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GENERAL INTRODUCTION

It remains challenging to design effective treatment strategies for persistent atrial fibrillation
(AF), despite considerable technological advances in electrophysiological mapping-guided
ablation strategies targeting AF over the past few years. This is mainly due to inadequate
understanding of the mechanisms and electropathological substrate underlying AF.
Cardiac mapping, which involves recording, processing and interpretation of atrial electrical
activity, is essential to gain more insight into these mechanisms, improve (early) diagnosis
and eventually develop better (ablation) therapies.'? In the electrophysiology laboratory,
analysis of electrograms (EGMs) plays an important role in adjunctive ablation strategies in
addition to pulmonary vein isolation, particularly in patients with (long-standing) persistent
AF.36 However, electrical activity during AF is highly complex requiring advanced mapping
systems with sophisticated processing technologies to quantify electropathology and
identify suitable target sites for ablation. This chapter introduces the current challenges in
AF treatment strategies, explores the technical aspects of electrophysiological mapping and
discusses the current knowledge gaps in the quest to find quantified features of AF-related
electropathology.

Atrial fibrillation: the cardiovascular epidemic of the 21+t century

AF is the most common sustained cardiac arrhythmia worldwide, which is characterized by
rapid and irregular electrical activity in the atria, resulting in an irregular and often fast heart
rate.” On the surface electrocardiogram (ECG), reqular and morphologically distinct P-waves
are replaced by rapid continuous oscillations (fibrillatory waves), as illustrated in Figure 178
Currently available diagnostic tools, such as surface ECGs, Holter recordings and implantable
loop recorders, can detect and quantify the AF burden within a specific time frame, but none
of these tools can identify or stage the substrate underlying AF. As such, only the presence of
AF can be confirmed using these diagnostic tools.

Once AFis diagnosed, itis classified according to the time a patientisin AF and its response to
therapy. AF is classified into paroxysmal, persistent, long-standing persistent or permanent.
Paroxysmal AF episodes last for less than seven days and typically end spontaneously.
Persistent AF, on the other hand, lasts longer than seven days and requires medical
intervention to terminate. If persistent AF continues for more than a year, it is referred to as
long-standing persistent AF. Finally, permanent AF indicates that the patient and physician
have agreed to accept AF as a long-term condition.”s

AF affects approximately 1-3% of the general population. In 2010, the estimated global
prevalence of AF was 33.5 million people, with an annual incidence rate of 5 million
people. The risk of developing AF increases significantly with age? As AF can be often
asymptomatic, the actual prevalence may be even higher. The incidence of AF varies
considerably depending on underlying contributing factors. AF is primarily found in older
individuals (>70 years) and those with lifestyle-related conditions such as hypertension,
diabetes mellitus and obesity.” With increasing life expectancy globally, the prevalence
of AF is also expected to rise sharply. AF also frequently occurs in patients with structural
heart disease, which includes patients with heart failure with or without reduced ejection
fraction, valvular heart disease and specific cardiomyopathies.o" In these patients, atrial
hypertension results in atrial dilation, extracellular matrix remodeling, autonomic imbalance
and calcium handling defects, eventually resulting in initiation and perpetuation of AF213
Additionally, patients with a congenital heart disease also frequently develop AF, due to a
combination of embryogenetic defects and factors related to surgical correction for their
disease. Post-operative AF is also common among patients undergoing cardiac surgery for
structural heart disease, with reported incidences ranging from 20 to 80% depending on
the type of surgery.’s Post-operative AF is associated with an increased risk of mortality and
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CHAPTER1

Figure 1 - Electrical conduction during sinus rhythm and atrial fibrillation. Left panel: during sinus rhythm an
electrical pulse is generated in the sino-atrial node (SAN) and propagates through the right atrium towards the
atrioventricular (AV) node and via the His-Purkinje fibers towards the ventricles (white arrows). The ECG (middle
panel) shows P-waves (P) followed by a QRS-complex (R) with regular R-R intervals. Simultaneous recorded epicardial
unipolar electrograms at Bachmann'’s bundle (lower panel) also show local atrial potentials with regular intervals
followed by ventricular far-field (red). Right panel: during AF, activation of the atria is chaotic due to abnormal impulses
within both atria. The AV node is continuously bombarded with impulses, creating a varying degree of concealed
conduction. This leads to an irregular and often fast ventricular rate. The ECG (middle panel) shows irregular R-R
intervals and no distinct P-waves. The epicardial unipolar electrograms recorded at the exact same location as during
sinus rhythm (lower panel) now show beat-to-beat variation in intervals between consecutive fibrillation potentials
and the morphology of those potentials.

morbidity, longer hospitalization and hence higher cost of post-operative care.'s'8 Taken the
high prevalence and incidence rates of the arrhythmia, AF is considered the cardiovascular
epidemic of the 21st century.

Improving AF therapy strategies: targeting triggers and substrates

The most optimal treatment strategy for AF remains unclear, although it is widely accepted
that the initiation and perpetuation of AF requires triggers and a substrate, as illustrated in
Figure 2. Currently, pharmacological anti-arrhythmic therapy of AF is aimed at either rate
or rhythm control. Cardioversion can also be performed using a DC shock. Although AF
episodes can be stopped often, the efficiency of these therapies is low and most of drugs
have severe side-effects.”” The initial nonpharmacological treatment strategy for AF involved
catheter ablation of the atrioventricular junction.202' Although this strategy has been very
effective for rate control, it requires permanent pacemaker implantation as AF itself still
persists. The main cause of failure of these therapies lies in the fact that both the triggers
and substrates underlying AF are not affected. In the late 1980s, a surgical approach for AF
treatment was developed by Cox et al.22 which involved multiple incisions in the right and left
atria. Although this is an often successful procedure, it is only most frequently applied as an
add-on procedure during cardiovascular surgeries.?? In 1998, human endocardial mapping
studies showed that focal activity from the sleeves of the pulmonary veins may contribute to
the onset and persistence of AF.3 Cardiomyocyte fibers extending into the pulmonary veins
are characterized by sudden changes in fiber orientation and a very short refractory period.
This may contribute to focal activity, which may be due to triggered activity, enhanced
automaticity or micro-reentry.2#2> This observation led to the development of pulmonary
vein isolation (PVI) as a strategy for catheter ablation of AF, which is still the cornerstone

16



GENERAL INTRODUCTION

Figure 2 - Interplay of triggers and substrates in the onset of AF. Two different situations of trigger density and
amount of substrates in relation to AF onset. AF episodes are shown in red. In case many triggers are present but
with minimal substrates in the atria, AF will mainly present as frequent short-during episodes (paroxysmal AF). On
the other hand, when there are extensive substrates present in the atria, one single trigger could already result in
permanent AF. An interplay of substrate formation and presence of triggers could result in progression of AF from a
paroxysmal to a permanent condition. ECV = electrical cardioversion.

of AF ablation.262 However, reconnection of the PVI lesions is a major determinant of AF
recurrence post procedure and a contributing factor to the development of post-AF-
ablation atrial tachycardia. In most studies reporting on outcomes of patients undergoing
repeat AF ablation, the reconnection rate for the PVI ablation lesions is as high as 80%.28
However, with recent technological advancements, reconnection rates are decreasing but
still vary between 19 and 64%.2°3° In case of proven reconnection, repeat PVl can result in a
significant improvement in long-term ablation success.3' On the other hand, other sources
of triggered activity can be found outside the pulmonary veins, including the superior
caval vein, left atrial posterior free wall, left atrial appendage, terminal crest, ligament of
Marshall and interatrial septum, which also play an important role in a significant part of
AF patients.?37 Although these current treatment options are often able to stop AF, the
underlying substrate persists. This means that a single trigger could be enough to re-
initiate AF. Also, since different patients may have distinct mechanisms underlying their AF,
a personalized approach for treatment would be more profitable. However, first a better
understanding of the underlying substrate is required before this can be achieved.

Remodeling of the atria: formation of (a) substrate(s)

The architecture and anatomy of the atria is complex and plays an essential role in atrial
conduction. Propagation of electrical wavefronts in the human heart is determined by
membrane properties, tissue structure and wavefront geometry.383® Cardiac tissue is
considered to be anisotropic, meaning that conduction is faster along the longitudinal
direction of myocardial fibers than in transverse direction.3® Normal propagation through
cardiac tissue can become disrupted by structural and electrical remodeling, which can
promote AF persistence.* However, cellular and molecular bases for atrial remodeling can
vary in different conditions and diseases. Remodeling can be caused by pre-existing cardiac
conditions, systemic processes such as aging, or AF itself.3*#" Also, changes in the autonomic
nervous system and abnormalities in calcium handling have been shown to contribute to
AF development.® The principal components of electrical remodeling include a decrease
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in L-type calcium current, rectifier background potassium current and constitutive
acetylcholine-regulated potassium current, as well as abnormal expression and distribution
of gap junction connexin hemichannels that connect cardiomyocytes electrically. This
creates a substrate that is prone to reentry. Structural remodeling, on the other hand, is
characterized by cardiomyocyte hypertrophy, fibroblast proliferation and deposition of
extracellular matrix, which can interrupt fiber bundle continuity, leading to local conduction
disturbances.®* Progressive changes in electrophysiological properties of the myocardium
can lead to progression of AF. These changes result in complex electrical conduction
disorders, which is defined as electropathology.* The degree of electropathology is thus
related to severity of remodeling.

The mechanism underlying the transition from paroxysmal to persistent AF remains unclear.
Mechanisms underlying AF were studied in both experimental and clinical mapping studies.
In general, investigators support the presence of either a focal (repetitive ectopic discharges)
or reentry mechanism (e.g., mother-waves, rotors, multiple wavelets).3645-50 Ultimately, AF is
sustained by multiple independent reentrant wavelets that propagate through the atrium in
an uncoordinated fashion. According to the multiple wavelet hypothesis, a critical number of
wavelets must exist in the atrium at any given time to sustain and perpetuate AF.5*5 Evidence
forelectropathologyasacause of AF originatesfromintra-operative high-resolution mapping
studies of the epicardial surface of the entire left and right atrium including Bachmann'’s
bundle. For example, it was demonstrated that Bachmann'’s bundle is a preferential site for
conduction disorders to occur, especially in patients with history of AF.52 Also, compared to
patients with acutely induced AF in non-dilated atria, patients with longstanding persistent
AF were characterized by more pronounced longitudinal dissociation in conduction, more
conduction block and more focal fibrillation waves.*4%35¢ Changes in electrophysiological
parameters are the result of an increased degree of electropathology. Quantification of
these parameters might thus be utilized to stage the severity of AF. Quantification of the
severity of electropathology present during sinus rhythm might be useful to predict late
onset of AF in the individual patient.

Techniques for measuring the heart’s electrical activity

Membrane potentials of cardiomyocytes produce electrical voltages in the human body.
Changes in voltage occur when cardiomyocytes are depolarized or repolarized, resulting
in a voltage vector. The depolarization and repolarization of cardiomyocytes produce
strong patterns of voltage change which can be measured by electrodes either on the skin
(electrocardiogram - ECG) or directly at the surface of the heart (electrogram - EGM). A net
movement of a vector towards the positive pole will result in a positive deflection and vice
versa. Thus, the recording is the sum total of electrical vectors in the direction of a lead.

Electrocardiogram (ECG)

Since the 1950s, the surface ECG has become the most important diagnostic method in
cardiac medicine. However, as an ECG is measured on the body surface, far away from the
heart, it has lost the geometrical information of the underlying arrhythmia. This is a major
disadvantage, especially in case of AF in which atrial activity is only seen as rapid continuous
oscillations, as illustrated in Figure 1. Only the irregular response of the ventricles can clearly
be distinguished and is therefore often used to confirm the presence of AF. However, the
severity of AF cannot be seen, at least by eye. Recent technologies provide more detailed
analysis of the ECG during AF, often using complex machine learning algorithms.>> On
the other hand, multi-channel surface ECGs can also be combined to obtain so-called
electrocardiographic imaging (ECGI) maps. Although these technologies are promising, they

18



GENERAL INTRODUCTION

Figure 3 — Genesis of unipolar, bipolar and omnipolar electrograms. Lower panel: schematic representation of an
activation wavefront propagating from left to right through myocardial tissue. Left panel- a unipolar electrogram
is recorded by using one electrode located directly on the myocardial tissue. An activation wavefront propagating
towards the recording electrode will result in a positive signal (red). When the activation wavefront passes the
recording electrode it will be zero (yellow), after which it will be negative when the activation wavefront propagates
away from the recording site (green), resulting in an RS-wave. Typical theoretical potential morphologies from two
different sites along the tissue (e.g., excitation onset and wavefront termination) are illustrated in the most left panels.
Center panel. a bipolar electrogram is constructed by subtracting two unipolar electrograms recorded from two
electrodes at a close distance. Due to time delay between the two unipolar potentials, a typical bipolar electrogram
is created. Right panel:an omnipolar electrogram is created by using two orthogonal bipolar electrograms (bipolar-x:
red and bipolar-y: green). A 2-dimensional voltage loop is constructed from these bipolar electrograms. These
constituent electrograms may be recovered from projecting the loop onto their corresponding directions (0° - red,
and 90° - green). Virtual electrograms in any direction may be similarly created. The maximal extent of the voltage
loop is calculated and corresponds to the largest possible bipolar electrogram (yellow arrow), which is defined as the
omnipolar electrogram. The length of the arrows indicates the relative peak-to-peak amplitude of the corresponding
electrograms. This also illustrates the significant direction-dependency of bipolar electrograms.

are still not suitable for detailed analysis of AF.>¢ Therefore, to study the substrate underlying
AF, more local measurements are required.

Electrograms (EGM)

An electrogram displays the electrical information at the tissue surface which occurs either
by an individual electrode (unipolar) or between a set of two electrodes (bipolar signal). It
only displays the electrical activity at the local myocardium.

Unipolar electrograms

In the unipolar recording mode, a different electrode is positioned at the atrial tissue
surface where the extracellular potential must be determined, as illustrated in Figure 3.
The indifferent electrode is positioned at a large distance from the heart or connected to
the Wilson's Central Terminal. The local extracellular potential is changed in response to an
activation wavefront propagating through the myocardial tissue. Such a wavefront can be
thought of as a pair of propagating dipoles, one representing the depolarizing activation
wavefront and the other representing the repolarizing wave-back.>” Ahead of the activation
wavefront, the intracellular potential is more negative than the extracellular potential
resulting in a negative resting membrane potential. A cardiomyocyte becomes depolarized
when a potential gradient of an adjacent cardiomyocyte drives a flow of intracellular axial
current through gap junctions activating fast sodium channels, leading to a large influx of
positive sodium ions. As a result, the membrane potential increases to become positive.
The net effect is a biphasic membrane current which continues during the plateau phase.

19



CHAPTER1

The activation wavefront can therefore be represented by a positive dipole. As a result, a
positive signal will be recorded by an electrode at a location where the activation wavefront
propagates towards the recording site (R-wave). When the wavefront propagates away from
the recording site, the recorded signal will switch to a negative signal (S-wave). The recorded
signal is zero when the dipole passes exactly in line with the recording site. This process
describes the morphology of unipolar electrograms recorded from the surface of the atria.

Several typical unipolar electrogram morphologies can arise due to these characteristics.
At a site where the activation wavefront arises, the electrogram will only be negative as
the activation wavefront only propagates away from the recording electrode (monophasic
S-wave). Atasite of conduction block or at the end of an activation wavefront, the electrogram
will only be positive as the activation wavefront only propagates toward the recording
electrode (monophasic R-wave). However, in the majority of cases the deflection will be
biphasic (RS-morphology), as the activation wavefront passes the recording electrode. The
morphology of atrial electrograms therefore contains information on intra-atrial conduction.
Examples of unipolar electrograms during sinus rhythm and AF are illustrated in the lower
panels of Figure 1.

Unipolar electrograms are characterized by relatively straightforward interpretation of the
potential morphology, which is independent of the direction of the activation wavefront.
However, unipolar electrograms are rather sensitive to remote activation caused by activity
of adjacent cardiac structures or electrical disturbances.

Bipolar electrograms

Asitis relatively hard to record clean unipolar electrograms without much noise interference,
bipolarelectrogramsare more often used in daily clinical practice. These bipolarelectrograms
are taken as the difference between two neighboring unipolar electrograms, and can be
recorded with either the use of a differential amplifier or via post-processing of unipolar
electrograms, as illustrated in Figure 3. As noise and remote activity will be more or less
similar between the two unipolar electrograms, they will be removed by the subtraction.
The remaining signal reflects the temporal offset between the two unipolar potentials as
the wavefront will be at a different distance between the two unipolar recording sites. The
degree of offset depends on the direction of the activation wavefront and is virtually zero
if the activation wavefront propagates perpendicular to the two recording electrodes. The
bipolar electrogram is proportional to the first derivative of the unipolar electrograms when
the time difference (dt) is small, which is the case if the distance between the recording
electrodesis small (dt = dx/cv;dx is the distance between the electrodes, cv the conduction
velocity).%

The greatest advantage of bipolar electrograms is that noise and remote activity are
suppressed, making them less sensitive to far-field activity. A bipolar potential is also sharper
than a unipolar potential, because differentiation of a signal promotes the high frequency
components. However, the morphology and amplitude of bipolar potentials critically
depend on the direction of the activation wavefront.

Omnipolar electrograms

Although unipolarand bipolar electrograms are the basis for electrophysiological recordings,
both have some drawbacks. These can often be circumvented by using multiple adjacent
electrograms for analysis, as modern mapping systems allow recording and analysis of
a large number of electrograms. To overcome the directional dependency of bipolar
electrograms, a so-called omnipolar mapping technique has been recently introduced which
is theoretically insensitive to wavefront propagation direction.®® This technique requires a
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multielectrode grid in which different orientations of bipolar electrograms are compared.
Within a square area defined by four adjacent electrodes (a clique), omnipolar electrograms
are mathematically derived from an electric field (E-field) of a passing activation wavefront
from which the maximal extend of two orthogonal bipolar electrograms is calculated, as
illustrated in Figure 3. The largest bipolar electrogram can therefore be derived, removing
the influence of reduced amplitude due to wavefront propagation direction. Haldar et al.t°
applied this technique in a dog model of AF and showed that omnipolar mapping is able
to identify the largest possible bipolar voltages in both sinus rhythm and AF. In addition,
the wavefront propagation direction can be estimated, yielding a velocity vector field.¢’
However, application of this novel technique is yet limited to experimental models.

Visualization of electrical properties by electrophysiological mapping

The electrophysiological characteristics of the atria can be visualized during an
electrophysiology study in which a mapping is performed. The advent of electro-anatomical
mapping systems enables detailed measurement of impulse propagation inside the human
atria. Detailed knowledge of atrial excitation patterns during sinus rhythm and its variations
allows detection of propagation abnormalities associated with AF.

Mapping systems

Electro-anatomical three-dimensional (3D) mapping systems allow accurate measurement
of impulse propagation inside the human atria in real-time. The operator would create a
live reconstruction of the right and/or left atrium with a navigation catheter, as illustrated
in Figure 4. Often a multi-polar catheter is used which adds to the speed of recreation. Each
commercially available mapping system offers unique advantages. The most common
systems include Carto3 (Biosense Webster, Inc, Diamond Bar, California, USA), EnSite

Figure 4 — Commercial mapping systems and multielectrode mapping catheters. Panel A: examples of atrial
reconstructions created using Carto3 (left - Biosense Webster), EnSite Precision system (middle - Abbott) and
Rhythmia (right - Boston Scientific). Each of the systems offer unique features. Integration of conduction velocity
vectors constructed using local activation times or vectors obtained via omnipolar mapping are shown in the left and
center map respectively. Mapping points are visualized as dots as in the right map. In each of the maps, activation
wavefront propagation is visualized using a color scheme. Panel B: examples of multielectrode mapping catheters,
including, from left to right, a linear catheter (Decapolar, Biosense Webster), splined catheter (Octaray, Biosense
Webster), circular loop catheter, basket catheter (Constellation, Boston Scientific), grid catheter (HD Grid, Abbott) and
mini-basket catheter (Orion, Boston Scientific).
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Precision system (Endocardial Solutions, Abbott, Inc., St. Paul, Minnesota, USA) and Rhythmia
(Boston Scientific, Cambridge, Massachusetts, USA). These systems employ magnetic based
technology with additional proprietary catheter localization technology. The strength of the
magnetic field measured by the location sensor triangulates the distal part of the catheter.
In order to visualize the remaining electrodes a high frequency low grade current is emitted
through orthogonally placed skin patches. 3D mapping is predominantly used for ablation of
AF, atrial tachycardia and ventricular based ablation procedures, but can also be used during
any electrophysiological procedure. Although various analytical options are available in
each of the systems, the options remain rather limited. Hence, these commercially available
systems are not always suitable for extensive research on electropathology.

Catheters and recording electrodes

Diagnostic catheters are positioned within the heart and record electrograms from
particular locations. Each diagnostic catheter will have a certain number of electrodes. The
electrode size and spacing varies between various manufacturers. Multielectrode mapping
catheters speed up data acquisition and come in a variety of shapes e.g., circular, flat or
balloon shaped and depend upon company specific engineering. Examples of commercially
available multielectrode mapping catheters are illustrated in the lower panel of Figure 4.
Circular catheters sitting in the pulmonary vein allow the operator to assess sleeves of
myocardial tissue extending into the veins. 3D mapping catheters not only have magnet
sensors embedded but can also provide tissue-contact feedback to the operator.

Higher resolution mapping can now be offered with multielectrode catheters utilizing
smaller electrodes with closer inter-electrode spacing. Boston Scientific offers a mini-basket
catheter (Orion) which comprises 64 mini-electrodes arranged on 8 splines. These electrodes
have a surface area of 0.4 mm2 with a 2.5 mm inter-electrode spacing. Abbott offers the HD
Grid, a unigue catheter which recognizes that bipolar voltage amplitude is influenced by the
activation vector, and annotates only the higher voltage measured between 2 orthogonally
positioned bipolar pairs within the grid (omnipolar mapping). Biosense Webster offers the
Octaray, a 48-pole catheter organized along 8 branches arranged as a star to provide full
and atraumatic surface coverage. These catheters allow for greater point density, and a more
distinct electrogram for ease of local activation time annotation. Although the number of
electrodes has been increased the past years, they are still not optimal for mapping of AF.

Other than catheters, the group of De Groot® introduced an electrode array containing
192 (8%24) electrodes which is suitable for surgical endo- and/or epicardial mapping
procedures. These electrodes have a surface area of 0.28 mm2 with a 2.12 mm inter-electrode
spacing. This allows high-resolution and high-density mapping of a large atrial surface
area. Several similar electrode arrays have been developed by various research groups
worldwide. These electrode arrays are in general not commercially available and optimized
for electrophysiological research purposes.

Analysis of electrograms

In the electrophysiology laboratory, analysis of electrograms recorded by catheters plays
an important role in adjunctive ablation strategies performed in addition to pulmonary
vein isolation, particularly in patients with (long-standing) persistent AF. However, electrical
activity during AF is highly complex requiring advanced mapping systems equipped with
sophisticated processing technologies for identification of suitable target sites for ablation.!
As standard approaches for recording and processing electrical activity during AF do not
exist, a lot of effort has been put in clinically evaluating a variety of mapping techniques yet
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with mixed outcomes. Many of the currently available recording and processing technologies
are also restricted to specific applications or have technological limitations hampering
wide-spread applicability. Importantly, guidelines or recommendations in this area currently
do not exist. Experimental mapping with custom-made software therefore provides
the opportunity of recording electrograms after which every possible post-processing
technique can be applied to study the signal characteristics. Nevertheless, several standard
electrophysiological mapping techniques already exist and have been tested extensively.

Local activation time mapping

Activation time mapping is one of the most commonly used techniques and involves
measurement of the relative local activation time of each potential. The activation time is
defined as the time at which cardiomyocytes underneath the electrode depolarize. This
coincides with the upstroke of the action potential of the cardiomyocytes. A reference signal
is often used to determine the timing difference between this reference and a sampled
potential. This value is then plotted on a (3D) map according to a color scale or by drawing
isochrones, as illustrated in Figure 4. Activation time mapping requires accurate annotation
of the local activation time of each acquired potential. Simultaneous recordings of action
potentials and unipolar extracellular potentials have shown that the upstroke of the action
potential coincides with the steepest negative deflection in the unipolar potential.®* As
large parts of unipolar potentials are in fact remote, caused by the activation wavefront
propagating towards and away from the recording electrode, only the steepest negative
deflection reflects local depolarization of cardiomyocytes underneath the electrode. The
maximum downslope of a unipolar electrogram is currently considered the most accurate
marker of local tissue activation and considered the closest representative of the upslope
of the local intracellular action potential.®* However, the presence of far-field information
in unipolar electrograms makes accurate identification of local activation times in clinical
electrograms challenging, leading to the routine use of bipolar electrograms. Although
the minimum or maximum of a bipolar potential is most often used, the definition of local
activation time for bipolar electrograms varies among literature.* The largest problem
of using bipolar potentials for activation time mapping also lies in the fact that when an
activation wavefront propagates nearly perpendicular to the two recording electrodes,
the potential will be virtually zero thereby limiting assessment of local activation time. For
both unipolar and bipolar electrograms, incorrect assignment of local activation times can
mislead the entire activation time map, even for a small number of potentials. Also, activation
time maps in commercial mapping systems often utilize an interpolation algorithm to allow
a smooth display of propagation. Especially in areas where electrograms are complex, these
local activation time estimates may be inaccurate.

Application of activation time mapping to unravel arrhythmogenesis

The first detailed activation time mapping was performed in dogs during sinus rhythm by
Boineau et al.5 in 1978. Later, Cox et al.¢s were the first to create an epicardial isochronal map
of one sinus rhythm beat activating both the right and left atrium in a human. In addition,
the first intra-operative activation time mapping of human AF was performed in 13 patients
with Wolff-Parkinson-White syndrome. All patients showed non-uniform conduction, lines
of bidirectional conduction block and multiple discrete wavefronts in both atria. In 1994,
Konings et al.*¢ showed that during acutely induced, self-terminating AF, the right atrial free
wall of young patients without structural heart disease was mainly activated uniformly by
broad wavefronts, with occasionally arcs of functional conduction block. Three types of AF
could be distinguished; type | was characterized by single uniformly propagating waves,
type Il by the presence of single non-uniformly conducting waves or two wavelets, and
type lll by the presence of three or more wavelets associated with multiple areas of slow
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conduction and arcs of functional conduction block which continuously shifted in size and
location.

During sinus rhythm, electrical waves exciting the atria originate from the SAN area which
is located in the high right atrium. Boineau et al.&’ performed epicardial activation time
mapping in patients with Wolff-Parkinson-White syndrome to investigate the location of
the SAN area and observed up to three different sites of sinus rhythm impulse origin within
one patient. These pacemaker sites were mostly located along the sulcus terminalis and the
junction between the right atrium and the superior caval vein, although sites of origin were
also observed at the inferior caval vein or in the left atrium in case of escape beats. Prior
studies also indicated that two spatially distinct dominant SAN sites are present.s® This allows
for a functional dynamic span of the SAN along the terminal crest, which has also been
observed in adult patients with SAN dysfunction, in whom the SAN exit site shifts caudally.s
AF is also commonly associated with SAN dysfunction. It has been suggested that AF-related
remodeling results in structural changes within the SAN and surrounding atrial tissue that
promote or accelerate SAN dysfunction. The presence of structural barriers surrounding the
SAN could also result in enhanced conduction abnormalities between the endocardial and/
or epicardial layer, resulting in endo-epicardial asynchrony. However, this has not yet been
investigated in detail.

Bachmann’s bundle serves as a specialized tract of muscle fibers and is considered the
preferential route of interatrial conduction. It originates in the high right atrium and spans
sub-epicardially across the inter-atrial groove to the left atrium. Furthermore, Bachmann's
bundle is connected to other atrial regions through various (epicardial) bundles. Although
it is generally assumed that Bachmann’s bundle facilitates rapid conduction from the right
to the left atrium, Teuwen et al.®2 demonstrated that the conduction velocity at Bachmann'’s
bundle in human is only approximately 89 cm/s, which was comparable to the average
conduction velocity (88 cm/s) measured during sinus rhythm at the right atrial free wall of
patients with Wolff-Parkinson-White syndrome.”® Bachmann'’s bundle is also a site that has
been frequently associated with the onset and progression of AF. Alterations in the normal
anatomy of Bachmann’s bundle, such as disruptions in the parallel orientation of myocardial
fibers, may lead to conduction disorders and predispose individuals to the development of
AF.5271 These conduction disorders may cause delayed intra- and interatrial excitation. An
example of epicardial activation time maps of two distinct patients is provided in Figure
5. Mouws et al”' demonstrated that patients with a history of AF were characterized by a
longer total atrial excitation time compared to patients without AF (13620 msvs. 114+17 ms,
p<0.001), which was mainly caused by longer total activation times of the right atrium and
Bachmann’s bundle (73+13 ms vs. 6714 ms, p=0.018 and 106+20 ms vs. 87+16 ms, p<0.001,
respectively). The presence of extensive conduction disorders at these areas resulted in
alternative routes for activation of Bachmann’s bundle and the left atrioventricular groove,
as Bachmann'’s bundle could be activated via one wavefront from right to left, from the
central part or via multiple wavefronts.>2 The left atrioventricular groove was then activated
via either Bachmann’s bundle, the pulmonary vein area or via both routes, depending
on which route had the shortest interatrial excitation time. However, Mouws et al. also
demonstrated that excitation of the left atrioventricular groove via only the pulmonary
vein area was considerably slower than via Bachmann’s bundle (90£18 ms vs. 101£20 ms,
p<0.001), and increased the risk of AF.7'72 Recently, Heida et al.”? demonstrated that a history
of AF was associated with slowing of conduction specifically at Bachmann’s bundle, the left
atrium and pulmonary vein area, as patients with AF had more interelectrode conduction
times >4 ms (corresponding to =50 cm/s) and larger maximum interelectrode conduction
times. Quantification of conduction disorders, such as local conduction delay and block, may
therefore aid in determining the severity of electropathology.
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Figure 5 - Examples of atrial excitation patterns. Color-coded activation time maps of two patients during sinus
rhythm obtained via intra-operative epicardial mapping using a 192-electrode array (interelectrode distance 2 mm).
Thick black lines indicate lines of conduction block (interelectrode conduction times >12 ms). The patient with
coronary artery disease without a history of AF (left) is characterized by a minimal amount of conduction block and a
total atrial excitation time of 140 ms, while the patient with mitral valve disease and persistent AF (right) has extensive
areas of conduction block at the right atrium and Bachmann’s bundle, and a longer total atrial excitation time (160
ms). ICV = inferior caval vein; SCV = superior caval vein.

Quantification of conduction disorders: local conduction delay and block

The first quantitative analysis of intra-atrial conduction disturbances during human AF
was performed by Allessie et al.*# In this study, 24 patients with structural heart disease
and longstanding persistent AF were compared to 25 patients with Wolff-Parkinson-White
syndrome in whom AF was acutely induced. Lines of conduction block were defined as
interelectrode conduction times of >12 ms, representing a lower limit of 19 cm/s which is
less than 20-30% of the normal conduction velocity in atrial myocardium. The amount of
intra-atrial block was quantified by measuring the percentage of conduction block around
each electrode. Both AF groups exhibited continuously changing conduction block lines on
a beat-to-beat basis throughout the atria. The frequency of conduction block was higher
during longstanding persistent AF compared to acute AF (21.1 [16.6-27.5] vs. 6.1 [1.3-13.8]
%, p<0.001). Patients with persistent AF had a higher total length of conduction block (21.1
[19.1-23.1] vs. 3.4 [0.3-8.8] mm/cm2, p<0.001), number of fibrillation waves (4.5 [4.1-5.1] vs.
2.3 [1.7-2.9] /cm?) and dissociation index (7.3 [5.6-9.2] vs. 1.5 [0.6-2.3], p<0.001), indicating
that the frequency and severity of conduction disorders are important for AF maintenance.
Long lines of conduction block result in large conduction times, and if a rotating wavefront
encounters excitable tissue on the other side of the line, initiation of reentry is facilitated.

The presence of conduction disorders during sinus rhythm is related to AF development.
Several mapping studies demonstrated that the presence of (transmural) conduction
block at the right atrium was associated with development of post-operative AF7475 Also,
Teuwen et al.®2 found that the degree of conduction block and long lines of conduction
block at Bachmann'’s bundle predisposed to early post-operative AF in patients undergoing
coronary artery bypass grafting. The spatial distribution and extensiveness of conduction
block in the entire atria during sinus rhythm was studied by Lanters et al.’s in 209 patients
with coronary artery disease without history of AF. Although areas with conduction delay
(interelectrode conduction times =7 ms) and conduction block were present in all patients,
the prevalence was relatively low (1.4 [0.2 to 4.0] % and 1.3 [0.1 to 4.3] % respectively). Despite
the low prevalence, there was a considerable intra-atrial variation with a predilection site at
the superior intercaval region and to a lesser extent at Bachmann's bundle. Patients with
prior AF episodes typically had continuous lines of conduction block located at Bachmann’s
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bundle and the pulmonary vein area.’2”” Heida et al.”? have demonstrated that patients with
various underlying heart diseases and a history of AF had more conduction disorders at
Bachmann’s bundle and the left atrium and more severe conduction disorders at the right
atrium and Bachmann'’s bundle than patients without AF. Van der Does et al.”® identified the
lateral left atrium as a location with more conduction disorders in patients with valvular
heart disease. Furthermore, by using simultaneous endo-epicardial mapping, Kharbanda et
al.* demonstrated that conduction disorders at the right atrium were more pronounced in
patients with a history of AF. These inhomogeneous patterns of conduction are reflected in
electrogram morphology and cause low-amplitude, fractionated potentials.”® However, at
present, the physiological variation in electrogram morphology throughout the atria during
sinus rhythm and its exact relation to conduction disorders remains unknown.

Assessment of conduction velocity

The speed and direction of atrial wavefront propagation provides important information
about the underlying atrial tissue and is therefore widely used to identify potential
mechanisms for arrhythmogenesis. Besides quantification of conduction disorders, local
activation times can also be used to derive local conduction velocity. Areas of slowed
conduction are associated with increased risk of wavefront reentry and therefore considered
as diseased tissue.®® However, there is no consensus on the best technique to compute
conduction velocity.®* Calculation of conduction velocity is often empirically determined
based on relative distances and time differences derived from activation time maps. A
straightforward method to estimate conduction velocity is by using isochronal maps.
However, this method is time-consuming and requires manual intervention. Automatic
estimation of local conduction velocity requires at least three electrodes to establish a
velocity vector that also includes an estimation of the local propagation direction. Also,
an adequate spatial resolution is required to minimize estimation errors, especially when
working with complex and heterogeneous activation wavefronts. The spatial resolution of
the conduction velocity vector field and the accuracy of the estimation should therefore be
balanced. Highly localized estimations of conduction velocities will be more susceptible to
errors, while estimations on larger spatial scales will only provide an average conduction
velocity and therefore exhibit poor correlation with features of the underlying local substrate.
The most optimal estimation technique to measure local conduction heterogeneity has not
yet been determined.

Several mapping studies reported on differences in conduction velocity during sinus rhythm
between patients with and without a history of AF.8"8 Most of studies used triangulation
on 3D electro-anatomical activation time maps to estimate conduction velocity. Despite

Figure 6 - Color-coded bipolar
voltage map of the left atrium in the
posterior projection recorded with
a multielectrode catheter prior to
catheter ablation. Areas of low-voltage
are represented by non-purple colors
(0.10-0.50 mV).
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the conduction velocity estimates varied considerably among studies, lower conduction
velocities were consistently found in patients with a history of AF compared to controls.
Although the triangulation methodology has been automated to generate high-density
conduction velocity maps of clinically acquired data (as shown in Figure 4), studies
focusing on conduction velocity comparison in AF patients are lacking.6* In addition, data
on conduction velocity during AF is also scarce as estimation of local conduction velocity
during AF is very challenging due to the unstable patterns of activation and presence of
multiple wavefronts with short wavelengths, limiting sequential mapping.

Voltage mapping

The potential voltage is determined by the amount of myocardial tissue that is simultaneously
activated surrounding the recording electrode. As large areas activate simultaneously in
normal tissue, the amplitude will be relatively large. In diseased myocardium, activation will
be more asynchronous, resulting in a decrease in potential voltages. 3D mapping systems
collect voltage data simultaneous with local activation times, which can be displayed
according to a color scale, as illustrated in Figure 6. Bipolar voltage mapping is most
frequently used in clinical practice to define the substrate underlying AF, mainly focusing
on areas of scarring. These areas are represented by low potential voltages. However, there
are many discrepancies between studies resulting in mixed outcomes of LVA ablation.>
The largest problem lies in the fact that the methodology for defining LVAs has not
been standardized and a clear voltage threshold for tissue abnormalities has never been
histologically validated.8* It is for these reasons that unipolar electrograms are increasingly
used in recent studies and newly developed mapping systems guiding (ventricular) ablation
procedures.578586

Unipolar potential morphology

In 1997, Konings et al.8 were the first to describe various morphologies of unipolar
electrograms during acutely induced AF, as well as during sinus rhythm and programmed
electrical stimulation. Epicardial mapping of the right atrial free wall was performed
using a 244-unipolar electrode array in 25 patients with Wolff-Parkinson-White syndrome
undergoing cardiac surgery. The unipolar potentials were classified into four categories,
i.e., single potentials, short-double potentials (two deflections, <10 ms apart), long-double
potentials (two deflections, 10-50 ms apart) and fragmented (fractionated) potentials (>2
deflections within 50 ms). During induced AF, 77+12% of potentials were singles, 7£3% short-
doubles, 10+7% long-doubles and 6+4% fragmented. Single potentials were an indicator
for rapid uniform conduction (positive predictive value of 0.96). This type of conduction
was present in the majority of wavefronts (79+11%); in 94+4% of potentials within these
wavefronts, single potentials were observed. At sites of collision (3+2%), conduction block
(15£8%), conduction slowing (2+2%) and pivoting points (2+1%), the proportions of single
potentials were only 22+13%, 14+7%, 33+27%and 17+12% respectively. Asillustrated in Figure
7, short-double potentials were primarily found at collision sites, long-double potentials at
sites of conduction block, and fragmented potentials at pivoting points or areas with slow
conduction. The morphology of atrial unipolar potentials thus contains information on intra-
atrial conduction and hence conduction disorders giving rise to development of AF.63888 |t is
for these reasons that unipolar voltage mapping is increasingly used to define the substrate
underlying AF.

The morphology of single potentials is represented by the relative positive (R-wave) and
negative (S-wave) components (R/S ratio), as illustrated in Figure 3. Houben et al.? were
the first to examine the morphology of single potentials during acutely induced AF at the
right atrium. In total, 413,031 unipolar fibrillation potentials were used, as recorded from 25
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Figure 7 - Comparison of unipolar potential morphology and the underlying pattern of activation as recorded
during AF by Konings et al.8* Upper left panel: single potentials were mainly recorded in areas of rapid uniform
conduction. Upper right panel. short-double potentials were mainly recorded when multiple wavefronts invaded the
mapping area from different directions and collided. Lower left panel: long-double potentials were mainly recorded
ataline of functional conduction block. Lower right panel. fragmented potentials were recorded both at pivot points
and from areas with slow conduction (crowding of isochrones). Isochrones were drawn at 10-ms interval and color-
coded. Arrows indicate the main direction of the activation wavefront. Collision is indicated by the dashed line; thick
black lines represent a line of conduction block. FP = fragmented potentials; LDP = long-double potentials; SDP =
short-double potentials; SP = single potentials.

patients by Konings et al.*¢ A clear predominance of S-waves was found, although with a
large intra- and interindividual variation. The S-wave predominance was less pronounced
during more complex type of AF (type Ill) and could not be attributed to wavefront
curvature or anisotropy. It was therefore hypothesized that a tilted transmural stance of
the wavefront, resulting in an epicardial lead with constant epi-to-endocardial activation,
could explain the S-wave predominance. The endocardial layer should then present with
more R-wave predominance. Van der Does et al.?" examined sinus rhythm unipolar single
potential morphology during simultaneous endo-epicardial mapping of the right atrium in
26 patients. In this study, it was demonstrated that both epicardial and endocardial single
potentials showed an S-predominance. Also, there were no differences in single potential
morphology between both layers. Although this mapping study was performed during
sinus rhythm, data clearly showed absence of an oblique transmurally propagating wave.
It was therefore concluded that S-wave predominance could not be explained by epi-to-
endocardial activation or vice versa.

The morphology of single potentials has also been introduced as a parameter guiding
ablation therapy. Several studies demonstrated that creation of an ablation lesion was
associated with loss of the S-wave and development of a monophasic R-wave close to the
ablation lesion, representing transmural conduction block.22% The morphology of single
potentials could therefore be a valuable parameter for identification of electropathology.
However, the physiological distribution of single potential morphologies across the atria
among various patients with and without AF remains unknown.
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Fractionation of electrograms occurs when the underlying tissue is asynchronously
activated. This can be caused by e.g., heterogeneous expression of connexins, increased
collagen deposition or presence of adipose or ischemic myocardium.®* In addition, Van der
Does et al.% showed that endo-epicardial asynchrony was the origin of fractionation in 4%
of fractionated electrograms. Bipolar, complex fractionated atrial electrograms (CFAEs)
are frequently used in daily clinic to detect abnormal areas in the atria of patients with AF.
Although CFAEs are used to select areas for ablation, several studies have demonstrated
that they are frequently passive phenomena and not critical for the perpetuation of AF.%
Starreveld et al.”” demonstrated that fractionation is commonly found in high proportions
within all regions of both atria and without a clear preference for specific sites. Also, no
differences in fractionation proportions could be found between patients with paroxysmal
and persistent AF within the left and right atria. Therefore, simply targeting all fractionated
electrograms would be very extensive and short-sighted. In addition, currently no clear
uniform definitions or methodologies for identification of CFAE have been defined,
probably explaining the lack of successful results. Van der Does et al.® demonstrated that in
164 studies reporting on fractionation, eleven different visual definitions for fractionation,
three automated complex fractionated atrial electrogram detection algorithms, seven
novel parameters for measuring fractionation and five different definitions for continuous
electrical activity have been introduced. Unipolar fractionated electrograms, on the other
hand, are more straightforward to interpretate, but less explored, especially during sinus
rhythm.&

Aim of the thesis

It remains unknown which electrical signal features and spatial conduction properties
are related to electropathology. In this thesis we therefore investigated the main research
question “Which electrical signal features and spatial conduction properties are related to
electropathology?”. In addition, we investigated whether these quantified parameters are
also related to post-operative AF and how these parameters could be implicated in clinical
practice. Therefore, in this thesis we aim to identify features of electrophysiological properties
of atrial tissue and develop novel methodologies to quantify AF-related electropathology.
We hereto investigate atrial potential morphology and conduction properties during
normal sinus rhythm, programmed electrical stimulation and AF in patients with various
underlying heart diseases. In addition, detection of post-operative AF in surface ECGs and
post-operative AF-related electropathology is identified. Potential clinical implications of
high-resolution mapping and corresponding features of electrophysiological properties of
atrial tissue are also explored.

Outline thesis

In chapter 2 an overview is provided on the clinical implications of sinus rhythm mapping
to identify the arrhythmogenic substrate underlying AF. Chapter 3 describes the current
knowledge on the relation between electrogram morphology and AF from an experimental
point of view.

Part | of this thesis focusses on quantified features of electrical signals which are retrieved
directly from the surface of the heart. As described before, these electrograms contain
local information on tissue properties related to electropathology, which can be quantified
using various methodologies. In chapters 4 and 5, unipolar voltages and single potential
morphology are examined in a population of patients with mitral valve disease. In chapter 6,
the effect of obesity on unipolar voltage and low-voltage areas in relation to post-operative
AF is studied. As described before, several types of electrograms can be used to identify LVAs
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as potential target sites for ablation therapy. The similarities and dissimilarities in unipolar,
bipolar and omnipolar voltage distribution and the relation between these types of voltages
and conduction velocity in identification of LVAs is described in chapter 7. As LVAs can be
located exclusively at either the endocardium or epicardium, the goal of chapter 8 was to
compare simultaneously recorded endo-epicardial unipolar and omnipolar potentials and
to determine whether their voltage characteristics are predictive for LVAs at the opposite
layer. The relation between local conduction slowing and the occurrence of fractionated
and/or low-voltage potentials is examined in chapter 9. In chapter 10, spontaneous AES
were used to unravel direction- and rate-dependent unipolar electrogram characteristics.
The effect of electrode size on electrogram characteristics is presented in chapter 11. In
chapters 12 and 13, unipolar electrogram features of patients with coronary artery disease
were used to identify conduction inhomogeneity using a signal fingerprint. The influence of
age in this population was further explored in chapter 14. A dedicated signal fingerprint was
developed to identify endo-epicardial asynchrony and transmural conduction block, which
are presented in chapters 15 and 16.

Abnormalities in wavefront propagation due to heterogeneous conduction properties are
explored in part Il of this thesis. Chapter 17 provides the first evidence of atrial conduction
disorders in pediatric patients with congenital heart disease. A novel methodology to
estimate local conduction velocity and identify local atrial conduction heterogeneities
is presented in chapter 18. This methodology was then used in a case-control study to
examine the influence of prior AF episodes on intra-atrial conduction velocity, which is
presented in chapter 19. In chapter 20, intra-atrial conduction characteristics assessed
during the supervulnerable period after electrical cardioversion were compared with long-
term sinus rhythm. The first insights into endo-epicardial dynamics during SAN activation
are presented in chapter 21. SAN activation and electrogram morphology in pediatric and
adult patients with congenital heart disease were compared and presented in chapter 22. In
chapter 23, intra-operative mapping of the SAN of three pediatric patients is presented who
developed early post-operative sinus node dysfunction. The impact of spontaneous AES
on atrial conduction in pediatric patients is examined in chapter 24. In chapter 25, a novel
methodology is presented to quantify local directional heterogeneity in conduction velocity
vectors. Premature AES in adult patients were used to examine differences in intra-atrial
conduction between patients with and without history of AF. In chapter 26, a methodology
is presented to estimate local conduction velocity and conduction anisotropy during AF.
The degree and spatial distribution of local conduction abnormalities were quantified and
compared between acutely induced and long-standing persistent AF.

Part lll focusses on identification of post-operative AF and its relation with electropathology.
In chapter 27, a pilot study is presented in which we examined the effect of programmed
AES on endo-epicardial conduction disorders and asynchrony and their relation with
post-operative AF. Chapter 28 presents pre-existing differences in intra-atrial conduction
parameters and electrogram morphology between patients without and with de novo early
and late post-operative AF. Automated detection of AF in continuous rhythm registrations
is essential in order to prevent complications and optimize treatment of AF. Chapter 29
provides more insight into the current automated AF detection algorithms. In chapter 30,
we provide an efficient and reliable method to train a classifier for AF detection using large
datasets of real-life ECGs.

In part IV of this thesis, some clinical implications of high-resolution mapping during cardiac
surgery and application of quantified electrophysiological features are discussed. Chapter
31 presents the first-in-children epicardial mapping of the heart. In chapter 32, epicardial
mapping in a 14-month-old patient with short QT syndrome unexpectedly revealed AF with
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an excessively high rate of the fibrillatory process. In chapter 33, epicardial high-resolution
mapping was used to assess atrial excitation patterns and conduction abnormalities related
to advanced interatrial block. Mapping-guided placement of atrial pacing leads and the
influence on conduction across Bachmann’s bundle is described in chapter 34. Chapter 35
focusses on the optimalisation of intra-operative electrophysiological examination of the
ligament of Marshall. In chapter 36, we present a novel method to investigate the effect of
low-level vagus nerve stimulation using epicardial mapping.

In chapter 37, the findings and implications of this thesis are discussed. An English and Dutch
summary of this thesis are provided in chapters 38 and 39 respectively.
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CHAPTER 2

Abstract

Progression of atrial fibrillation (AF) is accompanied by structural and electrical remodeling,
resulting in complex electrical conduction disorders. This is defined as electropathology
and increases with progression of AF. The severity of electropathology thus defines
the stage of AF and is a major determinant of effectiveness of AF therapy. As specific
features of AF related electropathology are still unknown, it is essential to first quantify
electrophysiological properties of atrial tissue and then to examine the inter- and intra-
individual variation during normal sinus rhythm. Next, comparison of these parameters
between patients with and without a history of AF unravels quantified electrophysiological
features specific for AF patients. This can then aid in identifying patients at risk for early onset
or progression of AF. This review summarizes current knowledge on quantified features of
atrial electrophysiological properties during sinus rhythm and discusses its relevance in
identifying AF related electropathology.
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CLINICAL RELEVANCE OF SINUS RHYTHM MAPPING TO QUANTIFY ELECTROPATHOLOGY

Introduction

Electrophysiological mapping strategies targeting atrial tachyarrhythmia, such as atrial
fibrillation (AF), have been improved considerably over the past few years. However,
designing effective ablation strategies for persistent AF remains a major challenge.' Since the
development of the pulmonary vein isolation procedure in the late 1990s?, several additional
ablation strategies have been proposed, including linear lesions, complex fractionated
electrogram (EGM) ablation3, low-voltage area (LVA) ablation4 and identification and ablation
of rotational activity and presumed trigger sites.5 Although these techniques showed
promising results in single-center studies, they did not lead to widespread improvement in
procedural outcome in multicenter studies.® This can only partly be due to the fact that there
is still an inadequate understanding of the mechanisms and electropathological substrate
underlying AF.

Arrhythmogenesis depends on the presence of a substrate and a trigger. AF initially starts
in a paroxysmal form, which is mainly based on the presence of triggers.2 Progression of AF
is accompanied by structural and electrical remodeling, which can typically be described
as a progressive change in electrophysiological properties of the myocardium caused by
cardiovascular comorbidities and AF itself.” This results in complex electrical conduction
disorders, which is defined as electropathology.? With the progression of AF, there is an
increase in electropathology. The severity of electropathology thus defines the stage of AF
and is a major determinant of effectiveness of AF therapy.

Inan attempt to find the substrate underlying AF, the vast majority of studies directly focus on
electrophysiological properties measured during AF or during atrial pacing. However, what
the specific features of AF related electropathology are, is at present unknown. These features
may include conduction delay and block, signal morphology (e.g., potential voltages and
fractionation) and electrical asynchrony between the endo- and epicardium, as illustrated
in Figure 1. It is essential to first quantify electrophysiological properties of atrial tissue and
then to examine the inter- and intra-individual variation in these quantified parameters
during normal sinus rhythm (SR). Next, comparison of these parameters between patients
with and without a history of AF unravels quantified electrophysiological features specific
for AF patients. The most suitable objective parameter can then aid in identifying patients
at risk for early onset or progression of AF. This review summarizes current knowledge on
quantified features of atrial electrophysiological properties during SR and discusses its
relevance in identifying AF related electropathology.

Excitation of the atria

It is nowadays common knowledge that during SR, electrical activity originates from the
sino-atrial node (SAN) area, from where the activation first spreads over the right atrium (RA)
and towards the left atrium (LA) via Bachmann’s bundle (BB), coronary sinus (CS) musculature
or interatrial septum. BB is considered to be the preferential route of interatrial conduction,
as it is a highly organized bundle of muscular fibers arranged in parallel fashion and by far
the largest of the anatomic interatrial connections.? Detailed analysis of SR activation was
first performed by Boineau et al.'9, who performed epicardial mapping in dogs. Later, Cox et
al!" were the first to create an epicardial isochronal map of one SR beat activating both the
right and left atrium in a human. Since the 1990s, the advent of electro-anatomical mapping
systems skyrocketed detailed measurement of impulse propagation inside the human atria.
Knowledge on atrial excitation patterns during SR and its variations enabled detection of
propagation abnormalities associated with arrhythmia such as AF.
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Figure 1 - Excitation and electrophysiological properties of the atria. Upper left panel: smooth excitation of the
right and left atrium via Bachmann'’s bundle. Upper middle panel. impaired conduction across Bachmann’s bundle
in a patient with AF results in alternative interatrial routes. Upper right panel: color-coded total excitation maps of
the right and left atrium on a schematic posterior view of the atria derived from epicardial mapping. Arrows indicate
main trajectories of sinus rhythm wavefront at different atrial regions. Lower left panel: quantification of conduction
disorders. Left: color-coded activation map based on local activation times. Thick black lines represent conduction
block according to a time difference between adjacent electrodes of =12 ms. Middle: local activation pattern with
isochronal map. Isochrones are drawn at 5 ms. Right: conduction velocity map of the corresponding local activation
maps. Lower right panel: typical examples of different types of unipolar (upper) and bipolar (lower) electrograms.
Morphology of unipolar single potentials is classified according to the relative R to S wave amplitude. CFAE = complex
fractionated atrial electrograms; CFP = complex fractionated potential; IVC = inferior vena cava; LAT = local activation
time; LDP = long double potential; PV = pulmonary vein; SDP = short double potential; SP = single potential; SVC =
superior vena cava.

Spread of the SR wavefront is influenced by membrane properties, tissue structure and
wavefront geometry.2”3 Conduction disorders are caused by structural atrial remodeling
due to e.g. (long-standing) pressure and/or volume overload, inflammation, atherosclerosis,
myocardial ischemia/infarction, interstitial fibrosis or an abnormal anatomy.*'® Structural
remodeling may lead to non-uniform tissue anisotropy and local disorders in conduction,
such as slowing of conduction or conduction block (CB). Areas of CB (frequently defined
as large activation time differences between two adjacent electrodes or the presence of
double potentials) are thought to play a crucial role in both genesis and perpetuation of
AF.212 The presence of lines of CB makes it more likely for reentrant circuits to develop, which
may increase the likelihood of AF.2 Lines of CB affect propagation of the expanding SR
wavefront and could be either structural or functional in nature. Spach et al.2' demonstrated
that ageing leads to greater changes in conduction when wavefront directions are differed,
leading to low-voltage, fractionated potentials. Wong et al.22 used CS pacing to assess
electrophysiological features during wavefronts propagating in different directions. They
observed that there was direction dependent slowing of conduction, prolongation of total
atrial excitation times and increase in number and length of CB lines. These differences
were more pronounced in patients with chronic atrial stretch and associated with a greater
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susceptibility to develop AF. On the other hand, conduction abnormalities could also be
rate-dependent. Huang et al.2® used CS pacing with cycle lengths varying between 1000
and 250 ms and demonstrated that rate-dependent CB was present in 94% of patients with
AF induction. However, by examining 339 atrial extrasystoles during epicardial mapping,
Teuwen et al.?* showed that incidence of conduction disorders was mainly associated
with the degree of aberrancy, but not with prematurity. Conduction abnormalities could
therefore be hidden during normal SR, resulting in possible underestimation of conduction
disorders in studies performed only during SR.

Conduction abnormalities in electrically non-remodeled atria

In patients with Wolff-Parkinson White syndrome with nondilated atria, Konings et al.> were
the first to demonstrate that the RA free wall of these near healthy hearts was activated
uniformly by a single broad activation wave without any conduction disorders. Hansson
et al.%, however, demonstrated in 3 out of 12 patients undergoing coronary artery bypass
grafting (CABG, 63+7.6 years) or surgical transection of an accessory pathway (55+9.9 years)
that epicardial mapping of the RA free wall during SR revealed small areas of conduction
disorders, covering 2 to 12% of the total recording area. Moreover, the presence of areas of
CB was also described at the junction of the right superior pulmonary vein (PV) and the LA
in 18 patients (67+11 years) without AF? In contrast, Lanters et al.2® demonstrated in 209
CABG patients (66+9.6 years) with electrically non-remodeled atria that some degree of CB
(median 1.3%, range 0.1-4.3%) was present in all patients. There was a considerable intra-
atrial, but also inter-individual variation in prevalence of CB. However, a predilection site was
present at the superior intercaval RA although it did not reflect CB elsewhere in the atria and
had no correlation with development of post-operative AF.

Conduction abnormalities predisposing to post-operative AF

Various studies report on an association between CB during SR and development of AF.
Sakamoto et al.2? performed intra-operative mapping during SR of the RA free wall in 52
patients with a variety of structural heart diseases. The presence of non-uniform activation
patterns (defined as areas of CB or fusion of multiple wavefronts) was observed in 15
patients (29%) and was associated with development of post-operative AF. Kharbanda et
al.30 examined the RA by simultaneous endo-epicardial mapping in 80 patients and found
a relationship between transmural CB at the inferior RA and post-operative AF. Other atrial
sites were also related to development of post-operative AF. By performing epicardial
mapping at BB, Teuwen et al.? found that a high amount (defined as >4% CB) and long lines
of CB (defined as =12 mm) predisposed for early post-operative AF in CABG patients (Table 1).

Two studies described the association between areas of CB during SR for intra-operative
AF inducibility in patients without a history of AF. Roberts-Thomson et al.3¢ compared atrial
septal defect patients with control subjects and demonstrated the presence of conduction
disorders in the LA and increased inducibility of AF in atrial septal defect patients. In 54
patients with structural heart disease without a history of AF, Van Staveren et al.?” recently
described that longer lines of CB at BB were related to AF inducibility. These observations
further support a relation between the presence of conduction abnormalities and
development AF.

Conduction abnormalities associated with AF episodes

During SR, electrical activity originates from the SAN area and conducts to the atrial
myocardium via several exit pathways.3® The presence of areas of CB around the SAN
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causes blockage of these exit pathways, leading to shifts of SAN exit sites. In patients
with AF, Kharbanda et al.3' indeed demonstrated that the SAN exit pathway was located
more caudally compared to patients without AF. By using simultaneous endo-epicardial
mapping, Kharbanda et al.3® also demonstrated that conduction disorders at the RA were
more pronounced in patients with a history of AF. In contrast, in an epicardial mapping study
using 253 patients with various underlying heart diseases, Mouws et al.3* demonstrated that
although RA excitation during SR was prolonged in patients with history of AF, there was no
relation between the SAN exit site and total atrial excitation time.

Previous studies have also demonstrated that patients with a history of AF have more
conduction disorders in the RA and LA compared to patients without AF. In 268 patients with
and without a history of AF, Mouws et al.3* showed that patients with AF more often present
with continuous lines of CB located at the PV area. Recently, Heida et al*0 demonstrated
that patients with various underlying heart diseases and history of AF had more conduction
disorders than patients without AF throughout both atria. Van der Does et al.#' identified
the lateral LA as a location with more conduction disorders in patients with valvular heart
disease. Interestingly, in all aforementioned studies, disturbed conduction at BB during SR
was most strongly correlated with the presence of atrial remodeling related to AF episodes
(Table 2).

Bachmann’s bundle: a key player in arrhythmogenesis?

BB is the preferential route of interatrial conduction. Lemery et al.3? performed endocardial
mapping in 20 patients with either paroxysmal or persistent AF and demonstrated that LA
activation occurred via BB in all patients. However, Tapanainen et al.3* demonstrated that
although BB is the most common interatrial route, the LA was activated primarily via the
rim of the oval fossa region at the interatrial septum or via the CS ostial connections in 15
out of 50 patients with paroxysmal AF. A limitation of these studies was that mapping was
performed with a low spatial resolution in a small number of patients. Most importantly, BB
was not included in these studies as mapping was performed only at the endocardial side.

In several studies it was demonstrated that BB is a predilection site for conduction disorders
to occur3*#4 In an intra-operative epicardial mapping study of Mouws et al.3¢, it was
demonstrated that total atrial excitation times were longer in patients with a history of AF
compared to those without AF (13620 ms vs 114£17 ms, p<0.001). This was mainly caused by
longer total activation time of the RA and BB (RA: 73+13 ms vs 67+14 ms, p=0.018; BB: 106120
ms vs 87+16 ms, p<0.001). This resulted in alternative routes for BB and left atrioventricular
groove (LAVG) activation, as BB was activated either via one wavefront from right-to-left, from
the central part or via multiple wavefronts. The LAVG was then activated via either BB, the
PV area or via both routes, depending on which route had the shortest interatrial excitation
time. An increased total activation time of BB was caused by the presence of extensive
conduction disorders. Teuwen et al.? indeed demonstrated in patients with AF episodes
undergoing CABG that particularly long lines of longitudinal CB are more pronounced. The
resulting delayed right-to-left excitation favored conduction via other interatrial routes,
such as the limbus of the oval fossa, the CS and interatrial bundles both superior and inferior
along BB. As demonstrated by Mouws et al.?*, a combination of conduction disorders and
distinct parts of the SR wavefront entering asynchronously the posterior LA can lead to an
increased risk of AF. Conduction disorders giving rise to alternative propagation routes may
be the result of damage to the thick and thin septa surrounding BB myocytes, considerably
affecting interatrial conduction.*® This was further supported by the observation of Mouws
et al.>* that LAVG excitation via only PV area was considerably slower than via BB (90+18
ms vs 10120 ms, p<0.001). Particularly patients with either AF, LA dilation or mitral valve
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disease (MVD) had longer total excitation times of the atria, which was mainly determined by
impaired conduction along BB. Based on these observations it was suggested that total atrial
excitation times are particularly affected by conduction disorders at BB and RA, which are
likely related to the presence of AF. This was also demonstrated by Heida et al.#°, who recently
showed in a large cohort of 447 patients that a history of AF was associated with slowing of
conduction; patients with AF had more conduction times (CT) =4 ms (=50 cm/s), especially
at BB, LA and PV area. In addition, maximum CT for AF patients was larger than in non-
AF patients. In the majority of studies, it was consistently demonstrated that an increased
amount of conduction disorders at BB is present in AF patients. The highly organized
architecture of BB could make this structure more vulnerable to structural remodeling and
consequently disturbances in conduction that can even be identified during SR.

Pro-arrhythmic features of ablation created conduction block

There appears to be a clear link between the presence of conduction disorders and
development of AF. However, CB can also be introduced during extensive catheter ablation
procedures targeting complex fractionated EGMs or LVAs, for example. From a theoretical
point of view, the resulting ablation lesions causing local CB may be involved in initiation
and perpetuation of AF. This is also the case if linear lesions were incomplete. Post-operative
arrhythmias are not uncommon after AF surgery and are typically reentrant and related to
the surgically created lesions.>" A combination of pre-existing conduction disorders and
manually created lesions can therefore also provide additional substrate underlying AF
recurrence.

Assessment of the cardiac conduction velocity

Cardiac conduction velocity (CV) provides important information on the properties of the
underlying myocardiumand is therefore widely used in electrophysiological studies. Changes
inintercellularelectrical couplingandtissue structure contribute to conduction heterogeneity
and CV reduction, which in turn play a major role in the initiation and perpetuation of AF.2!
However, there is no agreement which is the best technique to compute CV.52 Calculation of
CVis frequently based on a certain distance travelled by a propagating wavefront in a unit of
time. This results in an accurate CV estimate if the propagation is uniform and the direction
is known. A straightforward method to estimate CV is by using isochronal maps in which
isopotential lines are drawn over a fixed time interval. The CV is then estimated by examining
the distance travelled over a fixed time window. In order to also automatically include an
estimation of the local propagation direction, a minimum of three electrodes is typically
required to establish a velocity vector. Also, an adequate spatial resolution is required to
minimize CV estimation errors, especially when working with complex and heterogeneous
activation wavefronts. During standard electrophysiology studies, multi-electrode catheters
enable CV estimation by techniques such as triangulation.> Using regularly spaced high-
density electrode arrays, simultaneous recordings on a high spatial resolution scale enable
analysis of complex and heterogeneous patterns of activation by using techniques such as
finite differences, polynomial surface fitting, discrete velocity vectors or omnipolar EGMs
(O-EGMs).%553 A disadvantage of the finite differences, polynomial surface fitting and O-EGM
techniques is that it requires data interpolation and smoothening, thereby masking local
conduction heterogeneity.

Local CV can be estimated by triangulation using 3D electro-anatomical activation maps.
Using this methodology, Stiles et al.* demonstrated in patients with paroxysmal AF that CV
was especially lower at the RA and LA septal parts compared to controls with a left-sided
accessory pathway (RA: 210+50 cm/s vs 130430 cm/s, p<0.001; LA: 220+40 cm/s vs 120120
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cm/s, p<0.001). During CS pacing in patients with (long-standing) persistent AF, Prabhu et
al.>* demonstrated that CV in the RA was lower compared to the LA (93+15 cm/s vs 101+19
cm/s, p=0.02), also particularly at the septal parts of the atria. Another study of Zheng et al.*
reported that during SR, the average CVs of the RA were lower in paroxysmal AF patients
compared to controls with atrioventricular nodal reentrant tachycardia (60+12 cm/s vs 83+13
cm/s, p<0.05). Remarkably, CV estimates in this control group were much lower than CVs
assessed in other studies.*?6% In addition, no differences were found between the septum
and other parts of the atria. Although the triangulation methodology has been automated
to generate high-density CV maps of clinically acquired data, studies focusing on CV
comparison in AF patients are lacking.s

Teuwen et al? reported that CV (measured by using isochronal maps) across BB is around 90
c¢m/s in patients undergoing CABG, which was comparable with an average CV of 88 cm/s at
the RA free wall in patients with Wolff-Parkinson-White syndrome and patients with ischemic
and/or valvular heart disease.26454 However, in the case of local conduction heterogeneities,
a more sophisticated method is required. Recently, Van Schie et al.** developed a discrete
velocity vectors methodology to estimate local CVs. It was demonstrated that patients with
paroxysmal AF have slower conduction across BB (£10 cm/s) during SR compared to patients
without AF. In addition, more areas of slow CV (<30 cm/s) were found at both BB and PV area.
Heida et al.*¢ recently reported similar observations in a case-control study of 34 patients
without and with a history of AF. In a specific population of MVD patients, a history of AF
was characterized by decreased CV and unipolar single potential amplitudes at BB due to
loss of S-wave amplitudes.*” Areas of slowed conduction have frequently been linked to low-
voltage potentials, which formed the basis for current ablation strategies targeting LVAs for
AF_12,57-59

Voltage mapping techniques

Structurally remodeled tissue gives rise to slowing of conduction or conduction disorders.
These areas are frequently identified using the spatial distribution of EGM amplitudes,
commonly known as voltage mapping. There is, however, still lack of consensus on how
to accurately use voltage mapping to target the AF substrate and how to define abnormal
voltage.s® Also, there are several voltage modalities which can be used such as unipolar,
bipolar and multipolar (omnipolar/Laplacian) voltage mapping.s' In the basis, a unipolar
EGM (U-EGM) is recorded as an extracellular potential difference between one single
electrode on the tissue relative to an indifferent electrode, while a bipolar EGM (Bi-EGM)
is simply the subtraction of two U-EGMs. Therefore, a U-EGM can be regarded as the sum
of instantaneous current dipoles of a wavefront, reflecting cardiac electrical activity of the
tissue surrounding the recording electrode. As the amplitude depends on the volume of
simultaneously activated cardiac tissue, synchronous activation of myocardium results in
relative large amplitude U-EGMs, whereas areas of asynchronously activated myocardium
cause a decrease in U-EGM amplitudes.” Although U-EGMs are more sensitive to far-field and
remote activations, U-EGM potential morphology contains additional information on the
progression of the wavefront.#” Nevertheless, Bi-EGMs are still predominantly used in clinical
practice as Bi-EGMs are less sensitive to noise and represent more local information from
the tissue between two electrodes. However, Bi-EGMs are very directional sensitive, which is
particularly important when targeting voltage abnormalities during stable SR.¢2 To overcome
this directional sensitivity, a so-called omnipolar mapping technique has recently been
proposed. Using multiple neighboring electrodes, O-EGMs are mathematically constructed
that represent maximal bipolar voltage along the direction of a propagating wavefront.’?
However, a major disadvantage of all voltage mapping techniques is their dependency on
the electrode size, as larger electrodes result in lower voltages and consequently more LVAs
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in the tissue.®® It therefore remains difficult to directly compare various study outcomes.

Bipolar voltage mapping

Several studies have shown local variation in bipolar voltages during SR, in which the
majority of the studies focused on the LA only (Table 3). In addition, all studies described
regional voltage analyses as part of ablation therapy targeting LVAs. These areas are
commonly defined as bipolar voltages <0.5 mV.5 Marcus et al.®* were the first to characterize
regional differences in bipolar voltage during SR in 22 patients with paroxysmal AF. They
demonstrated that AF patients exhibited significantly more LVAs in the septum and posterior
LA walls compared to patients with focal atrial tachycardia. However, a major disadvantage
of this study was that the AF patients were mapped with an 8-mm catheter, whereas all
control patients were mapped with a 4-mm catheter. During pacing from the CS, Teh et al.#¢
demonstrated that patients with AF have circumscriptive areas of lower voltages, more LVAs,
slowing of conduction and fractionated EGMs compared to age-matched control patients
with a left-sided accessory pathway. These changes were more pronounced in persistent AF
patients, who were first cardioverted when they did not present in SR.

Two years later, Rolf et al.* were then the first to describe the use of SR voltage mapping
guiding AF substrate modification after circumferential PV isolation and demonstrated
that LVAs occur more frequently in patients with persistent AF compared to patients with
paroxysmal AF. Lin et al.# also demonstrated a decrease in mean LA voltage and a higher
incidence of LVAs during SR with progression of AF. Regional LA differences were studied
in more detail by Kapa et al.%%, who demonstrated that there was a heterogeneity in voltage
distribution in all patients regardless of prior LA ablation. The highest voltage was found
in the LA floor and lowest in posterior LA wall adjoining the PVs, while Rodriguez-Mafiero
et al.’® found the highest values in the LA appendage. Kogawa et al.®6 compared these
regional differences between patients with paroxysmal or persistent AF during SR. They
demonstrated that bipolar voltages were specifically lower at the LA septum, roof and
posterior wall, right superior PV and its antrum, right superior PV carina and right inferior PV
antrum in patients with persistent AF.

As AF therapy commonly targets only in the LA, data on regional differences in bipolar bi-
atrial voltage during SR is lacking. However, Stiles et al.# showed that mean RA and LA bipolar
voltage was reduced in 25 patients with paroxysmal AF compared with 25 patients with
left-sided accessory pathways. More specifically, areas at the high-lateral RA, posterior LA
and LA roof in AF patients were more likely to be LVAs. Although during CS pacing, Prabhu
et al.>* demonstrated that global bipolar voltage did not differ between the RA and LA, but
voltages were larger at the posterior LA compared to posterior RA in patients with (long-
standing) persistent AF. Although specific regional differences in bipolar voltages are more
recognized, cutoff values to identify LVAs are currently not customized to the different atrial
voltage distributions. Despite ablation therapy based on bipolar LVAs may be beneficial in
certain patient populations, the efficacy and long-term outcome remains controversial.’8 It
is for these reasons that U-EGMs are regaining popularity in the last years.

Unipolar voltage mapping

Unlike Bi-EGMs, U-EGMs are directional independent and provide additional information on
wavefront progression. Remarkably, studies focusing on unipolar voltage distribution during
SR are still lacking, although the use of U-EGMs regains interest in clinical practice. Using
biatrial electro-anatomical mapping, Prabhu et al.5>* demonstrated that unipolar voltages
were higher in the LA compared to the RA in patients with (long-standing) persistent AF
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(2.95+1.14 vs 2.28+0.65 mV, p=0.002) during CS pacing. More specifically, unipolar voltages
were particularly higher in the posterior, lateral and septal parts of the LA. Another U-EGM
voltage parameter was introduced by Lin et al.#?, who used peak negative voltages to study
the voltage distribution in patients with paroxysmal AF compared to other supraventricular
tachycardia. These peak negative voltages are defined as the negative portions of U-EGMs.
They demonstrated that global RA peak negative voltages were reduced and more
heterogeneously distributed in AF patients compared to patients with either atrioventricular
nodal reentrant tachycardia, focal atrial tachycardia or atrial flutter. Recently, Van Schie et al.6
demonstrated that unipolar voltage is lower in areas of slowed conduction or CB, or areas
containing fractionated potentials, which might indicate areas of arrhythmogenic tissue. In
this study, unipolar LVAs were found in all 67 patients with MVD with and without history of
paroxysmal AF, although lower voltages and more LVAs were found at BB in paroxysmal AF
patients. There were no predilection sites for low voltages to occur. Patients with paroxysmal
AF were also characterized by decreased single potential amplitudes at BB due to loss of
S-wave amplitudes together with a decreased CV.#” Remarkably, no further studies are
available focusing on unipolar voltages during SR. Recently, Van Schie et al.22 demonstrated
that bipolar LVAs still can contain large unipolar voltages and high CVs. Future studies could
therefore focus on the combination of unipolar and bipolar voltages to improve voltage
guided ablation therapy.

Usage of electrogram morphology and fractionation

Another parameter of potential morphology includes potential fractionation. However, it
remains unclear how fractionated potentials need to be defined as many different definitions
and recording methodologies have been introduced.”" Although fractionated EGMs are
frequently linked to LVAs and slowed conduction, Viles-Gonzalez et al’2 demonstrated
that fractionation during SR is also found in areas characterized by normal voltages and
CV. Nevertheless, fractionation is still commonly used to identify arrhythmogenic substrate
with either U-EGMs or Bi-EGMs. However, fractionation can also occur during SR in patients
without electrically remodeled atria, although more frequently in patients with AF.”3

While potential annotation in U-EGMs is quite straightforward, Bi-EGM annotation is more
complex, particularly in identification of complex fractionated potentials. It is therefore not
surprising that no predilection sites for fractionation or differences in the degree and spatial
distribution of fractionation between patients with paroxysmal or persistent AF could be
found in a large review of 84 studies targeting, mostly Bi-EGM, complex fractionated EGMs.*

Fractionation of U-EGMs, on the other hand, has been studied less extensively. Already in
the late 1990s, Konings et al.”> described a classification of U-EGMs based on the number
of negative deflections, which is, especially during SR, easy to measure. Recently, Van
Schie et al.®8 demonstrated that MVD patients with paroxysmal AF had more unipolar
fractionated potentials at the PV area compared to those without history of AF. However,
fractionation can also be a consequence of variation in the anatomy of the atrial wall and
therefore functional anisotropy. U-EGM and Bi-EGM fractionation has also recently been
linked to asynchronous activation of the endo- and epicardium, which may be a significant
mechanism for persistence of AF.7678 Van der Does et al.”” demonstrated for both U-EGM and
Bi-EGM fractionation a moderate high sensitivity (65-78%) for areas of electrical asynchrony
between endo- and epicardial layer. However, fractionation could not only be explained by
local endo-epicardial differences in fractionation, but also by inhomogeneous conduction
patterns in solely the endo- or epicardial plane. Whether EGM fractionation therefore
represents a proper target for ablative therapy remains, however, questionable.
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Figure 2 - Endo-epicardial asynchrony and focal
activation pattern. Left panel endo-epicardial
asynchrony recorded during sinus rhythm at the
left atrium. Arrows indicate the main direction
of the propagating wavefront and thick black
lines represent conduction block. The activation
wavefront enters the recording area at the upper
part of the endocardial side only and is blocked in
the middle of the area. The middle and lower parts
of the recording area are activated 30 ms later and
within the following 30 ms the whole recorded
epicardial area was activated as well.80 Right panel.
focal activation pattern recorded during sinus rhythm
at Bachmann'’s bundle. Isochrones are drawn at 5 ms
intervals and the origin of the focal activation pattern
is demonstrated by an asterisk.

Endo-epicardial asynchrony and breakthrough waves

Endo-epicardial asynchrony (EEA) and breakthrough waves do not only exist during AF, but
also during SR, particularly in areas with a thicker atrial wall.”® The presence of intramural
conduction disorders may enhance EEA (Figure 2). Kharbanda et al.3° were the first to
demonstrate that patients with (long-standing) persistent AF have already more EEA during
SRin the inferior RA compared to those without AF. This was also linked to a higher amount
of conduction disorders in that area. Kharbanda et al.8° also demonstrated in a case report
that extensive EEA is present in the LA in three patients with paroxysmal AF. Although this
study included only three patients, the highest degree of EEA was found in the patient with
the longest history of AF. This indicates that even during SR the degree of EEA could indeed
be related to AF duration and that early intervention may prevent progression of AF.

Enhanced EEA may result in transmural propagation of waves which breakthrough in the
opposite layer. These sites can be identified as focal patterns of activation (FAP). These FAPs
occur frequently during AF and they are the key elements of AF related electropathology.s'82
FAPs are not only present during AF, but also during SR. Mouws et al.8 demonstrated that
epicardial FAPs are present in over a third of patients at various sites in the RA, LA and BB,
particularly in thicker parts of the atrial wall. There was also a clear difference in R/S ratio
between unipolar potentials recorded at SAN-FAP sites and other epicardial FAPs; SAN-FAPs
were more often characterized by a full S-wave morphology while other FAPs consisted
more often of a RS- or rS-wave morphology. This could indicate that muscular connections
between the endo- and epicardium underlie FAPs and that a slight degree of EEA is already
enough for FAPs to occur in some areas during SR. As the incidences and spatial distribution
of these FAPs during SR were similar between patients with and without history of AF, most
of these FAPs could be based on anatomical substrate and therefore be physiological. It is
likely that further aggravation of structural remodeling enhances local conduction disorders
and EEA, facilitating transmural propagation of wavefronts and hence development of AF. In
addition, AF-induced remodeling may further facilitate EEA and enhance the occurrence of
FAPs during AF, thereby promoting AF persistence. When a more extensive arrhythmogenic
substrate is present in the atria, ablative therapy is more likely to fail.

Clinical implications and future directions

During SR, several electrophysiological parameters have been identified as indicators of
AF related electropathology. These indicators were not only found at the LA, but also at
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the RA and even more frequently at BB. This clearly indicates the presence of AF related
electropathology outside the LA, confirming the hypothesis that AF is not just a solely left-
sided disease. Even during SR, electropathology may be missed when mapping is performed
at only the endo- or epicardium. Hence, even during SR, conduction is 3D and complex.
Remarkably, patients with AF already have more electropathology detectable during SR
compared to patients without AF, particularly at BB. However, which (set of) parameter(s)
are most suitable as indicators for this purpose remains unknown. It also remains unclear
whether electropathology is a cause or consequence of AF. For sure, AF itself can also
contribute to a certain amount of electropathology. On the other hand, electropathology
can be manually introduced during catheter ablation therapy. To investigate whether
electropathology during SR is associated with AF, the next step in mapping is to correlate
quantified electrophysiological parameters during SR with parameters measured during AF
at same site. Once AF related electropathology is identified, it can be used as an electrical
marker to guide ablative therapy of AF.
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ELECTROGRAM MORPHOLOGY AND ATRIAL FIBRILLATION

‘The first step towards recognizing abnormal fibrillation electrograms is
understanding variations in electrogram morphology during sinus rhythm’

Introduction

The hallmark of the most common cardiac arrhythmia atrial fibrillation (AF) is continuous beat-
to-beatvariationin propagation of fibrillation waves activating atrial tissue. Asa consequence,
an electrogram (EGM) recorded at any random recording site in the atria is characterized by
beat-to-beat variation in intervals between consecutive fibrillation potentials and fibrillation
potential morphology (Figure 7). The morphology of a fibrillation potential provides not
only information on the moment of local excitation of cardiac tissue beneath the recording
electrodes but also on the presence of atrial electropathology. Electropathology is defined
as intra-atrial conduction abnormalities caused by structural damage of atrial tissue.'2 From
a theoretically point of view, targeting fibrillation potentials indicative of electropathology
may be an alternative selective substrate-based AF ablation approach. However, substrate-
based ablation approaches so far applied failed to demonstrate long-term freedom of AF. In
this chapter, we critically review methodologies and outcomes of EGM guided AF ablation
approaches and discuss current knowledge of sinus rhythm and fibrillation EGM morphology
from an experimental point of view.

Complex fractionated EGM as target sites for ablation

The 2017 HRS/EHRA/ECAS/APHRS/SOLAECE expert consensus statement of catheter and
surgical ablation of atrial fibrillation reports that ‘ablation approaches targeting complex,

Figure 1 - Examples of fibrillation EGMs. Fibrillation EGMs recorded from the left atrial free wall obtained from 4
different patients with variable complexity, demonstrating clearly beat-to-beat differences in fibrillation intervals
and potential morphology.
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fractionated EGMs have clearly lost momentum’, as multicenter, randomized trials failed
to demonstrate that catheter ablation targeting complex, fractionated EGMs reduce AF
recurrences on the longterm.> Mapping of the atria during these ablation procedures
revealed numerous sites throughout the atria from which complex, fractionated EGMs were
recorded. This observation raises the question whether fractionated EGMs truly represented
the arrhythmogenic substrate underlying AF or whether they are merely the result of the
more or less simultaneously presence of multiple fibrillation waves.

A first step towards answering this question is to investigate whether there are anatomical
hotspots for fractionated potentials in the right and/or left atrium and whether there are
differences with respect to the prevalence of fractionated potentials between patients with
paroxysmal and persistent AF.

For this purpose, Starreveld et al.* reviewed 565 studies describing fractionation during
human electrophysiological measurements. Based on these studies, nine separate regions
for the left atria (pulmonary veins, atrial appendage, septum, posterior wall, lateral wall,
anterior wall, atrial floor, atrial roof, and the mitral annulus) and right atria (caval veins, atrial
appendage, atrial septum, posterior wall, lateral wall, anterior wall, atrial roof, tricuspid
annulus, crista terminalis and coronary sinus) were defined. In all these regions of both the
right and left atrium, there was a high prevalence of (mainly) bipolar fractionated potentials
without a clear preferential site for fractionation to occur. Remarkably, the degree of
fractionation did not differ between patients with paroxysmal and persistent AF.

There are two major problems with respect to ablation approaches targeting complex
fractionated EGMs.

The first problem is that there is lack of a uniform definition of fractionation. Van der Does
et al.s reviewed 164 studies reporting on fractionation during electrophysiology studies
in humans and screened for definitions of fractionation. These studies included eleven
different visual definitions for fractionation, three automated complex fractionated atrial
EGMs detection algorithms and seven novel parameters for measuring fractionation. In
addition, five different definitions for continuous electrical activity were introduced. The
definitions of fractionation varied with respect the number of deflections, EGM duration,
interval between deflections, number of short durations between deflections, amplitude of
deflections, slope of deflections and number of polarity changes of deflections.

The second problem is that there is also no uniform approach for recording and processing
of fibrillation potentials. Van der Does et al.® also found that in studies reporting on catheter
ablation of complex fractionated potentials electrode properties were often not described,
(e.g. using either endocardial or epicardial recordings) mainly bipolar and rarely unipolar
recordings were used, electrode diameters of the recording catheters’ tip ranged from 1
to 8 mm with inter-electrode distance varying between 2 to 5 mm, and also variable filter
settings were used.

Starreveld et al.5 demonstrated that the impact of filter settings on fibrillation potential
morphology was considerable. Fibrillation potentials (N=2,557,045) obtained from 10
patients with AF were subjected to 32 different filters setting to study the effects on slopes,
peak-to-peak amplitudes and fractionation. High-pass filtering decreased the number of
detected potentials, peak-to-peak amplitudes, percentage of fractionated potentials and
fractionation duration. The proportion of single potentials was increased. Low-pass filtering
decreased the number of detected potentials, percentage of fractionated potentials,
whereas the peak-to-peak amplitudes, percentage of single potentials, and fraction duration
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Figure 2 - Examples of single potentials.
Typical examples of single, fibrillation potentials
demonstrating  variation in  peak-to-peak
amplitudes, slopes and potential durations. A
single potential consisting of solely an R-wave
occurs when a fibrillation wave encounters
a conduction barrier while a single potential
consisting of solely an S-wave occurs at a focal
site.

increased. Notch filtering (50 Hz) decreased the number of potentials and the peak-to-peak
amplitudes, whereas the percentage of complex fractionated potentials increased. Hence,
filtering significantly impacted morphology of unipolar fibrillation potentials, becoming a
potential source of error in identification of ablative targets.

Also, the electrode size (or diameter) has a considerable impact on the recorded EGMs. Abdi
et al” used both simulated and clinical AF data to analyze the effect of electrode size on
overall error in local activation time estimation, length of slow conduction or conduction
block lines, areas of low-voltage and potential fractionation. By increasing the electrode
size, the error in local activation time estimation increased. Moreover, by increasing the
electrode size, local activation time maps became more homogeneous with a reduction in
the number of fibrillation waves. As a consequence, potential fractionation disappeared, the
number of low-voltage areas (LVAs) increased and potentials became less steep. This effect
was even more pronounced in areas with large heterogeneity in conduction. The electrode
size thus considerably affects EGM morphology. These effects need to be considered when
performing any analysis on EGMs or when comparing results obtained via electrodes with
different sizes.

Given these limitations of ablation strategies targeting complex, fractionated potentials
tested so far, we believe that the potential of this approach has not yet been fully explored
and that it is still reasonable to further investigate EGM morphology as indicator of AF-
related electropathology. However, features of unipolar, and not bipolar potentials should be
examined, as the interpretation of unipolar potential morphology is more straightforward.

Classification of unipolar potentials
Unipolar single potentials

When a fibrillation wave propagates smoothly through cardiac tissue with a constant
conduction velocity, a unipolar electrode will record a potential consisting of a single
negative deflection preceded and followed by respectively a R- and S-wave. These ‘single
potentials’ may vary in peak-to-peak amplitude, slope, ratio between the R-and S-wave (R/S
ratio) and thus also potential duration (upper panel of Figure 2).

Konings et al® were the first to investigate the correlation between fibrillation
potential morphology and patterns of activation by performing epicardial,
high-resolution and high-density mapping of the right atrial free wall. Most
fibrillation potentials recorded from the right atrial wall during induced AF in
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Figure 3 - Examples of short- and long double potentials. Typical examples of short and long double, unipolar
fibrillation potentials recorded from the right atrium, Bachmann’s bundle, left atrium and the area between the
pulmonary veins obtained from 4 different patients.

patients with Wolf-Parkinson-White syndrome, consisted of single potentials (77
12%) and they occurred when broad fibrillation waves activated atrial tissue. During collision,
conduction block, slowing of conduction or pivoting, the percentage of single potentials
was respectively 22+13%, 14+7%, 33+27% and 17+12%.

As demonstrated in the lower panel of Figure 2, a single potential may also consist of a
pure R- or S-wave. An R-wave occurs when the fibrillation wave encounters a conduction
barrier (panel A) or when two fibrillation waves collide (panel B). In the latter case, the
R-wave contains a notch, each peak representing the arrival time at the fusion site of the two
colliding wavefronts.

Using mapping data from the patients with Wolf-Parkinson-White syndrome, Houben et
al.? measured the R- and S-waves of single potentials and found that the single fibrillation
potentials had a clear S-wave predominance. This S-wave dominance was not caused
by conduction anisotropy, and could only partly be explained by increased fibrillation
wavefront curvature. The authors attributed the S-wave predominance to a predominant
epi- to endocardial activation. When the patterns of activation during AF became more
complex, the S-wave predominance diminished. This observation was explained by loss of
the leading role of the epicardial layer in activation of atrial myocardium due to damage
caused by e.g., AF-related structural remodeling.

Unipolar double potentials

In the high-density mapping study of Konings et al?, double potentials were further
subdivided into short and long double potentials (Figure 3). When a fibrillation potential
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Figure 4 - Examples of fractionated potentials. Typical examples of fractionated, unipolar fibrillation potentials
recorded from the right atrium, Bachmann’s bundle, left atrium and the area between the pulmonary veins obtained
from 4 different patients.

contains two consecutive negative deflections it is classified as either a short double
potential (time interval between the two components less or equal to 10 ms) or a long
double potential in which the two components are separated by more than 10 ms. Short
double potentials were recorded during uniform conduction of broad fibrillation waves and
at collision sites of fibrillation waves whereas long double potentials occurred mainly along
long arcs of conduction block.

Unipolar fractionated potentials

When a unipolar fibrillation potential contains more than three negative deflections, it is
classified as a fractionated potential (Figure 4). The degree of fractionation is classified by
simply counting the components of each fibrillation potential. Fractionated potentials are
observed at areas of conduction slowing or at pivot points.

Additional deflections in double and fractionated potentials are only taken into account
when the peak-to-peak amplitude of the additional deflection was at least 25% of the
amplitude of the largest deflection. This cut-off value was chosen to ascertain that only
fibrillation wavefronts within a distance of approximately one space constant were included.

As demonstrated in Figures 3 and 4, double and fractionated potentials can vary in peak-to-
peak amplitudes, slopes, duration of all distinct negative deflections, but also in the number
of deflections (‘degree of fractionation’, e.g., triple, quad, penta, etc.) and time between the
firstand last deflection ('fractionation duration’). When different components can no longer
be discriminated, the EGM is labelled as continuous electrical activity, as demonstrated in
Figure 5.
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Figure 5 - Continuous electrical activity recorded from the middle of Bachmann’s bundle. The top panel shows
a 5-second recording. The lower panels show segments of this recording of 1-second duration each. Ventricular far-
field is highlighted in orange. Continuous electrical activity can be seen from around 1000 ms.

Causes underlying potential fractionation

There are four main causes that can explain fractionation of unipolar potentials. These
include: 1) artifacts due to filtering or activity of other muscles, 2) remote electrical activation
such as ventricular excitation, 3) local asynchronous activation of myocardium surrounding
the recording electrode caused by spatial dispersion in refractoriness or non-uniform
anisotropic conduction and 4) electrical asynchrony between the endo-and epicardial layer
due to transmural inhomogeneous conduction. In addition, potential fractionation may
also be influenced by hyperactivity of the intrinsic cardiac autonomic nervous system. As a
result, fractionated potentials can be either functional or structural in nature, and at present
we cannot accurately discriminate between these two different main underlying causes of
fractionation.
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Figure 6 — Example of R/S ratio maps. Color-coded maps of the R/S ratios constructed during a single sinus rhythm
beat obtained from 4 different patients. Despite comparable clinical profiles, there is a considerable interindividual
variation in R/S ratios.

The gold standard mapping approach

An important step towards understanding the morphology of potentials recorded during
AF is to gain insight into variation of potential morphologies recorded during sinus rhythm.
For this purpose, we choose epicardial mapping as we consider this the gold standard
approach.®This technique has several advantages, including 1) stable contact as the operator
slightly presses the electrode on the atrial tissue, 2) exact positioning of the electrode array
on the atrial anatomy as the operator actually sees the position of the device on the surface
of the heart, 3) the possibility of recording contact potentials from a very large number of
recording sites simultaneously (high-density and high-resolution), 4) access to epicardial
structures such as Bachmann'’s bundle and 5) possibility of simultaneous high-resolution
and high-density mapping of the endo- and epicardial layers.

Simplicity of sinus rhythm
R/S ratios of unipolar single potentials

During sinus rhythm, variations in the positive R-wave and negative S-wave of single
potentials were used to classify sinus rhythm potentials recorded during cardiac surgery for
structural heart disease. Figure 6 shows color-coded maps of the R/S ratios during a single
sinus rhythm beat obtained from four different patients with comparable clinical profiles
(all male, age: 65 years, underlying heart disease: coronary artery disease). The color scale
of the R/S ratios ranges from S-waves (yellow), biphasic RS-waves (green) to R-waves (blue).
These four examples clearly show large inter-individual differences in R/S ratios despite
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similar clinical profiles. Interestingly, despite intra-atrial variations in the R/S ratios of single
potentials, there were clearly specific regional differences.

Most single potentials obtained from the superior part of the right atrium consisted of
monophasic S-waves, compared to rS-waves and biphasic RS-waves obtained from the
middle and inferior part of the right atrium. Hence, similar to right atrial single potentials
recorded during AF, right atrial single potentials recorded during sinus rhythm were also
characterized by dominant S-waves. In addition, predominant S-wave potentials with large
amplitudes were also recorded at Bachmann’s bundle. In contrast, R/S ratios of sinus rhythm
single potentials recorded from the left atrial free wall and in between the pulmonary
veins were more variable. At both areas, there was a clear R-wave predominance of single
potentials.

In the study of Van Schie et al."", also R/S ratios of single potentials obtained from patients
without a history of AF and patients with paroxysmal AF were compared. In patients with
paroxysmal AF, single potentials - especially at Bachmann'’s bundle - were characterized by
lower peak-to-peak amplitudes due to loss of the S-wave amplitudes. This resulted in single
potentials with more an R-wave predominance at the right atrium, Bachmann’s bundle and
pulmonary vein area.

Peak-to-peak amplitudes of unipolar single potentials

In the same study population as described above, peak-to-peak amplitudes (voltages) of
523,019 different types of unipolar potentials recorded during sinus rhythm were measured.”
As expected, lower unipolar voltages were related to areas of conduction slowing and
conduction block. Also, there was a clear inversely proportional relationship between
unipolar voltages and the number of deflections. Although there were no differences in
median voltage between the right- and left atrium and Bachmann’s bundle, potentials
obtained from Bachmann’s bundle of patients with paroxysmal AF had lower unipolar
voltages.

Areas containing low-voltage potentials - defined as potentials with peak-to-peak
amplitudes <1.0 mV - were present in all patients. However, there were no predilection sites
for low voltages in this study population found.

Discrepancies between various types of voltages during sinus rhythm

Peak-to-peak amplitudes of potentials are frequently used as a feature of EGM morphology
using both unipolar and bipolar EGMs. Especially LVAs are commonly used to identify
arrhythmogenic tissue as target for ablative therapy. It is generally thought that areas of
low bipolar voltage represent areas of slow conduction, which might underlie intra-atrial
reentrant tachycardias or focal atrial tachycardias. However, voltage mapping critically
depends on the use of either unipolar or bipolar EGMs, each having its own advantages and
disadvantages as discussed before. To overcome the directional sensitivity of bipolar EGMs,
omnipolar EGMs have been recently introduced. These omnipolar EGMs are constructed
from two perpendicularly recorded bipolar EGMs by mathematically obtaining the highest
possible bipolar voltage without physically rotating the recording electrodes. Even using
omnipolar EGMs, Van Schie et al.® recently demonstrated that bi-/omnipolar LVAs still
contain a large variety of unipolar voltages, and although conduction velocity was generally
decreased, high conduction velocities and large unipolar voltages could still be found within
these areas. Also, there were considerable directional differences in bipolar voltages, as
20% of the largest bipolar voltage differed even more than 50% from the corresponding
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perpendicular bipolar voltages. This had a major impact on identification of LVAs. The use of
omnipolar voltages reduced the number of LVAs by 15%, indicating a considerable number
of false-positive areas which could be wrongfully targeted during catheter ablation. As there
was no clear relation between bi-/omnipolar voltage and conduction velocity, it could be
questioned whether ablation targeting solely bipolar LVAs is warranted. A combination
of multiple techniques could provide additional information on the underlying tissue and
hence arrhythmogenic substrates.

Another factor influencing the mixed results of voltage-guided ablation strategies is the fact
that LVAs could be located exclusively at either the endocardium or epicardium. One of the
characteristics of bipolar EGMs is that it represents more local activity. Unipolar EGMs, on
the other hand, comprise a larger region of myocardial electrical activity, and are therefore
preferred to identify intramural or epicardial substrates during endocardial ventricular
ablation therapy. Recently, Van Schie et al.* examined endo- and epicardial characteristics
of unipolar and omnipolar voltages at the atria, and explored the relation with identification
of LVAs at either the endo- or epicardium. They demonstrated that there were considerable
differences between endo- and epicardial voltages. In the majority of potentials, both
unipolar and omnipolar voltages were larger at the epicardium than endocardium. However,
especially larger voltages revealed to be larger at the endocardial side. The majority of
both unipolar and omnipolar LVAs were located at the endocardium, and only partly
corresponded to LVAs located at the epicardium. LVAs located at the epicardium more
frequently corresponded to endocardial LVAs. Therefore, epicardial voltages were more
accurate in identifying dual-layer LVAs. A combination of unipolar and omnipolar voltages
resulted in the highest predictive value of dual-layer LVAs. A combination of multiple
mapping techniques could therefore more accurately identify the arrhythmogenic substrate
underlying arrhythmias.

Signal fingerprinting as a novel diagnostic tool to identify conduction
inhomogeneity

Based on the observation that the profiles of R/S ratios of single potentials and peak-to-peak
amplitude of unipolar potentials varied considerably between patients, we hypothesized
that individualized electrical signal profiles reflect inhomogeneity in conduction.

For this purpose, we constructed a signal profile containing quantified features of all types of
atrial potentials reflecting the severity and extensiveness of inhomogeneity in conduction.’
These features included R/S ratios of single potentials, the relative frequency distribution
of peak-to-peak amplitudes of the different types of potentials, the proportion of LVAs,
the proportion of the different types of potentials (single-short double, long-double and
fractionated potentials) and durations of long double and fractionated potentials.

Consequently, such a ‘signal fingerprint’ provides anindividualized arrhythmogenic substrate
profile which can in future studies also be tailored to possible gender and age-specific
features of potentials. Finally, invasively determined signal fingerprints will become the gold
standard for development of less and in the near-future even non-invasive fingerprints.
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CHAPTER 4

Abstract

Aims: Unipolar voltage (UV) mapping is increasingly used for guiding ablative therapy
of atrial fibrillation (AF) as unipolar electrograms (U-EGMs) are independent of electrode
orientation and atrial wavefront direction. This study was aimed at constructing individual,
high-resolution sinus rhythm (SR) UV fingerprints in order to identify low-voltage areas and
study the effect of AF episodes in patients with mitral valve disease (MVD).

Methods: Intra-operative epicardial mapping (interelectrode distance 2 mm) of the right and
left atrium (RA, LA), Bachmann’s bundle (BB) and pulmonary vein area (PVA) was performed
in 67 patients (27 male, 67+11 years) with or without a history of paroxysmal AF (PAF).

Results: In all patients, there were considerable regional variations in voltages. UVs at BB
were lower in patients with PAF compared to those without (no AF: 4.94 [3.56-5.98] mV,
PAF:3.30[2.25-4.571 mV, p=0.006). A larger number of low-voltage potentials were recorded
at BB in the PAF group (no AF: 2.13 [0.52-7.68] %, PAF: 12.86 [3.18-23.59] %, p=0.001). In
addition, areas with low-voltage potentials were present in all patients, yet we did not find
any predilection sites for low-voltage potentials to occur.

Conclusion: Even in SR, advanced atrial remodeling in MVD patients shows marked inter-
individual and regional variation. Low UVs are even present during SR in patients without
a history of AF indicating that low UVs should carefully be used as target sites for ablative
therapy.
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SINUS RHYTHM VOLTAGE FINGERPRINTING

Introduction

Unipolar voltage (UV) mapping is increasingly used to define the substrate of cardiac
arrhythmias like atrial fibrillation (AF).' In recent studies, low bipolar voltage areas are
regarded sites of structurally remodeled tissue and have therefore become targets for
AF ablation.2* However, there are many discrepancies between studies in for example
mapping and ablation strategies, rhythm during mapping and patient selection, resulting
in mixed outcomes.> In daily clinical practice, electro-anatomical mapping is performed
via endovascular catheters at the endocardial side, using bipolar electrograms (EGMs).
However, non-substrate related factors such as activation direction also influences voltages
of bipolar EGMs.> Unipolar electrograms (U-EGMs), on the other hand, are independent of
the electrode orientation and atrial wavefront direction, and have the benefit over bipolar
EGMs that their morphology contains additional information on the progression of the
wavefront and remote activations. It is for these reasons that U-EGMs are increasingly used
in recent electrophysiological studies and newly developed mapping systems guiding
(ventricular) ablation procedures.56 However, the use of unipolar voltage mapping remains
less established in mapping of the atrial substrate.

Nevertheless, multiple methods and thresholds have been defined to identify low-voltage
areas and abnormal tissue in both bipolar- as U-EGMs. In addition, several studies have
shown local variation in endocardial bipolar EGM voltages during sinus rhythm (SR) between
atrial regions and that specific regional differences exist between patients with and without
AF, especially within the left atrium (LA).”8

As no significant differences were found between endocardial and epicardial U-EGM
voltages by Van der Does et al?, high-resolution epicardial mapping data of the entire
atria can be used to create a representative UV profile, reflecting characteristics of unipolar
potentials. These voltage fingerprints can be used to identify low-voltage areas and to
examine the effect of AF episodes on SR potential voltages. Therefore, this study was aimed
at constructing individual, high-resolution unipolar SR voltage profiles in order to identify
low UV areas and study the effect of AF episodes on UV potentials in patients with mitral
valve disease (MVD).

Methods
Study population

The study population consisted of 67 successive adult patients undergoing mitral valve
surgery or a combination of mitral valve and coronary bypass surgery in the Erasmus Medical
Center Rotterdam. This study was approved by the institutional medical ethical committee
(MEC2010-054/MEC2014-393).101 Written informed consent was obtained from all patients
and patient characteristics (e.g., age, medical history, cardiovascular risk factors, time in
AF) were obtained from the patient’s medical record. The study population was classified
into two groups: those without a history of AF (no AF group) and those with a history of
paroxysmal AF (PAF group).

Mapping procedure

Epicardial high-resolution mapping was performed prior to commencement of extra-
corporal circulation, as previously described in detail’*" A temporal bipolar epicardial
pacemaker wire attached to the RA free wall served as a reference electrode and a steel
wire fixed to subcutaneous tissue of the thoracic cavity was used as an indifferent
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Figure 1 - Epicardial high-resolution mapping. Upper left panel: projection of the 192-unipolar electrode array on a
schematic posterior view of the atria. Lower left panel: epicardial, unipolar potentials recorded during 5 seconds of SR
containing atrial deflections (A) and far-field ventricular signals (V). Typical examples of 9 unipolar potentials obtained
from the RA are shown outside the mapping. Right panel: classification of potential type according to the number of
deflections (f). EGM voltage is determined as the peak-to-peak amplitude of the steepest (primary) deflection. FDT =
fractionation delay time; ICV = inferior caval vein; SCV = superior caval vein; LAA = left atrial appendage; RAA =right
atrial appendage; RA = right atrium; BB = Bachmann's bundle; PV = pulmonary veins; LA = left atrium.

electrode. Epicardial mapping was performed with a 128-electrode array or 192-electrode
array (electrode diameter respectively 0.65 mm or 0.45 mm, interelectrode distances 2.0
mm). Mapping was conducted by shifting the electrode array along imaginary lines with
a fixed anatomic orientation, covering the entire epicardial surface of the right atrium
(RA), Bachmann'’s bundle (BB), pulmonary vein area (PVA) and left atrium (LA), following
a predefined mapping scheme as illustrated in the upper left panel of Figure 1. Omission
of areas was avoided at the expense of possible small overlap between adjacent mapping
sites. The RA was mapped from the cavo-tricuspid isthmus, shifting perpendicular to the
caval veins towards the RA appendage. The PVA was mapped from the sinus transversus
fold along the borders of the right and left pulmonary veins (PVR and PVL) down towards the
atrioventricular groove. The left atrio-ventricular groove (LAVG) was mapped from the lower
border of the left inferior pulmonary vein towards the LA appendage. BB was mapped from
the tip of the LA appendage across the roof of the LA, behind the aorta towards the superior
cavo-atrial junction.

Five seconds of SR were recorded from every mapping site, including a surface ECG lead,
a calibration signal of 2 mV and 1000 ms, a bipolar reference electrogram and all unipolar
epicardial EGMs. In patients who presented in AF, SR mapping was performed after electrical
cardioversion. Patients who could not be converted to SR were excluded from analysis. Data
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Table 1 - Patient characteristics (N=67).

No AF PAF p-value
Patients 44 (66) 23 (34) -
Male 17 (39) 10 (43) 0.903
Age (y) 65+12 7316 0.003
Cardiovascular risk factors
« BMI (kg/m2) 24.5[22.1-26.8] 25.3[22.2-31.9] 0.281
- Underweight (<18.5) 2(5) 0(0) 0.778
- Normal weight (18.5-25) 22 (50) 11 (48) 0.866
- Overweight (25-30) 15 (34) 5(22) 0.443
- Obese (=30) 5(01) 7 (30) 0.110
« Hypertension 15 (34) 12 (52) 0.242
- Dyslipidemia 14 (32) 209 0.071
« Diabetes mellitus 7(16) 3(13) 0.755
Left atrial dilatation >45 mm 28 (64) 16 (70) 0.830
Left ventricular dysfunction 15 (34) 6 (26) 0.694
Mitral stenosis
+ No 41 (93) 22 (96) 0.685
+ Severe 3(7) 1(4) 0.685
Mitral insufficiency severity
- Mild 1) 0(0) 0.466
+ Moderate 8(18) 3(13) 0.848
+ Moderate-to-severe 4(9) 4(17) 0.550
- Severe 31(70) 16 (70) 0.940
Coronary artery disease 20 (45) 6 (26) 0.200
Antiarrhythmic agents
.« Class| 1) 0(0) 0.466
« Class i 23(52) 11 (48) 0.930
« Class lli 0(0) 7 (30) <0.001
- Class IV 1(2) 2(9) 0.559

Values are presented as mean + standard deviation, median [interquartile ranges] or as N (%). (P)AF = (paroxysmal)
atrial fibrillation; BMI = body mass index.

was stored on a hard disk after amplification (gain 1000), filtering (bandwidth 0.5-400 Hz),
sampling (1 kHz) and analogue-to-digital conversion (16 bits).

Data analysis

U-EGM morphology was semi-automatically analyzed using custom-made software. EGMs
with injury potentials, recording sites with =25% excluded or missing EGMs and atrial
extrasystoles were excluded from analysis. The steepest negative slope of an atrial deflection
was marked as the local activation time (LAT), provided that the amplitude of the deflection
was at least two times the signal-to-noise ratio of the EGM. The minimal time between two
successive deflections (latency’) was set to 2 ms. All signal markings were manually checked
and corrected in case of markings on electrical artifacts evaluated by a consensus of two
investigators.

The potentialamplitude is defined as the peak-to-peak voltage of the steepest deflection. Low
voltage is defined as the fraction of potentials with an amplitude below the 5% percentile of
all potentials obtained from all MVD patients without AF. Fractionated potentials are defined
as potentials with =2 deflections. Conduction velocity (CV) is computed using discrete
velocity vectors as previously described. Slowing of conduction was defined as a local CV
of <28 cm/s and conduction block as a local conduction delay of <18 cm/s. Simultaneous
activated areas without CV were excluded to avoid inclusion of far-field potentials.
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Table 2 - Analysis of electrophysiological parameters per patient (N=67).

MVD without AF (N=44) MVD with AF (N=23) p-value
Right atrium
Number of potentials 4,067 [3,346-5,797] 4,229 [2,881-4,936] 0.086
Amplitude (mV) 4.86[3.97-5.71] 4.75 [3.84-6.15] 0.492
Fractionated potentials (%) 14.79[9.76-19.60] 16.55 [8.70-23.83] 0.197
Low voltage (%) 6.49 [2.34-9.15] 8.37[2.94-14.06] 0.150
Fractionated low voltage (%) 50.0 [37.5-64.4] 54.4[37.2-65.0] 0433
Bachmann’s bundle
Number of potentials 984 [783-1,206] 940 [779-1,126] 0.295
Amplitude (mV) 4.92 [3.45-6.09] 2.95[2.24-4.57] 0.007
Fractionated potentials (%) 19.58 [12.40-31.72] 28.68 [17.70-39.55] 0.064
Low voltage (%) 1.79[0.37-8.02] 11.98 [2.95-21.50] 0.001
Fractionated low voltage (%) 85.0[77.5-98.3] 74.6 [50.2-96.2] 0.080
Pulmonary vein area
Number of potentials 1,979 [1,441-2,608] 2,136 [1,592-2,596] 0.497
Amplitude (mV) 3.84[2.45-7.15] 3.95[2.62-5.02] 0.268
Fractionated potentials (%) 11.89[9.08-17.01] 21.70[13.48-28.63] <0.001
Low voltage (%) 6.49[0.20-13.31] 10.19 [3.89-14.28] 0.061
Fractionated low voltage (%) 36.7 [18.5-61.7] 51.3[23.6-65.4] 0.342
Left atrium
Number of potentials 1,626 [1,132-2,302] 1,777 [1,062-2,077] 0.439
Amplitude (mV) 4.421[2.99-5.87] 4.64[3.65-5.72] 0.363
Fractionated potentials (%) 10.92 [6.43-17.74] 17.47 [11.30-20.54] 0.062
Low voltage (%) 3.63[1.57-11.35] 4.04[0.72-8.98] 0.358
Fractionated low voltage (%) 25.9[10.7-48.8] 29.6 [17.5-73.4] 0.144

Values are presented as median [interquartile ranges] or as N (%). MVD = mitral valve disease; (P)AF = (paroxysmal)
atrial fibrillation.

Statistical analysis

All data were tested for normality. Normally distributed data are expressed as mean +
standard deviation and analyzed with a paired t-test or one-way ANOVA. Skewed data are
expressed as median [25%-75% percentile] and analyzed with a Kruskal-Wallis test, Mann-
Whitney U test or Wilcoxon signed-rank test, whichever appropriate. Categorical data
are expressed as numbers and percentages and analyzed with a x? or Fisher exact test.
Correlation was determined by an ordinary least squares regression model. Distribution data
was analyzed with a two-sample Kolmogorov-Smirnov test. A p-value <0.05 was considered
statistically significant. Bonferroni correction was applied for comparison of the four atrial
regions; a p-value of <0.0083 (0.05/6) was considered statistically significant.

Results
Study population

Clinical characteristics of the study population, including 44 patients without ('no AF group’)
and 23 patients with PAF, are described in detail in Table 1. These groups differed in age
(no AF: 65+12 vs. PAF: 7316 years, p=0.003) and the use of class lll antiarrhythmic drugs (no
AF: 0 vs. PAF: 7 (30%), p<0.001). Patients had either ischemic and mitral valve disease (no
AF: 20 [45%)], PAF: 6 [26%]) or only solely mitral valve disease. The gradient of both mitral
insufficiency and stenosis did not differ between both groups; the majority of the patients
had severe mitral insufficiency (no AF: 31 (70%), PAF: 13 (70%), p=0.940). LA dilation was
present in 28 patients without AF (64%) and in 16 patients with PAF (70%). Most patients in
both groups had normal left ventricular function (no AF: 29 [66%)], PAF: 17 [74%)).
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Figure 2 — Relation between potential amplitude
and number of deflections. Potential amplitude is
given as median with interquartile ranges.

Data characteristics

As demonstrated in Table 2, a total of 600,722 potentials were analyzed out of 829 SR
recordings of 5-seconds duration. There was no difference between the median number
of potentials between the no AF and PAF group and the median amplitude of all potentials
recorded from the entire epicardial surface did also not differ between these two groups (no
AF: 4.70 [4.05-5.43] mV vs. PAF: 4.52 [3.73-5.25] mV, p=0.138).

Correlation between unipolar voltage and interatrial conduction

There was no clear correlation between UV and CV, though smaller voltages were recorded
in areas of conduction slowing (1.74 [0.88-3.53] mV vs. 4.72 [2.46-7.61] mV, p<0.001) and
conduction block (1.22 [0.69-2.26] mV vs. 4.79 [2.55-7.65] mV, p<0.001). There was a clear
difference in UV between fractionated potentials and single potentials in which the former
type results in smaller voltages compared to the latter (2.05 [1.04-3.75] mV vs. 5.16 [2.85-
8.011 mV, p<0.001). In addition, as demonstrated in Figure 2, there was a clear inversely
proportional relationship between UV and the number of additional deflections (1: 5.16
[2.85-8.01] mV; 2: 2.20 [1.14-3.95] mV; 3: 1.21 [0.68-2.26] mV; >4: 0.94 [0.52-1.71] mV, p<0.001
for all). Furthermore, UV was inversely correlated with age and BMI (R?=0.21; age: -0.04
mV/year, p=0.005; BMI: -0.07 mV/kg/m2, p=0.043). There was no difference in UV between
patients with different gradients of mitral insufficiency or stenosis.

Unipolar voltage mapping

In Figure 3, 12 representative examples of color-coded spatial distributions of potential
voltages during SR in 6 patients without and 6 with PAF are shown. In all patients, there is
a wide variation in potential voltages throughout the entire atrial surface without a clear
predilection site for low voltages.

Regional differences in unipolar voltages

In the following step, U-EGMs were subdivided according to the corresponding atrial
recording regions (RA, BB, PVA and LA); their characteristics are listed in Table 2. In the no
AF group, there were no significant differences in median potential voltages between the
various atrial regions (p=0.750). However, in the PAF group, UVs of potentials recorded at BB
(2.95 [2.24-4.57] mV) were significantly lower compared to RA potentials (4.75 [3.84-6.15]
mV, p=0.004) and LA potentials (4.64 [3.65-5.72] mV, p=0.003). Comparing the no AF and PAF
group, UVs at BB were significantly lower in the latter group (no AF: 4.92 [3.45-6.09] mV, PAF:
2.95[2.24-4.57] mV, p=0.007).
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Figure 3 - Representative examples of unipolar epicardial voltage maps. Maps during one sinus beat in 6 patients
without history of AF (left) and 6 patients with PAF (right). (P)AF = (paroxysmal) atrial fibrillation.

In the no AF group, there was a significantly higher number of fractionated potentials at BB
(19.58 [12.40-31.72] %) compared to the RA (14.79 [9.76-19.60] %, p<0.001), PVA (11.89 [9.08-
17.01] %, p<0.001) and LA (10.92 [6.43-17.74] %, p<0.001). In the PAF group, a significantly
higher number of fractionated potentials was observed in BB (28.68 [17.70-39.55] %)
compared to the RA (16.55 [8.70-23.83] %, p<0.001) and LA (17.47 [11.30-20.54] %, p=0.001),
but not at the PVA (21.70 [13.48-28.63] %, p=0.114). Compared to the no AF group, more
fractionated potentials at the PVA were found in the PAF group (no AF: 11.89 [9.08-17.01] %;
PAF: 21.70 [13.48-28.63] %; p<0.001).

Determination of low-voltage areas

The Ps of all potentials obtained from all MVD patients without AF was 1.0 mV, which was
therefore used as cut-off value in identification of low-voltage areas. As demonstrated in
Table 2, a larger number of low-voltage potentials were recorded at BB in the PAF group
compared to the no AF group (no AF: 1.79 [0.37-8.02] %, PAF: 11.98 [2.95-21.50] %, p=0.001).

Regional differences in low-voltage areas

Within the areas of low voltage, 46.2 [31.0-59.8] % of the potentials were fractionated in
the no AF group and 47.1 [38.9-56.4] % in the PAF group (p=0.450). Specifically, in the no AF
group, most fractionated low-voltage potentials were found at BB (BB: 85.0 [77.5-98.3] %
vs. RA: 50.0 [37.5-64.4] %, p<0.001; PVA: 36.7 [18.5-61.7] %, p<0.001; LA: 25.9 [10.7-48.8] %,
p<0.001). In addition, the amount of fractionated low-voltage potentials was higher at the
RA compared to the LA (p<0.001). In the PAF group, however, BB was only higher compared
to the PVA and LA (BB: 74.6 [50.2-96.2] % vs. PVA: 51.3 [23.6-65.4] % and LA: 29.6 [17.5-73.4]
%, p=0.003 & p=0.006 respectively).
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Figure 4 - Boxplots of the voltage distributions during SR depicted for each patient without AF separately
recorded at the right atrium, Bachmann’s bundle, pulmonary vein area and left atrium. For each patient a pie plot
of the potential type distribution is given, indicating the number of single potentials (turquoise) and fractionated
potentials (red). For each patient, a dark red line indicates a patient’s voltage Ps and the grey line represents the
overall voltage median per atrial region. Patients are ranked in descending order according to the amount of single
potentials at Bachmann’s bundle. AF = atrial fibrillation; BB = Bachmann’s bundle; FP = fractionated potentials; LA =
left atrium; PVA = pulmonary vein area; RA = right atrium; SP = single potentials.

Individual Voltage Fingerprints

The voltage distribution is depicted for each individual patient in a so-called voltage
fingerprint, as demonstrated in Figures 4 and 5. In all patients, there was a considerable
variation in voltage distribution between all atrial regions and clear inter-individual
differences were found. In the no AF group, considerable inter-individual variations in the
dispersion of median voltages were found between the atrial regions ranging from 0.78 to
9.90 mV (median: 4.11 mV), while in the PAF group the variations ranged from 0.51 to 7.23 mV
(median: 3.45 mV) (p=0.070). The Ps of the voltages differed between the individual patients,
and between the patients without AF and with PAF (no AF: 0.84 [0.71-1.12] mV; PAF: 0.65
[0.57-1.011 mV; p=0.041). In all patients, fractionation was found in one or more atrial regions,
ranging in the no AF group from 0.54 % to 31.89 % (median: 15.60 %) and from 8.86 % to
29.77 % (median: 18.61 %) in the PAF group (p=0.037).

Predilection sites for low-voltage areas

For each individual patient, the location with the highest amount of low voltage was
determined, as demonstrated in Figure 6. In the no AF group, there was no clear predilection
site for low-voltage areas. However, the amount of low-voltage areas at the RA (7.8 [3.1-11.4]
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Figure 5 — Boxplots of the voltage distributions during
SR depicted for each patient with PAF separately
recorded at the right atrium, Bachmann’s bundle,
pulmonary vein area and left atrium. For each patient
a pie plot of the potential type distribution is given,
indicating the number of single potentials (turquoise)
and fractionated potentials (red). For each patient, a dark
red line indicates a patient’s voltage Ps and the grey line
represents the overall voltage median per atrial region.
Patients are ranked in descending order according to
the amount of single potentials at Bachmann'’s bundle.
BB = Bachmann’s bundle; FP = fractionated potentials;
LA = left atrium; PAF = paroxysmal atrial fibrillation; PVA
= pulmonary vein area; RA = right atrium; SP = single
potentials.

%) was lower compared to BB and PVA (22.3 [11.6-26.2] % and 19.8 [12.5-32.5] %; p=0.007 &
p<0.001 respectively). In the PAF group, low-voltage areas occurred more frequently at BB
(48%), yet, comparable to the no AF group, there were no significant regional differences in
the amount of low-voltage areas. Comparing the no AF and PAF group, low-voltage areas
occurred more frequently at BB (21% vs. 48%; p=0.020) in the PAF group. However, the
amount of low-voltage sites did not differ at any region between both groups.

Discussion

In this study, we measured UVs at a high-resolution scale in MVD patients with and without
history of PAF and demonstrated extensive inter-individual and regional differences in
voltage distribution in both patients without and with a history of AF. Even in SR, patients
with PAF have lower UVs at BB and a higher number of low-voltage potentials. In addition,
areas with low-voltage potentials were present in all patients, yet we did not find any
predilection sites for low-voltage potentials to occur.

Unipolar Voltage Mapping

Structural properties of atrial tissue can be estimated from the spatial distribution of
EGM amplitudes, commonly known as voltage mapping. These EGMs are recorded in
either the unipolar or bipolar configuration. In daily clinical practice, the bipolar EGM is
more commonly used as it contains more local information from the area of myocardium
between two electrodes. However, in bipolar recordings, several non-substrate related
factors can theoretically influence the EGM voltage, like activation orientation, electrode
spacing, electrode size, tissue contact and filtering, and may therefore provide less accurate
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Figure 6 — Areas of low voltage and amount of low voltage. Bars plotted on a schematic posterior view of the atria
demonstrating the most prominent site of low-voltage areas (left panel) and amount of low voltage (right panel)
depicted for patients without AF (turquoise) and with PAF (red) in the right atrium, Bachmann’s bundle, pulmonary
vein area and left atrium. BB = Bachmann'’s bundle; LA = left atrium; (P)AF = (paroxysmal) atrial fibrillation; PVA =
pulmonary vein area; RA =right atrium.

information on the arrhythmogenicity of the underlying myocardial tissue.>'23 U-EGMs, on
the other hand, can be regarded as the sum of instantaneous current dipoles of a wavefront,
reflecting cardiac electrical activity of the tissue surrounding the recording electrode. As the
amplitude depends on the volume of simultaneously activated cardiac tissue, synchronous
activation of myocardium results in relative large amplitude U-EGMs, whereas areas of
asynchronously activated myocardium cause a decrease in U-EGM amplitudes.* It is for these
reasons that U-EGMs are more and more used in newly developed mapping systems.6'>

Determination of low-voltage areas

Low-UV EGMs are commonly associated with areas of fibrosis, which produce reduced
electric fields and consequently lower potential differences.’® The relationship between
clinical outcomes, AF substrate factors, AF triggers and low-voltage areas depend critically
on the voltage threshold chosen to define low voltage. A value of 0.5 mV is commonly used
to define low voltage in atrial bipolar EGMs which is not based on the presence of defined
underlying abnormalities in atrial structure or function.” In our study, we used a value of 1.0
mV, which was based on the 5% percentile of all measured potential amplitudes in the MVD
patients without AF. Other studies define abnormal voltage as the voltage at the 5t percentile
of all mapping points within one patient, resulting in a wide range of threshold values and
various thresholds for different atrial segments depending on the locations of the mapping
points. In both groups, there was a large inter-individual variability in the 5% percentile. We
only used data of the patients without AF to determine a ‘threshold’ for identification of low-
voltage areas, although structural remodeling is most likely also present in this population.
The extent of remodeling is more pronounced in patients with AF, which is reflected by the
lower 5t percentiles observed in the PAF group. However, the absolute voltage threshold for
structural remodeling remains arbitrary, as we have no true healthy population undergoing
cardiac surgery available.

Determinants of atrial voltage

UV is primarily determined by cardiac electrical activity of the tissue surrounding the
recording electrode which decreases with distance. Areas of synchronous activation in the
longitudinal axis of myocardial fibers result in fast wavefront propagation and large UV
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potentials.”* In addition, thicker cardiac muscle bundles will result in larger UV potentials as
compared to smallbundles. In case of areas with non-uniform anisotropy, activation becomes
asynchronous. This will result in smaller UV potentials as smaller volumes of cardiac tissue
are simultaneously activated. In particular, low-voltage fractionated potentials with multiple
additional deflections are regarded as part of the arrhythmogenic substrate underlying AF.'6
We demonstrated that UV decreases when the number of additional deflections increases.
It is generally assumed that low amplitude, fractionated potentials reflect critical regions
of slow conduction or conduction block.’®* Moreover, we demonstrated that UV is lower
in areas of slowed conduction or conduction block, which might indicate areas of fibrotic
tissue. However, even in the areas of conduction block, not all recorded potentials were
fractionated, low amplitude potentials and there was therefore no generally clear relation
between UV and CV. In a previous study, we demonstrated that UV of single potentials
are mainly determined by their relative R- and S-wave morphology, which could provide
additional information on CV and wavefront propagation.” Consequently, low-voltage
potentials could also be explained by asymmetry of the relative R- and S-wave amplitudes. It
is for these reasons that (low) UV alone does not automatically indicate ‘diseased’ atrial tissue
and therefore an absolute voltage threshold for structural remodeling remains arbitrary.

Regional differences in epicardial voltage

Several studies have described differences in voltages between various atrial regions as well
as regional differences between paroxysmal and persistent AF patients.”820 We did not find
regional differences in median voltages in patients without AF. However, as demonstrated
by our Voltage Fingerprints, there were considerable differences in voltage distributions
throughout the atria in all patients.

Given that voltage is affected by atrial wall thickness and that wall thickness varies
throughout the atria, it is likely that some of these differences are explained by variations in
wall thickness. Nevertheless, other factors such as external pressing with the electrode array
and atrial walls stress may also influence the recorded voltages.

Structural remodeling

MVD patients undergoing cardiac surgery, -even without a history of AF- usually have
advanced structurally remodeled atria due to altered hemodynamics and therefore MVD
is a well-known risk factor for developing AF.22 Extensive areas of low-voltage potentials
are therefore also present in MVD patients without history of AF. In addition, AF itself also
causes electrical remodeling, thereby increasing the arrhythmogenic substrate. While
these changes may be a consequence of AF, it could also be a result of primary structural
abnormalities caused by MVD. In addition, in patients with MVD it has been demonstrated
that there are electrophysiological differences between and within both the LA and RA.
Based on these observations, it was suggested that the structural changes responsible for
initiating and maintaining AF could be diffusely located and different to patients with lone
AF23

A prior study in MVD patients with AF suggested that the posterior wall may be especially
rich in fibrotic tissue compared to the LA appendage.* In addition, patients with MVD with
enlarged LA dimensions — resulting in elevated atrial wall stress — have an increased risk
of developing AF. Interestingly, in our population, there were no differences in voltages
obtained from the LA and PVA between the no AF and PAF group. However, more fractionated
potentials were found in these areas in patients with PAF. As fractionation represents
asynchronous activation caused by e.g. fibrotic tissue, this could also be indicative of an
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increased deposition of fibrotic tissue in these areas.’® This is supported by a study of Boldt
et al. who found an increased expression of fibrosis in the left atrial tissue of patients with
MVD.2%

Multiple earlier mapping studies found clear correlations between the presence of low-
voltage areas and the development of AF.24 In our study, low-voltage areas were found in
all patients, although lower UVs and more low-voltage areas were found in the PAF group at
BB. In addition, we could not find any predilection site for low-voltage areas in both of our
groups, although significant inter-individual differences were found in UV and low-voltage
areas. Besides, earlier studies found more conduction disorders at BB in patients with
valvular heart disease, possibly relating to the increased amount of low-voltage areas and
lower epicardial voltage at this region.?’2¢ These observations further support the concept
that structural remodeling associated with AF development is diffusely located in the atria
in this patient population.

Clinical implications

MVD patients frequently undergo cardiac surgery and concomitant arrhythmia surgery is
performed when AF is present. In these patients, next to PV isolation, epicardial mapping
during surgery could provide additional information on the arrhythmogenic substrate as
potential target sites for ablation. However, although the extend of remodeling is more
pronounced in patients with AF, the absolute voltage threshold applied in this study for
structurally remodeled atria does not permit to clearly separate patients for whom those
areas may be suitable target sites for ablation. Therefore, low-voltage areas during SR should
carefully be used as target sites for (surgical) ablative therapy in this patient population.

In addition, large intra- and inter-individual variation in potential voltages found in our study
population highlights the requirement of an individualized, patient tailored diagnosis and
therapy of the arrhythmogenic substrate in patients with MVD and AF. It is likely, that due
to increased non-uniform anisotropic properties of atrial myocardium in MVD patients,
UVs alter when the direction of the activation wavefront, during e.g. atrial extrasystolic
beats and tachyarrhythmias, changes. Therefore, the next step is to examine voltage maps
during tachyarrhythmias such as AF and to compare them with SR voltage maps in order to
decode electrical conduction properties and possible additional frequency- and direction
dependent conduction disorders.

Study limitations

Most patients with AF in our study had PAF instead of (long-standing) persistent AF. Electrical
and structural remodeling in these patients is considered to be less extensive, therefore
more differences in SP morphology are expected with increasing AF persistence. In addition,
as MVD patients undergoing cardiac surgery, - even without a history of AF - usually have
advanced structurally remodeled atria, this population is not representative of all patients
undergoing AF ablation.

The recorded UV might also be influenced by variable contact of the electrode array with
the cardiac tissue, which could have introduced a bias in the data. However, this bias is
considered to be minimal as confirmation of good contact of the electrode array with cardiac
tissue was an important step in the mapping procedure. Besides, loss of contact could be
easily recognized during post processing of the data. In addition, the presence of epicardial
fat could have influenced our results as earlier studies showed that the presence of thick fat
is associated with attenuated EGM voltages.?® Although these observations are based on
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bipolar EGMs and we did not experience any large effects of visually present epicardial fat,
we cannot ascertain that the presence of epicardial fat has influenced our results.

Whether general anesthesia and intra-operative drugs influence conduction is yet to be
investigated; however, a standard anesthetic protocol was used for all patients and SR was
confirmed during all mapping procedures. Possible effects of anesthesia would therefore
be equally dispersed among the patient population. In addition, high-resolution mapping
of the interatrial septum could not be performed with our closed beating heart approach.

Conclusion

Unipolar voltage mapping at high resolution scale in patients with MVD, demonstrated
marked inter-individual and regional variation with advanced atrial remodeling. Despite
highlyindividualized patterns, evenin SR, potential voltages at BB were lower in MVD patients
with PAF compared to those without AF. Although there were no predilection sites for low
voltages to occur, low-voltage areas were even present in MVD patients without a history
of AF. In addition, an increased number of low-voltage potentials was found at BB in MVD
patients with PAF. Both considerable intra- and inter-individual variation in potential voltages
were found in our study population, which underlines the importance of an individualized
electrical signal profile which can be used to characterize complex conduction disorders and
to develop patient-tailored diagnoses and therapy.
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CHAPTER 5

Abstract

Aims: The morphology of unipolar single potentials (SPs) contains information on intra-atrial
conduction disorders and possibly the substrate underlying atrial fibrillation (AF). This study
examined the impact of AF episodes on features of SP morphology during sinus rhythm (SR)
in patients with mitral valve disease.

Methods: Intra-operative epicardial mapping (interelectrode distance 2 mm) of the right
and left atrium (RA, LA), Bachmann’s bundle (BB) and pulmonary vein area (PVA) was
performed in 67 patients (27 male, 67+11 years) with or without a history of paroxysmal AF
(PAF). Unipolar SPs were classified according to their differences in relative R- and S-wave
amplitude ratios.

Results: A clear predominance of S-waves was observed at BB and the RA in both the no AF
and PAF groups (BB 88.8% vs. 85.9%, RA: 92.1% vs. 85.1%, respectively). Potential voltages at
the RA, BB and PVA were significantly lower in the PAF group (p<0.001 for each) and were
mainly determined by the size of the S-waves amplitudes. The largest difference in S-wave
amplitudes was found at BB; the S-wave amplitude was lower in the PAF group (4.08 [2.45—
6.13] mV vs. 2.94 [1.40-4.75] mV; p<0.001). In addition, conduction velocity (CV) at BB was
lower as well (0.97 [0.70-1.21] m/s vs. 0.89 [0.62-1.16] m/s, p<0.001).

Conclusions: Although excitation of the atria during SR is heterogeneously disrupted,
a history of AF is characterized by decreased SP amplitudes at BB due to loss of S-wave
amplitudes and decreased CV. This suggests that SP morphology could provide additional
information on wavefront propagation.
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CLASSIFICATION OF SINUS RHYTHM SINGLE POTENTIAL MORPHOLOGY

Introduction

Analysis of atrial electrical activity plays an important role in revealing the underlying
electrophysiological mechanisms responsible for the initiation and perpetuation of atrial
fibrillation (AF). In daily clinical practice, electro-anatomical mapping is performed via
endovascular catheters at the endocardial side, presenting a bipolar electrogram (EGM).'2The
bipolar EGM is commonly used as it contains local information from the area of myocardium
at the catheter tip between two electrodes. However, unipolar EGMs have the benefit over
bipolar EGMs that their morphology carries additional information about the progression of
the wavefront and remote activations, which are independent of the electrode orientation
and wavefront direction.? Cardiac electrophysiologists often rely on low-voltage areas
which are suggestive of the presence of atrial substrate.> However, low-voltage potentials
are highly determined by their morphology, but these are currently not fully classified in
clinical practice. Therefore, unipolar EGMs can provide additional helpful information in
electrophysiological studies and ablation procedures, and are therefore increasingly used in
newly developed mapping systems.

The morphology of atrial EGMs, represented by the relative positive (R-wave) and negative
(S-wave) components of a unipolar EGM, contains information on intra-atrial conduction and
hence conduction disorders giving rise to development of AF.245 Prior studies have indeed
demonstrated that areas of abnormal EGM morphologies of single potentials (SPs) are
indicators of conduction abnormalities underlying AF.6® Therefore, creation of an electrical
signal profile obtained from high-resolution mapping data of the entire atria during AF -a
so-called AF Fingerprint- may be used to determine the severity and extensiveness of local
conduction disorders. The first step towards development of such an ‘AF Fingerprint’, is
understanding variation in EGM morphologies of SPs during sinus rhythm (SR). The goal of
this study is therefore to examine the impact of AF episodes on features of SP morphology
at a high-resolution scale during SR in patients with mitral valve disease (MVD).

Methods
Study population

The study population consisted of 67 adult patients undergoing mitral valve surgery or a
combination of mitral valve and coronary bypass surgery in the Erasmus Medical Center
Rotterdam. This study was approved by the institutional medical ethical committee
(MEC2010-054/MEC2014-393).9© Written informed consent was obtained from all patients.
Patient characteristics (e.g., age, medical history, cardiovascular risk factors, time in AF) were
obtained from the patient’s medical record. The study population was classified into patients
without a history of AF (no AF group) and with a history of paroxysmal AF (PAF group).

Mapping procedure

Epicardial high-resolution mapping was performed prior to commencement of extra-
corporal circulation, as previously described in detail™? A temporal bipolar epicardial
pacemaker wire attached to the RA free wall served as a reference electrode. A steel wire
fixed to subcutaneous tissue of the thoracic cavity was used as an indifferent electrode.
Epicardial mapping was performed with a 128-electrode array or 192-electrode array
(electrode diameter respectively 0.65 mm or 0.45 mm, interelectrode distances 2.0 mm).
Mapping was conducted by shifting the electrode array along imaginary lines with a fixed
anatomic orientation, following a predefined mapping scheme. The procedure covers the
entire epicardial surface of the right atrium (RA), Bachmann’s bundle (BB), pulmonary vein

97




CHAPTER 5

Figure 1 - Epicardial high-resolution mapping. Upper left panel. projection of the 192-unipolar electrode array on
a schematic posterior view of the atria. Upper right panel- epicardial, unipolar potentials recorded during 5 seconds
of SR containing atrial deflections (A) and far-field ventricular signals (V). Typical examples of 9 EGMs obtained from
the RA are shown outside the mapping. Lower panel: EGMs with variable R/S ratios calculated by dividing the R-wave
amplitude by the S-wave amplitude. ICV = inferior caval vein; SCV = superior caval vein; LAA = left atrial appendage;
RAA =right atrial appendage; RA = right atrium; BB = Bachmann’s bundle; PV = pulmonary veins; LA = left atrium.

area (PVA) and left atrium (LA), as illustrated in the upper panel of left panel of Figure 1.
Omission of areas was avoided at the expense of possible small overlap between adjacent
mapping sites. The RA was mapped from the cavotricuspid isthmus, shifting perpendicular to
the caval veins towards the RA appendage. The PVA was mapped from the sinus transversus
fold along the borders of the right and left pulmonary veins (PVR and PVL) down towards the
atrioventricular groove. The left atrioventricular groove (LAVG) was mapped from the lower
border of the left inferior pulmonary vein towards the LA appendage. BB was mapped from
the tip of the LA appendage across the roof of the LA, behind the aorta towards the superior
cavo-atrial junction.

Five seconds of SR were recorded from every mapping site, including a surface ECG
lead, a calibration signal of 2 mV and 1000 ms, a bipolar reference EGM and all unipolar
epicardial EGMs. In patients who presented in AF, SR mapping was performed after electrical
cardioversion. Data was stored on a hard disk after amplification (gain 1000), filtering
(bandwidth 0.5-400 Hz), sampling (1 kHz) and analogue-to-digital conversion (16 bits).

Data analysis

Unipolar EGM morphology was semi-automatically analyzed in custom-made software
using Python 3. EGMs with injury potentials, recording sites with =25% excluded or missing
EGMs and premature atrial complexes or aberrant beats were excluded from analysis. Atrial
deflections were marked when the negative slope of a deflection was >10% of the steepest
slope in the EGM and the amplitude of the deflection was at least two times the signal-to-
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Table 1 - Patient characteristics (N=67).

No AF PAF p-value
Patients 44 (66) 23 (34) -
Male 17 (39) 10 (43) 0.903
Age (y) 65+12 7346 0.003
Cardiovascular risk factors
« BMI (kg/m?) 24.5[22.1-26.8] 25.3[22.2-31.9] 0.281
- Underweight (<18.5) 2(5) 0(0) 0.778
- Normal weight (18.5-25) 22 (50) 11 (48) 0.866
- Overweight (25-30) 15 (34) 5(22) 0.443
- Obese (=30) 5(11) 7 (30) 0.110
« Hypertension 15 (34) 12 (52) 0.242
« Dyslipidemia 14 (32) 2(9) 0.071
- Diabetes mellitus 7(16) 3(13) 0.755
Left atrial dilatation >45 mm 28 (64) 16 (70) 0.830
Left ventricular dysfunction 15 (34) 6 (26) 0.694
Mitral stenosis 3(7) 1(4) 0.685
Severe mitral insufficiency 31 (70) 16 (70) 0.940
Coronary artery disease 20 (45) 6 (26) 0.200
Antiarrhythmic agents
+ Class| 1(2) 0(0) 0.466
« Class |l 23(52) 11 (48) 0.930
+ Class |l 0(0) 7 (30) <0.001
- Class IV 1(2) 2(9) 0.559

Values are presented as mean * standard deviation, median [interquartile ranges] or as N (%). (P)AF = (paroxysmal)
atrial fibrillation; BMI = body mass index.

noise ratio of the EGM. The steepest negative deflection of a potential was marked as the
local activation time (LAT). The minimal time between two successive deflections (‘latency’)
was set to 2 ms. All EGM markings were manually checked and corrected in case of markings
on electrical artefacts evaluated by a consensus of two investigators. Potentials were
classified as single potential (SP, one deflection) or fractionated potential (FP, >2 deflections).
SPs are characterized by a rapid negative deflection preceded by a positive R-wave and
returning to the baseline (S-wave). As demonstrated in the lower panel of Figure 1, SPs were
classified according to their differences in relative R- and S-wave amplitude and scaled from
-1 (R-wave) to 1 (S-wave).

1—-RS(n) forRS(n) <1
RS =

RS(n)_l for RS(n) > 1

Furthermore, SPs were analyzed for peak-to-peak voltage (@amplitude), relative R- and S-wave
amplitudes and local wavefront conduction velocity (CV). Local CV was computed as an
average of velocity estimations between neighboring electrodes (longitudinal, transversal
and diagonal) based on a techniques derived from a finite differences method developed
and described by Salama et al.™*

Statistical analysis

All data were tested for normality. Normally distributed data are expressed as mean =+
standard deviation and analyzed with a paired t-test or one-way ANOVA. Skewed data are
expressed as median [25%-75t percentile] and analyzed with a Kruskal-Wallis test or Mann-
Whitney U test. Categorical data are expressed as numbers and percentages and analyzed
with a ¥2 or Fisher exact test when appropriate. Distribution data was analyzed with a two-
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Table 2 - Mapping data characteristics (N=523,019).
No AF PAF p-value
Right atrium

Single potentials

179,700 (85)

77,060 (85)

Amplitude (mV) 5.21[3.03-7.67] 5.10[2.89-7.55] <0.001
R-wave (mV) 1.65[0.74-2.79] 1.69[0.79-2.81] <0.001
S-wave (mV) 3.48[2.07-5.08] 3.30[1.86-4.97] <0.001
R/S ratio 0.52[0.28-0.71] 0.46 [0.22-0.67] <0.001
Conduction velocity (m/s) 0.93[0.71-1.15] 0.94[0.72-1.17] <0.001
Bachmann’s bundle
Single potentials 34,069 (76) 16,260 (73)
Amplitude (mV) 5.71 [3.40-8.87] 4,09 [2.18-6.70] <0.001
R-wave (mV) 1.57 [0.74-3.00] 1.11[0.49-2.21] <0.001
S-wave (mV) 4.08 [2.45-6.13] 2.94[1.40-4.75] <0.001
R/S ratio 0.57 [0.35-0.76] 0.58[0.29-0.77] <0.001
Conduction velocity (m/s) 0.97 [0.70-1.21] 0.89[0.62-1.16] <0.001
Pulmonary vein area
Single potentials 64,254 (84) 35,305 (83)
Amplitude (mV) 4.72[2.19-8.24] 4.74[2.47-7.63] 0.067
R-wave (mV) 2.4411.13-4.39] 2.24[1.21-3.94] <0.001
S-wave (mV) 1.91[0.83-3.89] 2.12[0.93-3.86] <0.001
R/S ratio -0.16 [-0.52-0.30] -0.03 [-0.46-0.38] <0.001
Conduction velocity (m/s) 0.91[0.54-1.23] 0.94[0.60-1.23] <0.001
Left atrium
Single potentials 77,651 (87) 38,720 (77)
Amplitude (mV) 4.481[2.03-8.19] 4.36 [1.95-8.38] <0.001
R-wave (mV) 1.94[0.94-3.72] 1.98 [0.84-4.10] 0.177
S-wave (mV) 2.28[0.92-4.12] 2.13[0.94-4.22] <0.001
R/S ratio 0.14 [-0.33-0.45] 0.12[-0.29-0.44] 0.156
Conduction velocity (m/s) 0.98 [0.66-1.25] 1.00 [0.70-1.25] <0.001

Values are presented as median [interquartile ranges] or as N (%). (P)AF = (paroxysmal) atrial fibrillation.

sample Kolmogorov-Smirnov test. A p-value <0.05 was considered statistically significant.
A Bonferroni correction was applied for comparison of the four atrial regions; a p-value of
<0.0083 (0.05/6) was considered statistically significant.

Results
Study population

Clinical characteristics of the study population, including 44 patients in the ‘no AF’ group
and 23 patients in the ‘PAF’ group are described in Table 1. These groups differed in age
(no AF: 6513 years, PAF: 7316 years, p=0.003). Patients had either ischemic and MVD (no
AF: 20 [45%)], PAF: 6 [26%)]) or only MVD. LA dilation was present in 28 patients without
AF (64%) and in 16 patients with PAF (70%). Most patients in both groups had normal left
ventricular function (no AF: 29 [66%)], PAF: 17 [74%]). 30% of the patients with PAF used class
[l antiarrhythmic drugs (no AF: 0 vs. PAF: 7 (30%), p<0.001).

Mapping data

As demonstrated in Table 2, a total of 523,019 SPs were analyzed out of 852 SR recordings of
5-seconds duration (no AF: RA: 179,700, BB: 34,069, PVA: 77,651, LA: 64,254; PAF: RA: 77,060; BB:
16,260; PVA: 38,720; LA: 35,305). Median unipolar SP amplitude in the PAF group was lower
than in the no AF group (4.78 [2.14-7.21] mV vs. 5.05 [2.48-7.64] mV respectively (p<0.001)).

In both the no AF and PAF group, SP amplitudes differed between the atrial regions (no AF:
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Figure 2 - Typical example of the color-
coded spatial distribution of the R/S
ratios during one sinus beat in a patient
without AF. The color scale of the R/S ratios
ranges from S-waves (blue), via biphasic
RS-waves (green) to R-waves (yellow). ICV
= inferior caval vein; SCV = superior caval
vein; LAA = left atrial appendage; RAA =
right atrial appendage.

RA: 5.21 [3.03-7.67] mV, BB: 5.71 [3.40-8.87] mV, PVA: 448 [2.03-8.19] mV, LA: 4.72 [2.19-8.24]
mV (p<0.001 for all comparisons); PAF group: RA: 5.10 [2.89-7.55] mV, BB: 4.09 [2.18-6.70] mV,
PVA: 4.36 [1.95-8.38] mV, LA: 4.74 [2.47-7.63] mV (p<0.001 for all comparisons)). Furthermore,
SP amplitudes of the RA, BB and PVA were lower in the PAF group compared to the no AF
group (RA: 5.21 [3.03-7.67] mV vs. 5.10 [2.89-7.55] mV (p<0.001), BB: 5.71 [3.40-8.87] mV vs.
4,09 [2.18-6.70] mV (p<0.001), PVA: 4.48 [2.03-8.19] mV vs. 4.36 [1.95-8.38] mV (p<0.001)).

Focusing only on the magnitude of the R- and S-wave, the largest R-wave amplitude was
foundinthe LA in both the no AF group (2.44 [1.13-4.39] mV) and PAF group (2.24 [1.21-3.94]
mV), whereas the largest S-wave amplitude was found in BB in the no AF group (4.08 [2.45-
6.13] mV) and in the RA in the PAF group (3.30 [1.86-4.97] mV). In general, the amplitude of
the atrial potential was mainly determined by the S-wave amplitude.

The largest difference in S-wave amplitudes between both groups was found at BB; the
S-wave median amplitude was higher in the no AF group (4.08 [2.45-6.13] mV) than in the
PAF group (2.94 [1.40-4.75] mV; p<0.001).

The CV differed between atrial regions in both the no AF and PAF group (no AF: RA: 0.93
[0.71-1.15] m/s, BB: 0.97 [0.70-1.21] m/s, PVA: 0.98 [0.66-1.25] m/s, LA: 0.91 [0.54-1.23] m/s
(p<0.001 for all comparisons); PAF group: RA: 0.94 [0.72-1.17] m/s, BB: 0.89 [0.62-1.16] m/s,
PVA: 1.00 [0.70-1.25] m/s, LA: 0.94 [0.60-1.24] m/s (p<0.001 for all comparisons)). In the PAF
group, CVs at BB were lower compared to the no AF group (0.97 [0.70-1.21] m/s vs. 0.89
[0.62-1.16] m/s, p<0.001).

Regional differences in R/S ratio

Figure 2 shows a typical example of the color-coded spatial distribution of the R/S ratios
during one SR beat in a patient without AF. This map shows a wide variation of R/S ratios
throughout the atria. The majority of the SPs recorded in the superior part of RA consisted of
monophasic S-waves, compared to rS-waves and biphasic RS-waves in the mid and inferior
part of the RA. A clear R-wave predominance was found in between the pulmonary veins,
whereas biphasic RS-waves and rS-waves were recorded from the superior and inferior sites
of the PVA. The LA appendage revealed a R-wave predominance as well, whereas S-wave
predominance was mainly found in the RA and BB.

Figure 3 shows the regional differences in the distribution of the R/S ratios in the RA, BB,
PVA and LA in the no AF group (upper panels) and PAF group (lower panels). The relative
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Figure 3 - Relative frequency histograms of all R/S ratios. The R/S ratios of unipolar SPs during SR in patients
without AF (turquoise) and patients with PAF (red), recorded from BB (n = 34,069 vs. n = 16,260), LA (n = 64,254 vs.
n = 35,305), PVA (n = 77,651 vs. n = 38,720) and RA (n = 179,700 vs. n = 77,060). The histograms are divided into four
equal quartiles; for each quartile the relative number of potentials is given on top of the plots. (P)AF = (paroxysmal)
atrial fibrillation.

Figure 4 - R/S ratio distribution per patient. Stacked bar plots of the R/S distributions depicted for each patient
separately in the RA, BB, PVA and LA. (P)AF = (paroxysmal) atrial fibrillation.
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Figure 5 - Relative frequency histograms of the R/S ratios and amplitudes of unipolar SPs during SR in patients
without AF (turquoise) and with PAF (red). The bars represent the relative frequency of the R/S ratios and the
dotted line the median amplitudes with interquartile ranges. The asterisk indicates a significant difference in median
amplitudes between the patients without AF and patients with PAF (p<0.001). (P)AF = (paroxysmal) atrial fibrillation.

frequency of the R/S ratios are ranked from -1 (R-waves) to 1 (S-waves) and divided into four
equal quartiles. For each quartile the relative number of potentials is given on top of the
plots. The SPs revealed a wide variation of R- and S-wave amplitude ratios. However, a clear
predominance of S-waves was observed in the BB and RA in both the no AF group (88.8%
and 92.1% respectively) as PAF group (85.9% and 85.1% respectively). Differences between
the no AF and PAF groups were found at the RA, BB and LA (p=0.021, p=0.003 and p=0.013).
In the PAF group, there was a larger number of dominant R-waves in both the RA and BB and
a higher number of rS-waves in the LA.

Individual differences in R/S ratios

Figure 4 demonstrates interindividual differences in R/S ratios. In all patients there was a
clear S-wave predominance in the RA and BB. In contrast, in the PVA and LA there was less
S-wave predominance and a wider variation in SP morphology.

Figure 5demonstratesall R/Sratios (subdivided into nine categories) with their corresponding
amplitudes. In both the no AF and PAF group, the largest SP amplitudes were observed in
the range of biphasic RS- to rS-waves (no AF: RA: 6.39 [4.25-8.89] mV, BB: 7.61 [4.51-12.55] mV,
PVA:5.96[3.30-9.86] mV, LA:6.77 [3.78-10.95] mV; PAF: RA: 5.96 [3.83-8.341 mV, BB: 5.45 [2.78-
9.28] mV, PVA: 6.10 [3.21-10.44] mV, LA: 6.02 [3.53-8.90] mV). In the PAF group, SP amplitudes
of all different R/S ratios were smaller in BB compared to the no AF group (p<0.001). At the
other atrial regions, there were no consistent significant differences in amplitudes of the
various R/S ratios. The majority of the monophasic S-wave potentials were found in the RA
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Figure 6 - Relative frequency histograms of the R/S ratios and amplitudes of unipolar SPs in low-voltage areas
during SR in patients without AF (turquoise) and with PAF (red). The bars represent the relative frequency of the
R/S ratios and the dotted line the median amplitudes with interquartile ranges. (P)AF = (paroxysmal) atrial fibrillation.

in both groups (4.2% and 4.3% respectively). A high number of S-wave potentials (3.7% for
both groups) were found in BB as well, whereas these potentials were rarely present in the
PVA and LA.

R/S ratio in low-voltage areas

The Ps of all measured SPs was 1.0 mV, which was used as a cut-off value for low voltages.
Figure 6 illustrates the regional distribution of the R/S ratios of low-voltage potentials.
Although a wide variation of R/S ratios was observed, an S-wave predominance was found
in the RA and BB in both groups. Compared to the no AF group, the relative number of
dominant R-waves in low-voltage areas in the PAF group was larger in the RA and BB,
whereas a larger number of dominant S-waves was observed in the PVA.

Discussion

High-resolution mapping of the atria in patients with MVD demonstrated a wide variation
of unipolar SP morphology throughout the atria, resulting in specific regional differences in
SP amplitude and R/S ratios. Amplitudes were mainly determined by the S-wave amplitude,
which resulted in a high number of predominant S-wave potentials with large amplitudes in
the RA and BB, whereas a larger range of SP amplitudes was found in the LA and PVA together
with a high variation in R/S ratios. Compared to the no AF group, lower SP amplitudes and
S-wave amplitudes were found in patients with PAF, along with more R-wave predominance
in the RA, BB and PVA.
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Genesis of unipolar potential morphologies

EGM morphology is often used for the identification of structural or electrical remodeled
areas with arrhythmogenic properties. In most settings, electro-anatomical mapping is
performed via endovascular catheters at the endocardial side, recording EGMs which are the
product of a voltage difference between recording electrodes (bipolar recordings)."'> In case
of unipolar EGMs, the signal reflects the cardiac electrical activity of the tissue surrounding the
recording electrode which decreases with distance. It is obtained by an exploring electrode
positioned in the heart and an indifferent electrode located at an infinite distance.2' It is for
these reasons that there is an increase in mapping systems using unipolar EGMs.

The morphology of unipolar potentials can be regarded as the sum of instantaneous current
dipoles of a wavefront, generating a positive deflection when the activation wavefront
propagates towards the electrode and a steeply negative deflection as the wavefront
reaches the electrode and propagates away, thereby generating a biphasic RS-wave. 2517
When the electrode is located at a site of initial activation, depolarization produces a
wavefront that propagates radially away from the electrode, thus generating a monophasic
S-wave. In contrast, positive R-waves are characteristic of termination of the activation
wavefront. Areas of fast conduction with conduction along the longitudinal axis of the fibers
are characterized by large amplitude RS-waves, whereas in slow areas the potentials are of
lower amplitude.s Abnormal myocardial substrate can be defined by substrate mapping by
identifying areas of low voltage, as amplitude also depends on the volume of simultaneously
activated cardiac tissue.>¢ In addition, asymmetry of unipolar potentials has been proposed
as a morphology parameter, determined by wavefront curvature, wavefront collisions,
anisotropy and conduction heterogeneity.'#?

Regional differences in single potential morphology

In our study population, there were clear regional differences in potential morphology.
During SR, the initial excitation site is located in the RA in which wavefronts are generated by
cells in the sinoatrial (SA) node area. From there, a wavefront is propagated by the prominent
muscle bundles contiguous with the SA node; i.e. the crista terminalis, Bachmann’s bundle
and the septo-pulmonary bundle, which contributes to fast electrical propagation and
enables efficient electromechanical coupling of both atria during each normal sinus beat.#20
At sites of wavefront activation, monophasic S-waves were expected and were - indeed -
mainly recorded in the RA in our study population. In addition, fast propagating wavefronts
are characterized by EGMs with large amplitude, predominant S-waves, which evolve
towards biphasic RS-waves when the wavefront propagates away from the excitation site.
These types of potentials were indeed mainly found in the RA and BB.

Using diffusion tensor imaging of human hearts, Pashakhanloo et al.2' have demonstrated
that in some areas of the atrial wall, e.g., the crista terminalis and the antrum of the PVs,
the uniform distribution of myocardial fibers is disrupted by multiple complex crossings of
multiple fibers, which underlies non-uniform anisotropic propagation. Previous studies have
demonstrated that there are changes in patients with MVD in the myocardial structure of
the atria due to altered hemodynamic effects.222* Structural remodeling affects intra-atrial
conduction and thereby predisposes to development of atrial tachyarrhythmias. The higher
incidence of AF in patients with MVD suggests the presence of a higher degree of atrial
remodeling in these patients, characterized by LA enlargement, loss of myocardium and
scarring.?>?” The resulting anisotropic propagation causes local wavefront termination or
collision, resulting in more R-wave predominance and monophasic R-waves, which were -
indeed - mainly found in the LA and PVA.
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In our study, we demonstrated inter-individual differences in R/S ratios in - especially - the
LA and PVA areas. Anatomic studies of the fiber orientation using dissection, visual tracing or
MR techniques demonstrated variations in the location and orientation of bundles between
human hearts, in which mixed and oblique patterns of fibers were present in the roof of the
atria encircling the pulmonary veins.2'2 In addition, intra-operative epicardial mapping also
demonstrated that atrial excitation during SR is affected by the underlying heart disease and
AF, resulting in alternative routes for BB and PVA with high inter-individual variability.293°
Together with the patient specific impact of the presence of MVD, these differences might
have resulted in the more prominent inter-individual R/S differences in these areas.

Several computer models of electrical propagation in the atria have been developed and
showed mostly single biphasic potentials in the uniform atria, whereas dominant S-waves
were more common in anisotropic tissue and dominant R-waves were found due to the
multiple collisions.” Using such computer models it has been demonstrated that anisotropy
has a greater impact on amplitude variation and asymmetry than the shape and curvature
of the conducting wavefront. However, the models differ in the level of electrophysiological
and anatomical details, such as fiber orientation, presence of the main muscle bundles,
structural modifications and anisotropy, and mainly focus on arrhythmia simulations./93134
S-wave predominance has also been reported in the RA in patients during AF, but could
not be strongly correlated to wavefront curvature or anisotropy.® A tilted transmural stance
of the wavefront resulting in an epicardial lead with constant epicardial to endocardial
activation was proposed as a theoretical explanation for S-wave predominance during AF,
which would present with more R-wave predominance at the endocardium.?* However, Van
der Does et al.’¢ reported that both epicardial and endocardial EGMs showed an S-wave
predominance, and endocardial EGMs did not have higher R/S ratios than epicardial EGMs.
Although these mapping studies were performed during SR, data clearly showed absence
of an oblique transmurally propagating wave. In our study, we indeed demonstrated an
S-wave predominance in the RA but not in the LA and PVA.

Influence of paroxysmal atrial fibrillation

In our study, SP morphology differences between patients without AF and with PAF
were most prominent in the BB. Patients with PAF had lower amplitudes, more R-wave
predominance and slower wavefront propagation. The lower amplitude was mainly
determined by a decrease in S-wave amplitude, which is observed with reversible tissue
injury and is associated with conduction block during ablative therapy.’®37 Recent studies
indeed found more conduction abnormalities in the BB during SR in patients with AF or
patients who developed post-operative AF3¢ BB is by far the largest of the anatomic
interatrial connections and probably accounts for the largest part of interatrial conduction.
It is a highly organized bundle of muscular fibers arranged in parallel fashion, but due to
its anisotropic features BB is more vulnerable to structural remodeling that can even be
identified during SR. In addition, the muscular fibers of the BB are not enclosed by fibrous
tissue and may therefore also be vulnerable to disruption by stretch due to the hemodynamic
changes in the atria caused by MVD.20223° This could lead to slower wavefront propagation
and slower CVs which were - indeed - found in patients with PAF. Structural changes of
the atrial myocardium are more extensive in patients with PAF than in patients without AF,
especially involving the BB.#°

Clinical implications

Despite most of atrial mapping procedures are performed endocardially using bipolar EGMs,
thereis anincrease in mapping systems using unipolar EGMs. Therefore, detailed knowledge
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of unipolar EGM morphology becomes more important. In a prior study of Van der Does et
al.3s, no differences were found between unipolar endo- and epicardial EGMs. This indicates
that the observed change in R/S ratios and decrease of S-wave amplitudes will also be found
at the endocardium.

In clinical practice, low-voltage areas are regarded as part of the arrhythmogenic substrate
underlying AF. However, our data shows that the EGM voltage is mainly determined by the
R/S ratio which differs per region. In addition, low peak-to-peak voltages do not automatically
indicate ‘diseased’ tissue, but can also be explained by the potential morphology as R- and
S-waves have a smaller amplitude compared to RS-waves. Therefore, using voltage mapping
alone to guide ablative therapy might be misleading.

Study limitations

Whether general anesthesia and intra-operative drugs influence conduction is unknown;
however, a standard anesthetic protocol was used for all patients and SR was confirmed
during all mapping procedures. Therefore, possible effects of anesthesia would be equally
dispersed among the patient population. High-resolution mapping of the interatrial septum
could not be performed with our closed beating heart approach.

Several patients with history of AF used antiarrhythmic drugs class Ill. Amiodarone has class
| antiarrhythmic properties via inhibition of sodium channels during phase 0 of the cardiac
action potential which can slow intra-atrial conduction. Therefore, the use of amiodarone
could have affected our results.

There was a difference in age between the no AF and PAF group. Therefore, the differences
between both groups could be related to the impact of age. However, no correlation was
found between any of signal profiles and age. Still, the possible effect could not be completely
excluded, just as the effects of hypertension or obesity, although not significantly different
between the groups.

Conclusion

A specific regional distribution of EGM morphology, involving R/S ratios, EGM voltage and
R- and S-wave amplitudes exist during SR in patients with MVD. Although excitation of the
atria during SR is heterogeneously disrupted in patients with MVD, the occurrence of AF in
this patient group is characterized by decreased SP amplitudes at BB due to loss of S-wave
amplitudes together with a decreased CV. Therefore, BB is an area that could especially be
interesting for AF Fingerprinting. Our findings that variation in EGM morphologies in our
population is considerable —particularly at the LA and PVA- and specific EGM morphologies
atregions such as BB are related to AF suggest that the potential morphology could provide
additional information on CV and wavefront propagation, and emphasizes the need for a
diagnostic tool enabling identification of arrhythmogenic substrate in the individual patient.
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CHAPTER 6

Abstract

Background: Obesity predisposes to the development of atrial fibrillation (AF). However, the
pathophysiology underlying this relation is only partly understood. As low-voltage areas
are considered indicators of the arrhythmogenic substrates promoting AF, our study aimed
to compare the extensiveness of atrial low-voltage areas between obese and non-obese
patients by using high-resolution epicardial mapping in order to identify predilection sites
of low-voltage areas.

Methods: A total of 430 patients (131 (30%) obese and 299 (70%) non-obese) were matched
resulting in 212 patients (body mass index [BMI] =30 kg/m?: n=106; BMI <30 kg/m?: n=106)
undergoing cardiac surgery (mean age 63+11 years; 161 male). All patients underwent
epicardial mapping of the right atrium, Bachmann bundle (BB) and left atrium during sinus
rhythm. Low-voltage potentials were defined as potentials with peak-to-peak amplitudes
below the 5% percentile of all potential amplitudes obtained from non-obese patients.

Results: Compared with non-obese patients, obese patients have potentials with lower
voltages (4.5 [0.4-16.2] mV vs. 5.5 mV [0.8-18.0] mV, p<0.001), especially at BB (4.1 [0.4-12.3]
mV vs. 6.2 [1.0-14.3] mV, p<0.001) and left atrium (5.1 [0.5-10.1] mV vs. 6.2 [0.8-15.9] mV,
p=0.003). The percentage of low-voltage potentials was higher in obese than in non-obese
patients (3.6 [0-77.1] % vs. 2.3 [0-57.9] %, p<0.001), again at BB (obese: 2.9 [0-77.1] % vs.
non-obese: 0.9 [0-42.0] %, p<0.001). Percentages of low-voltage potentials correlated with
incidences of conduction block (p<0.001), while BMI (p=0.044) and low-voltage potentials
(p=0.001) were independent predictors for the incidence of early post-operative AF.

Conclusion: Obesity may predispose to an overall decrease in atrial voltage and a higher
percentage in low-voltage potentials. BB was a predilection area for low voltage within the
atria of obese patients.
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EPICARDIAL VOLTAGE MAPPING IN OBESE PATIENTS

Introduction

Obesity is a well-established, independent risk factor for the most common type of
arrhythmia, atrial fibrillation (AF).”3 In obese patients, risk factors (e.g. hypertension (HT),
diabetes (DM), hyperlipidemia (HL) and coronary artery disease (CAD)) and atrial substrate
alterations* (epicardial fat infiltrations, atrial fibrosis and enhanced local inflammation due to
increased adipocytokines and pro-inflammatory cytokines) are related to AF development.

Previous experimental and human studies have reported on the association between the
presence of epicardial adipose tissue (EAT) and atrial electropathology.2*

In a previous study, we showed that obese patients undergoing cardiac surgery have higher
incidences of conduction disorders compared to non-obese patients making them more
vulnerable to developing early post-operative AF (EPOAF).6 In 16 obese patients, Mahajan et
al.2 observed lower regional mean voltages of bipolar electrograms recorded during sinus
rhythm (SR) in the posterior and inferior left atrial (LA) walls compared to 10 non-obese
patients.

In the ovine experimental model of chronic obesity, there was an increased voltage
heterogeneity with reduction of voltages in the posterior LA wall in addition to increased
incidence of complex fractionated electrograms and heterogeneous conduction.

As low-voltage areas are considered to be indicators of the arrhythmogenic substrates
promoting AF in patients with a history of AF7 low-voltage areas in the LA are targeted in
addition to pulmonary vein isolation to prevent AF recurrences.”? It is unknown whether
this approach is also suitable for obese patients, as they may have a more extensive
arrhythmogenic substrate. So far, it is unknown whether and to what extent voltage
distributions differ between non-obese and obese patients and whether there is larger
amount of low-voltages areas in the latter group.

The aim of our study is therefore to compare the extensiveness and severity of atrial
low-voltage areas identified during SR between obese and matched non-obese patients
measured at high-resolution scale.

Methods
Study population

The study population consisted of adult patients scheduled for elective cardiac surgery for
CAD, either isolated or in combination with aortic (CAD+AVD) or mitral (CAD+MVD) valve
disease, isolated aortic (AVD) or mitral (MVD) valve disease or correction of congenital heart
defects (CHD). Exclusion criteria were history of AF, prior ablation of atrial tachyarrhythmias,
severe renal failure, atrial pacing and patients requiring mechanical or inotropic support.
Patients with sleep apnea were not included in the study. The population was divided into
two categories: 1) the study group, obese patients (BMI =30) and 2) the control group, non-
obese patients (BMI <30).

This study was conducted as part of two prospective observational projects including
Quest for Arrhythmogenic Substrate of Atrial fibrRillation (QUASAR, MEC 2010-054) and
Hsf1 Activators Lower cardiomyocyte damage Towards a novel approach to REVERSE atrial
fibrillation (HALT & REVERSE, MEC 2014-393). Both projects were approved by the local
ethics committee of the Erasmus Medical Center and adhere to the Declaration of Helsinki
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Figure 1 - Epicardial mapping during SR. Upper left panel. projection of the 192-unipolar electrode array on a
schematic posterior view of the atria. Upper right panel: epicardial unipolar potentials recorded during 5 seconds
of SR (A = atrial potential, V = ventricular potential) at BB and corresponding color-coded voltage map. Lower left
panel: typical examples of 9 unipolar potentials. Lower right panel: potential voltage is defined as the peak-to-peak
amplitude of the steepest deflection. RA = right atrium; BB = Bachmann'’s bundle; PV = pulmonary veins; LA = left
atrium; LAT = local activation time.

principles. Accordingly, written consent was obtained from the participating patients before
surgical intervention.

Epicardial High-Resolution Mapping

Epicardial high-resolution mapping was performed during open chest cardiac surgery after
sternotomy, before connecting the patient to the cardiopulmonary bypass circulation.’o!" A
bipolar pacemaker wire was placed at the right atrial free wall to serve as a temporal reference
electrode. The indifferent electrode was a steel wire attached to thoracic subcutaneous
tissue.® The mapping procedure was performed using 16 mm width electrode arrays
containing either 128 or 192 unipolar electrodes (2.0 mm inter-electrode distance) with
diameters of 0.65 and 0.45 mm respectively."

Epicardial mapping during SR was conducted following a predefined mapping scheme as
shown in Figure 1 (left upper panel), approaching the entire epicardial surface of the right
atrium (RA), Bachmann'’s bundle (BB) and LA.® As previously described,®"? the electrode
array was shifted along imaginary lines with a fixed orientation at each position. Mapping of
the RA started at the cavo-tricuspid isthmus and continued perpendicular to the caval veins
towards the RA appendage (RAA). BB was mapped starting at the tip of the LA appendage
(LAA) across the roof of the LA, behind the aorta towards the superior cavo-atrial junction.”
Mapping of the LA was performed from the lower margin of the left inferior pulmonary vein
(PV) along the left atrioventricular groove (LAVG) towards the LAA? The PV area (PVA) was
mapped from the sinus transversus fold, in between the right and left PV towards the left
atrioventricular groove."
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Table 1 - Patient characteristics.

Obese patients Non-obese patients p-value
(BMI =230 kg/m?) (BMI <30 kg/m?)
(n=106) (n=106)
Age (y) 63.5+9.6 62.3+11.8 0.742
Male 78 (74) 83 (78) 0.521
BMI (kg/m?) 32.9+29 254424 <0.001
Cardiovascular risk factors
+ Hypertension 65 (61.3) 60 (56.6) 0.577
«+ Diabetes mellitus 37 (35) 25(23.5) 0.096
« Dyslipidemia 44 (41.5) 42 (39.6) 0.889
Left ventricular function 0.357
+ Normal (EF >55%) 84 (79.2) 83(78.3)
« Mild impairment (EF 46-55% 21(19.8) 18(17)
« Moderate impairment (EF 36-45%) 1(0.9) 3(2.8)
« Severe impairment (EF <35%) 0(0) 2(1.9)
Left atrial dilatation 15 (14.1) 16 (15) 0.863
Preoperative medication
« Anti-arrhythmic drugs
- Class 46 (68.6) 59 (66.2) 0.863
- Class IV 2(3) 4(4.4) 0.467
« ACE inhibitors 42 (62.6) 49 (55) 0.412
Surgical procedure 0.277
- CABG 70 (66) 64 (60.3)
- AVD 10 (9.4) 12(11.3)
« MVD 2(1.8) 7 (6.6)
- CABG+AVD 15(14.1) 11(10.3)
- CABG + MVD 3(2.8) 1(0.9)
- CHD 6 (5.6) 11(10.3)

Values are presented as mean =+ standard deviation or n (%). Statistically significant values: p<0.05. ACE = angiotensin-
converting enzyme; AVD = aortic valve disease; BMI = body mass index; CABG = coronary artery bypass grafting; CHD
= congenital heart disease; EF = ejection fraction; MVD = mitral valve disease.

From every atrial mapping site, five seconds of SR were recorded, including surface ECG (lead
), a bipolar reference electrogram, a calibration signal with an amplitude of 2 mV and 1000
ms and unipolar epicardial electrograms. Recordings were sampled with a rate of 1 kHz,
amplified (gain: 1000), filtered (bandwidth: 0.5-400 Hz), converted from analogue-to-digital
(16 bits) and stored on a hard disk.

Analysis of mapping data

Semi-automatic analysis of unipolar electrogram morphology was performed using Python
3.6 software. Recording sites with >25% excluded or missing electrograms, injury potentials
electrograms and premature atrial complexes or aberrant beats were excluded from
analysis. Local activation time (LAT) was established by marking the steepest negative slope
of an atrial deflection, with a minimum slope threshold of 0.05 V/s. The amplitude threshold
was set at two times the signal noise level. All signal markings were manually checked and
corrected by a consensus of two investigators.

Unipolar electrogram voltage was defined as peak-to-peak amplitude of the steepest
deflection. Unipolar electrograms with peak-to-peak amplitudes below the 5 percentile
(Ps) of all deflection amplitudes obtained from non-obese patients were defined as low-
voltage potentials.
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Evaluation of EPoAF

The heart rhythm was continuously monitored in all patients during the first five post-
operative days.

EPoAF was defined as the incidence of at least one AF episode with a duration of minimally
30 seconds. EPoAF was also confirmed by documentation in patient discharge letters and
clinical notes.

Statistical analysis

Statistical analysis was performed using the IBM SPSS Statistics 24 software (Corp., Armonk,
NY software). Propensity score matching analysis on age and gender was performed
using logistic regression, cases being randomly assigned to controls based on the nearest
neighboring propensity score (match tolerance 0.05). Data were tested using Shapiro Wilk
test of normality. Continuous, normally distributed data is expressed as mean + standard
deviation and skewed dataas median and range (minimum-maximum).One sample t-test was
used to compare normally distributed continuous variables. Comparisons between related
skewed variables were performed using one sample Wilcoxon rank-sum test. Categorical
variables were compared using Fisher’s exact test and are presented as percentages.
Bonferroni correction was used to control for family-wise error when comparing voltage
characteristics for the four atrial locations. Pearson correlation test was used to evaluate the
linear relationship between variables. Possible predictors for EPOAF in univariate conditional
binary logistic regression (p<0.15) were manually entered in a multivariate conditional binary
logistic regression. A two-sided p-value of <0.05 was considered statistically significant.

Results
Study population

Baseline characteristics of both the obese (N=106, 64+10 years; 78 (74%) male) and non-
obese group (N=106, 62+12; 83 (78%) male) are presented in Table 1. Clinical characteristics
between these groups only differed in BMI (32.9+2.9 vs. 25.4+2.4; p<0.001). Coronary artery
bypass grafting (CABG) was the main surgical procedure performed in both groups (obese
patients: 70 (66%) and non-obese patients: 64 (60%)).

Figure 2 — Graphs demonstrating differences
in median and 5" percentile voltages
between obese and nonobese patients. Left
panel: obese patients had a significantly lower
median voltage (4.5 [0.4-16.2] mV) than non-
obese patients (5.5 [0.8-18.0] mV, p<0.001).
Right panel: for potentials within the 5®
percentile, the amplitude was significantly
lower in obese (median 1.3 [0.1-6.8] mV)
than in non-obese (median 1.6 [0.2-8.6] mV,
p<0.001) patients.
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Figure 3 - Graphic representation of
differences in median and Ps voltage
between obese and non-obese patients.
The areas that are significantly different
between obese and non-obese patients are
highlighted in red. The upper panel shows a
significantly lower median voltage in obese
than in non-obese patients, particularly at
BB (p<0.001) and LA (p=0.003). The lower
panel shows that obese patients also have
a significantly lower Ps voltage mainly at
BB (p<0.001) and LA (p=0.009). Statistical
significance: p<0.0125. BB = Bachmann
bundle; Ps = 5" percentile; Pt. = patient.

Mapping data

The total number of recording sites in the obese group was 202,304 (1,909+321 electrograms/
patient) and 200,192 in the non-obese group (1,889+311 electrograms/patient, p=0.411).
After exclusion of 0.65% of the mapping sites due to electrograms with poor signal-to-noise
ratios, respectively 1,333 (12.5+4.2 per patient) and 1,321 (12.4+4.1 per patient, p=0.617)
mapping locations were available for analysis.

Differences in Unipolar voltages Distribution

Figure 2 shows the median voltage of the entire atria for the obese and non-obese patients.
The left panel shows that voltages were lower in obese compared to non-obese patients (4.5
[0.4-16.2] mV vs. 5.5 [0.8-18.0] mV, p<0.001).

The right panel of Figure 2 demonstrates that the 5™ percentile of the voltage for each
patient was significantly lower in obese (median 1.3 [0.1-6.8] mV) compared to non-obese
patients (median 1.6 [0.2-8.6] mV, p<0.001).

Regional heterogeneity in unipolar voltages

Regional differences in unipolar voltages between obese and non-obese patients are
depicted in Figure 3 and summarized in Supplementary Table 1. As demonstrated in the
upper panel, obese patients have significantly lower unipolar voltages, specifically at BB (4.1
[0.4-12.3] mV vs. 6.2 [1.0-14.3] mV, p<0.001) and LA (5.1 [0.5-10.1] mV vs. 6.2 [0.8-15.9] mV,
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Figure 4 - Examples of color-coded voltage maps. Maps show the distribution of potentials within the predefined
atrial areas from an obese patient (left panel) and a non-obese-matched control patient (right panel). These maps
show that there is an increase in lower-voltage areas in the obese patient. BB = Bachmann bundle; LA = left atrium;
PV = pulmonary vein; RA =right atrium.

p=0.003).

Similarly, as shown in the lower panel of Figure 3, the 5 percentile of unipolar voltages was
also significantly lower in obese compared to non-obese patients at BB (1.1 [0.1-5.0] mV vs.
1.910.3-8.71 mV, p<0.001) and LA (1.3 [0.2-7.9] mV vs. 1.7 [0.2-4.9] mV, p=0.009).

Spatial distribution of unipolar low-voltage potentials

Low-voltage areas were observed in all non-obese and obese patients. Figure 4 depicts
examples of color-coded unipolar voltage maps obtained from a typical obese and non-
obese patient constructed from respectively the RA, BB, LA and PV. Though these maps
demonstrate that there is a wide variation in unipolar voltages throughout the entire atrial
surface in both the obese and non-obese patient, the extent of low-voltage areas is higher
in the obese patient. The cut-off value for low-voltage areas, defined as the 5t percentile
of all unipolar voltages in non-obese patients was 0.833 mV. Figure 5 shows incidences of
low-voltage potentials within the entire atria for obese and non-obese patients separately.
There was a significantly higher incidence of low-voltage potentials in obese (3.6 [0-77.1] %)
compared to non-obese patients (2.3 [0-57.9] %), p<0.001.

Predilection sites for low-voltage potentials

Figure 6 depicts the spatial distribution of low-voltage potentials for every atrial location
separately; corresponding values are summarized in Supplementary Table 1. Although
percentages of low-voltage potentials were similar between obese and non-obese patients
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Figure 5 - Graphic representation of the difference
in the percentage of low-voltage potentials between
obese and nonobese patients. There was a significant
increase in the percentage of low-voltage potentials in
obese compared with non-obese patients (p<0.001).

Figure 6 - Graphic representation of the relative distribution of low-voltage potentials within different atrial
areas. Although there were a higher percentage of low-voltage potentials within all atrial areas, BB was the only region
where the differences between obese and nonobese patients were significant (p<0.001). Statistical significance:
p<0.0125. BB = Bachmann bundle; LA = left atrium; Pt. = patient; PV = pulmonary vein; RA = right atrium.
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Table 2 - Clinical risk factors for EPOAF.

(0] 95% Cl for OR p-value
Univariable analysis
« HT 1.559 1.149-2.115 0.004
« HL 1.332 0.991-1.792 0.058
- DM 1.126 0.816-1.554 0471
- LAE 1.908 1.186-3.072 0.008
« BMI 1.084 1.050-1.120 <0.001
- AVD 1.321 0.487-2.061 0.219
+ AVD+CABG 1.486 0.958-2.304 0.177
- CABG 1.114 0.662-1.217 0.486
+ MVD 3.013 1.058-8.581 0.039
+ MVD+CABG 9.159 2.925-28.679 <0.001
+ Median voltage 1.279 0.822-2.938 0.552
+ Low-voltage (%) 1.023 1.008-1.038 0.002
Surgical procedure
« HT 2.496 1.519-4.102 <0.001
- LAE 1.890 1.107-3.227 0.020
« BMI 1.058 1.006-1.112 0.028
+ MVD+CABG 4.953 1.344-18.256 0.016
+ Low-voltage (%) 1.041 1.017-1.064 0.001

BMI was used as a continuous variable in the conditional univariable and multivariable binary logistic regression
analysis. AVD = atrial valve disease; BMI = body mass index; CABG = coronary artery bypass grafting; Cl = confidence
interval; DM = diabetes mellitus; EPOAF = early post-operative atrial fibrillation; HL = hyperlipidemia; HT =
hypertension; LAE = left atrial enlargement; MVD = mitral valve disease; OR = odds ratio.

within the majority of atrial locations, there was a significantly higher percentage of low-
voltage potentials at BB in obese (2.9 [0-77.1] %) compared to non-obese patients (0.9 [0-
42.0] %, p<0.001).

Correlations between heterogeneity in conduction and potential voltages

In our previous paper, we have shown that heterogeneity in conduction was higher in
obese patients thus increasing their vulnerability towards AFS Therefore, we wanted to
assess the relationship between potential voltages including the extent of low-voltage
areas and conduction abnormalities. Correlations between potential voltages and various
conduction parameters for all patients, obese and non-obese separately are summarized
in Supplementary Table 2. Most correlations were weak to moderate, although significant.
The highest correlation coefficient was observed between the percentage of low-voltage
potentials and percentage of CB (entire population: p=0.442, p<0.001; obese group:
0=0.473, p<0.001 and non-obese patients: p=0.381, p<0.001).

Risk factors of EPOAF

As shown in our previous paper,® the incidence of EPOAF in our population was higher in
obese (36% [n=38]) compared to non-obese patients (17% [n=18]), p=0.003. Univariable and
multivariable predictors of EPOAF with their respective OR (95% Cl) are summarized in Table
2. Significant univariable predictive factors for incidence of EPoAF include HT (OR 1.559,
p=0.004), left atrial enlargement (LAE) (OR 1.908, p=0.008), BMI (OR 1.084, p<0.001), MVD (OR
3.013, p=0.039), MVD and CABG (OR 9.159, p<0.001) and percentage of low-voltage potentials
(OR 1.023, p=0.002). In the multivariable analysis, percentage of low-voltage potentials was
the only significant electrophysiological parameter for development of EPoAF (OR 1.041,
p=0.001). Other significant associations between clinical parameters and incidence of EPoAF
include HT (OR 2.496, p<0.001), LAE (OR 1.890, p=0.020) and BMI (OR 1.058, p=0.028).
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Discussion

This study compared the magnitude and spatial distribution of unipolar voltages between
obese and non-obese patients. Obesity is associated with lower unipolar voltages,
particularly at BB and LA. Low-voltage areas were predominantly found at BB. Moderate
correlations were observed between voltage characteristics and conduction abnormalities
in both obese and non-obese patients. In addition, both BMI and percentage of low-voltage
areas were independent predictors for development of EPoAF.

Obesity and voltage characteristics

Previous studies have shown the link between obesity and development of AF, however the
underlying electrophysiological mechanism are still incompletely understood.>'3'* BMI has
been associated with an increased amount of pericardial and epicardial fat.'>'¢ EAT, through
its paracrine effect contributes to development of atrial interstitial fibrosis.”

In a study conducted by Mahajan et al.2 low atrial voltages were observed in the posterior
and inferior LA. These areas were adjacent to the posteriorly located fat pad in obese
patients undergoing electro-anatomical mapping during SR before AF ablation.2 In our
study population, consisting of patients without a history of AF, we observed that obesity
was associated with a higher incidence of low-voltage potentials particularly at BB. BB is
the preferential inter-atrial connection insuring bi-atrial synchronous contraction.’® This
observation suggests that deposition of EAT may be more pronounced at BB. Indeed, Saremi
et al’? demonstrated that in some patients BB is replaced by fat.

Our previous study showed relationships between conduction abnormalities and obesity.5
In this study we demonstrated correlations between conduction abnormalities and
low-voltage areas. This finding further supports the associations between obesity and
electrophysiological abnormalities.

Obesity, voltage characteristics and EPOAF

Previous studies have shown that BMI, as a measure of adiposity is a strong independent
factor for both AF and PoAF.%202' Phan et al.2 demonstrated in a meta-analysis focusing
on patients without a history of AF, that obesity was associated with an increased risk of
developing PoAF. In our study, the multivariate analysis showed that a 1.058 unit increase in
BMI resulted in a higher incidence of EPOAF (p=0.028). Csige et al.22 demonstrated that 1-unit
increase in BMI can increase the incidence of newly developed AF by 4%. Clinical factors
including HT, HL and LAE were also independently associated with the development of
EPoAF. These findings being reported by prior studies.

Atrial fibrosis is a feature in obesity related structural remodeling. Prior studies demonstrated
relations between histological evidence of increased atrial fibrosis, indirect evidence of
reduced endocardial atrial voltages.2* Development of obesity is associated with hypoxia of
the expanded adipose tissue resulting in adipose tissue fibrosis and production of various
adipo-cytokines including TGF family.2> The combination between increased epicardial
adiposity, atrial fibrosis and altered three-dimensional atrial architecture could be pro-
fibrillatory with increased likelihood of conduction heterogeneity that may sustain reentry.
Our previous study has shown that the incidence of CB was an independent predictor for
EPoAF occurrence. In this study, we found that the percentage of low-voltage potentials is
alsoindependently associated with development of EPOAF in obese patients. The correlation
between the two electrophysiological parameters could therefore potentially explain the
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higher risk of EPOAF development in obese patients.

Study limitations

Recordings of the interatrial septum could not be obtained during the closed beating heart
epicardial mapping approach. Due to the invasive mapping approach, healthy patients
could not be included. EAT, whenever present on the atria was not dissected prior to
myocardial sampling. Distribution of EAT could not be examined through imaging due to
logistic reasons. Lipotoxicity of the underlying myocardial tissue was not assessed.

Conclusion

Obesity may predispose to an overall decrease in atrial voltage and a higher percentage
in low-voltage potentials. BB was a predilection area for low voltage within the atria of the
obese patients. However, whether obesity alone is responsible for the low-voltage areas
remains to be further investigated. In order to determine the impact of obesity induced low-
voltage areas during long-term clinical outcome, further prospective studies are mandatory.
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CHAPTER 7

Abstract

Background: Low-voltage areas (LVAs) are commonly considered surrogate markers for an
arrhythmogenic substrate underlying tachyarrhythmias. It remains challenging to define a
proper threshold to classify LVA, and it is unknown whether unipolar, bipolar, and the recently
introduced omnipolar voltage mapping techniques are complementary or contradictory in
classifying LVAs. Therefore, this study examined similarities and dissimilarities in unipolar,
bipolar, and omnipolar voltage mapping and explored the relation between various types
of voltages and conduction velocity (CV).

Methods: Intra-operative epicardial mapping (interelectrode distance 2 mm, £1900 sites)
was performed during sinus rhythm in 21 patients (48+13 years, 9 male) with atrial volume
overload. Cliques of 4 electrodes (2X2 mm) were used to calculate the maximal unipolar,
bipolar, and omnipolar voltages and mean CV. Areas with maximal bipolar or omnipolar
clique voltage <0.5 mV were defined as LVA.

Results: The maximal unipolar clique voltage was not only larger than maximal bipolar
clique voltage but also larger than maximal omnipolar clique voltage (7.08 [4.22-10.59]
mV vs. 5.27 [2.39-9.56] mV and 5.77 [2.58-10.52] mV, respectively, p<0.001). In addition,
the largest bipolar clique voltage was on average 1.66 (range: 1.0-59.0) times larger to the
corresponding perpendicular bipolar voltage pair. LVAs identified by a bipolar or omnipolar
threshold corresponded to a broad spectrum of unipolar voltages and, although CV was
generally decreased, still high CVs and large unipolar voltages were found in these LVAs.

Conclusions: In patients with atrial volume overload, there were considerable discrepancies
in the different types of LVAs. Additionally, the identification of LVAs was hampered by
considerable directional differences in bipolar voltages. Even using directional independent
omnipolar voltage to identify LVAs, high CVs and large unipolar voltages are present within
these areas. Therefore, a combination of low unipolar and low omnipolar voltage may be
more indicative of true LVAs.
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Introduction

Low-voltage areas (LVA) are commonly considered surrogate markers for arrhythmogenic
atrial tissue containing areas of slow conduction, thereby serving as potential target sites
for ablation therapy of atrial tachyarrhythmias including intra-atrial reentrant tachycardias
and focal atrial tachycardias.® However, whether LVAs also play a role in the pathogenesis
of atrial fibrillation (AF) in patients with congenital heart disease remains unknown. Voltage
mapping considerably depends on the use of either unipolar or bipolar electrograms (EGMs),
each having its own advantages and disadvantages.'*

Asunipolar EGMs comprise a larger region of myocardial electrical activity, bipolar recordings
are mainly used to detect scar tissue areas as it represents more local information. Although
ablation of bipolar LVAs has shown a possible benefit in certain patient populations, the
efficacy of such bipolar voltage-guided ablation strategies remains controversial.># This can
only partly be explained by the complexity of bipolar EGMs and the directional sensitivity on
the potential voltage, which decreases when wavefront propagation is perpendicular to the
recording electrodes. To overcome the directional sensitivity, a so-called omnipolar mapping
technique has been recently developed which mathematically extracts maximal bipolar
voltage from a collection of EGMs, independently of wavefront propagation direction." On
the other hand, it has been suggested that unipolar voltage mapping is preferred to identify
intramural arrhythmogenic substrate! It is for these reasons that unipolar and bipolar
voltage mapping are increasingly combined to provide additional information on the
underlying tissue.’>'7 Still, it remains very challenging to define a proper threshold to identify
LVAs and it also remains unknown whether unipolar, bipolar and omnipolar voltages are
complementary or contradictory on identifying LVAs at a high-resolution scale. Therefore,
we performed high-density epicardial mapping in patients with atrial volume overload
to 1) examine similarities and dissimilarities in unipolar, bipolar and omnipolar voltage
distribution and 2) explore the relation between various types of voltages and conduction
velocity (CV) in identification of LVA.

Methods

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Study population

The study population consisted of 21 adult patients with atrial volume overload due to
an interatrial left-to-right shunt undergoing surgical correction in the Erasmus Medical
Center Rotterdam. This study was approved by the institutional medical ethical committee
(MEC2010-054/MEC2014-393).1819 Written informed consent was obtained from all patients.
Patient characteristics were obtained from the patient’s medical record.

Epicardial mapping procedure

Epicardial high-resolution mapping was performed before commencement to extra-
corporal circulation, as previously described in detail.222 A temporal bipolar epicardial
pacemaker wire attached to the RA free wall served as a reference electrode. A steel wire
fixed to subcutaneous tissue of the thoracic cavity was used as an indifferent electrode.
Epicardial mapping was performed with a 128-electrode array or 192-electrode array (GS
Swiss PCB AG, Kussnacht, Switzerland; interelectrode distance 2.0 mm, both vertically and
horizontally; electrode diameter 0.45 mm; array surface 14X30 mm and 14X46 mm).22
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Figure 1 - Construction of unipolar, bipolar, and omnipolar voltages in 2x2 mm cliques. Panel A: a high-
density electrode array consisting of 192 unipolar electrodes (2 mm interelectrode distance) was used to map the
epicardial surface of the atria during open-chest surgery. For each square area, enclosed by 4 electrodes, 4 unipolar
electrograms (EGMs), and matched bipolar and omnipolar EGMs were derived from 2 electrode orientations (along
the vertical y axis [green] and horizontal x axis [red]) as indicated by the dotted lines. Panel B: peak-to-peak voltages
of corresponding EGMs are used to create different voltage maps. The electrode orientation dependence of bipolar
mapping is clearly visualized by the considerable differences in voltages between the bipolar-x and bipolar-y voltage
maps. Bipolar-max voltage map illustrates the maximal bipolar voltage in both horizontal and vertical orientations
within one clique. Panels C and D: examples of a unipolar, horizontal bipolar-x, vertical bipolar-y and omnipolar EGM.
The 2 bipolar EGMs differed considerably, illustrating the electrode orientation dependence of bipolar mapping.
Omnipolar mapping provides electrode orientation-independent voltages that are larger (C) and similar (D) to the
bipolar with the largest measurable peak-to-peak voltage, in both cases the vertical bipolar-y EGMs.

Mapping was conducted by shifting the electrode array along imaginary lines with a fixed
anatomic orientation, following a predefined mapping scheme, covering the entire epicardial
surface of the right atrium (RA), Bachmann’s bundle (BB), pulmonary vein area (PVA) and
left atrium (LA).’® Omission of areas was avoided at the expense of possible small overlap
between adjacent mapping sites. The RA was mapped from the cavo-tricuspid isthmus,
shifting perpendicular to the caval veins towards the RA appendage. The PVA was mapped
from the sinus transversus fold along the borders of the right and left pulmonary veins down
towards the atrioventricular groove. The left atrioventricular groove was mapped from the
lower border of the left inferior pulmonary vein towards the LA appendage. BB was mapped
from the tip of the LA appendage across the roof of the LA, behind the aorta towards the
superior cavo-atrial junction.
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Five seconds of stable SR were recorded from every mapping site, including a surface ECG
lead, a calibration signal of 2 mV and 1000 ms, a bipolar reference EGM and all unipolar
epicardial EGMs. Data was stored on a hard disk after amplification (gain 1000), filtering
(bandwidth 0.5-400 Hz), sampling (1 kHz) and analogue-to-digital conversion (16 bits).
Bipolar EGMs were created by subtracting two neighboring unipolar EGMs in horizontal
(bipolar-x) and vertical direction (bipolar-y) and subsequently filtered (bandwidth 30-400
Hz) as demonstrated in Figure TA.

Omnipolar voltage mapping

Omnipolar EGMs were created from the bipolar EGMs using a technique described by Deno
et al.®Within a square area defined by 4 adjacent electrodes (a clique), omnipolar EGMs were
used to mathematically obtain bipolar EGMs in any direction without physically rotating
the sensing electrodes of the bipolar pair. As demonstrated in Figure 1B, within a clique,
a 2-dimensional voltage vector #(t) is derived from an electric field of a passing activation
wavefront from which the maximal extend of two orthogonal bipolar EGMs is calculated
over the interval (T)%

Vinax = t?g?é,ﬂﬁ(tl) - 1_7\(t])|}

Vinax COrresponds to the peak-to-peak amplitude of a bipolar voltage signal obtained along
the unit vector direction / where t; and t; are now the times associated with V.4, in which
t; > t;:

v(t) — v(t;)
Vmax

Vinax Provides an objective measure of the largest possible bipolar EGM within a clique
without the ambiguity of electrode orientation and is used to describe omnipolar EGM
voltages.

m=

Data analysis

Unipolar, bipolar and omnipolar EGMs were semi-automatically analyzed using custom-
made software. The steepest negative slope of a unipolar atrial potential was marked as the
local activation time (LAT), providing that the amplitude of the deflection was at least two
times the signal-to-noise ratio of the unipolar EGM. Double and fractionated potentials were
defined as potentials with respectively 2 and >3 deflections. All annotations were manually
checked with a consensus of two investigators. CV was computed from LATs using discrete
velocity vectors as previously described.? Signal voltage was defined as the peak-to-peak
amplitude of the steepest deflection (unipolar) or highest peak (bipolar and omnipolar) as
demonstrated in Figure 1B. As omnipolar EGMs can only be derived in square areas, unipolar
and bipolar potentials were correlated to each other in areas of 2X2 mm -a clique- which
contain 4 unipolar EGMs, the corresponding bipolar-x/y EGMs and the omnipolar EGM
(Figure 1A). Subsequently, the maximal potential voltage of the unipolar EGMs, maximal
potential voltage of the bipolar-x/y EGMs and omnipolar EGM pertaining to that area were
computed, resulting in 3 values (Vuni,max, Voimax aNd Vomnimax). In addition, the mean of the 4
CV estimates derived from the 4 unipolar LATs was used as indication of the CV through
the 2X2 mm area. As a bipolar voltage cut-off of <0.5 mV is most frequently used in daily
clinical practice to identify LVAs, we also used this value as the “gold standard” to identify
low-voltage cliques.2* Areas corresponding to a mean CV of 0 cm/s were excluded to avoid
inclusion of far-field potentials.
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Table 1 - Baseline characteristics.

Patients 21
Male 9 (43)
Age (y) 48+13 (18-70)

Type of congenital heart defect
« ASD typel

1(5)

.+ ASDtypell 12(57)

- SVD with PAPVR 7 (33)

- PAPVR 1(5)
BMI (kg/m2) 28.7+4.7
RA volume (ml/m?) 53+16
RA dilatation 19 (90)
LA dimension (cm/m?) 2.0[1.9-2.2]
LA dilatation 5(24)
Left ventricular function

« Normal 19 (90)

+ Mild dysfunction 1(5)

-+ Moderate dysfunction 1(5)
Right ventricular function*

« Normal 17 (81)

-+ Mild dysfunction 1(5)

+ Moderate dysfunction 1(5)

Antiarrhythmic agents
+ Class |l 6(29)

Values are presented as N (%), mean + standard deviation (min—-max) or median [interquartile ranges]. *Not available
in 2 patients. ASD = atrial septal defect; BMI = body mass index; LA = left atrium; PAPVR = partial abnormal pulmonary
venous return; SVD = sinus venosus defect; RA =right atrium.

Statistical analysis

Normally distributed data are expressed as mean + standard deviation, whereas skewed data
are expressed as median [25%-75% percentile]. Clinical characteristics were compared using
Student’s t-test or Mann-Whitney U test when appropriate. Categorical data are expressed
as numbers (percentages) and analyzed with a 2 or Fisher exact test. Paired voltage data
was analyzed between patients using a Wilcoxon signed-rank test. A p-value <0.05 was
considered statistically significant. A Bonferroni correction was applied when appropriate.

Results
Study population

Clinical characteristics of the study population (N=21, age 48+13 years, 9 male (43%)) are
summarized in Table 1. Most patients had an atrial septal defect (ASD) type Il (N=12, 57%).
The other patients had a sinus venosus defect (SVD) with partial abnormal pulmonary
venous return (PAPVR, N=7), and ASD type | (N=1) and isolated PAPVR (N=1). Right and left
atrial dilatation was respectively present in 19 (90%) and 5 (24%) patients. Patients had no
history of atrial arrhythmias.

Unipolar, bipolar and omnipolar voltage maps

In the entire study population, a total of 193 mapping locations resulted in 175,667 unipolar
and 306,685 bipolar recordings from which 146,015 cliques were created. Within the 2X2 mm
areas, there were considerable directional differences in bipolar voltages. The largest bipolar
voltage was on average 1.66 (ranging from 1.0 to 59.0) times larger than the corresponding
perpendicular bipolar voltages.
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Figure 2 - Relation between unipolar, bipolar and omnipolar voltages and CV. Quantitative analysis of unipolar
clique voltage (Vunimax), bipolar clique voltage (Vsimax), and omnipolar clique voltage (Vomnimax) distributions (left) and
the similarity of Vunimax, Vbimax, aNd Vomnimax VOItages (other). The conduction velocity (CV) is color-coded, ranging from
60 to 100 cm/s, visualized in which green represents high CV and red low CV. A black line indicates the ordinary least
squares prediction. Statistical significance is indicated by an asterisk (p<0.001).

Differences in voltage maps constructed by using unipolar and corresponding bipolar-x,
bipolar-y or omnipolar EGMs are illustrated in Figure 1B. Figure 1C shows the EGMs derived
from the highlighted area at the bottom of the mapping array. The largest unipolar EGM
had an amplitude of 13.9 mV, while its corresponding bipolar-x and bipolar-y EGMs had
an amplitude of respectively 10.8 mV and 13.7 mV. The amplitude of the corresponding
omnipolar EGM was larger compared to the largest bipolar-x/y EGM (16.2 mV). Figure
1D shows the EGMs derived from the highlighted area at the top of the mapping array
containing smaller voltages. Likewise, the largest unipolar EGM (2.23 mV) was much larger
than the corresponding bipolar-x (0.39 mV) and bipolar-y EGMs (0.66 mV). However, it now
critically depends on the bipolar electrode orientation whether this clique was identified
as LVA as only the bipolar-y EGM was >0.5 mV. Furthermore, the corresponding omnipolar
EGMs only resulted in an amplitude slightly larger than the largest bipolar-x/y EGM (0.67 mV).
As a result, there are differences between corresponding unipolar, bipolar and omnipolar
voltage maps as demonstrated in Figure 1B.

The left panel of Figure 2 demonstrates the distribution of Vunimax, Voimax @nd Vomnimax from
all cliques obtained from all patients. Vinmax Was larger than both Vi max and Vomnimax (7.08
[4.22-10.59] mV vs. 5.27 [2.39-9.56] mV and 5.77 [2.58-10.52] mV respectively, p<0.001 for
each). In addition, Vomnimax Was larger than Vi max (5.77 [2.58-10.52] mV vs. 5.27 [2.39-9.56] mV,
p<0.001).

Relationship between unipolar, bipolar and omnipolar voltages and conduction
velocity

The right panel of Figure 2demonstrates the relationship between Vinimax, Voimax aNd Vomnimax.
The mean CV of each clique was 92.0 [73.2-109.1] cm/s and is indicated by color-coded
scatters; larger voltages (both Viynimax and Vuimax) are associated with higher CVs. Double
and fractionated potentials were present in 36.9% of the cliques. In only 24.7% of the
cliques, bipolar voltages were larger than unipolar voltages. As a consequence, there was a
strong inversely quadratic relation with linear component (R2=0.956; Y ~ 0.41X + 2.18VX)
between Vin,max and Vpimax. Similar results were obtained by comparing Vunimax and Vomnimax
(R2=0.952; Y ~ 0.34X + 2.19vX ). Furthermore, there was a strong, positive linear correlation
(R2=0.990; Y ~ 1.11X ) between Vpimax aNd Vomni,max- When all Vi max are subdivided into three
groups (<0.5 mV, 0.5-1.0 mV and >1.5 mV) and compared with the corresponding Vomnimax
there was an increasing influence of Vomni,max ON the different Vi max groups (<0.5 mV: 4.4%;
0.5-1.0 mV: 5.0%; >1.5 mV: 8.8%; all p<0.001). However, in terms of absolute values, the added
effect of Vomnimax ON lower voltages was only minimal (+0.02 mV).
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Table 2 - Characteristics of low-voltage areas (N=146,015).

Bipolar LVA Omnipolar LVA

% LVA 430 377
Vunimax LVA (mV) 1.36 [0.99-1.86] 1.31[0.97-1.80]
normal (mV) 7.33[4.60-10.80] 7.30[4.55-10.77]
cv LVA (cm/s) 60.2 [37.2-85.2] 58.7 [35.2-83.7]
normal (cm/s) 92.9[74.7-109.6] 92.8 [74.6-109.5]
Fractionation LVA (%) 48.1 49,3
normal (%) 36.4 36.4

CV = conduction velocity; LVA = low-voltage area; Vuni,max = Unipolar clique voltage.

Characteristics of low-voltage areas

In our data, the 5t percentile of the relative frequency Vuimax histogram was 0.55 mV, which
is comparable to the voltage cut-off value of <0.5 mV which is most frequently used in daily
clinical practice to identify LVAs. We therefore also used this value to identify low-voltage
cliques.

Application of this threshold on Viimax and Vomnimax is demonstrated in Figure 3. As shown
in the left panel, respectively 4.30% of Viimax and 3.77% of Vomnimax Were classified as LVA;
the corresponding Vinmax and CV of these cliques are listed in Table 2. For both recording
techniques, Vuni,max and CV was lower in LVAs, and double and fractionated potentials were
more often recorded from these areas compared to ‘normal’ areas (p<0.001 for all). Using
only either the bipolar-x or -y values of all cliques, respectively 37% and 21% additional
cliques were classified as LVA.

When the threshold of 0.5 mV was applied to Vomnimax Clique values, 14.6% of the bipolar LVA
cliques were now identified as ‘normal’ area. Although the majority of Vyimax in these areas
were in a relatively small range, a great variety of Vinimax and CV was found (Vp;max of 0.46
[0.41-0.48] mV ranging from 0.17 to 0.499 mV, corresponding Vinimax of 1.77 [1.31-2.27] mV
and CV of 69.1 [47.0-92.6] cm/s). On the other hand, 2.6% of the omnipolar LVA cliques (0.1%
of all cliques) had ‘normal’ Vi;max vValues and were so falsely identified as LVA. However, this
only accounted for cliques which were already very close to 0.5 MV; Vomni,max in these LVAs was
0.49 [0.47-0.49] mV against the corresponding V;max 0f 0.52 [0.51-0.53] mV.

Figure 3 — Characteristics of LVAs. Visualization of Vunmax in LVAs (left of black solid line) identified using the gold
standard threshold of 0.5 mV applied on Vi;max (left panel) and Vomni,max (right panel). Conduction velocity (CV) is color-
coded visualized in which green represents high CV and red low CV. The dashed line indicates the 95% percentile
of Vunimax Within the corresponding LVA. 4.30% of Vpimax Was classified as LVA and 3.77% of Vomnimax. CV = conduction
velocity; LVA = low-voltage area; Vuimax = bipolar clique voltage; Vomnimax = 0mnipolar clique voltage; Vuni,max = Unipolar
clique voltage.
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Figure 4 - Patient voltage fingerprints. Relation of the patient voltage distributions (left and center). Each dot
represents the median value of the corresponding individual unipolar and bipolar voltage distribution (left) or
unipolar and omnipolar voltage distributions (center). The error bars represent the 25" and 75t quartile of each
distribution. The relationship is illustrated by the orange line. Statistical significance of the relationship is indicated
by an asterisk (p<0.01). The right panels show the amount of LVAs (top: bipolar <0.5 mV; middle: omnipolar <0.5 mV;
and bottom: unipolar <0.478 mV) in each patient separately ranked by the median bipolar voltage.

Does a unipolar low-voltage threshold exist?

As demonstrated in Figure 2, 1ow Viimax and Vomnimax are related to Vinimax by, in particular,
the inversely quadratic component of the relationships. Therefore, a small increase in either
Vpi,max OF Vomnimax Will result in a relatively large increase in Vunimax. This relation can be used to
determine a unipolar threshold to identify the LVAs using only Vinimax. In order to detect the
“gold standard” bipolar LVAs of <0.5 mV with a precision of at least 90%, a unipolar threshold
of 0.53 mV should be used. Vice versa, by using this unipolar threshold only 1.8% of the
bipolar LVAs was classified as true positive. On the other hand, applying the “gold standard”
threshold of <0.5 mV for Vemn,max, @ Unipolar threshold of 0.48 mV should be used. Using
this unipolar threshold only 1.1% of the omnipolar LVAs could be identified as true positive.
Hence, using solely Vyni,max, ONly a limited number of these “gold standard” LVAs could be
correctly identified and therefore usage of Vunimax alone is not suitable in identifying these
LVAs.

Patient voltage Fingerprints

Next, all types of clique voltages were collected for each individual patient. As illustrated in
Figure 4, there was a strong linear relationship between median Vyn,max and corresponding
median Viimax and Vomni,max fOr every patient separately (R2=0.924, p<0.01 and R2=0.916, p<0.01
respectively). Voltage distribution of Vunimax, Voimax @Nd Vomnimax Varied considerably between
various patients, as listed in Table 2. The largest median voltages were found in Vinimax (7.03
[5.74-8.15] mV), followed by Vomni,max (5.68 [4.85-6.80] mV) and Vyimax (5.27 [4.47-6.22] mV,
p<0.001 for each).

Table 3 - Regional voltage mapping results (N=21).
Parameter RA :]:] PVA LA p-value

Unipolar (mV) 6.21[530-7.67]  6.81[531-9.15]  6.86[3.64-832] 9.65[7.16-10.73] 0.016
Bipolar (mV) 491[3.93-6.57]  430[2.54-6.11] 449[1.67-6.84] 6.88[5.03-9.87]  0.022
Omnipolar (mV)  555[4.23-7.28] 473[269-637] 4.80[1.72-740]  7.55[5.43-11.11] 0.019
CV (cm/s) 90.7 [86.7-944]  93.9[83.7-99.0]  96.0([88.6-104.7] 93.3[87.5-96.0]  0.299
LVA bipolar (%) 1.9[0.5-2.7] 1.2[0.0-10.6] 1.9[0.0-17.8] 0.2[0.0-2.4] 0.441
LVA omnipolar (%) 1.2[0.2-2.2] 0.2 [0.0-8.8] 1.6 [0.0-10.5] 0.1[0.0-2.1] 0.356

CV = conduction velocity; LVA = low-voltage area; RA =right atrium; BB = Bachmann’s bundle, PVA = pulmonary vein
area; LA = left atrium.
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Applying the gold standard threshold of 0.5 MV on Vyimax, LVAS were present in all patients (1.9
[1.1-7.1] %, ranging from 0.01% to 18.5%), while applying this threshold on Vomni,max, LYAS were
presentinonly 19 out of 21 patients (1.8 [0.9-4.9] %, ranging from 0.2% to 16.8%). The amount
of LVAs was smaller when using Vomnimax compared to Viimax (p<0.001). As demonstrated in
the left panel of Figure 4, patients with higher median Vyimax had smaller amounts of LVAs
compared to patients with lower median Vuimax. When applying the unipolar threshold of
<0.48 mV on Vunimax, LVAs were only present in patients who also have a large amount of
bipolar and omnipolar LVAs.

Next, all parameters were subdivided according to the corresponding atrial recording regions
(RA, BB, PVA and LA) and are demonstrated in Table 3. Vinimax Was larger at LA compared to
all other atrial regions (9.65 [7.16-10.73] mV vs. RA: 6.21 [5.30-7.67] mV, BB: 6.81 [5.31-9.15]
mV and PVA: 6.86 [3.64-8.32] mV, all P<0.0083), and Vpimax and Vomnimax Were larger at LA
compared to RA and BB (Vpimax LA: 6.88 [5.03-9.87] mV vs. RA: 4.91 [3.93-6.57] mV and BB:
4.30 [2.54-6.11] mV; Vomnimax LA: 7.55 [5.43-11.11] mV vs. RA: 5.55 [4.23-7.28] mV and BB: 4.73
[2.69-6.37] mV, all P<0.0083). There were no regional differences in CV, amount of bipolar
LVAs and omnipolar LVAs.

Discussion

High resolution voltage mapping in patients with congenital heart disease demonstrated
that within an area of 2X2 mm, omnipolar voltages were larger than maximal bipolar
voltages but smaller than maximal unipolar voltages. There were considerable directional
differences in bipolar voltages; more than 20% of the largest bipolar voltage differed even
more than 50% from the corresponding perpendicular bipolar voltages. These differences
have a major impact on identification of LVAs. Using omnipolar voltages, 15% of the bipolar
LVAs were not identified, although it also resulted in 2.6% additional LVAs which had ‘normal’
bipolar voltages. All LVAs contained a large variety of unipolar voltages and even though
CV was generally decreased, high CVs and large unipolar voltages could still be found
within these areas. Due to high inter-individual unipolar voltage variations within LVAs, no
clear unipolar threshold corresponded with “correct” identification of LVAs in patients with
interatrial left-to-right shunts. Although all different types of voltage maps demonstrated
interregional differences, no predilection sites for LVAs were found.

Voltage mapping

In current clinical practice, atrial arrhythmogenic areas are identified using bipolar voltage
mapping or by visualization of fibrotic areas using imaging techniques such as MRI. Although
there is still limited theoretical understanding of the determinants of bipolar EGMs, their
amplitude has become the backbone of clinical substrate mapping approaches.s Areas
with low bipolar voltages are regarded as indicators of arrhythmogenic tissue and used
as target sites for ablation therapy.2 However, bipolar voltage is not only affected by the
underlying myocardial tissue, but also by tissue proximity, cycle length, CV, fiber orientation
and curvature. Additionally, characteristics of the recording electrode such as the angle of
the electrodes on tissue, interelectrode distance and electrode size may influence bipolar
EGM voltages as well.12528

Although frequently debated, a recent study has shown that in simulated and clinical data,
the amplitude of bipolar EGMs changes from a maximum value parallel to the propagation
direction to 0 mV perpendicular to the propagation direction. This direction dependency
may account for up to a 49% difference in bipolar voltage particularly during SR.*#926In our
study, more than 20% of the largest bipolar voltage differed even more than 50% than the
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corresponding perpendicular bipolar voltages. Therefore, bipolar EGMs at one orientation
could erroneously indicate that certain areas are ‘diseased’ but not if examined at another
orientation. In our study, 3.7% of the investigated areas could be identified as LVA if only
one electrode orientation was taken into account. This would have resulted in a LVA
overestimation of 17.6%. Therefore, by using solely bipolar EGMs, (non-)arrhythmogenic
areas can possibly be misclassified.

To overcome the directional dependency of bipolar voltage mapping, omnipolar EGMs
have been introduced to improve substrate mapping by providing wavefront orientation-
independent measurements revealing the highest possible bipolar voltage?" However,
the advantage of omnipolar mapping on low-amplitude voltages is relatively low due to its
linear relationship with the corresponding bipolar voltages. The same implies for unipolar
voltages that are also unaffected by the electrode orientation and electrode distances,
although unipolar EGMs are more susceptible to noise and (ventricular) far-field. Moreover,
it is assumed that unipolar EGMs have a deeper field of view in the myocardium, which
improves detection of intramural and endo- or epicardial arrhythmogenic tissue.' This can
also explain the large range of unipolar voltages compared to the bipolar voltages within
the cliques.

Interrelationship between voltage and conduction velocity

It is generally assumed that bipolar voltage is affected by several factors, including CV!
Multiple studies showed clear associations between bipolar voltage and CV, in which it was
predominantly stated that areas of low bipolar voltage are associated with low CV.262° Due
to the slowed conduction in these areas, neighboring unipolar EGMs may overlap resulting
in a low amplitude bipolar EGM. This is similar to constructing a bipolar EGM perpendicular
to the propagation direction. In a study of Itoh et al.? a logarithmic relationship was found
between right atrial CV and local bipolar voltage during atypical atrial flutter. Although in our
study larger voltages were associated with higher CVs, we could not find a clear relationship
between CV and bipolar voltage as there was too much variation in CV across all recorded
bipolar voltages.

Unipolarvoltage has also previously been linked to CV.Fast conduction along the longitudinal
axis of the atrial fibers is characterized by large unipolar voltages, whereas in areas of slowed
conduction unipolar potentials have low amplitude.?' In addition, loss of S-wave amplitude
in patients with paroxysmal AF and decrease of peak negative voltage during atrial flutter
have been previously correlated to a decrease of CV.3233 This is in accordance with our study,
in which lower CVs were predominantly found in areas with lower unipolar voltages.

Ablation targeting low-voltage areas

Multiple ablation strategies of atrial and ventricular tachyarrhythmias target diseased
myocardium identified by bipolar voltage, which are associated with structurally remodeled
areas with local slowing of conduction. ‘Abnormal’ LVAs in the atria are usually identified
with voltage cut-off values in SR of <0.5 mV and scar <0.05 mV as it is then indistinguishable
from noise.2534 However, there is still much debate on which thresholds to use and when
classifying tissue as diseased, healthy or as an ‘intermediate’ zone that does not contain
substantial remodeled areas but also not only healthy tissue.3* In addition, Soejima et al.?s
have shown that there are still be surviving excitable fibers within LVAs which are important
pathways within reentry circuits underlying ventricular tachycardias. From our data, it is
clear that there is no single straightforward method to identify arrhythmogenic areas, but
different grades can be observed.3
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It becomes even more difficult as directional sensitivity of bipolar EGMs limit the accuracy
of these approaches by causing underestimation of bipolar voltage, especially when using
narrowly spaced electrodes and in regions with normal CV.2%6 Although unipolar EGMs are
not affected by directional sensitivity, substrate assessment by solely unipolar voltage is also
limited.3s We found that even in omnipolar LVAs there are still high unipolar voltages and a
large variety of CVs. The logarithmic relationship between right atrial CV and bipolar voltage
found by Itoh et al.® also shows that for a relatively narrow interval of bipolar voltages a
broad spectrum of CVs can be found. In this study it was reported that all bipolar voltages
<0.5 mV covered more than half of the CVs. This is comparable to our results, in which we
also found a wide range of CVs within the LVAs. Furthermore, we also demonstrated that
unipolar- and bipolar voltages could vary considerably in LVAs. Hence, bipolar voltages do
not necessarily represent an arrhythmogenic substrate. For these reasons, fixed voltage
thresholds are questionable.

Several studies also reported on the combination of unipolar-and bipolar voltage mapping to
characterize the atrial substrate.’>338 Although results were mixed, Chopra et al.?” proposed
that the mismatch between bipolar and unipolar LVAs represents zones of scar that extend
deep to and beyond the endocardial abnormal voltage area. This is in line with the deeper
field of view of unipolar EGMs. Furthermore, it has been suggested that the bipolar voltage
threshold of 0.5 mV overestimates the size of dense scar and still harbors islets and channels
of viable tissue, while a unipolar threshold of <1.0 mV showed no discernible or excitable
tissue and represents electrically dense scar. LVAs containing both low omnipolar and low
unipolar voltage could therefore be more indicative of ‘true’ arrhythmogenic tissue.

Low-voltage areas and congenital heart disease

Especially in patients with an interatrial shunt, significant inter-individual variation in the
spatial distribution of atrial conduction disorders exist even during SR.33*' In addition, lower
voltages, both unipolar and bipolar, were found in this patient population as compared to
patients without structural heart disease, although ‘normal’ and scar tissue could not clearly
be delineated.” Larger LVAs in patients with congenital heart disease and complex atrial
tachyarrhythmias are associated with worse acute and midterm clinical outcomes.?2 As
demonstrated by Houck et al.?, conduction disorders in patients with an interatrial shunt
are most pronounced in the RA and BB. Furthermore, other studies showed the presence of
functional conduction delay in the region of the crista terminalis in patients with (chronic)
atrial overload, which are related to development of atrial tachyarrhythmias.2*44 In our
study, we found a large interindividual and interregional variety of unipolar, bipolar and
omnipolar voltages.

Although conduction disorders are frequently present in this patient population, LVAs were
notidentified in all patients. Specifically, LVAs were most often found at the RA, although the
amount of LVAs did not differ between all atrial regions. The patients with LVAs, however,
showed not only a large variety in the amount of LVAs, but also corresponding unipolar
voltages varied considerably. Also, even though CV was generally decreased, still high
CVs were found in these areas while LVAs are commonly considered surrogate markers for
diseased atrial tissue with slowed conduction. Therefore, accurate identification of target
sites for ablation therapy can be very challenging in this patient population.

Study limitations

This study focused on the comparison of the different voltage mapping methodologies and
identification of LVAs without interventions. The next step will be to incorporate the results
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of this study with ablation targeting LVAs in order to determine whether the combination of
low unipolar and low omnipolar voltage can improve ablation outcomes.

Conclusion

In patients with congenital heart disease, there were considerable discrepancies in the
different types of LVAs, which are particularly important as LVAs are considered surrogate
markers for arrhythmogenic tissue. There were considerable directional differences in
bipolar voltages hampering identification of LVAs. Even using directional independent
omnipolar voltage to identify LVAs, high CVs and large unipolar voltages could still be found
within these areas. In addition, the added value of omnipolar voltage in identifying LVAs
is questionable as the amount of LVAs was only minimally decreased using this technique
compared to maximal bipolar clique voltage. Given the various (often non-substrate related)
factors affecting bipolar voltage, a combination of low omnipolar and low unipolar voltage
may be more indicative of ‘true’ LVAs rather than only one approach. Future studies are
required to determine whether incorporation of unipolar voltage in these techniques to
guide ablative therapy increases the ability to identify ‘true’ LVAs and thus diseased atrial
tissue.
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CHAPTER 8

Abstract

Background: Low-voltage areas (LVA) can be located exclusively at either the endocardium
or epicardium. This has only been demonstrated for bipolar voltages, but the value of
unipolar and omnipolar voltages recorded from either the endocardium and epicardium in
predicting LVAs at the opposite layer remains unknown. The goal of this study was therefore
to compare simultaneously recorded endo-epicardial unipolar and omnipolar potentials
and to determine whether their voltage characteristics are predictive for opposite LVAs.

Methods: Intra-operative simultaneous endo-epicardial mapping (256 electrodes,
interelectrode distances 2 mm) was performed during sinus rhythm at the right atrium in
93 patients (6749 years, 73 male). Cliques of four electrodes (2X2 mm) were used to define
maximal omnipolar (Vomni,max) and unipolar (Vunimax) Voltages. LVAs were defined as Vomnimax
<0.5 mV or Vynimax <1.0 mV.

Results: The majority of both unipolar and omnipolar LVAs were located at only the
endocardium (74.2% and 82.0% respectively) or epicardium (52.7% and 47.6% respectively).
Of the endocardial unipolar LVAs, 25.8% were also located at the opposite layer and 47.3%
vice-versa. In omnipolar LVAs, 18.0% of the endocardial LVAs were also located at the
epicardium and 52.4% vice-versa. The combination of epicardial Vinimax and Vomnimax Was most
accurate in identifying dual-layer LVAs (50.4%).

Conclusion: Unipolar and omnipolar LVAs are frequently located exclusively at either the
endocardium or epicardium. Endo-epicardial LVAs are most accurately identified using
combined epicardial unipolar and omnipolar voltages. Therefore, a combined endo-
epicardial unipolar and omnipolar mapping approach is favored as it may be more indicative
of possible arrhythmogenic substrates.
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Introduction

Endocardial bipolar voltage mapping has emerged as an invasive tool for defining potential
target sites for ablation therapy of atrial tachyarrhythmia such as atrial fibrillation (AF). Low-
voltage areas (LVA) are commonly considered surrogate markers for areas of conduction
disorders, which play a key role in perpetuation of AF!2 However, the efficacy of such
bipolar voltage-quided ablation strategies remains controversial. Especially in patients
with persistent AF, the presence of intramural or epicardial substrate limits the efficacy of
endocardial ablation strategies.> Recently, Piorkowski et al.* showed that bipolar LVAs can
also be located exclusively at either the endocardium or epicardium, therefore favoring an
endo-epicardial ablation approach.

We demonstrated that identification of LVAs was considerably directional dependent when
using bipolar voltages.s Bipolar LVAs could also contain large unipolar voltages. In addition,
there were not solely conduction disorders within LVAs, but also high conduction velocities
(CV). It could therefore be that the bipolar low-voltage threshold overestimates the size of
dense scar and still harbors islets and channels of viable tissue.

Endocardial bipolar recordings are still mainly used to detect scar tissue areas as it represents
more local activity. In the ventricles it has been demonstrated that unipolar voltage mapping
is preferred to identify intramural or epicardial substrates as unipolar electrograms (EGM)
comprise a larger region of myocardial electrical activity.! On the other hand, omnipolar
voltage mapping can be used to extract maximal bipolar voltage from a collection of EGMs
in order to minimize directional differences of bipolar voltages. A combination of unipolar
and omnipolar voltage may therefore provide additional information on the underlying
tissue and it may also be more indicative of transmural substrates.>¢

It, however, remains unknown whether simultaneously recorded atrial endo- and epicardial
unipolar and omnipolar voltages are complementary or contradictory on identifying LVAs
at the opposite layer. We therefore performed simultaneously endo-epicardial high-density
mapping to 1) examine endo- and epicardial characteristics of unipolar and omnipolar
voltages, 2) explore the relation between various types of voltages in identification of LVAs
from an endocardial and epicardial point of view and 3) examine whether characteristics of
LVAs can be predictive for LVAs at the opposite layer.

Materials and Methods
Study population

The study population consisted of 93 successive adult patients undergoing elective open
heart coronary artery bypass grafting, aortic or mitral valve surgery or a combination of
valvular surgery and bypass grafting in the Erasmus Medical Center Rotterdam. This study was
approved by the institutional medical ethical committee (MEC2015-373). Written informed
consent was obtained from all patients and patient characteristics (e.g., age, medical history
and cardiovascular risk factors) were obtained from the patient’s medical record.

Simultaneous endo-epicardial mapping procedure

An overview of the methodology is provided in Figure 1A and previously described in detail 7
Two electrode arrays, each containing 128 (8X16) unipolar electrodes with a diameter of
0.45 mm and 2 mm interelectrode spacing, were secured on 2 bendable spatulas and were
located on the exact opposite side of each other. A temporally bipolar epicardial pacemaker
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Figure 1- Construction of unipolar, bipolar and omnipolar voltages in 2X2 mm cliques. Panel A: Two high-density
electrode arrays consisting of 128 unipolar electrodes are fixed together. One array was placed on the epicardium
and one array is introduced into the RA using the incision for venous cannulation to map the endocardium and
epicardium simultaneously. The RA was mapped with the tip of the electrode arrays toward the inferior vena
cava (inferior), the superior vena cava (superior) and in between, toward the terminal crest (mid). For each square
area, enclosed by 4 electrodes, 4 unipolar EGMs and matched bipolar and omnipolar EGMs were derived from 2
electrode orientations (along the vertical y-axis [green] and horizontal x-axis [red]) as indicated by the dotted lines.
Panel B: Examples of a unipolar, horizontal bipolar-x, vertical bipolar-y and omnipolar EGM recorded from both the
epicardium (upper) and endocardium (lower). The two bipolar EGMs differed considerably, illustrating the electrode
orientation dependence of bipolar mapping. Omnipolar mapping provides electrode orientation-independent
voltages that are larger than the bipolar with the largest measurable peak-to-peak voltage, in both cases the vertical
bipolar-y EGMs. Panel C: LVAs can be either located at solely the endocardium or epicardium (green) or at both sides
(red). The corresponding clique at the exact opposite side is highlighted (grey). The other cliques are then indicated
as normal voltage (light grey). Panel D: Example of endo-epicardial activation time maps with isochrones drawn at
every 10 ms. Arrows indicate the main direction of the propagation wavefront and thick black lines indicate areas
of conduction block (time difference between adjacent electrodes =12 ms). Panels E-G: Peak-to-peak voltages of
corresponding EGMs are used to create different voltage maps. Bipolar voltage map illustrates the maximal bipolar
voltage in both horizontal and vertical orientations within one clique. LVAs are highlighted by a white line and areas
of EEA are indicated by a white X. In this example, endocardial bipolar and omnipolar LVA are present in respectively
20.0% and 16.2% of the cliques. EEA was present in 9.5% of the cliques at both the endocardium and epicardium. EEA
= endo-epicardial asynchrony; EGM = electrogram; (EE-)LVA = (endo-epicardial-)low-voltage area.

wire attached to the right atrial (RA) free wall served as a reference electrode and the
indifferent electrode consisted of a steel wire fixed to subcutaneous tissue of the thoracic
cavity. Simultaneous endo- and epicardial mapping was performed after heparinization and
arterial cannulation but before commencement of extracorporeal circulation. One spatula
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(marked as the endocardial electrode array) was introduced in the RA after incising the RA
appendage and closed with the purse-string suture. To prevent overlap of recording areas
near the right atrial incision, the endocardial electrode array was introduced into the RA
for at least 1.5 cm extra after introducing the last row of electrodes. Unipolar electrograms
(EGMs) were recorded for 5 seconds during stable sinus rhythm at the superior, middle and
inferior RA free wall (Figure 1A), including a surface ECG lead, a calibration signal of 2 mV and
1000 ms and a bipolar reference EGM. Data were stored on a hard disk after amplification
(gain 1000), filtering (bandwidth 0.5-400 Hz), sampling (1 kHz) and analogue-to-digital
conversion (16 bits).

Omnipolar voltage mapping

In order to create omnipolar EGMs, bipolar EGMs were first created by subtracting two
neighboring unipolar EGMs in horizontal (bipolar-x) and vertical direction (bipolar-y) and
subsequently filtered (bandwidth 30-400 Hz) as demonstrated in Figure TA. Omnipolar EGMs
were then created from these bipolar EGMs as previously described.58 Within a square area
defined by 4 adjacent electrodes (a clique), omnipolar EGMs were used to mathematically
obtain bipolar EGMs in any direction without physically rotating the sensing electrodes of the
bipolar pair. Within a clique, a 2-dimensional voltage vector v(t) is derived from an electric
field of a passing activation wavefront from which the maximal extent of two orthogonal
bipolar EGMs is calculated over the interval (T) containing one SR beat?:

Vnax = tr:}?EXT{lﬁ(ti) - (t)|}

Vinax COrresponds to the peak-to-peak amplitude of a bipolar voltage signal obtained along
the unit vector direction m where t; and t; are now the times associated with 1, in
whicht; > t;:
o v(t) — (1)
Vmax

Vinax Provides an objective measure of the largest possible bipolar EGM within a clique
without the ambiguity of electrode orientation and is used to describe omnipolar EGM
voltages.

Data analysis

Unipolar and omnipolar EGMs were semi-automatically analyzed using custom-made
software. The steepest negative slope of a unipolar atrial potential was marked as the local
activation time (LAT), providing that the amplitude of the deflection was at least two times the
estimated noise level of the unipolar EGM.”® In case of fractionated potentials, the deflection
with the steepest slope was taken as LAT. All annotations were manually checked with a
consensus of two investigators. CV was computed at each electrode from LATs using discrete
velocity vectors (DVV) as previously described.”" The DVV method uses all eight neighboring
electrodes to compute an average local propagation velocity for the center electrode. Endo-
epicardial LAT differences were determined by selecting the median of the LAT differences
within the exact opposite electrode and its 8 surrounding electrodes.”? Potential voltage was
defined as the peak-to-peak amplitude of the steepest deflection (unipolar) or highest peak
(omnipolar) as demonstrated in Figure 1B.

As omnipolar EGMs can only be derived in square areas, unipolar potentials were correlated

to each other in areas of 2X2 mm - a clique - which contain 4 unipolar EGMs and the
corresponding omnipolar EGMs (Figure 1A). Subsequently, the maximal potential voltage
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Table 1 - Baseline characteristics.

Patients N=93
Male 73 (78.5%)
Age (y) 67 [61-72]
BMI (kg/m2) 28.0[24.6-31.1]
Underlying heart disease

- iHD 47 (50.5%)
. vHD 24 (25.8%)
- cHD 21(22.6%)
History of AF 37 (39.8%)
- Paroxysmal 31(33.3%)
« Persistent 4 (4.3%)

+ Long-standing persistent 2(2.2%)

Cardiovascular risk factors
+ Hypertension 56 (60.2%)
«+ Diabetes mellitus 32 (34.4%)
+ Hypercholesterolemia 50 (53.8%)
- Left ventricular ejection fraction <40% 12 (12.9%)

Antiarrhythmic agents

« Class| 1(1.1%)
« Classll 64 (68.8%)
« Classlll 6 (6.5%)
« Class IV 7 (7.5%)

Values are presented as N (%) or median [interquartile ranges]. BMI = body mass index; iHD = ischemic heart disease;
vHD = valvular heart disease; cHD = combined heart disease; AF = atrial fibrillation; LVEF = left ventricular ejection
fraction.

of the unipolar and omnipolar EGMs pertaining to that area were computed, resulting in 2
values (Vunimax and Vomnimax). In addition, the mean of the magnitudes of the 4 CV estimates
derived from the 4 unipolar LATs was used as indication of the CV within the 2X2 mm area.
Areas corresponding to a mean CV of 0 cm/s were excluded to avoid inclusion of far-field
potentials. To calculate endo-epicardial asynchrony (EEA), the minimum of endo-epicardial
LAT differences within a clique was taken. EEA was then defined as a transmural difference in
electrical activation of =15 ms.'® As a unipolar voltage cut-off of <1.0 mV and bipolar voltage
cut-off of <0.5 mV are most frequently used in daily clinical practice to identify LVAs, we also
used these values as the “gold standard” to identify low-voltage cliques.’>" Endo-epicardial
LVAs (EE-LVA) are defined as LVA cliques located at both the endocardium and epicardium at
the exact same site (Figure 10).

Statistical analysis

Normally distributed data are expressed as mean * standard deviation, whereas skewed data
are expressed as median [25!"—75% percentile]. Clinical characteristics were compared using
Student’s t-test or Mann-Whitney U test when appropriate. Categorical data are expressed
as numbers (percentages) and analyzed with a x? or Fisher exact test. Paired voltage and
velocity data were analyzed between the endo- and epicardium using a paired t-test or
Wilcoxon signed-rank test. Correlation was determined by ordinary least squares regression.
A p-value <0.05 was considered statistically significant.

Results
Study population

Clinical characteristics of the study population (N=93, age 67 [61-72] years, 73 male (78.5%))
are summarized in Table 1. A history of AF was present in 37 (39.8%) patients. Ischemic- or
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Figure 2 - Relation between endocardial and epicardial unipolar and omnipolar voltage. Panels A and C: Kernel
density plots of Vinimax (A) and Vomnimax (C) voltages between the endocardium and epicardium. The colors indicate
the data density. A black line indicates the ordinary least squares prediction. Statistical significance is indicated by an
asterisk (p<0.001). Vynimax and Vomni,maxare subdivided according to the 25t, 50t and 75t percentiles of the endocardial
voltages, and are indicated by dashed vertical lines. Panels B and D: Bland-Altman plots of endocardial versus
epicardial Vun,max (B) and Vomnimax (D) voltages. The colors indicate the data density. A black line indicates the median
per 1 means mV. The mean difference and 95% confidence intervals are indicated by the dashed lines. Vomnimax =
omnipolar clique voltage; Vuni,max = Unipolar clique voltage.

valvular heart disease or combined heart diseases were present in 47 (50.5%), 24 (25.8%)
and 21 (22.6%) patients respectively. Most patients used class Il antiarrhythmic drugs (N=64,
68.8%).

Clique characteristics

In the entire study population, a total of 281 mapping locations resulted in 406,571 unipolar
and 723,695 bipolar potentials from which 164,704 cliques were created for both the
endocardium and epicardium (329,408 cliques in total; 3,542+1,610 per patient). The mean
CV of each clique was 83.6 [62.3-103.4] cm/s at the endocardium and 84.4 [67.0-100.5] cm/s
at the epicardium (p<0.001, R*=0.853, CV,,; = 0.91 - CV,,q,). EEA was present in 2.9% of all
cliques. An example of differences in activation and voltage maps constructed by using
unipolar and corresponding bipolar and omnipolar EGMs are illustrated in Figures 1D-G.

Relation between endo- and epicardial voltages

The upper panel of Figure 2 demonstrates the relationship between endocardial and the
corresponding epicardial Vynimax. In 61% of the cliques, Vunimax at the epicardium was larger
than the corresponding Vunimax at the endocardium (8.2 [4.9-11.6] mV vs. 6.1 [3.2-10.9] mV,
p<0.001). When Vynmax Was subdivided into 4 quartiles, Vunimax at the epicardium was especially
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Table 2 - Characteristics of low-voltage areas.

Unipolar Omnipolar
Normal LVA (<.0 mV) Normal LVA (<.5 mV)

Endocardial 96.9% 3.1% 88.3% 11.7%
« Unipolar (mV) 6.3[3.4-11.1] 0.8[0.6-0.9] 6.9[4.1-11.8] 1.5[1.1-2.0]
« Omnipolar (mV) 3.5[1.3-8.9] 0.2[0.2-0.4] 4.2[1.7-9.7] 0.3[0.2-0.4]
« QV(cm/s) 84.3[63.3-103.8] 52.0[28.6-79.2] 86.3[66.4-105.2] 55.7[34.2-80.6]
- EEA (%) 2.4% 18.3% 2.1% 8.8%
Epicardial 98.3% 1.7% 96.0% 4.0%
+ Unipolar (mV) 8.3[5.1-11.7] 0.8[0.7-0.9] 8.5[5.3-11.8] 1.3[0.9-1.8]
« Omnipolar (mV) 6.8 [3.4-11.0] 0.3[0.2-0.5] 7.0[3.6-11.1] 0.3[0.2-0.4]
« CV(cm/s) 84.7 [67.6-100.7] 53.5[31.9-79.2] 85.0[68.3-100.9] 57.2[35.0-82.8]
« EEA (%) 2.7% 14.2% 2.6% 10.5%

Values are presented as median [interquartile ranges] or incidence (distribution of parameter). Sum of the normal and
LVA values correspond to the total number of cliques (N=164,704) per parameter. CV = conduction velocity; EEA =
endo-epicardial asynchrony; LVA = low-voltage area.

larger at the lower Viunimax values at the endocardium (Po-Pss: 83.7%; Pys-Pso: 79.8%; Pso-Ps:
61.7%; P75-P100: 18.6%). As a consequence, there was a strong inversely quadratic relation with
linear component (R2=0.852, Y = 0.03X + 3.2v/X) between Vinimax at the endocardium and
epicardium. As illustrated in Figure 2B, Vunimax Up to 12 mV were particularly larger at the
epicardium than the endocardium, although there was a large variation in the differences.
Epicardial Vinimax Were on average 19% larger than endocardial Vinimax.

The lower panel of Figure 2 demonstrates the relationship between endocardial and the
corresponding epicardial Vomni,max. IN 64% of the cliques, Vomnimax at the epicardium was
larger compared to the corresponding endocardial cliques (6.7 [3.2-10.9] mV vs. 3.3 [1.1-
8.6] mV, p<0.001, respectively). When Vomni,max Was subdivided into 4 quartiles, Vomni,max at the
epicardium was especially larger at the lower Vomnimax Values at the endocardium (Po-Ps:
91.3%; Ps-Pso: 86.5%; Pso-P7s: 62.29%; P75-Pioo: 15.5%). However, there was no clear relationship
between the endocardial and epicardial Vomni,max, although lower endocardial voltages were
associated with a larger range of epicardial voltages. As illustrated in Figure 2D, Vomnimax UP
to 8 mV were particularly larger at the epicardium than the endocardium. Epicardial Vomnimax
were on average 38% larger than endocardial Vomnimax-

Endo-epicardial differences in low-voltage areas

Characteristics of unipolar and omnipolar LVAs at the endo- and epicardium are listed in
Table 2. Endocardial and epicardial unipolar LVAs were present at respectively 3.1% and
1.7% of the mapping areas. At the endo- and epicardium, unipolar LVAs corresponded to
respectively 86.8% and 73.3% of the omnipolar LVA.

Omnipolar LVAs were present at 11.7% of the endocardium and 4.0% of the epicardium.
However, only 22.7% and 30.6% of omnipolar LVAs corresponded to unipolar LVAs at
respectively the endo- and epicardial side.

As demonstrated in Table 2, CV was lower and EEA was more pronounced in both unipolar

and omnipolar LVAs compared to the non-LVAs. The difference in CV and EEA between LVAs
and non-LVAs was smaller in omnipolar LVAs than in unipolar LVAs (p<0.001).

Prediction of unipolar opposite LVAs

To determine the predictive value of endocardial or epicardial LVAs for the opposite layer,
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Table 4 - Characteristics of low-voltage areas at the opposite side using combined unipolar and omnipolar
voltage mapping (N=164,704 per parameter).

Endocardial Normal Epi-LVA EE-LVA

N (%) 96.9% 3.1% 88.3%

Unipolar (mV) 6.3 [3.4-11.1] 0.8[0.6-0.9] 6.9 [4.1-11.8]
Omnipolar (mV) 3.5[1.3-8.9] 0.2[0.2-0.4] 42[1.7-9.7]

CV (cm/s) 84.3[63.3-103.8] 52.0[28.6-79.2] 86.3 [66.4-105.2]
EEA (%) 2.4% 18.3% 2.1%

Epicardial Normal Endo-LVA EE-LVA

N (%) 98.3% 1.7% 96.0%

Unipolar (mV) 83[5.1-11.7] 0.810.7-0.9] 8.5[5.3-11.8]
Omnipolar (mV) 6.8 [3.4-11.0] 0.3[0.2-0.5] 7.0[3.6-11.1]

CV (cm/s) 84.7 [67.6-100.7] 53.5[31.9-79.2] 85.0[68.3-100.9]
EEA (%) 2.7% 14.2% 2.6%

Values are presented as median [interquartile ranges] or incidence (distribution of parameter). CV = conduction
velocity; EEA = endo-epicardial asynchrony; EE-LVA = endo-epicardial low-voltage area; Endo-LVA = endocardial
low-voltage area; Epi-LVA = epicardial low-voltage area.

all cliques were subdivided into cliques with either LVA in only one layer (endo/epi-LVA) or
cliques with LVAs present at both layers (EE-LVA). Characteristics of these clique categories
are listed in Table 3. Of all endocardial LVA cliques, 25.8% corresponded to an epicardial
LVA and 47.3% of the epicardial LVA cliques corresponded to an endocardial LVA. Therefore,
0.8% of all cliques were identified as EE-LVA, 0.9% as epi-LVA and 2.3% as endo-LVA. At
the opposite site of unipolar endo- and epi-LVAs, ‘normal’ cliques were characterized by
lower Vinimax, Vomnimax, lOWer CV and enhanced EEA compared to the other non-LVA cliques
(p<0.001). Most EEA was found at endo-LVA cliques.

Prediction of omnipolar opposite LVAs

Of all endocardial omnipolar LVA cliques, 18.0% corresponded to an epicardial LVA and
52.4% of the epicardial LVA cliques corresponded to an endocardial LVA. Therefore, 2.1% of
all cliques were identified as EE-LVA, 1.9% as epi-LVA and 9.6% as endo-LVA. At the opposite
site of omnipolar endo- and epi-LVAs, ‘normal’ cliques were characterized by lower Vinimaxs
Vomni,max, lower CV and enhanced EEA compared to the other non-LVA cliques (p<0.001). Only
7.6% of these cliques corresponded to unipolar LVAs.

Identification of LVAs by combined unipolar and omnipolar voltage mapping

Cliques containing both unipolar and omnipolar LVAs were identified. Characteristics of
these overlapping LVAs are listed in Table 4. At the endocardium, overlapping LVAs consisted
of 86.8% Of Vynimax and 22.7% of Vomni,max cOmpared to 73.7% of Vinimax and 30.6% of Vomnimaxat
the epicardium.

In total, 2.6% overlapping endocardial LVAs were identified, compared to 1.2% at the
epicardium; 0.6% were identified as EE-LVAs. These EE-LVAs consisted of 23.3% of all
endocardial overlapping LVAs and 50.4% at the epicardium. At the opposite site of overlapping
endo- and epi-LVAs, ‘normal’ cliques were characterized by lower Vinimax, Vomnimax, lower CV
and enhanced EEA compared to the other non-LVA cliques (p<0.001).

Figure 3 demonstrates ROC-curves of the accuracy of identifying overlapping endocardial
and epicardial LVAs based on all parameters recorded at the opposite layer. Combined
unipolar and omnipolar voltages were most accurate in identifying overlapping LVAs at the
opposite layer (endocardial LVAs: AUC=0.83; epicardial LVAs: AUC=0.89).
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Figure 3 - ROC-curves of the prediction of overlapping LVAs. ROC-curves of the prediction of overlapping
endocardial (left) and epicardial (right) LVAs based on all parameters recorded from the opposite layer. AUC = area
under the curve; CV = conduction velocity; EEA = endo-epicardial asynchrony.

Discussion

In most clinical settings, endocardial bipolar voltage mapping is mainly used to identify
LVAs, which are considered surrogate markers for areas of diseased tissue. However, in
recent perspective, it has become clear that bipolar LVAs can also be located exclusively
at the epicardium.* Our study demonstrated that also by using unipolar and omnipolar
EGMs, the majority of unipolar and omnipolar LVAs are also located exclusively at either
the endocardium or epicardium. More importantly, we have shown that the most accurate
methodology to identify EE-LVAs is to combine epicardial unipolar and omnipolar
voltages. When using either unipolar or omnipolar voltages separately, epicardial LVAs still
corresponded well with endocardial LVAs, but not vice-versa. Within the same layer, only
unipolar LVAs corresponded well with omnipolar LVAs. Furthermore, there was a clear
relationship between endo-epicardial unipolar voltages, but not between endo-epicardial
omnipolar voltages.

Endo-epicardial voltage mapping

Data on the relationship between atrial endocardial and epicardial voltages is lacking,
although it has been studied in the ventricles.>'® In the atria, Van der Does et al.”
demonstrated a linear relationship between unipolar endocardial and epicardial voltage in
which epicardial voltages were larger than endocardial voltages. Other studies also reported
higher mean voltage values in the epicardium compared to mean endocardial voltage, in
both atria and ventricles.'>1618 Using our clique voltages, we demonstrated a clear inverse
quadratic relation with linear component between endocardial and epicardial unipolar
clique voltages. Therefore, unipolar voltages recorded at the endocardium are predictive
for epicardial unipolar voltages. In contrast, we found no relationship between endocardial
and epicardial omnipolar voltages. This could likely be caused by the limited field-of-view of
omnipolar voltages. Consequently, omnipolar voltages recorded at the endocardium are a
poor predictor for voltages at the other layer.

Anatomy of the right atrium

Variations between endocardial and epicardial voltages can also be explained by the
anatomical structure of the RA. The surface of the endocardium is very irregular due to the
presence of the pectinate muscles and terminal crest, in contrast to the smooth epicardium.
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Diameters and therefore cardiac mass of the pectinate muscles may vary considerably.20
In addition, the arrangement of pectinate muscles causes variation in the level of contact
with the electrodes. Furthermore, due to atrial remodeling and varying wall stress, the atria
and therefore the pectinate muscles may elongate resulting in alternation of the bundle
density.2" This results in a non-uniform spread of activation and can consequently also
considerably affect omnipolar voltages. Moreover, Kharbanda et al.”? demonstrated that
conduction disorders occur more frequently at the endocardium. These features could
explain the large discrepancies in unipolar and omnipolar voltages at endocardial LVAs. As
the epicardial surface is more smooth, proper tissue contact with the entire electrode array
can be achieved more easily. Therefore, epicardial LVAs could be more likely indicative of
structural abnormalities and hence EE-LVAs.

Identification of endo-epicardial substrate

The arrhythmogenic substrate can be located either subendocardially, subepicardially,
intramurally or transmurally.’*2223 Piorkowski et al.# recently demonstrated by bipolar endo-
epicardial mapping in the left and RA that LVAs were present in 44 patients with history of
AF in either both layers (N=33, 75%) or in solely the endocardium (N=6, 14%) or epicardium
(N=6, 14%). However, all patients already had (multiple) ablation procedures. Our study
population consisted of patients without previous ablation therapy and we demonstrated
that the majority of the LVAs at the RA were exclusively located at either the endocardium
or epicardium. These findings demonstrate that the arrhythmogenic substrates may not
necessarily be transmural present. Verheule et al.2* also demonstrated in a goat model of AF
that formation of endomysial fibrosis located within the outer millimeter of the epicardial
layer accompanied the transition from persistent to permanent AF, while endocardial
bundles remained unaffected. Hence, as structural remodeling can occur locally within
one layer, the presence of a LVA can also be confined to either the endocardial or epicardial
layer. This could in turn lead to increased EEA due to progressive uncoupling between the
epicardial layer and the endocardial bundles, which also has been proposed as an important
mechanism for AF.°

On the other hand, as omnipolar voltages represent more local activity, this recording
modality is more likely to only detect LVAs representing substrate located either (sub)
endocardially or (sub)epicardially depending on the recording location. Several studies have
shown an added value of combining unipolar and bipolar voltages to detect intramural
or transmural substrates.>?” Hutchinson et al.'6 demonstrated that epicardial bipolar LVAs
can be identified in most patients with left ventricular cardiomyopathy using endocardial
unipolar voltage mapping. However, Tokuda et al.’* observed discrepancies in the accuracy
of epicardial bipolar LVA identification using endocardial unipolar voltages between patients
with nonischemic and ischemic cardiomyopathy. In our present study, we demonstrated
that endocardial LVAs at the atria frequently did not correspond to LVAs at the epicardium,
independently of the recording technique used. Even by combining unipolar and omnipolar
voltages, only 23.3% of the endocardial LVAs corresponded to epicardial LVAs, favoring a
combined endocardial and epicardial mapping approach.

Endo-epicardial ablation therapy

Especially in patients with persistent AF, the presence of complex 3-dimensional
arrhythmogenic substrates limits the efficacy of endocardial ablation strategies. Minimally
invasive surgical ablation of AF is therefore increasingly combined with the endocardial
transcatheter procedures in so-called hybrid procedures, showing promising results.3428.29
In the study of Piorkowski et al.4, 73% of complex AF patients remained free from AF during
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2 years of follow-up, although other studies encountered higher recurrence rates.28303!
However, LVAs frequently occur at either the endocardium or epicardium alone and the
opposite areas could contain normal voltages. These areas are therefore ‘invisible’ when
recording from only one side. Diseased tissue could then consequently be missed using
a one-sided approach. In addition, epicardial mapping provides more often accurate
identification of EE-LVAs and the role of epicardial structures, such as Bachmann'’s bundle,
become more recognized in the pathogenesis of AF332 This suggests that a strategy of
combined endo-epicardial access for mapping and ablation may provide superior efficacy
to an endocardial-only approach.

Study limitations

Intra-operative simultaneous endo-epicardial mapping in humans can only be safely
performed during cardiac surgical procedures. Therefore, as endo-epicardial mapping was
only performed on a limited area of the RA free wall, we could not evaluate the relation
of endocardial and epicardial voltages in the complete atria, specifically not in the left
atrium. The recorded potentials might be influenced by the presence of epicardial fat as
previous studies demonstrated that the presence of thick epicardial fat is associated with
attenuated bipolar voltage.®*34 Although we did not experience any large effects of visually
present epicardial fat at the RA, we cannot ascertain that the presence of epicardial fat has
influenced our results. In addition, the underlying anatomy such as variability in atrial wall
thickness and the degree of trabeculation cannot be retrieved, and exact tissue histology
could not be performed. Therefore, we were unable to correlate the exact underlying
anatomy and histology with the mapping data. This study focused on the comparison of the
different voltage mapping methodologies and identification of LVAs without interventions.
The next step will be to incorporate the results of this study with ablation targeting EE-LVAs
in order to determine whether the combination of low unipolar and low omnipolar voltage
can improve ablation outcomes.

Conclusion

When using unipolar and omnipolar EGMs, LVAs are frequently located exclusively at either
the endocardium or epicardium and could be undetectable when measuring from the
opposite layer only. An endo-epicardial mapping approach is therefore favored to accurately
identify LVAs. EE-LVAs are most accurately identified using combined epicardial unipolar and
omnipolar voltages. Therefore, a combination of simultaneously recorded endo-epicardial
low unipolar and low omnipolar voltage may be more indicative of dual-layer LVAs and
probably arrhythmogenic substrates.
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CHAPTER9

Abstract

Background: Catheter ablation strategies targeting fractionated or low-voltage potentials
have been widely used in patients with persistent types of atrial fibrillation (AF). However,
recent negative results in clinical trials have questioned their role in effectively representing
sites of slowing of conduction, and thus a critical arrhythmogenic substrate. We therefore
studied the relationship between local conduction velocity (CV) and the occurrence of
fractionated, and/or low-voltage potentials in order to identify areas with critically slowing
of conduction.

Methods: Intra-operative bi-atrial high-density epicardial mapping was performed during
sinus rhythm. Unipolar potentials with an amplitude <1.0 mV were classified as low-voltage
and potentials with >3 deflections as fractionation. Local CV was computed as average of
velocity estimations between neighboring electrodes using discrete velocity vectors.

Results: A total of 319 patient were included. Fractionated, low-voltage potentials were rare,
accounting for only 0.36 [0.15-0.78] % of all atrial sites. Local CV at sites with fractionated,
low-voltage potentials (46.0 [22.6-72.7] cm/s) was considerably lower compared to sites with
either low-voltage, non-fractionated potentials (64.5 [34.8-99.4] cm/s) and fractionated,
high-voltage potentials (65.9 [41.7-92.8] cm/s; p<0.001 for each). Slow conduction areas (CV
<50 cm/s) could be most accurately identified by using a low voltage threshold (<1 mV)
and a minimum of 3 deflections (positive predictive value: 54.2-70.7%), although the overall
sensitivity remained low (0.1-1.9%).

Conclusions: Sites with fractionated, low-voltage potentials have substantially slower local
CV compared to sites with either low-voltage, non-fractionated potentials or fractionated,
high-voltage potentials. However, the strong inverse relationship between the positive
predictive value and sensitivity of combined voltage and fractionation threshold for slowed
CVis likely to complicate the use of these signal-based ablation approaches in AF patients.
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Introduction

In the search to improve ablation outcomes in patients with (persistent) atrial fibrillation (AF),
various substrate-based ablation approaches have been introduced over the years. Among
these strategies, ablation targeting fractionated potentials or low-voltage potentials are the
most common.! The application of these strategies in AF treatment initially showed positive
outcomes in mostly single center studies, but are now increasingly followed by negative
outcomes in (large) randomized controlled trials.24

The reason for the lack of benefit associated with additional ablation of fractionated
and/or low-voltage potentials is not well understood. Limited knowledge on the exact
arrhythmogenic properties of both fractionated and low-voltage potentials underlies in
part the inability to discern the additional value of modification of both parameters. While
fractionation and low-voltage are considered to occur at sites of conduction slowing,
and therefore critical in initiation and perpetuation of AF, they can also occur due to non-
pathologic reasons (e.g., wavefront collisions and diffuse fiber orientation). Several studies
have attempted to characterize the relationship between conduction velocity (CV) and
either fractionated or low-voltage potentials.5>™2 However, these studies not only yielded in
contradicting results, they also lacked the interrelationship between the three parameters.
Small sample size, lack of high-density mapping (across both atria) and variation in recording
techniques could explain the inconsistent findings among these studies.

In order to better understand the arrhythmogenic properties of fractionated and low-
voltage potentials, a comprehensive assessment of both potential characteristics and
the relationship with local CV is needed. Therefore, the aim of our study was to study the
relationship between local CV and the occurrence of fractionated and/or low-voltage
potentials in order to identify areas with critically slowing of conduction as indicator of
potential arrhythmogenic substrate.

Methods
Study population

Participants (=18 years) who underwent elective cardiac surgery, including coronary artery
bypass surgery and/or mitral valve surgery, in the Erasmus Medical Center Rotterdam were
included. Exclusion criteria were the presence of prior ablative therapy or cardiac surgery,
radiation therapy of the chest, atrial pacemaker leads, an estimated glomerular filtration
rate <30 ml/min, and the need for inotropic or mechanical support at the time of surgery.
This study has been approved by the Institutional Medical Ethics Committee (MEC2010-054/
MEC2014-393). Written informed consent was required from all patients prior to recruitment,
and patient's baseline characteristics (e.g., age, medical history, and underlying heart
diseases) were extracted from the patient's medical record.

Mapping procedure

As described previously, epicardial high-resolution mapping was performed before
cardiopulmonary bypass.”* A temporal bipolar epicardial pacemaker wire connected to the
free wall of right atrium (RA) was used as a reference electrode, and a steel wire attached
to the subcutaneous tissue of thoracic cavity served as an indifferent electrode. Epicardial
mapping was performed using a 128-electrode or 192-electrode array (electrode diameter
0.65 mm or 0.45 mm, distance 2.0 mm, respectively).
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Figure 1 - Electrogram processing approach and potential types. The left panels illustrate the definitions for low-
voltage and fractionated potentials and conduction velocity. The right panels display typical examples of different
unipolar potentials, including 1) non-fractionated, high-voltage potentials, 2) fractionated, high-voltage potentials,
3) low-voltage, non-fractionated potentials, and 4) fractionated, low-voltage potentials.

Mapping of the RA was performed from the inferior to superior caval vein perpendicular
to the terminal crest. The pulmonary vein area (PVA) was mapped from the transverse
sinus fold down along the margins of the left and right pulmonary veins towards the atrio-
ventricular groove and the left atrioventricular groove (LAVG) from the lower margin of
the left inferior pulmonary vein to the left atrial appendage. Bachmann’s bundle (BB) was
mapped from the border of the left atrial appendage, across the roof of the left atrium
(LA), behind the aorta toward the superior cavo-atrial junction. At each mapping location,
5-second unipolar electrograms (EGM) were recorded during SR including an individual
surface electrocardiogram lead, 2 mV and 1000 ms calibration signal and bipolar reference
EGM. Data was amplified (gain 1000), filtered (bandwidth 0.5-400 Hz), sampled (1kHz), and
analog-to-digital converted (16-bit) and stored on a hard disk.

Data analysis

Customized software was used for semi-automatic analysis of EGM morphology. EGMs
with =25% loss of recording site and atrial extrasystoles were excluded. Mapping areas
with simultaneous activation were excluded from the analysis to avoid inclusion of far-
field potentials. Local activation time (LAT) was defined as the steepest negative slope of a
unipolar potential. All annotations were manually inspected by two researchers.

Peak-to-peak amplitudes of all unipolar potentials were evaluated, as illustrated in Figure

1. In line with previous studies, low-voltage was defined as a potential voltage <1.0 mV2?
A unipolar potential was classified as fractionated when it contained =3 deflections.”* As
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previously described, discrete velocity vectors were used to estimate local CV by using all
adjacent electrodes (longitudinal, transverse and diagonal directions).”> Areas with slowed
localized conduction were defined as a CV <50 cm/s.'6

Statistical Analysis

The Shapiro-Wilk test was used toinspect normality before data analysis. Normally distributed
data are presented as mean + standard deviation and compared using independent samples
t-test or analysis of variance appropriately. Skewed data are presented as median [25?-75t
percentile] and difference between groups was compared using the Kruskal-Wallis test, the
Mann-Whitney U test, or the Wilcoxon signed-rank test appropriately. Categorical data are
presented as numbers and percentages and were compared using X2 or Fisher's exact test.
A two-sided p-value less than 0.05 was considered statistically significant. Data analysis was
performed using IBM SPSS Statistics (version 28), R Studio (version 4.1.3) and Python (version
3.8).

Table 1 - Patient characteristics (N=319).

Without AF With AF p-value
Patients 256 (81) 63 (20) -
Male 208 (81) 38 (60) 0.001
Age (y) 65+10 71+8 0.003
Underlying heart disease <0.001
- CAD 213 (83) 23 (37)
- MVD 27 (11) 29 (46)
« MVD with CAD 16 (6) 11(17)
Type of AF <0.001
- No AF 256 (100 0(0)
. Paroxysmal AF 0(0) 43 (68)
+ Persistent AF 0(0) 16 (26)
« Long-standing persistent AF 0(0) 4(6)
Cardiovascular risk factors
« BMI (kg/m2) 27.8+4.3 27.14+4.0 0.188
« Hypertension 144 (56) 35(56) 1.000
+ Dyslipidemia 103 (40) 15 (24) 0.023
- Diabetes mellitus 80 (31) 12 (19) 0.078
+ Myocardial infarction 112 (44) 17 (27) 0.022
Left ventricular function 0.035
« Normal (EF >55%) 190 (74) 41 (66)
+ Mild impairment (EF 46-55%) 52 (20) 14(23)
+ Moderate impairment (EF 36-45%) 13 (5) 4 (6)
« Severe impairment (EF <35%) 1(1) 3(5)
Left atrial dilatation >45 mm 46 (18) 39 (62) <0.001
ACEI/ARB/AT2 antagonist 167 (65) 38 (60) 0.534
Statin 208 (81) 31 (50) <0.001
Antiarrhythmic agents
« Class| 1(1) 1(2) 0.852
« Classli 192 (75) 36 (57) 0.008
« Class i 3(1) 15 (24) <0.001
« Class IV 12 (5) 2(3) 0.856
« Digoxin 3(1) 12 (19) <0.001

Values are presented as mean + standard deviation or as N (%). ACEl = angiotensin-converting enzyme inhibitors;
ARB = angiotensin receptor blockers; AT2 = angiotensin type 2 receptor; CAD = coronary artery disease; EF = ejection
fraction; MVD = mitral valve disease; PAF = atrial fibrillation; BMI = body mass index.
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Figure 2 - Spatial distribution of fractionation and low-voltage potentials. Bi-atrial maps, including Bachmann's
bundle, indicate variations in spatial distributions of fractionation and low-voltage potentials in different patient
groups, including patients with ischemic heart disease and mitral valve disease with and without a history of AF. The
upper panels show patients with mainly low-voltage potentials, while the middle panels show patients from whom
mainly fractionated potentials were recorded. The lower panels show patients with a large number of fractionated,
low-voltage potentials. AF = atrial fibrillation; IHD = ischemic heart disease; MVD = mitral valve disease.

Results
Study population

A total of 319 adult patients (mean age: 66+10 years, 246 (77.1%) males) were included. Sixty-
three patients (19.8%) had a history of AF. The majority of patients (72.6%) had normal left
ventricular function and 86 patients (26.7%) had left atrial dilation. Clinical characteristics of
the study population are summarized in Table 1.

Mapping data

Average SR cycle length was 874+166 ms and did not differ between patients with (871£162
ms) and without AF (875167 ms, p=0.889). A total of 2,943,017 atrial potentials (9,225+3,051
per patient) were included for analysis. Most potentials were recorded from the RA
(N=1,390,027; 47.2%), followed by the PVA (N=649,852; 22.1%) and LA (N=572,269; 19.4%) and
BB (N=330,869; 11.3%).
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Table 2 - Prevalence and regional distribution of fractionation and low-voltage potentials.
Fractionated Low-voltage Fractionated, low-

potentials (%) potentials (%) voltage potentials (%)

Total population

Entire atria 1.72[0.87-2.75] 6.22[3.73-10.18] 0.36[0.15-0.78]
RA 1.31[0.41-2.92] 6.06 [2.83-10.72] 0.41[0.10-0.98]
BB 1.74[0.54-4.20] 2.41[0.62-8.40] 0.25[0.00-0.84]
PVA 0.7410.23-2.22] 4.79[1.63-12.35] 0.08 [0.00-0.34]
LA 1.07[0.35-2.57] 3.84[1.25-8.92] 0.05 [0.00-0.25]
Without AF
Entire atria 1.62[0.84-2.56] 6.04 [3.70-9.49] 0.36 [0.14-0.75]
RA 1.39[0.41-2.91] 5.95[2.81-10.39] 0.46 [0.10-0.99]
BB 1.43[0.43-3.63] 1.67 [0.47-6.19] 0.16 [0.00-0.73]
PVA 0.71[0.20-2.04] 4.4411.21-11.45] 0.07 [0.00-0.25]
LA 1.07 [0.37-2.41] 3.84[1.00-9.11] 0.04[0.00-0.22]
With AF
Entire atria 1.87[1.20-3.23]* 9.01[4.43-11.52]* 0.371[0.21-0.93]
RA 1.04[0.42-3.10] 6.84[3.15-12.83] 0.29[0.11-0.71]
BB 3.10[1.18-5.88]* 7.25[2.80-18.88]* 0.61[0.10-1.83]*
PVA 1.07 [0.56-4.05]* 8.12[3.82-14.72]* 0.31 [0.00-0.57]*
LA 1.05[0.31-3.25] 3.82[1.96-8.11] 0.08 [0.00-0.32]

*p<0.05 between patients with and without history of AF at corresponding location. AF = atrial fibrillation; RA = right
atrium; BB = Bachmann’s bundle; LA = left atrium; PVA = pulmonary vein area.

Spatial distribution of fractionation and low-voltage potentials

Figure 2 shows the spatial distribution of fractionated and low-voltage potentials across
the atria in nine different patients. In the upper panels, patients were characterized by a
high amount of low-voltage potentials without fractionation. In the middle panels, patients
were characterized by mainly fractionated, high-voltage potentials. The lower panels
contain examples from patients who were characterized by the presence of both low-
voltage potentials with or without fractionation, and fractionated, high-voltage potentials.
In all examples, only a minority of the potentials contained fractionated and low-voltage
components. The maps reveal a substantial regional and inter-individual variation in the
occurrence of fractionation and low-voltage potentials.

Compared to patients without AF, fractionated potentials and low-voltage potentials were
more common among patients with history of AF (1.62 [0.84-2.56] vs. 1.87 [1.20-3.23],
p=0.017 and 6.04 [3.70-9.49] vs. 9.01 [4.43-11.52], p=0.022, respectively). Fractionated, low-
voltage potentials were rare and equally common in patients with AF and patients without
AF (0.37 [0.21-0.93] vs. 0.36 [0.14-0.75], p=0.195).

Regional differences in prevalence of fractionation and low-voltage potentials

Table 2 summarizes the regional prevalence of both fractionation and low-voltage potentials
across all patients. The prevalence of fractionated potentials in the RA, BB, PVA and LA was
respectively 1.31 [0.41-2.92] %, 1.74 [0.54-4.20] %, 0.74 [0.23-2.22] % and 1.07 [0.35-2.57]
% whereas the prevalence of low-voltage potentials was 6.06 [2.83-10.72] %, 2.41 [0.62-
8.40] %, 4.79 [1.63-12.35] % and 3.84 [1.25-8.92] %, respectively. Fractionated, low-voltage
potentials were most common at the RA (0.41 [0.10-0.98] %), followed by BB (0.25 [0.00-0.84]
%), PVA (0.08 [0.00-0.34] %) and LA (0.05 [0.00-0.25] %). Patients with AF were characterized
by a higher amount of fractionated potentials, low-voltage potentials and fractionated, low-
voltage potentials only at BB and PVA (p<0.005).
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Table 3 - Distribution of potentials per potential type.

Non-fractionated, Fractionated, Low-voltage, Fractionated,
high-voltage high-voltage non-fractionated low-voltage
Entireatria 2,691,366 (91.5) 45,114 (1.5) 190,758 (6.5) 15,779 (0.5)
RA 1,266,118 (91.1) 19,305 (1.4) 94,280 (6.8) 10,324 (0.7)
BB 303,261 (91.7) 7476 (2.2) 17,900 (5.4) 2,232(0.7)
PVA 593,312 (91.3) 8,359 (1.3) 46,347 (7.1) 1,834 (0.3)
LA 528,675 (92.4) 9,974 (1.7) 32,231 (5.6) 1,389 (0.3)

Values are presented as N (%). RA = right atrium; BB = Bachmann’s bundle; LA = left atrium; PVA = pulmonary vein
area.

Interrelationship between fractionation, low-voltage and local CV

All potentials were subdivided into four different groups: 1) fractionated, low-voltage
potentials, 2) low-voltage, non-fractionated potentials, 3) fractionated, high-voltage
potentials and 4) non-fractionated, high-voltage potentials. The distribution of each
category across the four atrial regions is listed in Table 3. Figure 3 illustrates the differences
in local CV between the four categories. Local CV at sites with fractionated, low-voltage
potentials (46.0 [22.6-72.7] cm/s) was considerably lower compared to sites with either low-
voltage, non-fractionated potentials (64.5 [34.8-99.4] cm/s) and fractionated, high-voltage
potentials (65.9 [41.7-92.8] cm/s) or sites with non-fractionated, high-voltage potentials
(92.3 [66.7-117.9] cm/s, p<0.001 for each comparison). A similar trend in local CV differences
was also found for each atrial region separately, indicating that sites with fractionated,
low-voltage potentials differ considerably from the other 3 categories, regardless of the
anatomical location (Supplementary Figure 1).

As demonstrated in Figure 3, slowed conduction (CV <50 cm/s) was most common at areas
containing fractionated, low-voltage potentials (54.7%), followed by low-voltage, non-
fractionated potentials (38.0%), fractionated, high-voltage potentials (33.5%) and non-
fractionated, high-voltage potentials (14.4%).

Identification of slow conduction areas

The left panel of Figure 4 demonstrates the positive predictive values to identify slow
conduction areas by using various voltage thresholds and a minimal number of deflections.
The highest predictive values can be achieved by using a small voltage threshold (<1 mV)
and a minimum of 3 deflections, which resulted in positive predictive values ranging from

Figure 3 - Local conduction velocity
distribution for each potential type. Violin
plots of local conduction velocities at sites
with 1) non-fractionated, high-voltage
potentials, 2) fractionated, high-voltage
potentials, 3) low-voltage, non-fractionated
potentials and 4) fractionated, low-voltage
potentials. The numbers within the shaded
area indicate the percentage of slow
conduction velocities (<50 cm/s).
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Figure 4 - Positive predictive values and sensitivity for identifying slow conduction areas. The left and right panel
illustrates respectively the positive predictive values and sensitivity for identifying slow conduction areas according
to different voltage thresholds and a minimal number of deflections. The color gradients of the heat maps illustrate
the performance of each metric, ranging from weak (light orange) to strong (dark red).

54.2 to 70.7%. However, as demonstrated in the right panel of Figure 4, the sensitivity of
these thresholds was relatively low (0.003-1.89%). Therefore, many slow conduction areas are
still missed when using these potential morphology parameters only. However, in the case
when fractionated, low-voltage potentials are present, they are very likely to correspond to
slow conduction.

Discussion

In this bi-atrial epicardial mapping study, we report an in-depth analysis of the relationship
betweenfractionation,low-voltage potentialsandlocal CVduring SR.Particularlyfractionated,
low-voltage potentials were related to a reduced CV and were linked to the largest degree of
slowed conduction. These specific potentials were more common in patients with prior AF
episodes, particularly at the PVA and BB. However, many areas of slowed conduction could
still be missed when using solely potential voltage and fractionation as these areas also
frequently occur in the presence of non-fractionated, high-voltage potentials. The strong
inverse relationship between the positive predictive value and sensitivity will therefore likely
complicate the use of these signal-based ablation approaches in AF patients for identifying
slow conduction zones.

Prevalence and regional distribution of fractionation and low-voltage

Despite the usage of fractionation- and low-voltage-guided ablation approaches, detailed
understanding of substrates have been hampered by the use of non-uniform definitions, lack
of high-density mapping and various electrogram processing technologies." In the present
study, we systematically examined the prevalence of fractionation and low-voltage potentials
across both atria, including BB. Where previous studies lacked exact quantification of the
amount of fractionated and/or low-voltage potentials during SR*'2, we now demonstrate
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that sites with fractionated, low-voltage potentials are rare across all atrial regions, but were
particularly present at BB and PVA in patients with a history of AF. Moreover, fractionated,
low-voltage potentials only accounted for a modest portion of either all fractionated or all
low-voltage potentials, which is in contrast with the general assumption that fractionation
relates to low potential voltage and vice versa.l”18

There are numerous factors that influence atrial potential morphology, including underlying
electrophysiological properties, tissue structure and recording technology.' A considerable
amount of fractionation, particularly those with a high potential voltage, may be caused
by colliding wavefronts and diffuse fiber orientation.’ Even in the PVA, only a minority of
fractionated potentials had low voltage components, while this area is assumed to be the
preferential site for fractionation-based ablation therapy in daily practice. Pashakhanloo
et al.20 examined the left atrial wall at a submillimeter resolution and showed a local,
disorganized transmural fiber distribution. A heterogeneous transmural fiber orientation
was especially observed at the poster-inferior region of the LA, which correspond to the PVA
in our study. The architecture of the left atrial wall may therefore explain the presence of
fractionated, high-voltage potentials at these sites.

On the other hand, a large proportion of low-voltage potentials had no fractionated
components. Unipolar potential voltage reflects the summation of action potentials
within the recording area of 1 electrode, and its shape and amplitude are influenced by
electrophysiological and structural characteristics of the myocardial tissue.! The myocardial
architecture can attenuate unipolar voltage by atrial wall thickness and the presence
of epicardial fat?22, which does not necessarily result in inhomogeneous conduction.
In a previous study, we also demonstrated that unipolar voltage of single potentials are
mainly determined by their relative R- and S-wave morphology, which is influenced by the
wavefront propagation.2? Consequently, a large amount of low-voltage, non-fractionated
potentials could also be explained by asymmetry of the relative R- and S-wave amplitudes.
It is for these reasons that low-voltage potentials do not equal fractionation and absolute
low-voltage thresholds for inhomogeneous conduction remain arbitrary.

Relation between conduction velocity, fractionation and low-voltage

Sites containing fractionation and low-voltage potentials are considered targets for substrate
modification therapy as they are indicative of slowing of conduction. The relationship
between either CV, fractionation and low-voltages have been described in various studies.512
However, the methodology to define either of three parameters differed considerably. First,
clinical studies mostly use bipolar electrograms during the measurements which have
a considerable direction-dependent effect on potential voltages and lack a standardized
definition for fractionation.’®' In contrast, characterization of fractionation by using unipolar
electrograms is more straightforward and is therefore preferred. Second, there are many
different techniques to compute CV.52427 |n most studies, global CV instead of local CV is used
to correlate to fractionation and low-voltage.5’ In addition, our method of discrete velocity
vectors showed important superiority to previously used local CV techniques, such as finite
differences and polynomial surface fitting.”* These other CV estimation techniques masked
local areas of conduction slowing more often due to smoothing of wavefront propagation.

To date, no study has investigated local CV while discriminating between sites with both
fractionation and low-voltage, or the presence of solely fractionated or low-voltage
potentials. In a recent study, Van Schie et al® demonstrated that there was no clear
correlation between unipolar potential voltage and local CV, although smaller voltages were
observed in areas of slowed conduction. Also, they demonstrated that unipolar potential
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voltages were decreased in fractionated potentials compared to potentials with one single
deflection, showing a clear inversely proportional relationship between unipolar potential
voltage and the number of deflections. In a following study, Van Schie et al.'® showed that
bipolar low-voltage areas were characterized by a decreased CV and more fractionation.
However, it was also demonstrated that high unipolar potential voltages and CVs could
still be recorded in these bipolar low-voltage areas, even by using direction-independent
omnipolar electrograms. In the current study, we demonstrated the importance of
differentiating between 1) fractionated, low-voltage potentials, 2) low-voltage, non-
fractionated potentials, and 3) fractionated, high-voltage potentials. Local CV at sites with
fractionated, low-voltage potentials was considerably lower compared to sites with either
low-voltage, non-fractionated potentials and fractionated, high-voltage potentials.

Recently, Fronteraetal.’sdemonstrated theimportance of slowing of conduction by analyzing
CV during SR.Their data revealed that the number and density of slow conduction corridors,
defined as discrete areas of CV <50 cm/s, increased in parallel with the progression of AF.
The observed slow conduction corridors were often associated with pivot points, defined
as sites characterized by a high wavefront curvature. We further expanded on identification
of these slow conduction zones by showing that fractionated, low-voltage potentials most
often coincide with slowed CV (<50 cm/s). However, 14.4% of all non-fractionated, high-
voltage potentials had slowed CV. These findings highlight therefore the complexity of the
conventional signal-based thresholds for slowed CV.

If a signal-based approach would be attempted to target slowed CV, the voltage thresholds
and number of deflections will have significant impact on the positive predictive value.
While high positive predictive values would result in avoidance of needless scarring, it
will be accompanied by a low sensitivity (<50%). Hence, this first-time granular approach
targeting slow conduction areas shows the limitations of fractionated and/or voltage based
ablations. Also, this may provide in part the rational why either approach currently appears
to be ineffective in improving ablation outcomes in persistent types of AF.24 Future studies
should therefore explore additional (non-signal based) parameters or approaches if slowed
conduction is to be targeted.

Limitations

In daily clinical practice, electrophysiological studies are performed from the endocardium.
Although properties of endocardial potentials are unknown in the current study,
simultaneous epicardial and endocardial mapping studies during SR demonstrated only
limited differences in fractionation.?¢ In addition, epicardial mapping assures better close-
contact recordings than conventional endocardial mapping thereby decreasing the chance
that low voltage potentials are the result of poor contact. In the current study, we did not
perform structural analysis to further provide insight in the relation between fractionation,
low-voltage and CV. Histological examination and/or integration with other imaging
modalities, such as late gadolinium enhancement magnetic resonance images, will aid in
further characterizing the underlying (arrhythmogenic) substrate.

Conclusion

Sites with fractionated, low-voltage potentials have substantially lower local CV compared
to sites with either low-voltage, non-fractionated potentials or fractionated, high-voltage
potentials. However, the strong inverse relationship between the positive predictive value
and sensitivity of combined voltage and fractionation threshold for slowed CV is likely to
complicate the use of these signal-based ablation approaches in AF patients.
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CHAPTER 10

Abstract

Background: Atrial extrasystoles (AES) provoke conduction disorders and may trigger
episodes of atrial fibrillation (AF). However, the direction- and rate-dependency of
electrophysiological tissue properties on epicardial unipolar electrogram (EGM) morphology
is unknown. Therefore, this study examined the impact of spontaneous AES on potential
amplitude, -fractionation, -duration and low-voltage areas (LVA), and correlated these
differences with various degrees of prematurity and aberrancy.

Methods: Intra-operative high-resolution epicardial mapping of the right and left atrium
(RA, LA), Bachmann’s bundle (BB) and pulmonary vein area (PVA) was performed during SR in
287 patients (60 with AF). AES were categorized according to their prematurity index (>25%
shortening) and degree of aberrancy (none, mild/opposite, moderate and severe).

Results: In total, 837 unique AES (457 premature; 58 mild/opposite-, 355 moderate- and 154
severe aberrant) were included. The average prematurity index was 28% [12-45]. Comparing
SR and AES, average voltage decreased (-1.1 [-1.2, -0.9] mV, p<0.001) at all atrial regions,
whereas the amount of LVA and fractionation increased (respectively +3.4 [2.7, 4.1]1 % and
+3.2 [2.6, 3.7] %, p<0.001). Only weak or moderate correlations were found between EGM
morphology parameters and prematurity indices (R2<0.299, p<0.001). All parameters were,
however, most severely affected by either mild/opposite or severely aberrant AES, in which
the effect was more pronounced in AF patients. Also, there were considerable regional
differences in effects provoked by AES.

Conclusions: Unipolar EGM characteristics during spontaneous AES are mainly directional-
dependentand notrate-dependent. AF patients have more direction-dependent conduction
disorders, indicating enhanced non-uniform anisotropy that is uncovered by spontaneous
AES.

Journal site &
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Introduction

Non-remodeled atrial tissue is considered to be anisotropic, resulting in a much faster
electrical conduction along the longitudinal direction of myocardial fibers than in transverse
direction. Altered cell-to-cell communication and tissue damage results in a discontinuous
distribution of conduction properties, which is known as non-uniform anisotropy. The
presence of non-uniform anisotropy results in local conduction disorders and heterogeneous
conduction, leading to increased susceptibility to tachyarrhythmias such as atrial fibrillation
(AF).2

Atrial extrasystoles (AES) are common interruptions of sinus rhythm (SR), which may trigger
episodes of AF. AES triggering AF most often originate from within the pulmonary veins (PV),
especially in patients with paroxysmal AF.3 However, non-PV triggers, emerging from e.g.
the superior vena cava, left atrial (LA) posterior free wall, LA appendage, terminal crest and
interatrial septum, also play an important role in a significant part of AF patients.# Especially
in non-uniform anisotropic tissue, conduction disorders are direction and frequency
dependent. Extracellular potentials recorded in these areas may be fractionated. This could
be caused by asynchronous activation of two or more groups of cardiomyocytes that are
separated by areas in which there is diminished or no cell-to-cell coupling.® The morphology
of extracellular unipolar potentials can therefore be used to detect non-uniform anisotropic
tissue.s High-resolution mapping during AES provides the opportunity to detect areas of
direction and frequency dependent non-uniform anisotropy. The goal of this study was
therefore to examine the impact of spontaneous AES on unipolar potential morphology and
to correlate these differences with various degrees of prematurity and aberrancy in patients
with and without history of AF.

Methods
Study population

The study population consisted of 287 successive adult patients with or without a history
of AF undergoing open heart coronary artery bypass grafting (CABG), aortic or mitral
valve surgery or a combination of valvular surgery and CABG in the Erasmus Medical
Center Rotterdam. This study was approved by the institutional medical ethical committee
(MEC2010-054/MEC2014-393).78 Written informed consent was obtained from all patients.
Patient characteristics (e.g., age, medical history, cardiovascular risk factors, time in AF) were
obtained from the patient’s medical record.

Mapping procedure

Epicardial high-resolution mapping was performed prior to commencement to extra-
corporal circulation, as previously described in detail.? Epicardial mapping was performed
with a 128-electrode array or 192-electrode array (electrode diameter respectively 0.65
mm or 045 mm, interelectrode distances 2.0 mm). Mapping was conducted by shifting
the electrode array along imaginary lines with a fixed anatomic orientation, following a
predefined mapping scheme, covering the entire epicardial surface of the right atrium (RA),
Bachmann’s bundle (BB), pulmonary vein area (PVA) and left atrium (LA), as illustrated in
Figure 1.

Five seconds of SR were recorded from every mapping site, including a surface ECG lead,

a calibration signal of 2 mV and 1000 ms, a bipolar atrial reference electrogram (EGM) and
all unipolar epicardial EGMs. In patients who presented in AF, SR mapping was performed

173



CHAPTER 10

Figure 1 - Examples of SR beats and AES recorded at various atrial sites. Four examples of 5 second SR recordings
including AES and corresponding color-coded activation maps and EGMs. Thick black lines in the activation maps
correspond with conduction block according to a time difference between adjacent electrodes of 212 ms. For each
patient, the P, and average difference in wavefront direction, potential voltage, LVAs, amount of SP, SDP, LDP and FP
and their corresponding FD is given. Upper left panel: one SR beat and a mild-premature, non-aberrant AES (origin
right-sided) recorded at the RA. Although average potential voltages decreased, several electrodes demonstrate a
local increase in potential voltages. Potential morphology was comparable between SR and AES. Upper right panel:
one SRbeatand a moderate premature AES with mild/opposite aberrancy (origin left-sided) recorded at BB. Compared
with SR, the AES resulted in a decrease of potential voltages and an increase in the number of SDPs, LDPs and FPs.
Lower left panel: one SR beat and a moderate premature AES with severe aberrancy (origin left-sided) recorded at
the PVA. There was a large spatial variability in potential voltage differences between SR and the AES. Compared to
SR, there was a specificincrease in the number of LDPs and fractionation duration. Lower right panel: one SR beat and
a mild premature AES with mild/opposite aberrancy (origin left-sided) recorded at the LA. Compared with SR, there
was a large decrease in potential voltages and number of SPs. There was a large increase in the number of SDPs, LDPs
and FPs, with severe prolongation of FPs. AES = atrial extrasystole; AF = atrial fibrillation; BB = Bachmann'’s bundle;
FD = fractionation duration; FP = fractionated potentials; LA = left atrium; LDP = long-double potentials; LVA = low-
voltage area; Pl = prematurity index; PVA = pulmonary vein area; RA = right atrium; SDP = short-double potentials;
SP = single potentials; SR = sinus rhythm.

after electrical cardioversion. Data were stored on a hard disk after amplification (gain 1000),
filtering (bandwidth 0.5-400 Hz), sampling (1 kHz) and analogue-to-digital conversion (16
bits).

Data analysis

Unipolar EGMs were semi-automatically analyzed using custom-made software. The
steepest negative slope of an atrial potential was marked as the local activation time
(LAT). All annotations were manually checked with a consensus of two investigators.
Several electrophysiological parameters were computed, including potential voltages
and fractionation. The potential voltage was defined as the peak-to-peak amplitude of
the steepest deflection; potentials with an amplitude below 1.0 mV were defined as low
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voltage.' The proportion of low-voltage potentials was used as quantification of the amount
of low-voltage areas (LVAS).

Potentials were classified as single- (SP, single negative deflection), short-double- (SDP,
interval between deflections <15 ms), long-double- (LDP, deflection interval =15 ms), or
fractionated potentials (FP, =3 deflections), as illustrated in Supplementary Figure 1. The time
difference (ms) between the first and last deflection of double potentials (DP; SDP+LDP) and
FPs is defined as fractionation duration (FD). Areas of simultaneous activation were excluded
from analysis in order to avoid inclusion of far-field potentials. For all electrophysiological
parameters the median of the preceding sinus beats was taken and compared to the median
of the AES. The difference was considered as the effect provoked by AES.

Classification of atrial extrasystoles

AES were defined as beats with either a shortening in cycle length of >25% compared to
the previous sinus beat measured at the same mapping site and/or an aberrant activation
pattern compared to the SR beats.5 The degree of prematurity (prematurity index) was
determined for beats preceded by at least two sinus beats, as:

- CLSR - CLAES

Pl
CLgg

-100%

with CL,gs equals the cycle length of the spontaneous AES and CLg, the cycle length of the
preceding two sinus beats. Premature AES were categorized into three groups based on their
prematurity as mild (25<PI<35%), moderate (35<P1<50%) and severe (PI>50%). The degree
of aberrancy was determined by estimating the local propagation angle relying on fitting
polynomial surfaces, as described before."" Aberrancy was categorized according to the shift
indirection of the local wavefront trajectory (4) as: none (|4]<22.5°), mild/opposite (|#|>157.5°),
moderate (22.5<|4|<67.5° or 112.5<|#|<157.5°) and severe/perpendicular (67.5<|%|<112.5°). As
AES emerging as an epicardial breakthrough spread in multiple directions, the degree of
aberrancy could not be determined and therefore these AES were excluded from analyses.

Statistical analysis

Normally distributed data are expressed as mean + standard deviation, whereas skewed data
are expressed as median [25!"—75% percentile]. Clinical characteristics were compared using
Student’s t-test or Mann-Whitney U test when appropriate. Categorical data are expressed
as number (percentage) and analyzed with a x? or Fisher exact test.

To analyze the difference between SR and AES, a paired t-test or Wilcoxon signed-rank test
was used. The differences were presented as mean [95% Cl]. Correlation was determined by
ordinary least squares regression. A p-value <0.05 was considered statistically significant. A
Bonferroni correction was applied when appropriate.

Results
Study population

Clinical characteristics of the study population (N=287, 198 male (69%), age 68+10 years)
are summarized in Supplementary Table 1. Patients underwent either CABG (IHD: N=133;
46%), aortic valve surgery with or without CABG ((i))AVD: N=80; 28%) or mitral valve surgery
with or without CABG ((i)MVD: N=74; 26%). Sixty patients (21%) had a history of AF including
paroxysmal (N=40; 67%), persistent (N=18; 30%) and long-standing persistent AF (N=2; 3%).
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Figure 2 - Relation between prematurity index and potential characteristics. In each panel, prematurity indices
are plotted against each of the EGM parameters. Each individual AES is indicated by a dot of which color indicates
the average provoked effect. The color scale ranges from the smallest to the largest effect of all AES. The black line
indicates the linear correlation between prematurity index and the effect provoked by all AES. Four (none, mild,
moderate, severe) prematurity classes are separately highlighted by a grayscale, ranging from light grey to dark grey
respectively. The average for each class is colored according to the mean effect, ranging from 0 to the maximum
difference of all classes. AES = atrial extrasystole; DP = short+long-double potentials; FD = fractionation duration; FP
= fractionated potentials; LDP = long-double potentials; LVA = low-voltage area; SDP = short-double potentials; SP
= single potentials.

Characteristics of AES

In total, 837 unique AES were included for analysis (2 [1-4] AES per patient). Most AES were
recorded at the RA (N=355, 42%) followed by LA (N=186, 22%), PVA (N=149, 18%) and BB
(N=147, 18%). Average CLsz was 842+191 ms, while average ClLaes was 5924202 ms resulting
in an average prematurity index of 28% [12-45]. A total of 457 (55%) AES were classified as
premature. Of all AES, 581 (69%) were recorded in patients without AF. On average, 2 [1-4]
AES per patient were included in both the no AF and AF group (p=0.393).

Figure 1 illustrates 4 typical examples of local activation time maps and unipolar potentials
during SR and corresponding AES during different degrees of prematurity and aberrancy.
In all recordings, spontaneous AES resulted in clear changes in either potential voltages
or potential type morphologies. Remarkably, within the recording area, there was a large
spatial variation in effect provoked by the AES; e.g., 1) potential voltages either increased or
decreased; 2) fractionation either arose or disappeared and 3) FD of fractionated potentials
either increased or decreased.
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Effect of prematurity on potential morphology

Only weak or moderate correlations were found between EGM morphology parameters and
prematurity indices of all AES (R2<0.299, p<0.001). All premature AES were further subdivided
into four classes according to their prematurity as non- (N=380), mild (N=117), moderate
(N=184) and severe (N=156) premature AES. Electrophysiological characteristics of potentials
within each of these classes are listed in Supplementary Table 2 and visualized in Figure
2. Although there were only weak correlations between EGM morphology parameters and
prematurity indices, there was a larger decrease in average potential voltage and number of
SPs, as well as a larger increase in the number of LVAs, SDPs, LDPs and FPs (p<0.015) during

Figure 3 - Relation between aberrancy and potential characteristics. In each panel, the absolute difference in
propagation direction for each AES is plotted against the various EGM parameters in polar plots. Each individual AES
isindicated by a dot of which color indicates the average provoked effect. The color scale ranges from the smallest to
the largest effect of all AES. Four (none, mild/opposite, moderate, severe) aberrancy classes are separately highlighted
by a grayscale, ranging from light grey to dark grey respectively. The average for each class is colored according to
the mean effect ranging from 0 to the maximum difference of all classes. AES = atrial extrasystole; DP = short+long-
double potentials; FD = fractionation duration; FP = fractionated potentials; LDP = long double potentials; LVA =
low-voltage area; SDP = short double potentials; SP = single potentials.
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Figure 4 - Interrelationship between aberrancy and prematurity. The mean effect of each parameter is visualized
for all AES with varying degrees of aberrancy (x-axis) and prematurity (y-axis). The size and color (from green to red)
of the squares represent the mean effect provoked by the AES in each class. DP = short+long-double potentials; FD
= fractionation duration; FP = fractionated potentials; LDP = long double potentials; LVA = low-voltage area; SDP =
short double potentials; SP = single potentials.

severe premature AES compared to non-premature AES. There was no effect of prematurity
on FD of both DP and FP.

There were considerable regional differences in the effect of prematurity on potential
voltages and fractionation. At the RA, potential voltages and the number of SPs decreased
and the number of SDPs increased with increasing severity of prematurity (p<0.001), while
at BB only potential voltages decreased considerably during severe premature AES. At all
other sites, no clear relations were found between various EGM morphology parameters
and prematurity.

Effect of aberrancy on potential morphology

All 837 AES were categorized according to the mean shift in direction of the propagating
wavefront as non- (N=270), mild/opposite (N=58), moderate (N=355) and severe (N=154)
aberrant. Directional effects of AES on potential morphology characteristics are listed in
Supplementary Table 3 and illustrated in Figure 3. Although potential voltages decreased
during all aberrant AES, the largest decrease was found in mild/opposite and severe aberrant
AES (-1.6[-2.2,-1.11mV and -1.7 [-2.0, -1.4] mV respectively, p<0.001). In all aberrancy categories,
the number of SPs decreased compared to non-aberrant AES (p<0.001).

There were significant interregional differences in the impact of aberrant AES on potential
morphology characteristics. At the RA, the most prominent effect of aberrancy was caused
by severe aberrant AES, consisting of a decrease in potential voltages and number of SPs,
and an increase in the number of SDPs (p<0.001 for each). Moderate aberrant AES resulted
only in anincrease in the number of SDP (p<0.001). At BB, only mild/opposite AES resulted in
adecrease in potential voltages (p=0.009), whereas at the LA, both mild/opposite and severe
aberrant AES provoked the largest differences in potential morphology characteristics. This
consisted of a decrease in potential voltages and number of SPs, as well as an increase in the
amount of LDPs and FPs (p<0.001 for each). At the PVA, only severe aberrant AES resulted
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Table 1 - Influence of AF episodes in mild/opposite and severe aberrant AES.

Parameter A (AES-SR) without AF A (AES-SR) with AF p-value
Voltage (mV) - All beats -161[-1.9,-1.3] -1.9[-2.3,-1.4] 0.179
- RA -1.2[-1.7,-0.7] -2.8[-3.5,-2.1] <0.001
- BB -15[-1.8,-1.1] -13[-1.7,-0.9] 0.301
. PVA -15[-2.3,-0.7] -1.0[-1.9,-0.0] 0.193
- LA -2.8[-3.7,-1.9] -23[-3.5,-1.0] 0.181
LVA (%) - All beats +3.8[2.3,5.4] +4.3[1.6,6.9] 0.114
- RA +3.1[1.0,5.1] +5.812.6,9.0] 0.103
- BB +5.3[2.0,8.7] +8.6[0.8, 16.5] 0.493
- PVA +3.6[-0.7,7.9] -0.1[-6.5,6.3] 0.466
- LA +4.7[0.6, 8.9] +4.5[2.2,6.8] 0.123
SP (%) - All beats -10.6 [-13.7,-7.6] -17.6[-22.8,-12.4] 0.014
« RA -8.9[-13.5,-4.4] -25.6 [-34.7,-16.5] 0.002
- BB -9.2[-14.5,-4.0] -15.1[-23.9,-6.4] 0.121
« PVA -11.3[-20.7,-1.8] -9.2[-20.9, 2.6] 0.308
« LA -15.4[-21.1,-9.7] -20.6[-29.9,-11.2] 0.200
SDP (%) - All beats +3.5[1.8,5.3] +6.2 [3.3,9.2] 0.153
« RA +4.6[2.1,7.1] +13.5[8.4,18.5] 0.003
- BB +3.0[-1.0,7.1] +4.7 [-1.0,10.4] 0.353
« PVA -0.2[-5.8,5.5] +2.2[-2.4,6.9] 0.325
« LA +43[1.4,7.2] +4.11[-2.5,10.7] 0.250
LDP (%) - All beats +3.7[2.1,5.2] +3.4[1.0,5.9] 0.398
+ RA +2.2[0.1,4.3] +5.5[1.7,9.2] 0.110
- BB +4.0[1.3,6.8] +1.2[-2.0,4.4] 0.063
« PVA +7.0[1.0,13.0] +0.8[-5.5,7.2] 0.087
« LA +4.4[2.0,6.8] +5.9[2.1,9.8] 0.425
FP (%) - All beats +3.41[2.2,4.6] +7.9[5.2,10.7] 0.002
- RA +2.1[0.5,3.7] +6.6 [2.8, 10.4] 0.030
- BB +2.1[-0.7,5.0] +9.3[1.8,16.8] 0.058
- PVA +4.4101.6,7.3] +6.1[0.3,11.9] 0.343
« LA +6.8[3.8,9.7] +10.5[5.2,15.9] 0.168
FD DP (ms) - All beats +11.4[104,12.5] +12.0[9.9, 14.0] 0.079
« RA +11.5[9.8,13.2] +10.4[8.3,12.6] 0.295
- BB +10.5[7.3,13.7] +8.4[6.4,10.3] 0.091
« PVA +12.5[11.4,13.6] +10.7 [8.1,13.4] 0.010
« LA +11.4[9.8,13.1] +18.6[12.0,25.3] 0.047
FD FP (ms) - All beats +1.6[-1.0,4.2] +4.6(2.1,7.1] 0.276
RA -0.7[-5.2,3.7] +3.1[-0.2, 6.5] 0.179
- BB -0.0[-3.7,3.6] +0.2 [-3.4,3.9] 0478
. PVA +0.8 [-4.4,6.0] +4.5[-0.5,9.5] 0.279
- LA +7.8[1.4,14.1] +11.0[4.7,17.2] 0.326

Values are presented as mean [95% Cl]. AES = atrial extrasystole; AF = atrial fibrillation; BB = Bachmann’s bundle; DP
= short+long-double potentials; FD = fractionation duration; FP = fractionated potentials; LA = left atrium; LDP =
long double potentials; LVA = low-voltage area; PVA = pulmonary vein area; RA = right atrium; SDP = short double
potentials; SP = single potentials; SR = sinus rhythm.

in a significant increase in the number of FPs (p=0.004). There were no regional differences
between the degree of aberrancy and FD of both DPs and FPs.

Interplay of prematurity and aberrancy

Figure 4 shows the mean effect of AES with various degrees of prematurity and aberrancy
combined on the various EGM morphology characteristics. As can be seen, all EGM
morphology parameters are most severely affected by either mild/opposite or severe
aberrant AES, independently of the degree of prematurity. The smallest effect had, not
surprisingly, non-premature AES with a comparable direction of activation as during SR.
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Influence of atrial fibrillation episodes

As the effect of mild/opposite and severe aberrant AES was most prominent, these types of
AES were further compared between patients with and without AF. In total, 147 AES were
recorded in patients without AF and 65 in patients with AF. As listed in Table 1, there was
a more prominent effect of AES on EGM morphology parameters in patients with AF; SPs
changed more often to FPs during AES as compared with patients without AF (74% vs 83%
of the AES; 4.7 [1.8-9.6] % vs 7.2 [4.1-12.0] %, p=0.007). Comparing the effects of AES for each
atrial region separately, clear differences between patients with and without AF were only
found at the RA. At this site, potential voltages were lower in patients with AF (no AF: -1.2
[-1.7,-0.7] mV vs AF: -2.8 [-3.5, -2.11 mV, p<0.001). In addition, the number of SPs was lower (no
AF: -89 [-13.5, -4.4] % vs AF: -25.6 [-34.7, -16.5] %, p=0.002) as there were more SDPs (no AF:
+4.6[2.1, 711 % vs AF: +13.5 [8.4, 18.5] %, p=0.003) and FPs (no AF: +2.1 [0.5, 3.7] % vs AF: +6.6
[2.8, 10.4] %, p=0.030). There was a trend towards a higher number of FPs in patients with
AF at BB (no AF: 4+2.1 [-0.7, 5.0] % vs AF: +9.3 [1.8, 16.8] %, p=0.058), while no clear differences
were found at the PVA and LA between patients with and without AF.

Discussion

Thisisthefirst study reporting ontheimpact of spontaneous AES and SR on EGM morphology.
The degree of aberrancy and not the degree of prematurity had the most prominent
effect on EGM morphology, including potential voltage and fractionation. Mild/opposite
and severe aberrant AES caused the largest decrease in potential voltages and increase in
fractionation. In patients with AF there was a considerable decrease in potential voltages
and increase in fractionation caused by spontaneous AES compared to patients without AF
particularly at the RA. These observations indicate enhanced direction-dependency of intra-
atrial conduction in patients with AF.

Arrhythmogenic effect of AES

Spontaneous AES are often referred as benign interruptions of SR, although AES are known
to trigger episodes of AF, as in more than 90% of the AF cases episodes are preceded
by an AES.23 While the majority of AES triggering AF originate from within the PVs, AES
emerging from e.g. the superior vena cava, LA posterior free wall, LA appendage, terminal
crest and interatrial septum also play an important role. It is therefore not surprising that
isolation of the PVs alone is not always successful to prevent initiation of AF episodes. In
clinical practice, mapping of AES is often limited to identification of its origin by identifying
the earliest activation site relative to the fixed timing reference rather than studying its
mechanistic (electrical) effects on the atrial tissue. This is mainly due to technical challenges
as the number of simultaneous recording electrodes is limited during endovascular
mapping procedures. Consequently, little is known about the ultimate determinant factors
of AF initiation by spontaneous AES. However, novel approaches, such as the dual-reference
approach, might enable more extensive research on electrophysiological characteristics of
frequent spontaneous AES in the near future!* Mechanistic insights of spontaneous AES
are therefore mainly limited to intra-operative (endo-)epicardial mapping procedures in
patients with structural heart disease.

(Non-uniform) Anisotropic conduction

Atrial tissue is considered to be anisotropic, implying that electrical conduction is much
faster along the longitudinal direction of myocardial fibers than in transverse direction.
Within the atria, there are specific regions of preferential conduction, e.g. terminal crest
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and Bachmann’s bundle, which appear to be optimized for fast excitation of atrial tissue.’s
However, altered cell-to-cell communication and tissue damage can result in a discontinuous
distribution of conduction properties. This is known as non-uniform anisotropy. These
changes in anisotropic properties of cardiomyocytes can be pro-arrhythmogenic as they
may cause unidirectional block and reentry. It is likely that the magnitude of changes in tissue
anisotropy depends on the location within the atria, caused by i.e., tissue thickness, fiber
orientation, local tissue damage and underlying heart disease. In addition, as conduction
disorders are direction and frequency dependent, electrophysiological properties indicating
non-uniform anisotropy can be ‘hidden’ during normal SR. In these areas, potential
fractionation can occur, caused by asynchronous activation of groups of cardiomyocytes
that are separated by areas in which there is diminished or no cell-to-cell coupling.’
Starreveld'® presented the first human case illustrating EGM morphological manifestations
of direction- and rate-dependent anisotropic conduction in a 76-year old patient with long-
standing persistent AF, resulting in low-amplitude, fractionated unipolar potentials. In this
study, we now demonstrated in a large population of patients with and without a history of
AF that spontaneous AES are characterized by a clear increase of potential fractionation and
a decrease of potential voltages, which depended particularly on the degree of aberrancy.
This indicates the presence of irregular discontinuous propagation by anisotropic structural
discontinuities that could be proarrhythmic, even in patients without prior AF episodes.
These areas, however, were more pronounced in AF patients, indicating a higher degree of
tissue remodeling compared to patients without AF. This finding could explain the higher
vulnerability to AES in triggering AF in patients with spontaneous AF episodes.

Rate- and direction dependency

Anisotropy is not only determined by structural determinants such as cell size and shape,
myocardial fibrosis and gap junction distribution, but it can also be influenced by functional
contributors.’® Spach et al. demonstrated anisotropy to be rate- and direction dependent,
as higher pacing rates resulted in lower transverse conduction velocity in relation to
longitudinal conduction velocity, and premature electrical stimulation in non-uniform but
not in uniform anisotropic tissue resulted in unidirectional longitudinal conduction block
or a dissociated type of zigzag longitudinal conduction.”””® Consistent with these studies,
we also observed more low-voltage fractionated potentials during spontaneous AES. Also,
we demonstrated that in a significant part of the AES, smooth and biphasic extracellular
potentials transformed into fractionated potentials, particularly in AF patients. These
observed fractionated potentials reveal the enhanced non-uniformity of anisotropic tissue
in AF patients. Although in our study there was no clear relation between the change in
electrophysiological parameters and prematurity, lower potential voltages and more
fractionation were found in the most severe premature AES. Several studies also showed
that more severe premature AES provoke more conduction block, slower conduction and
more local directional heterogeneity in conduction velocity vectors compared to non/mild-
premature AES.6" However, as AES near the refractory period are more likely to initiate AF
episodes, it is expected that AES near the refractory period will result in even more severe
alterations in unipolar potential morphology.202!

As demonstrated in our current study, AES with severe aberrancy result in the most severe
changesin unipolar voltage and potential morphology. However, we also demonstrated that
AES with a wavefront direction opposite to the wavefront direction during SR frequently
presented with similar alterations as compared with the severe aberrant AES. While Teuwen
et al.> and Van der Does et al.? only demonstrated a severe increase in conduction block
and endo-epicardial asynchrony during severe aberrant AES, they did not find similar results
during mild/opposite aberrant AES. We also demonstrated significant regional differences
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in effect of aberrancy. It is therefore likely that the condition of the underlying tissue
predominantly determines the effect of either prematurity or aberrancy. Since the largest
effect provoked by AES is achieved by any change in wavefront direction, in theory, any
premature aberrant AES originating not from the sino-atrial node area may result in severe
conduction disorders in non-uniform anisotropic tissue, thereby facilitating initiation of AF.

Clinical implications

In the current study, we demonstrated that spontaneous AES are particularly directional-
dependent, with a more prominent effect of these AES in patients with history of AF.
Hence, a significant part of conduction disorders would be missed when performing
electrophysiological examination during sinus rhythm alone. As these direction-dependent
conduction disorders were particularly found at the RA in patients with AF, one could
consider more extensive substrate identification by using multisite pacing and focusing
on unipolar EGM characteristics. However, whether additional ablation strategies targeting
these regions truly helps improving ablation outcomes needs to be examined in future
studies.

Limitations

Atrial tachyarrhythmias were not initiated by the AES in this study. Although the prematurity
index was relatively high in some AES, the ClLaes was frequently still above the expected
refractory period.202' Therefore, AES with more shortening of the cycle length are expected
to result in a more pronounced effect. The arrhythmogenic effect of AES could only be
studied at one single mapping site and not at multiple atrial regions simultaneously.
Consequently, the origin of each AES and the effect on multiple atrial sites simultaneously
remain unknown.

Conclusion

Spontaneous AES with an opposite or perpendicular wavefront direction to SR provoked
the largest changes in unipolar potential morphology, independently of the degree of
prematurity. Therefore, unipolar EGM characteristics during spontaneous AES are mainly
directional-dependent and not rate-dependent. As AF patients have more severe direction-
dependent conduction disorders, enhanced non-uniform anisotropy probably explains the
higher vulnerability to trigger episodes of AF.
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CHAPTER

Abstract

Background: Atrial electrograms recorded from the epicardium provide an important tool
for studying the initiation, perpetuation and treatment of AF. However, the properties of
these electrograms depend largely on the properties of the electrode arrays that are used
for recording these signals.

Method: In this study, we use the electrode’s transfer function to model and analyze the
effect of electrode size on the properties of measured electrograms. To do so, we use both
simulated as well as clinical data. To simulate electrogram arrays we use a two-dimensional
(2D) electrogram model as well as an action propagation model. For clinical data, however,
we first estimate the transmembrane current for a higher resolution 2D modeled cell grid
and later use these values to interpolate and model electrograms with different electrode
sizes.

Results: We simulate electrogram arrays for 2D tissues with 3 different levels of heterogeneity
in the conduction and stimulation pattern to model the inhomogeneous wave propagation
observed during atrial fibrillation. Four measures are used to characterize the properties
of the simulated electrogram arrays of different electrode sizes. The results show that
increasing the electrode size increases the error in LAT estimation and decreases the length
of conduction block lines. Moreover, visual inspection also shows that the activation maps
generated by larger electrodes are more homogeneous with a lower number of observed
wavelets. The increase in electrode size also increases low-voltage areas in the tissue
while decreasing the slopes and the number of detected deflections. The effect is more
pronounced for a tissue with a higher level of heterogeneity in the conduction pattern.
Similar conclusions hold for the measurements performed on clinical data.

Conclusion: The electrode size affects the properties of recorded electrogram arrays
which can respectively complicate our understanding of atrial fibrillation. This needs to be
considered while performing any analysis on the electrograms or comparing the results of
different electrogram arrays.
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EFFECT OF ELECTRODE SIZE ON ELECTROGRAMS AND ACTIVATION MAP PROPERTIES

Introduction

Recording and processing of electrograms (EGMs) is the cornerstone of mapping procedures
guiding ablative therapies of cardiac arrhythmias. Thorough understanding of the impact
of recording technology on EGM morphology is of paramount importance, particularly in
case of complex tachyarrhythmias such as atrial fibrillation (AF)."2 However, the properties of
these EGMs depend to a large extent on the physical dimensions of the electrode arrays that
are used for recording these signals.

As shown in several studies, the electrode’s size (or diameter) is an important parameter that
can affect the characteristics of the recorded EGMs. Most studies focus on bipolar EGMs and
measurements that are performed only on clinical recordings.?” There are only a few studies
investigating the effect of the electrode size on the properties of the unipolar EGMs using
both electrophysiological models and clinical recordings. These properties include signal-to-
noise ratio (SNR), fractionation level, voltage level and the error in local activation time (LAT)
estimation.81°In general, these studies show that increasing the electrode size increases the
SNR and consequently the atrial activity is less affected by noise and artifacts."'2 However,
this is mainly the case for homogeneous tissue. It has also been shown that the number
of deflections and the level of fractionation also increases by increasing the electrode
size.”? Moreover, low-voltage areas in the tissue also increase when using bigger electrode
sizes.88 It has also been shown that using larger electrodes, which increases the error in LAT
estimation,’® will result in activation maps with less detail and less conduction blocks.35
These effects are more pronounced in zones of conduction block or slow conduction in the
tissue (i.e., scarred tissue).3#

Some of these studies use clinical recorded EGMs using different EGM arrays with
different electrode sizes that are successively positioned on similar locations on the atria.
However, it should be noted that not all observed changes in the EGM properties are
due to changes in electrode size, but also due to the spatio-temporal varying nature of
electrical wave propagation (especially during AF) and the changes in the inter-electrode
distances. Moreover, bipolar EGMs are also affected by varying propagation directions. In
this study, we exclusively investigate the effect of the electrode size on the properties of
high resolution unipolar EGM arrays by keeping the other parameters like inter-electrode
distances and electrical wave propagation patterns fixed. We use both clinical observation
and electrophysiological models that govern the wave propagation and EGM generation
to analyze and investigate these effects. This is done by investigating the electrode’s
transfer function and its properties, making the comparisons and conclusions more robust.
Moreover, we investigate these results for tissues with different levels of inhomogeneity in
the conductivity map. We also focus on the overall properties of the EGM array and not
only on the per-electrode features. These include the overall error in local activation time
estimation, length of slow conduction or block lines, low-voltage areas in the tissue, as well
as the number of deflections.

We first present the EGM model, our approach for generating simulated EGMs, and our
proposed framework for generating high resolution EGM arrays with different electrode
sizes from clinical EGMs. We also provide a description of our clinical recording setup and
employed measures for characterizing the EGM array properties. Furthermore, we perform
our approach on simulated and clinical EGMs, respectively, and present the final results. We
also discuss the optimal electrode diameter and appropriate inter-electrode distances for
electrode arrays with different electrode sizes, the maximum electrode size for capturing
scarred tissue of different sizes, and a proper scaling of the EGM amplitude for a better
comparison of EGMs recorded with different arrays.
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Methods

Atrial tissue computer model

In our model we consider the atrial tissue as a two-dimensional mono-layer grid of cells
where the electrode array is positioned at a constant height z, above the atrial tissue. We
model the EGM as a weighted summation of transmembrane currents produced by the cells
in the tissue in the vicinity of the electrode, where the weights depend on the inverse of
the cell-to-electrode distances. An EGM at location (x,y) and at time sample t can then be
modeled as:?

¢(X —m, Ym, t) =

1 I (x,p,t
[ —E2Y__wen @
eJaJ(x —x)2 + (v — V)% + 22

where m=12,..,M is the electrode index with M the total number of electrodes,
I1-(x, v, t) the transmembrane current, A is the area in which the modeled cells are located,
A(x,y) is the area variable, and o, is the constant extra-cellular conductivity. Note that for
now we assume that we are recording the EGMs with point electrodes whose diameters can
be neglected.

The transmembrane current produced by each cell can be computed using the following
equation:

Itr(xr Y, t) = Sv_lv ) Z(XY)VV(XI Yy t) (2)

where V(x,y,t) is the per cell potential, £(x,y) is the intracellular conductivity tensor, and
S, = 0.24 um™1 is the cellular surface-to-volume ratio. The potential and transmembrane
current can simultaneously be calculated using the reaction-diffusion equation that governs
the action potential propagation in the tissue:

SV (x,y,t
c (x,3,1)
5t

where C = 1uFcm™2 is the total membrane capacitance, I, is the stimulus current, and
I;on is the total ionic current computed according to the Courtemanche model.’s

=i (03, 0) + L (2,9, 8) — Lion(x, 7,8, V) (3)

Electrode’s transfer function model

For a uniform grid of cells with Ax denoting the cell-to-cell distance, we can rewrite Equation
1 as a 2D spatial convolution of transmembrane currents with an appropriate electrode
transfer function Ry(x,y) as

P(x,¥,t) = ¢ S(x, ) (Ro(x,y) ** I, (x, 3, 1)) (4)

where *x denotes the 2D spatial convolution, and ¢ = Ax?/4mo, contains all constants
and will be omitted for simplification. We introduced in Equation 4 the sampling operator
S,(x,¥) =Y m6(x — x,, ¥ — ¥im) With Dirac delta functions to select the M spatial locations
on the grid on which we have measurements and replace the other locations with zero. This
can also be used to deselect faulty electrodes. The electrode transfer function is

1
Ro(r) = ——= (5)
VT2 +2z§
where r = /x2 4+ y2 isthe horizontal distance between the electrode (at origin) and a cell at

location (x,y). However, an electrode whose diameter is bigger than the modeled cell size
(i.e., dy > Ax) can no longer be considered as a point electrode. The transfer function should
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therefore take the diameter of the electrode into account:®
. do
R, (r) = 2arcsin
(") e VO =do/2)2 + 22 +/(r +do/2)2 + 22 ©

The first row of Figure 1 shows the 2D representation of the electrode normalized transfer
function of a point electrode from Equation 5 as a function of x and y, as well as the
normalized transfer function based on r, both computed by setting zo=0.5 mm. As can
be seen, the value of the transfer function, or the weight of the transmembrane current in
Equation 4, for the cell that is exactly under the electrode’s center equals to 1. A large weight
indicates more influence on the final recorded EGM. As we move further from the center, the
weights decrease but the values are still noticeable. One important parameter commonly
used to characterize the transfer function is the full width at half maximum (FWHM), denoted
on the plot. It shows the diameter at which the weight of the cells is greater than half of the
maximum value, indicating their significant influence on the final recorded EGM. A small
FWHM (a narrower transfer function) denotes that the electrode records data from a smaller
area thus providing more local EGMs. However, a large FWHM denotes that the recorded EGM
will be the summation of activities in a larger area. This can severely affect the morphology of
the local activities if the propagation is not homogeneous in the electrode’s neighborhood.
In general, summing up activities in a larger area will smooth out the important local details.

The bottom left plotin Figure 1 shows the transfer functions for different electrode diameters
do€0.5,2,4,8 mm with z,=0.5 mm. The bottom right plot in Figure 1, also shows the transfer
functions when z,=1 mm, assuming a thicker tissue. As can be seen in both plots, as the
electrode diameter increases, the transfer function gets wider (larger FWHM) indicating that
the recorded EGM will be more influenced by the neighboring activities. The difference in
FWHM is more evident in thinner tissues and for smaller diameters.

Modeling abnormal tissue

To generate simulated fractionated EGMs that are representative for clinical data,
various approaches have been suggested in literature. Jacquemet et al.8 incorporate the
heterogeneities in the conductivity as a set of randomly positioned lines of conduction
block that disconnect the coupling between the cells on the grid. However, Vigmond et

Figure 1-Transferfunctionofapointelectrode.
Top left: the 2D representation of the electrode
normalized transfer function Ry (x,y) of a point
electrode. The red dashed circle represents
the FWHM. Top right: the electrode transfer
function based on R, (). Bottom: Ry, (r) for
different electrode diameters dy€0,0.5,2,4,8 mm
with zo=0.5 mm (left) and zo=1 mm (right).
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Figure 2 - Conductivity map, activation map and an example EGM simulated for different electrode sizes of four
simulated tissues. T, is modeled as a homogeneous tissue while T;, T, and T; have a low, medium and high density of
conduction block in their conductivity map, respectively. The red rectangle represents the electrode array position.
We assume there is one electrode on top of each modeled cell.

al’s model the conduction disturbance by randomly disconnecting the coupling between
some modeled cells and their neighbors through randomly positioned dots of conduction
block. In this study we use both patterns simultaneously for simulated conductivity maps of
modeled tissue. This provides simulated EGMs and activation maps that are more similar to
clinical recordings (by visual inspection).

To simulate EGMs with different levels of fractionation, we use conductivity maps with varied
levels of conduction block density. These are shown in the first row of Figure 2 denoted as
Ty, T and T3 having a low, medium and high density of conduction block, respectively. For
comparison, we have also shown the results for a homogeneous tissue with planar wave
propagation, denoted by To, which serves as a standard reference for other tissue types.
The size of each tissue is 213X 173 cells, with a cell-to-cell distance of Ax=0.5 mm. We also
activate the tissues using one or two activation waves entering the tissue from different
locations to simulate the activation maps during AF.

To model action potential propagation in the simulated tissues, Equation 3 is discretized and
solved using a finite difference method with no flux boundary condition. The activities are
simulated for 1000 ms to include one complete atrial beat, but only a selected time window
of 150 ms in length is used for evaluation of EGMs as it includes all the atrial activities. A
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more detailed description of the simulation steps and parameters is described previously.”
The resulting activation maps are shown in the second row of Figure 2. Each pixel in
the activation map represents the true activation time of its corresponding cell which is
annotated as the time when the cell’s potential V reaches a threshold value of -40 mV in the
depolarization phase of its action potential. The white pixels belong to the cells that were
positioned on a conduction block and did not get activated. Finally, Equation 1 is used to
compute the simulated EGMs recorded by an assumed electrode array of size 77X33 cells
positioned on the center of the tissue at a constant height of z,=0.5 mm, which is denoted
by a red rectangle on the maps. The last panels in Figure 2 show example EGMs from each
tissue computed for four different electrode diameters do€0.5,2,4,8 mm.

Clinical studies

The study population consisted of 10 adult patients undergoing surgery in the Erasmus
Medical Center Rotterdam. This study was approved by the institutional medical ethical
committee (MEC2010-054/MEC2014-393).81 Written informed consent was obtained from
all patients. Patient characteristics (e.g., age, medical history, cardiovascular risk factors)
were obtained from the patient’s medical record. Epicardial high-resolution mapping was
performed prior to commencement to extra-corporal circulation, as previously described in
detail.22 A temporal bipolar epicardial pacemaker wire attached to the RA free wall served
as a reference electrode. A steel wire fixed to subcutaneous tissue of the thoracic cavity was
used as an indifferent electrode. Epicardial mapping was performed with a 192-electrode
array (electrode diameter 0.45 mm, inter-electrode distances 2.0 mm). The electrode array
is subsequently positioned visually by the surgeon on 9 mapping atrial sites using the
anatomical borders. We only use the data recorded from Bachmann’s bundle. Ten seconds
of induced AF were recorded from every mapping site, including a surface ECG lead, a
calibration signal of 2 mV and 1000 ms, a bipolar reference EGM and all unipolar epicardial
EGMs. Data was stored on a hard disk after amplification (gain 1000), filtering (bandwidth
0.5-400 Hz), sampling (1 kHz) and analogue-to-digital conversion (16 bits).

Interpolating (clinical) EGMs and estimating EGMs for different electrode sizes

Due to the unstable and unpredictable nature of electrical wave propagation during
AF, it is not possible to repeat similar recordings with different electrode arrays (having
different electrode diameters and therefore different inter-electrode distances) during AF.
To overcome this issue and to interpolate and estimate the EGMs recorded with different
arrays, we first estimate high resolution transmembrane currents and subsequently model
the effect of larger electrode dimensions. We discretize the 3D tissue activity in space. We
use source clamping and replace each block of cells in the real three-dimensional tissue with
amodeled “cell” on a uniform 2D grid of cells similar to the simulated data. Next, we estimate
the high-resolution transmembrane currents using Equation 4 and the recorded EGMs. This
can be done by solving the following regularized optimization problem:?

min|$ — So(Ro ++ DIIF + Al'll, (7))

=" Y sy, i, =) > > 1yl
X y x y t

andwhere 1 istheregularization parameter.Employing the #,-normregularization function
(i.e., |I. 1l helps to preserve the main features of the transmembrane currents among which
sparse fast temporal changes (deflections). These are of high importance for correct LAT

where
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estimation. More details on an efficient approach to solve Equation 7 are given by Abdi et
al.2 After estimating the high resolution transmembrane current, we can estimate different
EGMs for varying electrode sizes and inter-electrode distances using Equation 4 with an
appropriate transfer function from Equation 6.

EGM analysis

Here, we introduce four measures that are used to characterize the properties of the EGM
arrays. Notice that both simulated and clinical EGMs’ amplitudes are scaled with a constant
value so that the amplitude of the EGMs of a homogeneous wave propagating through
the tissue (as in tissue type To) recorded by the smallest electrode (do=0.5 mm) equals 1 V.
The scaling value is different for clinical and simulated recordings but similar for different
electrode sizes. We characterize the properties of the simulated and clinical high resolution
EGM arrays recorded during one atrial beat using the following four measures:

1. LATE: percentage of large absolute errors in LAT estimation denoted by LATE. These
are the error values that are larger than 10 ms. This measure is only evaluated for
simulated tissue where we have access to true activation times. The true activation
time is annotated as the time when the potential of the cell that is exactly under the
electrode reaches the value of -40 mV, ensuring that the action potential is triggered.
The estimated activation time of the simulated EGM is annotated as the point with the
steepest descent. The threshold value of 10 ms was selected heuristically. However,
different threshold values yield a similar pattern of changes.

2. LSC/B: length of lines of slow conduction or block in the tissue denoted by LSC/B.
To compute this value, we first find the delay between each cell and its four direct
neighbors on the grid of cells. If the delay is bigger that 0.7 ms it will be considered as
a slow conduction or block with the length of Ax. This threshold value is selected with
respect to the standard delay between neighboring cells estimated from the standard
tissue To. Note that this is not a small threshold considering the cell-to-cell distances
of Ax=0.5 mm in the simulation. Moreover, since we model inhomogeneity in the
tissue using dots and small lines of block, their effects on the LAT also ranges from very
small to large values. Figure 3b shows an example activation map with its lines of slow
conduction or block denoted by thick black lines.

3. LVA: percentage of EGMs with lower peak-to-peak voltage than 0.2 V denoted by LVA.
The peak-to-peak voltage is defined as the difference between the maximum and the

Figure 3 - Example of an activation map with lines of conduction block. Panel a: unipolar EGM with the peak-to-
peak voltage denoted by the red two-sided arrow. If the peak-to-peak voltage is smaller than 0.2 V, the EGM will be
counted as a low-voltage EGM. Panel b: unipolar EGM from (a) with two of its deflections (downward slopes) denoted
by red lines. As can be seen there are more deflections in the signal but we only count those with an average slope
that is smaller than -0.02 V/ms. Panel c: example activation map (a segment of T; in Figure 10) with the lines of block
denoted by black lines. These are the areas between two neighboring cells with delays in LAT that are larger than
0.7 ms.
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Figure 4 - An example of a simulated atrial
activity recorded by different electrode sizes.

minimum EGM amplitude and is shown in an example EGM in Figure 3a. The threshold
value was selected heuristically, making sure it is small enough to indicate the changes
in between different tissue types and electrode diameters.

4. ND, SD and MD: percentage of EGMs having no deflection (ND), a single deflection (SD),
or multiple deflections (MD). We only count the deflections having a smaller average
slope than -0.02 V/ms. The threshold value was selected heuristically to avoid small
negligible deflections caused by noise and artifacts. Figure 3b shows an example EGM
with 2 deflections.

It is important to note that all the measures are evaluated for high resolution EGM arrays
assuming that there is one electrode on top of each cell. This is not possible in practice
because the inter-electrode distance should be larger than the electrode diameter.
However, the results will confirm that the changes in the measures are due to the changes
in the electrode’s size and not due to the different inter-electrode distances. The above-
mentioned measures are computed using custom written MATLAB codes.

Figure 5 — Activation map estimated from high resolution EGM arrays with different electrode sizes. T, has the
same tissue conductivity pattern as T, and in Ts two lines of block are positioned along the center of the tissue.
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Simulation results

Effect of electrode size on EGM properties

Five randomly generated conductivity maps were modeled for each tissue type T; to T3, which
were previously shown in Figure 2. The tissues were stimulated with one or two activation
waves entering the tissue from different locations and the resulting EGMs were computed
for four different electrode diameters do€0.5,2,4,8 mm. The last row of Figure 2 shows an
example EGM from each tissue computed for the four different electrode diameters. For a
better comparison, Figure 4 also shows simulated EGMs for different electrode sizes in one
plot. These EGMs belong to Ts in Figure 5 with two distinct deflections as a result of a long
line of block.

The measures introduced in the previous section were evaluated for all 2541X5=12,705
simulated EGMs for each tissue type (77 X33=2,541 EGMs per map) and are presented in Table
1, Table 2, Table 3 and Table 4. As can be seen in the resulting tables, increasing the electrode
size increases the error in LAT estimation while the length of detected slow conduction or
blocklinesin the tissue decreases. Except for the homogeneous tissue To, where using bigger
electrode diameters results in an increase in LSC/B which is almost similar for all electrode
diameters. As a result, the final activation maps seem smoother.

The percentage of low-voltage areas in the tissue also increases by increasing the electrode
size, indicating that using bigger electrodes decreases the amplitudes of recorded EGMs.
However, by comparing the results of lower voltage areas in Table 1, Table 2, Table 3, Table
4, it seems that a larger diameter is more useful at indicating the differences in low-voltage
areas of different tissue types and respectively the mean conductivity of the underlying
substrate, even if the discrete block lines in the simulation are missed.

The percentage of single and multiple deflections in the EGMs decreases by increasing the
diameter. This is because the slope of some of the deflections gets very small and it will not
be annotated as a deflection anymore.

However, as can be seen in the tables, the variations in EGM properties caused by using
different electrode diameters are more evident in tissues with higher level of heterogeneity
or more scarred tissues. This also indicates that EGMs generated in homogeneous tissues will
not be much affected by the electrode diameter.

Effect of electrode size on the activation map

We use some examples to visualize the effect of electrode size on the resulting activation
maps. As discussed earlier, using bigger electrode sizes increases the error in LAT estimation
and decreases the length of detected conduction block lines. This happens because the
EGMs recorded by bigger electrodes are affected more by neighboring activities. Therefore,
the deflection generated by larger and strongerinhomogeneous waves in the neighborhood
may over-impose the small, but main, local deflections. As a result, the final activation maps
seem smoother and more homogeneous.

Figure 4shows an example of a simulated atrial activity recorded by different electrode sizes.
As can be seen, two deflections are visible in each activity. The first deflection (at 90 ms)
belongs to the local main activity and the second deflection (at 123 ms) belongs to a strong
neighboring activity. As the electrode size increases, the second deflection gets steeper
compared to the first deflection. Annotating the steepest descent as the LAT will then result
in annotating the second deflection for electrode of diameters do=4 mm and 8 mm. That is
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Table 1 - Measures evaluated for m=77X33X5 EGMs of tissue type T,.

Late % LSC/B (cm) LVA % No. deflections %
0.5 0 0 0 0 100 0
2 0 46.2 0 0 100 0
4 0 41.25 0 100 0 0
8 0 44,55 0 100 0 0

Table 2 - Measures evaluated for m=77X33X5 EGMs of tissue type T.

Late % LSC/B (cm) LVA %
0.5 0.97 86.15 0 0.97 70.70 28.32
2 2.36 80.18 0.07 98.09 1.90 0
4 523 79.37 0.90 99.26 0.73 0
8 18.79 66.10 2542 100 0 0

Table 3 - Measures evaluated for m=77X33X5 EGMs of tissue type T.
do (mm) Late % LSC/B (cm) LVA % No. deflections %

ND SD MD
0.5 235 98.24 0 2.30 65.54 32.14
2 6.07 85.11 0.72 98.64 1.35 0
4 12.61 82.63 741 99.39 0.60 0
8 38.57 68.35 71.54 100 0 0

Table 4 — Measures evaluated for m=77X33X5 EGMs of tissue type Ts.

Late % LSC/B (cm) LVA %
0.5 11.19 115.03 0.32 10.01 62.19 27.79
2 32,61 94.06 17.35 97.99 2.00 0
4 49.34 84.16 65.09 98.58 1.41 0
8 72.19 65.44 99.28 99.89 0.10 0

an absolute error of about 33 ms in LAT estimation.

Figure 5 shows estimated activation maps of two simulated tissues recorded by electrode
arrays having different electrode sizes. These examples imitate the two patterns of common
changes that we observed in clinical cases. T4 has the same tissue conductivity pattern as
T> (medium density of conduction blocks) with a different stimulation pattern resulting in
generation of complex fractionated atrial EGMs. As can be seen, small waves in the tissue
are over-imposed by larger and stronger activities in their surrounding and the smooth
variations from one color to another are replaced by sharp variations. In Ts (second row of
Figure 5) two lines of block are positioned along the center of the tissue. The activation map
starts from the area in-between these lines and then propagates through the whole tissue.
As can be seen, this abnormal area is completely lost when we use bigger electrode sizes. As
mentioned before, this happens because the activities generated in this abnormal area have
lower amplitude compared to the stronger activities outside the block lines and a bigger
sized electrode records more activities from its neighborhood.

Optimal electrode diameter and inter-electrode distance

The electrode transfer function in Equation 6 and shown in Figure 1 can be used for
calculating the optimal electrode diameter and inter-electrode distance. This can be done
by investigating the FWHM of different electrode diameters. Figure 6 shows the calculated
FWHM as a function of the electrode’s diameter (with z;=0.5 mm). This plot has two
important features. First, even for a point electrode, FWHM=1.73 mm is nonzero. Secondly,
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FWHM is almost constant for small diameters and the curve bends around dy=0.5 mm. These
observations can lead to two important conclusions:

1. Optimal electrode diameter: an optimal electrode diameter is around do=0.5 mm. This is
the largest value with a similar FWHM to a point electrode. Note that smaller electrodes
are affected more by noise so there is a tradeoff between high SNR and small FWHM.
Therefore, it is also not preferred to use the smallest electrode possible.

2. Optimal inter-electrode distance (in order to capture all the spatial information of
the electrical activities in the tissue): to find this parameter, we first need to estimate
the maximum spatial frequency that is presented in electrical activities. This can be a
quite complicated task due to the three-dimensional inhomogeneous structure of the
atrial tissue and the complex unstable wave propagation patterns. On the other hand,
no matter how high these spatial frequencies are, they will eventually be recorded
by surface electrodes which inherently perform as a spatial low-pass filter. As shown
previously?, the FWHM can be also used as a short-hand measure of the appropriate
inter-electrode distance. As an example, for an electrode with dy=0.5 mm, we suggest
an optimal inter-electrode distance of around 1.9 mm, which is equal to its FWHM at
2o=0.5 mm.

Figure 7 shows the FWHM as a function of both do and zo. As can be seen in this figure, as
the electrode diameter or the electrode height (or equivalently tissue thickness) increases,
the required inter-electrode distance also increases. This means that FWHM and the low-
pass filtering effect of the electrode increases. This will result in losing spatial information by
electrodes. Even putting them closer to each other in an array will not compensate that loss.
Therefore, we can effectively use larger inter-electrode distances. Conversely, electrodes
with smaller diameters have smaller FWHM and can potentially capture spatial information
with higher frequencies and by putting these electrodes closer to each other on an array, we
can record this information.

Maximum electrode size for recording scarred tissue

In this section, we perform an experiment to investigate the maximum electrode size for the
detection of abnormal areas and conduction block lines using simulated tissue. We use the
same patternasin Tsin Figure 5for the scarred tissue where two lines of conduction block are
positioned along the center of the tissue with a distance of Ly The activation wave starts
from the area in between these lines and then propagates through the whole tissue. As can
be seen in Ts, this abnormal area is completely lost when we use bigger electrode sizes. As

Figure 6 - FWHM calculated for different
electrode diameters with z,=0.5 mm.

196



EFFECT OF ELECTRODE SIZE ON ELECTROGRAMS AND ACTIVATION MAP PROPERTIES

Figure 7 — The estimated FWHM for different
values of do and z,.

mentioned before, this happens because the activities generated in this abnormal area have
lower amplitude compared to the stronger activities outside the block lines and a bigger
sized electrode records more activities from its neighborhood. We increased the distance
between the two parallel lines of blocks and visually inspect the activation map estimated
from different electrode arrays to determine the maximum electrode diameter dmay that
can still provide some evidence of the abnormality in the tissue. The results can be seen in
Figure 8. As an example, the two block lines in Ts are distanced at Lyioa=3.5 mm, and, as can
be seen in Figure 8 the maximum electrode diameter that can still provide evidence of this
abnormality is around 4.2 mm. Notice that this is a simple example compared to complex
clinical cases where the results are affected by many underlying parameters of the tissue.

Clinical results

Due to the unstable and unpredictable nature of electrical wave propagation during AF, it is
not possible to repeat similar clinical recordings with different electrode arrays. Therefore,
to model these recordings, we to first estimated high resolution transmembrane currents
and then used them to interpolate and calculate EGMs with bigger electrode sizes. The
methodology used for estimation of transmembrane current is discussed and evaluated
previously.22 Here, to evaluate its performance in reproducing the EGMs, we find the mean
correlation coefficient between the real clinical EGMs and their simulated EGMs after finding
the transmembrane currents and recalculating the EGMs. The mean correlation coefficient
is equal to 0.97+£0.004 (mean * standard deviation) which indicates a good simulation. Note
that we can only calculate this measure for the low resolution 24X8 clinical EGMs and for
do=0.5 mm, as we do not have the ground-truth EGMs for bigger electrode sizes or higher
resolutions. Figure 9 shows four neighboring clinical (real) EGMs and the interpolated EGMs
in between them.

Figure 8 — Maximum electrode diameter d,max
for recording a visible scarred tissue, as a
function of L.« Which denotes the distance
between two lines of block.
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Figure 9 - Real (in orange) and interpolated
EGMs (In blue) for clinical recordings
with dy=0.5 mm. Note that for an easier
inspection, only EGMs from dark blue
electrodes have been shown.

Statistical analysis

An analysis was performed on 10 clinical EGM arrays of size 24X 8 recorded from Bachmann's
bundle for 10 different patients. The signals were recorded for 10 seconds during induced AF
resulting in fractionated EGMs with various levels of fractionation. Note that the EGMs were
initially interpolated and modeled for different electrode sizes. This resulted in 24X8X4
EGMs in total. The measures were evaluated for one atrial beat of length 150 ms (visually
selected to make sure each EGM contained atrial activity) and are presented in Table 5. We
did not present the result for the error in LAT estimation because we do not have access to
the true values in clinical data. As can be seen in the table, the changes in the properties of
EGMs recorded by different electrodes follows the same pattern as for the simulated data.

Changes in activation maps

Similar patterns as in the simulation data are also seen in the clinical data. Figure 10shows two
examples of how the high-resolution activation maps change by using different electrode
sizes. As expected, the small deflections and small wavelets in Ts are over-imposed by larger
and stronger activities in their surrounding area as the electrode size increases. This leads to
a decrease at the total number of wavelets in the area. T; also shows an example where the
abnormal area with long delays in the activation map is partly or completely missed due to
the increase in the electrode size.

Scaling EGMs’ amplitude

A proper scaling of the EGMs’ amplitudes recorded with different electrode sizes can to some
extent compensate for differences in the measures that characterize the EGMs. We propose
to use the ratio between the norm of the transfer functions of the electrodes for scaling their
amplitudes for a better comparison of their recorded EGMs. This can be formulated as:

o IRo()ll2
Pa, Ky Yo ) = s -~ Pd, K Ymr £) - (8)
R4, I,
Table 5 — Measures evaluated for 24X8Xx4X 10 interpolated clinical EGMs recorded from Bachmann's bundle.
LSC/B (cm) No. deflections %
SD MD
0.5 80.34 47.38 77.31 25.56 3.12
2 68.47 53.13 77.72 20.99 127
4 59.95 60.28 84.25 15.62 0.12
8 56.09 78.40 93.46 6.52 0
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Figure 10 - Example activation maps estimated from high resolution EGM arrays with different electrode sizes,
estimated from clinically recorded EGM arrays.

where Ry(r) and Ry, (r) are calculated from Equations 5 and 6, ¢ is the scaled EGM, and
[I.1l, isthe Euclidean norm or 12-norm. This will make the measures like LVA and the number
of deflections more invariant to the electrode’s diameter. However, it will not affect the
estimation of LATs or any parameter that is extracted from it like LSC/B.

Table 6 shows the new measures (cf. the non-scaled version in Table 5) after using the norm of
the distance kernel for scaling the data. Notice that approaches like the maximum amplitude
or steepness of the recorded EGMs for scaling or normalizing them are realization based and
thus less stable. Such parameters will depend on the propagation patterns and are prone
to spatial and temporal variations, making the results incomparable and not generalizable.

Table 6 — Measures evaluated for 24X8X42X10 interpolated clinical EGMs recorded from Bachmann’s bundle
after scaling the EGMs.

do (mm) LSC/B (cm) LVA % No. deflections %
ND SD MD
0.5 80.34 47.38 71.31 25.56 3.12
2 68.47 46.62 74.11 2413 1.75
4 59.95 47.67 77.20 22.19 0.69
8 56.09 52.40 82.41 17.47 0.10
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Discussion and conclusion

In this paper, we studied the effect of electrode size on the properties of the recorded
EGMs. We started by simulated EGMs of 2D atrial tissues and present the effect of different
electrode sizes on EGM properties including the error in LAT estimation, the length of slow
conduction or blocks (LSC/B) observed on the resulting activation map, percentage of
observed low-voltage areas (LVA), and the number of deflections in the recorded EGMs. The
results were then tested on clinical EGMs of 10 patients recorded from Bachmann’s bundle.
Since we had no access to the recorded EGMs recorded with different electrode diameters,
we first estimated the high resolution transmembrane current maps?? and then used the
currents and the electrode transfer function to generate such recordings. The results were
comparable to those of simulated data.

The results show that using bigger electrodes produces larger error in LAT estimation,
which is in accordance with previous results shown in a previous study.® These errors in
LAT estimation will result in the estimation of a smoother activation map than the true map.
These results were also observed in previous experiments on clinical bipolar EGMs 3>

The EGMs recorded with a bigger electrode size are in general smoother with smaller slopes
and smaller peak-to-peak voltages. Some of the deflections in these signals are so smooth
that they are not annotated as a deflection in the recording. This will result in an increase in
low-voltage areas in the tissue, which agrees with the result of previous studies.>8 However,
if there is no recording with a smaller electrode available for setting the proper thresholds,
one might use smaller threshold values for detecting such deflections. This can result in
detecting more deflections. This can explain why some studies suggest that increasing the
electrode size increases the fractionation level in the tissue.”?

However, by comparing the results of lower voltage areas in Table 1, Table 2, Table 3and Table
4, it seems that a larger diameter is more useful at indicating the difference in low-voltage
areas in between different tissue types with different inhomogeneity levels. Considering
that in the inhomogeneous cardiac tissue, lower conductivity also means lower voltage in
that area, we can conclude that bigger electrodes are more useful at indicating the mean
conductivity of the underlying substrate, even if the discrete slow conduction or block lines
in the activation map are missed.

Although these conclusions have been partly discussed or hinted in previous studies, in the
current study, we focused on a more systematic approach towards them. By employing the
electrophysiological models and the electrode’s transfer function, we could analyze and
discuss these effects in more depth. Moreover, the introduced approach for interpolating
and modeling clinical EGMs with different electrode sizes allowed us to investigate these
effects for recordings of similar wave propagation patterns. It also enabled us to only focus
on the electrode’s diameter and not the inter-electrode distances.

Moreover, we discussed the effect of the optimal electrode diameter and the required inter-
electrode distances (or the array resolution) for capturing all the possible spatial information.
We performed an experiment to investigate the required minimum electrode size for
capturing an inhomogeneous activity in between two parallel block lines in the tissue.
We also introduced a proper way for scaling EGMs with different electrode’s diameter for a
better comparison.

These results show the importance of the recording electrode array on the properties of the
EGMs, and this needs to be considered in any further evaluation and analysis of the data;
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especially if considered for treatment such as EGM-based ablations.

Study limitations

In this study, we modeled the 3D tissue of the atria as a 2D grid of cells assuming a constant
electrode height of z, for the whole tissue that is under the electrode array. Although 3D
forward tissue models of the atria with varying values z, have already been developed in
literature, employing them in an inverse problem for estimation of transmembrane current
is not practical due to the complexity of these models. Moreover, that would require a proper
estimation of z, for each recording site beforehand.

We did not have access to EGMs recorded from similar locations and different electrode sizes
for a more complete evaluation of our results, as this is not possible in practice due to the
temporal and spatial variations of the underlying wave propagation patterns during AF and
especially for areas with complex fractionated EGMs.

The clinical EGMs used in this study were recorded from Bachmann’s bundle with a
predominant route of conduction from right to left and with a potential role in AF which may
differ from the rest of atria.2 However, there are already regional differences in potentials
in the atria even during sinus rhythm.2 Although our method does not depend on these
specific properties, the exact results in Table 1, Table 2, Table 3, Table 4, Table 5 and Table 6
may not be generalizable to other regions in atria.

We used similar threshold values for evaluation of the measures for simulated and real EGMs.
Although both types of EGMs were scaled such that a homogeneous planar wave has a
maximum absolute amplitude of 1V, exact selection of these parameters is more prone to
error in real EGMs as we do not have access to such exact recordings.

Moreover, we ignored the effect of noise in our simulations. Although smaller electrodes

provide sharper and more localized recordings, they are affected more by noise and artifacts.
Therefore, using a smaller electrode may not always improve the recordings.
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CHAPTER 12

Abstract

Background: Inhomogeneous intra-atrial conduction facilitates both initiation and
perpetuation of atrial fibrillation (AF) and is reflected in electrogram (EGM) morphology. The
primary objective of this study was to investigate regional differences in features of different
EGM types during sinus rhythm (SR) and to design a patient-specific signal fingerprint, which
quantifies the severity and extensiveness of inhomogeneity in conduction.

Methods: Patients (N=189, 86% male; mean age 659 years) undergoing coronary artery
bypass grafting underwent high-resolution mapping of the right atrium (RA), left atrium
(LA), pulmonary vein area (PVA) and Bachmann’s bundle (BB). EGMs during 5 seconds of sinus
rhythm (SR) were classified as single potentials (SP), short double potentials (SDP, interval
between deflections <15 ms), long double potentials (LDP, deflection interval =15 ms) or
fractionated potentials (FP, =3 deflections). Of all SPs, differences in relative R- and S-wave
amplitude were calculated (R/S ratios). Time differences between the first and last deflection
were determined (fractionation duration, FD) and potentials with amplitudes <1.0 mV were
labeled as low voltage. Conduction block (CB) was defined as a difference in local activation
time between adjacent electrodes of =12 ms.

Results: A total of 1,9645,637 EGMs (9,331+3,336 per patient) were classified.

Table 1 - Overview of all signal features for each atrial region separately.
ariables RA BB PVA .
Median voltage (mV) 4.68 [3.43-5.72] 5.07 [3.16-6.99 4.73 [2.52-6.44] 5.54[3.28-7.30]

[ [ ] [
Low-voltage (%) 5.75[2.31-10.64]  2.20[0.55-8.43] 4.34[1.23-15.87]  4.47[1.26-9.53]
R/S ratio 0.54[0.47-0.60] 0.63[0.55-0.71] 0.25[0.02-0.40] -0.02 [-0.21-0.20]
SP (%) 83.7 [75.7-89.3] 77.4[67.3-87.3] 81.9[69.5-88.1] 80.6 [72.0-86.5]
SDP (%) 9.8[5.9-13.4] 11.5[7.2-16.3] 10.3[6.9-16.0] 11.6[8.7-16.2]
LDP (%) 4.0[1.9-6.8] 3.8[0.9-9.1] 1.6 [0.3-5.5] 1.7 [0.6-4.1]
FP (%) 1.3[0.4-3.2] 1.4[0.2-3.6] 0.7[0.2-2.5] 1.3[0.4-2.5]
FD (ms) 10.0 [8.0-14.0] 11.0[9.0-14.0] 9.0 [8.0-12.0] 9.0 (7.0-12.0]
CB (%) 2.4[1.2-3.8] 2.3[1.0-5.1] 1.1[0.2-2.8] 0.7[0.2-1.7]

BB = Bachmann'’s bundle; CB = conduction block; FD = fractionation duration; FP = fractionated potentials; LA = left
atrium; LDP = long double potentials; PVA = pulmonary vein area; RA = right atrium; SDP = short double potentials;
SP = single potentials.

Conclusion: The signal fingerprint, consisting of quantified EGM features, including the R/S
ratio of SPs, the relative frequency distribution of unipolar voltages, the proportion of low-
voltage areas, the proportion of the different types of EGMs and durations of LDP and FDP,
may serve as a diagnostic tool to determine the severity and extensiveness of conduction
inhomogeneity. Further studies are required to determine whether the signal fingerprint
can be used to identify patients at risk for AF onset or progression.
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CONDUCTION INHOMOGENEITY SIGNAL FINGERPRINTING

Introduction

Inhomogeneous intra-atrial conduction facilitates both initiation and perpetuation of atrial
fibrillation (AF). An inhomogeneous pattern of conduction is reflected in electrogram (EGM)
morphology and causes low amplitude, fractionated potentials.! Substrate-based ablation
approaches in patients with AF therefore target low-voltages areas or fractionated EGMs.24
These additional ablation approaches in patients with AF have not yet resulted in beneficial
long-term outcomes.*s This is, however, not surprising. Inhomogeneous conduction and
hence EGM fractionation can also be physiological in nature, due to for example tissue
discontinuities caused by anatomical structures such as capillaries. In addition, different use
of filter settings can create or either mask fractionation.

At present, data on physiological variation in EGM morphology throughout the atria is
scarce. Recently, Van Schie et al.s investigated the impact of AF episodes on the relative
R- and S-wave ratio of unipolar, non-fractionated potentials during sinus rhythm (SR) and
demonstrated that there was a loss of S-wave amplitude in patients with AF. This reduction
of S-wave amplitude was associated with a decrease in conduction velocity. We hypothesize
that construction of a signal profile containing quantified features of all types of EGMs may
reflect the severity and extensiveness of inhomogeneity in conduction. Such a diagnostic
tool would provide an individualized arrhythmogenic substrate profile which can also be
tailored to possible gender and age specific features of EGMs.

The goal of this study, as a first step towards construction of a diagnostic signal fingerprint,
is to investigate regional differences in features of different EGM types in relation to
inhomogeneous intra-atrial conduction during SR at a high resolution in a large cohort of
patients without atrial tachyarrhythmias.

Methods
Study population

The study population consisted of 189 adult patients undergoing coronary artery bypass
grafting (CABG) in the Erasmus Medical Center Rotterdam. This study was approved by the
institutional medical ethical committee (MEC2010-054/MEC2014-393).”8 Written informed
consent was obtained from all patients. Patient characteristics (e.g., age, medical history,
cardiovascular risk factors) were obtained from the patient’s medical record. Only patients
without a history of arrhythmias were included in the present study.

Mapping procedure

As previously described, high-resolution epicardial mapping is performed before the start
of extracorporeal circulation.”® Briefly, a temporary bipolar pacemaker wire was stitched
to the right atrial free wall and served as a reference electrode, while a steel wire fixed to
the subcutaneous tissue of the thoracic cavity was used as an indifferent electrode. Atrial
epicardial mapping was performed using a 128 or 192 electrode array (electrode diameter
respectively 0.65 or 0.45 mm, interelectrode distances 2.0 mm). Mapping was conducted
by shifting the electrode array along imaginary lines with a fixed anatomic orientation,
following a predefined mapping scheme, covering the entire epicardial surface of the right
atrium (RA), Bachmann'’s bundle (BB), pulmonary vein area (PVA) and left atrium (LA), as
demonstrated in Figure 1. The RA was mapped from the cavo-tricuspid isthmus, shifting
perpendicular to the caval veins towards the RA appendage. The PVA was mapped from the
sinus transversus fold along the borders of the right and left pulmonary veins (PVA) down
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Figure 1 - Epicardial mapping of the atria. The upper left panel demonstrates a schematic presentation of the
192-unipolar electrode array and the projection of this array on a schematic posterior view of the atria. The lower left
panel demonstrates typical examples of the different types of EGM classified in this study. The right panel shows a
color-coded activation map; isochrones (thin black lines) are drawn at 10 ms intervals and the black arrow indicates
wavefront propagation. IVC = inferior vena cava; SVC = superior vena cava; RA = right atrium; BB = Bachmann's
bundle; LA = left atrium; PV(A) = pulmonary vein (area); EGM = electrogram; SP = single potential; SDP = short double
potential; LDP = long double potential; FP = fractionated potential.

towards the atrioventricular groove. The left atrioventricular groove was mapped from the
lower border of the left inferior pulmonary vein towards the LA appendage. BB was mapped
from the tip of the LA appendage across the roof of the LA, behind the aorta towards the
superior cavo-atrial junction.

Five seconds of SR were recorded at each mapping site, including a surface ECG lead, a
bipolar reference EGM and all unipolar epicardial EGMs. Data was stored on a hard disk after
amplification (gain 1000), filtering (bandwidth 0.5-400 Hz), sampling (1 kHz) and analogue-
to-digital conversion (16 bits).

Data analysis

Custom-made software was used to automatically measure EGM features. Missing or poor-
quality EGMs and premature atrial complexes or aberrant beats were excluded from analysis.
The steepest negative slope of a unipolar EGM was annotated as the local activation time
(LAT), providing that the amplitude of the deflection was at least two times the signal-to-
noise. All annotations were manually checked with a consensus of two investigators. LATs of
EGMs at each electrode were used to reconstruct color-coded activation maps (right panel
of Figure 1).

As shown in the lower panel of Figure 1, EGMs were classified as single potentials (SP, single
negative deflection), short double potentials (SDP, interval between deflections <15 ms),
long double potentials (LDP, deflection interval =15 ms) or fractionated potentials (FP, =3
deflections). The time difference (ms) between the first and last deflection of fractionated
potentials is defined as fractionation duration. As described in our previous study, single
potentials were classified according their differences in relative R- and S-wave amplitudes
and scaled from -1 (R-wave) to 1 (S-wave):$
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Table 2 - Baseline characteristics of the study population (N=189).

ariables Mean + SD / N(%)

Age (year) 65.44+9.26
Age

+ <60 years 51 (26.98%)
« =60 years 138 (73.02%)
Male (N, %) 163 (86.24%)
BMI (kg/m2) 28.29+3.87
BMI

« Normal weight (18.5-25 kg/m?) 38(20.11%)
« Overweight (25-30 kg/m?) 91 (48.15%)
« Obese (=30 kg/m?) 60 (31.75%)
Cardiovascular risk factors

« Hypertension (N, %) 113 (59.79%)
+ Dyslipidemia (N, %) 77 (40.74%)
«+ Diabetes mellitus (N, %) 62 (32.80%)
« Left ventricular dysfunction (N, %) 42 (22.22%)
- Left atrial dilatation >45 mm (N, %) 21 (11.11%)
ACEI/ ARB / AT2 antagonist (N, %) 131 (69.31%)
Statin (N, %) 170 (89.95%)
Antiarrhythmic drugs

+ Class (N, %) 1(0.53%)

+ Class Il (N, %) 150 (79.37%)
+ Class Il (N, %) 3(1.59%)

« Class IV (N, %) 11 (5.82%)

+ Digoxin (N, %) 2 (1.07%)

Values are presented as N (%), mean = standard deviation. ACEl = angiotensin-converting enzyme inhibitors; ARB =
angiotensin receptor blockers; AT2 = angiotensin type 2 receptor; BMI = body mass index.

1—RS(n) forRS(n)<1
RS = 1
RS(n)

—1 forRS(n)>1

Furthermore, peak-to-peak amplitudes of all potentials were measured. Low-voltage
potentials were, in line with prior mapping studies, defined as potentials with an amplitude
<1.0mV?

Conduction block (CB) was defined as a difference in LAT between adjacent electrodes of
>12 ms.9 Areas of simultaneous activation were excluded from analysis in order to avoid
inclusion of far-field potentials.

Statistical analysis

Before statistical analysis, the Shapiro-Wilk test was used to determine whether the continuous
variables are normally distributed. Continuous variables that are normally distributed are
represented by the mean and standard deviation (SD), and differences between groups
are compared by an independent sample t-test or least significant difference (LSD) analysis
of variance. Continuous variables that are not normally distributed are represented by the
median [25%-75% percentile] or minimum to maximum. Differences between groups are
compared using Wilcoxon rank sum test or Kruskal-Wallis test. Categorical variables are
expressed as the number and percentages, and differences between groups are compared
using ¥2 test or Rank sum test if appropriate. Spearman correlations were calculated to
determine whether CB was associated with the EGM features. Spearman’s correlation
coefficients were categorized as weak (<0.4), moderate (0.4-0.6) or strong (>0.6) correlation.
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Figure 2 - The amount of fractionation per
patient. The upper panel shows the proportion
of long double and fractionated potentials for
each individual patient, patients are ranked
according to an increase in fractionation. The
lower panel demonstrates typical examples
of color-coded signal maps from four different
patients, showing the proportion of the
different EGM types at the various recording
sites. These maps correspond to the patients
marked in the graph by colored dots (green,
yellow, orange and red). FP = fractionated
potential; EGM = electrogram; LDP = long
double potential; SDP = short double potential;
SP =single potential.

In this study, SPSS software version 20.0 and R software were used for data analysis, and
p<0.05 indicated significant difference. Bonferroni correction was applied to compare each
of the four atrial regions with each other; a p-value of <0.0083 (0.05/6) was considered
statistically significant (Supplementary Figure 1).

Results
Study population

Baseline characteristics of the study population (N=189; 86% male; mean age 6549 years) are
described in Table 2. The majority of the patients had normal left ventricular function; left
atrial dilatation was present in 11% of the patients.

Classification of EGM

A total of 1,9645,637 EGMs (9,33143,336 per patient) were analyzed; these EGMs were
recorded from the RA (N=841,215), BB (N=196,709), LA (N=343,447) and PVA (N=382,222). Per
region respectively 1.1%, 4.2%, 4.0% and 3.7% of the EGMs were excluded from analysis due
to a poor signal-to-noise ratio. In each patient, the majority of all SR EGMs consisted of SP
(81.4 (48.88 to 100) %). The remainder of the EGMs were mainly either SDP (10.9 (0 to 24.1) %
or LDP (4.0 (0 to 20.7) %). The upper panel of Figure 2 shows the proportion of LDP+FP (5.6 (O
t0 26.5) %) plotted for each patient individually; patients are ranked according to an increase
in fractionation. The lower panel of Figure 2 demonstrates typical examples of color-coded
signal maps obtained from 4 different patients; these signal maps show the proportion of
LDP and FP at every recording site. As can be seen, LDP and FP predominantly occur at the
RA and BB.
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Figure 3 — Median R/S ratios, voltage and proportion of low-voltage areas plotted for each individual patient.
Patients are ranked according to increasing values of these parameters. The median value of each parameter is
indicated by the horizontal line.

Features of EGM

The left panel of Figure 3 shows the median R/S ratio of all SP per patient (N=7,452+2,565);
the median R/S ratio was 0.43 and ranged from 0.06 to 0.71. Most EGMs (97%) had a R-wave
preceding the negative deflection; only 49,896 SPs consisted of solely R- or S-waves. (R-wave:
0.26%, S-wave: 3.29%). The middle and right panel of Figure 3 show respectively median
voltage of all atrial EGMs and the prevalence of low-voltage EGMs (<1 mV) for each patient
individually. Median atrial voltage was 4.7 mV and ranged from 0.7 to 9.4 mV. Low-voltage
EGMs were found in the majority of the patients (98%) and accounted for 6.5 (0 to 26.4) % of
the EGMs.

Regional differences in EGM Features

At all atrial regions, most EGMs consisted of SPs; the proportion of SPs was significantly lower
at BB and LA compared to the RA (RA: 83.7 (48.2 to 100) % vs. BB: 77.4 (35.2 to 100) % and LA:
80.6 (33.9 t0 99.3) %, p<0.001 and p=0.004). The proportion of SDPs at both BB and LA was
higher compared to the RA (RA: 9.8 (0 to 26.8) % vs. BB: 11.5 (0 to 36.2) % and LA: 11.6 (0.7 to
44.3) %, p=0.039 and p=0.001) whereas the proportion of LDP at RA and BB (4.0 (0 to 35.5) %
and 3.8 (0 to 28.3) % were considerably higher than at the PVA (1.6 (0 to 78.1) %, p<0.001 and
p=0.001) and LA (1.7 (0 to 35.8) %, p<0.001 for both). The proportion of FP was also highest
at BB compared to all other atrial regions (BB: 1.4 (0 to 14.8) % vs. RA: 1.3 (0 to 14.8) %, LA: 1.3
(0 to 16.2) %, PVA: 0.7 (0 to 11.8) %, p<0.008 for all).

Figure 4 demonstrates the relative incidence of FPs at BB in a subset of patients (N=123
(65%) who were mapped with the 192-electrode array which covered the whole BB region.
Although FPs could be found over the entire mapping area, most FPs were recorded near the
center of BB and its entrance to the LA.

Figure 4 — Relative incidence of fractionated potentials at Bachmann’s bundle of a subset of 123 patients who
were mapped with the 192-electrode array. LA = left atrium; RA = right atrium.
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Figure 5 - Histograms of the relative frequency distribution of all voltages (upper), R/S ratios (middle) and
fractionation durations (lower) recorded at the right atrium (blue), Bachmann’s bundle (orange), pulmonary vein
area (green) and left atrium (red). Median voltage values are indicated by the black dotted lines. All histograms are
subdivided and stacked according to the potential type classification (SP, SDP, LDP or FP). SP = single potential; SDP =
short double potential; LDP = long double potential; FP = fractionated potential.

Figure 5 shows regional differences in the features of the various EGM types. Histograms in
the upper panel show the relative frequency distribution of voltages of SP, SDP, LDP and FP
separately obtained from the RA, BB, PVA and LA. The lowest median voltages were recorded
at the PVA (RA: 4.68 [2.39-7.33] mV; BB: 5.29 [2.75-8.65] mV; LA: 5.38 [2.68-9.18] mV; PVA 4.55
[2.14-8.72]1 mV).

The RA region has the highest proportion of low-voltage EGMs (RA: 5.75 [2.31-10.64] %, LA:
4.47 [1.26-9.53] %, PVA: 4.34 [1.23-15.87] % and BB: 2.20 [0.55-8.43] %).

The middle panel of Figure 5 shows histograms of the relative frequency distribution of R/S
ratios of SP for the 4 different atrial regions separately. These R/S ratios differed significantly
between the four atrial regions (BB: 0.63 [0.55-0.71], RA: 0.54 [0.47-0.60], PVA: 0.25[0.02-0.40]
and LA -0.02 [-0.21-0.20], p<0.001 for each). SPs at the RA and BB had a clear predominant
S-wave morphology (ratio R- and S-wave: RA 1:2 and BB 1:2.5). In addition, there was also a
large number of SP consisting mainly of solely a S-wave at the RA. In contrast to the RA and
BB, SPs recorded from the LA and PVA had a more widespread distribution of R/S ratios. The
histogram of the LA had a bimodal distribution with a preference for both predominant
R-wave (2:1) and predominant S-wave morphology (1:1.7), whereas the histogram derived
from the PVA contained a clear second peak at predominant S-waves (1:2).

Histograms in the lower panel show the relative frequency distribution of FD of the SP, SDP,

LDP and FP separately. FP with the longest FD were recorded at BB (FD BB: 11.0 [9.0-14.0] ms;
RA: 10.0 [8.0-14.0] ms, PVA: 9.0 [8.0-12.0] ms, LA: 9.0 [7.0-12.0] ms, p<0.001 for each).
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Figure 6 - Boxplots depicting the median value of the EGM features for each region separately. Statistical
significance for comparison between all other atrial regions is indicated by an asterisk. SP = single potential; SDP =
short double potential; LDP = long double potential; FP = fractionated potential; FD = fractionation duration.

Correlations between clinical characteristics and EGM features

Supplementary Table 1 shows the correlations between clinical characteristics and EGM
features for all regions combined and for each region separately. As can be seen in this table,
correlations are either not significant or weak.

Correlations between conduction block and EGM features

Figure 6 shows that for every atrial region there is considerable interindividual variation of
each EGM feature. These EGM features were correlated with the amount of CB. As expected,
there was a strong positive correlation between the prevalence of CB and the proportion
of LDP (r=0.70) and FP (r=0.53). Table 3 summarizes Spearman'’s rank correlation coefficients

Table 3 — Regional correlations between conduction block and EGM features.

RA Rho BB Rho PVA Rho LA Rho
(CB) (CB) (CB) (CB)
CB (%) 2.4[1.2-3.8]
Voltage (mV) 4.68 -0.47* 5.07 -0.64* 4.73 -0.54% 5.54 -0.05
[3.43-5.72] [3.16-6.99] [2.52-6.44] [3.28-7.30]
Low-voltage (%) 5.75 0.69* 2.20 0.73* 4.34 0.57% 4.47 0.14
[2.31-10.64] [0.55-8.43] [1.23-15.87] [1.26-9.53]
R/S ratio 0.54 0.20* 0.63 0.16* 0.25 0.08 -0.02 0.22%
[0.47-0.60] [0.55-0.71] [0.02-0.40] [-0.21-0.20]
SP (%) 83.7 -0.65* 77.4 -0.59* 81.9 -0.51* 80.6 -0.41%
[75.7-89.3] [67.3-87.3] [69.5-88.1] [72.0-86.5]
SDP (%) 9.8[5.9-13.4] 0.28* 11.5[7.2-16.3] 0.33* 10.3[6.9-16.0] 0.12 11.6[8.7-16.2] 0.18*
LDP (%) 40[1.9-6.8] 0.83* 3.8[09-9.1] 0.80* 1.6[03-55] 0.82* 1.7[0.6-4.1] 0.61*
FP (%) 1.3[0.4-3.2] 0.64* 1.4[0.2-3.6] 0.69* 0.7[0.2-2.5] 0.64* 1.3[04-25] 0.46*
FD (%) 10.0 [8.0-14.0] 0.73* 11.0[9.0-14.0] 0.68* 9.0([8.0-12.0] 0.77* 9.0[7.0-12.0] 0.59*

Values are presented as median [min—max]. Rho values with asterisk are statistically significant. RA = right atrium;
BB = Bachmann'’s bundle; PVA = pulmonary vein area; LA = left atrium; CB = conduction block; SP = single potential;
SDP = short double potential; LDP = long double potential; FP = fractionated potential; FD = fractionation duration.
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Figure 7 - Two examples of a signal fingerprint obtained from one patient with a low and one with a high degree
of inhomogeneity in conduction. The upper panels show the distribution of potential types of the entire (left, pie
plot) and for each region separately (right, stacked bars). The middle left plot shows the R/S ratio distribution of all
SPs of the entire atrium. The middle center bar plot displays the number of low-voltage potentials plotted for each
region separately. The middle right plot shows the distribution of voltages (mV) of SPs (green), SDPs (yellow), LDPs
(orange) and FPs (red) from all atrial regions. The lower panel displays the distribution of fractionation duration (ms)
for LDPs (left) and FPs (right). SP = single potential; SDP = short double potential; LDP = long double potential; FP =
fractionated potential; FD = fractionation duration.

between CB and EGM features for the 4 atrial regions separately. CB was strongly correlated
with the proportion of LDP at all atrial regions and with the proportion of FP at RA, BB and
PVA. Likewise, FD was correlated with CB at the RA, BB and PVA. The presence of low-voltage
areas was strongly related with the occurrence of CB at RA and BB. The strongest correlation
was found between CB and the proportion of LDP at the RA (r=0.83).

In order to test whether various degrees of inhomogeneity in conduction indeed translates
into EGM morphology on the individual level, we compared EGM features between two
patients with a high and low degree of inhomogeneous conduction. These examples of the
resulting electrical signal fingerprints consisting of all quantified EGM features as described
above are shown in Figure 7.

Discussion

This is the first report on quantification of EGM properties measured during SR at a high-
resolution scale throughout the right and left atrium including Bachmann’s bundle. Data
was obtained from a large cohort of patients without a history of atrial tachyarrhythmias. In
all atrial regions, the majority of the EGMs consisted of SP; the highest proportion of LDP and
FP were mainly recorded at the RA and BB; fractionation at BB also had the longest durations.
The largest prevalence of low-voltage areas was found at the RA. CB was correlated with the
proportion of LDP and FP, fractionation duration of FP, and the prevalence of low-voltage
areas. Thus, conduction inhomogeneity can be identified by a signal fingerprint containing
specific quantified EGM features.
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Relation between R/S ratio and conduction inhomogeneity

EGM morphology of SPs, mainly determined by the magnitude of the R- and S-wave,
contains information on conduction inhomogeneity. The unipolar EGM morphology
represents the sum of instantaneous current dipoles of a propagating wavefront, generating
a positive deflection (R-wave) and negative deflection (S-wave) as the activation wavefront
propagates respectively towards and away from the recording electrode.'2 This results in
the typical R-S morphology of the majority of the SPs. Certain EGM morphologies are found
at specific atrial regions. For example, wavefront propagation during normal SR is initiated
at the sino-atrial node from where it spreads in contiguous, prominent muscle bundles.
When recording EGMs near this area, the activation wavefront only propagates away from
the recording electrodes resulting in SPs consisting of solely S-wave morphologies. As intra-
atrial conduction during SR is generally characterized by smooth and fast propagation, the
majority of the SPs, however, have a typical large amplitude R-S morphology.

Van der Does et al.® performed high resolution mapping of the RA wall and evaluated
differencesinEGMmorphologyof >2000 pairs of simultaneouslyacquiredendo-andepicardial
EGMs. There was no difference in R/S ratios of opposite endo- and epicardial EGMs and both
sites showed a predominant S-wave morphology. The cause of S-wave predominance was
further investigated by Van Schie et al.® They investigated the impact of AF episodes on
SP morphology. In patients with AF, there was a loss of S-wave amplitude resulting in SPs
with lower amplitudes and shifted R/S ratios. This reduction of S-wave amplitude was also
associated with a decrease in conduction velocity. Hence, these observations indicate that
the R/S ratio of SPs is a suitable marker of conduction inhomogeneity and it should therefore
be incorporated in the diagnostic electrical signal fingerprint.

Relation between fractionation, fractionation duration and conduction
inhomogeneity

Fractionation of EGMs is caused by asynchronous activation of adjacent cardiomyocytes,
due to the presence of structural barriers such as fibrotic strands. This in turn gives rise
to inhomogeneous intra-atrial conduction. In addition, increased slowing of intra-atrial
conduction is related to prolonged duration of fractionated potentials.'*'s

Konings et al.'s were the first to demonstrate the relation between EGM morphology and
specific patterns of activation. During induced AF in patients with the Wolf-Parkinson White
syndrome, SDP were mainly caused by collision of fibrillation waves, LDP were recorded
along long lines of CB and FP in areas of slow conduction or at pivot points. Collision of
wavefronts may also occur during SR, for example when the SR wavefront divides to turn
around small barriers such as tissue discontinuities caused by fibrotic strands and merges
again at the opposite sites.

The relation between LDP and FP and patterns of activation has also been investigated
during SR. Simultaneous endo-epicardial high-resolution mapping studies demonstrated
that fractionation of unipolar EGMs during SR is not only the result of slowing of conduction
or pivoting of the wavefront around a line of conduction block, but that it can also be
attributed to asynchronous activation of the endo- and epicardial wall. Even during SR,
asynchronous activation up to 84 ms has been described.”

Inhomogeneous conduction and hence EGM fractionation may also be caused by normal

properties of the myocardial tissue. For example, the trabeculated parts of the atria contain
muscle bundles of variable thickness. As a consequence, small myocardial strands excite
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larger myocardial areas leading to source-to-sink mismatches which also causes slowing of
conduction. This explains recordings of LDP and FP during SRin all patients. In a series of prior
mapping studies of the atria during SR, it was demonstrated that lines of CB most frequently
occur at the superior part of the RA (sino-atrial node area) and BB, which is consistent with
the high proportion of LDP and FP observed in the present study.”®

Relation between unipolar voltages and conduction inhomogeneity

Peak-to-peak amplitudes of unipolar EGM are affected by numerous variables including
not only tissue related factors, but also to EGM recording and processing technologies. In
general, areas of low voltages are considered as surrogate markers of fibrotic tissue and have
therefore become targets for ablative therapy in patients with AF.24 This even includes low-
voltage areas identified during SR. Regional differences in unipolar voltages has recently
been investigated in a cohort of 67 patients with mitral valve disease undergoing cardiac
surgery by Van Schie et al.? Not only marked inter-individual differences in unipolar voltages,
but also regional differences in unipolar voltages were observed. Patients with AF had
lower EGM voltages during SR, particularly at BB. There were also regional differences in the
proportion of low-voltage EGMs; the lowest and highest number of low-voltage EGM were
found at respectively BB (2.20%) and RA (5.75%). Comparable to the patients with mitral
valve disease, we also observed in our patients with coronary artery disease the highest
proportion of low-voltage EGMs at the RA and BB. The wide distribution of low-voltage areas
particularly at RA, BB, LA and PVA may explain why ablation approaches in patients with AF
targeting low-voltages areas during SR solely in the LA may not be beneficial.

Mapping of right atrium

Current ablation procedures mostly consist of a pulmonary vein isolation and focus on the
LA. However, other procedures like the Cox-Maze include the RA as well. Prior studies have
demonstrated that the RA is driving AF in =20% of persistent AF® Thus, the signal fingerprints
of the RA should not be ignored. We performed mapping of the cavo-tricuspid isthmus area.
Thus far, we have no additional evidence that the cavo-tricuspid isthmus is a major player
in the pathophysiology of AF or that it is a predilection site for electropathology in these
patients. As described above, the highest proportion of LDP and FP were mainly recorded at
the RA and BB, and the largest prevalence of low-voltage areas was found at the RA, which
might partly explain why catheter ablation based on low-voltage areas or FP at RA region
cannot achieve ideal benefits. Since low-voltage potentials and fractionation have been
recorded during SR, it is still challenging to identify whether this phenomenon is caused by
physiology or pathology. This should be a new direction for subsequent studies.

Limitations

The high-resolution epicardial mapping is an invasive approach and cannot easily be
translated to non-invasive data. The impact of endo-epicardial asynchrony, on differences
between the endo- and epicardial fingerprint is at present unknown and needs to be further
investigated. Additionally, we performed mapping of the cavo-tricuspid isthmus area. Thus
far, we have no additional evidence that the cavo-tricuspid isthmus is a major player in the
pathophysiology of AF or that it is a predilection site for electropathology in these patients.

Conclusion

At present, we have no diagnostic tool to determine the severity and extensiveness of
conduction inhomogeneity, which plays a major role in initiation and perpetuation of atrial
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tachyarrhythmias, including AF. The signal fingerprint, consisting of quantified EGM features,
including the R/S ratio of SPs, the relative frequency distribution of unipolar voltages,
the proportion of low-voltage areas, the proportion of the different types of EGMs and
durations of LDP and FDP, serves as a marker of the severity and extensiveness of conduction
inhomogeneity. Additional studies are required to further develop the signal fingerprint in
order to identify patients at risk for AF onset or progression. The invasively determined signal
fingerprint will serve as a gold standard in less- or even non-invasive fingerprints.
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CHAPTER 13

Abstract

Aims: Areas of conduction inhomogeneity (Cl) during sinus rhythm (SR) may facilitate
initiation and perpetuation of atrial fibrillation (AF). Currently, no tool is available to quantify
the severity of conduction inhomogeneity. Our purpose is to develop and validate a
novel tool using unipolar electrograms (EGMs) only to quantify the severity of conduction
inhomogeneity in the atria.

Methods and results: Epicardial mapping of the right (RA) and left atrium, including
Bachmann’s bundle was performed in 235 patients undergoing coronary artery bypass
grafting surgery. Cl was defined as the amount of conduction block. EGMs were classified as
single, short and long double (LDP) and fractionated potentials (FP), and the fractionation
duration (FD) of non-single potentials was measured. The proportion of low-voltage areas
(LVA, <1 mV) was calculated. Increased Cl was associated with decreased potential voltages
and increased LVAs, LDPs and FPs. The Electrical Fingerprint Score consisting of RA EGMs
features, including LVAs and LDPs, was most accurate in predicting Cl severity. The RA
Electrical Fingerprint Score demonstrated the highest correlation with the amount of Cl in
both atria (r=0.70, p<0.001).

Conclusion: The Electrical Fingerprint Score is a novel tool to quantify severity of Cl using
only unipolar EGM characteristics. This tool can be used to stage the degree of conduction
abnormalities without construction of spatial activation patterns, potentially enabling early
identification of patients at high risk of post-operative AF or selection of the appropriate
ablation approach in addition to pulmonary vein isolation at the EP lab.

Journal site &
supplementary material
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Introduction

Conduction disorders, such as slowing of conduction and conduction block, play a role
in both initiation and perpetuation of cardiac arrhythmias.! Conduction inhomogeneity
during sinus rhythm (SR) is more pronounced in patients with atrial fibrillation (AF)
episodes compared to patients without atrial tachyarrhythmias.23 Prior experimental and
clinical studies demonstrated that conduction inhomogeneity affects electrogram (EGM)
morphology and causes low-amplitude, fractionated potentials (FPs).47 Recently, it has been
suggested that the so-called Electrical Signal Fingerprint may serve as a potential diagnostic
tool to determine the severity and extensiveness of conduction inhomogeneity.8 This signal
fingerprint contained a large number of quantified unipolar EGM features recorded during
SR such as peak-to-peak amplitudes, fractionation and EGM duration. However, it is still
unknown which EGM features are predictive of conduction inhomogeneity or whether EGM
features of one atrial region are predictive of other atrial regions. The purpose of this study
was therefore to further develop the Electrical Signal Fingerprint as a novel, patient-tailored
tool to quantify the severity of conduction inhomogeneity without construction of spatial
patterns of activation, involving various unipolar EGM characteristics.

Methods
Study population

The study population included 235 consecutive adult patients who underwent elective
coronary artery bypass grafting (CABG) at the Erasmus Medical Center in Rotterdam, The
Netherlands. This study was approved by the Institutional Medical Ethics Committee
(MEC2010-054/MEC2014-393).91 Written informed consent was acquired for all patients
before enrollment, and patient characteristics (such as age, gender, body mass index,
echocardiogram features, medical histories and comorbidities) were extracted from the
patient’s medical record system.

Mapping procedure

As previously described, epicardial high-resolution mapping was conducted before the
beginning of extracorporeal circulation.'® A temporal bipolar epicardial pacemaker wire
connected to the right atrial free wall was used as a reference electrode, and the indifferent
electrode made of a steel wire was fixated to the subcutaneous tissue of the thorax.

Epicardial mapping was performed using a 128 or 192-electrode array (electrode diameter
0.65 or 0.45 mm, respectively;interelectrode distances 2 mm). During the mapping procedure,
the electrode array was shifted across predefined areas at the right atrium (RA), Bachmann'’s
bundle (BB), posterior wall of the left atrium (LA) between the pulmonary veins area (PVA)
and LA appendage, as shown in the middle panel of Figure 1. The RA was mapped from the
cavo-tricuspid isthmus, shifting perpendicular to the caval veins towards the RA appendage.
The PVA was mapped from the transverse sinus fold along the margins of the left and right
pulmonary veins towards the atrioventricular groove, and the left atrioventricular groove
region from the lower margin of the left inferior pulmonary vein towards the LA appendage.
BB was mapped from the roof of the LA appendage across the roof of the LA, behind the
aorta towards the superior cavo-atrial junction.

If AF was present at the start of the mapping procedure, electrical cardioversion was

conducted to restore SR. A 5-second SR episode was recorded from each mapping site,
including a surface electrocardiogram lead, bipolar reference EGM and all unipolar epicardial
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Figure 1 - Epicardial mapping procedure. Upper left panel: a 192-unipolar electrode array (left panel) is used for
atrial mapping. Upper center panel: projection of the electrode array on a schematic posterior view of the entire atria.
Right panel-a color-coded activation time map demonstrating both areas of uniform fast conduction and conduction
block. From both areas, unipolar potentials are shown outside the activation time map. Lower left panel: examples
of different potentials. Lower center panel. example of a line of conduction block. Differences in local activation time
(LAT) between two adjacent electrodes =12 ms was defined as conduction block. Isochronal lines (thin black lines)
are drawn at 10 ms intervals, black arrow indicate direction of wavefront propagation. BB = Bachmann’s bundle; IVC
= inferior vena cava; LA = left atrium; PV(A) = pulmonary vein (area); RA = right atrium; SVC = superior vena cava.

EGMs. Recordings were amplified (gain 1000), filtered (bandwidth 0.5-400 Hz), sampled (1
kHz) and analog-to-digital converted (16 bits) and then stored on a hard disk.

Data analysis

Customized software was used for semi-automatic analysis of unipolar EGMs. The steepest
part of a negative deflection was automatically annotated to construct color-coded local
activation time maps."" Recordings were excluded when less than 30% of the mapping
area was annotated. All annotations were manually verified by two investigators. Potential
voltage was measured as the peak-to-peak amplitude of the steepest negative deflection.
Low-voltage potentials were defined as potentials with an amplitude <1.0 mV.2 Conduction
block (CB) was defined as a difference in LAT between two adjacent electrodes =12 ms.! The
total proportion of CB measured from the entire atrium was used as an indication for the
degree of conduction inhomogeneity.

Consistent with prior mapping studies8, EGMs were categorized into single- (SP), short
double- (SDP), long double- (LDP) and fractionated potentials (FP). Fractionation duration
(FD) was defined as the time difference between the first and last deflection of non-SP. As
described previously®, for SPs, the ratio between the R- and S-wave amplitude (R/S ratio) was
calculated, with a scale ranging from -1 (R-wave) to 1 (S-wave), estimated by the following
formula:
1—RS(n) forRS(n) <1
RS =

RS(n)_l for RS(n) > 1

Detection of post-operative atrial fibrillation

Cardiac rhythms of all patients were continuously recorded from the moment of arrival on
the surgical ward to the end of the 5% post-operative day using bedside monitors (Draeger
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Infinity™). Automatic algorithms were used to detect early post-operative AF (E-POAF)
episodes lasting >30 seconds. All episodes detected by the software were cross-checked by
two blinded operators in order to eliminate potential false positive registrations induced by
artefacts.

After the hospitalization period, patients were periodically seen at the outpatient clinic at 3
and 6 months, 1 year and yearly afterwards for a period of five years. Presence of late post-
operative AF (L-PoAF) was confirmed by a surface ECG or Holter.

Statistical Analysis

AShapiro-Wilk testwas usedto verify normal distribution of continuous variables. Continuous
variables that were normally distributed are expressed as mean + standard deviation, while
non-normal distributed continuous variables are expressed as median [25%-75% percentile].
Continuous variables between groups were compared using either independent sample
t-test or one-way ANOVA in case of normal distributed variables and Mann-Whitney U-test
or Kruskal-Wallis test in case of not normally distributed variables.

Categorical variables were described as number and percentage, and a x2 test was used for
comparison. Pearson or Spearman correlation analysis was used to explore the correlation
between variables where appropriate. In addition, univariable and multivariable logistic
regression analysis was performed to investigate variables associated with a higher
degree of conduction inhomogeneity, and results were presented as odds ratio (OR) with
95% confidence interval (Cl). Least absolute shrinkage and selection operator (LASSO)
regression analysis was also conducted to further select EGM features associated with a
higher degree of conduction inhomogeneity. Receiver operating characteristic (ROC) curves
were constructed to investigate the diagnostic value of EGM features for a high degree
of conduction inhomogeneity. The Electrical Fingerprint Score was constructed using a
nomogram approach, using the rms’ and ‘nomogramFormula’ packages in R software. This
score was calculated based on variables identified as significant in multivariable logistic
regression analysis. A concordance index (C-index) was calculated to examine the predictive
value of the Electrical Fingerprint Score.

Figure 2 - Graph depicting the percentage of conduction block (CB) for each patient individually. Green
dots represent patients with sinus rhythm (SR), whereas the yellow, orange and red dots represent patients with
respectively paroxysmal, persistent and long-standing persistent atrial fibrillation (AF). The number of 1.6 and 2.5
on the ranking plot correspond to 33% and 66% of CB, respectively. Cl = conduction inhomogeneity; LSPAF = long-
standing persistent atrial fibrillation; PAF = paroxysmal atrial fibrillation; PersAF = persistent atrial fibrillation; SR =
sinus rhythm.
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Table 1 - Baseline characteristics.

ariables Overall Low Clgroup Intermediate  High Clgroup p-value
Cl group

N 235 78 77 80
Range of CB CB<1.6 1.6<CB<2.5 CB=2.5
Age (y) 67 [60-73] 64 [57-69] 69 [64-75] 68 [60-74] 0.002
Male 198 (84.3) 70 (89.7) 65 (84.4) 63 (78.8) 0.165
BMI (kg/m?) 27.6[25.5-31.11 27.4[25.1-31.2] 27.7[25.7-30.8] 27.9[25.8-31.3] 0.719
Type of AF 0.396
- No AF 213 (90.6) 71(91.0) 72(93.5) 70 (87.5)
« Paroxysmal AF 17 (7.2) 5(6.4) 3(3.9) 9(11.2)
« Persistent AF 3(1.3) 1(1.3) 2(2.6) 0(0.0)
+ Long-standing persistent AF 2 (0.9) 1(1.3) 0(0.0) 1(1.2)

Cardiovascular risk factors

«+ Hypertension 148 (63.0) 43 (55.1) 54(70.1) 51(63.7) 0.152
+ Dyslipidemia 103 (43.8) 28 (35.9) 32(41.6) 43 (53.8) 0.069
« Diabetes mellitus 81(34.5) 17 (21.8) 29(37.7) 35(43.8) 0.011
+ Myocardial infarction 116 (49.4) 44 (56.4) 38 (49.4) 34 (42.5) 0.217
Left ventricular function 0.739
Normal (EF >55%) 174 (74.0) 56 (71.8) 59 (76.6) 59(73.8)

+ Mild impairment 50(21.3) 18 (23.1) 13(16.9) 19 (23.8)

(