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endure our absence and our distractions on a daily basis, and our patients,
whose courage and perseverance inspire us to find ever better ways to
diagnose and treat the difficult diseases that afflict them.



Foreword

When Dr. Willerson contacted us to assess our interest in editing an electrophysiology book for
his highly successful cardiology series, we will admit that we were in a quandary. On one
hand, we were flattered to have been asked, and eager to join an assembly of renowned con-
tributors enlisted by Dr. Willerson in other areas of cardiovascular medicine. And how to say
no to one of the most distinguished cardiology educators of all time? On the other hand, of
textbooks there may never be an end, and in this modern day, what value might another tome
have over data sources that are continuously streamed and updated?

After some serious reflection, we decided to go forward but only if we could attract what
we deemed to be the most knowledgeable and accomplished faculty on the planet. The conun-
drum, or course, was that these people are enormously busy and overworked, and so the idea
of taking on another task, no matter how dear the friendship of the editors, would not be espe-
cially appealing. Thus, we were astounded when every one of our first choices for each chapter
agreed to contribute. As you can see, the table of contents is literally a Who’s Who of modern
electrophysiology and arrhythmology. As an added feature, several of the authors elected to
enlist a junior faculty member or senior fellow to co-author, providing the richest of learning
opportunities for those fortunate trainees.

The book itself was carefully structured to allow an individual, at virtually any level of
training, to find information to their needs and liking. We start with topics in basic electro-
physiology and move through diagnostic and treatment methods, finally focusing on specific
arrhythmia syndromes before concluding with the particularly thorny issue of special popula-
tions. In each chapter, the authors have provided conceptual material, followed by practical
information upon which treatment decisions can be firmly based. We know that the book’s
organization has introduced a certain element of duplication, but as the Latin proverb pro-
claims, repetition est mater studiorum. Plus, garnering diverse opinions about important topics
provides an added and unique perspective for the reader.

We were also concerned that the time it might take to produce a conventional textbook
might render some portion of its contents obsolete, especially given the warp speed at which
our specialty evolves. We needn’t have worried. Our authors, sitting at the very cutting edge of
science, nicely anticipated trends and advances and have, in each chapter, provided a perspec-
tive that is topical and enduring.

Thus, our decision to move ahead with this textbook was, in retrospect, a sound one. We
believe that the information provided herein will be of immense benefit to those who seek to
learn the craft of caring for patients with any form of cardiac arrhythmia. We thank Dr.
Willerson and the publisher’s staff for their help in bringing forward a textbook of which we
are quite proud.
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Basic Electrophysiology

Victoria M. Robinson and Stanley Nattel

Abstract

Basicelectrophysiology is arapidly evolving field, rich in detail. This introductory chapter pro-
vides a succinct and essential overview of key concepts in basic electrophysiology covering:
The stages of the cardiac action potential and their generation; Excitation-contraction cou-
pling; Cardiac automaticity; The cardiac conduction system and Arrhythmogenesis, includ-
ing abnormal automaticity, afterdepolarizations, triggered activity and re-entry.

Keywords

Ton channels ¢ Action potential ¢ Electro-mechanical coupling * Automaticity ¢ Cardiac
conduction ¢ Arrhythmogenesis ¢ Afterdepolarisations ¢ Triggered activity * Re-entry ¢

Rotors

Introduction

Basic electrophysiology is a broad and fascinating disci-
pline. To discuss this topic in depth is beyond the scope of
a single book chapter. This chapter therefore serves as an
introduction to the major areas of basic electrophysiology
relevant to the practicing clinician. It is designed to be suit-
able for a wide range of readers from senior medical stu-
dents to general physicians and cardiologists. It broadly
covers key concepts in action potential formation, auto-
maticity, cardiac conduction and arrhythmogenesis. Note,
more detailed discussion into the mechanisms of specific
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arrhythmias will be addressed in later chapters pertaining to
those individual arrhythmias.

The Cardiac Action Potential
What Is an Action Potential? (AP)

The cardiac action potential (AP) is the time course of voltage
change across a cardiac cell membrane, during one cardiac
cycle. It is the basis for the electrical impulse that spreads
through the heart and initiates organised contraction [1]. The
cardiac AP has a specific shape, which varies among different
areas in the heart. The ventricular AP, depicted in Fig. 1.1,
will be used as the standard exemplar for this chapter.

How Is the Cardiac AP Generated?

Membrane Potential, Equilibrium Potential

and Driving Force

To appreciate how the AP is generated, it is important to first
understand the concepts of membrane potential (E,) and
equilibrium potential. The membrane potential is the poten-
tial difference, or voltage between the cell interior and

1
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Fig. 1.1 Representative diagram of a ventricular AP, depicting the
change in transmembrane voltage over time, as seen from the inside of
the cell. The different phases of the AP are labelled along with the prin-
cipal currents flowing during each phase. See text for details

exterior, and is formed by the unequal separation of charge
across the cell membrane.

When a cell is selectively permeable to a specific ion and
a concentration gradient is present, that ion species will dif-
fuse down its concentration gradient, leaving behind a charge
opposite to that of the permeable ion. The charge will attract
the permeable ion back, and when enough charge has built
up the electrical force holding the ion back becomes equal
and opposite to the chemical force pushing the ion out. The
transmembrane voltage at which the electrical and chemical
forces exactly oppose each other, so that the ion stops mov-
ing, is called the “equilibrium potential”. Each ion has a spe-
cific equilibrium potential (E;,,), calculated by the Nernst
equation (Fig. 1.2). The driving force on an ion before the
equilibrium potential is reached is equal to the membrane
potential minus the equilibrium potential:

Driving Force = (E,, — Ei,,).

In cardiac myocytes, the resting membrane potential is
the potential during electrical quiescence between APs, i.e.
phase 4 (Fig. 1.1) [2]. During phase 4, the membrane has the
highest permeability to K* ions, with only slight permeabil-
ity to other ions, therefore the resting membrane potential of
roughly —80 mV lies close to the equilibrium potential for
K*. When the permeability to another ion increases, such as
when channels carrying that ion open, e.g. the opening of
Na* channels during phase 0, the membrane potential moves
towards the equilibrium potential for that ion. Cellular depo-
larization, the cell interior becoming less negative, is due to
increased permeability to inward-moving ions like Na* and
Ca?* with positive equilibrium potentials, whereas repolar-
ization, the cell interior becoming more negative and return-
ing towards the resting potential, is due to increased
permeability to outward-moving ions like K*.

During each AP, Na* and Ca?* enter the cell, and K* leaves
the cell. Since there are about 100,000 APs per day, the small
net ion movement in each AP would result in loss of the ionic
gradients if not compensated. Therefore, cells have active
pumps and transporters, like the Na*/K* ATPase pump, with
a respective stoichiometry of 3:2 (3 Na* ions pumped out of
cells, for every 2 K* ions pumped in), which maintain ionic
homeostasis.

Channel Gating

Central to the generation of the AP is the opening and clo-
sure of specific ion-channels, which regulate the membrane
permeability to different ions and shape the AP. For example,
phase 0 is generated by the opening of Na* channels, which
allow the cell to depolarize rapidly towards the Na* equilib-
rium potential. Phase 1 repolarization is caused by the open-
ing and rapid closure of “transient outward” K* channels,
phase 2 (the plateau) is formed by the opening of Ca?* chan-
nels balanced by the maintained opening of several K* chan-
nels, and phase 3 repolarization is generated by the
progressive opening of rapid (I,) and slow (Ig,) delayed rec-
tifier K*-currents (Figs. 1.1 and 1.3). The appropriate open-
ing and closure of the various channels involved is determined
by voltage and time dependent “gating”.

A detailed discussion of the structure of various ion chan-
nels and their exact gating mechanisms is beyond the scope
of this overview chapter, but some essential elements will be
summarised. Ion channels can be classified according to
their gating mechanism: voltage-dependent, ligand-
dependent or mechano-sensitive (stretch activated) channels
[3]. The majority of cardiac ion channels, including all of the
key channels shown in Fig. 1.1, are voltage-gated, meaning
that their conductance varies with a change in membrane
potential. Changes in membrane potential rearrange the
alignment of charged amino acids within the channel, caus-
ing conformational changes that allow the channels to open
[4]. Opening is time-dependent, varying widely from micro-
(107%)-seconds for Na* channels to hundreds of milli-
(1073%)-seconds for delayed-rectifier K* channels.

Figure 1.4 shows recordings of Na* current, obtained by
depolarizing the cell membrane to various voltage steps to
mimic different degrees of depolarization. The amount of
current gradually increases to a peak and then tails off after
about 20 mV, since the step potential at this stage is slowly
reaching the equilibrium potential for Na* ions, therefore
the driving force lessens. All voltage-gated ion channels in
the AP activate upon depolarization, with the exception of
the “funny” current (Iy), which contributes to pacing in the
sinoatrial (SAN) and atrioventricular (AVN) nodes, and
activates in response to membrane repolarization (which is
one of the reasons it is “funny”). The other “funny” aspect
of I; is its relatively poor selectivity for Na* versus K*,
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K* 4 120 -90 1.00
Na* 140 10 +70 0.04
Ca? 2 0.1-0.5 +131 0.20
cr 100 22 -40 0.11

Fig. 1.2 Top panel: The Nernst Equation, where E = equilibrium
potential of the ion species in question (mV), R = gas constant
(8.314 J K- mol™"), T = absolute temperature in Kelvin, z = valence of
ion, F = Faraday constant (96,485 C mol™'), [ion], = concentration of

the ion on the outside of the cell membrane, [ion]; = concentration of
the ion on the inside of the cell. Bottom panel: Table showing relevant
properties of the most important ions in cardiac myocytes [2]
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Fig. 1.3 A diagram showing the ventricular AP with the ions able to
permeate the membrane during the various AP phases. The colour cod-
ing used is identical to that used to show the AP phases in Fig. 1.1 for
ease of comparison. The colour bar on the /eft of the panel gives a linear
representation of the various equilibrium potentials of the key ion spe-
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Fig.1.4 Left panel (a): Na*
currents during successive
depolarizing voltage steps
(test potentials). Right panel
(b): Plot of Na* current
recorded in nA (y-axis) at
each test potential (mV),
producing a current-voltage
(I-V) curve
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cies. Once a membrane is permeable to an ion through channel gating,
it is subject to a driving force and diffuses either into or out of the cell
down its concentration gradient in an attempt to reach its equilibrium
potential. The labels of “cell interior” and “cell exterior” indicate the
direction of travel of the different ion species during AP phases
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resulting in an equilibrium potential between those of Na*
and K*, at about —20 mV.

Voltage can also govern the closure of ion channels. Some
channels, such as Na*, transient outward K*, and Ca’* chan-
nels, switch to an inactive state with sustained depolarization
(channel inactivation), which stops ion flux through the
channel. Currents carried by these channels typically increase
and then spontaneously decrease. In order for these channels
to be “re-set” so they can be activated again by depolariza-
tion, they must first be returned to their resting closed state
(recovery from inactivation). Channels that do not manifest
inactivation (like the delayed rectifier channels) open in a
time-dependent way, and do not close until the cell repolar-
izes to voltages at which opening is reversed back to the rest-
ing potential (deactivation) [3].

Another valuable concept is the phenomenon of rectifi-
cation. Inward rectifiers conduct inward currents at volt-
ages negative to their equilibrium potential more easily
than outward currents at voltages positive to their equilib-
rium potential. Therefore, with progressive depolarization
of the cell membrane, ion flow decreases through inward
rectifiers. The most important inward rectifier in the heart is
Ix;. The inwardly rectifying properties of Iy, are particu-
larly important in preventing highly wasteful loss of K*
from the cell interior during phases 0-2, when positive
potentials produce a strong driving force for K* egress that
would drive large amounts of K* out of the cell if Iy, perme-
ability remained high.

Stages of the Cardiac AP

Phase 4: the Resting Membrane Potential

When the cardiac myocyte is resting, the outward I, current
is most active, and K* ions slowly leak out of the cell in order
to drive the membrane down to Ex (—90mv). The high I,
conductance, along with the action of Na*/K* ATPase to pre-
vent the dissipation of the K* concentration gradient, keep
the resting membrane potential stable at about —80 mV,
unless a depolarization event occurs.

Phase 0: The Rapid Upstroke

The arrival of a depolarizing pulse, via propagation initiated
by the cardiac pacemaker in the SAN, causes Na* channels
to open. If the depolarization is large enough, i.e. reaches
a threshold potential, Na* channels open and Na* ions
flow down their concentration gradient into the cell, mov-
ing the membrane potential to more positive values. Rapid
depolarization continues until the equilibrium potential for
Na* is almost reached. After initial very rapid activation,

Na*-channels inactivate rapidly, contributing to termination
of the AP upstroke. Na*-channels then remain inactive until
the membrane is repolarized, towards the end of phase 3,
producing the absolute refractory period (Fig. 1.1).

The depolarization of the cell during phase O provides the
large amount of energy needed for rapid conduction. The
reduction of Na*-current by antiarrhythmic drugs or Na*-
channel mutations leads to conduction slowing [5]. The elec-
trocardiographic QRS duration reflects the time for the
ventricles to be electrically activated, therefore ventricular
conduction slowing is reflected by QRS prolongation.

Phase 1: Early Repolarization

The repolarizing notch that forms phase 1 of the AP is largely
mediated by the transient outward current (I,,), primarily car-
ried by a rapidly activating and inactivating K*-channel.
Phase 1 sets the membrane potential level for phase 2,
thereby governing the degree of Ca?* entry during the AP
plateau [3]. Excessive dominance of I;, over opposing inward
currents (especially residual Iy,) is important in the patho-
genesis of J wave syndromes like the Brugada Syndrome [6],
as detailed in Chap. 4.

Phase 2:The AP Plateau

A balance between inward current (mainly L-type Ca?*
current, I, ) and outward current (mainly Iy,, but also the
delayed rectifiers I, and I, in the later stages of phase 2)
maintains the AP plateau. The major role of the phase-2
inward Ca*-current is to produce Ca?*-induced- Ca?
release from the sarcoplasmic reticulum, i.e. the Ca* tran-
sient that leads to muscle contraction (see section
“Contraction of Cardiac Myocytes”). Other inward cur-
rents include the late Na* current (INa_ ), which is believed
to be a composite of delayed inactivation and re-opening
of some Na* channels [2]. The Na*-Ca*" exchanger (NCX)
contributes secondarily to the inward plateau current [7]
since it is electrogenic: 3 Na* ions are transported into the
cell, for every 1 Ca?* ion exported out, leaving one net
positive charge inside the cell. This is termed the “for-
ward” mode of the NCX and is the usual direction of ion
transport. Towards the end of phase 2, the inward currents
begin to inactivate and the outward delayed rectifier cur-
rents, which are activated more slowly by depolarization
become more prominent.

The QT interval on an ECG indicates the time from ven-
tricular activation (QRS) to repolarization (T wave), and is
an index of AP duration (APD). Imbalances between inward
and outward currents during phase 2, can lead to pathologi-
cal lengthening or shortening of the QT interval [§—11]. The
pathophysiology of such syndromes is discussed in Chap. 4.
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Phase 3: Repolarization

I, is the major current directing repolarization during phase 3.
I, activates too slowly to play a major role during normal APs
and its main role is as a “‘safety valve”, increasing appreciably
to prevent excessive AP-prolongation when repolarization is
challenged (e.g. by APD-prolonging drugs or when I¢, is
enhanced by adrenergic stimulation). As the membrane poten-
tial repolarizes to below —20 mV, I, increases and contributes
to late phase 3 as inward rectification is removed.

Contraction of Cardiac Myocytes
Ca?*-Induced Ca** Release

The L-type Ca** channels are primarily located in the trans-
verse tubules (T tubules), which are deep invaginations of the
cardiomyocyte membrane (Fig. 1.5) [12]. T tubules are in
close physical proximity to the sarcoplasmic reticulum (SR),
the organelle that stores and releases intracellular Ca®*. The
SR has outpouchings, called junctional SR cisternae, which
resemble flattened sacks reaching out towards the T-tubule
extensions, in which are located clusters of ryanodine recep-
tor Ca?* release channels (RyRs) [13]. Ca?* ions entering the
cell can therefore quickly activate RyRs, causing a large
release of Ca** from the SR into the cytoplasm, a process
called “Ca*-induced- Ca* release” (CICR). The area of
cytoplasm in which the T tubules and the SR come into close
proximity is called the dyadic cleft.

Excitation-Contraction Coupling

The Ca?* released into the cytosol by CICR binds to the myo-
filament protein regulator troponin-C [13]. Ca’* binding to
troponin-C causes a conformational change [14], followed
by complex interactions with troponin-I, troponin-T and
tropomyosin, exposing the myosin binding sites on actin and
allowing cross-bridge cycling to take place [15].

The intracellular Ca* released during systole is
removed from the cytoplasm during diastole, causing car-
diac relaxation. The principal removal mechanisms are the
Sarcoendoplasmic Reticulum Calcium ATPase (SERCA),
which pumps Ca?* back into the SR, and the NCX, which
exports Ca?* across the cell-membrane, Fig. 1.5).

Automaticity: The Cardiac Pacemakers

Cells with pacemaker activity spontaneously generate elec-
trical signals. To do this, they depolarize automatically dur-
ing phase 4 to the threshold potential required to initiate an
AP (Fig. 1.6).

The intrinsic firing rate of roughly 60—75/min in the
sinoatrial node (SAN) is faster than the other pacemaker
regions (His-Purkinje system: 30-40/min, atrioventricu-
lar node (AVN) 40-50/min). The SAN is therefore the
predominant pacemaker in the heart. The other regions
possessing spontaneous automaticity act as back-up
pacemakers, taking over if pacing fails in the SAN. There

J

Ca2+

Fig.1.5 Diagram of
Ca*-induced Ca’ release.
L-type Ca* channels allow
Ca’* to activate ryanodine
receptors in the dyadic cleft,
triggering a larger release of
Ca’* into the cytoplasm. This
Ca** causes contraction of the
sarcomere. Ca>* removal from
the cytoplasm during diastole
(via uptake into the SR by the
SERCA pump and export
from the cell via NCX) causes
cardiac relaxation
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diastolic depolarization, the membrane clock and the
Ca* clock.

The Membrane Clock Model

The membrane clock involves a set of inward currents work-
ing together to depolarize the membrane to threshold. The
best-known ion-channels involved in pacemaker activity are
the hyperpolarization-activated cyclic nucleotide-gated
channels (HCN channels), which underlie I; [16]. Although
these channels structurally resemble the K* channel super-
family, they are also permeable to Na* and to a lesser extent,
Ca?* [17]. At physiological voltages, Na* influx is greater
than the outward K* current through HCN4 channels, which
acts to gradually depolarize the cardiomyocyte to threshold
as the I current.

The autonomic nervous system strongly regulates I.
Sympathetic activation increases intracellular levels of cyclic
AMP (cAMP), which binds to the cyclic-nucleotide binding
domain at the C-terminus of the channel. Binding of cAMP
to HCN4 causes a “rightward-shift” in the I activation curve,
increasing the current flowing through the channel, and con-
sequently the rate of phase-4 depolarization, at any given
voltage (Fig. 1.7, bottom) which causes an increase in heart
rate in response to sympathetic agonists (Fig. 1.7, fop). The
parasympathetic nervous system reduces the concentration
of intracellular cAMP, causing a “leftward-shift” in the
voltage-dependence of activation for /;and a reduced phase-4
slope (Fig. 1.7).

Pathological loss of function of HCN4 can lead to the sick
sinus syndrome [17]. Another poorly selective inward

Fig. 1.7 Top panel: diagram showing the effect of the autonomic ner-
vous system on the rate of phase 4 diastolic depolarization and therefore
heart rate. Bottom panel: diagram showing the effect of the autonomic
nervous system on the activation curves and therefore channel avail-
ability of HCN4 channels (I current). Adapted from [18]

current has been described in rabbit, rat and guinea pig SAN
cells, and flows despite I, blockade with cesium [19]. This
cation channel has its greatest permeability to Na* ions and
has therefore been labeled as carrying the “background Na
current” (In,p) [17]. Inap is activated at —60 to —70 mV and
has a peak current at about —50 mV, therefore is thought to
work in synergy with the If to achieve diastolic depolariza-
tion as part of the membrane clock [17]. Ca** channels also
contribute to the membrane clock. L-type Ca** (Ca, 1.2)
channels activate at about —30 mV and therefore do not con-
tribute to phase 4 of the SAN AP. However, another subfam-
ily of voltage gated Ca®* channels, T-type Ca** channels (Ca,
3.1 and 3.2) are activated at roughly —60 mV [17] and there-
fore contribute to diastolic depolarization. The L-type Ca**
channels present in SAN cells are primarily responsible for
the phase O upstroke of the AP, therefore they determine
SAN-cell threshold and automatic rate.

Additional ion channels are involved in regulating the
membrane clock and diastolic depolarization under partic-
ular circumstances. Igac, and Igarp are inward-rectifier K*
currents expressed in the SAN [17]. Ixscn channels open
in response to acetylcholine release from vagal nerves,
which activates muscarinic receptors in the SAN [20, 21].
The hyperpolarizing effect of acetylcholine reduces SAN
pacing rate by moving diastolic potentials further from
threshold [22]. Ixarp similarly hyperpolarizes the myocyte
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membrane and is activated in response to reduced intracel-
lular ATP levels, as occurs in myocardial ischaemia and
hypoxia [23].

The Ca?* Clock Model

Spontaneous SR Ca** release produces Ca** sparks or waves
[24], which can propagate throughout the cell. Such Ca**
sparks and waves near the edge of rabbit SAN myocytes pro-
duce Ca?* transients that precede the SAN AP (Fig. 1.8). The
released Ca** is extruded through the NCX, which carries a
depolarizing inward current when removing Ca?* from the
cell. This inward current depolarizes the cell and contributes
to SAN phase 4 depolarization. Suppressing Ca** sparks and
waves decreases the slope of diastolic depolarization, par-
ticularly later in phase 4, and inhibits spontaneous SAN fir-
ing [25]. The automatic mechanism resulting from inward
NCX-current resulting from spontaneous SAN Ca’* release
is called the “Ca* clock™.

While Ca** sparks and resultant inward current oscilla-
tions via NCX can occur in the absence of APs, they dissi-
pate over time without APs, which act to cyclically regulate
cellular Ca?* stores needed to maintain the Ca** clock. Thus,
the membrane clock and the Ca?* clock act co-dependently
to achieve spontaneous diastolic depolarization and maintain
automaticity.

Other Currents

Other currents may also contribute to SAN function. For
example, there is evidence that the intermediate-conductance
Ca?*-activated K* channel (Kc,3.1) may be important for
SAN membrane depolarization upon initial Ca** entry/

F/Fo
A

0mV

-60 mV-

Fig. 1.8 Superimposed AP plots (black line) upon Ca** fluorescence
transients measured by confocal microscopy in rabbit sinoatrial nodal
cells. The purple line indicates the Ca®* transient measured towards the
edge of the cells, which precedes the major Ca** transient produced
during phase 2 of the AP (green line). Adapted from [25]

release [17]. This effect might contribute to maintaining
membrane-voltage cycling between negative values (in the
absence of significant SAN I,) and more positive values due
to membrane and/or Ca** clock-induced depolarization.

Cardiac Conduction

SAN pacemaker activity initiates the cardiac impulse. The
wave of depolarization travels through the atria, likely via
organized strands of cardiomyocytes called the internodal
pathways, since the three bundles track anteriorly, medially
and posteriorly to the atrioventricular node (AVN). The ante-
rior internodal pathway branches to form Bachmann’s bun-
dle, which crosses to the left atrium [26]. From these
preferential conduction pathways, myocardial depolarization
spreads more slowly through the remainder of the atrium.
Atrial activation corresponds to the electrocardiographic
P-wave.

Once the depolarizing impulse reaches the AVN, the wave
of depolarization traverses slowly to reach the cable-like
His-Purkinje system (Fig. 1.9) before spreading to the ven-
tricles. This delay allows adequate time for ventricular filling
after atrial contraction, before ventricular systole begins. The
P-R interval represents the time for conduction to spread
between the SAN and the ventricles.

After the depolarizing impulse has passed through the
AVN, it travels via the bundle of His in the interventricular
septum to the bundle branches and the Purkinje network, and
from there spreads to activate the ventricles and produce the
QRS complex. Finally, ventricular repolarization occurs,
corresponding to the T-wave on the ECG.

Unlike APs in the working atria and ventricles/His-
Purkinje system, the APs of the SAN and AVN have depolar-
ized resting potentials; slow phase-0 upstrokes mediated by
Ca?* currents and delayed recovery of excitability governed
by slow Ca?* current recovery kinetics. Accordingly, the 2
types of APs are referred to as “fast-channel” (in working
atria-ventricles/His-Purkinje system) and “slow-channel” (in
SAN and AVN). The slower recovery kinetics of the Ca**
channel and the resultant prolonged refractory period in the
AVN allows the AVN to protect the ventricles against rapid
conduction of supraventricular tachyarrhythmias. The main
differences between fast and slow-channel APs are summa-
rized in Table 1.1.

The AVN has a complex 3-dimensional structure. The
core of the AVN is composed of pure slow-channel tissue
(“N”-cells), while towards the atrial and ventricular ends,
transitions are seen towards more “atrial-like” (AN) and
“ventricular-like” (NH) APs. Mutations in SCNS5A, the prin-
cipal gene encoding Na* channels, can slow AVN conduction
in humans by virtue of transitional AVN cells that possess
significant Na* current [27].
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Fig.1.9 Diagram of the
principal components of the
cardiac conduction system
and their corresponding APs.
Sinoatrial node (blue),
internodal pathways and
Bachmann’s bundle (green),
atrioventricular node (red),
bundle of His (purple), bundle
branches and purkinje fibres

(red) Atria

N

Table 1.1 Summary of the key differences between fast and slow-type
APs.

Fast-channel
AP

Na* channels

Slow-channel AP
Ca®* channels

Phase 0 Conduction

mediated by

Activation Fast Fast
Recovery Slow Slow
Refractoriness determined | AP Duration | Ca?* channel
by recovery time

The N cells are the principal pacemaker cells within the
AVN, and exhibit typical slow-channel AP morphology. N
cells have a relatively positive diastolic membrane potential
due to a very low density of Iy, [28], favoring pacemaker
activity that allows the AVN to act as an “escape” pacemaker
if the SAN fails. N cells also possess significant expression
of a second isoform of L-type Ca?* channels, Ca, 1.3 chan-
nels, as opposed to the Ca, 1.2 isoform found in atrial and
ventricular myocytes [29, 30]. Ca, 1.3 channels have a more
negative activation potential than Cav 1.2 channels, and can
activate towards the end of phase 4 to facilitate AVN automa-
ticity. Ca, 3.1, encoding the alpha-subunit of T-type Ca*
channels, is also highly expressed in the AVN and contrib-
utes to automaticity [30].

Cell-Cell Coupling

The atrial and ventricular myocytes are connected to each
other so that the wave of depolarization can rapidly spread
throughout the myocardium as a functional syncytium and
allow the heart to contract in a coordinated manner. The spe-

His bundle

Bundle
branches

Purkinje
fibres

Ventricle

cialised area connecting myocytes electrically is called the
intercalated disc. Three principal structures make up the
intercalated disc: (1) adherins junctions, which provide
anchoring sites for actin/sarcomeres, (2) desmosomes, struc-
tural proteins that bind cells together and (3) gap junctions;
conduits between cells that contain cylindrical connexons
joining cells, each connexon being composed of six inter-
linked connexin molecules [31]. Each connexin molecule is
a hemichannel that connects to another connexin molecule in
an adjacent cell, to form a low-resistance water-filled pore
between the cells through which a propagating cardiac
impulse can easily travel.

There are different isoforms of connexins within the myo-
cardium. The ventricles primarily contain Cx43; the atria, a
combination of Cx40 and Cx43; the AVN contains Cx45 and
possibly Cx31.9; the Purkinje system Cx40, Cx43 and Cx45.
Connexons can form with the same isoform (homotypic) or
a mixture of isoforms (heterotypic). Disruption of gap
junction number or distribution, or gap junction dysfunction,
impairs cardiac conduction and predisposes to arrhythmia.

Connexins interact with other molecules within the inter-
calated disc, especially with desmosomal proteins, regula-
tory proteins and ion channels, forming macromolecular
complexes that coordinate electrical propagation within the
syncytium [32]. For example, Cx43 and the principal Na*
channel isoform Na,1.5 colocalise in the intercalated disc
[33]. Desmosomal proteins also have important regulatory
roles. For example, a reduction in the desmosomal protein
plakophilin-2 significantly reduces Na* current at the inter-
calated disc [34]. It is therefore not only connexins that
allow electrical propagation within the syncytium, but the
coordinated interaction of several proteins within the inter-
calated disc.
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Arrhythmogenesis

Arrhythmogenesis can be broadly divided into two catego-
ries: (1) reentry, in which a propagating impulse persists by
continuous re-excitation in a re-entrant pathway, and (2)
abnormal impulse formation, which can be subdivided into
abnormal automaticity and triggered activity (Fig. 1.10).

Abnormal Automaticity

Abnormal automaticity encompasses enhanced automaticity
in pacemaker tissue, or the generation of spontaneous activ-
ity in atrial or ventricular myocytes that do not normally
spontaneously depolarize. Examples of arrhythmias caused
by abnormal automaticity are focal atrial tachycardia,
nonparoxysmal junctional tachycardia and accelerated idio-
ventricular thythm [35]. Abnormal automaticity is generally
observed in situations creating a more positive resting mem-
brane potential, which allows phase 4 diastolic depolariza-
tion to reach threshold faster.

Afterdepolarizations and Triggered Activity

Afterdepolarizations can be early (EADs) or delayed
(DADs). They are transient depolarizations occurring during
phases 2 or 3 of the AP (EADs) or following full repolariza-
tion in phase 4 (DADs). When the amplitude of afterdepolar-
izations is sufficient to bring the membrane potential to
threshold, spontaneous APs known as triggered beats or trig-
gered activity can occur.

Early Afterdepolarizations (EADs)

EADs occur when the AP is prolonged by a decrease in out-
ward currents or an increase in inward currents. This can
result in the reactivation of the L-type Ca*" channel current

Mechanism of
Arrhythmogenesis

¢ ¥

Abnormal

Impulse Formation Reentry

¥ ¥

Increased Triggered
Automaticity Activity

¥

Early After
Depolarisations
(EAD)

¥

Delayed After
Depolarisations
(DAD)

Fig.1.10 Classification of arrhythmogenic mechanisms

(Teor), since L-type Ca?* channels have a significant overlap
between the activation and inactivation vs. voltage curves
between potentials of about —30 mV and 0 mV, providing a
voltage-range in which there is steady-state depolarizing
inward Ca’*-current (the so-called “window current”,
Fig. 1.11) [36]. The window-current voltage range corre-
sponds to the AP plateau, therefore if the AP plateau is suf-
ficiently prolonged, L-type Ca* channels can recover from
inactivation and subsequently re-activate [37], causing an
EAD.
Prolonged repolarization can be achieved by: [1]

1. Inhibiting Ix, and I, (e.g. Long QT syndrome Type 1 and
2 respectively, ion-current remodelling in heart failure,
and with class Ia and III antiarrhythmic drugs).

2. Increasing the availability/amplitude of Ic,; (e.g. sympa-
thetic nervous system activation).

3. Increased NCX (e.g. with increased intracellular Ca®* or
NCX upregulation as in heart failure).

4. Increased late Na* current (e.g. Long QT syndrome
Type 3).

EAD

Membrane
potential
(mV)

Time

Calcium
transients

Time

Ica Inactivation Ic4 activation

1.00
0.80
0.60

0.40

Relative
conductance

0.20

0.00
-25 0
Membrane potential (mV)

Fig. 1.11 Top panel: Diagram of an early afterdepolarization formed
during a prolonged AP and the corresponding reactivation of Ca**
depicted below it. To the right is a normal AP, with a single Ca* tran-
sient i.e. no reactivation of the Ca?* current is present. Bottom panel:
Superimposed activation and inactivation curves for the Ca** current.
The overlapping area shows the window current. Adapted from [2]
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EADs preferentially occur in the His-Purkinje system,
depolarizing adjacent atrial or ventricular muscle to the
threshold for Na* channel activation, which in turn can cause
triggered beats and tachyarrhythmias.

Delayed Afterdepolarizations (DADs)

DAD:s are caused by abnormal diastolic release of Ca?* from
the SR via RyRs [38, 39]. The released Ca** is extruded from
the cell by NCX, with each Ca®* ion exchanged for 3 extra-
cellular Na* ions, producing a net inward current that depo-
larizes the membrane and causes the DAD [38, 39]. DADs
that reach threshold cause premature beats, which can occur
singly, can trigger reentry in a vulnerable substrate, and can
occur in repetition causing a focal tachyarrhythmia.
Arrhythmias induced by DADs include catacholaminergic
polymorphic ventricular tachycardia (CPVT), paroxysmal
atrial tachycardia, fascicular tachycardia and the bidirec-
tional VT that can be seen in digoxin toxicity [35].

Reentry

Anatomical Reentry

The simplest form of reentry is circus movement reentry, in
which a cardiac impulse travels in a circuit around a fixed ana-
tomical barrier (Fig. 1.12). In the left panel of the figure, the
excitatory wave front travels anterogradely (the usual direction

Fig. 1.12 Left: diagram showing a cardiac impulse anterogradely
propagating down two converging pathways and colliding. Right:
Reentrant activity as a result of a premature impulse encountering a
recovered pathway (B) and a pathway (C) that is still refractory from the
previous sinus beat. The premature impulse conducts anterogradely

of conduction) down both pathways B and C, and clashing
wave fronts cancel each other out. In the right panel, a prema-
ture impulse arrives at pathway C when it is refractory from
the prior sinus beat, whereas pathway B (which has a shorter
refractory period) has recovered excitability and can conduct
the impulse. After reaching the distal end of pathway B, the
impulse can travel retrogradely up pathway C. If this wave-
front is timed in such a manner that when it reaches the begin-
ning of the circuit again and pathway B is no longer refractory,
the same wavefront can travel anterogradely down pathway B
again, and continue travelling repetitively in a circuitous man-
ner, as long as the tissue ahead of the advancing wavefront has
recovered its refractoriness at all points in the circuit.

Examples of this type of reentry around an anatomical
obstacle include the supraventricular tachycardias: atrioven-
tricular reentry tachycardia (AVRT), involving a congenital
accessory pathway and atrioventricular nodal reentry tachy-
cardia (AVNRT), in which separate pathways exist within
the AVN node and form a potential reentry circuit analogous
to the circus movement (ring) model of reentry. Experimental
atrial flutter is also an example of anatomical reentry, in
which the tricuspid annulus forms the anatomical obstacle.
Clinical atrial flutter does not appear to involve an anatomi-
cal obstacle.

Certain conditions are needed for this form of reentry to
occur. For the propagation to continue, there must always be
a portion of the circuit ahead of the moving wavefront that

9|€ Premature
beat

down pathway B and retrogradely up pathway C when it has recovered
excitability and can continue to propagate around both pathways pro-
vided the tissue ahead of the advancing wavefront has recovered its
refractoriness
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1

has recovered its excitability, allowing the wavefront to
advance. This segment of the circuit is called the excitable
gap (Fig. 1.13 left). The entire length of the circuit (path-
length) must equal or exceed the wavelength, which is the
refractory section of the circuit occupied by the wavefront.
Because the wavelength is the distance travelled by a cardiac
impulse in one refractory period, it is the shortest distance
that can maintain reentry. In mathematical terms, the wave-
length is calculated as:

Wavelength = Conduction Velocity x Refractory
Period.

Functional Reentry

Reentry can occur in the absence of an anatomical obstacle,
on a strictly functional basis. In the 1970s, Allessie et al. [41]
developed a theory called “the leading circle” (Fig. 1.13,
right) to account for functional reentry. The authors showed
that premature stimuli preferentially travelled in the direc-
tion of shorter refractory periods, which led to an arc of
refractory tissue, around which a propagating wave front
could circulate in the form of reentry. The tissue in the centre
of the circle is kept functionally refractory by continuously

excitable gqy,

Wavelengt®
C

Fig.1.13 Left: Circus
movement re-entry (ring
model), showing the presence
of an excitable gap which is
necessary for wave
propagation. Right: The
leading circle model of
re-entry. An arc of refractory
tissue occurs due to
interacting wavefronts.
Bottom: Spiral wave or rota.
The solid line represents the
depolarizing wave front and
the dashed line the
repolarizing front. Adapted
from [40]

invading centripetal waves and keeps them from propagating
through and interrupting the circulating wavefront. The size
of the reentry circuit is determined by the wavelength,
because functional reentry naturally establishes itself in the
fastest/smallest circuit possible, which has a dimension equal
to the wavelength [41]. An advantage of this model is the
ability to relate its determinants to familiar and clinically
quantifiable concepts also used to describe circus movement
reentry such as conduction velocity, refractory period, wave-
length and excitable gap. According to the leading circle
theory, the persistence of AF depends on the wavelength
being reduced so that it is short enough to allow multiple
simultaneous reentry circuits to coexist and make AF very
stable [42]. Antiarrhythmic drugs stop AF by increasing the
wavelength [42].

A problem with the leading circle model is that it fails to
account for some important clinical phenomena. For exam-
ple, in many AF patients and experimental AF models, the
wavelength is not reduced and yet AF occurs [43]. In addi-
tion, according to the leading circle model, Na* channel
blocking antiarrhythmic drugs should promote AF by slow-
ing conduction and reducing the wavelength; yet clinically
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they clearly suppress AF [44]. An alternative model of func-
tional reentry is based on the notion of the spiral wave
(Fig. 1.13, bottom) [40].

The spiral-wave (or “rotor”) concept governs reentry-type
activity in many systems; a naturally occurring example
being a tropical storm (hurricane, typhoon, cyclone) or a
spinning top. The persistence of rotational activity depends
on the stability of the reentry source, which is governed by
the ability of the re-entrant wavefront to constantly propa-
gate through the medium. The ability to propagate depends
on the energy of the propagating force, roughly reflected by
the speed and tightness of its angular rotation, and the resis-
tance of the medium in front of it to activation, reflected by
the amount of energy needed for activation. In cardiac tissue,
the rotational “force” is related to the balance between the
driving current (generally Na* current, the current source),
and the resistance to activation, also called the current sink.
The current sink is primarily determined by tissue excitabil-
ity, of which refractoriness is a major determinant.

The analogy of a spinning top can be used to conceptual-
ise rotors. If a spinning top spins quickly, it remains stable.
As it begins to slow, its oscillations become larger and it
begins to meander and eventually topples over and stops.
This helps to understand how reducing the energy and speed
of propagation (e.g. by Na* channel blockers) can stop reen-
try maintained by rotors. On the other hand, if the position of
a top is stabilized (e.g. by putting a hole in the table which
anchors it) it can maintain itself at slower speeds. This may
be analogous to the anchoring effect of structural complexi-
ties, like tissue fibrosis, that may help to anchor and stabilize
AF-maintaining rotors.

The spiral-wave rotor concept is much more successful in
accounting for the effects of antiarrhythmic drugs in AF than
the leading circle model [40, 44, 45]. In addition, when
functional reentry is observed with very high-resolution opti-
cal mapping, it takes the form of a spiral wave. Finally, recent
technological developments have allowed for the high-
resolution mapping of AF in conscious patients, and have
provided strong evidence for the existence and presence of
rotor activity during AF maintenance in patients [46—49].

Conclusion

This chapter has covered the basics of action potential
formation, excitation-contraction coupling of cardiac
myocytes, automaticity, cardiac conduction and arrhyth-
mogenesis. The intention is for readers to use this infor-
mation as a basic reference, upon which to build the more
detailed knowledge contained in subsequent chapters.
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Pathophysiology of Atrial Fibrillation

Alexander Burashnikov and Charles Antzelevitch

Abstract

Atrial fibrillation (AF) is the most common sustained arrhythmia encountered in the clinic.
It is often associated with hemodynamic and neurohormonal cardiovascular abnormalities,
including heart failure (HF), hypertension, valvular and ischemic heart disease. These
derangements cause or promote the development of AF triggers and atrial remodeling giv-
ing rise to the arrhythmogenic substrate. Rapid activation of the atria during AF leads to
further electrical and structural remodeling, thus facilitating the maintenance of AF. For
his reason, AF is said to beget-AF. Pulmonary veins are the prime source for AF trigger(s)
and may also be the source for AF drivers. Pulmonary vein sleeves are thin muscular struc-
tures and as such are sensitive to pressure and volume overload-induced stretch, which
may account for their exceptional arrhythmogenic proclivity. Long-term maintenance of
AF is believed to be due largely to a reentrant mechanism(s), but direct evidence is often
lacking and the controversy continues. The development and maintenance of AF are mul-
tifactorial and involve dynamic pathophysiologic processes which are in many cases not
well defined or understood. This chapter reviews our current understanding of pathophysi-

ology of AF.
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Introduction

Atrial fibrillation (AF) is the most commonly encountered
clinical arrhythmia. Its prevalence increases with age and
cardiovascular diseases, including heart failure (HF), hyper-
tension, valvular and ischemic heart disease [1, 2]. These
disorders as well as AF itself promote atrial remodeling
which facilitates the perpetuation of the arrhythmia. AF may
cause and be caused by atrial remodeling. Pathophysiological
mechanisms responsible for the initiation and maintenance
of AF are multifactorial and dynamic. This chapter reviews
our current understanding of the complexities attending the
pathophysiology of AF.
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Conditions and Diseases That Affect AF
Generation

The occurrence of AF is commonly associated with other
diseases and conditions. The risk factors for AF include
aging, hypertension, HF, ischemic heart disease, valvular
heart disease, cardiomyopathies, obesity, diabetes mellitus,
chronic obstructive pulmonary disease, sleep apnea, renal
disease, hyperthyroidism and inflammation. These risk fac-
tors for development of AF are often found in combinations
and the specific causal relation of AF with each remains
poorly defined [1, 2].

Age is one of the strongest predictors of AF. The preva-
lence of AF, 1-2% in the general population, increases with
age, from <0.5% at <50 years to up to 12% at >80 years of
age [1, 2]. This trend is associated with an increase in the
prevalence of diseases known to promote AF, particularly
hypertension, HF, and ischemic heart disease. Age-related
increase in the number and/or severity of these diseases
accounts for much of the age-related increase in the preva-
lence of AF. Aging may promote AF via age-related struc-
tural remodeling of the atria, largely due to progressive
increases in the degree of fibrosis. However, significant age-
mediated atrial remodeling appears to take place only in the
eighth decade of life, but not before [3], and may be associ-
ated with subclinical cardiovascular disease.

Hypertension is the most prevalent disease associated
with the development AF. Fifty-seven percent of patients
with AF have a history of hypertension [4, 5]. History of
valvular and ischemic heart diseases are present in about 30
and 20% of patients with AF, respectively [1].

Genetics can predispose to development of AF, but the
incidence of AF caused purely by genetic defects is rela-
tively small. The majority of people with AF are older than
60 years of age; those who have AF at a younger age com-
monly have disease conditions that promote AF, largely
hypertension but including short QT, Brugada and Early
repolarization syndromes [6, 7].

HF can cause AF and AF can aggravate HF, creating a
vicious cycle. About 30-40% of patients with HF have
AF. The prevalence of AF depends on the underlying etiol-
ogy of heart failure. Patients with valvular heart disease and
hypertension as the primary etiologies of HF have a high
prevalence of AF (30-50%) and patients with ischemic heart
disease as the primary HF etiology display a lower AF preva-
lence (15-25%) [8, 9]. About 20-25% of patients with idio-
pathic dilated cardiomyopathy have AF [5]. AF may cause
HF via sustained rapid and irregular ventricular rate. AF is
thought to be a principal cause of HF in about 3% of patients
with reduced left ventricular ejection fraction (LVEF) and in
up to 17% of patients with preserved LVEF [10]. Counter-

intuitively, the prevalence of AF decreases in patients with
lower LVEF [8, 11-15].

Sustained AF may occur without detectable cardiovascu-
lar abnormalities, in which case it is referred to as idiopathic
or lone AF. In the past, the prevalence of “lone AF” was esti-
mated to account for 30% of AF cases [5]. It is becoming
increasingly clear, however, that most “lone AF” patients
have some cardiovascular abnormality, including LV dia-
stolic dysfunction and/or concealed coronary artery disease,
so that the prevalence of truly “lone AF” is currently esti-
mated to be about 3% [16].

A robust unifying feature of the diseases that are most
often associated with AF is concomitant hemodynamic and
neurohormonal derangements.

Pathophysiology of AF Initiation: Triggers
and Substrate

Initiation of AF generally requires both a trigger and sub-
strate. AF is commonly initiated by an atrial premature
excitation (i.e., AF trigger). Substrate of AF consists largely
of electrical heterogeneity, mainly spatial ERP difference.
Pressure and volume overload produces stretch of the
atrium, which is known to generate arrhythmic activity
[17]. Abnormalities in autonomic nervous system function
can also induce premature atrial activation [18]. A combi-
nation of hemodynamic and neurohormonal derangements
strongly enhances the manifestation of atrial premature
activations. Abnormalities in intracellular calcium (Ca;)
appear to be principally involved in the triggering of AF in
the setting of hemodynamic and neurohormonal derange-
ments [18-20].

The most common source of AF triggers is the pulmo-
nary veins (PV) [21]. The thin structure of the PVs is
thought to predispose them to pressure and volume over-
load-induced stretch, accounting for their exceptional
arrhythmogenicity. The level of involvement of PV in AF
can change during progression of atrial remodeling. The
rate of electrical activation of PV during AF is reported to
be reduced with left atrial dilatation and reduced LVEF
[22]. Such slowing of activation rate in PV is likely to be
explained by an accentuation of atrial structural remodel-
ing. It is generally believed that PV is less likely to be
involved in the generation of AF in the setting of more
advanced structural remodeling. In a canine model of sys-
tolic HF, the development of advanced HF is associated
with severe fibrosis giving rise to major depression of PV
areas, preventing the occurrence of rapid activity [23].
Involvement of PV in the generation of AF in patients with
mild vs. advanced HF is poorly defined.
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Pathophysiology of AF Maintenance: Atrial
Electrical and Structural Remodeling

The maintenance of AF is associated with both electrical and
structural atrial remodeling.

Atrial Electrical Remodeling

Electrical remodeling of the atria may be the result of AF
and/or the result of hemodynamic derangements. The most
significant proarrhythmic consequence of atrial electrical
remodeling due to AF is the abbreviation of atrial effective
refractory period (ERP). The AF-induced reduction in ERP
is the result of abbreviation of the action potential duration
(APD), which is secondary to a decrease in calcium channel
current (I¢,), and an increase in Ix, and constitutively active
acetylcholine sensitive potassium current (CA Ig acn) [24,
25]. Another manifestation of atrial electrical remodeling is
an abnormality of calcium handling which may result from
pressure and volume overload as well as of AF [18, 20, 25].
Atrial cells isolated from patients with AF and from experi-
mental models with HF, but without AF, are characterized by
enhanced generation of intracellular calcium-mediated trig-
gered activity, which may contribute to both the initiation
and maintenance AF [19, 20, 26, 27].

In experimental AF models, without cardiovascular dis-
ease, abbreviation of atrial ERP, secondary to pharmacologi-
cal interventions or sustained rapid atrial activation, is
associated with a significant increase in AF vulnerability
[28-31]. Patients with AF generally display a briefer atrial
ERP than patients without AF but this is likely due to AF
itself [32]. In patients with hypertension without history of
AF, atrial ERP did not differ between patients who devel-
oped AF and those who did not in follow-up [33]. In the
diseases that are most often associated with AF (i.e., hyper-
tension, HF, and valvular heart diseases) atrial ERP is com-
monly prolonged [19, 23, 34-38]. Moreover, aging, a major
risk factor for AF, is also associated with prolongation of the
atrial ERP [39]. It appears that at the moment of AF initia-
tion in the clinic, atrial ERP is likely to be normal or pro-
longed. The extent to which dispersion of refractoriness may
have played a role in these studies is not known.

AF patients with structural heart disease also have a sig-
nificantly longer atrial ERP when compared to AF patients
without structural heart disease [40]. Development of AF in
structurally remodeled atria is associated with less abbre-
viation of atrial ERP [41]. Simultaneous development of
systolic HF with concomitant AF may prolong atrial ERP
or may shorten it to a lesser extent compared to AF alone
[42—-44]. Increased levels of atrial fibrosis have also been

Little to no PRR:
Normal/near normal
APD and ERP

Little PRR:
Abbreviated APD
and ERP

Significant PRR:
Abbreviated APD
Prolonged ERP

—J

Fig. 2.1 Examples of the heterogeneity of action potential duration
(APD) and effective refractory period (ERP) in aright atrium isolated
from a dog with tachy-pacing induced HF. The presence of prominent
post-repolarization refractoriness (PRR) contributes to the large disper-
sion of refractoriness. PRR in atria is recognized when ERP exceeds
action potential duration measured at 70% (APD5,). Each action poten-
tial tracing shows a basic beat following by the earliest premature acti-
vation (i.e., ERP). In the atrial areas displaying normal activity, the
duration of ERP is approximated by APD,, ss, displaying little to no
PRR, similar to “healthy” controls. In atrial regions where APD was
abbreviated, the duration of ERP was variable and largely determined
by degree of PRR secondary to depression of the sodium channel-
dependent parameters. Reproduced with permission from Burashnikov
et al. [23]

reported to be associated with a prolongation of AF cycle
length [40, 45-47], so that prolongation of AF cycle length
has been suggested as a marker of aggravated structural
remodeling [46].

In “healthy” hearts, atrial ERP approximates action
potential duration at 70-90% repolarization (APD7y_q)
[48, 49]. In significantly structurally remodeled atria, ERP
can outlast APD;y ¢, due to development of post-repolar-
ization refractoriness (Fig. 2.1). This is often associated
with heterogeneity of ERP, which can create a window of
vulnerability.

Atrial ERP heterogeneity may [50] or may not [30, 51] be
associated with the vulnerability and persistence of AF. In
experimental systolic HF, increased AF vulnerability is asso-
ciated with an augmentation of spatial dispersion of ERP in
the atria, but only when the shortest ERP is briefer or equal
to control values [23]. When the briefest atrial ERP is longer
than control, AF vulnerability is reduced, despite the
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presence of a dramatic ERP heterogeneity [23]. AF-mediated
electrical remodeling is associated with an abbreviation of
ERP and reduction of temporal and spatial heterogeneity of
atrial ERP [30]. The abbreviation of ERP is thought to pro-
mote AF persistence. The stabilization of AF is associated
with a prolongation of the temporal excitable gap, the period
of fully recovered excitability between consecutive AF acti-
vations [52, 53].

It is generally believed that atrial electrical remodeling
resulting in ERP abbreviation is sufficient for the mainte-
nance of paroxysmal AF, but not persistent AF and that the
presence of some atrial structural alterations is necessary for
the development of persistent AF [30, 54, 55]. In the
“AF-begets-AF” models, electrical remodeling occurs rela-
tively fast and is essentially complete within several days of
rapid atrial activation. AF becomes persistent only after the
development of structural remodeling, which can take several
weeks of rapid atrial activation [54]. Sustained AF has been
also been shown to develop during reversal of electrical
remodeling and in the continued presence of structural
remodeling (which is more resistant to recovery) [41, 55, 56].

Atrial Structural Remodeling

Atrial structural alterations are commonly found in patients
with AF. Numerous factors are involved in the development
of atrial structural remodeling, with fibrosis being a prime
hallmark of the remodeling [25]. These factors include trans-
forming growth factor-f1, angiotensin II, Racl, platelet—
derived growth factor, and microRNAs, small non-coding
sequences of RNA [25]. Interestingly, atrium develops fibro-
sis more readily than the ventricle and is more responsive to
structural remodeling stimuli including transforming growth
factor-p1, angiotensin II, Racl, and platelet—derived growth
factor [57-61].

The most common causes contributing to atrial structural
remodeling are pressure and volume overload and AF [32,
54]. In combination these factors can additively or synergis-
tically produce atrial structural remodeling [62-64]. When
separated, pressure and volume load are likely to be capable
of causing much greater atrial structural remodeling than
AF. In experimental studies, atrial dilation is greater in the
setting of HF vs. AF [30, 65, 66]. Left atrial diastolic area
was reported to increase by 80 and 24% in HF and AF mod-
els, respectively [65]. Without AF, the size of the left atrium
or left atrial maximum volume could increase by 50—100%
in the setting of HF [36, 65—67]. In the absence of significant
cardiovascular abnormalities and with intact AV node con-
duction, persistent AF may enlarge left atrium by 20-45%
[29, 65, 68, 69]. With a combination of HF and AF, left atrial
maximum volume can reach 100-120% that of healthy con-
trols [13, 63].
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Fig. 2.2 AF-mediated atrial structural remodeling is significantly
greater in the setting of intact vs. ablated AV node (i.e., absence and
presence of “rate control”). AF-induced hemodynamic overload (via
rapid and irregular ventricular activity) contributes more significantly
to atrial structural remodeling than rapid atrial activation alone

A number of experimental studies have shown that when
the AV node is ablated, prolonged rapid atrial activation
causes a considerably smaller, practically undetectable,
atrial structural remodeling than when AV node is intact
(Fig. 2.2) [32, 42, 68, 70]. These finding suggest that
AF-induced rapid and irregular ventricular activity (caus-
ing fluctuations in hemodynamic load) may contribute
much more than rapid atrial activation to atrial structural
remodeling. It suggests also that rate-controlled AF may
cause only minor atrial structural remodeling. It is notewor-
thy that in the original experimental study of Wijffels and
co-workers demonstrating that prolonged AF causes sig-
nificant structural remodeling and promotes persistent AF
(“AF-begets-AF”), the AV node was intact [30]. Rapid
atrial activation alone is capable of induction of persistent
AF [70] but the AF-induced atrial remodeling mediated by
hemodynamic load can further promote the persistent
AF. In sheep and dog atrial-tachypaced models, sustained
AF is more readily established when AV node conduction
is intact [68, 70].

In the clinic, persistent AF is often, if not always, pre-
ceded by multiple episodes of paroxysmal AF [1, 54], con-
sistent with the doctrine that “AF-begets-AF”. In experimental
studies, AF duration was much longer in AF models induced
by “AF-begets-AF” vs. “HF”, despite the fact that the former
causes much smaller atrial enlargement (Fig. 2.3) [30, 34,
65]. Models of AF caused by chronic hypertension and
mitral regurgitation are also characterized by relatively short
AF (from seconds to hours), despite the development of sig-
nificant left atrial enlargement [35, 38].
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Fig.2.3 Atrial enlargement and AF persistence. Atrial enlargement is
far greater in “heart-failure” vs. “AF-begets-AF” experimental models,
but the duration of AF is far longer in the latter [30, 34, 65].
“AF-begets-AF” appears to be a must for AF to become persistent. The
degree of atrial enlargement may not be a good index for persistence of
AF in the setting of significant structural heart diseases. AF-induced
structural remodeling of the atria is facilitated more by fluctuations in
hemodynamic load caused by rapid and irregular ventricular activation
than by rapid atrial activation (Fig. 2.2). VTP-HF ventricular tachy-
pacing-induced heart failure, ATP atrial tachy-pacing-induced AF

Thus, atrial remodeling caused by hemodynamic derange-
ment does not appear to suit (and is not indispensible require-
ment) for the maintenance of long-lasting AF (Fig. 2.3).
Such remodeling, however, is likely to promote the initiation
and maintenance of brief episodes of AF, which, in turn, may
remodel the atrium predisposing to development of persis-
tent AF (via “AF-begets-AF”). A high prevalence of AF in
patients with HF points to an additive or synergistic effect of
AF and HF to promote persistent AF. However, the probabil-
ity of persistent AF may be a bell-shaped, depending on the
degree of atrial structural remodeling. The prevalence of per-
sistent AF is lower in patients with systolic vs. “diastolic”
HF [11], with the former exhibiting generally larger left
atrial size [13, 67, 71, 72].

While the occurrence of long-lasting AF is commonly
associated with atrial structural remodeling, the causal rela-
tion of these two is complex. AF may cause and be caused by
atrial structural remodeling. There is significant variability in
the degree of atrial structural remodeling among patients
with cardiovascular disease with and without AF [32, 73].
Patients with persistent AF may have mild atrial structural
remodeling and patients without history of AF may have
advanced atrial structural remodeling [32, 73].

The relation of AF with atrial structural remodeling can
be confounded by numerous factors. Non-AF-mediated

hemodynamic derangement appears to cause a significantly
greater atrial structural remodeling than AF itself. A rate-
controlled AF may cause only minor atrial structural remod-
eling (Fig. 2.2). Therapeutic interventions may suppress and
promote AF as well as delay or reverse cardiac remodeling
and outcomes of the treatment may not be “logical”. For
instance, ivabradine has been consistently shown to reverse
cardiac remodeling [74, 75] but to promote AF [76, 77].
Another potential confounding factor of the relation of AF
with remodeling is that severe atrial structural remodeling
may act to suppress AF [23], as discussed below.

Is There a“Vulnerable Window”
for Development of AF in the Spectrum
of Atrial Structural Remodeling?

Severely compromised atria have a reduced capability of
maintaining rapid activation and it has recently been sug-
gested that advanced atrial structural remodeling may act to
suppress AF in the setting of HF [23]. The presence of a
temporal “vulnerable window” for the development of AF in
the course of development of VTP-induced HF in canines
has recently been reported (Fig. 2.4) [23]. This HF model is
characterized by the progressive development of HF reca-
pitulating many features of clinical HF, including systolic
and diastolic dysfunction [34, 36, 66, 78]. AF vulnerability
(i.e., inducibility by a single premature beat) was shown to
be higher with moderate vs. advanced atrial remodeling,
associated with “early” and “late” stages of HF, respectively
(Fig. 2.4) [23]. The increase of AF vulnerability at mild/
moderate stages of HF is associated with relatively moderate
electro-structural abnormalities in the atrium. The reduction
of AF vulnerability in severe atrial remodeling is associated
with a rate-dependent depression excitability decreasing the
ability of the atrium to sustain rapid activation (Fig. 2.4). In
two additional experimental studies of VTP-induced HF in
sheep and goat, a greater inducibility of AF was also observed
in the median vs. severe stages of HF [36, 42].

Experimental models of VTP-induced HF have advanced
the hypothesis that AF more readily occurs in median vs.
severe stages of atrial remodeling. A number of studies pro-
vide clinical evidence in support of this hypothesis. AF
prevalence is reported to be significantly higher in HF
patients with preserved vs. reduced LVEF (HF-PEF vs.
HEF-REF, respectively) and AF prevalence is found to pro-
gressively diminish as LVEF is reduced [8, 11-15].
Reduction of LVEF is generally associated with an increase
in left atrial size [13, 67, 71, 72]. These data are consistent
with notion that AF occurs more readily in median vs.
severe atrial remodeling.

There are also clinical data suggesting that in patients
with systolic HF cardiac remodeling is less severe in AF vs.
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a AF vulnerable window in HF SR patients and that AF more readily occurs in cases of less
100 advanced cardiac remodeling. Patients with HF and AF com-

S 7/9 monly have a higher LVEF than patients with SR [79-82],
§ 80 1 despite the fact that AF acts to reduce LVEF. In HF-PEF
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0 Prolongation of QRS is a marker of aggravating cardiac
Healthy Early HF Late HF structural remodeling. Interestingly, in HF patients hospital-
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Fig. 2.4 A temporal window of vulnerability for development of atrial
fibrillation (AF) with advancing HF (HF): AF more readily occurs at
moderate vs. severe electrical +structural atrial remodeling. (a) Incidence
of AF and ventricular tachycardia and fibrillation (VT/VF) as a function
of duration of ventricular tachypacing (i.e., 2-3 weeks of pacing = “Early
HF” and 5-6 weeks of pacing = “Late HF”). The highest AF vulnerability
occurs relatively early in the course of development of VTP-induced HF,
whereas VT/VF develops later. (b, ¢) Schematic depiction of potential
mechanisms underlying the “window of vulnerability” for development
of AF. Distinctions in atrial electrophysiology between early and late
HE. Moderate electrical and structural remodeling in the early stages of
HF predispose to the development of AF. In the late stages of HF, electri-
cal and structural remodeling of the atria progress to cause rate-depen-
dent severe depression of excitability and conduction, thus significantly
reducing the ability of atria to maintain rapid activation. In the ventricles,
electrical and structural remodeling reach the threshold for arrhythmic
vulnerability only at the late stage of HF. Reproduced with permission
from Burashnikov et al [23]

ized for acute systolic HF, those who had AF, particularly
new-onset AF, had fewer co-morbidities and less prevalence
of predictors of morbidity and mortality than those with SR
in the large EVEREST and GWTG-HF studies [80, 81].

The atrium is much thinner than the ventricle, as a conse-
quence hemodynamic derangement more readily remodels
the atrium vs. ventricle. Numerous experimental studies
have shown that the degree of fibrosis is several fold greater
in atria vs. ventricles in experimental models of systolic HF
[59]. In VTP-induced canine HF model, LA and LV weight
is increased by 80 and 13%, respectively after 3 weeks of
VTP [66]. Persistent hypertension causes an atrial predomi-
nant remodeling, i.e., LA and LV weight increased by 40-63
and 15-20% in an ovine model [38].

In diseases associated with severe sustained pressure and
volume overload, ventricular function is likely to be less
affected than atrial function. Consequently the ability of atria
to sustain rapid activation (i.e. AF) may be reduced long
before that of the ventricle.

Electrophysiological Mechanisms of AF:
Focal and Reentry

AF is thought to be initiated by a focal trigger, which can
arise as a consequence of enhanced automaticity, delayed or
early afterdepolarizations. Autonomic influences, stretch, or
abnormal calcium handling may be involved in the triggering
[18]. Focal sources may also maintain or contribute to the
maintenance of AF [78, 85-90], but the extent of their
involvement is not well defined and may depend on the
underlying pathology and/or stages of AF persistence.

A reentrant mechanism was long thought to be the pre-
dominant mechanism responsible for the maintenance of
AF. More recent mapping studies have raised doubt about
the predominant role of reentry. In many mapping studies, a
full reentrant circuit is rarely if ever observed [86, 87, 89,
91-97]. A new hypothesis of AF maintenance has recently
appeared i.e., the “double layer hypothesis”, which is claimed
by the authors to be neither reentry nor focal [93-96, 98].
This theory stipulates that persistent AF is mediated by
endo-epicardial dissociation and that the arrhythmia is main-
tained by intramural meandering wavelets causing multiple
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endo-epicardial breakthroughs. This hypothesis appears to
be similar to the original Moe multiple wavelet theory [99].

The multiple wavelet mechanism of AF (i.e., multiple
simultaneous meandering reentrant wavelets) first proposed
by Moe and co-workers [99] was considered to be the princi-
pal mechanism from the 1960s to the early 1990s. Evidence in
support of this hypothesis was provided by Allessie and co-
workers in 1985 [100]. More recent mapping studies have
failed to record multiple reentrant circuits on the epicardial
and/or endocardial surfaces of the fibrillating atrium [86, 87,
89-97, 101]. In the 1990s to early 2000s, several groups, led
by Jalife and co-workers, reported that AF could be main-
tained by a single stable reentrant circuit (mother rotor) result-
ing in fibrillatory conduction as the wavefront encounters
regions of refractoriness or anatomical obstacles [101-103].
The “single reentry” theory was considered to be the dominant
mechanism for the maintenance of AF in 2000s [103].

Results of mapping studies of AF reported over the past
6 years have provided conflicting data. Using a 64-pole bas-
ket catheter, Narayan and co-workers, regularly observed a
stable rotor on the endocardial surface during AF [104-106].
Using 128-512 electrodes or optical mapping, other groups
either failed to record any reentrant circuits or rarely recorded
short-lived episodes of reentry from the epicardial and/or
endocardial surfaces [89, 90, 93-97, 107].

A possibility exists that AF could be maintained by a
transmural reentrant circuit(s), which cannot be seen on the
epicardial or endocardial surfaces. Transmural anatomic
reentry has been reported to consistently occur during AF in
the study utilizing a simultaneous epicardial and endocardial
surface mapping of the atrium [107]. Other studies employ-
ing simultaneous epicardial and endocardial mapping, how-
ever, have failed to observe transmural reentry [95, 96].

It is difficult to understand why some groups consistently
observe stable reentry [102—-106] while other groups either
do not see reentrant activity at all or see it only rarely as
short-lived episodes [89, 90, 93-97]. One possible explana-
tion is that a half loop of activation (i.e., “incomplete reen-
try”) is sometimes taken as evidence for reentry. In the
presence of rapid and heterogeneous propagation of conduc-
tion, which commonly occurs during AF, “wannabe reentry”
is often encountered [90].

The dominant type of reentrant mechanism responsible
for AF maintenance has changed over the years. “Leading
circle” reentry was the dominant type of AF driver in 1970s
to early 1990s [28, 100]. The “leading circle” reentry has no
or little temporal excitable gap between succeeding AF acti-
vations. Concurrently, the concept of wavelength (the prod-
uct of ERP and conduction velocity) was considered to be a
robust predictor of AF occurrence [108—110]. In the 1990s
and beyond, a temporal excitable gap was consistently
recorded during AF [52, 111-114] and stabilization of AF
was shown to be associated with prolongation of the tempo-
ral excitable gap [52]. These data questioned the importance
of “leading circle” and “wavelength” theories. Between 1990

and 2010, “spiral wave” theory took over the lead as the
dominant reentrant mechanism for AF [103]. The spiral
wave theory explains the existence of the “excitable gap”
[114], but the presence of spiral waves during AF itself (or at
least a high probability of its occurrence) has been ques-
tioned as well [89, 90, 93-96].

Conduction disturbance is thought to be important for the
development of reentry. The principal role of conduction dis-
turbance in AF can be questioned by the fact that Iy, block-
ers, producing a wide range of conduction alterations, do not
or very rarely induce AF de novo. Interestingly, conduction
velocity has been reported to be increased when compared in
6 vs. 24 h after pacing/AF, when AF is more persistent [30,
50]. This appears to be due to abbreviation of ERP and pro-
longation of the excitable gap [52].

In summary, at the present time the evidence for reentry as
the principal mechanism of AF maintenance, which was thought
to be well established in 1980-1990s, remains controversial.
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