticated
mapping tools are being developed as well."”*"” This allows more detailed mapping of AT
which will increase our knowledge of the pathogenesis of AT.

AT are caused by disorders of impulse formation (automaticity, triggered activity) and/or
disorders of conduction of electrical waves through the muscle structure of the atria (con-
duction block, reentry).” Several studies have demonstrated the role of atrial architecture
in initiation and maintenance of AT."?%*

The aim of this chapter is to review mapping studies of AT - including (a) typical atrial
flutter, atrial fibrillation and focal atrial tachycardias - and to discuss the relationship

between atrial anatomy and pathogenesis of AT.



Atrial Tachyarrhythmias and Atrial Architecture

In case of a macro-reentry mechanism underlying the AT, large anatomical obstacles such
as orifices of the pulmonary and caval veins or the atrioventricular valves may be delineat-
ing barriers of a reentry circuit around which the wavefront circulates. *

Not only macroscopic structures, but also the atrial microscopic structure is involved in
pathogenesis of AT. Spach et al. were the first to provide evidence that ‘2-dimensional
propagation is discontinuous in nature at a microscopic level’ (Figure 1). 53¢

In their experiments, variations in shape and amplitude of extracellular potential wave-
forms were studied when the direction of conduction was changed from longitudinal to
transverse related to the fiber axis. They observed that in anisotropic myocardium, the
shape of the upstroke of the transmembrane action potential depended on the direction
of propagation in relation to the fiber orientation. Fast conduction in the longitudinal
direction was associated with a slow upstroke and a long 1-foot and slow conduction in

Discontinuous Conduction

.
high
resistivity

A
low
resistivity
“\"'i
]
5
f ER .-.
uniform anisotropic tissue "_‘I ! 1
i ‘o000 c‘
J L
high
l / resistivity
A
low
resistivity i
— ""--—..._./- o-0l90-0
‘ — ,Fu‘ - ;
nonuniform anisotropic tissue ""{ 1
‘o8 [oe
Figure 1.

Left panel: Electrograms recorded in the longitudinal and transversal conduction direction in relation to fiber
orientation in uniform anisotropic and nonuniform anisotropic tissue. The electrogram in the transverse con-
duction direction in nonuniform anisotropic tissue consists of multiple deflections indicating discontinuous
conduction.

Right panel: Discontinuous propagation at a microscopic level; fractionation of extracellular potentials due to
electrical dissociation of muscle bundles (non-uniform anisotropy). Modified from Spach et al.?
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the transverse direction with a fast upstroke and a short t-foot. These direction depended
differences were explained by the anisotropic distribution of intercellular connections
(gap junctions).

Gap junctions along the fiber axis provide a low resistance to current flow which increases
the space constant and hence the electrotonic current flow. Subsequently, the upstroke of
the transmembrane potential in this direction decreases and the t-foot increases. Due to
high resistance barriers in the transverse direction, the space constant is reduced and the
electrotonic current is therefore smaller. This results in an increase in the upstroke of the
transmembrane potential and a decrease in the -foot. Consequently, as the safety factor
is lower during longitudinal conduction than during transverse conduction, conduction
block is more likely to occur during longitudinal conduction.

Discontinuous conduction can be the result of modifications of the atrial architecture
including cell geometry (size and shape), gap junctions (distribution and conductivity) or
the interstitial space (size and distribution). *' It is likely that alterations of the atrial mi-
croscopic anatomy, caused by e.g. ageing and structural heart diseases, give rise to con-
duction abnormalities which in turn may facilitate genesis and perpetuation of tachyar-

rhythmias. 2627

The Right Atrium

The endocardial surface of the right atrium consist of muscle bundles of varying thickness,
including the terminal crest, Eustachian ridge, the rim of the fossa ovalis, the pectinate
muscles and the tricuspid vestibule.?*} Regional differences in thickness of the atrial wall
affect conduction of electrical waves by giving rise to tissue anisotropy, modifying the
wavefront curvature or by creating an electrical source-to-load mismatch. 202934

The terminal crest is involved in the pathogenesis of various forms of AT. It is a longitu-
dinal muscular ridge which extends from the superior rim of the fossa ovalis in front of
the superior caval vein downwards to the orifice of the inferior caval vein and forms the
junction between the smooth walled (sinus venarum) and trabeculated part of the right
atrium. The terminal crest gives rise over the entire length to 15- 20 smaller muscular tra-
beculations (the pectinate muscles, Figure 2). Even in normal hearts, conduction along
the terminal crest is anisotropic in nature (fast conduction in the longitudinal direction
and slow conduction in the transverse direction) which is due to a sparse lateral cell-to-cell
coupling. ** Histological studies of the atria obtained from subjects without AT revealed
that there is a disorganized arrangement of muscle fibers at the junction between the
terminal crest and the pectinate muscles and at the site of the terminal ramifications of
the terminal crest (cavo-tricuspid isthmus). ?' The multi-directional orientation of muscle
fibers at these sites also varies considerably between subjects. Hence, the complex atrial
architecture of the terminal crest may facilitate abnormalities in conduction and thereby
provide an arrhythmogenic substrate.

In patients without structural heart disease, focal atrial tachycardias are often found to



Figure 2.

Endocardial aspect of the right atrium of 2 humans without a history of AT. There is variation in atrial architec-
ture, particularly in the terminal ramifications of the chest.
TC: terminal crest, PM: pectinate muscles, SS: septum spurium and V: vestibule.

originate from the terminal crest. * This could be attributed to the presence of cells with
automatic properties combined with myocytes with sparse lateral coupling as areas with
focal activity embedded within tissue with poor cell-to-cell coupling facilitate the arisal
of focal atrial tachycardias. *”*° During typical atrial flutter, the terminal crest forms a
functional barrier of the reentry circuit. *° In some patients, gaps in this barrier resultin a
reentrant tachycardia confined to the upper part of the right atrium which can be termi-
nated by elimination of conduction through the crista. *'

Optical mapping studies in isolated sheep heart during atrial fibrillation demonstrated
that lines of conduction block corresponded with the location of the pectinate muscles. 2
In addition, they observed that epicardial breakthroughs were the consequence of trans-
mural conduction or the result of reentry through pectinate muscle bundles connected
to the epicardium. It is most likely that in the human atria conduction may occur also

transmurally.

The Left Atrium: the pulmonary veins

Ever since the discovery that ectopic beats originating from the pulmonary veins may trig-
ger atrial fibrillation (AF), anatomy of the pulmonary veins has become a major topic of
interest (Figure 3). Macroscopic studies, histological examination and various imaging
modalities such as pulmonary vein angiography, contrast-enhanced computed tomogra-

phy and magnetic resonance imaging have all demonstrated that human pulmonary vein
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Figure 3.

Upper left panel: normal heart demonstrating four pulmonary veins.

RA: right atrium, LA: left atrium, SCV: superior caval vein, ICV: inferior caval vein, CS: coronary sinus, RU and
RL: right upper and lower pulmonary vein, LU and LL: left upper and lower pulmonary vein.

Upper middle panel: angiography of the left inferior pulmonary vein.

Upper right panel: example of an ablation catheter designed for pulmonary vein ablation.

Lower left panel: 3-dimensional reconstruction of the pulmonary veins. The ablation lesions encircling the ostia
are represented by red markers.

Lower middle and right panel: CT reconstructions of the pulmonary veins.

anatomy (e.g. the number and dimensions of pulmonary veins, distinct ostia or common
trunks) is highly variable. 4348

In order to comprehend the role of the pulmonary veins in the pathogenesis of AT, his-
tological and electrophysiological characteristics of myocardial sleeves extending from
the left atrial myocardium (13-25 mm) onto the pulmonary veins were studied in de-
tail 40:43:4446:47:49 These myocardial sleeves are located on the epicardial side of the veins
and are separated from the smooth muscle media of the vein by fibro-fatty tissue. Going
from proximal to distal in the pulmonary veins, thickness of the sleeves decreases and
distally they may even be composed of isolated fascicles only. *° The length of the sleeves
in the superior pulmonary veins is longer than in the inferior pulmonary veins and the lon-
gest sleeves are often found in the left superior pulmonary veins. *° Pulmonary veins can
also be connected to each other by intermingling of their myocardial sleeves. Histological

examination revealed that the arrangement of myocytes of these sleeves is disorganized



and that the myocardium contain gaps consisting of areas of fibrotic tissue. At the ostial

junction, the sleeve is composed of multiple layers myocardium with different spatial

orientations. This complex fiber arrangement results in non-uniform anisotropic conduc-
tion which may facilitate reentry. Hocine et al. indeed demonstrated that in canine atria
sudden changes in fiber orientation within the pulmonary veins were related to zones of
conduction delay.* Similar findings were reported by Hamabe et al. *' They showed that
at the junction between the left atrium and the pulmonary veins gaps of connective tissue

gave rise to marked conduction delay which were mainly present during pacing from the

distal pulmonary veins but not during sinus rhythm.

Histological examination of the pulmonary vein sleeves revealed the presence of different
population of myocardial cells. *> This might explain variation in duration of action po-
tentials measured from pulmonary vein myocytes and the resulting regional differences in

refractoriness contributing to initiation and/or perpetuation of AT. %

Other investigators have provided evidence that abnormal automaticity or triggered activ-
ity are responsible for arrhythmogenicity of the pulmonary veins. ** Ectopic foci are usu-
ally found at 2 to 4 cm within the pulmonary vein. Perez-Lugones et al. demonstrated that
there are cells (P cells, transitional cells and Purkinje cells) within the myocardial sleeves
with specialized conduction properties and the presence of such cells might account for

pulmonary vein automaticity. **

InterAtrial Connections: Bachmann’s Bundle

Bachmann’s bundle is a band of muscle fibers extending from the junction between the
right atrium and superior caval vein towards the left atrial appendage where it divides
in two branches (upper panel Figure 4).'%5%%¢ The upper branch continues from the left
atrial appendage in front of the orifices of the left pulmonary veins towards the left atrial
free wall. The lower branch extends from the base of the left atrial appendage towards the
mitral ring. These two branches intermingle on the lateral free wall of the left atrium and
continue as a thin branch in the interatrial groove.

Experimental and clinical studies have provided evidence that wavefronts propagating
from the left to the right atrium and vice versa via Bachmann’s bundle may play an impor-
tant role in the pathogenesis of AF.193557:58

Indirect, endocardial mapping studies comparing conduction across Bachmann’s bundle
in subjects without AT and patients with persistent or permanent AF demonstrated that
conduction abnormalities were most pronounced in patients with AF, particularly in pa-
tients with permanent AF. 3 Isolation of the pulmonary veins is less effective in humans
with conduction abnormalities at Bachmann’s bundle. *®

During induced AF in dogs with sterile pericarditis, bachmann’s bundle was essential for
formation of multiple unstable reentry circuits perpetuating AF. *” Consequently, ablation
of Bachmann’s bundle terminated AF. **

Conduction abnormalities at Bachmann’s bundle may be caused by histopathological
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Figure 4.

Upper panel: anterosuperior view of the heart demonstrating the position of bachmann’s bundle. The fluoroscop-
ic image in the lower left corner shows a pacing lead positioned at bachmann’s bundle (right anterior oblique
view). Modified from Lemery and Khaja et al.”%®

Middle panel: mapping catheter positioned within the coronary sinus records rapid electrical activity during AF.
Lower left panel: longitudinal section through the coronary sinus. The striated myocardium of the coronary sinus
(arrow 1) can be distinguished from left atrial myocardium (arrow 2).

CO: coronary sinus ostium, VV: valve of Vieussens, VT: valve of Thebesius.

Lower right panel: transverse section through the coronary sinus again demonstrating merging of coronary sinus
myocardium (PCM) and left atrial myocardium (AM). Modified from Oral, Chauvin et al.t%¢?

alterations. Becker et al. performed microscopic studies of bachmann’s bundle obtained
from humans with a history of paroxysmal AF (n = 10, coronary artery disease: n = 5,
mitral valve disease n = 2, and coronary artery/mitral valve disease: n = 3) and from
humans without a history of AF (n = 10, coronary artery disease: n = 5, coronary artery/
mitral valve disease: n = 1, left ventricular hypertrophy: n = 2, no structural heart disease:
n = 2).%° Fibro-fatty replacement with a patchy distribution was found in all patients but
it was more pronounced in patients with AF. Interestingly, atrial myocardial micro-infarc-

tion was observed in two AF patients.

InterAtrial Connections: Coronary Sinus

Another essential interatrial connection which may serve as a preferential conduction

route is the coronary sinus myocardium. The coronary sinus is a large venous structure

that extends from the oblique vein of Marshall to the right atrium and is surrounded by a
cuff of striated muscular fibres (25-51 mm in length). Numerous fibers emerge from this

cuff and are attached to the left atrial wall, including the Marshall muscle bundle.

The existence of these musculature connections can be explained by the embryological

origin of the coronary sinus musculature and the left atrium.  During fetal development,
the primitive atria are separated from the sinus venosus. The left horn of the sinus veno-
sus gives rise to the coronary sinus and the primitive atrium to a narrow muscular band

around the mitral annulus. Connections between the sinus venosus and adjacent atrium

bordering the mitral annulus may be maintained throughout development in order to
form the connective muscle bundles.

Experimental and clinical studies have shown that the coronary sinus musculature plays
a role in both initiation and maintenance of various tachyarrhythmias (middle and lower
panel Figure 4). 2*%8616% Focal atrial tachycardias and AF due to automaticity or trig-
gered activity have been reported to originate from the coronary sinus musculature. 233
In patients with chronic AF and rheumatic heart disease, episodes of induced AF started
by a rapid organized AT originating from the coronary sinus os and ablation at this site
eliminated AF. ® Comparing conduction through coronary sinus musculature in subjects
without AT and patients with persistent or permanent AF, conduction abnormalities were

most pronounced in patients with permanent AF. 8
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Mapping studies have also revealed that the coronary sinus myocardium can be 1) a part
of the reentry circuit in case of atypical flutter, 2) the slow pathway of an atrioventricular
nodal reentry tachycardia and 3) the atrial connection of epicardial posteroseptal acces-

sory pathways in patients with atrio-ventricular reentry tachycardias. ¢

Atrial Fibrillation and Fibrosis

Augmentation of fibrosis or changes in the expression of gap junctional proteins giving
rise to tissue anisotropy has been suggested as “the second factor” contributing to per-
sistence of AF. Alterations in myocardial structure have been reported in patients with AF,
including focal degeneration, necrosis, fibrosis or fibro-fatty myocardial replacement and
changes in the arrangement and number of gap junctions. % Fibrosis and redistribution
of gap junctional proteins are also age-dependent phenomena and this may explain the
higher incidence of AF in elderly patients. 28:65¢7

Fibrosis is defined as an excessive deposition of extra-cellular matrix which mainly consists
of collagen type I, lll and the cross linking glycoprotein fibronectin. Several studies have
demonstrated that AF is associated with augmentation of fibrosis. 3%66:68:6%

Boldt et al. analysed tissue samples from the left atrial free wall obtained from patients
with lone AF, AF and mitral valve disease and patients in sinus rhythm with or without
mitral valve disease.  In the AF patients, thick connective tissue fibers were interposi-
tioned between muscle bundles and between cardiomyocytes whereas in the sinus rhythm
patients only a fine network of collagen was present between the separate muscle bundles
and there was no connective tissue between cardiomyocytes. Comparing the AF and si-
nus rhythm group, there was a higher content of collagen I, Ill and fibronectin in all AF
patients thereby demonstrating a relation between AF and fibrosis. Comparing patients
with and without mitral valve disease, either during AF or sinus rhythm, there was no dif-
ference in the content of collagen type | or fibronectin. However, there was a significant
increase in collagen type Il in patients with mitral valve disease. This finding is consistent
with an experimental study which demonstrated that in case of mechanical stretch fibro-
blasts respond with an increase in collagen type Il mMRNA whereas collagen type | mRNA
production remains unaltered. ®57°

Corradi et al. demonstrated that there were regional differences in the degree of intersti-
tial remodeling in the left atrium in patients with mitral valve disease. ® Tissue samples
were taken off the left atrial free wall and the left atrial appendage from patients with
chronic AF and mitral valve disease including mitral stenosis (9), mitral insufficiency (13)
and both mitral stenosis and mitral insufficiency (11). The degree of interstitial fibrosis
and perivascular fibrosis was determined and compared with tissue samples from control
patients without structural heart disease or atrial arrhythmias. In the patients with mitral
valve disease, interstitial fibrosis was more pronounced in the left atrial free wall than in
the left atrial appendage. No such differences were found in the control group. A higher

degree of interstitial fibrosis at the left atrial appendage was associated with a higher de-



gree of interstitial fibrosis at the left atrial free wall. The degree of perivascular fibrosis in
patients with mitral valve disease was comparable with the control patients. Also, there
were no differences between the samples obtained from the left atrial free wall and the left
atrial appendage in both control and mitral valve disease patients.

There was no relation between interstitial or perivascular fibrosis and age or AF duration.
Recurrences of AF after ablation were associated with augmentation of interstitial fibrosis.
These findings thus indicate the importance of fibrosis in the pathogenesis of AF. Fibrosis
results in side-to-side decoupling of atrial myocytes causing slowing of conduction. %7 If
electrical conduction disturbances form the substrate of AF, regions of local heterogene-
ity in conduction may be amenable for ablation.

In order to comprehend the relation between atrial structure and the mechanism of AT, a
spatial model of the excitation sequence plotted on a reconstruction of the atria may be

helpful. For this purpose, various cardiac mapping techniques have been developed.
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Cardiac Mapping

Cardiac mapping is defined as a method by which potentials recorded directly from the
surface of the heart are spatially depicted as a function of time in an integrated manner. ”'
Isochronal or activation mapping is the most commonly used cardiac mapping approach.
An isochronal or activation map provides a spatial model of the excitation sequence and
its construction requires detection of the local activation time of the myocardium sur-
rounding the recording electrode (Figure 5). The objective of cardiac mapping in general
is to increase our knowledge of arrhythmogenesis and to guide therapy of tachyarrhyth-

mias.

Mapping Techniques

In recent years, a number of different cardiac mapping techniques has been introduced.’
157274 Mapping devices record cardiac potentials by electrodes which are in close contact
with the surface of the heart or they reconstruct cardiac potentials from cavitary poten-
tials measured by electrodes which are not in contact with myocardial tissue.''*'%72 The
simplest mode of endocardial mapping applied in clinical practice is fluoroscopy-based

multi-electrode catheter mapping (e.g. Halo catheter, Figure 6). These catheters record

1.5 mm 10.5 mm

N=60

isochronal map

5

extracellular potentials detection local activation time

i e e

TN

B v e s
B i e e

R e e e e e I e e e e e
-+ P+t
P e i Y [ o o

T R 76 I A T R
\—r S o e e

Figure 5.

[ e W o e
H-—
-
\*‘i“’r**}r——%‘-—’r*—’r/

Example of a construction of an isochronal map with an epicardial template containing 60 unipolar electrodes
with an inter-electrode distance of 1.5 mm. The local activation time at each electrode is determined by mark-
ing the intrinsic deflection of the extra-cellular potential (black dot). Isochrones are lines connecting points in
the mapping area with equal activation times. The arrow indicates the propagation direction of the activation

wavefront across the mapping area.



Halo Catheter

Figure 6.

Fluoroscopy-based multi-electrode catheter mapping using a Halo-catheter.

Upper panel: a Halo catheter (H) is positioned in the right atrium. The shaft of this catheter contains 10 bipolar
electrodes (H1-H10). The corresponding recordings shown in the lower panel demonstrate a counterclockwise

atrial flutter.
M = mapping catheter, R = right atrial reference catheter, positioned in the right atrial appendage.

electrograms simultaneously from multiple endocardial sites and the location of the re-
cording sites can only be estimated by fluoroscopy.'*757¢

Sequential mapping, either single- or multi-site mapping, is only reliable when the acti-
vation sequences are reproducible. It requires a mental reconstruction of the activation
sequence and this may be difficult in case of complex arrhythmias such as late post-op-
erative atrial tachycardias in patients with surgically corrected congenital heart disease.
Several sophisticated endocardial sequential mapping systems have nowadays overcome
this limitation by creating a 3-dimensional reconstruction of the activation sequence.
Well-known examples of such mapping techniques include Localisa and the 3-dimen-
sional electro-anatomical mapping system (CARTO™).121316:17%72 The basic principles of
the CARTO™ system are summarized in Figure 7. This mapping technique is however still
time consuming when high density activation maps are required to localize target sites
for ablation. A mapping technique which allows fast and accurate identification of the

area of interest may therefore be advantageous, particularly in patients with hemody-
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namically unstable tachycardias. To overcome this limitation, a new mapping technique
- Qwik-mapping - was recently introduced. This mapping approach is an extension of
the CARTO™ system and allows construction of activation maps using both contact and
cavitary potentials (Figure 8). Qwik mapping accelerates construction of activation maps
as cavitary potentials are recorded by multiple electrodes in the catheter’s shaft during
acquisition of contact potentials and during navigation of the mapping catheter. Hence,
selection of target sites for ablation is facilitated as less contact potentials are required to
quickly identify the area of interest.

Alimitation of endocardial mapping is the uncertainty of good contact between the map-

ping electrode and atrial tissue. Also, some atrial regions such as Bachmann’s bundle,
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Figure 7.

Basic principles of the CARTO™ system. Left panel: The position and orientation of the tip of the mapping
catheter (M) is continuously displayed by an icon on the screen. The relative activation time of each recorded
potential is determined in relation to a fixed point of a reference electrogram (R) and used to create a color
coded activation map.

Right panel: color coded 3-dimensional activation map of the right atrium constructed during sinus rhythm (SR)
and atrial flutter (AFL).

AP = antero-posterior view, LAO = left anterior-oblique view.
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Figure 8.

Principles of Qwik-mapping. Upper panel: The shaft of the mapping catheter contains a 4 mm tip and ring elec-
trode and 6 rows of 4 orthogonal electrodes. Contact potentials are collected by single point-to-point mapping.
During acquisition of these contact potentials, cavitary potentials (Qwik points) are recorded by the shaft elec-
trodes. In addition, contact potentials are recorded during manoeuvring of the catheter.

Lower panel: Construction of a Qwikmap of the right atrium during atrial flutter (CL = 220 ms). Only five con-
tact points were used for creation of this activation map. The position of the QwikMap™ catheter at each of
these point is shown. By positioning and rotating the catheter in a loop, numerous non-contact points were

collected.
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Figure 9.

Epicardial mapping devices used for mapping of the atria during cardiac surgery.

Left panel: mapping of the right atrial free wall, right atrial appendage and right atrial posterior wall was per-
formed with a spoon shaped mapping electrode. This electrode contains 244 unipolar electrodes with an inter-
electrode distance of 2.25 mm and covers an area of 36x36 mm. Upper right panel: for mapping of the left atrial
posterior wall, a rectangular electrode was used (inter-electrode distance of 2.5 mm, mapping area: 17.5 mm).
Lower right panel: mapping of multiple sites of the entire right and left atrium was performed with a 1 cm? elec-
trode containing 60 unipolar electrodes with an inter-electrode distance of 1.5 mm.

can not be reached by endocardial mapping. Open chest surgery offers the opportunity
to perform epicardial mapping. Epicardial mapping studies during open chest surgery are
usually performed with hand-made multi-electrode arrays. Examples of epicardial multi-

electrode templates are demonstrated in Figure 9.

Extracellular Potentials

A main element in cardiac mapping is correct interpretation of the morphology of ex-
tracellular potentials. Extracellular potentials features are used to detect the local acti-
vation time of atrial tissue surrounding the recording electrode. In case of an unipolar



electrogram, the maximum negative slope can be used to determine the moment of local

activation as it coincides with the moment of maximum rate of rise of the trans-membrane

potential (time differences less than 50 ps). ?° In turn, the maximum rate of rise of the

transmembrane potential correspond with the maximum increase in sodium current and

its conductance. 77 Determination of the local activation time using bipolar electrograms

is more complicated. As a bipolar electrogram represents the difference between two uni-
polar electrograms, the local activation time is also the difference of the local activation

time of two unipolar electrograms (Figure 10). Experimental studies have demonstrated

that the most accurate algorithm for activation detection of the bipolar electrogram is the

so-called Peak Algorithm. This algorithm states that as bipolar electrograms are consid-
ered to be the first derivative of unipolar signals, the moment of the maximum amplitude

of the bipolar electrogram corresponded with the timing of the maximum negative slope

of the intrinsic deflection of a unipolar electrogram””78. However, the peak-algorithm as-
sumes that the shape and velocity of the wavefront remains constant when its propagates

through the myocardium, which is most often not the case (e.g. in non-uniform aniso-
tropic tissue).

The amplitude of electrograms is determined by numerous variables including the area of
the dipole layer, the distance between the dipole and the recording electrode, intracellular
and extracellular resistances, electrode-wall contact, properties of the underlying tissue

and tissue volume. 7° The amplitude of bipolar electrograms is additionally influenced

by the inter-electrode distance and angle between the activation wavefront and record-
ing electrodes; maximum amplitude is recorded when the activation wavefront moves

parallel to the recording electrodes. When it moves perpendicular to them, no signal is

recorded. Voltages of unipolar electrograms are larger than voltages of bipolar electro-
grams; an explanation for this is given in Figure 10 and 11. Figure 10 shows a schematic
representation of unipolar electrograms recorded by two electrodes positioned paral-
lel to an activation wavefront propagating with a constant velocity (panel A-C). Bipolar
electrograms recorded by each electrode pair with variable inter-electrode distances are
shown in the right panel (‘true bipolar electrograms’). The amplitude of the bipolar elec-
trogram depends on the time delay between the two unipolar electrograms. Figure 11

shows a schematic representation of unipolar and bipolar electrograms (’clinical bipolar
electrograms’) recorded by the tip and ring electrode of a catheter positioned parallel to
an activation wavefront propagating with a constant velocity. There is a small time delay
between activation recorded by the tip and ring electrode. The amplitude of the unipolar
electrogram recorded by the ring electrode is smaller than the amplitude of the unipo-
lar electrogram recorded by the tip electrode as the distance between the electrode and

activation wavefront is larger (panel A-C). In both Figure 10 and 11, the peak-to-peak
amplitude of a bipolar electrogram is smaller than the peak-to-peak amplitude of a uni-
polar electrogram. Only when the maximum voltage at the distal electrode approaches

the same time instant as the minimum voltage at the proximal electrode, the negative
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electrode electrode 2 Unipolar Electrograms ‘True’ Bipolar Electrograms
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Unipolar electrograms and corresponding bipolar electrograms recorded by two electrodes with a variable inter-

electrode distance positioned parallel to an activation wavefront. The amplitude of the bipolar electrogram is
determined by the time delay between the two unipolar electrograms.

Figure 10.

deflection of the bipolar electrogram equals the peak-to-peak deflection of the unipolar
electrogram (*).

Patterns of activation also influence the morphology of electrograms. For example, single
positive deflections arise at borders between excitable and inexcitable tissue or at colli-
sions sites. 798!

Particularly the morphology of unipolar electrograms can be distorted by far-field signals
as its indifferent electrode is located at a distance from the recording site. In case of a
bipolar electrogram, both recording electrodes are positioned close together resulting in
less sensitivity for far-field signals and better capability to discriminate local from distant
activity. Bipolar electrograms are therefore in clinical practice preferably used.

In addition, the morphology of electrograms is affected by the recording techniques used,
such as the diameter of the recording electrode, inter-electrode distances, filter settings
and sampling rate of digitization thereby further complicating interpretation of the mor-

phology of extracellular potentials.



i N Unipolar Electrograms ‘Clinical’ Bipolar Electrograms
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activation wavefront
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Figure 11.

Unipolar electrograms and the resulting ‘clinical bipolar electrograms’ recorded by two electrodes with a vari-
able time delay positioned parallel to an activation wavefront. The peak-to-peak amplitude of the bipolar elec-
trograms is lower than the peak-to-peak amplitude of the unipolar electrograms.
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Mapping of Regular Atrial Tachyarrhythmias

Mapping of Atrial Flutter

Atrial flutter (AFL) was first reported in 1886 by McWilliams who described regular, rapid
excitations of the atrium of an animal. In 1906, Einthoven made electro-cardiographic
recordings of AFL and from 1913 mapping studies in animals and humans have been
performed in order to elucidate the mechanism underlying AFL.

The surface electrocardiogram of AFL shows a regular tachycardias with absence of an
isoelectric baseline between atrial deflections in at least one lead. 3 Based on the rate
and response to atrial pacing, Wells et al. subdivided AFL in two different types. ® The
rate of type | AFL ranged from 240 to 340 beats per minute and could be entrained and
interrupted by pacing at cycle lengths shorter than the tachycardia cycle length whereas

cwW
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Figure 12.

Classification of different types of AFL. According to cavotricuspid isthmus dependent conduction, AFL is sub-
divided in typical and atypical AFL.

Blue indicates a right atrial cavotricuspid isthmus dependent macroreentry circuit, yellow a right atrial non-ca-
votricuspid isthmus dependent macroreentry circuit, green a left atrial macroreentry circuit and red either a right
or left atrial macroreentry circuit.

CCW = counterclockwise, CW = clockwise, DWR = double wave reentry, LLR = lower loop reentry, IART = in-
tra-atrial reentry tachycardia, ULR = upper loop reentry, LAS = left atrial septal reentry, MA-R = mitral annulus
reentry, MA-PV = mitral annulus - pulmonary vein reentry, CS-R = coronary sinus reentry.



type |l AFL was faster (rate ranging from 340 to 433 beats per minute) and could not be
influenced by pacing. Numerous mapping studies have been performed in patients with
type | AFL and it appeared that type | AFL could be distinguished into different types of
AFL, including typical, right atrial cavotricuspid isthmus dependent AFL, atypical right

atrial non-cavotricuspid isthmus dependent AFL and left atrial flutters (Figure 12). 894

Typical Counterclockwise and Clockwise Atrial Flutter

Typical counterclockwise AFL is the most frequently occurring AFL type (>90%) and is
characterized by inverted P waves in lead Il, Ill, aVF and a biphasic or positive P wave in
V1 that transition to negative flutter waves in V6.57%%%° The typical P wave consists of a
slowly descending segment followed by a rapid negative deflection and a sharp upstroke
with a minor overshoot (panel A Figure 13).%” Analysis of flutter wave morphology has
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Figure 13.

Panel A: surface electrogram of a typical counterclockwise AFL. Characteristics of flutter waves are a slowly de-
scending segment followed by a rapid negative deflection and a sharp upstroke with a minor overshoot.

Panel B: AFL is caused by a right atrial macro-reentry circuit. During counterclockwise AFL, there is a peritricus-
pidian counterclockwise rotation of the reentry wavefront which activates the septum and posterior wall in a
caudocranial direction and the lateral and anterior wall in a craniocaudaal direction.

Panel C: schematic representations of the reentry circuits of several types of AFL. The white arrows indicates the
main activation direction.

CCW = counterclockwise AFL, CW = clockwise AFL, LLR = lower loop reentry, ULR = upper loop reentry,
MA-PV-R = mitral valve annulus-pulmonary vein reentry, IART = intra-atrial reentry tachycardia.
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demonstrated that a relative large terminal positive component of the flutter wave in
the inferior leads is associated with structural heart disease and left atrial dilatation.®®
Mapping studies revealed that AFL is caused by a macro-reentry circuit confined to the
right atrium. During counterclockwise AFL, there is a peritricuspidian counterclockwise
rotation of the reentry wavefront which activates the septum and posterior wall in a cau-
docranial direction and the lateral and anterior wall in a craniocaudaal direction (panel B
Figure 13).971%" The anterior and posterior boundary of this reentry circuit consists
of respectively the tricuspid valve and an area of conduction block between the venae
cavae. An isthmus of (slow) conduction is located in the inferior part of the right atrium.
The anterior border of the entrance to this isthmus (posterior, lateral or subeustachian
isthmus) is formed by the tricuspid annulus and the posterior border by the orifice of the
inferior caval vein (the Eustachian ridge) and the terminal crest. The exit of the isthmus is
located between the anterior edge of the coronary sinus and the tricuspid annulus (septal
or medial isthmus). In patients with a typical clockwise AFL, the reentry pathway is similar
as during typical counter-clockwise AFL. The wavelet now conducts in a clockwise direc-
tion around the tricuspid valve which gives rise to positive P waves in Il, lll and aVF, wide
biphasic or inverted P waves in V1 and upright P waves in V6. #°° Endocardial mapping
studies in patients with a ‘flutter-like’ surface electrocardiogram revealed the existence
of two other types of typical right atrial cavotricuspid isthmus dependent reentry circuits
including the double wave re-entrant and lower loop re-entrant circuit. Double wave reen-
try has sofar only been observed as an unstable rhythm which arose when during typical
AFL an extrastimulus was delivered between the tricuspid isthmus and Eustachian ridge.
92 This resulted in two simultaneously propagating wavefronts within the same reentry
circuit. *%1%2 Lower loop reentry occurred when during typical AFL an epicardial break-
through emerged at the lower lateral right atrial wall generating two separate wavefronts.
One wavefront propagated upwards in the atrial septum in a counterclockwise direction
where it collides in the high lateral wall with another wavefront originating from the epi-
cardial breakthrough which propagated in a clockwise direction along the lateral free wall.
A part of the counterclockwise wavefront propagated through the base of the right atrium,
the cavo-tricuspid isthmus, a portion of the smooth right atrium and the lower segment
of the terminal crest (lower loop re-entrant circuit: panel C Figure 13). Transition from
typical AFL to lower loop AFL was associated with shortening of the AFL cycle length.
Lower loop reentry was also not a stable rhythm and either alternated with typical AFL
(partially isthmus-dependent short circuit flutter) or progressed to AF.°#'%? As perpetua-
tion of typical AFL is depended on conduction through the cavotricuspid isthmus, elimi-
nation of typical AFL by catheter ablation is aimed at interrupting the reentry circuit by
creating a continuous and transmural lesion at the cavotricuspid isthmus.'* The reported
long-term success rate of typical AFL ablation is high (>90%) and complications are rare,

which makes catheter ablation a safe and efficacious therapeutic option.



Atypical Atrial Flutter

In a minority of the patients presenting with a ‘flutter-like’ surface electrocardiogram,
mapping revealed an atypical AFL. The hallmark of an atypical AFL is the presence of a
non-cavotricuspid isthmus dependent reentry circuit which is located in the right and/or
left atrium. The use of sophisticated mapping systems allowed identification of differ-
ent types of atypical AFL, including upper loop reentry, left atrial reentry and incisional
reentry (panel C and D figure 13).889%10279 Dyring upper loop reentry, the re-entrant
wavelet propagates in the upper portion - in either a clock or counterclockwise direction
of the right atrium - around the superior caval vein and through the terminal crest which
serves as a functional obstacle.®*'°? This type of atypical AFL is eliminated by interrupt-
ing conduction through the crista terminales gap. In case of atypical left atrial flutter, the
re-entrant circuit is bordered by anatomical structures (pulmonary veins, mitral valve),
zones of slow conduction or electrically silent regions. 19194197 These re-entrant circuit are
complex and contain often more than one loop. In patients with mitral valve annular flut-
ter, the activation wavefront propagates in a either clockwise or counterclockwise direc-
tion around the mitral annulus.’®'%7%1% The posterior boundary of this reentrant circuit
is frequently formed by low voltage areas. Mitral valve annular flutter can be terminated
by creating a linear lesion from the mitral valve annulus to either scar tissue or one of the
pulmonary veins. Marrouche et al. described a reentry circuit propagating around the left
septum primum (left atrial septal flutter) which was terminated by creating a linear lesion
from the left septum primum to the right inferior pulmonary vein or from the septum pri-
mum to the mitral annulus.’® Another rare type of AFL described is coronary sinus AFL,;
the reentry wavefront during coronary sinus flutter conducts from the coronary sinus to
the lateral left atrial wall, down to the interatrial septum and back to the coronary si-
nus.'® Elimination was achieved by creating a circumferential lesion around the coronary
sinus os. Double loop reentry has also been observed in the left atrium; one wavefront
rotated around one or more pulmonary veins and another wavefront around scar tissue
areas in the posterior wall of the left atrium. Though reports on ablation of atypical AFL

are still limited, the initial results seem promising.

Intra-Atrial Reentry Tachycardias

Mapping studies of reentrant AT in patients who have had prior cardiac surgery, e.g. for
congenital heart defects demonstrated that the macro-reentrant circuits were bordered
by prosthetic materials, scar tissue, suture lines or anatomical structures. These so-called
intra-atrial reentry tachycardias are difficult to ablate as the reentry circuits often contain
multiple (dead-end) pathways embedded within areas of scar tissue.''® In addition, sev-
eral circuits can be present within one patient. Compared to typical AFL, the cycle length
of an intra-atrial reentry tachycardia is usually longer (270-450 msec).""" The reported

results of ablative therapy of intra-atrial reentry tachycardias is variable (70-100%) which
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is probably due to the differences in the complexity of congenital heart defects of the
study population. Importantly, the outcome has improved since the introduction of novel
3-dimensional electro-anatomical mapping techniques.

Focal Atrial Tachyarrhythmias

Focal atrial tachycardias (FAT) is defined as an AT originating from a circumscribed re-
gion from where it expands centrifugally to the remainder of the atrium."? Spread of ac-
tivation from the focal area does not necessarily has to be radially as conduction can be
directed by anatomical or functional barriers."™ FAT origins are commonly found along
the long axis of the terminal crest, the right atrial appendage, the para-Hisian region, the
coronary sinus os region, the tricuspid annulus, the left atrial appendage, the mitral an-
nulus ring and the orifices of the pulmonary veins.!%1

The surface electrogram of FAT typically consists of discrete p waves separated by an
isoeletrical baseline.'"” However, in the presence of conduction disturbances, intra-atrial
activation extends over a large proportion of the cycle length thereby giving rise to flutter-
like waves.”'? The mechanism underlying FAT can be either micro-reentry (reentry within
an area with a diameter of <2 cm) enhanced automaticity or triggered activity.''?

FAT based on automaticity are insensitive to verapamil and can only be transiently sup-
pressed with adenosine."'® Automatic FAT show a warming up (progressive rate increase
at tachycardia onset) and cooling down (progressive rate decrease before termination)
phenomenon. They are often incessant and can lead to congestive heart failure. Non-
automatic FAT (triggered activity or micro-reentry) can be initiated and terminated by
programmed electrical stimulation, induced with catecholamine and terminated by ad-
enosine.!”""® FAT due to an automatic mechanism are mainly found in pediatric patients
whereas non-automatic FAT occur more frequently in geriatric patients.'® Kammeraad
et al. described characteristics of 38 patients with non-automatic FAT (defined as FAT
inducible by pacing maneuvers)."” The majority of these patients were women without
structural heart disease and the FAT originated mainly from the right atrium (terminal
crest, right atrial appendage) though also left atrial foci were found (pulmonary veins and
left atrial appendage).

Insight into the mechanism of termination of FAT by adenosine has been provided by
Higa et al.'”®'% By using non-contact mapping they showed that termination of FAT by
adenosine was preceded by a decrease in voltage reduction at the FAT origin, followed by
disappearance of focal activation. The observed voltage reduction was thought to be the

result of concentration dependent inhibition of spontaneous discharge.'"

Regardless the mechanism, FAT can effectively be treated by catheter ablation.''"?®
Ablation is targeted at the area of earliest endocardial activity (activation usually pre-
ceding the P wave by 30 to 50 msec).'?"'?%7% Electrograms recorded from this region
commonly consist of fractionated potentials.’?%'?” In case of a unipolar potential, frac-
tionated potentials preceding a negative QS pattern with sharp deflections have been

repeatedly observed.'*



Mapping of Irregular Atrial Tachyarrhythmias

The surface electrocardiogram of atrial fibrillation (AF) is characterized by rapid, low-
amplitude oscillations and irregular ventricular rate. However, the surface ECG does not
provide any information about the different underlying mechanisms of AF (Figure 14).
The first experiment demonstrating that AF can result from different mechanisms was per-
formed by Moe et al."?® In the isolated canine atria, they compared AF initiated by rapid
pacing from the right atrial appendage during either vagal stimulation or application of
aconitine. Isolation of the aconitine spot resulted in prompt recovery of sinus rhythm
whereas AF continued after isolation of the pacing site during vagal stimulation. This
experiment suggested that aconitine-fibrillation is based on an ectopic focus with a high
frequency discharge resulting in non-uniform excitation of the atria. This kind of fibrilla-
tion was described as “fibrillatory conduction”, because perpetuation of AF depended on
the persistence of a single focus. On the other hand, acetylcholine-fibrillation continued
independently from the site where it was initiated (“true fibrillation”). The features of
“true fibrillation” were explained by Moe’s multiple wavelet hypothesis.’?® In this hypoth-
esis, it was postulated that persistence of AF depended on the average number of circulat-
ing wavelets. If the total number of wavelets increased, the chance of extinguishment and
termination of AF would become smaller.

A number of mapping studies of induced, paroxysmal and chronic AF in animal models
and in patients contributed to the insight of the possible mechanisms of AF; the results of
these studies are summarized in Table 1 and 2 and discussed below.

echanism o tri ibrillation

focus and mulﬂele wavelets
 — —

stnale source
]
.
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shifting focus fixed focus multiple foci
focal activity multiple wavelets
mother wave 1 unstable circuits

L’/./- 2-D propagation \J
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Figure 14.

Possible mechanisms underlying AF. AF can be the result of a single source, multiple sources or co-existence of
a focus and multiple wavelets. A single source (focus or mother wavelet giving rise passive daughter wavelets)
can be either stationary or wandering. In case of multiple sources, multiple foci, multiple wavelets or numerous

unstable reentry circuits excite the atria irregularly. The complexity of conduction during AF is further increased
when propagation of fibrillation is 3-dimensional.
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Table 1.

Animal models of atrial fibrillation

year

1914

1948

1967

1969

1959

1982

1992

1997

1998

1992

1993

1998

1998

2000

2000

author

Garrey

Scherf
Goto
Azuma

Moe

Allessie

Schuessler

Kumagai

Matsuo

Wang

Wang

Skanes

Berenfeld

Mandapati

animal model

electrically induced AF

aconitine induced AF

rabbit atria - aconitine
induced AF

rabbit atria - aconitine
induced AF

rabbit atria - aconitine
induced AF

rabbit atria - electrically
induced AF

isolated canine atria

pacing induced AF during
Ach infusion

canine - right atrium

pacing induced AF during
Ach infusion

canine-atria: sterile
pericarditis model

pacing induced AF

canine-atria: sterile
pericarditis model

pacing induced AF

continuous vagal
stimulation

continuous vagal
stimulation

langendorfer perfused
sheep heart

pacing induced AF during
Ach infusion

isolated canine atria

pacing induced AF during
Ach infusion

langendorfer perfused
sheep heart

pacing induced AF during
Ach infusion

langendorfer perfused
sheep heart

pacing induced AF during
Ach infusion

mechanism

focus + fibrillatory
conduction

focus + fibrillatory
conduction

focus + fibrillatory
conduction

focus + fibrillatory
conduction

focus + fibrillatory
conduction

true fibrillation

true fibrillation

focus + fibrillatory
conduction

focus + fibrillatory
conduction

focus + fibrillatory
conduction

focus + fibrillatory
conduction

focus + fibrillatory
conduction

focus + fibrillatory
conduction

intra-mural reentry
(pectinate muscle)

focus + fibrillatory
conduction

focus + fibrillatory
conduction

remarks

multiple wavelets

figure of eight closed loop

reentrant circuit
closed loop reentry
single stable reentrant

circuits, mainly around
pulmonary veins

closed loop reentrant circuit
closed loop reentrant circuit
closed loop reentrant circuit

closed loop reentrant circuit

closed loop reentrant circuit




2001

2003

2003

2003

Derackhchan

Stambler

Okuyama

Arora

canine atria-pacing
induced AF during Ach
infusion

canine atria-pacing
induced heart failure
canine atria-pacing
induced congestive heart
failure

canine atria-pacing

focus + fibrillatory
conduction

focus + fibrillatory
conduction

focal activity and

macro-reentry

delayed after depolarizations?

induced AF during Ach reentry
infusion
AF = atrial fibrillation, Ach = acetylcholine
Table 2. Mapping of atrial fibrillation in humans
year author Study Population ~ mechanism location remarks
1991  Cox wpw-syndrome true fibrillation, RA+LA  multiple wavelets,
focus + fibrillatory large reentrant circuits
conduction
1997  Konings wpw-syndrome RAFW  leading circle reentry, random
reentry, type |, Il and Il AF
1996  Harada MVD+CAF focus + fibrillatory LA
conduction
1996  Sueda MVD+CAF focus + fibrillatory LA
conduction
1997  Holm CAF+MVD+AVD RA repetitive focal patterns of
activation
1998  Haissaguerre pulmonary vein
foci
2000 Harada MVD+CAF focus + fibrillatory LA
conduction
2000  Pappone pulmonary vein
foci
2000  Schilling CAF type |, [l and 1ll AF
2001  Gaita Lone AF X intra-atrial dispersion AFCL,
LA: shortest AFCL
2002  Sahadevan CAF focus + fibrillatory ~ RA+LA
conduction
2002  Wu CAF+MVD+AVD focus + fibrillatory ~ RA+LA
conduction
2003  Peters CAF multiple wavelets
+ repetitive
activation pattern
2004  Kanagaratnam MVD+CAF focus + fibrillatory concurrent multiple repetitive

conduction

reentrant circuit

focal activation
RA

CAF = chronic AF, MDV = mitral valve disease, AVD = aortic valve disease, RA : right atrium, LA: left atrium,
RAFW: right atrial free wall, WPW = Wolff-Parkinson White syndrome, AFCL = AF cycle length.

| 493dey>

uondnpoau|



Electrically Induced AF

The first experimental evaluation of Moe’s multiple wavelet hypothesis was performed
by Allessie et al.”*® They demonstrated a continuous beat-to-beat change in activation
pattern. Figure 15 shows a series of consecutive excitation maps of a canine right atrium
during 0.5 second of acutely induced AF. For comparison, the right lower panel shows
the activation map during sinus rhythm. As can be seen from these maps, there was a
continuous beat-to-beat change in activation pattern. The critical number of wavelets in
both right and left atria necessary to perpetuate AF was estimated to be between three
and six.

The first mapping study of electrically induced AF in humans was performed by Cox et al.
in 1991 in patients with the Wolff-Parkinson White syndrome undergoing cardiac surgery
for interruption of their accessory atrio-ventricular pathway.?* AF was induced by burst-
pacing and the right and left atria were mapped using several epicardial templates con-
taining 160 bipolar electrodes, with an inter-electrode distance varying between 5 and 10
mm. In Figure 16, four examples are shown of single isochronal maps as recorded during
induced AF. In the upper left panel, a wavefront rotated counterclockwise around a line of
conduction block along the sulcus terminalis. The upper right panel shows a large reentry
circuit propagating clockwise around a line of conduction block located along the sulcus
terminalis and extending to the free wall of the right atrium. In the lower left panel, the im-
pulse propagated clockwise around a small area of conduction block located close to the
superior caval vein. The lower right panel reveals a small reentry circuit in the left atrium
located between the pulmonary veins and the mitral valve. Results of this first clinical
mapping study were consistent with previous experimental studies in the isolated canine
heart, revealing reentry at multiple sites as the underlying mechanism of AF. All patients
demonstrated non-uniform conduction around regions of bi-directional block resulting
in multiple discrete wavefronts. Although anatomical obstacles such as the pulmonary
and caval veins were involved in some reentry circuits, reentry also occurred without the
involvement of anatomical obstacles. Sometimes, functional conduction block was asso-
ciated with specific atrial structures such as the terminal crest. In 6 of 13 patients, a reen-
try circuit could be identified in the right atrium circulating around the sulcus terminalis.
In the left atrium, reentry circuits were more difficult to document and seemed to occur
more fleetingly. In all patients, multiple wavefronts and lines of conduction block were
found both in the right and left atrium.

Alimitation of this first mapping study in humans with AF was that only single maps were
presented and that beat-to-beat changes in activation during AF were not analysed.

High density mapping of electrically induced AF was performed by Konings et al. in
25 patients with the Wolff-Parkinson White syndrome."' During cardiac surgery, the free
wall of the right and left atrium were mapped consecutively with a spoon electrode con-
taining 244 unipolar electrodes (diameter 4 cm, spatial resolution 2.25 mm). The activa-

tion pattern of the right atrial free wall demonstrated a high intra- and inter-individual
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Figure 15.

Endocardial excitation maps of the right atrium during 0.5 second of self-perpetuating AF in the isolated ca-
nine heart. The maps were reconstructed from simultaneous recordings of 192 electrograms from a template
containing 480 electrodes with an inter-electrode distance of 3 mm. The propagation pattern is visualized by
colors, each representing 10 ms. In the lower right panel, an activation map during sinus rhythm map is given.
During AF, multiple wavelets can be clearly identified. The asterisks indicate sites of endocardial breakthrough of
impulses probably originating from the left atrium (panel C, F and G). (adapted from Allessie et al.).”®

variability. The activation patterns ranged from well-organized activation consisting of
a single planar wavefront to completely disorganized activation by multiple wavefronts
propagating in different directions. The degree of organization was related to the me-
dian AF cycle length; short median AF cycle lengths were associated with higher degrees
of disorganization. Based on the complexity of activation, three different types of AF
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anterior
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Figure 16.

Four examples of single isochronal maps of the right and left atrium constructed during electrically induced AF
in humans. The anterior and posterior surface of the atria are shown together in a 2-D plane.

The maps were constructed using epicardial templates, containing 160 bipolar electrodes with an interelectrode
distance ranging between 5 and 10 mm. The small arrows indicate the main direction of the activation waves.
The thick arrow in the upper left panel points to retrograde activation from the ventricles at the site of the
accessory pathway.

SCV = superior caval vein, ICV = inferior caval vein, PV = pulmonary veins, RAA = right atrial appendage, LAA =
left atrial appendage, MV = mitral valve, TV = tricuspid valve. (modified from Cox et al.).?

were distinguished. During type |, most of the time single broad wavefronts propagated
across the right atrial free wall. Only small areas of slow conduction or conduction block
occurred, not disturbing the main course of the large fibrillatory waves. This type of AF
probably reflects the presence of macro-reentry with involvement of anatomical obstacles.
During type Il AF, either one wavefront propagating with marked local conduction delay
or two separate wavefronts were present. During type Ill, multiple fibrillatory waves were
recorded simultaneously in the mapping area with a diameter of 4 cm. These multiple
wavelets were separated by lines of functional intra-atrial conduction block. The inci-
dence of type |, Il and Il AF in the small group of 25 WPW-patients was 40, 32 and 28
% respectively. During type lll fibrillation, leading circle reentry and random reentry were
frequently observed. Incidentally, a focal pattern of activation was recorded on the free

wall of the right atrium. These patterns of focal activation were only found as solitary



events and never occurred repetitively. Electrograms recorded at the site of earliest acti-
vation were preceded by a small r wave indicating that the focal activation pattern was
probably caused by epicardial breakthrough of an activation wave propagating through
one of the pectinate muscles.

In Figure 17, isochronal maps of two consecutive beats of each phenomenon are shown
together with a selection of unipolar electrograms. In the left panel, an example of leading
circle reentry is demonstrated. The activation wave circulated clockwise around a shifting
line of functional conduction block. These continuously shifting functional reentry cir-
cuits appeared to be unstable and usually disappeared after a few beats. During random
reentry, a wavefront re-excites an area that just has been activated by another fibrillatory

wave. In the middle panel, one wavefront activated the lower 2/3 of the mapping area

Leading Circle Reentry Random Reentry Focal Activation

Woioaol

8|
1 3

™00 ms '
Figure 17.

High density mapping (244 electrodes, diameter mapping area 3.6 cm) of the free wall of the right atrium dur-
ing electrically induced type Ill AF in normal human atria. The maps show examples of leading circle reentry,
random reentry and a focal activation pattern. Of each of these phenomena, two consecutive isochronal maps
are given, together with a small selection of unipolar electrograms. See text for description. (modified from
Konings et al.).""
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from left to the right (t = 0-70 ms). The upper 1/3 of the mapping area was activated by
another fibrillatory wave from right to left, entering at t = 70 ms. The first wave activated
electrodes 1 to 3 and was blocked between electrodes 3 and 4. The second wave activated
electrodes 6 to 4 and was not blocked at electrode 3. Instead, it reentered the relative re-
fractory tail of the first wave and re-excited electrodes 1, 2 and 3 in reverse order (second
beat). The electrograms also show the first activation wavefront moving from electrode 1
to 3 and the second wavefront from electrode 6 to 1. Electrode 3 is reentered after only
76 ms showing that in humans the atrial refractory period during AF can be very short.
In the right panels an example of focal activation is shown. During the first beat, a new
wavefront arises in the upper part of the mapping area (*). From here it spread radially
into all directions. This focal activation pattern disappeared again during the second beat
and the entire mapping area was now activated by a wavefront entering from the right
and propagating to the left.

Breakthrough patterns were also found during optical mapping studies of the right atrial
free wall in the isolated sheep heart during electrically induced AF. ** Breakthrough sites
appeared to be confined to the area of the pectinate muscle bundles. Schuessler et al. per-
formed simultaneous endocardial and epicardial mapping of isolated canine atria during
sinus rhythm, continuous pacing, premature stimulation and induced tachyarrhythmias.
¥ |n general, only small differences between endocardial and epicardial activation time
(<1 ms) were found, suggesting that endocardial and epicardial activation occurred more
or less simultaneously. Larger differences in endo- and epicardial activation times can
be associated with the underlying atrial architecture (pectinate muscles and sites with
transmural differences in fiber orientation). During reentry tachycardia, a focal activation
pattern was found both on the endocardial and epicardial surface. The sites of earliest
activation were spatially disconcordant with a separation of 15 mm between the earliest
endocardial and epicardial breakthrough. Simultaneous mapping of the epicardial and
endocardial layer during electrically induced acetylcholine-AF in canine atria in conges-
tive heart failure also demonstrated macro-reentrys circuits involving the endocardium
and epicardium. ** In isolated canine atria, pectinate muscles play a role in formation of
intra-atrial reentry circuits by either being a part of the reentry circuit or by functioning
as a natural anchor of the reentry circuit. These studies thus provide clear evidence of
transmural activation during atrial arrhythmias, suggesting the presence of 3-D reentry
in some cases.

Spectral analysis of optical recordings was used to determine the presence of dominant
circuits during electrically induced acetylcholine-AF.”** It was found that the activation
pattern of the left atrium in general was more regular than that of the right atrium. In
some cases, sources of periodic activity, were found appearing as stationary rotors or as
sites of epicardial breakthrough. Figure 18 shows 3 consecutive isochronal maps of the
left atrium of a sheep as reconstructed from optical recordings of AF. The site of break-

through was similar in each map. The lower panels show fast fourier transforms of the
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Figure 18.

Upper panel: three sequential isochronal maps of the left atrium from an isolated sheep heart constructed from
optical recordings demonstrating a repetitive focal spread of activation. Lower panel: fourier transforms of the
transmembrane potentials at sites 1, 2 and 3. At all sites, temporal periodicity is demonstrated by the presence
of a dominant peak between 15 and 20 Hz. Remote from the dominant source, the activation pattern became
more complex reflected by the appearance of additional frequency peaks at sites 2 and 3."**

transmembrane potentials at sites 1, 2 and 3. At the site of breakthrough (1), a single
dominant peak of 20.3 Hz. was found. Moving away from this dominant source of rapid
impulses, the activation became more irregular and multiple peaks now appeared in the
spectral analysis. The highest dominant frequency was often found at the left posterior
atrial wall where optical mapping revealed the presence of a small stationary vortex (mi-
cro-reentry)."*%¢ The narrow banded frequency spectra observed in these studies indi-
cate that AF is not a random phenomena and that some degree of organization may be
present. Several studies performed in humans have also provided evidence for non-ran-
domness of AF by demonstrating that ‘fibrillatory wavefronts have a tendency to follow
paths of previous excitation’ (linking).'*”"* A higher frequency of dominant sources was
associated with a higher degree of fibrillatory conduction. Wavebreaks occurred frequent-
ly at the left atrial appendage and right atrial free wall.”® The wavelets had a short lifespan
(< onerotation) suggesting that multiple wavelets during AF are generated by breaking up
of high frequency waves when they propagate through heterogeneous tissue. From these
studies the authors concluded that Moe’s multiple wavelet hypothesis did not offer a
robust mechanism of maintenance of AF. However, it should be noted that the frequency
of AF in these studies was much higher (20 Hz; 1200/min) then the frequency of atrial
fibrillation in humans which ranges between 300 and 420 beats per minute.
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Paroxysmal Atrial Fibrillation

Epicardial and endocardial mapping during electrically induced AF in dogs with sterile
pericarditis showed that unstable reentry circuits with short cycle lengths were critical for
the maintenance of AF. %" Figure 19 shows an example of the activation of the right and
left atrium during 1.2 seconds of AF. The first two maps show a reentry circuit located
at the right atrial free wall (orange) which disappeared in the third map. A similar circuit
reappeared in maps 7-11. Another reentry circuit (green) was found in the left atrium

circulating around the pulmonary veins. In most maps a reentry circuit comprising the
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Figure 19.

Twelve consecutive isochronal maps of both atria during 1.2 seconds of electrically induced AF in a dog with
sterile pericarditis. Each map covers a time window of 100 ms. The maps were reconstructed using epicardial
templates containing 186 bipolar electrode pairs and endocardial multipolar catheters (12-, 20 or 24 poles
with an interelectrode distance of 1 or 2 mm). The isochrones are drawn at 10 msec intervals. The colored
arrows indicate different unstable reentry circuits. Dashed lines represent lines of functional block. Asterisks
indicate sites of epicardial breakthrough. Regions which are not activated in the time window of 100 ms are gray.
(modified from Kumagai et al.). ¥



interatrial septum and Bachmann’s bundle was present. Based on the hypothesis that
this circuit was critical for the maintenance of AF, the conduction through Bachmann’s
bundle was blocked by ablation. After the ablation of Bachmann’s bundle, AF was no
longer inducible. %%

Mapping studies in patients with paroxysmal AF showed that AF could be initiated by a
rapidly firing focus. The majority of these ectopic atrial premature beats originated from
one of the pulmonary veins. Sometimes ectopic beats originating from the superior caval
vein, terminal crest, coronary sinus, or left atrial posterior free wall initiated a paroxysm
of AF. Catheter ablation of the focus resulted in a marked reduction of the number of
episodes of AF.

Recently, the atrial myocardium within the ligament of Marshall has been suggested as
another possible site of focal activity. " Epicardial mapping (480 bipolar electrodes) of
electrically induced AF in dogs located an area with the shortest AF cycle lengths in the
ligament of Marshall or one of the left pulmonary veins. In two dogs, spontaneous epi-
sodes of AF were recorded. These episodes started with ectopic beats originating from the
ligament of Marshall or high right atrium. During the first seconds of AF, atrial activation
was still organized but thereafter it converted to AF. The earliest activation during atrial

tachycardia and conversion to AF was recorded from the ligament of Marshall.

Chronic Atrial Fibrillation

Sofar, only a limited number of mapping studies of chronic AF have been performed in
patients, mostly during cardiac surgery for mitral valve disease."’'* Holm et al. analyzed
the activation patterns of the right atrial appendage and posterior wall in 16 patients. '
Using a mapping array of 56 bipolar electrodes, the occurrence of type I, Il and 11l AF was
determined. At the posterior free wall, types |, [l and Il were presentin 27, 40 and 33 % of
the patients. In the right atrial appendage, the incidence was 46, 27, and 27 %. The major
new finding of this study was that during chronic AF in humans, focal activation of the
right atrium occurred repetitively. The right atrial appendage was consistently the origin
of this focal activation pattern. An example is given in Figure 20. The left part gives a sche-
matic representation of the activation of the right atrial appendage during 51 consecutive
beats. In the right part of the Figure, the color maps of beats 33-43 are shown. During
beat 33, two wavefronts entered the mapping area from different directions. In the next
beat, the mapping area was again invaded by 2 wavefronts but now a third impulse arose
from the center of the mapping area (*). During the next beats, a focal activation pattern
arose from this site and repeated itself until beat # 43. During beat 44, the mapping area
again was again activated by two wavefronts entering from different directions.
Repetitive focal patterns of activation during chronic AF in patients with mitral valve dis-
ease were also described by Nitta et al. '** In their study, epicardial mapping of the atria
was performed with an epicardial plaque (253 unipolar electrodes, inter-electrode dis-

tance 5-7 mm) covering the right atrial free wall, left atrial free wall and the area between

| 493dey>

uononpoau|



Figure 20.

Repetitive focal activation of the right atrial appendage in a patient with chronic AF.

In the left part, 51 consecutive activation maps are given diagrammatically. The right part shows a series of
color maps elucidating a constant site of epicardial breakthrough. The activation maps were reconstructed with
an epicardial template of 4 cm containing 56 bipolar electrodes with an interelectrode distance of 3 mm. The
asterisks indicate the site of earliest activation. (modified from Holm et al.) "¢

the pulmonary veins. Mapping revealed multiple focal patterns of activation in the both
right and left atrium giving rise to fibrillatory conduction (Figure 21).

Several mapping studies compared patterns of activation between the rightand leftatrium.
Surprisingly, the activation pattern of the left atrium seemed to be more organized.'#*"6
However, in most of these studies the mapping resolution was rather low (only 30 unipo-
lar or 24 bipolar electrodes) and conduction abnormalities occurring in small areas with
disorganized conduction might therefore have been easily missed.

Comparison of Paroxysmal and Chronic Atrial Fibrillation

Three experimental studies evaluated differences in the degree of organization between
acute and chronic AF. The first study compared acute and chronic AF (142155 days)
in the goat. During acute AF the free wall of the right atrium was activated mainly by
broad planar wavefronts (type | AF). In contrast, during chronic AF activation of the right
atrium was characterized by type |1l AF. During chronic AF, the median fibrillation interval
was shorter and the incidence of fragmented electrograms was higher. Another mapping
study compared right and left atrial activation during acute and chronic AF in dogs, using
147

several epicardial templates with a total of 240 unipolar electrodes.
The atrial rate was higher and activation was more disorganized during chronic AF than
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Figure 21.

Upper panel: right atrial patterns of activation maps observed in a patient with permanent AF associated with
aortic valve regurgitation and mitral valve stenosis. The cycle lengths of the focal activation are respectively 222,
253, and 162 milliseconds. The site of the earliest activation is indicated as an asterisk (*). Left panel: schematic
representation of the atria demonstrating the distribution of focal activation in the left atrium. The grey circles
indicate pulmonary vein orifices and the black circles electrode locations where focal activation was observed.

(modified from Nitta et al.) '
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during acute AF. During acute AF, in the left atrium the cycle length was slightly shorter
than in the right atrium. During chronic AF this difference was enhanced. The activation
pattern of the right atrium was similar during acute and chronic AF. On the other hand,
in the left atrium during acute AF frequently linking of successive fibrillatory waves was
seen, whereas during chronic AF the left atrium was activated by more complex activation
patterns.

Akar et al. correlated variation in atrial fibrillation cycle length in dogs with acute AF (rap-
id atrial pacing) and persistent AF (rapid atrial pacing in dogs with mitral regurgitation)
with alterations in atrial structure in order to study the differential effects of electrical
and structural remodeling. ' Comparing acute AF and persistent AF, variation in atrial
fibrillation cycle length was larger in the latter group. Morphological changes (myolysis,
intercalated disk disruption, mitochondrial swelling) were mild in the acute AF dogs and
severe in the persistent AF dogs. Inverse electrical remodeling was observed in dogs with
persistent AF after cardioversion to sinus rhythm. After recovery of refractoriness, AF was
again induced. Dispersion in atrial fibrillation cycle length was now reduced compared to
persistent AF. However, it was still larger than in the acute AF dogs. The findings of this
study suggest that the observed dispersion in atrial fibrillation cycle length is caused by

abnormalities in atrial structure.

Atrial Fibrillation and Fractionation of Electrograms

Several studies have analysed the relation between fractionation of atrial electrograms
and the presence of atrial fibrillation. In these studies, the range of intervals during atrial
pacing (S1-S2) resulting in fractionation of atrial electrograms was determined (zone
of fractionated activity) in patients with a sick sinus syndrome and/or paroxysmal atrial
fibrillation. The zone of fractionated activity was wider in patients with the sick

sinus syndrome or paroxysmal atrial fibrillation compared to patients without atrial ar-
rhythmias. The widest zone of fractionated activity was found in patients with both a sick
sinus syndrome and paroxysmal atrial fibrillation.#%°

The spatial distribution of ‘abnormal’ bipolar electrograms has also been studied.'""*2 At
12 different sites in the atria, the incidence of abnormal electrograms, defined as electro-
grams with a duration of 2100 msec and/or >8 deflections was determined. In patients
with the sick sinus syndrome, fractionated electrograms were confined to small regions
whereas abnormal electrograms were more widely distributed in patients with paroxysmal

151

atrial fibrillation.' The distribution of fractionated electrograms in patients with both AF

and the sick sinus syndrome was even more diffuse.’®

In Wolff-Parkinson-White Syndrome patients, the duration of bipolar electrograms was
measured during sinus rhythm at 12 different sites in the right atrium and compared be-
tween patients with and without episodes of AF. In patients without AF, only 10% of the
electrograms were abnormal whereas in patients with AF, 83% of the electrograms were

prolonged and fractionated."’



Nakao et al. related fractionation of atrial electrograms with conversion of paroxysmal
to chronic AF.’ Endocardial mapping of the right atrium during sinus rhythm was per-
formed in 69 patients with paroxysmal AF. After a follow-up period of 97+21 months,
transition from paroxysmal AF to chronic AF was observed in 17 patients. Chronic AF de-
veloped in patients with a relative high incidence of abnormal electrograms at the middle
part of the right atrium.*?

In summary, these studies indicate that local conduction abnormalities, either functional
or structural, may play a role in in the pathogenesis of AF. From these data, it could be
hypothesized that the magnitude of fractionation may be a suitable parameter to assess

the propensity to AF.

Sites with Fractionated Electrograms as Targets for Ablation of Atrial
Fibrillation

Bipolar atrial electrograms recorded in patients during AF occurring after cardiac surgery
were classified by Wells et al (upper panel Figure 22)."** Type | electrograms were discrete
electrograms separated by an isoelectrical baseline free of perturbations. Type Il elec-
trograms showed small perturbations around the isoelectrical baseline between discrete
atrial signals. No discrete electrograms could be distinguished in type Il electrograms.
Type IV electrograms were a mixture of type |, Il and 1l electrograms.

The anatomic distribution of different types of electrograms and its relation to the refrac-
tory period during electrically induced AF was examined in two dog models

(sterile pericarditis versus rapid atrial pacing during 6 weeks).'® Bipolar fibrillation elec-
trograms were categorized according to the classification of Wells et al."** In both groups,
disorganized atrial electrograms were found at sites with the longest effective refractory
period (right postero-lateral atrium) whereas organized atrial electrograms were found at
sites with the shortest effective refractory period (left atrial sites, right atrial appendage).
In the goat model of persistent AF, prolongation of atrial fibrillation cycle length by infu-
sion of a class | drug was associated with a significant reduction in the incidence of frac-
tionation.”¢ Class | drugs prolong atrial fibrillation cycle length more than atrial refrac-
toriness, thereby widening the excitable gap. Based on these findings, it was hypothesized
that the decrease of fractionation was due to widening of the excitable

gap as in the presence of a wider excitable gap the wavefront will propagate through
muscle which is in a higher state of excitability.

The complexity of endocardial atrial activity during electrically induced AF in humans
was analysed by Jais et al. using a multipolar catheter (14 bipolar electrodes, 3 mm inter-
electrode distance).'” The study population consisted of 25 patients with paroxysmal
AF. The “complex electrical activity time” was defined as the ratio of the total duration of
electrograms with fibrillation intervals smaller than 100 ms and the total recording time.
Atrial activity was more complex in the left than in the right atrium. In the right atrium

the disorganized left atrial activity changed abruptly into more organized activity at the
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Figure 22.

Panel A: Classification of bipolar electrograms recorded in patients during AF occurring after cardiac surgery by
Wells et al.’>* Panel B: there is a significant difference in the FFT-spectral analysis of left atrial endocardial poten-
tials representing “compact” and “fibrillar” myocardium. (modified from Pachon et al.)®"

terminal crest. In the left atrium, atrial activity in the septum and the area between the
pulmonary veins was more disorganized than in the appendage and anterior left atrium.
Thus, organized fibrillation appeared to be confined to the trabeculated parts of the right
and left atrium.

The relation between the morphologies of unipolar fibrillation electrograms and the spa-

tial activation pattern during AF was first studied by Konings et al.’®® Fibrillation electro-



grams were classified as singles, short doubles, long doubles and fragmented potentials.
It was found that long double potentials occurred along long lines of functional conduc-
tion block whereas fragmented potentials were recorded either during pivoting of fibril-
latory waves at the end of a line of block or at areas of slow conduction. Short double
potentials were recorded when fibrillatory waves collided. In normal human right atria,
no preferential sites for double potentials or fragmented electrograms were found.

Kuck et al. used an electro-anatomical mapping system (CARTO) to analyse bipolar fi-
brillation electrograms in patients with paroxysmal AF. ' Fibrillation electrograms were
recorded during 45 seconds at 36+12 sites in the left atrium. Electrograms were classified
as either type A (regular activation separated by a clear isoelectrical baseline), type B (ir-
regular activation with perturbations of baseline and/or highly fragmented electrograms)
or type C (alternation between type A and type B). Type B and C electrograms were
equally present throughout the left atrium whereas the incidence of type A electrograms
was higher in the upper left pulmonary vein.

Recently, Nademanee et al. proposed mapping of the electrophysiologic substrate as a
new approach for ablation of AF.'®® In this study, they presented 121 patients with per-
sistent (n = 26), permanent (n = 38) and paroxysmal (n = 57) AF. Cardiac disease was
present in 97 patients (coronary artery disease: n = 47, cardiomyopathy: n = 17, valvular
heart disease: n = 14, congenital heart disease: n = 6). Mapping and ablation was per-
formed with the CARTO™ system. Complex fractionated bipolar electrograms were de-
fined as fractionated electrograms containing 2 or more deflections, perturbation of the
baseline with continuous deflections, or atrial electrograms with very short cycle lengths
(AFCL<120 ms). Endpoints for ablation were complete elimination of the areas of com-
plex fractionated electrograms, conversion to sinus rhythm (chronic AF and paroxysmal
AF patients) and non-inducibility in case of paroxysmal AF.

Areas of complex fractionated electrograms were confined to one, two and three or more
specific regions in respectively 23, 43 and 55 patients. Most common sites for complex
fractionated electrograms included the inter-atrial septum, pulmonary veins, roof of the
left atrium and the coronary sinus. AF terminated in 95% of the ablations. Complex frac-
tionated electrograms were never observed at the right atrium. After one year follow-up,
110 (91%) patients were free of arrhythmia. Based on the results of this study, it was sug-
gested that fractionated electrograms are indicative for atrial regions perpetuating AF.
Pachon et al. also applied an electrogram-guided selective ablation approach in patients
with paroxysmal AF. '®" By using fast fourier transforms, recordings were classified as
compact or fibrillar myocardium. Compact myocardium represented homogenous fast
conduction, whereas fibrillar myocardium (“AF nests”) represented heterogeneous con-
duction (lower panel Figure 22). Spectral analysis of compact and fibrillar myocardium
consisted of respectively one dominant frequency and multiple dominant frequencies. AF
nests were identified during sinus rhythm or atrial pacing, not during AF. Ablation was ap-

plied at 41+12 AF nests located around the pulmonary veins, the left atrial roof, left atrial
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posterior wall and the interatrial septum. Patients with a higher incidence of AF nests had
also more frequent episodes of AF. After ablation, AF was absent in 91%. Hence, these
two studies suggest that an electrogram-guided selective ablation approach could be an

alternative treatment of AF.

Future Directions

Theoretically, an electrogram-guided selective ablation approach would be advantageous
as it results in less tissue destruction. In order to perform such an ablation approach, cor-
rect interpretation of a fractionated electrogram is essential.

If a fractionated fibrillation electrogram is recorded, it can be either anatomical or func-
tional in nature. It may be due to physiological properties of the atrial myocardium or
to pathologically altered myocardium. Knowledge of the relationship between fraction-
ation and perpetuation of AF is essential for developing an electrogram-guided selec-
tive ablation approach. Sofar, it is even unknown whether the incidence and degree of
fractionation is associated with stability of AF as differences in fractionation between
patients with different types of AF (paroxysmal, permanent or persistent AF) have never
been analyzed. In addition, it has never been studied whether fractionation of fibrillation
electrograms represent abnormalities in conduction during persistent AF. If future map-
ping studies demonstrate a relationship between fractionation, atrial architecture (inter-
stitial fibrosis) and abnormalities in conduction, an electrogram-guided selective ablation

approach can be further developed.



Post-Operative Atrial Tachyarrhythmias

Atrial Tachyarrhythmias in Patients with Congenital Heart Defects

The incidence of AT in patients with congenital heart defects (CHD) after palliative or
corrective cardiac surgery is higher compared to subjects with normal atrial anatomy
without prior cardiac surgery.'":155162165 | general, the occurrence of late post-operative
AT is associated with a number of variables, including the complexity of congenital heart
defects, the number of surgical procedures performed, hemodynamic status and time
after cardiac surgery.”""1770 AT in this patient group are most often type | typical AFL,
intra-atrial reentry tachycardias or AF; focal atrial tachycardias have been less frequently
observed.""7?

Precipitating factors for development of AT in the setting of CHD are the presence of
prosthetic materials and electro-pathological alterations of the atrial architecture. The
myocardium is affected by pressure/volume overload and progressive scarring along su-
ture lines or atriotomies.'”* These structural changes give rise to intra-atrial conduction
delay and regional differences in dispersion of atrial refractoriness.'”*"”” Local conduction
abnormalities combined with a higher incidence of premature atrial beats due to stretch
of myocardial fibers make these patients more prone to AT."7678

AT in CHD patients may give rise to haemodynamic deterioration, tromboembolic events
and even sudden cardiac death. Hence, the quality of life is often severely affected by re-
current symptoms such as fatigue, palpitations and syncope. The morbidity and mortality
associated with AT in this patient group justifies an aggressive treatment. 75177179183
Treatment modalities for AT include anti-arrhythmic drugs, an atrial defibrillator, anti-
tachycardia pacing or catheter ablation.’® Anti-arrhythmic drugs and anti-tachycardia
pacing are often not effective.’®*'¥ Moreover, antiarrhythmic drugs are proarrhythmic,
negative inotropic and may aggravate sinus node dysfunction.'® Antitachycardia pacing
can accelerate the tachycardia and increases the risk of conversion to atrial fibrillation.
Considering the low success rate of both pharmacologic therapy and implantable devices
combined with the recent developments of endocardial mapping technologies, catheter
ablation is an attractive curative treatment option for post-operative AT."'%1851871%6 Map-
ping of AT and subsequent ablation is particularly challenging in patients with previous
cardiac surgery for transposition of the great arteries, tricuspid atresia, atrial septal defect

and tetralogy of Fallot.

Transposition of the great arteries

The common anatomical feature of patients with transposition of the great arteries (TGA)
is ventriculoarterial discordance (the aorta is connected to the morphological right ven-
tricle and the pulmonary artery to the morphological left ventricle; upper panel Figure
23). TGA is associated with either atrioventricular concordance (complete transposition,
D-TGA) or with atrioventricular disconcordance (congenitally corrected TGA, L-TGA).
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TGA

Arterial Switch

Figure 23.

Upper panel: N: normal relation between the right and left ventricle and great arteries, TGA : the aorta is con-
nected to the morphological right ventricle and the pulmonary artery to the morphological left ventricle, CC-
TGA: TGA combined with AV disconcordance.

Lower panel: the Mustard procedure (Venous Switch) is aimed at redirecting systemic venous blood into the
morphological right ventricle by using an interatrial baffle (B).

During an arterial switch procedure, the aorta and pulmonary trunk were transected and anastomosed on the
contralateral trunk. The Rastelli repair consists of closure of the ventricular septal defect with a patch and place-
ment of a conduit which is connected to the right ventricle and the pulmonary artery.

TGA: transposition of the great arteries, CC-TGA: congenitally corrected transposition of the great arteries.

One-third of the TGA patients also have other cardiac defects, most often a ventricular
septal defect or pulmonary artery stenosis.

Cardiac surgery for TGA results in extensive damage of the atria thereby increasing the
probability for AT to develop.'75"77:188197 The first palliative surgical methods developed
for TGA were atrial switch procedures, either a Mustard or Senning repair. '® The Mus-
tard procedure (Venous Switch) is aimed at redirecting systemic venous blood into the
morphological right ventricle by using an interatrial baffle (lower panel Figure 23). Similar
to the Mustard repair, the Senning repair is also aimed at redirecting blood flow now us-

ing the atrial septum and wall instead of a baffle. Later, the atrial switch procedure was

replaced by an arterial switch procedure (lower panel Figure 23). The major advantage



Tricuspid Atresia

Figure 24.

Upper panel: tricuspid atresia is characterized by absence of the tricuspid valve and can be associated with nor-
mal position of the great arteries (left panel) or D-transposition of the great (right panel), an atrial septal defect
or a ventricular septal defect. Middle panel: a Blalock-Taussig shunt connects one of the aortic branches, which
usually is the subclavian artery, to the pulmonary artery; a Glenn shunt is a direct anastomosis between the su-
perior caval vein and a pulmonary artery. Lower panel; APC: connection between the atrial (appendage) and the
pulmonary trunk, TCPC: an end-to-side superior cavopulmonary anastomosis (bi-directional Glenn operation)
combined with an intra-atrial tube connection of the inferior vena cava to the pulmonary arteries.

APC = direct atrio-pulmonary connection, TCPC = total cavopulmonary connection.
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of this approach is that the left ventricle is restored as the systemic pump. Patients with
congenital corrected transposition of the great arteries are repaired with a double-switch
procedure: an atrial switch is combined with either an arterial switch procedure (absence
of pulmonary stenosis) or a Rastelli-type repair (in case of pulmonary stenosis and ven-
tricular septal defect, lower panel figure 23). As atrial switch procedures require a right
atriotomy, an atrial septectomy and suture lines along the patches it is to be expected that
atrial dysarrhythmias occur more frequently in patients who have had an atrial switch
repair compared to patients with an arterial switch repair. Rhodes et al. indeed demon-
strated that an arterial switch was associated with lower incidence of supraventricular

tachycardias during long-term follow up (2.1 years).”®

Tricuspid Atresia

Tricuspid atresia is characterized by absence of the tricuspid valve (upper panel Figure
24). Based upon the interrelationship of the great arteries, three different types can be
distinguished; type |: normal position of the great arteries, type |l: D-transposition of the
great arteries, type |ll: L-transposition of the great arteries, type IV: persistent truncus ar-
teriosus. Further subdivision of the different types of tricuspid atresia is made according
to the presence of pulmonary valve pathology: subgroup A: pulmonary atresia, subgroup
B: pulmonary stenosis, subgroup C: normal pulmonary arteries.

Most patients with tricuspid atresia require cardiac surgery in their first year of life. The
aim of the surgical procedure is to connect the pulmonary and systemic circulation by
constructing a shunt, e.g. a Blalock-Taussig shunt or a Glenn shunt (middle panel Figure
24)."% The palliative surgical procedure for patients with tricuspid atresia is the Fontan
procedure. A Fontan procedure is aimed at re-directing systemic venous blood directly
into the pulmonary circulation without passing through the subpulmonary ventricle. The
initial Fontan procedure consisted of the construction of 1) an end-to-end Glenn anasto-
mose between the superior caval vein and the right pulmonary artery and 2) connection
between the right atrium and the left pulmonary artery using an aortic homograft. Since
then, several modifications have been made, e.g. direct atriopulmonary connection and
total cavopulmonary (lateral tunnel) connection (lower panel figure 24).

Studies have demonstrated that risk factors for AT in patients with Fontan circulation in-
clude right atrial enlargement, elevated atrial pressure, dispersion of atrial refractoriness,
sinus node dysfunction, older age at the time of cardiac surgery, elevation of pulmonary
pressure, low aorta oxygen saturation, preoperative arrhythmias, a longer time after car-
diac surgery.?°2%" Similar to the TGA patients, the surgical technique used is associated
with the incidence of AT. Compared to the atriopulmonary connection, the cavopulmo-
nary connection results in less right atrial pressure elevation and subsequent distension

thereby reducing the incidence of late post-operative atrial arrhythmias. 207206



Figure 25.

Upper left panel: common sites of atrial septal defects. A = sinus venosus, B = posterior wall, C = fossa ovalis,
D = inferior caval, E = coronary sinus. Upper right panel: atrial septum viewed from the right atrium demonstrat-
ing multiple fenestrations in the oval fossa. Middle panel: device closure of an atrial septal defect. Lower panel:

patch closure of an atrial septal defect.
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Atrial Septal Defect

Atrial septal defects (ASD) are defects of the ostium primum, ostium secundum, sinus
venosus or coronary sinus (upper left panel Figure 25). The majority of the interatrial
communications are ostium secundum defects (60-70%). An ostium secundum defect
is an elliptical defect at the site of the foramen ovale in the midportion of the interatrial
septum. This defect is the result of excessive resorption of the septum primum or defi-
cient growth of the septum secundum. An ostium primum defect is a round defect low in
the interatrial septum and is frequently associated with clefts of the mitral and tricuspid
valves. Sinus venosus defects most often occur at the level of the superior caval vein with
the atrial wall, resulting in a connection between the superior caval vein and both the
right and left atrium. This type of defect is usually associated with anomalous drainage of
the pulmonary veins. Sinus venosus defects at the level of the inferior caval vein are rare.
Coronary sinus defects are right-to-left shunts between the coronary sinus wall and the
left atrial wall and are also uncommon.

Surgical closure of ASD’s requires a long anterior oblique atriotomy. The ASD is closed by
a primary suture closure or by using a synthetic or pericardial patch (lower panel Figure
25). Transcatheter closures of ASD’s are nowadays also frequently performed (middle
panel Figure 25). The risk of developing atrial reentry tachycardias after surgical repair is
associated with age at the time of the surgical repair, surgical modifications (e.g. cannula-
tion techniques), pulmonary artery pressure, coexisting heart diseases and the presence
of atrial arrhythmias before surgery.'®"7%2” Most common AT in patients with ASD are
AFL and AF. Surgical closure does not prevent the occurrence of AFL and AF, particularly
if patients are older than 40 years at the time of cardiac surgery.'®’

Morton et al. demonstrated that volume overload in patients with an ASD resulted in
conduction delay at the terminal crest compared to age-matched control subjects.??® Af-
ter ASD closure, there was incomplete normalization of atrial size and persistence of con-
duction delay at the terminal crest. These findings suggest that impaired conduction at
the terminal crest may be the substrate of late post-operative AT in this patient group.

Tetralogy of Fallot

The four cardiac abnormalities of the tetralogy of Fallot (ToF) are (sub)valvular pulmo-
nary stenosis, large ventricular septal defect, right ventricular hypertrophy and an overrid-
ing aorta (left panel Figure 26).

Several palliative shunt operations for ToF have been developed, including the blalock
Taussig, modified Blalock-Taussig, Potts (connection between the descending aorta and
left pulmonary artery) and Waterston anastomosis (connection between the ascending
aorta and right pulmonary artery). The Potts connection is shown in the middle panel
of Figure 26. Repairative surgical treatment of ToF consists of closure of the ventricular
septal defect with a patch and alleviation of the right ventricular outflow tract obstruc-
tion (right panel Figure 26). Surgical repair of ToF has been performed through either a



transatrial or transventricular approach. As the transatrial approach is associated with a
reduced risk of ventricular arrhythmias, the transatrial approach is nowadays preferably
used.?” AT have been reported both after transventricular and transatrial repairs of

ToF.? The incidence of AT is associated with pulmonary regurgitation, atrial volume
overload, older age at the time of surgery or previous palliation with a Waterston or Potts

anastomosis.'81:210:211

pulmonary

Figure 26.

Left panel: the four cardiac abnormalities of the tetralogy of Fallot (ToF) are (sub)valvular pulmonary steno-
sis, large ventricular septal defect, right ventricular hypertrophy and an overriding aorta. Upper right panel: sev-
eral palliative shunt operations for ToF have been developed, including the blalock Taussig shunt (A, end-to-
side anastomosis between the subclavian artery and the pulmonary trunk), a modified Blalock-Taussig shunt
(B, gore-tex prothesis between the subclavian artery arteria subclavia and the ipsilateral pulmonary artery), a
Potts shunt (C, connection between the descending aorta and left pulmonary artery), and Waterston shunt
(D, connection between the ascending aorta and right pulmonary artery), a central shunt (E, a prosthetic tube
between the ascending aorta and the pulmonary trunk). Lower right panel: repair of ToF with patch closure of the
ventricular septal defect, pulmonary valvectomy and a right ventricular outflow- pulmonary trunk patch.
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Outline of this thesis

Despite numerous reports on the outcome of different ablation approaches of AF, map-
ping studies performed in patients with AF are limited. As a consequence of the small
number of mapping studies of human AF performed sofar, the exact mechanism underly-
ing AF is still not completely understood. In Chapter 1, we discuss the outcome of map-
ping studies of both experimental and clinical AF in relation to the mechanism underlying
AF.

In patients with chronic AF, spatial patterns of activation have never been examined nor
has the relation between electrogram morphology and abnormalities in conduction been
analyzed. Also, electrophysiological characteristics of different types of AF studied by
high resolution mapping have never been compared. We therefore performed epicardial
high density mapping studies during cardiac surgery in patients with induced AF and in
patients with chronic AF in order to analyze differences in electro-physiological charac-
teristics such as variation in fibrillation intervals, patterns of activation, heterogeneity in

conduction and fractionation of fibrillation potentials (Chapter 2 to 6).

In order to individualize AF treatment, the mechanism of AF in each individual patient
should be analyzed. For this purpose, multi-site high density mapping is required in order
to identify focal sources or to localize areas of conduction abnormalities.

We evaluated a new epicardial multi-site high density mapping approach by performing
total mapping of the atria with a so-called “finger-tip” electrode in patients with chronic
AF. Epicardial mapping allows access to structures which can not be reached from the
endocardial site such as Bachmann’s bundle. In Chapter 7, we analyzed conduction char-
acteristics of fibrillatory waves only at Bachmann’s bundle. In Chapter 8, we assessed
regional differences in various electrophysiological variables including fractionation of
fibrillation potentials, variation in fibrillatory rate, heterogeneity in conduction and con-
duction anisotropy throughout the entire right and left atrium.

Mapping studies of regular AT in humans performed with recent developed sophisticated
mapping techniques revealed that the mechanism underlying regular AT is more variable

than expected and can most often not be predicted from the surface electrocardiogram.

Chapter 1 reviews mapping studies reporting on various macro-reentrant circuits under-
lying type | AFL. The results of these studies demonstrate that in the individual patient
presenting with a “flutter-like” surface electrogram, 1) different types of reentrant circuits
can be present and that 2) these macro-reentrant circuits are not always cavo-tricuspid
isthmus dependent and ablative therapy aimed at creating a linear lesion across this cor-

ridor will therefore not be effective in eliminating the AT.



Catheter ablation studies have described fractionated electrograms at successful ablation
sites of reentry AT. As fractionated electrograms are recorded from areas where conduc-
tion is dissociated, they could theoretically be regarded as indicators of the arrhythmo-
genic substrate. Mapping of AT in order to study electrogram morphology and corre-
sponding patterns of activation are therefore essential in order to comprehend genesis
and perpetuation of tachyarrhythmias.

In clinical practice, mapping of AT is particularly challenging in patients with post-opera-
tive AT. Distorted, dilated atria due cardiac surgery, progressive atrial scarring as a result
of hemodynamic overload and the presence of prosthetic material all increase the com-
plexity of the arrhythmogenic substrate. Mapping of these post-operative AT is facilitated
by using 3-dimensional electro-anatomical mapping systems as they visualize the reentry
circuit in a 3-dimensonal reconstruction of the atria (Chapter 9 and 15).

In Chapter 10 and 11, endocardial 3-dimensional electro-anatomical sequential map-
ping techniques were used to map AT in humans. Voltage maps were constructed in pa-
tients with congenital heart disease and compared with voltage maps obtained from pa-
tients with normal atria. From these studies, a cut-off value was defined for discriminating
‘healthy’ from ‘diseased’ myocardium in order to facilitate identification of the arrhyth-
mogenic substrate in subjects with congenital heart disease. By applying these mapping
criteria, the mechanism underlying late post-operative AT was studied in a large cohort of

patients with congenital heart disease (Chapter 12).

In Chapter 13, we evaluated the assumption that arising of a focal AT requires a poor
cell-to-cell coupling. For this purpose, endocardial 3-dimensional electro-anatomical ac-
tivation mapping during focal AT was performed in patients with normal atria and in
patients with previous cardiac surgery for either congenital heart defects or acquired val-
vular disease. The incidence of fractionated atrial electrograms at the focal AT origin was
determined and characteristics of atrial electrograms in relation to their distance to the

site of earliest activity during focal AT were studied.
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