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Part I
Basic Principles of Cardiac Electrophysiology
and Pharmacology

1

Basic Principles of Cardiac
Electrophysiology
Sharon Ann George, Zexu Lin, and Igor R Efimov

Introduction
Cardiac tissue is an electrical syncytium, the coordinated stimulation of which
allows for the contraction of the tissue, for the effective pumping action of the heart.
Each individual cardiomyocyte is an electrically excitable cell and its electrical
properties and proteins that contribute to its function differ depending on the type of
cardiomyocyte and its location in the heart. This chapter discusses the major ion
channels that contribute to the electrical activity of cardiomyocytes, action potential
and its heterogeneity, intercellular electrical coupling, and conduction of the action
potentials.

Resting Membrane Potential
Membrane potential (Vm), also known as transmembrane potential (measured in
millivolts, mV), is the difference in electric potential between the inside and outside
of a cell. At resting conditions (i.e., without stimulation), the inside of a cardiomyocyte has a negative potential compared to the outside, resulting in a resting membrane potential (RMP) of approximately −85 to −90 mV in ventricular
cardiomyocytes. RMP is achieved by a fine balance of several ions between the
inside and outside of the cell membrane.
Under normal physiological conditions, intracellular (inside the cell) potassium
ion (K+) concentration is higher than the extracellular concentration, whereas the
opposite is true for sodium ion (Na+) concentrations, i.e., the intracellular Na+ ion
concentration is lesser than the extracellular concentration. Also important are
S. A. George (*) · Z. Lin · I. R. Efimov
Department of Biomedical Engineering, The George Washington University,
Washington, DC, USA
e-mail: sharonag@gwu.edu
© Springer Nature Switzerland AG 2020
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Table 1.1 Intracellular
and extracellular ion
concentrations in
mammalian
cardiomyocytes [1]

Ions
Na+
K+
Cl−
Ca2+
Mg+
HCO3−1
Non-penetrating
anions

Intracellular
concentration (mM)
15
150
5
10−4
1
8
155

Extracellular
concentration (mM)
142
4
120
1
0.5
27
0

various negatively charged intracellular proteins that cannot cross the cell membrane. A summary of approximate ion concentrations inside and outside mammalian cardiomyocytes is given in Table 1.1.
The difference in ion concentrations across the cell membrane sets up an electrical and chemical gradient or an electrochemical gradient. The electrical gradient is
a result of the charge carried by ions, whereas the chemical gradient is a result of
their concentration differences across the cell membrane. The movement of ions
across the cell membrane results in an ionic current. Taking only one ion species
into consideration, if the cell membrane is permeable to that ion, it’ll continue to
flow across the cell membrane until its electrical gradient balances out the chemical
gradient. The potential at which this occurs is called the equilibrium potential or
Nernst potential of that ion and the net flux of that particular ion across the cell
membrane becomes zero. In order to determine the Nernst potential, let’s first consider the Gibbs free energy equation:
æ [ X ]O ö
DG = RTln ç
- Z X FEX
ç [ X ] ÷÷

 

i ø
è
energy



energy in
chemical gradient

in
electrical gradient

When chemical gradient balances out electrical gradient, ΔG = 0, and the Nernst
potential is calculated by solving the following equation:
æ [ X ]O
0 = RTln ç
ç [X ]
i
è

ö
÷÷ - Z X FEX
ø

Finally, the Nernst potential for one ion species can by calculated as:
EX =

æ [ X ]O
RT
ln ç
Z X F çè [ X ]i

ö
÷÷ Nernst equation
ø

where
EX is the equilibrium potential for ion species X
R is the gas constant (8.314 J.K−1.mol−1 joules per kelvin per mole)
T is the absolute temperature on the Kelvin scale (K = °C + 273.15)
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ZX is the valency of ion species X (e.g., ZCa = + 2 for Ca2+, ZCl = − 1 for Cl−)
F is the Faraday’s constant (96,485 C.mol−1 coulombs per mole)
[X]O is the extracellular concentration of ion species X
[X]i is the intracellular concentration of ion species X
The equilibrium potential for several biologically relevant ions can be calculated as:
EK =

RT æ [ K ]O
ln ç
F çè [ K ]i

ö
RT æ [ Na ]O ö
RT æ [ Ca ]O ö
ln ç
ln ç
÷÷ ECa =
÷÷ ENa =
÷
ç
2F
F çè [ Ca ]i ÷ø
F è [ Na ]i ø
ø

Substituting the known constants and the extracellular and intracellular ion concentrations from Table 1.1 in the equation above, we can calculate the Nernst potential for potassium ions, EK, as −96 mV. This means that, at a membrane potential of
−96 mV, there will be zero net K+ flux, as K+ is in electrochemical balance across
the membrane. Similarly, Ex for other ions can also be determined as ENa = +60 mV
and ECa = +123.01 mV.
When the cell membrane is more permeable to one ion species compared to
others, the flow of that ion across the cell membrane will bring the membrane
potential closer to the Nernst potential of that ion. For example, at RMP, the cell
membrane is more permeable to potassium ions; therefore, RMP is closer to EK
for most cardiac cells. However, other ion currents can also contribute to RMP,
and a more accurate estimate of membrane potential is obtained from the
Goldman-Hodgkin-Katz equation (GHK equation) which takes into account the
relative contributions of several ion species. For a cardiomyocyte, when the
membrane is permeable to K+, Na+, and Cl−, the GHK equation can be
expressed as:
Em =

RT æ pK [ K ]O + pNa [ Na ]O + pCl [ Cl]i
ln ç
F çè pK [ K ]i + pNa [ Na ]i + pCl [ Cl]o

ö
÷÷ GHK equation
ø

where
Em is the membrane potential
R is the gas constant (8.314 J.K−1.mol−1 joules per kelvin per mole)
T is the absolute temperature on the Kelvin scale (K = °C + 273.15)
F is the Faraday’s constant (96,485 C.mol−1 coulombs per mole)
pX is the membrane permeability for ion species X
[X]O is the extracellular concentration of ion species X
[X]i is the intracellular concentration of ion species X
Note, to account for the differences in valency, the Cl− concentrations are presented as “out over in” in the equation since Cl− has a valency of −1.
If the cell membrane is only permeable to one specific ion species, then the GHK
equation simplifies to Nernst equation of that particular ion. In summary, the combination of ion gradients across the membrane and the selective membrane permeability to different ion species determine the RMP.
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Ion Channels
Ions cannot freely diffuse across cell membrane; they can only cross the cell membrane through specialized membrane-spanning proteins such as ion channels and
transporters (or carriers). Ion channels are pore-forming membrane proteins that
allow ions to passively flow through the channel pore, down the electrochemical
gradient. Generally, ion channels have a tetrameric structure in which four protein
subunits construct a central ion conducting pore structure (i.e., α-subunit) with auxiliary subunits (i.e., β-subunits) around it modulating channel functions [2]. Many
ion channels are highly selective to one type of ion and as such are named after the
ions that they conduct, for example, Na+, K+, or Ca2+ion channels. This ion selectivity is due to an ion selective filter in the pore structure that only allows one specific
ion species through it. The function of several ion channels depend on voltage
across the cell membrane (voltage-gated ion channels) or binding of ligands (ligand-
gated ion channels), which control gating mechanisms that either open or close an
ion channel. Ion channels are critical for physiological rhythmicity and contractility
of the heart. They are also the pharmacological targets in cardiac diseases such as
ventricular fibrillation or angina. The overall structure and properties of Na+, Ca2+,
and K+ channels are discussed here.

Sodium Ion Channels
Structure
Voltage-gated Na+ channels (NaV) have a large pore-forming α-subunit
(~260 kDa) that determines the principal electrophysiological and pharmacological properties of the Na+ channels (Fig. 1.1). Different α-subunits define the
a
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Fig. 1.1 (a) Schematic representation of the NaV1.5 cardiac sodium channel [4]. IFM is the fast
inactivation region represented by isoleucine, phenylalanine, and methionine; the gray circle represents the β-subunit interaction region; VSD is the voltage sensing domain; ID1–2, ID2–3, and
ID3–4 are the interdomain linkers. On the right is a schematic representation of the β-subunit. (b)
Schematic three-dimensional representation of NaV1.5. The blue, red, yellow, and green blocks
represent domains I, II, III, and IV, respectively. The gray blocks represent β-subunits. The light
blue circle represents the aqueous pore. (Reprinted from Detta et al. [4], with permission from
Elsevier)
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different isoforms of Nav channels. Nav channels also have one to two auxiliary
or regulatory units called β-subunits that modulate the function of the α-subunit
[3, 4]. To date, four types of β-subunits (β1–β4) have been identified and are classified into two groups: the first group includes β1 (expressed in the brain, skeletal
muscle, and heart) and β3 (expressed in neuronal tissue); and the second group
includes β2 and β4 [5].
The α-subunits of NaV channels are composed of four homologous transmembrane domains (DI–IV) connected by intracellular linking peptide segments. Each
domain contains six α-helical transmembrane peptide segments (S1–S6) and a pore
(P) loop between S5 and S6. The P loops from the four domains together line the
extracellular pore of NaV channels and are important for the ion selectivity of channels and also act as the binding site of natural toxins such as puffer fish poison
tetrodotoxin [3, 6]. The Asp-Glu-Lys-Ala motif in the α-subunit of NaV channels
determines Na+ selectivity [7].
Segments S1–S4 form the voltage sensing domain (VSD) regulate channel function. The S4 segment contains positively charged amino acid residues which act as
the voltage sensor of the NaV channel. At RMP, the channel is closed because of the
inward position (toward the pore) of the S4 segments. The depolarization of membrane (i.e., the shift of membrane potential from negative to positive potential)
results in a transient outward movement of S4 segments which opens the channel
[8]. The intracellular peptide chain that connects the S6 segment of domain III to the
S1 segment of domain IV forms the inactivation gate. Following the depolarization-
induced opening of the NaV channels, the inactivation gate occludes the central pore
structure from the cytoplasmic side during sustained depolarization [9, 10] to inactivate the channel.

 omenclature and Family of Nav Channels
N
Nine different types of NaV channels have been identified via electrophysiological
recording and biochemical purification and cloning; they are named with different
numbers based on amino acid sequence similarities of the α-subunits (Table 1.2)
[11]. Take “NaV1.5” as an example:
NaV1.5
Na
The principal
permeating ion

V
The principal
physiological regulator

1
The gene subfamily
(currently only Nav1)

5
The specific
channel isoform

Note the last number (e.g., “5”) is assigned based on the order in which the channels were identified, while the splice variants of each subtype are identified by lowercase letters at the end (e.g., NaV1.1a).
For more detailed information on NaV channels such as gene and protein information, voltage dependence, channel activator and inhibitor, channel blockers, species and tissue distribution, and clinically relevant mutations and pathophysiology,
please refer to the International Union of Basic and Clinical Pharmacology
(IUPHAR) voltage-gated sodium channels database [12].
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Table 1.2 Summary of human voltage-gated sodium channels [13, 14]
Channel Gene
NaV1.1 SCN1A

Chromosome
location
2q24.3

NaV1.2
NaV1.3

SCN2A
SCN3A

2q22–23
2q23–24

NaV1.4
NaV1.5

SCN4A
SCN5A

17q23–25
3p21

NaV1.6
NaV1.7

SCN8A
SCN9A

12q13
2q24

NaV1.8

SCN10A 3p22–p21

NaV1.9

SCN11A 3p22.2

Tissue distribution
Spinal neurons, primarily cell bodies, brain
neurons
Brain, neuronal cell bodies and dendrites
Spinal cord, thalamus, amygdala,
cerebellum, adult and fetal whole brain and
heart
Skeletal muscle
Heart, immature and denervated skeletal
muscles, certain brain neurons
Brain neurons
Dorsal root ganglia neurons, sympathetic
neurons, Schwann cells, neuroendocrine
cells
Dorsal root ganglia neurons, heart,
intracardiac neurons
C-type neurons in dorsal root ganglia

Tetrodotoxin
sensitivity
Sensitive
Sensitive
Sensitive
Sensitive
Resistant
Sensitive
Sensitive
Resistant
Resistant

 oltage-Gated Sodium Ion Channels
V
NaV channels are responsible for the fast inward Na+ current (INa) which generates
the fast depolarization of cardiomyocytes and other excitable cells, including neurons and skeletal muscle cells. NaV channels are also important targets for class I
anti-arrhythmic agents based on Vaughan-Williams scheme[15]. NaV channels have
three functional states: closed (or deactivated) state at RMP, open (or activated)
state during the first few milliseconds of depolarization, and nonconducting (or
inactivated) state after the initial depolarization and during repolarization [16].
Once activated there is a rapid inward Na+ current through the channel pore because
of the higher extracellular Na+ concentration (relative to intracellular Na+ concentration). Immediately after activation, the channels become inactivated and the pore
is closed again. During inactivated state, Nav channels cannot respond to stimuli
(i.e., conduct Na+) and this state determines the absolute refractory period. The
recovery from inactivation takes place gradually during membrane repolarization
which is called the voltage- and time-dependent recovery of NaV channels [17].
NaV1.5: NaV1.5 is the predominant NaV channel isoform in the heart, expressed
in the atrial and ventricular myocytes, in the Purkinje fibers, and to a lesser extent in
the sinoatrial (SA) and atrioventricular (AV) nodes [18]. NaV1.5 is encoded by the
SCN5A gene located on chromosome 3p21 and consists of 28 exons [19]. Nav1.5
activation plays a critical role in initiating the cardiac action potential (AP) and the
resultant activation of voltage-gated calcium channels (Cav). Mutations in the
human SCN5A gene have been related to multiple disturbances in cardiac function
and include loss-of-function mutations (Brugada syndrome type I) and gain-of-
function mutations (long QT syndrome type 3) [20, 21].
Figure 1.2 illustrates the properties of the current associated with the Nav1.5
channel, INa, and the changes associated with a mutation (1493delK) in the channel.
The INa traces, corresponding averaged current-voltage (I-V) relationships, and
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Fig. 1.2 1493delK mutant and wild-type (WT) human cardiac sodium channel current expressed
in HEK293 cells [18]. (a) Whole-cell sodium current traces in response to increasing step depolarizations in WT (left) and 1493delK (right). (b) Voltage protocols for steady-state activation and
inactivation. (c) Averaged current-voltage (I-V) relation for WT and 1493delK sodium channels.
(d) Bar histogram showing averaged WT and 1493delK sodium peak currents at −20 mV. (e)
Average voltage dependence of activation and steady-state inactivation for wild-type (WT) and
1493delK sodium channels. For the activation curve, normalized peak conductance was plotted as
a function of the membrane potential. For the inactivation curve, peak sodium currents were normalized to maximum values in each cell and plotted as a function of the voltage of the conditioning
step. (Reprinted from Zumhagen et al. [8]. Open Access)

steady-state activation and inactivation characteristics of this current are included in
this figure. The currents were recorded in whole-cell patch clamp experiments in
HEK293 cells expressing wild-type (WT) Nav1.5 and 1493delK mutant Na+ channels [18].

Calcium Ion Channels
Structure
The structure of voltage-gated Ca2+ channels (CaV) is similar to that of Nav channels
(Fig. 1.2) [22]. CaV channels consist of a pore-forming α-subunit (α1) and at least
two auxiliary subunits: α2δ- and β-subunits [23]. Unlike cardiac or neuronal CaV
channels, a γ-subunit is also found in the skeletal muscle CaV channel complex
(Fig. 1.3) [24, 25]. The α1-subunit incorporates the voltage sensor and gating apparatus of CaV channel and most of the known binding sites for channel regulators such
as secondary messengers, drugs, and toxins [11]. The four glutamate residues (EEEE
motif) in the α1-subunit of CaV channels are responsible for Ca2+ selectivity [26].
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Fig. 1.3 A schematic representation of voltage-gated Ca2+ channels (CaV) [22]. The α1-subunit of
CaV channel demonstrates a similar structural basis to the NaV channels. The α2δ- and β-subunits
enhance expression and modulate the voltage dependence and gating kinetics of the α1-subunit.
(Reprinted from Huang et al. [22], with permission from Elsevier)

 omenclature and Family of CaV
N
Ten different CaV channels have been identified to date based on their physiological
and pharmacological properties. These channels are classified into three structurally
and functionally related subfamilies primarily according to the difference in
α1-subunits: CaV1, CaV2, and CaV3 (Table 1.3) [11]. The subtypes are named as
below; take CaV1.2 as an example:
CaV1.2
Ca
The principal
permeating ion

V
The principal
physiological
regulator

1
The gene
subfamily (1 to 3,
at present)

2
The order of discovery of the
α1-subunit within that subfamily
(1 through n)

The CaV1 subfamily mediates L-type Ca2+ currents (L – long-lasting and large
conductance). The CaV2 subfamily mediates P/Q-type Ca2+ currents (P/Q – Purkinje
cells), N-type Ca2+ currents (N – neuron pre-synapse), and R-type Ca2+ currents (R –
resistant to peptide toxins). The CaV3 subfamily mediates T-type Ca2+ currents (T –
transient-opening and small conductance) [26].
For detailed information on CaV channels such as gene and protein information,
voltage dependence, channel activator and inhibitor, channel blockers, species and
tissue distribution, and clinically relevant mutations and pathophysiology, please
refer to the International Union of Basic and Clinical Pharmacology (IUPHAR)
voltage-gated calcium channels database [27].
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Table 1.3 Summary of human voltage-gated calcium channels [11, 22, 26]
Current
α1-Subunits Gene
Tissue distribution
type
L
CaV1.1
CACNA1S Skeletal muscle,
(α1S)
transverse tubules

Specific
blocker
DHPs

L

CaV1.2
(α1C)

DHPs

L

CaV1.3
(α1D)

L

CaV1.4
(α1F)

P/Q

CaV2.1
(α1A)

N

CaV2.2
(α1B)

R

CaV2.3
(α1E)
CaV3.1
(α1G)

T

T

CaV3.2
(α1H)

T

CaV3.3
(α1I)

CACNA1C Cardiomyocytes,
smooth muscle
myocytes, endocrine
cells, neuronal cell
bodies, proximal
dendrites
CACNA1D Endocrine cells,
neuronal cell bodies
and dendrites, cardiac
atrial myocytes and
pacemaker cells,
cochlear hair cells
CACNA1F Retinal rod and
bipolar cells, spinal
cord, adrenal gland,
mast cells
CACNA1A Nerve terminals and
dendrites,
neuroendocrine cells
CACNA1B Nerve terminals and
dendrites,
neuroendocrine cells
CACNA1E Neuronal cell bodies
and dendrites
CACNA1G Neuronal cell bodies
and dendrites, cardiac
and smooth muscle
myocytes
CACNA1H Neuronal cell bodies
and dendrites, cardiac
and smooth muscle
myocytes
CACNA1I Neuronal cell bodies
and dendrites

DHPs

DHPs

Principal functions
Excitation-
contraction coupling
in skeletal muscle,
regulation of
transcription
Excitation-
contraction coupling,
hormone release,
regulation of
transcription,
synaptic integration
Endocrine secretion,
cardiac pacemaking,
neuronal Ca2+
transients in cell
bodies and dendrites,
auditory transduction
Visual transduction

ω-CTx-
GVIA

Neurotransmitter
release
Dendritic Ca2+
ω-Agatoxin transients
SNX-482
–

Pacemaking and
repetitive firing

–

–

DHP (dihydropyridine), ω-CTx-GVIA (conotoxin GVIA from the cone snail Conus geographus),
SNX-482 (a synthetic version of a peptide toxin from the tarantula Hysterocrates gigas)

L-Type (CaV1.x) and T-Type (CaV3.x) Channels
Both the L-type and T-type Ca2+ channels play key roles in the heart. The L-type
Ca2+ channels are typically activated during the depolarization of the cell and
remain in the active state for longer periods relative to Nav channels. They are the
main channels conducting Ca2+ions into cardiac cells (the corresponding current
is ICa,L). After the initiation of the cardiac action potential, ICa,L is rapidly activated
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and takes a few milliseconds to reach peak value. During activation, the inward Ca2+
currents continuously contribute to the sustained plateau phase of cardiac action
potential. The increase of intracellular calcium concentration ([Ca2+]i) then gives
rise to Ca2+ release from the sarcoplasmic reticulum via type 2 ryanodine receptors
(RyR2) (Ca2+-induced Ca2+ release). As a result, a great amount of Ca2+ions are
dumped into the cytoplasm which then bind to the myofilaments and initiate cardiac
contraction [2].
The binding of Ca2+ to the carboxyl terminus of the L-type Ca2+ channels contributes to channel inactivation. When the cell begins to repolarize, the fraction of the
inactivated L-type Ca2+ channels increases. The re-uptake of intracellular Ca2+ by
the sarcoplasmic reticulum and the extrusion of Ca2+ via Na-Ca exchanger together
result in the recovery of L-type Ca2+ channels from inactivated phase to resting
phase getting them ready for the next stimulus [2].
L-type Ca2+ channel mutations have been related to cardiac diseases such as
Timothy syndrome (TS). TS is a multi-organ system disease which can manifest as
long QT interval, cognitive abnormalities, syndactyly, and sudden cardiac death
(SCD) [28]. Such a mutation is caused by a glycine to arginine substitution at position 406 (G406R) of the human CaV1.2 channel. The phosphorylation of this mutant
site can result in the slow gating of CaV1.2 channel and in increased Ca2+ entry [29].
T-type Ca2+ currents are activated by weak depolarization, in the same membrane
potential range as Na+ currents in most cells, and their activation is transient. These
channels are involved in shaping the action potential and modulating excitability and
repetitive firing of the cells (automaticity) in which they are expressed. For example,
in the SA node and AV node, CaV3.1 and CaV3.2 channels conduct an important component of the pacemaking current that generates the heartbeat [30, 31].
Figure 1.4 illustrates the Ca2+ current-voltage (I-V) relationships and the corresponding steady-state inactivation curve recorded in whole-cell patch clamp experiments using mice cardiac pacemaker cells.
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Fig. 1.4 Properties of voltage-gated Ca2+ channels in mice cardiac pacemaker cells [32]. I–V
curve (left) and steady-state inactivation (right) of native SA node. Cav3.1 (dashed curve), Cav1.3
(solid curve), and Cav1.2 (dotted curve). (Reprinted from Mangoni et al. [32], with permission
from Elsevier)
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Potassium Ion Channels
Potassium channels possess the most functional diversity among all cardiac ion
channel types. Based on the topology of pore-forming structures (i.e., α-subunits),
K+ channels can be classified into four main groups – voltage-gated K+ channels,
Ca2+-activated K+ channels, inwardly rectifying K+ channels, and two pore K+
channels (Fig.1.5) [33–35].

 ardiac Potassium Channels
C
Cardiac K+ channels are important for the repolarization of the cardiomyocyte. The
differences in the type and/or expression patterns of various K+ channels largely
account for the region-specific morphology of cardiac action potential (AP) in the
atria, in the ventricles, and across the myocardial wall [36]. K+ channels are also the
pharmacological targets for class III anti-arrhythmic drugs that are used to prevent
or suppress cardiac arrhythmias. There are three groups of K+ channels expressed in
the human heart: voltage-gated channels, inwardly rectifying channels, and two
pore domain channels (Table 1.4) [37–40].
Voltage-Gated Potassium Channel Structure
There are 40 human voltage-gated K+(Kv) channel genes belonging to 12 subfamilies. These channels possess a large pore-forming α-subunit composed of four
domains: either identical (homomultimers) or different domains from the same subfamily (heteromultimers) [41]. Each domain of the α-subunit consists of six transmembrane peptide segments (S1–S6). The pore of the Kv channels contains the
channel gates and a K+ selective filter. The pore loop between S5 and S6 with a
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Table 1.4 Cardiac potassium channels [37–40]
Group
Voltage-gated
K+ channels

Current
Itof
Itos
IKur
IKr
IKs

Inwardly
rectifying K+
channels

IK1
IKACh
IKATP

Two-pore
domain K+
channel

IKP
(a.k.aIleak)

Fast transient outward K+
current
Slow transient outward K+
current
Ultra-rapid component of the
delayed rectifier K+ current
Rapid component of the
delayed rectifier K+ current
Slow component of the
delayed rectifier K+ current
Inwardly rectifying K+
channels (strong rectifying)
Acetylcholine-activated K+
channels (strong rectifying)
Adenosine triphosphate-
sensitive K+ currents (weak
rectifying)
Background (or leak) K+
currents

α-Subunit
KV4.3

Gene
(human)
KCND3

AP
phase
Phase 1

KV1.4

KCNA4

Phase 1

KV1.5

KCNA5

Phase 1

KV11.1

KCNH2

Phase 3

KV7.1

KCNQ1

Phase 3

Kir2.1 /
Kir2.2
Kir3.1 /
Kir3.4
Kir6.1 /
Kir6.2

KCNJ2 /
KCNJ12
KCNJ3 /
KCNJ4
KCNJ8 /
KCNJ11

Phase 3
&4
Phase 4

K2P3.1

KCNK3

All
phases

Phase 1
&2

consensus amino acid sequence, -TxxTxGYGD- (-thr-X-X-thr-X-gly-tyr-gly-glu-),
is responsible for the K+ selectivity and forms the upper (extracellular) gate comprising the extracellular pore of KV channels [35], while the lower (intracellular)
gate is formed by crossing C-termini of the S6 helices at the intracellular entrance
of the pore that blocks ion flux when the channel is closed [42]. The S4 segment
contains regular repeats of positively charged amino acids at every third position
which makes S4 segment the voltage sensor that moves in response to membrane
potential change [43]. There are auxiliary subunits (β-subunits) that form complexes
with the α-subunits and modify the channel functions. For example, KV β-subunits
can alter the voltage dependence of KV1.5 channel opening [44]. Kv channels also
include the complementary proteins: KV channel-associated protein (KChAP) and
the KV channel-interacting protein (KChIP) [39].
KV channels can be presented in three functional states: resting (closed), activated (open), and inactivated (closed). Immediately after depolarization, KV channels switch from resting state to open state as a result of conformational rearrangement
of channel pore. After activation, many KV channels switch to inactivated state leading to a decline in repolarizing current. When the membrane is repolarized back to
RMP, KV channels recover from the inactivated state and are capable of being activated by the next depolarization stimulus [42].
Three mechanisms of inactivation have been described in Kv channels so far: the
first two involve the conformational constriction of the ion conductance pore, and
the third involves occlusion of the pore by an auto-inhibitory part of the channel
protein (Fig.1.6) [45]. In the first mechanism, four intracellular S6 segments (intracellular gate) swing together to produce a secure closure of the channel pore from
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Fig. 1.6 Inactivation mechanisms of voltage-gated K+ channels. From left to right: channel closed
as the S6 segment swings toward the pore from intracellular side, channel closed as the selectivity
filter blocks the pore, channel open during activation, and the occlusion of the pore via ball-and-
chain mechanism

cytoplasmic side. This mechanism is important for its interaction with channel
blockers. For example, some small organic blockers can enter the channel only after
the activation of channel and can be trapped inside the pore when S6 closes [46, 47].
In the second mechanism, the extracellular K+ selective filter acts as a gate and
closes the pore (i.e., C-type inactivation). Closure of this gate can be prevented by
the binding of extracellular tetraethylammonium ion (TEA) to the pore [48]. The
third mechanism, fast N-type inactivation (as it is faster than C-type inactivation),
involves the occlusion of cytoplasmic opening of the channel pore by the intracellular (N-terminal) auto-inhibitory peptide. This occurs only while the S6 gate is
open and is also called as the ball-and-chain mechanism.
Voltage-Gated Potassium Channel Currents
The transient outward current (Ito) is rapidly activated and inactivated in response
to depolarization. Ito is composed of a voltage-dependent K+ current (Ito1) and a
Ca2+-activated chloride (Cl−) current (Ito2) [49]. Based on the voltage-dependent
kinetics of recovery from inactivation, Ito1 is further classified into fast (Itof, with
recovery time constant of approximately 30–100 ms) and slow (Itos, with recovery
time constant of approximately 100–1000 ms) K+ current [50]. Itof can be distinguished from Itos by differential sensitivity to the K+ channel toxins such as
Heteropoda toxins (HPTXs) that blocks Itof but not Itos at nanomolar concentrations
[51]. Itof is the principal Ito current in human atria, while both Itof and Itos have been
described in the ventricles. These two currents account for the early rapid repolarization of cardiomyocytes and determine the amplitude of the early plateau phase
of the AP [33]. Regions with shorter action potential durations, such as the epicardium, right ventricle, and septum, have higher Ito expression. In large mammals
including humans, a reduction of Ito1 elevates the plateau phase to more positive
potentials.
In humans and other large mammals, the cardiac delayed rectifier K+ currents
(IKr) are responsible for repolarization. IKr involves three different components: the
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ultra-rapid (IKur), the rapid (IKr), and the slow (IKs) activating components. These
channels deactivate sufficiently slowly such that they contribute to outward K+ currents throughout repolarization. Because of their partly overlapping functions, they
contribute to the repolarization reserve [40].
IKur is expressed almost exclusively in atria and is responsible for the much
shorter duration of the atrial action potential compared to that of the ventricles [52].
IKr is highly expressed in the left atrium and ventricular endocardium. IKs is expressed
in all cardiac cell types but with a reduced expression level in midmyocardial myocytes which have the longest action potential duration across the myocardial wall
[53]. IKr and IKs can be separated based on their different sensitivity to drugs. For
example, IKr can be blocked by E-4031, and IKs can be blocked by chromanol 293B
or L-735,821 [54, 55].
IKr activates rapidly upon depolarization; however, its inactivation rate is approximately tenfold faster at positive potentials due to voltage-dependent C-type inactivation. This limits the amount of time IKr channels are in open state. IKr displays an
inverted bell-shaped I-V relationship because of rapid inactivation, with current
peaking at potentials ranging between 0 and + 10 mV [56]. Upon repolarization, IKr
channels are released from inactivation to open state.
IKs activates relatively slower than IKr. The time constant of activation of IKs is in
the order of seconds, while that of IKr is tens or hundreds of milliseconds [57]. After
the slow activation at potentials positive to −20 mV, IKs inactivates extremely slowly
such that its I-V relationship is almost linear and, therefore, IKs accumulates gradually during phase 2 repolarization and conducts strong outward K+ currents in phase
3 repolarization [58]. IKs also contributes to the action potential duration shortening
during physiological increases in heart rate. The increase in heart rate allows less
time for IKs to inactivate, leading to an accumulation of open IKs channels and a
faster repolarization rate [59]. The blocking of IKs can result in the prolongation of
APD at higher heart rate [60].
Inwardly Rectifying Potassium Channel Structure
There are 15 types of inwardly rectifying K+ channels (Kir) in humans, belonging to
7 subfamilies. The direction of current is defined by the direction of flux of positive
charge. For example, the flux of Na+ into a cell is called an inward current, and the
flux of K+ out of a cell is called an outward current, while the flux of Cl− into a cell
is also called an outward current. Outward rectification occurs when the outward
current flows more easily than the inward current (net positive charge out of a cell).
Inward rectification occurs when the inward current flows more easily than the outward current (net positive charge into a cell).
First identified in skeletal muscle, Kir currents were originally described as
“anomalous” rectifier K+ currents as they showed greater inward current than outward current. To date, Kir channels have been found in cardiomyocytes, neurons,
blood cells, osteoclasts, endothelial cells, glial cells, epithelial cells, and oocytes
[61]. Strong Kir currents play a significant role in stabilizing the RMP and the resultant cell electrical excitability, while weak Kir channels are critical for both setting
RMP and shortening action potential.
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The Kir family has the simplest structure among K+ channels. Each of the four
(homo- or hetero-) domains of the α-subunit consists of only two transmembrane
segments (TM1 and TM2) that are connected by an extracellular pore loop structure
and cytoplasmic amino (NH2)- and carboxy (COOH)- terminal domains [62, 63].
The pore loop works as the ion selective filter similar to other K+ channels and has
the signature sequence T-X-G-Y(F)-G [64]. Because of the lack of an S4 segment
that serves as voltage sensor, Kir channels are insensitive to changes in membrane
potential and have distinct voltage-independent mechanisms for opening and closing such as in ATP-sensitive K+ channels (KATP) that open in response to a decrease
in intracellular ATP and G protein-gated K+ channels (KG) that activate via pertussis
toxin (PTX)-sensitive G proteins. When such channel-regulating mechanisms are
absent, Kir channels would be active at all membrane potentials [65–67]. The physiological function of Kir channels can be regulated by intracellular Mg2+ and polyamines, extracellular K+ concentrations, membrane-anchored phosphatidylinositol
4,5-bisphosphate, and intracellular and/or extracellular pH. The localization of Kir
channels in specific regions of a cell is also important for channel functions [61,
68, 69].
In physiological conditions, Kir channels conduct large inward K+ currents at
potentials negative to the equilibrium potential of K+ (EK, approximately −96 mV)
and smaller currents at potentials positive to EK [70, 71]. This property of conducting greater inward K+ currents than outward K+ currents when activated makes Kir
channels critical for maintaining the RMP and for repolarization [72]. Cells with
higher expression of Kir channels are expected to have an RMP close to EK. Increasing
the concentration of extracellular potassium shifts the peak of the outward current
to more depolarized potentials.
Inwardly Rectifying Potassium Currents
The inwardly rectifying K+ channels (Kir) derive their name (“inwardly rectifying”)
from the current-voltage relationship because the inward current is typically much
larger than the outward current. Another property of Kir channels is that the increase
of extracellular K+ concentration shifts the peak of the outward K+ current to more
positive potentials nearly in parallel with the equilibrium potential of K+ (i.e., EK)
leading to a “crossover” phenomenon (Fig. 1.2b). As a result, at potentials positive
to the crossover point, outward K+ conductance increases rather than decreases,
despite an increase in driving force [73].
At physiological conditions Kir channels conduct outward K+ currents contributing to the late part of repolarization. When membrane potential becomes more negative than EK, Kir channels conduct inward K+ currents to clamp the RMP. Therefore,
Kir channels are critical for stabilizing the RMP. This is emphasized by the fact that
the RMP is approximately −90 mV for ventricular cardiomyocytes with high Kir
channel expression, while “RMP” is approximately −50 mV for nodes lacking Kir
channels [74]. The Kir channels include seven subtypes of which the Kir2.x, Kir3.x,
and Kir6.x are expressed in the heart [62].
The Kir2.x channels are classified as strong inwardly rectifying channels. Kir2.1
is the predominant isoform of IK1 channels in ventricular myocytes while Kir2.3 is
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predominant in atrial myocytes. The Kir2.x channels are insensitive to changes in
membrane potential because of the lack of an inherent voltage sensor [75].
However, intracellular magnesium (Mg2+) as well as polyamines such as spermine
can block these channels, preventing K+ conductance [76–78]. The more positive
the membrane potential, the stronger is the effect of blocking this channel and the
lesser is the outward K+ currents conducted by the Kir2.x channels. When membrane potential is more positive than −20 mV, the Kir2.x channels do not conduct
K+ currents. When membrane potential has reached −40 mV during repolarization,
the Kir2.x channels will be released from the Mg2+/spermine inhibition and will
conduct outward K+ currents again, contributing to the late part of phase 3 repolarization [72]. The mutations of Kir2.1 channel encoding gene, KCNJ2, include lossof-function and gain-of-function mutations. The former can cause the long QT
syndrome known as Andersen-Tawil syndrome associated with cardiac arrhythmias [79]. The latter type of mutations have been described in individuals with
short QT syndrome [80].
The Kir3.x channels are also classified as strong inwardly rectifying channels.
The Kir3.1/3.4 are the predominant isoforms of Kir3.x channels in the atria, SA and
AV nodes, and are associated with the IKACh current (activation following acetylcholine binding to muscarinic receptors) [2].
The Kir6.x channels are classified as weak inwardly rectifying channels. They are
associated with the IKATP current (modulation by the intracellular concentrations of
ATP and ADP) [81]. The Kir6.x channels are important during ischemia where the
decrease in intracellular ATP concentration activates IKATP and can shorten action
potential duration [82].

Cardiac Action Potential
Action potential (AP) is the electrical signature of an excitable cell such as a cardiomyocyte. It is the result of changes in membrane potential over a cardiac cycle.
When a cardiomyocyte is electrically stimulated, there may be a fast change in
membrane potential which shifts toward approximately +20 mV followed by a
slower return to RMP, as a result of an elaborate sequence of opening and closing of
ion channels [83]. The potential changes due to the summation of all the ion currents flowing across the cell membrane, result in the cardiac AP. Cardiomyocytes at
rest remain at an RMP, which is approximately −90 mV in ventricular myocytes. In
other cardiac cell types, RMP can vary. From this resting phase, the cell goes
through five phases (phase 0–4, Fig. 1.7) of the action potential as it depolarizes and
then repolarizes.
Phase 0: When a cell is electrically stimulated, the membrane potential is
slightly raised which then brings it closer to the threshold of activation of Nav channels. The Nav channels activate which causes a flood of sodium ions, flowing into
the cell. This rapidly increases membrane potential. Increasing membrane potential can then activate Cav channels. This initial phase is called phase 0 of the action
potential.
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Fig. 1.7 Cardiac action
potential and ionic
currents. The difference in
action potential
morphologies between
atrial and ventricular
myocytes and the different
ion currents that contribute
to its genesis and
maintenance are illustrated
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Phase 1: Immediately following the depolarization phase, there is a small dip in
membrane potential which is defined as phase 1 of the action potential. This phase
occurs due to the contribution of Ito causing an efflux of potassium from the cell,
thereby reducing membrane potential. Phase 1 of the action potential is not observed
in cardiomyocytes of all species. For example, this phase is prominently observed
in human, dog, and mouse ventricular action potentials but not in guinea pigs. This
phase sets the potential of the cardiac AP plateau.
Phase 2: Phase 2 or the plateau phase of the action potential is due to the balance
of the outward potassium currents and inward calcium current. The net result is no
change in membrane potential which produces a “plateau” in the action potential. In
some species, such as mice, this plateau phase is not prominent due to the large
outward potassium currents that shift the membrane potential to more negative values much faster compared to other species.
Phase 3: The next phase in the action potential is fast repolarization where membrane potential is returned to the resting value. This phase is driven by K+ currents.
Phase 4: After an action potential, membrane potential returns to its resting
value. The cell could be in a refractory state at this point, meaning that it cannot be
re-excited immediately. This is because the ion channels that are required for

20

S. A. George et al.

excitation or depolarization of the cell are in an inactivated state and will not open
to trigger a second action potential. These ion channels transition to closed state
before the next action potential is triggered.

Action Potential Duration and Effective Refractory Period (ERP)
Action potential duration (APD) is defined as the time interval between depolarization and repolarization. The start of an action potential is typically assigned at the
maximum positive derivative of the membrane potential during depolarization
(dV/dtmax), and the end of an action potential is defined as the time point at which
the membrane potential reaches a specified percentage (e.g., 80 or 90%) of the
repolarization phase. APD is an important parameter that can predict arrhythmia
propensity. APD shortening which is a hallmark of cardiac diseases such as ischemia [84, 85] and APD prolongation as observed in heart failure [86–88] and long
QT syndrome [89, 90] are both arrhythmogenic. In the clinical setting, the QT
interval of the ECG can be used as a surrogate for APD to determine arrhythmia
propensity.
Restitution is the property of the APD to alter with changes in heart rate; for
example, at faster heart rates APD shortens and vice versa. APD restitution curves
are plotted as a function of APD versus the diastolic interval which is the time
period between the end of the previous action potential and the start of the next
action potential, over which time the cell is in a resting state.
Effective refractory period (ERP) is the time duration over which a cell is not
re-excitable after an initial action potential. Typically, this period spans the duration
of the action potential plus a certain duration beyond the action potential over which
the ion channels responsible for depolarization are recovering from the previous
cycle. In certain instances, some ion channels revert to the open state quicker or skip
the inactivation state, resulting in an early or delayed after depolarization. These
extra activations (early and delayed after depolarizations) can act as a trigger to
generate arrhythmias.

Sinoatrial Node and Atrioventricular Node Electrophysiology
The action potential described above generally describes atrial and ventricular cardiomyocytes as well as Purkinje cells. Nodal cells such as those from the SA and AV
node display automaticity which is the property by which they can beat spontaneously
without the need of an external stimulus. This property of the nodal cells is due to an
unstable RMP. Nodal cells do not have a true “resting state.” After repolarization,
membrane potential slowly drifts to positive potentials due to the pacemaker current
or funny current (If) which is largely due to Na+ and K+ ions flowing into the cell [91].
When membrane potential is raised to approximately -55 mV, the L-type and T-type
calcium channels are activated and an action potential is triggered. This is followed by
a quick repolarization which is directed by the delayed rectifier K+ current [92].
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Another interesting property of the nodal cells is that they have a more positive “RMP” relative to other cardiac cell types. This allows for the quick raising
of membrane potential to threshold of activation of calcium channels in the
absence of a large sodium current to depolarize the nodal cells. Furthermore, the
RMP can be modulated by sympathetic and parasympathetic stimulation to modulate the heart rate. For example, parasympathetic stimulation decreases the
“resting” membrane potential of the nodal cells or hyperpolarizes them which
results in a longer time duration to trigger an action potential, thereby slowing
the heart rate [93]. The nodal cells beat at a faster rate with the SA nodal cells
typically having the highest frequency of action potentials which results in these
cells setting the pace of the heart. The SA node is thus called the pacemaker of
the heart.
The different pools of ion channel isoforms expressed in the nodal cells result
in an AP morphology that is starkly different from that of the atrial and ventricular myocytes, even though they both have a depolarization and repolarization
phase. Nodal cell APs do not have a phase 1 or a prominent phase 2 of
repolarization.

Regional Differences in Action Potential
As described above, ion currents that contribute to specific phases of the action
potential determine its morphology as illustrated in Fig. 1.8 [83]. Differences in ion
currents could be a result of different expression patterns and/or different isoforms
that make up the ion channels in varying regions of the heart.
Electrical excitation begins in the SA node which has an AP with more gradual
changes in membrane potential due to lack of fast, large depolarizing currents such
Fig. 1.8 Cardiac action
potential morphologies.
Action potentials from
different regions of the
heart have distinct
morphologies as illustrated

Sinoatrial node

Atrium
Atrioventricular
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His Bundle
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as Nav currents. The rates of the upstroke or depolarization and the downstroke or
repolarization are slower in these cells. There is also no defined resting phase
between APs. The electrical excitation then leaves the SA node and travels through
the atria, each atrial cardiomyocyte stimulating its neighbors, allowing for the propagation of an electrical excitation wavefront. The atrial myocytes which have a
sodium current-dependent depolarization have a sharp upstroke of membrane
potential during depolarization, followed by a similar downstroke during repolarization. The excitation wavefront then propagates to the AV node which introduces
a delay in the excitation of the ventricles. This delay allows for the efficient filling
of the ventricles before it is electrically excited and contracts. The AV nodal cell AP
is similar to that of the SA node and has primarily calcium current-dependent depolarization. From the AV node, the excitation wavefront moves through the His-
Purkinje system which acts as fast AP conduction pathway that propagates the
electrical stimuli from the AV node throughout the length and breadth of the ventricle which is much larger in size compared to the atria. This fast conduit of electrical excitation propagation allows for the uniform and synchronized contraction of
the ventricles. The AP in the His-Purkinje system is longer in duration and has a
prominent plateau phase. Finally, the excitation wavefront reaches the ventricles.
Ventricular APs are similar in morphology to the conduction system action potentials except that they are slightly shorter in duration. All five phases (phase 0–4) are
observed in these action potentials.

Transmural Differences in Ventricular Action Potential
In addition to the heterogeneity in action potential morphology and duration
depending on region of the heart, there is a variety of APDs observed within the
ventricles, that is, interventricular APD heterogeneity and a transmural APD heterogeneity particularly along the left ventricular wall. The ventricular wall can be
divided into the epicardial (outer), endocardial (inner), and midmyocardial (middle) layers. Although the cells in these different ventricular layers are similar histologically and have mostly similar AP morphologies, they have different APDs.
The ventricular cardiomyocytes in these different layers have varying APDs to
allow for synchronized excitation and relaxation of the ventricular muscle. This
APD heterogeneity could also act as a substrate for arrhythmias in cardiac diseases [88, 94, 95].
The excitation wavefront from the conduction system first activates the endocardial ventricular cells in most species. The propagating wavefront then travels from
the endocardial to the epicardial layer. In order to allow for synchronized repolarization of the ventricles, the endocardial APD is longer than the epicardial APD
such that the entire ventricle repolarizes almost simultaneously. In between the
endocardial and epicardial layers, midmyocardial or M cells were detected, in several species including dogs, that had a prolonged APD compared to both epicardial
and endocardial cells. The M cells were reported to be a hybrid of the ventricular
myocytes and the Purkinje cells and were more sensitive to APD-modulating drugs.
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However, there is a paucity of data supporting the presence of these M cells in other
species, especially humans [96]. In diseased hearts, there is a lack of synchrony in
the excitation and relaxation of the ventricular wall due to heterogeneities in the
transmural APD which acts as a substrate to promote arrhythmias.

Calcium Handling
The electrical excitation of the cardiomyocytes is followed by a calcium-dependent
contraction as illustrated in Fig. 1.9 [97]. The electrical excitation causes an influx
of calcium ions into the cell through the L-type calcium channels. The L-type calcium channels in the transverse tubules or T-tubules are in close proximity to the
sarcoplasmic reticulum (SR) which acts as an intracellular store for calcium.
Calsequestrin is a protein within the SR that sequesters calcium ions and allows the
storage of a large amount of calcium ions (orders of magnitude higher than the
β1 AR

Na+

β2 AR
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Gs
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Fig. 1.9 Cardiac myocyte calcium handling. β-AR: β-adrenergic receptor, Csq: calsequestrin,
NCX: sodium-calcium exchanger, RyR: ryanodine receptor, L-Ca: L-type calcium channel, PLB:
phospholamban, SERCA2A: sarco/endoplasmic reticulum Ca2+ ATPase, Gs/Gi: G-protein
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cytoplasm). Calcium ions that enter the cell through the L-type calcium channels
bind to the ryanodine receptors (RyR) which act as gatekeeper proteins in the SR
and open them causing a dump of calcium ions from the SR to the cytoplasm. This
is called calcium-induced calcium release.
The released calcium then binds to the troponin complex and facilitates in contraction. At the end of the action potential, calcium unbinds from the troponin complex and is removed from the cytoplasm by the sarco/endoplasmic reticulum Ca2+
ATPase (SERCA-2A in the heart) pump which is an active transporter of calcium
ions, against its concentration gradient, back into the SR. Cytoplasmic calcium is
also removed by the sodium-calcium exchanger (NCX) to the outside of the cell.
Thus an electrical excitation can result in a mechanical contraction of the cell.
Synchronous contraction of the cardiomyocytes results in the pumping action of the
heart to move blood throughout the body.

Cardiac Conduction
Throughout this chapter, we have discussed several times how crucial synchrony is
to the process of excitation and contraction of the cardiomyocytes. In this section,
we will discuss the role of electrical communication between individual myocytes
that allow for synchronicity and the propagation of electrical excitation through
them. In the 1950s, Dr. Weidmann applied the cable theory to describe the transmission of electrical excitation through the myocardium. The cable theory was initially
developed to describe the transmission of signals through the transatlantic telegraph
cable and was later applied to neurons which are essentially long cable-like conductive structures surrounded by a non-conducting sheath. However, this concept did
not completely describe the nature of cardiac tissue and propagation of electrical
excitation through it, in all its complexity.
Later, in 1954, cardiac myocytes were identified to be cells completely bounded
by a cell membrane thereby disproving the assumption of the cable theory that there
was cytoplasmic continuity. In the 1960s, individual cardiomyocytes were identified to communicate with its neighbors through low-resistance pathways called gap
junctions (Fig. 1.10). Connexins are proteins that form gap junctions between myocytes. While connexin 40 (Cx40) is the primary isoform in the atrial and conduction
system myocytes, connexin 43 (Cx43) is the principal ventricular isoform. Connexin
43 is a hexameric protein, that is, it is formed by six subunits that form a hemichannel. Two such hemichannels from adjacent cells dock together to form a gap junction channel that connects the cytoplasm of the two cells. When a cell is excited, it
can electrotonically pass current to its neighboring cells through the gap junctions.
This electrotonic charge transfer allows for raising the membrane potential of neighboring cells to the threshold for activation of its depolarizing ion channels which
can then trigger an action potential. Thus gap junctions provide a means of passive
propagation of electrical excitation between cells.
More recently, electrical coupling between cardiomyocytes was theorized to also
occur through a secondary mechanism involving the electric fields that develop
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Fig. 1.10 Role of gap junctions and sodium channels in cardiac conduction [101]. Gap junction
plaque is highlighted in green and the perinexus, the region rich in sodium channels, is highlighted
in orange. Desmosomes are highlighted in blue. (Reprinted from Rhett et al. [101], with permission from Elsevier)

around a myocyte during depolarization. This concept, called ephaptic coupling, is
also adapted from studies in neurons and was initially demonstrated using mathematical models of cardiac electrical propagation [98–100]. More recently, experimental studies have demonstrated the potential role of ephaptic coupling in the
propagation of electrical excitation in cardiac tissue. In order for ephaptic coupling
to occur between cardiomyocytes, it requires that there be a restricted extracellular
space where the membranes from adjacent cells are closely spaced and that this
region is rich in ion channels that support large depolarizing currents. One such
structure, perinexus, was identified in the region immediately surrounding gap junctions and has a high density of Nav channels [99, 101]. Potential changes that
develop in such restricted microdomains during depolarization of one cardiomyocyte can trigger an AP in its neighbors. Ephaptic and gap junctional coupling work
side by side in providing quick and synchronous excitation of the cardiomyocytes.
Each individual cardiomyocyte has been reported to be electrically coupled to an
average of 11 neighboring myocytes (in canines) [102]. In order for the propagation
of electrical impulses to occur through the myocardium, the excitation impulse or
source must be able to excite the electrical load or sink. If there is a source-sink
mismatch, then the electrical impulse fails to propagate. Several factors can modulate the source-sink relationship in cardiac tissue during disease. The excitability of
the tissue modulates the amount of source available while the sink is dependent on
factors such as intercellular coupling, propagating wave curvature, and tissue structure [102–105].
Conduction velocity (CV) or the velocity of propagation of the electrical excitation wavefront is an important parameter that can determine arrhythmia propensity.
Conduction velocity slowing is usually observed in cardiac diseases and can result
in arrhythmias. Another important aspect of cardiac conduction is anisotropy.
Anisotropy is a property of cardiac conduction that arises due to the brick-shaped
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geometry of cardiomyocytes, where the cardiomyocytes are longer than they are
wider. Thus when these cardiomyocytes are arranged in a sheet, conduction travels
faster along the length of the cardiomyocytes (longitudinal) than it does perpendicular to the cardiomyocytes (transverse). This is because the propagating wavefront
along the transverse direction encounters more electrical coupling junctions which
act as checkpoints that slow down conduction. Anisotropic ratio is defined as the
ratio of longitudinal conduction velocity to transverse conduction velocity. This
parameter indicates the ellipticity of conduction propagation over the myocardium.
Increases in anisotropic ratio typically correlate with increased arrhythmia
propensity.

Wavelength
We have discussed here two important parameters of cardiac electrophysiology
which when modulated can increase arrhythmia propensity – APD and conduction
velocity. The product of these two terms is called cardiac wavelength and is typically used to determine how arrhythmogenic a heart is. When the wavelength of
electrical excitation is less than the path length which is defined by the size of the
heart, it sets up a condition that is ideal to develop and maintain reentrant arrhythmias. To explain this further, when APD is shortened during disease, parts of the
heart recover from the previous action potential and are ready for re-excitation by
the end of the first cycle. Similarly, if CV is reduced during disease, regions on the
heart are excited slowly such that by the time the entire heart is excited, initially
activated regions would have recovered from the first AP and will be ready for re-
excitation. The propagating wavefront can then re-excite these regions and continue
to travel over the ventricles as reentrant circuits. More recent work has defined
wavelength as a three-dimensional (3D) phenomenon because reentrant arrhythmias span the three dimensions of the ventricular wall. This study compares a 3D
wavelength which is the product of longitudinal, transverse, and transmural CV and
APD to the volume of the tissue and describes how, when 3D wavelength is less
than the 3D volume of the tissue, it sets up an ideal condition for development of
arrhythmias [106].

Arrhythmias
Cardiac diseases modulate the electrophysiological parameters of the heart to make
it more susceptible to arrhythmias or disturbances in cardiac rhythm. Three common categories of arrhythmias include reentry, triggers, and enhanced automaticity [107].
Reentrant arrhythmias occur as described in the section above when the wavelength of cardiac excitation is less than the path length, thereby allowing for the
continuous stimulation of the atria or the ventricles in an uncoordinated manner.
This can result in tachycardia and can degenerate into ventricular fibrillation.
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Depending on the substrate, these arrhythmias can be self-terminating (where the
abnormal rhythm stops after a few seconds) or non-terminating. In the case of the
latter, the heart rhythm can be reset by a large electrical shock called defibrillation.
Triggers are arrhythmias such as premature ventricular contractions (PVCs) that
are extra beats that originate from non-nodal tissue. Shortened ERP can increase the
possibility of PVCs. If PVCs occur at an ideal point during the cardiac rhythm when
the tissue is ready for re-excitation, it can trigger a reentrant arrhythmia. Triggers
are believed to be a result of abnormal calcium handling. A sudden and non-
excitation-related dump of calcium into the cytoplasm can raise membrane potential, and if this phenomenon occurs in a sufficient number of cells simultaneously,
this abnormal beat can reach threshold to activate surrounding tissue and can break
out as full cardiac excitation.
Enhanced automaticity includes arrhythmias that are a result of abnormal nodal
activity. The natural rate of the SA and AV node could either increase or decrease as
a result of disease, age, autonomic stimulation, or other factors and can result in
arrhythmias such as tachycardia, bradycardia, AV block, etc.
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Mechanisms Underlying
the Development of Cardiac
Arrhythmias
Alexander Burashnikov and Charles Antzelevitch

Introduction
Normal cardiac rhythm is fairly regular and typically ranges between 50 and 90
beats per minute in adults at rest and up to 220 beats per minute during physical
activity and/or emotional stress. A cardiac arrhythmia simply defined is a variation
from the normal heart rhythm that is not physiologically justified. Arrhythmia can
be regular or irregular (such as tachycardia and fibrillation, respectively) as well as
slower or faster than the normal resting rate (brady- and tachyarrhythmias, respectively). In this chapter, our principal focus will be on mechanism underlying the
development of tachyarrhythmias. These are generally divided into two major categories: (1) enhanced or abnormal impulse formation (i.e., focal activity) and (2)
abnormal conduction leading to reentry (Fig. 2.1).

Abnormal Impulse Formation
Normal Automaticity
Automaticity is the intrinsic ability of sinoatrial (SA) node, atrioventricular (AV)
node, and Purkinje cells to generate spontaneous action potentials. Spontaneous
activity is the result of diastolic depolarization caused by a net inward current
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during phase 4 of the action potential, which gradually brings the membrane potential to threshold. The SA node typically displays the fastest intrinsic rate. All other
pacemakers are referred to as subsidiary or latent pacemakers because they take
over the function of initiating excitation of the heart only when the SA node is
unable to generate impulses or when the impulses generated fail to propagate
normally.

The Voltage and Calcium Clocks
Lakatta and coworkers [1, 2] employed the terms sarcolemmal voltage clocks and
Ca clocks to describe the mechanisms underlying automaticity of the SA node. The
voltage clock is formed by voltage-sensitive membrane currents, primarily the
hyperpolarization-activated pacemaker current (If) [3]. This current is also referred
to as a “funny” current because of its unique features, which include mixed Na+ and
K+ permeability, activation upon hyperpolarization, and very slow kinetics. Unlike
the majority of voltage-sensitive currents which activate upon depolarization, If activates upon hyperpolarization (from −40/−50 mV to −100/−110 mV). If activates at
the end of the action potential and gradually depolarizes the sarcolemmal membrane toward the threshold potential [3]. The current is strongly modulated by the
autonomic nervous system; sympathetic stimulation increases and parasympathetic
influences reduce If. In the SA node, the depolarization activates the L-type calcium
channel current (ICa,L) which provides Ca to activate the cardiac ryanodine receptor
(RyR2). The activation of RyR2 initiates sarcoplasmic reticulum (SR) Ca release
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(Ca-induced Ca release), leading to contraction of the heart, a process known as
excitation-contraction (EC) coupling. The intracellular Ca (Cai) is then pumped
back into the SR by the SR Ca-ATPase (SERCA2a). Several time- and voltage-
dependent ionic currents in addition to If have been shown to contribute to diastolic
depolarization, including ICa-L, ICa-T, IST, and delayed rectifier K currents [2].
The calcium clock involves another important ionic current that contributes to
phase 4 depolarization that is the sodium-calcium exchanger current (INCX). In its
forward mode, INCX exchanges three extracellular Na+ ions for one intracellular
Ca2+, resulting in a net intracellular gain of one positive charge. This electrogenic
current is active during late phase 3 and phase 4 because the decline of intracellular
Ca2+ (Ca transient) outlasts the SA node action potential duration. INCX thus participates in the generation of normal pacemaker activity [4]. This process is highly
regulated by the autonomic nervous system [2]. Sympathetic stimulation accelerates heart rate by phosphorylation of the various proteins that regulate Cai balance
and spontaneous SR Ca cycling, including phospholamban (PLB, an SR membrane
protein regulator of SERCA2a), L-type Ca channels, and RyR2.

Subsidiary Pacemakers
In addition to the SA node, the AV node and Purkinje system are also capable of
generating spontaneous automaticity. The contribution of If and IK, the delayed rectifier current, differs between the nodal tissues and Purkinje fibers because of the
different potential ranges of these two pacemaker types (i.e., −70 to −35 mV in SA
and AV nodes and − 90 to −65 mV in Purkinje cells). The contribution of other
voltage-dependent currents also differs among the different cardiac cell types. The
extent to which the Ca clock participates in pacemaking of AV node and Purkinje
cells is unclear.
In the normal heart, the SA node is the primary pacemaker because cells in the
SA node possess the fastest intrinsic rate. When impulse generation or conduction
within or out of the SA node is impaired, latent or subsidiary pacemakers within the
atria or ventricles take over. The intrinsically slower rates of these latent pacemakers
generally result in bradycardia. Both atrial and AV junctional subsidiary pacemakers are under autonomic control, with the sympathetic system increasing and parasympathetic system slowing the pacing rate. Although acetylcholine produces little
in the way of a direct effect, it can significantly reduce Purkinje automaticity via
inhibition of the sympathetic influence, a phenomenon termed accentuated antagonism [5].

Automaticity as a Mechanism of Cardiac Arrhythmia
Abnormal automaticity includes both reduced automaticity, resulting in bradycardia, and increased automaticity, resulting in tachycardia. Arrhythmias caused by
abnormal automaticity may be due to several mechanisms (Fig. 2.1). Alterations in
sinus rate can be accompanied by shifts of the origin of the dominant pacemaker
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within the sinus node or to subsidiary pacemaker sites elsewhere in the atria. Impulse
conduction out of the SA mode can be impaired due to disease or simply due to an
increase in vagal activity leading to development of bradycardia. A junctional
rhythm occurs when AV junctional pacemakers located within the AV node or His
bundle accelerate so as to exceed the rate of SA node.

Hereditary Bradycardia
Bradycardia can occur in structurally normal hearts secondary to genetic mutations
that result in abnormalities of either the voltage or Ca clock. One example is the
mutation of hyperpolarization-activated nucleotide-gated channel (HCN), which
carries If. HCN channels are comprised of four HCN isoforms; HCN4 is the most
highly expressed in the SA node. Mutations of the HCN4 gene are responsible for
familial bradycardia [6, 7]. An A450V missense loss of function mutation in HCN4
has been shown to underlie familial sinus bradycardia in several unrelated probands
of Moroccan Jewish descent [7–10].

Secondary SA Node Dysfunction
Common diseases, such as heart failure and atrial fibrillation (AF), are at times
associated with significant SA node dysfunction. Malfunction of both voltage and
Ca clocks may be present in both of these common diseases. Zicha et al. [11]
reported that downregulation of HCN4 expression contributes to heart failure-
induced sinus node dysfunction.

Enhanced Automaticity
Atrial and ventricular myocardial cells do not display spontaneous diastolic depolarization or automaticity under normal conditions, but can develop these characteristics when depolarized, leading to depolarization-induced automaticity [12]. The
membrane potential at which abnormal automaticity develops ranges between −70
and −30 mV. The rate of abnormal automaticity is generally higher than that of
normal automaticity and is a sensitive function of diastolic potential; the more depolarized the faster the rate. As with normal automaticity, abnormal automaticity is
enhanced by β-adrenergic agonists and by reduction of external potassium or
hypokalemia.
Depolarization of membrane potential associated with disease states and capable
of inducing automaticity may be due to: (1) a reduced number of IK1 channels; (2) a
reduced ability of the IK1 channel to conduct potassium ions; or (3) electrotonic
influence of neighboring depolarized zone. Because the conductance of IK1 channels
is sensitive to extracellular potassium concentration, hypokalemia can lead to major
reduction in IK1, leading to depolarization and the development of enhanced or
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abnormal automaticity, particularly in Purkinje pacemakers. A reduction in IK1 can
also occur secondary to a loss of function mutation in KCNJ2, the gene that encodes
this channel, leading to increased automaticity and extrasystolic activity, presumably arising from the Purkinje system [13, 14]. Loss of function KCNJ2 mutations
give rise to Andersen-Tawil syndrome, which is characterized among other things
by a marked increase in extrasystolic activity, presenting as bidirectional VT,
referred to as CPVT mimicry [15–18].

Overdrive Suppression of Automaticity
The automaticity of most pacemakers within the heart is inhibited when they are
overdrive paced [19]. This inhibition is called overdrive suppression. Under normal
conditions, all subsidiary pacemakers are overdrive-suppressed by the activity of
the SA node. Overdrive suppression is thought to be due to intracellular accumulation of Na leading to enhanced activity of the sodium pump (sodium-potassium
adenosine triphosphatase [Na+-K+ ATPase]), which generates a hyperpolarizing
electrogenic current that opposes phase 4 depolarization [20]. The faster the overdrive rate or the longer the duration of overdrive, the greater the enhancement of
sodium pump activity, so that the period of quiescence after cessation of overdrive
is directly related to the rate and duration of overdrive.

Parasystole and Modulated Parasystole
Latent pacemakers throughout the heart are usually reset by the propagating wavefront initiated by the dominant pacemaker. An exception to this rule occurs when the
pacemaking tissue is protected from the impulse of sinus nodal origin. A region of
entrance block arises when cells exhibiting automaticity are surrounded by ischemic, infarcted, or otherwise poorly conducting cardiac tissues that prevent the
propagating wave from invading the focus, but which permit the spontaneous beat
generated within the automatic focus to exit and activate the rest of the myocardium. Such pacemaker region exhibiting entrance block, and exit conduction is
referred to as a parasystolic focus. The ectopic activity generated by a classical
parasystolic focus is characterized by premature ventricular complexes with variable coupling intervals, fusion beats, and inter-ectopic intervals that are multiples of
a common denominator. This rhythm is relatively rare and is usually considered
benign, although a premature ventricular extrasystole generated by a parasystolic
focus can induce malignant ventricular rhythms in diseased myocardium.
Modulated parasystole, a variant of classical parasystole, first described by Moe,
Jalife, and coworkers [21, 22], is a variant of classical parasystole in which entrance
block into the parasystolic focus is incomplete. The wavefront approaching the
parasystolic focus although incapable of invading the focus can modulate the firing
of the focus electrotonically. Electrotonic influences arriving early in the pacemaker
cycle delay and those arriving late in the cycle accelerate the firing of the
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parasystolic pacemaker, so that ventricular activity can entrain the partially protected pacemaker. As a consequence, at select heart rates, extrasystolic activity generated by the entrained parasystolic pacemaker can mimic reentry, generating
extrasystolic activity with fixed coupling [21–25]

Afterdepolarization and Triggered Activity
Afterdepolarizations are defined as oscillatory depolarizations that attend or follow
the cardiac action potential and depend on preceding transmembrane activity for
their manifestation (Fig. 2.2). Two subclasses are traditionally recognized: (1) early
and (2) delayed afterdepolarizations. Early afterdepolarizations (EADs) interrupt or
retard repolarization during phase 2 and/or phase 3 of the cardiac action potential,
whereas delayed afterdepolarizations (DADs) occur after full repolarization. When
EAD or DAD amplitude succeed in bringing the membrane to its threshold potential, a local or propagated spontaneous action potential, referred to as a triggered
response, is the result (Fig. 2.2). These triggered events give rise to extrasystoles,
which can precipitate tachyarrhythmias.

Early Afterdepolarization-Induced Triggered Activity
EADs are observed in isolated cardiac tissues exposed to injury, altered electrolytes,
hypoxia, acidosis, catecholamines, and various pharmacologic agents, including
antiarrhythmic drugs. Ventricular hypertrophy and heart failure also predispose to
the development of EADs [26]. EAD characteristics vary as a function of animal
species, tissue or cell type, and the method by which the EADs are elicited. Although
specific mechanisms of EAD induction can differ, bradycardia and critical prolongation of repolarization accompany most, but not all, EADs. Drugs that inhibit
potassium currents or which augment inward currents predispose to the development of EADs [27].

a

b

EAD
Bradycardia-dependent
Phase 2
EAD-

c

DAD
Tachycardia-dependent

Phase 3
EAD-induced
triggered
extrasystole

DAD-induced
triggered
extrasystole

Late Phase 3 EAD
Tachycardia-pause-dependent
Late Phase 3
EAD-induced
triggered
extrasystole

normal
prolonged

Phase 3 EAD

DADs

Late Phase 3 EAD

Fig. 2.2 Examples of early afterdepolarization (EAD), delayed afterdepolarization (DAD), and
late phase 3 EAD. (Modified from Burashnikov and Antzelevitch [47], with permission)
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Development of EAD-induced triggered activity is commonly associated with
bradycardia. Antiarrhythmic drugs with class III actions generally induce EAD
activity only at slow stimulation rates [12]. β-adrenergic agonists generally promote
the appearance of EADs at normal rates under conditions of prolonged repolarization; however, β-adrenergic agonists alone generally do not cause EADs. In the
presence of rapidly activating delayed rectifier current (IKr) blockers, β-adrenergic
agonists and/or acceleration from an initially slow rate, transiently facilitate the
induction of EADs in ventricular M cells, but not in epicardium or endocardium and
rarely in Purkinje fibers [28].

Cellular Origin of Early Afterdepolarizations
EADs more commonly develop in midmyocardial M cells and Purkinje fibers than in
epicardial or endocardial cells when exposed to APD-prolonging agents. This is due
to the presence of a weaker IKs and stronger late INa in M cells [29, 30]. Block of IKs
with chromanol 293B permits the induction of EADs in canine epicardial and endocardial tissues in the presence of IKr blockers such as E-4031 or sotalol [31]. The predisposition of cardiac cells to the development of EADs depends principally on the
reduced availability of IKr and IKs, as occurs in many forms of cardiomyopathy. Under
these conditions, EADs can appear in any part of the ventricular myocardium [32].

Ionic Mechanisms Responsible for the EAD
EADs develop when the balance of current active during phase 2 or 3 of the action
potential shifts in the inward direction. If the change in current-voltage relation
results in a region of net inward current during the plateau range of membrane
potentials, it leads to a depolarization or EAD. Most pharmacological interventions
or pathophysiological conditions associated with EADs can be categorized as acting
predominantly through one or more of four mechanisms: (1) A reduction of repolarizing potassium currents (IKr, class IA and III antiarrhythmic agents; IKs, chromanol
293B or IK1, (2) an increase in the availability of calcium current (Bay K 8644, catecholamines); (3) an increase in the sodium-calcium exchange current (INCX) caused
by augmentation of Cai activity or upregulation of the INCX; and (4) an increase in
late sodium current (late INa) (aconitine, anthopleurin-A, and ATX-II). Combinations
of these interventions (i.e., calcium loading and IKr reduction) or pathophysiological
states generally act synergistically to facilitate the development of EADs.

Delayed Afterdepolarization (DAD)-Induced Triggered Activity
DADs and DAD-induced triggered activity are observed under conditions that
increase intracellular calcium, [Ca2+]i, such as after exposure to toxic levels of cardiac glycosides (digitalis) [33–35] or catecholamines and always occurs at rapid
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activation rate [36–38]. This activity is also manifest in hypertrophied and failing
hearts [39, 40] as well as in Purkinje fibers surviving myocardial infarction [41]

 ole of Delayed Afterdepolarization-Induced Triggered Activity
R
in the Development of Cardiac Arrhythmias
A clinical example of DAD-induced arrhythmia is the catecholaminergic polymorphic
ventricular tachycardia (CPVT), which is most commonly caused by a mutation of
either the type 2 ryanodine receptor (RyR2) or calsequestrin (CSQ2), a calcium-
binding protein that acts as a calcium buffer within the sarcoplasmic reticulum [42].
The principal mechanism underlying these arrhythmias involves a “leaky” ryanodine
receptor, which is aggravated during sympathetic stimulation. A typical clinical phenotype of CPVT is bidirectional ventricular tachycardia, which is also seen in digitalis
toxicity. Wehrens et al. [43] demonstrated that heterozygous mutation of FKBP12.6
leads to leaky RyR2 and exercise-induced VT and VF, simulating the human CPVT
phenotype. RyR2 stabilization with a derivative of 1,4-benzothiazepine (JTV519)
increased the affinity of calstabin2 for RyR2, which stabilizes the closed state of RyR2
and prevents the Ca leak that triggers arrhythmia. Other studies indicate that delayed
afterdepolarization-induced extrasystoles serve to trigger catecholamine-induced VT/
VF, but that the epicardial origin of these ectopic beats increases transmural dispersion
of repolarization, thus providing the substrate for the development of reentrant tachyarrhythmias, which underlie the rapid polymorphic VT/VF [44]. Heart failure is associated with structural and electrical remodeling, leading to tissue heterogeneity which
facilitates arrhythmogenesis and predisposition to sudden cardiac death [45].

 ate Phase 3 Early Afterdepolarizations and Their Role
L
in the Initiation of Fibrillation
In 2003, Burashnikov and Antzelevitch described a novel mechanism giving rise to
triggered activity, termed “late phase 3 EAD” (Fig. 2.2) [46, 47]. Late phase 3 EAD
combines properties of both EAD and DAD, but has its own unique character. Late
phase 3 EAD-induced triggered extrasystoles represent a mechanism whereby
abbreviated repolarization permits “normal SR calcium release” to induce an EAD-
mediated closely coupled triggered response, particularly under conditions permitting intracellular calcium loading [46, 47]. These EADs are distinguished by the
fact that they interrupt the final phase of repolarization of the action potential (late
phase 3). In contrast to previously described DAD or Cai-dependent EAD, normal,
not spontaneous SR calcium release is responsible for the generation of the
EAD. Two principal conditions are required for the appearance of late phase 3 EAD:
an APD abbreviation and strong SR calcium release [46]. Such conditions may
occur when both parasympathetic and sympathetic influences are combined.
Simultaneous sympatho-vagal activation is also known to be the primary trigger of
paroxysmal atrial tachycardia and AF episodes in dogs [48].
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Late phase 3 EAD-induced extrasystoles have been shown to initiate AF in
canine atria, particularly following spontaneous termination of the arrhythmia
(IRAF, immediate re-induction of AF) [46]. The appearance of late phase 3 EAD
immediately following termination of AF or rapid pacing has been reported by in
the canine atria in vivo [49] and pulmonary veins in vitro [50]. In addition to atrial
arrhythmias, late phase 3 EAD may also be responsible for the development recurrent VF in failing hearts [51]. In theory, late phase 3 EAD could be involved in the
generation of VF under conditions that predispose to intracellular calcium overload
and abbreviated APD.

 fterdepolarization-Induced Triggered Activity in Ventricles
A
Versus Atria
The discussion thus far of the role of EADs in arrhythmogenesis has focused on
their role in ventricular myocardium. Numerous studies point to the involvement
of EADs in the generation of ventricular arrhythmias, particularly under conditions of prolonged repolarization such as the long QT syndrome [52]. In contrast,
there are little to no data concerning a role for EADs in the generation of atrial
arrhythmias. Agents that prolong repolarization (particularly IKr blockers) are
proarrhythmic in the ventricles but not in the atria [53, 54]. APD is commonly
shorter in atria vs. ventricles and atrial arrhythmias are commonly associated
with abbreviation of atrial APD. Experimental conditions mimicking LQT1, 2,
and 3 as well as their various combinations, which produce EADs and TdP in
canine ventricles, do not induce EADs or arrhythmias in canine atria [55]. It
appears that bradycardia-mediated EADs are rarely, if ever, involved in the generation of atrial arrhythmias.
In contrast to traditional EADs, DADs readily develop in atrial muscle.(56)
DAD-induced triggered activity is believed to contribute to the generation of AF,
particularly in the setting of heart failure [56, 57].

Reentrant Arrhythmias
Reentry is fundamentally different from automaticity or triggered activity in the
mechanism by which it initiates and sustains cardiac arrhythmias. Circus movement reentry occurs when an activation wavefront propagates around an anatomical or functional obstacle or core, returning to re-excite the site of origin (Fig. 2.3).
In this type of reentry, all cells take turns in recovering from excitation so that
they are ready to be excited again when the next wavefront arrives. In contrast,
reflection and phase 2 reentry occur in a setting in which large differences of
recovery from refractoriness, in some cases due to steep repolarization gradients,
exist between adjacent sites. The site with delayed recovery serves as a virtual
electrode that excites its already recovered neighbor, resulting in a reentrant
re-excitation.
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Fig. 2.3 Ring models of reentry. (a): Schematic of a ring model of reentry. (b) Mechanism of
reentry in the Wolff-Parkinson-White syndrome involving the AV node and an atrioventricular
accessory pathway (AP). (c) A mechanism for reentry in a Purkinje-muscle loop proposed by
Schmitt and Erlanger. The diagram shows a Purkinje bundle (D) that divides into two branches,
both connected distally to ventricular muscle. Circus movement was considered possible if the
stippled segment, A → B, showed unidirectional block. An impulse advancing from D would be
blocked at A, but would reach and stimulate the ventricular muscle at C by way of the other terminal branch. The wavefront would then reenter the Purkinje system at B traversing the depressed
region slowly so as to arrive at A following expiration of refractoriness. (d): Schematic representation of circus movement reentry in a linear bundle of tissue as proposed by Schmitt and Erlanger.
The upper pathway contains a depressed zone (shaded) serves as a site of unidirectional block and
slow conduction. Anterograde conduction of the impulse is blocked in the upper pathway but succeeds along the lower pathway. Once beyond the zone of depression, the impulse crosses over
through lateral connections and reenters through the upper pathway
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Circus Movement Reentry Around an Anatomical Obstacle
The ring model is the prototypical example of reentry around an anatomical obstacle (Fig. 2.3). It first introduced after the turn of the century when Mayer reported
the results of experiments involving the subumbrella tissue of a jellyfish
(Sychomedusa cassiopeia) [58]. The muscular disk did not contract until ring-like
cuts were made and pressure and a stimulus applied. This caused the disc to “spring
into rapid rhythmical pulsation so regular and sustained as to recall the movement
of clockwork.” Mayer demonstrated similar circus movement excitation in rings
cut from the ventricles of turtle hearts, but he did not consider this to be a plausible
mechanism for the development of cardiac arrhythmias. Two fundamental conditions were shown to be necessary for initiation and maintenance of circus movement excitation: (1) unidirectional block—the impulse initiating the circulating
wave must travel in one direction only; and (2) for the circus movement to continue, the circuit must be long enough to allow each site in the circuit to recover
before the return of the circulating wave. Mines [59] was the first to develop the
concept of circus movement reentry as a mechanism responsible for cardiac
arrhythmias. He confirmed Mayer’s observations and suggested that the recirculating wave could be responsible for clinical cases of tachycardia [60]. The following
three criteria developed by Mines for identification of circus movement reentry
remains in use today:
1. An area of unidirectional block must exist.
2. The excitatory wave progresses along a distinct pathway, returning to its point of
origin and then following the same path again.
3. Interruption of the reentrant circuit at any point along its path should terminate
the circus movement.
It was recognized that successful reentry could occur only when the impulse was
sufficiently delayed in an alternate pathway to allow for expiration of the refractory
period in the tissue proximal to the site of unidirectional block. Both conduction
velocity and refractoriness determine the success or failure of reentry, and the general rule is that the length of the circuit (pathlength) must exceed or equal that of the
wavelength, the wavelength being defined as the product of the conduction velocity
and the refractory period or that part of the pathlength occupied by the impulse and
refractory to re-excitation. The theoretical minimum path length required for development of reentry is therefore dependent on both the conduction velocity and the
refractory period. Reduction of conduction velocity or APD can both significantly
reduce the theoretical limit of the pathlength required for the development or maintenance of reentry.
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Circus Movement Reentry Without an Anatomical Obstacle
In 1924, Garrey suggested that reentry could be initiated without the involvement of
anatomic obstacles and that “natural rings are not essential for the maintenance of
circus contractions” [61]. Nearly 50 years later, Allessie and coworkers [62] provided direct evidence in support of this hypothesis. These authors demonstrated the
induction of tachycardia in isolated preparations of rabbit left atria by applying
properly timed premature extra-stimuli (Fig. 2.4). Using multiple intracellular electrodes, they showed that while the basic beats elicited by stimuli applied near the
center of the tissue spread normally throughout the preparation, premature impulses
propagated only in the direction of shorter refractory periods. An arc of block thus
developed around which the impulse was able to circulate and re-excite the site of
origin. Recordings near the center of the circus movement showed only subthreshold responses. The authors proposed the term “leading circle” to explain their observation [63]. They argued that the functionally refractory region that develops at the
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Fig. 2.4 Leading circle model of reentry. Activation maps during steady-state tachycardia induced
by a premature stimulus in an isolated rabbit atrium (upper right). On the left are transmembrane
potentials recorded from seven fibers located on a straight line through the center of the circus
movement. Note that the central area is activated by centripetal wavelets and that the fibers in the
central area show double responses of subnormal amplitude. Both responses are unable to propagate beyond the center, thus preventing the impulse from short-cutting the circuit. Lower right: the
activation pattern is schematically represented, showing the leading circuit and the converging
centripetal wavelets. Block is indicated by double bars. (From Allessie et al. [63], with permission)
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vortex of the circulating wavefront prevents the centripetal waves from short circuiting the circus movement, thus serving to maintain the reentry. The authors also
proposed that the refractory core was maintained by centripetal wavelets that collide
with each other. Because the head of the circulating wavefront usually travels on
relatively refractory tissue, a fully excitable gap of tissue may not be present; unlike
other forms of reentry, the leading circle model may not be readily influenced by
extraneous impulses initiated in areas outside the reentrant circuit and thus may not
be easily entrained. Although the leading circle reentry for a while was widely
accepted as a mechanism of functional reentry, there is significant conceptual limitation to this model of reentry. For example, the centripetal wavelet was difficult to
demonstrate either by experimental studies with high resolution mapping or with
computer simulation studies.
In 1946, Weiner and Rosenbleuth [64] introduced the concept of spiral waves
(rotors) to describe reentry around an anatomic obstacle. The term spiral wave reentry was later adopted by Jalife and coworkers to describe circulating waves in the
absence of an anatomic obstacle [65]. Spiral wave theory has advanced our understanding of the mechanisms responsible for the functional form of reentry. Although
leading circle and spiral wave reentry are considered by some to be similar, a number of distinctions have been suggested. The curvature of the spiral wave is the key
to the formation of the core [65]. The term spiral wave is usually used to describe
reentrant activity in two dimensions. The center of the spiral wave is referred to as
the core and the distribution of the core in three dimensions is referred to as the filament. The three-dimensional form of the spiral wave forms a scroll wave. In its
simplest form, the scroll wave has a straight filament spanning the ventricular wall
(i.e., from epicardium to endocardium). Theoretical studies have described three
major scroll wave configurations with curved filaments (L-, U-, and O-shaped),
although numerous variations of these three-dimensional filaments in space and
time are thought to exist.
Spiral wave activity has been used to explain the electrocardiographic patterns
observed during monomorphic and polymorphic cardiac arrhythmias as well as during fibrillation. Monomorphic VT results when the spiral wave is anchored and does
not drift within the ventricular myocardium. In contrast, a meandering or drifting
spiral wave causes polymorphic VT- and VF-like activity [66]. VF is the most complex representation of rotating spiral waves in the heart. VF is often preceded by
VT. VF has been suggested to develop when a single spiral wave responsible for VT
breaks up, leading to the development of multiple spirals that are continuously
extinguished and re-created [67].

Fibrillation: Reentry Versus Wannabe Reentry?
Decades ago it was generally accepted that AF and VF are principally caused by
multiple reentrant circuits. However, with improved mapping technologies, the
principal role of reentry in AF/VF has been questioned. While some groups consistently observe reentry [68–70], other groups, often using better mapping resolution,

46

A. Burashnikov and C. Antzelevitch

rarely if ever record reentry or report that it is very short-lived [71–77]. Those who
consistently report reentry half-loop or three-quarter-loop of excitation is commonly taken as evidence of reentry. These “reentries” are often referred to as “wannabe reentries” [76, 77]. The third and most important of Mines’ criteria for reentry
identification (i.e., “Interruption of the reentrant circuit at any point along its path
should terminate the circus movement” [59] is difficult if not impossible to perform
in AF/VF mapping studies and, thus, has never been performed. It is also well recognized that many reentries escape detection due to a low resolution of mapping or
lack of accessibility of the reentrant circuit to mapping (i.e., intramural reentry).
The degree to which reentry contributes to the maintenance of AF and VF remains
to be more fully elucidated.

Figure-Eight Reentry
In the late 1980s, El-Sherif and coworkers described what they called a figure-eight
reentry in the surviving epicardial layer overlying an area of infarction produced by
occlusion of the left anterior descending artery in canine hearts [78]. The same patterns of activation were demonstrated following creation of artificial anatomical
obstacles in the ventricles [79] or during functional reentry induced by a single
premature ventricular stimulation [80]. In the figure-eight model, the reentrant beat
produces a wavefront that circulates in both directions around a line of conduction
block rejoining on the distal side of the block. The wavefront then breaks through
the arc of block to re-excite the tissue proximal to the block. The reentrant activation
continues as two circulating wavefronts that travel in clockwise and counterclockwise directions around the two arcs in a pretzel-like configuration.

Reflection
Reentry can occur without circus movement. Reflection and phase 2 reentry are two
examples of non-circus movement reentry. The general concept of reflection was
first suggested by studies of the propagation characteristics of slow action potential
responses in K+-depolarized Purkinje fibers [81]. In strands of Purkinje fiber, Wit
and coworkers demonstrated a phenomenon similar to that observed by Schmitt and
Erlanger in which slow anterograde conduction of the impulse was at times followed by a retrograde wavefront that produced a “return extrasystole” [81]. They
proposed that the non-stimulated impulse was caused by circuitous reentry at the
level of the syncytial interconnections, made possible by longitudinal dissociation
of the bundle, as the most likely explanation for the phenomenon but also suggested
the possibility of reflection.
Direct evidence in support of reflection as a mechanism of arrhythmogenesis was
provided by Antzelevitch and coworkers in the early 1980s [82, 83]. A number of
models of reflection have been developed. The first of these involves use of ion-free
isotonic sucrose solution to create a narrow (1.5–2 mm) central inexcitable zone
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Fig. 2.5 Delayed transmission and reflection across an inexcitable gap created by superfusion of
the central segment of a Purkinje fiber with an ion-free isotonic sucrose solution. The two traces
were recorded from proximal (P) and distal (D) active segments. P-D conduction time (indicated
in the upper portion of the figure, in ms) increased progressively with a 4:3 Wenckebach periodicity. The third stimulated proximal response was followed by a reflection. (From Antzelevitch et al.
[84], with permission)

(gap) in unbranched Purkinje fibers mounted in a three-chamber tissue bath
(Fig. 2.5) [84]. In the sucrose-gap model, stimulation of the proximal (P) segment
elicits an action potential that propagates to the proximal border of the sucrose gap.
Active propagation across the sucrose gap is not possible because of the ion-depleted
extracellular milieu, but local circuit current (electrotonic) continues to flow through
the intercellular low resistance pathways (an Ag/AgCl extracellular shunt pathway
is provided). This local circuit or electrotonic current, very much reduced on emerging from the gap, gradually discharges the capacity of the distal (D) tissue, thus
giving rise to a depolarization that manifests as an either a subthreshold response
(last distal response) or a foot potential that brings the distal excitable tissue to its
threshold potential. Active impulse propagation stops and then resumes after a delay
that can be as long as several hundred milliseconds. When anterograde (P to D)
transmission time is sufficiently delayed to permit recovery of refractoriness at the
proximal end, electrotonic transmission of the impulse in the retrograde direction is
able to re-excite the proximal tissue, thus generating a closely coupled reflected
reentry. Reflection therefore results from the to-and-fro electrotonically-mediated
transmission of the impulse across the same inexcitable segment; neither longitudinal dissociation nor circus movement need be invoked to explain the phenomenon.
A second model of reflection reported by Antzelevitch and Moe [83] involved
the creation of an inexcitable zone permitting delayed conduction by superfusion of
a central segment of a Purkinje bundle with a solution designed to mimic the extracellular milieu at a site of ischemia. The gap was shown to be largely comprised of
an inexcitable cable across which conduction of impulses was electrotonically
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mediated. Reflected reentry has been demonstrated in isolated atrial and ventricular
myocardial tissues as well [85–87]. Reflection has also been demonstrated in
Purkinje fibers in which a functionally inexcitable zone is created by focal depolarization of the preparation with long duration constant current pulses [88]. Reflection
is also observed in isolated canine Purkinje fibers homogeneously depressed with
high K+ solution as well as in branched preparations of normal Purkinje fibers [89].

Phase 2 Reentry
Another reentrant mechanism that does not depend on circus movement and can
appear to be of focal origin is phase 2 reentry, first described by Krishnan and
Antzelevitch in 1993 [90–92]. Phase 2 reentry occurs when the dome of the action
potential, most commonly epicardial, propagates from sites at which it is maintained to sites at which it is abolished, causing local re-excitation of the epicardium
and the generation of a closely coupled extrasystole. Steep spatial dispersion of
repolarization is typically required for phase 2 reentry to occur.
Phase 2 reentry has been proposed as the mechanism responsible for the closely
coupled extrasystole that precipitates VT/VF associated with Brugada and early
repolarization syndromes [93, 94].

Spatial Dispersion of Repolarization
Studies conducted over the past three decades have established that ventricular
myocardium is electrically heterogeneous and comprised of at least three electrophysiologically and functionally distinct cell types: epicardial, M, and endocardial
cells [95, 96]. These three principal ventricular myocardial cell types differ with
respect to phase 1 and phase 3 repolarization characteristics (Fig. 2.6). Ventricular
epicardial and M, but not endocardial, cells generally display a prominent phase 1,
because of a large 4-aminopyridine (4-AP)-sensitive transient outward current (Ito),
giving the action potential a spike and dome or notched configuration. These
regional differences in Ito, first suggested on the basis of action potential data [97],
were subsequently directly demonstrated using voltage clamp techniques in ventricular myocytes isolated from a wide variety of species including canine [98],
feline [99], swine [100], rabbit [101], and humans [102, 103]. Differences in the
magnitude of the action potential notch and corresponding differences in Ito have
also been described between canine right and LV epicardium [104]. Similar interventricular differences in Ito have also been described for canine ventricular M cells
[105]. Recent studies have also shown preferential expression of Ito in epicardial
cells in the inferior wall of the left ventricle [106]. This distinction is thought to
form the basis for why the Brugada syndrome is a right ventricular disease and why
the early repolarization syndrome is a left ventricular disease [107].
Myocytes isolated from the epicardial region of the left ventricular wall of the
rabbit show a higher density of cAMP-activated chloride current when compared to
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endocardial myocytes [108]. Ito2, initially ascribed to a K+ current, is now thought to
be largely comprised of a calcium-activated chloride current (ICl(Ca)) which contributes to the action potential notch, but it is not known whether this current differs
among the three ventricular myocardial cell types [109].
Between the surface epicardial and endocardial layers are transitional cells and
M cells. M cells, first described by Sicouri and Antzelevitch in 1991 [110, 111], are
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Fig. 2.6 Ionic distinctions among epicardial, M, and endocardial cells. (a) Action potentials recorded
from myocytes isolated from the epicardial, endocardial, and M regions of the canine left ventricle. (b)
I-V relations for IK1 in epicardial, endocardial, and M region myocytes. Values are mean ± S.D. (c):
Transient outward current (Ito) recorded from the three cell types (current traces recorded during depolarizing steps from a holding potential of −80 mV to test potentials ranging between −20 and + 70 mV
(d): The average peak current-voltage relationship for Ito for each of the three cell types. Values are
mean ± S.D. (e) Voltage-dependent activation of the slowly activating component of the delayed rectifier K+ current (IKs) (currents were elicited by the voltage pulse protocol shown in the inset; Na+-,
K+- and Ca2+-free solution). (f) Voltage dependence of IKs (current remaining after exposure to
E-4031) and IKr (E-4031-sensitive current). Values are mean ± S.E. ∗ p < 0.05 compared with Epi or
Endo. From references (29, 98, 113), with permission. (g) Reverse-mode sodium-calcium exchange
currents recorded in potassium- and chloride-free solutions at a voltage of −80 mV. INa-Ca was maximally activated by switching to sodium-free external solution at the time indicated by the arrow.
(h) Midmyocardial sodium-calcium exchanger density is 30% greater than endocardial density,
calculated as the peak outward INa-Ca normalized by cell capacitance. Endocardial and epicardial
densities were not significantly different. (i) TTX-sensitive late sodium current. Cells were held at
−80 mV and briefly pulsed to −45 mV to inactivate fast sodium current before stepping
to −10 mV. (j) Normalized late sodium current measured 300 msec into the test pulse was plotted
as a function of test pulse potential. (Modified from reference (113), with permission)
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distinguished by the ability of their action potential to prolong disproportionately
relative to the action potential of epicardial and endocardial ventricular cells in
response to a slowing of rate and/or in response to action potential duration (APD)prolonging agents [95, 111, 112]. In the canine heart, the ionic bases for these features of the M cell include the presence of a smaller slowly activating delayed
rectifier current (IKs) [29], a larger late sodium current (late INa) [30], and a larger
Na-Ca exchange current (INCX) [113]. The rapidly activating delayed rectifier (IKr)
and inward rectifier (IK1) currents are similar in the three transmural cell types of the
canine heart. However, transmural and apical-basal differences in the density of IKr
channels have been described in the ferret heart [114]. Amplification of transmural
heterogeneities normally present in the early and late phases of the action potential
can lead to the development of a variety of arrhythmias, including Brugada, early
repolarization, long QT, and short QT syndromes as well as catecholaminergic
VT. The genetic defects associated with these inherited channelopathies are listed in
Table 2.1. The resulting gain or loss of function underlies the development of the
arrhythmogenic substrate and triggers.

Structural Remodeling and Arrhythmias
Structural remodeling of the heart has long been associated with an increased propensity for the development of arrhythmias [115, 116]. Structural remodeling is
believed to promote arrhythmias by causing conduction disturbances, setting the
stage for reentry [116]. However, structural remodeling may progress to an advanced
stage at which the electrical function of the heart is compromised making it incapable of normal activation. Indeed, significant atrial structural remodeling occurring
in heart failure is associated with prolongation of atrial ERP [117–119], secondary
to electrical depression [120]
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Table 2.1 Genetic Disorders Associated with Inherited Cardiac Arrhythmias
Inheritance
AD
AD

Locus
11p15

IKs

KCNQ1, KvLQT1

LQT2

AD

7q35

IKr

KCNH2, HERG

LQT3

AD

3p21

INa,L

SCN5A, Nav1.5

LQT4
LQT5

AD
AD

4q25
21q22

LQT6

AD

21q22

IKr

KCNE2, MiRP1

LQT7

17q24.3

IK1

KCNJ2, Kir 2.1

6q8A

ICa

CACNA1C,Cav1.2

LQT9

(Andersen-
Tawil
Syndrome)
(Timothy
Syndrome)
AD

3p25

INa,L

CAV3, caveolin-3

LQT10

AD

11q23.3

INa,L

SCN4B. Navb4

LQT11

AD

7q21-q22

IKs

AKAP9, Yotiao

LQT12

AD

20q11.2

INa,L

SNTA1, α-1-syntrophin

LQT13

AD

11q24

IK-ACh

KCNJ5, Kir3.4

LQT14

AD

14q32.11

ICa/INa,L

CALM1, calmodulin

LQT15

AD

2p21

ICa/INa,L

CALM2, calmodulin

LQT16

AD

19q13.2

ICa/INa,L

CALM3, calmodulin

LQT17

AD

19q13.33

AR

11p15

IKs

KCNQ1, KvLQT1

21q22

IKs

KCNE1, minK

Brugada Syndrome
BrS 1
AD

3p21

INa

SCN5A/Nav1.5

BrS 2

AD

3p24

INa

GPD1L

BrS 3

AD

12p13.3

ICa

CACNA1C/Cav1.2

BrS 4

AD

10p12.33

ICa

CACNB2b/Cavβ2

BrS 5

AD

19q13.1

INa

LQTS (RW)
LQT1

LQT8

LQTS (JLN)

Ionic Current Gene/Protein

ANKB, ANK2
KCNE1, minK

IKs

Inonselective cation
channel,

Ito

TRPM4

SCN1B/Navβ1
(continued)
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Table 2.1 (continued)
BrS 6

Inheritance
AD

Locus
11q13–14

BrS 7

AD

11q23.3

INa

SCN3B/Navβ3

BrS 8

AD

12p11.23

IK-ATP

KCNJ8/Kir6.1 X

BrS 9

AD

7q21.11

ICa

CACNA2D1/Cavα2δ1

BrS 10

AD

1p13.2

Ito

KCND3/Kv4.3

BrS 11

AD

17p13.1

INa

RANGRF/MOG1

BrS 12

AD

3p21.2-p14.3

INa

SLMAP

BrS 13

AD

12p12.1

IK-ATP

ABCC9/SUR2A

BrS 14

AD

11q23

INa

SCN2B/Navβ2

BrS 15

AD

12p11

INa

PKP2/plakophilin-2

BrS 16

AD

3q28

INa

FGF12/FHAF1

BrS 17

AD

3p22.2

INa

SCN10A/Nav1.8

BrS 18

AD

6q

INa

BrS 19

AD

1p36.3

Ito

HEY2(transcriptional
factor)
KCNAB2, Kvβ2

ERS1

AD

12p11.23

IK-ATP

KCNJ8, Kir6.1

ERS2

AD

12p13.3

ICa

CACNA1C,Cav1.2

ERS3

AD

10p12.33

ICa

CACNB2b, Cavβ2b

ERS4

AD

7q21.11

ICa

CACNA2D1, Cavα2δ

ERS5

AD

12p12.1

IK-ATP

ABCC9, SUR2A

ERS6

AD

3p21

INa

SCN5A, Nav1.5

ERS7

AD

3p22.2

INa

SCN10A, Nav1.8

ERS8

AD

1p13.2

Ito

KCN3, Kv4.3

ERS9

AD

19q13

Ito

SCN1Bβ, Navβ1b

SQTS SQT1

AD

7q35

IKr

KCNH2, HERG

SQT2

AD

11p15

IKs

KCNQ1, KvLQT1

SQT3

AD

17q24.3

IK1

KCNJ2, Kir2.1

SQT4

AD

12p13.3

ICa

CACNa1C,Cav1.2

ERS

Ionic Current Gene/Protein
KCNE3/MiRP2
I
to
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Table 2.1 (continued)
SQT5

Inheritance
AD

Locus
10p12.33

SQT6

AD

7q21.11

ICa

CACNA2D1, Cavα2δ

SQT7

AD

5q31.1

IKr

SLC22A5 (carnitine-Ikr)

Catecholaminergic Polymorphic VT
CPVT1 AD
1q42–43
CPVT2 AR
1p13–21
CPVT3 AD
17q24.3
CPVT4 AD
4q25
CPVT5 AD
6q22.31
CPVT6 AD
14q32.11
CPVT7 AD
2p21
CPVT8 AR
4q13.1
CPVT9 AD
CPVT10 AD

12p11
19q13

Ionic Current Gene/Protein
CACNB2b, Cavβ2b
I
Ca

RyR2
CASQ2
KCNJ2, Kir2.1
ANKB, ANK2
TRDN, triadin
CALM1, calmodulin
CALM2, calmodulin
TECRL, C-terminal 3-oxo-5
alpha steroid
4-dehydrogenase
PKP2, plakophilin-2
CALM3, Calmodulin

Abbreviations: AD autosomal dominant, AR autosomal recessive, BrS Brugada syndrome, ERS
early repolarization syndrome, JLN Jervell and Lange-Nielsen, LQTS long QT syndrome, RW
Romano-Ward, TdP torsade de pointes, TRPM4 transient receptor potential cation channel subfamily M member 4, TECRL trans-2,3-enoyl-CoA reductase like, SQTS short QT syndrome, VF
ventricular fibrillation, VT ventricular tachycardia, INa,L late sodium channel current. Listed in
chronological order of discovery

In the setting of sustained pressure and volume overload, typical for many cardiovascular diseases, such as heart failure and valvular heart disease, the atrium develops fibrosis much more readily and to a greater extent than the ventricle. This is
believed to be due to the fact that the atrium is much thinner than the ventricle and
more vulnerable to stretch [119–121]. The greater depression of electrical activity
encountered under these conditions does not permit rapid activation of the atria. In
the canine ventricular-tachypacing-induced heart failure model, AF occurs more
readily with mild to moderate fibrosis encountered in the early stages of heart failure
than with more advanced stages of fibrosis encountered at more advanced stages of
heart failure (Fig. 2.7) [119, 120]. The reduction of AF vulnerability in the advanced
stages of heart failure in this canine HF model is due to the extensive fibrosis leading
to rate-dependent depression of excitability (Fig. 2.7) [119, 120]. In contrast to AF,
ventricular arrhythmias developed more readily in the late stages of HF because of
the slower development of structural remodeling in the ventricles [119]
In the clinic, the relationship between AF and structural remodeling is more
complex than in the canine experimental model of heart failure. While the development of AF is clearly associated with atrial structural remodeling [116], the occurrence of AF over the broad spectrum of atrial structural remodeling likely to be
encountered in the clinic is essentially unknown [120]. Burashnikov and Antzelevitch
recently suggested the hypothesis that in the clinic AF is less likely to occur in
severe vs. moderate atrial fibrosis and that extensive atrial fibrosis is associated with
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Fig. 2.7 A proposed mechanism for suppression of AF in the setting of advanced fibrosis in the
experimental HF: severe depression of atrial excitability. (a–c): Advanced atrial fibrosis appears to
be a marker of prominent electrical depression of the atrium. Atrial enlargement develops much
faster during early vs. late stages of HF, whereas atrial fibrosis increases progressively during both
early and late HF [119, 121, 229, 230]. A high AF inducibility in early HF is associated with
advanced atrial dilatation but moderate fibrosis. A reduction of AF vulnerability in late HF is
accompanied by both severe atrial enlargement and fibrosis. Severe atrial fibrosis is associated
with a prominent depression of atrial excitability, manifesting as a dramatic prolongation of the
atrial effective refractory period (ERP) due to post-repolarization refractoriness (PRR). Advanced
rate-dependent depression of atrial excitability acts to reduce AF occurrence. Panels B and C
depict transmembrane action potentials illustrating the end of ERP in a healthy atrium and the
development of PRR in an atrium with severe fibrosis isolated from a late HF heart. The left part
of panel C shows an episode of AF induced by a single extra-stimulus. The right part of panel C
illustrates an example showing that acceleration of stimulation rate from a pacing cycle length of
500 to 250 ms is associated with a 2:1 activation failure, due to the prolonged PRR. (From
Burashnikov et al. [120], with permission)

depression of atrial excitability that reduces AF burden [120]. This hypothesis is as
yet to be tested in the clinical settings

Mechanisms Underlying Ventricular Arrhythmias
In the section below, we briefly discuss how reentrant and triggered mechanisms
contribute to development of VT/VF associated with the J wave syndromes, long
QT, short QT, and CPVT
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J Wave Syndromes
Because they share a common arrhythmic platform related to amplification of Ito-
mediated J waves, and because of similarities in ECG characteristics, clinical outcomes, and risk factors, congenital and acquired forms of Brugada (BrS) and early
repolarization (ERS) syndromes are grouped together under the heading of J wave
syndromes [93].

Brugada Syndrome
In 1992, Pedro and Josep Brugada [122] reported a new clinical syndrome associated with ST elevation in the right precordial ECG leads V1–V3, right bundle branch
block, and a high incidence of ventricular fibrillation (VF) and sudden cardiac
death. It was subsequently named Brugada syndrome (BrS) [123]. BrS has been
associated with mutations in at least 19 different genes. The gene most often associated with BrS is SCN5A, which encodes the cardiac sodium channel. Over 300 BrS-
associated variants in SCN5A have been identified [124–127]. Loss-of-function
mutations in SCN5A contribute to the development of BrS, as well as to ERS and
conduction diseases, such as Lenegre disease and Sick Sinus Syndrome. Mutations
in genes encoding the calcium channels, including CACNA1C (CaV1.2), CACNB2b
(Cavß2b), and CACNA2D1 (Cavα2δ), have also been reported to be associated with
BrS (Table 2.1) [128–131]. Mutations in glycerol-3-phosphate dehydrogenase
1-like enzyme gene (GPD1L), SCN1B (β1-subunit of Na channel), KCNE3 (MiRP2),
SCN3B (β3-subunit of Na channel), KCNJ8 (Kir 6.1), KCND3 (Kv4.3), RANGRF
(MOG1), SLMAP, ABCC9 (SUR2A), (Navß2), PKP2 (plakophilin-2), FGF12
(FHAF1), HEY2, SEMA3A (semaphorin), and KCNAB2 (Kvβ2) are relatively rare
[132–144]. An association of BrS with SCN10A, a gene encoding a neuronal Na
channel, was reported in 2014 [144–146]. There is controversy as to the pathogenicity of many SCN10A mutation with yields ranging between 5% and 16.7% [145,
146]. Mutations in all of these genes lead to loss of function in sodium (INa) and
calcium (ICa) channel currents, or to a gain of function in transient outward potassium current (Ito) or ATP-sensitive potassium current (IK-ATP) [146, 147]. Variants in
KCNH2, KCNE5, and SEMA3A, although not causative, have been identified as
capable of modulating the substrate responsible for the development of BrS [148–
151]. KCNE4 has recently been identified as a BrS susceptibility gene (unpublished
observation, J. Clatot and C. Antzelevitch). Loss-of-function mutations in HCN4
have been associated with BrS but may act indirectly to unmask BrS by reducing
heart rate [152]. It has long been appreciated that an early repolarization (ER) pattern in the ECG can be familial [153–155]. Mutations in nine different genes have
been associated with ERS, many of them are similar to those associated with
BrS. These include variants in KCNJ8 and ABCC9, responsible for the pore forming
and ATP-sensing subunits of the IK-ATP channel [132, 135, 156]; loss-of-function
variants in the α1, β2, and α2δ subunits of the cardiac L-type calcium channel
(CACNA1C, CACNB2, and CACNA2D1); and the α subunit of Nav1.5, NaV1.8
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(SCN5A and SCN10A) and KV4.3 (KCND3) (Table 2.1) [128, 145, 157]. Recent
re-evaluation of genes and variants currently catalogued as deleterious and causative of BrS using the new ClinGen criteria adopted by the American College of
Medical Genetics and Genomics have resulted in reclassification of the many of the
genes associate with BrS. The result is that all but one (SCN5A) of the genes identified as being causative of the disease have been reclassified as disputed with regard
to any assertions of monogenic disease causality. Additional data were deemed necessary before monogenic causality could be ascribed. A similar reclassification has
not yet been performed for ERS. Recent studies all point to a polygenic basis for
BrS, suggesting that in individual patients, BrS and the susceptibility to VF and
SCD may not be due to a single mutation but rather to inheritance of multiple BrSsusceptibility variants (oligogenic) acting in concert through one or more mechanistic pathways [144]. Expression of the phenotype is also multifactorial in that it can
be modulated by hormonal factors including testosterone [158, 159] and thyroxine
[160], by other environmental factors, as well as by structural remodeling such as
development of fibrosis [161]. The cellular mechanisms underlying the J-wave syndromes have long been a matter of controversy [162, 163]. In the case of BrS, two
principal hypotheses have been proposed: (1) The repolarization hypothesis maintains that an outward shift in the balance of currents in the right ventricular epicardium leads to repolarization abnormalities, resulting in the development of phase 2
reentry, which generates closely coupled premature beats capable of precipitating
VT/VF (Fig. 2.8), and (2) the depolarization hypothesis maintains that delayed conduction in the RVOT plays a primary role in the development of the electrocardiographic and arrhythmic manifestations of the syndrome and that the J wave or ST
segment elevation is due to a difference in activation time of RVOT vs. the remainder of RV. These alternative mechanisms are discussed in more detail in Chap. 30.
A recently developed whole-heart Langendorff model of BrS provides compelling
evidence in support of the repolarization hypothesis, showing that the electrocardiographic and arrhythmic manifestations of BrS can be due exclusively to dispersion
of repolarization and refractoriness secondary to accentuated repolarization during
the early phases of the RV epicardial action potential [164].
The mechanism underlying ERS is very similar to that of BrS, and like BrS is
amenable to suppression with radiofrequency ablation. Using a canine ventricular
wedge model of ERS, Koncz et al. [106] provided evidence in support of the hypothesis that in ERS, as in the BrS, accentuation of transmural gradients, in this case
localized in the LV wall, are responsible for the repolarization abnormalities underlying the ECG phenotype. Additional evidence for repolarization abnormalities in
ERS patients was provided by Rudy and colleagues who used non-invasive ECGI
techniques to demonstrate short activation-recovery intervals and marked dispersion of repolarization in the inferior and lateral regions of the LV in ERS patients
[165]. In ERS as in BrS, the dynamic nature of J wave manifestation is well recognized. The amplitude of J waves, which may be barely noticeable during sinus
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Fig. 2.8 Cellular basis for electrocardiographic and arrhythmic manifestation of BrS. Each panel
shows transmembrane action potentials from one endocardial (top) and two epicardial sites
together with a transmural ECG recorded from a canine coronary-perfused right ventricular wedge
preparation. (a): Control (Basic cycle length (BCL) 400 msec). (b) Combined sodium and calcium
channel block with terfenadine (5 μM) accentuates the epicardial action potential notch creating a
transmural voltage gradient that manifests as a ST segment elevation or exaggerated J wave in the
ECG. (c): Continued exposure to terfenadine results in all-or-none repolarization at the end of
phase 1 at some epicardial sites but not others, creating a local epicardial dispersion of repolarization (EDR) as well as a transmural dispersion of repolarization (TDR). (d): Phase 2 reentry occurs
when the epicardial action potential dome propagates from a site where it is maintained to regions
where it has been lost giving rise to a closely coupled extrasystole. (e) Extra-stimulus (S1−
S2 = 250 msec) applied to epicardium triggers a polymorphic VT. (f): Phase 2 reentrant extrasystole triggers a brief episode of polymorphic VT. (Modified from reference Fish and Antzelevitch
[231], with permission)
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rhythm, may become progressively accentuated with increased vagal tone and bradycardia and still further accentuated following successive extrasystoles and compensatory pauses giving rise to short long short sequences that precipitate VT/VF
[93, 166, 167].

The Long QT Syndrome
The long QT syndromes (LQTS) are phenotypically and genotypically diverse, but
have in common the appearance of long QT intervals in the ECG, an atypical polymorphic ventricular tachycardia known as torsade de pointes (TdP), and, in many but
not all cases, a relatively high risk for sudden cardiac death [168–170]. Two patterns
of inheritance have been identified in LQTS: (1) a rare autosomal recessive disease
associated with deafness (Jervell and Lange-Nielsen), caused by 2 genes that encode
for the slowly activating delayed rectifier potassium channel (KCNQ1 and KCNE1,
(2) a much more common autosomal dominant form known as the Romano-Ward
syndrome, caused by mutations in 17 different genes (Table 2.1) [171–178].
LQT1, caused by mutations in KCNQ1 [175], encoding the slowly activating
delayed rectifier potassium channel IKs (KV7.1), is responsible for approximately
35% of cases [179]. LQT2, caused by variants in KCNH2, encoding IKr, the rapidly
activating delayed rectifier potassium channel (KV11.1) [174], accounts for approximately 30% of cases. LQT3 caused by variants in SCN5A [180], encoding the cardiac sodium channel (INa, NaV1.5) is encountered in approximately 10% of probands.
A number of other minor genes encoding either ion channel subunits (KCNJ5,
KCNE1, KCNE2, and SCN4B) or proteins that regulate the function of ion channel
(CALM1, CALM2, CALM3, AKAP9, CAV3, ANKB, SNTA1, TRDN) have been
implicated in LQTS [181], although relatively rarely. Also noteworthy is the fact
that the strength of evidence supporting their causality varies considerably [181,
182] leading to disputed-evidence (e.g., KCNE2, KCNJ5) or limited-evidence (e.g.,
AKAP9, SNTA1, SCN4B) gene designations when the ClinGen gene-disease association framework is applied [181].
Patients carrying variants in CALM1-, CALM2-, or CALM3 generally present
early in life with profound QTc-interval prolongation often accompanied by 2: 1 AV
block, predisposing to cardiac arrest and sudden death [183, 184].
The Andersen-Tawil syndrome (ATS), also referred to as LQT7, is characterized
by facial dysmorphic features and hypokalemic periodic paralysis. It is caused by
autosomal dominant inherited loss-of-function mutations in the potassium channel
gene KCNJ2, that encodes the Kir2.1 inwardly rectifying potassium channel (IK1)
[171]. Although ATS was initially presented as an LQTS disorder, it was subsequently argued that the QT-interval prolongation may be erroneously diagnosed by
the inclusion of characteristically prominent U waves encountered in this disorder
in the calculation of QTc. Consequently, it has been suggested the syndrome should
probably not be regarded as part of LQTS [181].
Timothy syndrome, also referred to as LQT8, is a rare congenital disorder characterized by multi-organ dysfunction including prolongation of the QT interval,
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lethal arrhythmias, webbing of fingers and toes, congenital heart disease, immune
deficiency, intermittent hypoglycemia, cognitive abnormalities, and autism. Timothy
syndrome has been linked to loss of voltage-dependent inactivation due to mutations in Cav1.2, the gene that encodes the α subunit of the cardiac calcium channel [185].
Acquired LQTS refers to a syndrome similar to the congenital form but caused
by: (1) exposure to drugs that prolong the duration of the ventricular action potential
[186]; (2) QT prolongation secondary to cardiomyopathies such as dilated or hypertrophic cardiomyopathy, as well as (3) QT prolongation associated with bradycardia
or electrolyte imbalance [187–191]. The acquired form of the disease is far more
prevalent than the congenital form, and in some cases may have a genetic predisposition [192].
Amplification of spatial dispersion of repolarization within the ventricular
myocardium has been identified as the principal arrhythmogenic substrate in
both acquired and congenital LQTS. The accentuation of spatial dispersion, typically secondary to an increase of transmural, transseptal or apicobasal dispersion
of repolarization, and the development of early afterdepolarization (EAD)induced triggered activity underlie the substrate and trigger for the development
of torsade de pointes arrhythmias observed under LQTS conditions [193, 194].
Models of the LQT1, LQT2, and LQT3, and LQT7 forms of the long QT syndrome have been developed using the canine arterially-perfused left ventricular
wedge preparations (Fig. 2.9) [14, 195, 196]. Data from these studies suggest
that in LQTS, preferential prolongation of the M cell APD leads to an increase in

Fig. 2.9 Proposed cellular and ionic mechanisms for the long QT syndrome
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the QT interval as well as an increase in transmural dispersion of repolarization
(TDR), which contributes to the development of spontaneous as well as stimulation-induced torsade de pointes (TdP) [197–199]. The unique characteristics of
the M cells, i.e., the ability of their action potential to prolong more than that of
epicardium or endocardium in response to a slowing of rate, hypokalemia, and/
or exposure to QT-prolonging drugs [111, 200, 201], is at the heart of this mechanism. Figure 2.9 presents our working hypothesis for our understanding of the
mechanisms underlying LQTS-related TdP based on available data. The hypothesis presumes the presence of electrical heterogeneity in the form of transmural
dispersion of repolarization under baseline conditions and the amplification of
TDR by agents that reduce net repolarizing current via a reduction in IKr or IKs
or augmentation of ICa or late INa. Conditions leading to a reduction in IKr or
augmentation of late INa lead to a preferential prolongation of the M cell action
potential. As a consequence, the QT interval prolongs and is accompanied by a
dramatic increase in transmural dispersion of repolarization, thus creating a vulnerable window for the development of reentry. The reduction in net repolarizing
current also predisposes to the development of EAD-induced triggered activity in
M and Purkinje cells, which provide the extrasystole that triggers TdP when it
falls within the vulnerable period. β adrenergic agonists further amplify transmural heterogeneity (transiently) in the case of IKr block, but reduce it in the case
of INa agonists [199, 202].

Short QT Syndrome
The short QT syndrome (SQTS), first proposed as a clinical entity by Gussak et al.
in 2000 [203], is an autosomal dominant inherited syndrome characterized by a
QTc ≤ 360 msec and high incidence of VT/VF in infants, children, and young adults
[204, 205]. The familial nature of this sudden death syndrome was highlighted by
Gaita et al. in 2003 [206]. Mutations in seven genes have been associated with
SQTS: KCNH2, KCNJ2, KCNQ1, CACNA1c, CACNB2b, CACNA2D1, and
SLC22A5 [207–212]. Mutations in these genes cause either a gain of function in
outward potassium channel currents (IKr, IKs, and IK1), a loss of function in inward
calcium channel current (ICa), or reduced intracellular carnitine leading to an
increase in IKr.
Experimental studies have shown that abbreviation of the action potential in
SQTS is heterogeneous with preferential abbreviation of either ventricular epicardium or endocardium, thus giving rise to an increase in TDR [213, 214]. In the atria,
the IKr agonist PD118057 causes a much greater abbreviation of the action potential in epicardium when compared to the cristae terminalis, thus creating a marked
dispersion of repolarization in the right atrium [215]. Dispersion of repolarization
and refractoriness serve as substrate for reentry by promoting unidirectional block.
The marked abbreviation of wavelength (product of refractory period and conduction velocity) is an additional factor promoting the maintenance of reentry. Tpeak-Tend
interval and Tpeak-Tend /QT ratio, an electrocardiographic index of spatial dispersion
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of ventricular repolarization, and perhaps TDR, have been reported to be significantly augmented in cases of SQTS [216, 217]. This ratio is greater in symptomatic
SQTS patients [218].
Evidence supporting the role of augmented TDR in atrial and ventricular arrhythmogenesis in SQTS derives from experimental studies involving the canine left ventricular wedge and atrial preparations [213–215, 219].

Catecholaminergic Polymorphic Ventricular Tachycardia
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an autosomal
dominant or recessive inherited cardiac arrhythmia syndrome. CPVT is characterized clinically by a structurally normal heart, a normal ECG but an abnormal exercise stress test showing the development of frequent polymorphic extrasystoles and/
or bidirectional VT. As the exercise progresses, the extrasystoles, commonly arising
from the RVOT, increase in frequency.
In the majority (65%) of index patients, it is caused by a mutation in RYR2, the
gene that encodes the calcium release channel in the sarcoplasmic reticulum known
as ryanodine receptor [42]. This CPVT type 1 shows autosomal dominant inheritance. Mutations in CASQ2, the gene that encodes a protein that binds free calcium
inside the SR, known as calsequestrin-2. This CPVT type 2 shows an autosomal
recessive pattern of inheritance and is much more rare than type 1 [220]. Other
genes involved in calcium homeostasis, including CALM1, CALM2, CALM3, and
TRDN, have also been associated with CPVT [183, 221, 222]. Mutations in CALM2
have been described in patients with features of both LQTS and CPVT [223].
Mutations in ANKB and KCNJ2 that also cause ankyrin-B syndrome (LQT4) and
Andersen-Tawil syndrome have been reported patients with normal QTc and CPVT
[224, 225]. Recessive mutations in TECRL, encoding the trans-2,3-enoyl-CoA
reductase-like protein expressed in the endoplasmic reticulum, have been associated
with a clinical features of both LQTS and CPVT [226]. Patients with PKP2-encoded
plakophilin-mediated arrhythmogenic right ventricular cardiomyopathy have been
shown to have a pre-cardiomyopathic electrical phase of the disease that mimics
CPVT [227, 228].

 he Role of Spatial Dispersion of Repolarization in Development
T
of Life-Threatening Arrhythmias
The acquired and inherited sudden death syndromes discussed above differ with
respect to the behavior of the QT interval (Fig. 2.10). In the long QT syndrome, QT
increases as a function of disease or drug concentration. In the short QT syndrome, the
QT interval abbreviates as a function of disease or drug administration, whereas in
Brugada and early repolarization syndromes, it remains largely unchanged or is
abbreviated. What these three syndromes have in common is an amplification of TDR,
which results in the development of polymorphic VT when TDR reaches the threshold

62

A. Burashnikov and C. Antzelevitch
Polymorphic VT (PVT)
Long QT
Syndrome

Short QT
Syndrome

J Waves Syndromes
BrS, ERS, IVF

Tdp
msec increase

QT

PVT

TDR

TDR
Threshold
PVT for Reentry

TDR

TDR
QT

QT
[Drug]
[Disease]

↓IKr,↓IKs,↓IK1,↑INa
Dofetilide
Sotalol
Quinidine

[Drug]
[Disease]

↑IKr,IKs,IK1,
↑IK-ATP, ↓ICa
Pinacidil
Digitalis

[Drug]
[Disease]

↓INa, ICa
↑IK-ATP, IK-ACh
Ajmaline, Procainamide

Fig. 2.10 The role of transmural dispersion of repolarization (TDR) in channelopathy-induced
sudden death. In the long QT syndrome, QT increases as a function of disease or drug concentration. In the J wave syndromes (Brugada and early repolarization syndromes), it remains largely
unchanged or is moderately abbreviated, and in the short QT syndrome, QT interval decreases as
a function of disease of drug. The three syndromes have in common the ability to amplify TDR,
which results in the development of polymorphic VT (PVT) or torsade de pointes (TdP) when
dispersion reaches the threshold for reentry

for reentry. In the setting of a prolonged QT, we refer to it as torsade de pointes. It is
noteworthy that the threshold for reentry decreases as APD and refractoriness are
reduced, thus requiring a shorter pathlength for reentry, making it easier induce.
Financial Support Supported by grants from the NIH (HL47678 and HL138103), W. W Smith
Charitable Trust (H1802) and the Martha and Wistar Morris Fund.

References
1. Maltsev VA, Vinogradova TM, Lakatta EG. The emergence of a general theory of the initiation and strength of the heartbeat. J Pharmacol Sci. 2006;100(5):338–69.
2. Lakatta EG. A paradigm shift for the heart’s pacemaker. Heart Rhythm. 2010;7(4):
559–64.
3. DiFrancesco D. The pacemaker current If plays an important role in regulating SA node
pacemaker activity. Cardiovasc Res. 1995;30(2):307–8.
4. Huser J, Blatter LA, Lipsius SL. Intracellular Ca2+ release contributes to automaticity in cat
atrial pacemaker cells. J Physiol. 2000;524(Pt 2):415–22.
5. Levy MN. Sympathetic-parasympathetic interactions in the heart. Circ Res.
1971;29(5):437–45.

2

Mechanisms Underlying the Development of Cardiac Arrhythmias

63

6. Schulze-Bahr E, Neu A, Friederich P, Kaupp UB, Breithardt G, Pongs O, et al. Pacemaker
channel dysfunction in a patient with sinus node disease. J Clin Invest. 2003;111(10):1537–45.
7. Nof E, Luria D, Brass D, Marek D, Lahat H, Reznik-Wolf H, et al. Point mutation in the
HCN4 cardiac ion channel pore affecting synthesis, trafficking, and functional expression is associated with familial asymptomatic sinus bradycardia. Circulation. 2007;116(5):
463–70.
8. Laish-Farkash A, Marek D, Brass D, Pras E, Dascal N, Arad M, et al. A novel mutation in
the HCN4 gene causes familial sinus bradycardia in two unrelated Moroccan families. Heart
Rhythm. 2008;5S:S275.
9. Laish-Farkash A, Glikson M, Brass D, Marek-Yagel D, Pras E, Dascal N, et al. A novel
mutation in the HCN4 gene causes symptomatic sinus bradycardia in Moroccan Jews. J
Cardiovasc Electrophysiol. 2010;12(12):1365–72.
10. Nof E, Antzelevitch C, Glickson M. The contribution of HCN4 to normal sinus nose function
in humans and animal models. Pacing Clin Electrophysiol. 2010;33(1):100–6.
11. Zicha S, Fernandez-Velasco M, Lonardo G, L’Heureux N, Nattel S. Sinus node dysfunction
and hyperpolarization-activated (HCN) channel subunit remodeling in a canine heart failure
model. Cardiovasc Res. 2005;66(3):472–81.
12. Wit AL, Rosen MR. Afterdepolarizations and triggered activity: distinction from automaticity as an arrhythmogenic mechanism. In: Fozzard HA, et al., editors. The heart and cardiovascular system. New York: Raven Press; 1992. p. 2113–64.
13. Zhang L, Benson DW, Tristani-Firouzi M, Ptacek LJ, Tawil R, Schwartz PJ, et al.
Electrocardiographic features in Andersen-Tawil syndrome patients with KCNJ2 mutations: characteristic T-U-wave patterns predict the KCNJ2 genotype. Circulation.
2005;111(21):2720–6.
14. Tsuboi M, Antzelevitch C. Cellular basis for electrocardiographic and arrhythmic manifestations of Andersen-Tawil syndrome (LQT7). Heart Rhythm. 2006;3(3):328–35.
15. Barajas-Martinez H, Hu D, Ontiveros G, Caceres G, Burashnikov E, Scaglione J, et al.
Biophysical characterization of a novel KCNJ2 mutation associated with Andersen-Tawil
syndrome and CPVT mimicry. Biophys J. 2009;96:260a.
16. Tristani-Firouzi M. Andersen-Tawil syndrome: An ever-expanding phenotype? Heart
Rhythm. 2006;3(11):1351–2.
17. Tristani-Firouzi M, Etheridge SP. Kir 2.1 channelopathies: the Andersen-Tawil syndrome.
Pflugers Arch. 2010;460(2):289–94.
18. Tristani-Firouzi M, Jensen JL, Donaldson MR, Sansone V, Meola G, Hahn A, et al. Functional
and clinical characterization of KCNJ2 mutations associated with LQT7 (Andersen syndrome). J Clin Invest. 2002;110(3):381–8.
19. Vassalle M. The relationship among cardiac pacemakers. Overdrive suppression. Circ Res.
1977;41(3):269–77.
20. Gadsby DC, Cranefield PF. Electrogenic sodium extrusion in cardiac Purkinje fibers. J Gen
Physiol. 1979;73(6):819–37.
21. Jalife J, Moe GK. A biological model of parasystole. Am J Cardiol. 1979;43:761–72.
22. Jalife J, Antzelevitch C, Moe GK. The case for modulated parasystole. Pacing Clin
Electrophysiol. 1982;5:911–26.
23. Nau GJ, Aldariz AE, Acunzo RS, Halpern MS, Davidenko JM, Elizari MV, et al. Modulation
of parasystolic activity by nonparasystolic beats. Circulation. 1982;66:462–9.
24. Antzelevitch C, Bernstein MJ, Feldman HN, Moe GK. Parasystole, reentry, and tachycardia:
a canine preparation of cardiac arrhythmias occurring across inexcitable segments of tissue.
Circulation. 1983;68(5):1101–15.
25. Jalife J, Moe GK. Effect of electrotonic potentials on pacemaker activity of canine Purkinje
fibers in relation to parasystole. Circ Res. 1976;39:801–8.
26. Roden DM. Drug-induced prolongation of the QT interval. N Engl J Med.
2004;350(10):1013–22.
27. Roden DM. Long QT syndrome: reduced repolarization reserve and the genetic link. J Intern
Med. 2006;259(1):59–69.

64

A. Burashnikov and C. Antzelevitch

28. Burashnikov A, Antzelevitch C. Acceleration-induced action potential prolongation and early
afterdepolarizations. J Cardiovasc Electrophysiol. 1998;9(9):934–48.
29. Liu DW, Antzelevitch C. Characteristics of the delayed rectifier current (IKr and IKs) in canine
ventricular epicardial, midmyocardial, and endocardial myocytes. A weaker IKs contributes to
the longer action potential of the M cell. Circ Res. 1995;76(3):351–65.
30. Zygmunt AC, Eddlestone GT, Thomas GP, Nesterenko VV, Antzelevitch C. Larger late
sodium conductance in M cells contributes to electrical heterogeneity in canine ventricle. Am
J Physiol. 2001;281:H689–97.
31. Burashnikov A, Antzelevitch C. Prominent IKs in epicardium and endocardium contributes
to development of transmural dispersion of repolarization but protects against development
of early afterdepolarizations. J Cardiovasc Electrophysiol. 2002;13:172–7.
32. Aiba T, Tomaselli GF. Electrical remodeling in the failing heart. Curr Opin Cardiol.
2010;25(1):29–36.
33. Ferrier GR, Saunders JH, Mendez C. A cellular mechanism for the generation of ventricular
arrhythmias by acetylstrophanthidin. Circ Res. 1973;32(5):600–9.
34. Rosen MR, Gelband H, Merker C, Hoffman BF. Mechanisms of digitalis toxicity. Effects
of ouabain on phase four of canine Purkinje fiber transmembrane potentials. Circulation.
1973;47(4):681–9.
35. Saunders JH, Ferrier GR, Moe GK. Conduction block associated with transient depolarizations induced by acetylstrophanthidin in isolated canine Purkinje fibers. Circ Res.
1973;32:610–7.
36. Rozanski GJ, Lipsius SL. Electrophysiology of functional subsidiary pacemakers in canine
right atrium. Am J Physiol. 1985;249:H594–603.
37. Priori SG, Corr PB. Mechanisms underlying early and delayed afterdepolarizations induced
by catecholamines. Am J Physiol. 1990;258:H1796–805.
38. Wit AL, Cranefield PF. Triggered and automatic activity in the canine coronary sinus. Circ
Res. 1977;41:435–45.
39. Aronson RS. Afterpotentials and triggered activity in hypertrophied myocardium from rats
with renal-hypertension. Circ Res. 1981;48:720–7.
40. Vermeulen JT, McGuire MA, Opthof T, Coronel R, de Bakker JM, Klopping C, et al.
Triggered activity and automaticity in ventricular trabeculae of failing human and rabbit
hearts. Cardiovasc Res. 1994;28(10):1547–54.
41. Lazzara R, El-Sherif N, Scherlag BJ. Electrophysiological properties of canine Purkinje cells
in one-day-old myocardial infarction. Circ Res. 1973;33:722–34.
42. Priori SG, Napolitano C, Tiso N, Memmi M, Vignati G, Bloise R, et al. Mutations in the cardiac ryanodine receptor gene (hRyR2) underlie catecholaminergic polymorphic ventricular
tachycardia. Circulation. 2001;103(2):196–200.
43. Wehrens XH, Lehnart SE, Reiken SR, Deng SX, Vest JA, Cervantes D, et al. Protection
from cardiac arrhythmia through ryanodine receptor-stabilizing protein calstabin2. Science.
2004;304(5668):292–6.
44. Nam GB, Burashnikov A, Antzelevitch C. Cellular mechanisms underlying the development
of catecholaminergic ventricular tachycardia. Circulation. 2005;111(21):2727–33.
45. Tomaselli GF, Zipes DP. What causes sudden death in heart failure? Circ Res.
2004;95(8):754–63.
46. Burashnikov A, Antzelevitch C. Reinduction of atrial fibrillation immediately after termination of the arrhythmia is mediated by late phase 3 early afterdepolarization-induced triggered
activity. Circulation. 2003;107(18):2355–60.
47. Burashnikov A, Antzelevitch C. Late-phase 3 EAD. A unique mechanism contributing to
initiation of atrial fibrillation. Pacing Clin Electrophysiol. 2006;29(3):290–5.
48. Tan AY, Zhou S, Ogawa M, Song J, Chu M, Li H, et al. Neural mechanisms of paroxysmal atrial fibrillation and paroxysmal atrial tachycardia in ambulatory canines. Circulation.
2008;118(9):916–25.
49. Watanabe I, Okumura Y, Ohkubo K, Kawauchi K, Takagi Y, Sugimura H, et al. Steady-
state and nonsteady-state action potentials in fibrillating canine atrium: alternans of action

2

Mechanisms Underlying the Development of Cardiac Arrhythmias

50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.

64.
65.
66.
67.
68.
69.

70.

71.

65

potential and late phase 3 early afterdepolarization as a precursor of atrial fibrillation. Heart
Rhythm. 2005;2:S259.
Patterson E, Po SS, Scherlag BJ, Lazzara R. Triggered firing in pulmonary veins initiated by
in vitro autonomic nerve stimulation. Heart Rhythm. 2005;2(6):624–31.
Ogawa M, Morita N, Tang L, Karagueuzian HS, Weiss JN, Lin SF, et al. Mechanisms of
recurrent ventricular fibrillation in a rabbit model of pacing-induced heart failure. Heart
Rhythm. 2009;6(6):784–92.
Antzelevitch C, Sicouri S. Mechanisms underlying arrhythmogenesis in long QT syndrome.
Card Electrophysiol Clin. 2012;4(1):17–27.
Vincent GM. Atrial Arrhythmias in the Inherited Long QT Syndrome. J Cardiovasc
Electrophysiol. 2003;14(10):1034–5.
van der Hooft CS, Heeringa J, van HG KJA, Kingma JH, Stricker BH. Drug-induced atrial
fibrillation. J Am Coll Cardiol. 2004;44(11):2117–24.
Burashnikov A, Antzelevitch C. Absence of early afterdepolarizations in canine atria under
long QT syndrome. Heart Rhythm. 2011;8(5S):S328.
Dobrev D, Wehrens XHT. Calcium-mediated cellular triggered activity in atrial fibrillation. J
Physiol. 2017;595(12):4001–8.
Denham NC, Pearman CM, Caldwell JL, Madders GWP, Eisner DA, Trafford AW, et al.
Calcium in the pathophysiology of atrial fibrillation and heart failure. Front Physiol.
2018;9:1380.
Mayer AG. Rhythmical pulsations is scyphomedusae. Washington, DC: Publication 47 of the
Carnegie Institute; 1906. p. 1–62.
Mines GR. On circulating excitations in heart muscles and their possible relation to tachycardia and fibrillation. Trans R Soc Can. 1914;8:43–52.
Mines GR. On dynamic equilibrium in the heart. J Physiol(Lond). 1913;46:350–83.
Garrey WE. The nature of fibrillatory contruction of the heart - its relation to tissue mass and
form. Am J Physiol. 1914;33:397–414.
Allessie MA, Bonke FIM, Schopman JG. Circus movement in rabbit atrial muscle as a mechanism of tachycardia. Circ Res. 1973;33:54–62.
Allessie MA, Bonke FIM, Schopman JG. Circus movement in rabbit atrial muscle as a
mechanism of tachycardia. III. The “leading circle” concept: a new model of circus movement in cardiac tissue without the involvement of an anatomical obstacle. Circ Res. 1977;
41(1):9–18.
Weiner N, Rosenblueth A. The mathematical formulation of the problem of conduction of
impulses in a network of connected excitable elements, specifically in cardiac muscle. Arch
Inst Cardiol Mex. 1946;16:205–65.
Jalife J, Delmar M, Davidenko JM, Anumonwo JMB. Basic cardiac electrophysiology for the
clinician. Armonk: Futura Publishing; 1999.
Gray RA, Jalife J, Panfilov AV, Baxter WT, Cabo C, Davidenko JM, et al. Mechanisms of
cardiac fibrillation. Science. 1995;270(5239):1222–3.
Garfinkel A, Kim YH, Voroshilovsky O, Qu Z, Kil JR, Lee MH, et al. Preventing ventricular
fibrillation by flattening cardiac restitution. Proc Natl Acad Sci USA. 2000;97(11):6061–6.
Jalife J. Ventricular fibrillation: mechanisms of initiation and maintenance. Annu Rev
Physiol. 2000;62:25–50.
Narayan SM, Shivkumar K, Krummen DE, Miller JM, Rappel WJ. Panoramic electrophysiological mapping but not electrogram morphology identifies stable sources for human atrial
fibrillation: stable atrial fibrillation rotors and focal sources relate poorly to fractionated electrograms. Circ Arrhythm Electrophysiol. 2013;6(1):58–67.
Narayan SM, Wright M, Derval N, Jadidi A, Forclaz A, Nault I, et al. Classifying fractionated
electrograms in human atrial fibrillation using monophasic action potentials and activation
mapping: evidence for localized drivers, rate acceleration, and nonlocal signal etiologies.
Heart Rhythm. 2011;8(2):244–53.
Allessie MA, de Groot NM, Houben RP, Schotten U, Boersma E, Smeets JL, et al.
Electropathological substrate of long-standing persistent atrial fibrillation in patients

66

72.
73.
74.
75.
76.

77.

78.
79.

80.
81.
82.
83.
84.
85.
86.
87.
88.
89.

A. Burashnikov and C. Antzelevitch
with structural heart disease: longitudinal dissociation. Circ Arrhythm Electrophysiol.
2010;3(6):606–15.
de Groot NM, Houben RP, Smeets JL, Boersma E, Schotten U, Schalij MJ, et al.
Electropathological substrate of longstanding persistent atrial fibrillation in patients with
structural heart disease: epicardial breakthrough. Circulation. 2010;122(17):1674–82.
Yamabe H, Kanazawa H, Ito M, Kaneko S, Ogawa H. Prevalence and mechanism of rotor
activation identified during atrial fibrillation by noncontact mapping: Lack of evidence for a
role in the maintenance of atrial fibrillation. Heart Rhythm. 2016;13(12):2323–30.
Lee G, Kumar S, Teh A, Madry A, Spence S, Larobina M, et al. Epicardial wave mapping in
human long-lasting persistent atrial fibrillation: transient rotational circuits, complex wavefronts, and disorganized activity. Eur Heart J. 2014;35(2):86–97.
Lee G, McLellan AJ, Hunter RJ, Lovell MJ, Finlay M, Ullah W, et al. Panoramic characterization of endocardial left atrial activation during human persistent AF: Insights from non-
contact mapping. Int J Cardiol. 2017;228:406–11.
Lee S, Sahadevan J, Khrestian CM, Cakulev I, Markowitz A, Waldo AL. Simultaneous
biatrial high-density (510-512 electrodes) epicardial mapping of persistent and long-standing
persistent atrial fibrillation in patients: new insights into the mechanism of its maintenance.
Circulation. 2015;132(22):2108–17.
Lee S, Sahadevan J, Khrestian CM, Markowitz A, Waldo AL. Characterization of foci and
breakthrough sites during persistent and long-standing persistent atrial fibrillation in patients:
studies using high-density (510–512 Electrodes) biatrial epicardial mapping. J Am Heart
Assoc. 2017;6(3):e005274.
El-Sherif N, Smith RA, Evans K. Canine ventricular arrhythmias in the late myocardial
infarction period. 8. Epicardial mapping of reentrant circuits. Circ Res. 1981;49:255–65.
Valderrabano M, Kim YH, Yashima M, Wu TJ, Karagueuzian HS, Chen PS. Obstacle-
induced transition from ventricular fibrillation to tachycardia in isolated swine right ventricles: insights into the transition dynamics and implications for the critical mass. J Am Coll
Cardiol. 2000;36(6):2000–8.
Chen PS, Wolf PD, Dixon EG, Danieley ND, Frazier DW, Smith WM, et al. Mechanism
of ventricular vulnerability to single premature stimuli in open-chest dogs. Circ Res.
1988;62:1191–209.
Wit AL, Cranefield PF, Hoffman BF. Slow conduction and reentry in the ventricular conducting system. II Single and sustained circus movement in networks of canine and bovine
Purkinje fibers. Circ Res. 1972;30:11–22.
Antzelevitch C, Jalife J, Moe GK. Characteristics of reflection as a mechanism of reentrant
arrhythmias and its relationship to parasystole. Circulation. 1980;61(1):182–91.
Antzelevitch C, Moe GK. Electrotonically-mediated delayed conduction and reentry
in relation to “slow responses” in mammalian ventricular conducting tissue. Circ Res.
1981;49(5):1129–39.
Antzelevitch C. Clinical applications of new concepts of parasystole, reflection, and tachycardia. Cardiol Clin. 1983;1:39–50.
Rozanski GJ, Jalife J, Moe GK. Reflected reentry in nonhomogeneous ventricular muscle as
a mechanism of cardiac arrhythmias. Circulation. 1984;69:163–73.
Lukas A, Antzelevitch C. Reflected reentry, delayed conduction, and electrotonic inhibition
in segmentally depressed atrial tissues. Can J Physiol Pharmacol. 1989;67(7):757–64.
Davidenko JM, Antzelevitch C. The effects of milrinone on action potential characteristics,
conduction, automaticity, and reflected reentry in isolated myocardial fibers. J Cardiovasc
Pharmacol. 1985;7(2):341–9.
Rosenthal JE, Ferrier GR. Contribution of variable entrance and exit block in protected foci
to arrhythmogenesis in isolated ventricular tissues. Circulation. 1983;67:1–8.
Antzelevitch C, Lukas A. Reflection and circus movement reentry in isolated atrial and ventricular tissues. In: Dangman KH, Miura DS, editors. Electrophysiology and Pharmacology
of the Heart A Clinical Guide. New York: Marcel Dekker; 1991. p. 251–75.

2

Mechanisms Underlying the Development of Cardiac Arrhythmias

67

90. Krishnan SC, Antzelevitch C. Flecainide-induced arrhythmia in canine ventricular epicardium. Phase 2 reentry? Circulation. 1993;87(2):562–72.
91. Lukas A, Antzelevitch C. Phase 2 reentry as a mechanism of initiation of circus movement reentry in canine epicardium exposed to simulated ischemia. Cardiovasc Res.
1996;32:593–603.
92. Di Diego JM, Antzelevitch C. Pinacidil-induced electrical heterogeneity and extrasystolic
activity in canine ventricular tissues. Does activation of ATP-regulated potassium current
promote phase 2 reentry? Circulation. 1993;88(3):1177–89.
93. Antzelevitch C, Yan GX. J wave syndromes. Heart Rhythm. 2010;7(4):549–58.
94. Antzelevitch C. Brugada syndrome. Pacing Clin Electrophysiol. 2006;29(10):1130–59.
95. Antzelevitch C, Sicouri S, Litovsky SH, Lukas A, Krishnan SC, Di Diego JM, et al.
Heterogeneity within the ventricular wall. Electrophysiology and pharmacology of epicardial, endocardial, and M cells. Circ Res. 1991;69(6):1427–49.
96. Antzelevitch C, Sicouri S, Lukas A, Di Diego JM, Nesterenko VV, Liu DW, et al. Clinical
implications of electrical heterogeneity in the heart: the electrophysiology and pharmacology
of epicardial, M, and endocardial cells. In: Podrid PJ, Kowey PR, editors. Cardiac arrhythmia:
mechanism, diagnosis and management. Baltimore: William & Wilkins; 1995. p. 88–107.
97. Litovsky SH, Antzelevitch C. Transient outward current prominent in canine ventricular epicardium but not endocardium. Circ Res. 1988;62(1):116–26.
98. Liu DW, Gintant GA, Antzelevitch C. Ionic bases for electrophysiological distinctions among
epicardial, midmyocardial, and endocardial myocytes from the free wall of the canine left
ventricle. Circ Res. 1993;72(4):671–87.
99. Furukawa T, Myerburg RJ, Furukawa N, Bassett AL, Kimura S. Differences in transient outward currents of feline endocardial and epicardial myocytes. Circ Res. 1990;67:
1287–91.
100. Stankovicova T, Szilard M, De Scheerder I, Sipido KR. M cells and transmural heterogeneity
of action potential configuration in myocytes from the left ventricular wall of the pig heart.
Cardiovasc Res. 2000;45:952–60.
101. McIntosh MA, Cobbe SM, Smith GL. Heterogeneous changes in action potential and intracellular Ca2+ in left ventricular myocyte sub-types from rabbits with heart failure. Cardiovasc
Res. 2000;45(2):397–409.
102. Wettwer E, Amos GJ, Posival H, Ravens U. Transient outward current in human ventricular
myocytes of subepicardial and subendocardial origin. Circ Res. 1994;75(3):473–82.
103. Nabauer M, Beuckelmann DJ, Uberfuhr P, Steinbeck G. Regional differences in current density and rate-dependent properties of the transient outward current in subepicardial and subendocardial myocytes of human left ventricle. Circulation. 1996;93:168–77.
104. Di Diego JM, Sun ZQ, Antzelevitch C. Ito and action potential notch are smaller in left vs.
right canine ventricular epicardium. Am J Physiol. 1996;271:H548–61.
105. Volders PG, Sipido KR, Carmeliet E, Spatjens RL, Wellens HJ, Vos MA. Repolarizing
K+ currents ITO1 and IKs are larger in right than left canine ventricular midmyocardium.
Circulation. 1999;99(2):206–10.
106. Koncz I, Gurabi Z, Patocskai B, Panama BK, Szel T, Hu D, et al. Mechanisms underlying the
development of the electrocardiographic and arrhythmic manifestations of early repolarization syndrome. J Mol Cell Cardiol. 2014;68C:20–8.
107. Antzelevitch C, Yan GX, Ackerman MJ, Borggrefe M, Corrado D, Guo J, et al. J-Wave syndromes expert consensus conference report: Emerging concepts and gaps in knowledge.
Heart Rhythm. 2016;13:e295.
108. Takano M, Noma A. Distribution of the isoprenaline-induced chloride current in rabbit heart.
Pflugers Arch. 1992;420:223–6.
109. Zygmunt AC. Intracellular calcium activates chloride current in canine ventricular myocytes.
Am J Physiol. 1994;267(5 Pt 2):H1984–95.
110. Sicouri S, Antzelevitch C. Electrophysiological characteristics and transmural distribution of
M cells in the canine ventricle. Circulation. 1991;84:II–179.

68

A. Burashnikov and C. Antzelevitch

111. Sicouri S, Antzelevitch C. A subpopulation of cells with unique electrophysiological properties in the deep subepicardium of the canine ventricle. The M Cell Circ Res. 1991;68(6):
1729–41.
112. Anyukhovsky EP, Sosunov EA, Rosen MR. Regional differences in electrophysiologic properties of epicardium, midmyocardium and endocardium: In vitro and in vivo correlations.
Circulation. 1996;94:1981–8.
113. Zygmunt AC, Goodrow RJ, Antzelevitch C. INaCa contributes to electrical heterogeneity
within the canine ventricle. Am J Physiol Heart Circ Physiol. 2000;278(5):H1671–8.
114. Brahmajothi MV, Morales MJ, Rasmusson RL, Campbell DL, Strauss HC. Heterogeneity in
K+ channel transcript expression detected in isolated ferret cardiac myocytes. Pacing Clin
Electrophysiol. 1997;20:388–96.
115. De Jong AM, Maass AH, Oberdorf-Maass SU, Van Veldhuisen DJ, Van Gilst WH, Van Gelder
IC. Mechanisms of atrial structural changes caused by stretch occurring before and during
early atrial fibrillation. Cardiovasc Res. 2011;89(4):754–65.
116. Goette A, Kalman JM, Aguinaga L, Akar J, Cabrera JA, Chen SA, et al. EHRA/HRS/APHRS/
SOLAECE expert consensus on atrial cardiomyopathies: Definition, characterization, and
clinical implication. Heart Rhythm. 2017;14(1):e3–40.
117. Fenelon G, Shepard RK, Stambler BS. Focal origin of atrial tachycardia in dogs with rapid
ventricular pacing-induced heart failure. J Cardiovasc Electrophysiol. 2003;14(10):1093–102.
118. Sanders P, Morton JB, Davidson NC, Spence SJ, Vohra JK, Sparks PB, et al. Electrical
remodeling of the atria in congestive heart failure: electrophysiological and electroanatomic
mapping in humans. Circulation. 2003;108(12):1461–8.
119. Burashnikov A, Di Diego JM, Sicouri S, Doss MX, Sachinidis A, Barajas-Martinez H, et al.
A temporal window of vulnerability for development of atrial fibrillation with advancing
heart failure. Eur J Heart Fail. 2014;16(3):271–80.
120. Burashnikov A, Antzelevitch C. Is extensive atrial fibrosis in the setting of heart failure associated with a reduced atrial fibrillation burden? Pacing Clin Electrophysiol.
2018;41(10):1289–97.
121. Hanna N, Cardin S, Leung TK, Nattel S. Differences in atrial versus ventricular remodeling in dogs with ventricular tachypacing-induced congestive heart failure. Cardiovasc Res.
2004;63(2):236–44.
122. Brugada P, Brugada J. Right bundle branch block, persistent ST segment elevation and sudden cardiac death: a distinct clinical and electrocardiographic syndrome: a multicenter report.
J Am Coll Cardiol. 1992;20(6):1391–6.
123. Yan GX, Antzelevitch C. Cellular basis for idiopathic VT/VF syndrome. Circulation.
1996;94:I–625.
124. Antzelevitch C. J wave syndromes: molecular and cellular mechanisms. J Electrocardiol.
2013;46(6):510–8.
125. Antzelevitch C. Genetic, molecular and cellular mechanisms underlying the J wave syndromes. Circ J. 2012;76(5):1054–65.
126. Kapplinger J, Tester D, Alders M, Benito B, Berthet M, Brugada J, et al. An International
Compendium of Mutations in the SCN5A-Encoded Cardiac Sodium Channel in Patients
Referred for Brugada Syndrome Genetic Testing. Heart Rhythm. 2010;7:33–46.
127. Ackerman MJ, Priori SG, Willems S, Berul C, Brugada R, Calkins H, et al. HRS/EHRA expert
consensus statement on the state of genetic testing for the channelopathies and cardiomyopathies this document was developed as a partnership between the Heart Rhythm Society (HRS)
and the European Heart Rhythm Association (EHRA). Heart Rhythm. 2011;8(8):1308–39.
128. Burashnikov E, Pfeiffer R, Barajas-Martinez H, Delpon E, Hu D, Desai M, et al. Mutations in
the cardiac L-type calcium channel associated with inherited J wave syndromes and sudden
cardiac death. Heart Rhythm. 2010;7:1719.
129. Cordeiro JM, Marieb M, Pfeiffer R, Calloe K, Burashnikov E, Antzelevitch C. Accelerated
inactivation of the L-type calcium due to a mutation in CACNB2b due to a mutation in
CACNB2b underlies Brugada syndrome. J Mol Cell Cardiol. 2009;46(5):695–703.

2

Mechanisms Underlying the Development of Cardiac Arrhythmias

69

130. Antzelevitch C, Pollevick GD, Cordeiro JM, Casis O, Sanguinetti MC, Aizawaz Y, et al.
Loss-of-function mutations in the cardiac calcium channel underline a new clinical entity
characterized by ST segment elevation, short QT intervals, and sudden cardiac death. Circ
Res. 2006;99:1279.
131. Gurnett CA, De WM, Campbell KP. Dual function of the voltage-dependent Ca2+
channel alpha 2 delta subunit in current stimulation and subunit interaction. Neuron.
1996;16(2):431–40.
132. Barajas-Martinez H, Hu D, Ferrer T, Onetti CG, Wu Y, Burashnikov E, et al. Molecular
genetic and functional association of Bugada and early repolarization syndromes with S422L
missense mutation in KCNJ8. Heart Rhythm. 2012;9(4):548–55.
133. Barajas-Martinez H, Hu D, Pfeiffer R, Burashnikov E, Powers A, Knilans TK, et al. A genetic
variant in DPP10 linked to inherited J-wave syndrome associated with sudden cardiac death
by augmentation of Kv4.3 channel current. Heart Rhythm. 2012;9:1919–20.
134. Delaney JT, Muhammad R, Blair MA, Kor K, Fish FA, Roden DM, et al. A KCNJ8 mutation
associated with early repolarization and atrial fibrillation. Europace. 2012;14(10):1428–32.
135. Medeiros-Domingo A, Tan BH, Crotti L, Tester DJ, Eckhardt L, Cuoretti A, et al. Gain-of-
function mutation S422L in the KCNJ8-encoded cardiac K(ATP) channel Kir6.1 as a pathogenic substrate for J-wave syndromes. Heart Rhythm. 2010;7(10):1466–71.
136. Hu D, Barajas-Martinez H, Medeiros-Domingo A, Crotti L, Tester DJ, Veltmann C, et al.
Novel mutations in the sodium channel 2 subunit gene (SCN2B) associated with Brugada
syndrome and atrial fibrillation. Circulation. 2012;126(21 Supplement):A16521.
137. Riuro H, Beltran-Alvarez P, Tarradas A, Selga E, Campuzano O, Verges M, et al. A missense
mutation in the sodium channel beta2 subunit reveals SCN2B as a new candidate gene for
Brugada syndrome. Hum Mutat. 2013;34(7):961–6.
138. Giudicessi JR, Ye D, Crotti L, Albertson RM, Kritzberger CJ, Hund T, et al. Transient outward current (Ito) gain-of-function mutations in the KCND3-encoded KV4.3 K+ channel
alpha subunit and Brugada syndrome. Heart Rhythm. 2011;8(5S):S106.
139. Delpon E, Cordeiro JM, Nunez L, Thomsen PE, Guerchicoff A, Pollevick GD, et al.
Functional effects of KCNE3 mutation and its role in the development of Brugada syndrome.
Circ Arrhythm Electrophysiol. 2008;1(3):209–18.
140. Olesen MS, Holst AG, Svendsen JH, Haunso S, Tfelt-Hansen J. SCN1Bb R214Q found
in 3 patients: 1 with Brugada syndrome and 2 with lone atrial fibrillation. Heart Rhythm.
2012;9(5):770–3.
141. Kattygnarath D, Maugenre S, Neyroud N, Balse E, Ichai C, Denjoy I, et al. MOG1: a new
susceptibility gene for Brugada syndrome. Circ Cardiovasc Genet. 2011;4(3):261–8.
142. Cerrone M, Lin X, Zhang M, Agullo-Pascual E, Pfenniger A, Chkourko GH, et al. Missense
mutations in plakophilin-2 cause sodium current deficit and associate with a Brugada syndrome phenotype. Circulation. 2013;129(10):1092–103.
143. Hennessey JA, Marcou CA, Wang C, Wei EQ, Wang C, Tester DJ, et al. FGF12 is a candidate
Brugada syndrome locus. Heart Rhythm. 2013;10(12):1886–94.
144. Bezzina CR, Barc J, Mizusawa Y, Remme CA, Gourraud JB, Simonet F, et al. Common variants at SCN5A-SCN10A and HEY2 are associated with Brugada syndrome, a rare disease with
high risk of sudden cardiac death. Nat Genet. 2013;45(9):1044–9.
145. Hu D, Barajas-Martinez H, Pfeiffer R, Dezi F, Pfeiffer J, Buch T, et al. Mutations in SCN10A
are responsible for a large fraction of cases of Brugada syndrome. J Am Coll Cardiol.
2014;64(1):66–79.
146. Behr ER, Savio-Galimberti E, Barc J, Holst AG, Petropoulou E, Prins BP, et al. Role of
common and rare variants in SCN10A: results from the Brugada syndrome QRS locus gene
discovery collaborative study. Cardiovasc Res. 2015;106:520.
147. Perrin MJ, Adler A, Green S, Al-Zoughool F, Doroshenko P, Orr N, et al. Evaluation of
genes encoding for the transient outward current (Ito) identifies the KCND2 gene as a
cause of J-wave syndrome associated with sudden cardiac death. Circ Cardiovasc Genet.
2014;7(6):782–9.

70

A. Burashnikov and C. Antzelevitch

148. Verkerk AO, Wilders R, Schulze-Bahr E, Beekman L, Bhuiyan ZA, Bertrand J, et al. Role
of sequence variations in the human ether-a-go-go-related gene (HERG, KCNH2) in the
Brugada syndrome. Cardiovasc Res. 2005;68(3):441–53.
149. Wilders R, Verkerk AO. Role of the R1135H KCNH2 mutation in Brugada syndrome. Int J
Cardiol. 2010;144(1):149–51.
150. Ohno S, Zankov DP, Ding WG, Itoh H, Makiyama T, Doi T, et al. KCNE5 (KCNE1L) variants are novel modulators of Brugada syndrome and idiopathic ventricular fibrillation. Circ
Arrhythm Electrophysiol. 2011;4(3):352–61.
151. Boczek NJ, Ye D, Johnson EK, Wang W, Crotti L, Tester DJ, et al. Characterization of
SEMA3A-encoded semaphorin as a naturally occurring Kv4.3 protein inhibitor and its contribution to Brugada syndrome. Circ Res. 2014;115(4):460–9.
152. Ueda K, Nakamura K, Hayashi T, Inagaki N, Takahashi M, Arimura T, et al. Functional
characterization of a trafficking-defective HCN4 mutation, D553N, associated with cardiac
arrhythmia. J Biol Chem. 2004;279(26):27194–8.
153. Noseworthy PA, Tikkanen JT, Porthan K, Oikarinen L, Pietila A, Harald K, et al. The early
repolarization pattern in the general population clinical correlates and heritability. J Am Coll
Cardiol. 2011;57(22):2284–9.
154. Reinhard W, Kaess BM, Debiec R, Nelson CP, Stark K, Tobin MD, et al. Heritability of early
repolarization: a population-based study. Circ Cardiovasc Genet. 2011;4(2):134–8.
155. Nunn LM, Bhar-Amato J, Lowe MD, Macfarlane PW, Rogers P, McKenna WJ, et al.
Prevalence of J-point elevation in sudden arrhythmic death syndrome families. J Am Coll
Cardiol. 2011;58(3):286–90.
156. Haissaguerre M, Chatel S, Sacher F, Weerasooriya R, Probst V, Loussouarn G, et al.
Ventricular fibrillation with prominent early repolarization associated with a rare variant of
KCNJ8/KATP channel. J Cardiovasc Electrophysiol. 2009;20(1):93–8.
157. Watanabe H, Nogami A, Ohkubo K, Kawata H, Hayashi Y, Ishikawa T, et al.
Electrocardiographic characteristics and SCN5A mutations in idiopathic ventricular fibrillation associated with early repolarization. Circ Arrhythm Electrophysiol. 2011;4(6):874–81.
158. Matsuo K, Akahoshi M, Seto S, Yano K. Disappearance of the Brugada-type electrocardiogram after surgical castration: a role for testosterone and an explanation for the male preponderance? Pacing Clin Electrophysiol. 2003;26(7 Pt 1):1151–3.
159. Antzelevitch C. Androgens and male predominance of the Brugada syndrome phenotype.
Pacing Clin Electrophysiol. 2003;26(7 Pt 1):1429–31.
160. Korte AK, Derde L, van Wijk J, Tjan DH. Sudden cardiac arrest as a presentation of Brugada
syndrome unmasked by thyroid storm. BMJ Case Rep. 2015;2015:bcr2015212351.
161. Nademanee K, Raju H, de Noronha SV, Papadakis M, Robinson L, Rothery S, et al. Fibrosis,
Connexin-43, and Conduction Abnormalities in the Brugada Syndrome. J Am Coll Cardiol.
2015;66(18):1976–86.
162. Wilde AA, Postema PG, Di Diego JM, Viskin S, Morita H, Fish JM, et al. The pathophysiological mechanism underlying Brugada syndrome: depolarization versus repolarization. J
Mol Cell Cardiol. 2010;49(4):543–53.
163. Morita H, Zipes DP, Nishii N, Miura D, Nagase S, Hata Y, et al. Impact of sodium channel
dysfuction on arrhythmogenesis in Brugada syndrome. Circulation. 2009;120:S696.
164. Di Diego JM, Argenziano M, Chen K, Tabler M, Antzelevitch C. In a Whole-Heart model of
the Brugada Syndrome, Delayed Conduction in the RVOT “does not” Contribute to Inscription
of the Electrocardiographic J wave /ST segment elevation. Heart Rhythm. 2018;15:S242.
165. Ghosh S, Cooper DH, Vijayakumar R, Zhang J, Pollak S, Haissaguerre M, et al. Early repolarization associated with sudden death: insights from noninvasive electrocardiographic
imaging. Heart Rhythm. 2010;7(4):534–7.
166. Nam GB, Kim YH, Antzelevitch C. Augmentation of J waves and electrical storms in patients
with early repolarization. N Engl J Med. 2008;358(19):2078–9.
167. Nam GB, Ko KH, Kim J, Park KM, Rhee KS, Choi KJ, et al. Mode of onset of ventricular
fibrillation in patients with early repolarization pattern vs. Brugada syndrome. Eur Heart
J. 2010;31(3):330–9.

2

Mechanisms Underlying the Development of Cardiac Arrhythmias

71

168. Schwartz PJ. The idiopathic long QT syndrome: progress and questions. Am Heart
J. 1985;109(2):399–411.
169. Moss AJ, Schwartz PJ, Crampton RS, Tzivoni D, Locati EH, MacCluer JW, et al. The long
QT syndrome: prospective longitudinal study of 328 families. Circulation. 1991;84:1136–44.
170. Zipes DP. The long QT interval syndrome. A Rosetta stone for sympathetic related ventricular tachyarrhythmias. Circulation. 1991;84(3):1414–9.
171. Plaster NM, Tawil R, Tristani-Firouzi M, Canun S, Bendahhou S, Tsunoda A, et al. Mutations
in Kir2.1 cause the developmental and episodic electrical phenotypes of Andersen’s syndrome. Cell. 2001;105:511–9.
172. Wang Q, Shen J, Splawski I, Atkinson DL, Li ZZ, Robinson JL, et al. SCN5A mutations
associated with an inherited cardiac arrhythmia, long QT syndrome. Cell. 1995;80:805–11.
173. Mohler PJ, Schott JJ, Gramolini AO, Dilly KW, Guatimosim S, du Bell WH, et al. Ankyrin-B
mutation causes type 4 long-QT cardiac arrhythmia and sudden cardiac death. Nature.
2003;421(6923):634–9.
174. Curran ME, Splawski I, Timothy KW, Vincent GM, Green ED, Keating MT. A molecular basis
for cardiac arrhythmia: HERG mutations cause long QT syndrome. Cell. 1995;80:795–803.
175. Wang Q, Curran ME, Splawski I, Burn TC, Millholland JM, Van Raay TJ, et al. Positional
cloning of a novel potassium channel gene: KVLQT1 mutations cause cardiac arrhythmias.
Nat Genet. 1996;12:17–23.
176. Splawski I, Tristani-Firouzi M, Lehmann MH, Sanguinetti MC, Keating MT. Mutations in the
hminK gene cause long QT syndrome and suppress IKs function. Nat Genet. 1997;17:338–40.
177. Ye B, Tester DJ, Vatta M, Makielski JC, Ackerman MJ. Molecular and functional characterization of novel cav3-encoded caveolin-3 mutations in congenital long QT syndrome
[abstract]. Heart Rhythm. 2006;3:S1.
178. Domingo AM, Kaku T, Tester DJ, Torres PI, Itty A, Ye B, et al. Sodium channel ß4 subunit
mutation causes congenital long QT syndrome. Heart Rhythm. 2006;3:S34–S.
179. Tester DJ, Will ML, Haglund CM, Ackerman MJ. Compendium of cardiac channel mutations
in 541 consecutive unrelated patients referred for long QT syndrome genetic testing. Heart
Rhythm. 2005;2(5):507–17.
180. Wang Q, Shen J, Li Z, Timothy KW, Vincent GM, Priori SG, et al. Cardiac sodium channel
mutations in patients with long QT syndrome, an inherited cardiac arrhythmia. Hum Mol
Genet. 1995;4:1603–7.
181. Giudicessi JR, Wilde AAM, Ackerman MJ. The genetic architecture of long QT syndrome: A
critical reappraisal. Trends Cardiovasc Med. 2018;28(7):453–64.
182. Strande NT, Riggs ER, Buchanan AH, Ceyhan-Birsoy O, DiStefano M, Dwight SS, et al.
Evaluating the clinical validity of gene-disease associations: an evidence-based framework
developed by the clinical genome resource. Am J Hum Genet. 2017;100(6):895–906.
183. Boczek NJ, Gomez-Hurtado N, Ye D, Calvert ML, Tester DJ, Kryshtal D, et al. Spectrum
and prevalence of CALM1-, CALM2-, and CALM3-encoded calmodulin variants in long QT
syndrome and functional characterization of a novel long QT syndrome-associated calmodulin missense variant, E141G. Circ Cardiovasc Genet. 2016;9(2):136–46.
184. Crotti L, Johnson CN, Graf E, De Ferrari GM, Cuneo BF, Ovadia M, et al. Calmodulin mutations associated with Recurrent Cardiac Arrest in Infants. Circulation. 2013;127(9):1009–17.
185. Splawski I, Timothy KW, Sharpe LM, Decher N, Kumar P, Bloise R, et al. Cav1.2 calcium
channel dysfunction causes a multisystem disorder including arrhythmia and autism. Cell.
2004;119(1):19–31.
186. Bednar MM, Harrigan EP, Anziano RJ, Camm AJ, Ruskin JN. The QT interval. Prog
Cardiovasc Dis. 2001;43(5 Pt 2):1–45.
187. Tomaselli GF, Marban E. Electrophysiological remodeling in hypertrophy and heart failure.
Cardiovasc Res. 1999;42:270–83.
188. Sipido KR, Volders PG, De Groot SH, Verdonck F, Van de WF, Wellens HJ, et al. Enhanced
Ca2+ release and Na/Ca exchange activity in hypertrophied canine ventricular myocytes: potential link between contractile adaptation and arrhythmogenesis. Circulation.
2000;102(17):2137–44.

72

A. Burashnikov and C. Antzelevitch

189. Volders PG, Sipido KR, Vos MA, Spatjens RL, Leunissen JD, Carmeliet E, et al.
Downregulation of delayed rectifier K(+) currents in dogs with chronic complete atrioventricular block and acquired torsades de pointes. Circulation. 1999;100(24):2455–61.
190. Undrovinas AI, Maltsev VA, Sabbah HN. Repolarization abnormalities in cardiomyocytes
of dogs with chronic heart failure: role of sustained inward current. Cell Mol Life Sci.
1999;55(3):494–505.
191. Maltsev VA, Sabbah HN, Higgins RS, Silverman N, Lesch M, Undrovinas AI. Novel,
ultraslow inactivating sodium current in human ventricular cardiomyocytes. Circulation.
1998;98(23):2545–52.
192. Itoh H, Crotti L, Aiba T, Spazzolini C, Denjoy I, Fressart V, et al. The genetics underlying
acquired long QT syndrome: impact for genetic screening. Eur Heart J. 2016;37(18):1456–64.
193. Belardinelli L, Antzelevitch C, Vos MA. Assessing predictors of drug-induced torsade de
pointes. Trends Pharmacol Sci. 2003;24:619–25.
194. Antzelevitch C, Shimizu W. Cellular mechanisms underlying the long QT syndrome. Curr
Opin Cardiol. 2002;17(1):43–51.
195. Shimizu W, Antzelevitch C. Effects of a K+ channel opener to reduce transmural dispersion
of repolarization and prevent torsade de pointes in LQT1, LQT2, and LQT3 models of the
long-QT syndrome. Circulation. 2000;102(6):706–12.
196. Antzelevitch C. Heterogeneity of cellular repolarization in LQTS: the role of M cells. Eur
Heart J Suppl. 2001;3(K):K2–16.
197. Shimizu W, Antzelevitch C. Cellular basis for the ECG features of the LQT1 form of the
long QT syndrome: effects of beta-adrenergic agonists and antagonists and sodium channel blockers on transmural dispersion of repolarization and torsade de pointes. Circulation.
1998;98(21):2314–22.
198. Shimizu W, Antzelevitch C. Sodium channel block with mexiletine is effective in reducing
dispersion of repolarization and preventing torsade de pointes in LQT2 and LQT3 models of
the long-QT syndrome. Circulation. 1997;96(6):2038–47.
199. Shimizu W, Antzelevitch C. Differential effects of beta-adrenergic agonists and antagonists in LQT1, LQT2 and LQT3 models of the long QT syndrome. J Am Coll Cardiol.
2000;35:778–86.
200. Antzelevitch C, Shimizu W, Yan GX, Sicouri S, Weissenburger J, Nesterenko VV, et al. The
M cell: its contribution to the ECG and to normal and abnormal electrical function of the
heart. J Cardiovasc Electrophysiol. 1999;10(8):1124–52.
201. Anyukhovsky EP, Sosunov EA, Gainullin RZ, Rosen MR. The controversial M cell. J
Cardiovasc Electrophysiol. 1999;10:244–60.
202. Li GR, Feng J, Yue L, Carrier M. Transmural heterogeneity of action potentials and Ito1 in
myocytes isolated from the human right ventricle. Am J Physiol. 1998;275:H369–77.
203. Gussak I, Brugada P, Brugada J, Wright RS, Kopecky SL, Chaitman BR, et al. Idiopathic
short QT interval: a new clinical syndrome? Cardiology. 2000;94(2):99–102.
204. Gussak I, Brugada P, Brugada J, Antzelevitch C, Osbakken M, Bjerregaard P. ECG phenomenon of idiopathic and paradoxical short QT intervals. Cardiac Electrophysiol Rev.
2002;6:49–53.
205. Patel C, Yan GX, Antzelevitch C. Short QT syndrome: from bench to bedside. Circ Arrhythm
Electrophysiol. 2010;3(4):401–8.
206. Gaita F, Giustetto C, Bianchi F, Wolpert C, Schimpf R, Riccardi R, et al. Short QT syndrome:
a familial cause of sudden death. Circulation. 2003;108(8):965–70.
207. Brugada R, Hong K, Dumaine R, Cordeiro JM, Gaita F, Borggrefe M, et al. Sudden death associated with short-QT syndrome linked to mutations in HERG. Circulation. 2004;109(1):30–5.
208. Bellocq C, Van Ginneken AC, Bezzina CR, Alders M, Escande D, Mannens MM, et al.
Mutation in the KCNQ1 gene leading to the short QT-interval syndrome. Circulation.
2004;109(20):2394–7.
209. Priori SG, Pandit SV, Rivolta I, Berenfeld O, Ronchetti E, Dhamoon A, et al. A novel
form of short QT syndrome (SQT3) is caused by a mutation in the KCNJ2 gene. Circ Res.
2005;96(7):800–7.

2

Mechanisms Underlying the Development of Cardiac Arrhythmias

73

210. Antzelevitch C, Pollevick GD, Cordeiro JM, Casis O, Sanguinetti MC, Aizawa Y, et al. Lossof-function mutations in the cardiac calcium channel underlie a new clinical entity characterized by ST-segment elevation, short QT intervals, and sudden cardiac death. Circulation.
2007;115(4):442–9.
211. Templin C, Ghadri JR, Rougier JS, Baumer A, Kaplan V, Albesa M, et al. Identification of a
novel loss-of-function calcium channel gene mutation in short QT syndrome (SQTS6). Eur
Heart J. 2011;32(9):1077–88.
212. Roussel J, Labarthe F, Thireau J, Ferro F, Farah C, Roy J, et al. Carnitine deficiency induces
a short QT syndrome. Heart Rhythm. 2016;13(1):165–74.
213. Extramiana F, Antzelevitch C. Amplified transmural dispersion of repolarization as the
basis for arrhythmogenesis in a canine ventricular-wedge model of short QT syndrome.
Circulation. 2004;110(24):3661–6.
214. Patel C, Antzelevitch C. Cellular basis for arrhythmogenesis in an experimental model of the
SQT1 form of the short QT syndrome. Heart Rhythm. 2008;5(4):585–90.
215. Nof E, Burashnikov A, Antzelevitch C. Cellular basis for atrial fibrillation in an experimental
model of short QT1: Implications for a pharmacological approach to therapy. Heart Rhythm.
2010;7(2):251–7.
216. Anttonen O, Vaananen H, Junttila J, Huikuri HV, Viitasalo M. Electrocardiographic transmural dispersion of repolarization in patients with inherited short QT syndrome. Ann
Noninvasive Electrocardiol. 2008;13(3):295–300.
217. Gupta P, Patel C, Patel H, Narayanaswamy S, Malhotra B, Green JT, et al. Tp-e/QT ratio as an
index of arrhythmogenesis. J Electrocardiol. 2008;41(6):567–74.
218. Anttonen O, Junttila MJ, Maury P, Schimpf R, Wolpert C, Borggrefe M, et al. Differences in
twelve-lead electrocardiogram between symptomatic and asymptomatic subjects with short
QT interval. Heart Rhythm. 2009;6(2):267–71.
219. Milberg P, Tegelkamp R, Osada N, Schimpf R, Wolpert C, Breithardt G, et al. Reduction
of dispersion of repolarization and prolongation of postrepolarization refractoriness explain
the antiarrhythmic effects of quinidine in a model of short QT syndrome. J Cardiovasc
Electrophysiol. 2007;18(6):658–64.
220. Lahat H, Pras E, Olender T, Avidan N, Ben Asher E, Man O, et al. A missense mutation in
a highly conserved region of CASQ2 is associated with autosomal recessive catecholamine-
induced polymorphic ventricular tachycardia in Bedouin families from Israel. Am J Hum
Genet. 2001;69(6):1378–84.
221. Gomez-Hurtado N, Boczek NJ, Kryshtal DO, Johnson CN, Sun J, Nitu FR, et al. Novel CPVT-
Associated Calmodulin Mutation in CALM3 (CALM3-A103V) Activates Arrhythmogenic
Ca Waves and Sparks. Circ Arrhythm Electrophysiol. 2016;9(8):e004161.
222. Roux-Buisson N, Cacheux M, Fourest-Lieuvin A, Fauconnier J, Brocard J, Denjoy I, et al.
Absence of triadin, a protein of the calcium release complex, is responsible for cardiac
arrhythmia with sudden death in human. Hum Mol Genet. 2012;21(12):2759–67.
223. Makita N, Yagihara N, Crotti L, Johnson CN, Beckmann BM, Roh MS, et al. Novel calmodulin mutations associated with congenital arrhythmia susceptibility. Circ Cardiovasc Genet.
2014;7(4):466–74.
224. Tester DJ, Arya P, Will M, Haglund CM, Farley AL, Makielski JC, et al. Genotypic heterogeneity and phenotypic mimicry among unrelated patients referred for catecholaminergic
polymorphic ventricular tachycardia genetic testing. Heart Rhythm. 2006;3(7):800–5.
225. Mohler PJ, Splawski I, Napolitano C, Bottelli G, Sharpe L, Timothy K, et al. A cardiac arrhythmia syndrome caused by loss of ankyrin-B function. Proc Natl Acad Sci
USA. 2004;101:9137–42.
226. Devalla HD, Gelinas R, Aburawi EH, Beqqali A, Goyette P, Freund C, et al. TECRL, a new
life-threatening inherited arrhythmia gene associated with overlapping clinical features of
both LQTS and CPVT. EMBO Mol Med. 2016;8(12):1390–408.
227. Cerrone M, Montnach J, Lin X, Zhao YT, Zhang M, Agullo-Pascual E, et al. Plakophilin-2
is required for transcription of genes that control calcium cycling and cardiac rhythm. Nat
Commun. 2017;8(1):106.

74

A. Burashnikov and C. Antzelevitch

228. Tester DJ, Ackerman JP, Giudicessi JR, Ackerman NC, Cerrone M, Delmar M, et al.
Plakophilin-2 Truncation Variants in Patients Clinically Diagnosed With Catecholaminergic
Polymorphic Ventricular Tachycardia and Decedents With Exercise-Associated
Autopsy Negative Sudden Unexplained Death in the Young. JACC Clin Electrophysiol.
2019;5(1):120–7.
229. Power JM, Beacom GA, Alferness CA, Raman J, Wijffels M, Farish SJ, et al. Susceptibility
to atrial fibrillation: a study in an ovine model of pacing-induced early heart failure. J
Cardiovasc Electrophysiol. 1998;9(4):423–35.
230. Shi Y, Ducharme A, Li D, Gaspo R, Nattel S, Tardif JC. Remodeling of atrial dimensions and
emptying function in canine models of atrial fibrillation. Cardiovasc Res. 2001;52(2):217–25.
231. Fish JM, Antzelevitch C. Role of sodium and calcium channel block in unmasking the
Brugada syndrome. Heart Rhythm. 2004;1(2):210–7.

3

Genetic and Molecular Basis of Cardiac
Arrhythmias
Sylvia Marie R. Biso, Niyada Naksuk, and Dawood Darbar

Introduction
The pathophysiology of inherited arrhythmia and cardiomyopathy syndromes
stem in part from their underlying molecular and genetic mechanisms. Over the
last 20 years, the discovery of mutations encoding cardiac ion channels, signaling molecules, and myocardial structural proteins linked to a broad spectrum of
cardiovascular diseases has not only advanced our understanding of the underlying mechanisms but also enabled improved bedside care of patients. In many
inherited arrhythmia and cardiomyopathy syndromes, cascade screening of family members of the index patient has become routine in order to identify at-risk
individuals. In addition, a better understanding of genotype-phenotype relations
and the natural history and prognosis of inherited arrhythmia syndromes has led
to marked improvement in mechanism-based therapies and developing preventive strategies. In this chapter, we will review those inherited arrhythmia syndromes where the underlying molecular and genetic mechanisms have been
elucidated including long QT syndrome, Brugada syndrome, catecholaminergic
polymorphic ventricular tachycardia, and arrhythmogenic right ventricular cardiomyopathy. In addition, we will also examine familial forms of atrial fibrillation with distinct molecular and genetic signatures that are increasingly
recognized.
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Catecholaminergic Polymorphic Ventricular
Tachycardia (CPVT)
This classic example of an inherited arrhythmia syndrome is characterized by catecholamine-induced polymorphic or bidirectional ventricular tachycardia in a structurally normal heart. To date, many mutations encoding the cardiac ryanodine
receptor-2 gene (RyR2), a cardiac sarcoplasmic calcium release channel, have been
identified in patients with CPVT. These mutations result in calcium mishandling
and excessive calcium release from the sarcoplasmic reticulum (SR) which leads to
delayed afterdepolarizations (DADs), especially in the setting of increased catecholamine levels when RyR2 is activated [1]. Leaky RyR2 and intracellular calcium
overload is the major mechanism for ventricular arrhythmias in patients with
CPVT [2].
Mutations in RyR2, calsequestrin (CASQ2), and triadin (TRDN) account for
60–70% of all CPVT cases [3]. RyR2 mutations are responsible for approximately
55–60% of dominantly inherited form of CPVT. CASQ2 mutations account for
approximately 1–5% of CPVT cases causing both autosomal recessive and autosomal dominant forms of the syndrome.
Cardiac Ryanodine Receptor (CPVT1) RyR2, the first gene linked with CPVT,
encodes the cardiac ryanodine receptor-2, the largest SR calcium release channel
connecting the cytosolic and luminal portions. During a normal cardiac cycle, small
amounts of calcium that enter the cell through the L-type channels stimulate the
release of large amounts of calcium from the SR through the cardiac ryanodine
receptor [4]. As the concentration of calcium in the SR decreases, calcium movement through the calcium release channel is inhibited. In CPVT patients with RyR2
mutations, disrupted calcium homeostasis leading to uncontrolled calcium leakage
is the final common pathophysiology of these mutations.
Cardiac Calsequestrin (CPVT2) The second most common genetic form of CPVT
is caused by mutations in CASQ2, the gene encoding calsequestrin, a major calcium
sensor in the SR that is intimately tied to the RyR2 receptor. CASQ2 helps inhibit
the RyR2 receptor when intra-SR calcium levels decrease. Mutations in CASQ2
affect its ability to sense calcium levels, leading again to increased cytosolic calcium influx from SR and DADs [2].
Triadin Mutations in TRDN, responsible for 1–2% of CPVT cases [5], are inherited in an autosomal recessive manner. TRDN variants can also cause a rare form of
long QT syndrome [6]. TRDN encodes triadin, a transmembrane SR calcium release
channel related RyR2. While the exact mechanism(s) by which TRDN mutations
cause is not fully understood, lack of triadin is linked to a reduction in CASQ2 protein, resulting in calcium leak during diastole similar to that observed for CPVT1 [3].
Calmodulin and Others Additional mutations identified in patients with CPVT
include CLAM1, CLAM3, KCNJ2, and ANK2. While these variants seem to be
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associated with a range of arrhythmic syndromes, the exact pathophysiological
mechanisms causing the CPVT phenotype are poorly understood. CALM1 variants
have been identified in rare cases (<1%) of atypical and malignant forms of
CPVT. Affected patients also have a long QT interval, epilepsy, and delayed developmental disorders. CALM1 encodes calmodulin protein which binds directly to
the RyR2 [7]. CALM1 mutations impair calmodulin-RyR2 receptor interaction,
causing receptor instability. Recently, a mutation in CALM3 was identified in a
patient with clinically diagnosed CPVT but otherwise with negative genetic test for
established genes [8].
KCNJ2, encoding the cardiac inward rectifier potassium subunit, has been associated with the Anderson-Tawil syndrome and short QT syndrome type 3. Studies
suggest that malignant ventricular arrhythmias in CPVT related to KCNJ2 mutations are due to decreased repolarization reserved and increased triggered activity
following adrenergic stimulation.
Mutations in the gene that encodes ankyrin-B (ANK2) found in multiple cardiac
ion channels and transporters are associated with a variety of arrhythmias in the
ankyrin-B syndrome [9]. An ANK2 mutation was also identified in a patient with
clinically diagnosed CPVT. In an animal model, a heterozygous ANK2 variant
exhibited abnormal RyR2 hyperphosphorylation which leads to abnormal intracellular calcium handling and increased DADs.
Clinical Implication To date, 60–70% of patients with a clinical diagnosis of
CPVT have mutations in RyR2, CASQ2, or TRDN. Clinical features of the most
common forms of CPVT due to RyR2 or CASQ2 mutations are indistinguishable. A
particularly severe form of CPVT occurs in patients who carry two genetic variants
[10]. While implantable cardiac defibrillators (ICDs) are recommended for the prevention of sudden cardiac death (SCD) in patients with CPVT, painful shocks can
trigger further adrenergic stress and arrhythmias, and deaths have occurred despite
appropriate ICD shocks. β-Adrenergic blockers reduce the burden of ventricular
arrhythmias and prevent SCD but are not completely effective. However, because
calcium leakage through the ryanodine channel is a common mechanism of CPVT,
blockade of this channel may have a therapeutic effect. In 2009, Watanabe et al. [11]
assessed whether direct inhibition of RyR2 channels by flecainide could be used to
treat CPVT. They showed that flecainide directly inhibits RyR2 channels and antagonizes sodium channel modulation of calcium handing and suppresses DADs [11,
12]. Flecainide prevents spontaneous VT and markedly reduces the burden of ventricular arrhythmias in patients in whom β-blockers and calcium channel blockers
are ineffective [13]. Gene therapy for treatment of CPVT is an active area of
research, although current studies are conducted in animal models. For instance,
knock-in mouse models of CPVT nearly identical to the presentation in humans
have been created [14, 15]. Subsequently, Denegri et al. [16] used an adenovirus
vector to deliver the CASQ2 cDNA in a CASQ2-dependent CPVT mouse, resulting
in normalization of both the electrophysiological and the ultrastructural
abnormalities.
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Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC)
ARVC is a genetic cardiomyopathy defined as a myocardial disorder predisposing
to malignant ventricular arrhythmias. The predominant right ventricular involvement, left bundle branch block ventricular tachycardia, and fibrous or fibro-fatty
replacement of myocardium are characteristic. Although ARVC has long been considered a disease of desmosomes, an integral component of cell-to-cell connections,
recent studies have identified non-desmosome variants in patients with ARVC [17].
Autosomal recessive ARVC This form of ARVC is not common, but it is associated with a characteristic cardio-cutaneous syndrome. The plakoglobin gene
(PKG2), located on chromosome 17q21, encodes an important component of desmosomes in epidermis and myocytes and causes Naxos disease [18]. This autosomal recessive form of ARVC has 100% penetrance, and clinical features include
hyperkeratosis of palms and soles, woolly hair, as well as a cardiomyopathy.
Carvajal syndrome is another autosomal recessive form of ARVC with hyperkeratosis and wooly hair, similar. Its mutations involves desmoplakin (DSP), a key junction between desmosomal structures to the intermediate filaments. While it was
thought that Carvajal syndrome is associated with left dominant cardiomyopathy, subsequent studies found both ventricular and right-sided involvement [19].
Autosomal dominant ARVC To date, several genes mapped to multiple chromosomes have been identified in this most common autosomal dominant form of
ARVC. Mutations in a number of desmosomal genes result in desmosomal and
intercalated disk dysfunction a common shared pathway for ARVC. However, penetrance and expressivity are highly variable. The most common ARVC genes
include plakophilin-2 (PKP2) identified in 20–46%, DSP in 3–15% and desmoglein-2 (DSG2) in 3–20% [20]. Other less common genes include desmocollin-2
(DSC2) and plakoglobin (JUP) [21].
Left-Dominant Arrhythmogenic Cardiomyopathy While myocardial disorder in
ARVC predominantly involves the right ventricle, progressively most patients also
develop left ventricular cardiomyopathy. Additionally, patients with left-dominant
arrhythmogenic cardiomyopathy (also known as left-sided ARVC or arrhythmogenic left ventricular cardiomyopathy) have typical pathological changes predominantly involving the left sided. In one study involving 24 families with arrhythmogenic
left ventricular cardiomyopathy, 6 were found to have DSP mutations, 1 with PKP2,
and 1 with the DSG2 [22].
Non-desmosomal Genes In recent years, many non-desmosomal genes associated
with ARVC have been found. They mostly encode for the area composita related to cell
adhesion proteins and/or partners of desmosomal proteins in patients with classic
ARVC [17]. These include genes encoding the transforming growth factor β3 (TGFβ3),
RyR2, titin, and transmembrane protein 43 (TMEM43), LIM domain-binding 3-encoding Z-band alternatively spliced PDZ motif (ZASP/LDB3), desmin (DES), and
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phospholamban (PLN) [17, 23]. Emerging data supports the concept of ARVC as a
disease of area composite. Nevertheless, the exact mechanism(s) by which desmosomal or its related protein abnormalities cause ARVC remains unclear.
Clinical Implications ARVC accounts for up to 10% of unexpected sudden cardiac death, though its prevalence may vary by geographic location. The diagnosis of
ARVC is not based on the results of genetic test, but clinical criteria including structural abnormalities, tissue characterization, abnormalities in depolarization or repolarization, arrhythmias, and family history. However, genetic testing is recommended
in individuals and decedents with a clinical or necropsy diagnosis of ARVC [17].
Currently, pathogenic mutations in established ARVC genes are identified in 60% of
patients with a clinical diagnosis [24]. Importantly, genotype-negative patients
should undergo repeat genetic testing and/or genetic counseling as newer genes are
identified. Since ARVC is a very highly variable penetrance disorder, family members carrying pathogenic mutations but no clinical symptoms should undergo serial
examination every 1–3 years. Finally, unlike LQTS, there is no robust correlation
between genotypes and phenotypes in ARVC. Although DSP mutations tend to be
associated with left ventricular dysfunction, subsequent studies suggest that this
may be non-specific [19]. More than one mutation can be found in 4–16% of patients
with ARVC, and these patients not only have an earlier presentation but also poorer
prognosis [25, 26]. This is important when counseling a proband who may benefit
from repeated comprehensive genetic analysis to identify novel ARVCsusceptibility genes.

Congenital Long QT Syndrome (LQTS)
Since the initial description of congenital deafness, prolongation of the QT interval,
and SCD by Jervell and Lange-Nielsen in 1957 [27], considerable progress has been
made in our understanding of the molecular and genetic basis of the congenital
LQTS. To date, over 15 forms of LQTS have been identified with mutations mostly
in cardiac ion channel subunits (Table 3.1). In 75–80% of patients with a clinical
diagnosis of LQTS, mutations in KCNQ1 (LQT1), KCNH2 (LQT2), and SCN5A
(LQT3) have been identified [1]. However, 15–20% of patients with LQTS remain
genotype-negative.
Loss-of-Function Mutations in the Outward Potassium Channel Most LQTS
genes encode ion channel subunits that underlie the cardiac action potential (AP).
KCNQ1 (responsible for LQT1) and KCNH2 (LQT2) encode ɑ-subunits of the
slowly activating delayed rectifier potassium current (IKs) and the rapidly activating
delayed rectifier potassium current (IKr), respectively.
IKs The main role of this outward potassium current is to counterbalance the calcium influx during the plateau phase and contribute to the repolarization phase of
the cardiac action potential [28]. Loss-of-function mutations in the genes encoding
IKs lead to reduced outward potassium current and prolongation of the AP duration
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Table 3.1 Genetic basis and pathophysiologic mechanisms of long QT syndrome (LQTS)
[87, 88]
LQTS type
LQT1
LQT2
LQT3
LQT4
LQT5
LQT6
LQT7
LQT8
LQT9
LQT10
LQT11
LQT12
LQT13
LQT14
LQT15
JLN1
JLN2

Mode of inheritance
AD; AR
AD
AD
AD
AD
AD
AD
Sporadic
AD
AD
AD
AD
AD
Sporadic
Sporadic
AR
AR

Gene
KCNQ1
KCNH2
SCN5A
Ankyrin-B
KCNE1
KCNE2
KCNJ2
CACNA1C
CAV3
SCN4B
AKAP-9
SNTA1
KCNJ5
CALM1
CALM2
KCNQ1
KCNE1

Protein
Kv7.1
Kv11.1
Nav1.5
Ankyrin
Mink
MiRP1
Kir2.1
CaV1.2
Caveolin3
SCNβ4 subunit
Yotiao
Syntrophin α-1
Kir3.4
Calmodulin 1
Calmodulin 2
Kv7.1
MinK

Current
↓ IKs
↓ IKr
↑ INa
↓ Na/K ATPase, Ncx1, InsP3
↓ IKs
↓ IKr
↓ IK1
↑ ICa
↑ INa
↑ INa
↓ IKs
↑ INa
↓ IKACh
Calcium signaling dysfunction
Calcium signaling dysfunction
↓ IKs
↓ IKs

AD autosomal dominant, AR autosomal recessive, JLN Jervell and Lange-Nielsen syndrome

(APD) which manifests as QT interval prolongation on the ECG. This can generate
early afterdepolarizations (EADs) and a triggered mechanism for torsade de pointes
(TdP) ventricular tachycardia in the LQTS.
Besides LQT1, mutations in KCNE1 and A-kinase anchor protein-9 (AKAP-9)
encoding the β-subunit or associated proteins give rise to LQT5 and LQT11, respectively. An autosomal recessive form of LQTS with homozygous mutations in
KCNQ1 and KCNE1 are associated with Jervell-Lange and Nielsen syndrome
(JLN1 and JLN2, respectively). The extracardiac finding of severe bilateral sensorineural congenital deafness found in Jervell-Lange and Nielson syndrome results
from lack of functioning IKs in the inner ear [29]. These patients are highly susceptible to cardiac events including SCD; thus, arrhythmia risk is in part dependent on
“gene dosage.”
IKr LQTS due to IKr complex dysfunction include LQT2 and LQT6 with mutations
in KCNH2 and KCNE2, respectively. These mutations result in reducing IKr, delaying repolarization of the ventricular action potential, causing QT prolongation on
ECG (Fig. 3.1) and increased susceptibility to TdP. KCNH2 encodes hERG proteins
that form a channel contributing to IKr activity. Anderson et al. [30] discovered that
hERG trafficking defect was the most common cause of ion channel loss-of-function with more than 70% of mutations responsible for negative suppression of
hERG. KCNE2 encodes the MiRP1 protein, an accessory β-subunit of IKr that regulates hERG activity. The complex interactions of KCNE2 variants with other
ɑ-subunits in part account for the wide variety of phenotypes observed in LQT6
patients.

3

Genetic and Molecular Basis of Cardiac Arrhythmias

81

Fig. 3.1 Twelve-lead electrocardiogram of a patient with long QT syndrome type 2 (LQT2) showing QT interval prolongation (QTc 504 ms). Note the characteristic low amplitude T waves with
notching in leads V2 to V4

Gain-of-Function Mutations in the Cardiac Sodium Channel LQTS associated
with dysfunction of the late-activating sodium channels (INa-L) include LQT3, LQT9,
LQT10, and LQT12 (Table 3.1). The majority of cases are LQT3 where gain-offunction mutations in SCN5A, the gene encoding the cardiac sodium channel, lead
to failure of Nav1.5 to inactivate, and thus increase the delayed sodium inward current, resulting in prolongation of the APD. Mutations in CAV3 (LQT9) encoding
caveolin-3 induce phosphorylation-dependent increase in the INa-L causing QT prolongation. Mutations in SCN4B (LQT10) which encodes the cardiac sodium channel β4 subunit increase INa-L and induce a depolarizing shift toward inactivation
increasing the window current. Mutations in SNTA1 (LQT12) that encodes syntrophin-alpha-1 also increase both the peak and INa-L [31].
Other Rare Abnormalities in Cardiac Ion Channels Andersen-Tawil syndrome,
termed by some as LQT7, is an autosomal dominant disease due to loss-of-function
mutations in KCNJ2 encoding the inward rectifier potassium channel, Kir2.1
(Table 3.2) [32]. This channel contributes to the terminal repolarization of the cardiac action potential. Many patients with Andersen-Tawil syndrome have only mild
or no prolongation of the QT interval, but display characteristic extra-cardiac findings including periodic paralysis, hypertelorism, and clinodactyly.
The most severe type of LQTS phenotypically is Timothy syndrome (LQT8).
Gain-of-function mutations in the CACNA1C disrupt the voltage-dependent inactivation of the calcium channel (Cav1.2). This generates the L-type calcium current,
promoting influx of calcium, resulting in AP prolongation, and EADs. Timothy syndrome is an extremely rare multisystem disorder characterized by QT prolongation
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Table 3.2 Multisystem syndromes associated with QT interval prolongation
Syndrome
Ankyrin-B syndrome

Anderson-Tawil
syndrome
Timothy syndrome
Recurrent infantile
cardiac arrest
syndrome

LQT type
LQT4

Characteristics
Different arrhythmia phenotypes including:
Sinus node dysfunction, conduction blocks, atrial
fibrillation, ventricular fibrillation, and drug-induced
LQTS
LQT7
Triad of periodic paralysis, dysmorphic features, and
ventricular arrhythmias, especially bidirectional
ventricular tachycardia
LQT8
Severe QT prolongation, dysmorphic facial features,
developmental delay, syndactyly, congenital heart disease,
and immune deficiencies
LQT14 and Severe QT prolongation, ventricular fibrillation, T wave
LQT15
alternans, functional 2:1 AV block, developmental delay,
seizures

AV atrioventricular, LQTS long QT syndrome

as well as syndactyly, autism, and immune deficiencies [33]. Recently, recurrent
infantile cardiac arrest syndrome or LQT14 and LQT15 were described in infants
who had life-threatening arrhythmias, neurodevelopmental delay, and seizures due
to CALM1 or CALM2 mutations that disrupt calmodulin function in calcium signaling events [34].
Non-cardiac Ion Channel The spectrum of LQTS genes is not limited to those
that encode only ion channel proteins. Ankyrin-B is one isoform of a ubiquitously
expressed family of proteins originally identified in erythrocytes as a link between
membrane proteins. Mutations in ANK2 encoding ankyrin-B cause LQT4.
Heterozygous for a null mutation in ankyrin B displays reduced expression and
abnormal localization of the Na/Ca exchanger, Na/K ATPase, and InsP3 receptor
[35]. APD is normal, but myocytes display abnormalities in calcium homeostasis
leading to both EADs and DADs. Furthermore, clinical characterizations of patients
with ANK2 mutations reveal that these patients, while at risk for SCD, do not uniformly display prolonged QT intervals, suggesting that ankyrin-B diseases are distinct from LQTS.
Clinical Implication Even when limited to “classic” forms of LQTS, important
clinical differences among affected patients are not only gene-dependent but also in
some cases mutation-specific—the so-called genotype-phenotype correlation. As
the majority (>90%) of genotyped LQTS patients have LQT1, LQT2, or LQT3,
most of the differences are observed among these genotypes [36]. Important differences among LQTS types 1–3 include different T-wave patterns, clinical course,
triggers of cardiac events, response to sympathetic stimulation, and effectiveness
and limitations of ß-blocker therapy [37]. Note the characteristic low amplitude
T-waves with notching in LQT2 as shown in Fig. 3.1. Risk stratification and clinical
management are then based on these genotypic and phenotypic characteristics.
However, for less common LQTS, evidence-based guidelines are yet to be established as they are very rare.
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The identification of the causative LQT gene is important, not only in assisting
in the diagnosis and proper treatment but also in providing the clinician an excellent
marker for pathogenic substrate among relatives. Genetic testing for LQTS is recommended for patients who, based on personal and family history and ECG, exhibit
a strong clinical phenotype. It is also recommended for patients who display unexplained QT interval prolongation, regardless of symptoms. After identification of an
LQT causative genetic mutation in an index patient, genetic testing is also recommended for appropriate family members.
Recent advancements in technology have allowed reporting of novel mutations
and discovering their corresponding functional changes. These have encouraged the
search for gene-specific therapies. In 1995, Schwartz et al. [38] demonstrated that
mexiletine, a sodium channel blocker, shortens the duration of QTc interval. In
2016, Mazzanti et al. [39] showed that mexiletine not only shortens the QTc but also
decreases the number of arrhythmic events. However, not all patients with SCN5A
mutations responded to mexiletine. Furthermore, its retrospective design limits its
applicability. Gene-specific therapy for the LQTS is an area of active research.

Brugada Syndrome (BrS)
The BrS is a genetic disorder characterized by a pattern of ST segment elevation in
high right precordial leads and ventricular fibrillation. It was first described as a
clinical entity in 1992 and is an archetypical example of an arrhythmia syndrome
arising from ion channel dysfunction (Fig. 3.2) [40].

Fig. 3.2 Twelve-lead electrocardiogram of a patient with Brugada syndrome (BrS) showing the
characteristic J-point elevation coved-type ST-segment elevation in leads V1, V2, and V3
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The BrS is inherited with an autosomal dominant mode of transmission with
incomplete penetrance [41]. Sporadic cases occur in up to 60% of affected individuals. To date, many disease-causing loss-of-function mutations in SCN5A have been
linked with BrS. However, a small number of cases have been associated with lossof-function mutations in the calcium channel and gain-of-function mutations in the
potassium channels. Overall, only 35% of patients with BrS have identifiable pathogenic mutations (Table 3.3). The majority of mutations occur in SCN5A, while other
genes account only for 5% of the cases [42]. The genetic basis for the vast majority
of clinically diagnosed BrS (65%) remains unclear.
Mutations in the Cardiac Sodium Channel SCN5A, the gene encoding the
ɑ-subunit of the cardiac voltage-gated sodium channel (Nav 1.5), was the first
gene linked with the BrS [43]. As multiple mutations encoding a single protein
can yield a similar phenotype, more than 300 SCN5A mutations have been identified in patients with BrS. These account for about 80% of genotype-positive cases
[44]. However, of total probands, SCN5A mutations only account for 11–28% of
cases. Most are point mutations, with a change in a small number of nucleotides
in the genomic sequence.

Table 3.3 Genetic basis
and pathophysiologic mechanisms of Brugada syndrome
(BrS) [43, 89]

Gene
Sodium channel dysfunction (↓INa)
SCN5A
SCN10A
SCN1B
SCN2B
SCN3B
GPD1L
MOG1
SLMAP
PKP2
RANGRF
Calcium channel dysfunction (↓ICa)
CACNA1C
CACNB2
CACNA2D1
Potassium channel dysfunction (↑IK)
HCN4
HCNE3
HCNE5
KCND3
ABCC9
KCNJ8
ABCC9
KCNH2
PKP2
Others
TRPM4 (abnormal resting potential)
AD autosomal dominant

Mode of inheritance
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
Chromosome X
AD
AD
AD
AD
AD
AD
AD
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Loss of the cardiac sodium channel function is the main mechanism of the
BrS. There are several ways by which this occurs, for example, failure of intracellular trafficking of sodium channel proteins leading to decreased expression at the
cell surface or production of non-functioning channels. Sodium channel dysfunction can also be due to decreased inward sodium current by altered channel gating
including alteration in channel inactivation, slower rate of inactivation or delayed
recovery from inactivation.
Several mutations within one gene can cause the same clinical phenotype, but
mutations in distinct genes can also do so. Mutations in GPD1-L, SCN1B, SCN3B,
SCN2B, SCN10A, HEY2, FGF12, PKP2, RANGRF, and SLMAP have been shown
to cause loss-of-function of INa. GPD1L encodes glycerol 3-phosphate dehydrogenase 1-like which plays an important part in the intracellular trafficking of the
sodium channel. Mutations in GPD1L alter sodium channel trafficking to the cell
surface and decrease more than half of the inward sodium current [45].
SCN1B, SCN2B, and SCN3B encode the β-subunit of the type 1, 2, and 3 of the
voltage-gated sodium channel, respectively. Pathogenic mutations in SCNB1 cause
sodium channel trafficking abnormalities resulting in decrease in sodium channel
current [46]. Mutations in SCN2B decrease Nav 1.5 cell surface expression leading
to reduced sodium current density [47]. Similarly, SCN3B mutations impair transport and cell surface expression of sodium channels such that there is not only
reduced sodium current density but also faster inactivation and slower reactivation.
RANGRF encodes the RAN guanine nucleotide release factor that regulates the
expression, function, and trafficking of Nav1.5 to the cell surface. Mutations in
RANGRF lead to reduction of INa. SLMAP encodes the sarcolemma membrane-associated protein that is important for cardiac muscle excitation-contraction coupling.
Mutations in this gene have been lead to decreased surface expression of Nav1.5 [48].
SCN10A encodes Nav1.8, a sodium channel that is mainly found in sensory neurons of the dorsal root ganglia. It also plays an important role in the electrical function of the heart as SCN10A variants have been linked to cardiac dysfunction and
arrhythmias. In one report, SCN10A variants were identified in 17% of probands [49].
HEY2, FGF12, and PKP2 genes have also been associated with BrS. A mutation
in HEY2, a transcription factor, causes a decrease in INa [50]. FGF12 encodes for
fibroblast growth factor homologous factors that modulate sodium and calcium
channels in the heart. Mutations in this gene have also been demonstrated to decrease
INa [51]. PKP2 mutations result in disruption of desmosomes and loss of sodium
channel function [52].
Mutations in Potassium and Calcium Channel The BrS phenotype is not only
exclusive to sodium channel abnormalities but has also been observed in patients
with mutations in calcium and potassium channels and their associated proteins.
Around 2–4% of patients with BrS have affected L-type calcium channels.
CACNA1C, CACNB2B, and CACNA2D1 genes encode the ɑ-1C, β-2, and ɑ-2/delta
subunits, respectively [53, 54]. Mutations in these genes result in loss-of-function of
calcium channel current.
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Similarly, there are multiple genes that cause dysfunction of the potassium channel but their association with BrS is rare. Mutations in KCND3, KCNE3, SEMA3A,
and KCNE5 result in transient increase in the outward potassium current. Mutations
in KCNJ8, ABCC9, and SCN1B also result in gain-of-function potassium channel
currents. Mutations in TRMP4, a gene that encodes the transient receptor potential
melastatin protein 4 which mediates transport of monovalent cations across membranes, have also been implicated in BrS [55].
Clinical Implications The identification of SCN5A mutations associated with the
BrS spurred further exploration of the underlying molecular and genetic mechanisms. As might be predicted with other mutations, the extent to which there is loss
of sodium channel function varies as does the expression of the clinical phenotype.
A genetic mutation causing reduced function of the sodium channel may be insufficient to cause overt BrS. Physiologic and pharmacologic stressors can alter sodium
channel function sufficiently to expose subclinical abnormalities in the sodium
channel. For example, fever has been associated with worsened sodium channel
function, unmasked ST elevation, and ventricular fibrillation [56, 57]. Likewise,
procainamide and other sodium channel blockers are used clinically to unmask
electrocardiographic changes in patients in whom BrS is suspected but do not have
diagnostic findings at baseline. BrS is a clinical diagnosis, and genetic testing is not
necessary for diagnosis. To date, results of genetic testing do not significantly
impact management as they do not provide prognostic value. It is, however, recommended for family members of the index patient to identify which individuals need
to be more closely monitored.

Familial Atrial Fibrillation (AF)
The global burden of AF is estimated at ~33.5 million with progressive increases in
incidence, prevalence, and AF-related mortality having major implications for
healthcare costs and public health policy [58]. The number of persons in the USA
with AF by the year 2050 is projected to exceed 16 million. The socioeconomic
impacts of AF are substantial, as are the consequences of frequent visits to the emergency room and hospitalizations, chronic disease management, and loss of productivity. Moreover, managing patients with AF remains challenging.
Despite recent advances in catheter-based and surgical treatments, antiarrhythmic drugs (AADs) remain the mainstay of treatment for most patients with symptomatic AF. However, membrane active drugs are incompletely and unpredictably
effective and can be proarrhythmic. Furthermore, the selection of an AAD for an
individual patient is based not only on efficacy but also on minimizing the risk of
adverse effects. The limited success of AADs in maintaining sinus rhythm is related
in part to the heterogeneity of the underlying substrate, poor understanding of the
pathophysiology of AF, and our failure to target therapy to underlying mechanisms.
One approach to better understanding the underlying molecular and cellular mechanisms of AF is to define the genetic basis for familial (early-onset [EO]) AF.
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Genetic Approaches to EOAF Unraveling the underlying pathogenesis of AF by
the identification of genes responsible for EOAF will enable a more mechanismbased approach to treatment of AF. Many epidemiologic studies have confirmed AF
heritability (~60%), especially if it occurs in the absence of underlying cardiac/
systemic disease traditionally termed ‘lone’ AF [59–61]. A family history of the
arrhythmia is common especially in those with EOAF [62, 63]. Recent consensus
statements recommend using the term EOAF to categorize patients who are more
likely to have a genetic basis for their AF. We and others have used linkage analyses
and positional cloning approaches and next generation sequencing (NGS) to identify several genes and loci linked with Mendelian forms of EOAF (Table 3.4)
[64–68].
In 2003, the first AF gene (KCNQ1), encoding IKs, was identified [69]. A group
of Mayo Investigators identified the first non-ion channel atrial gene, natriuretic
peptide precursor A (NPPA), encoding atrial natriuretic peptide (ANP) [70]. The
identification of KCNQ1 as AF-causing led to the screening of other potassium and
cardiac ion channels as candidate genes. One study showed that AF was only present when a KCNQ1 mutation (R14C) occurred in the presence of left atrial dilatation [71]. These findings and data showing that the risk of developing AF is increased
when both common and rare AF risk alleles are present support a “two-hit”
hypothesis.
While early genetic association studies compared AF patients with controls without a history of AF, typically evaluating a small number of candidate AF single
nucleotide polymorphisms (SNPs), recent advances in NGS have applied the
genome-wide association paradigm to AF. In 2007, a chromosome (chr) 4q25 locus
was associated with AF with modest risk (relative risk 1.39–1.72) [72]. Although
the mechanism for this observed association remains unclear, the paired-like homeodomain transcription factor 2 (PITX2) gene is 140 kb upstream from the AF locus.
PITX2 is important for cardiac and pulmonary vein development. The largest metaanalysis of AF genome-wide association studies (GWAS) performed by the AFGen
Consortium identified over 95 AF loci mostly in whites of European descent with
the strongest association with the chr4q25 locus [73]. This locus, adjacent to PITX2,
is not only critical for pulmonary vein development but also likely codes for a regulatory element that modulates transcription of the gene. In Pitx2c+/− mice shortening
of the atrial APD creates a profibrillatory substrate. In addition, studies in Pitx2c−/−
and Pitx2c+/− mice show increased expression of genes involved in Wnt signaling, a
key fibrosis pathway [74, 75]. Furthermore, many AF risk loci encode genes/transcription factors modulating transforming growth factor–β signaling. Thus, atrial
fibrosis plays an important role in AF pathogenesis.
Genetic Studies of EOAF Provide Insights into Mechanisms Reduction in atrial
refractoriness creating a substrate for reentrant arrhythmias is one model proposed
for the pathogenesis of AF with gain-of-function mutations in genes encoding cardiac potassium, sodium, and calcium channels supporting this model (Table 3.4).
Our group identified a novel mutation in the gene (KCNA5) that encodes for the
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Table 3.4 Genes implicated in the pathogenesis of familial (early-onset) atrial fibrillation (AF)
Gene
KCNQ1

Mode of
inheritance
AD

KCNE1
KCNE2

AD
AD

KCNE5

AD

KCNJ2

AD

GJA5

Somatic
mutations
Isolated
lone AF
cases
AD

KCNA5

SCN5A
AD
SCN1B/2B/3B AD

Effect on
function
Gain-offunction
Gain-offunction
Gain-offunction
Gain-offunction
Gain-offunction
↓electrical
cell-to-cell
coupling
Loss-offunction
Gain-offunction and
loss-offunction
Enhanced late
INa

SCN10A

AD

CACNA1C
CACNB2

AD
AD

NPPA

AD

NUP155

AR

MYH6

AD

MYL4

AD

PLEC

AD

Loss-offunction

RPL3L,
MYZAP
TTN

AD

Loss-offunction
Loss-offunction

AD

Physiologic effect
↓ atrial APD
↓ atrial APD
↓ atrial APD
↓ atrial APD

[98, 99]

↓ atrial APD

[100–102]

Regions of
heterogeneous
conduction

[82, 103,
104]

↑ atrial APD,
EADs and TA
↑↓ atrial APD
EADs, TA

[76, 78–80]

↑APD, EADs, TA

Loss-of↑APD, EADs, TA
function
↑APD, EADs, TA
Loss-offunction
Loss-of↓ atrial APD
function
Nuclear protein transport (hsp70)
Loss-offunction
Loss-offunction

Associated
phenotypes
References
Prolonged QT [69, 71, 86,
90–96]
Frequent
40, [97],
PACs
[98, 99]

HCM, DCM

[105–109]
[110–114]

Slow
ventricular
rates

[115]

Atrial
myopathy
Sudden
cardiac death
Sick sinus
Unclear; ↓atrial
APD; connexin-40 syndrome
Atrial
F-actin-Z-disk
myopathy
complex
disturbance; LTCC
Sick sinus
Sarcomere
syndrome
damage;
intercalated discs
Ribosomal
Sick sinus
dysfunction;
syndrome
Atrial and
Unclear;
ventricular
sarcomeric
myopathy
damage;
intercalated discs

[116]
[117]
[70, 86,
118–120]
[121]
[122]
[123]
[124]
[125]
[126]

AD autosomal dominant, APD action potential duration, EADs early afterdepolarizations, DCM
dilated cardiomyopathy, HCM hypertrophic cardiomyopathy, hsp70 heat shock protein 70, PACs
premature atrial contractions, TA triggered activity
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ultra-rapid potassium current (IKur) in a familial AF kindred [76]. While NPPA mutations may also mediate increased risk for AF by modulating the atrial APD, a transgenic mouse model overexpressing the humanized NPPA mutation suggests that
other mechanisms may also be involved [77]. A second mechanism by which mutations in cardiac ion channels may predispose to AF is by lengthening of the atrial
APD. A loss-of-function mutation in KCNA5 lengthened the atrial APD and induced
EADs in human atrial myocytes [78–80]. A third mechanism of AF elucidated by
genetic studies involves modulating expression of gap junction proteins important
for cell-to-cell communication. Both somatic and germ-like mutations in GJA5,
encoding connexin-40, have been associated with EOAF [81, 82].
Translation of Genetic Discoveries to the Bedside Although genetic approaches to
AF have provided important insights into underlying pathophysiology, direct impact
of these discoveries to the clinical care of patients has been limited, in part, related
to the challenges of adequately recapitulating human AF in cellular models.
Although in vitro methods for assessing the role of ion channel variants associated
with AF are well-established, CMs have very distinct EP properties, and heterologous cell models cannot capture the full spectrum of functional changes associated
with AF-linked mutations. Furthermore, as cardiac ion channels are species-specific, murine models cannot recapitulate human AF. Ideally, deciphering the cellular
mechanisms of AF-linked mutations requires using human atrial CMs, but access to
atrial tissue is limited. In contrast, abundant and personalized atrial induced pluripotent stem cell-derived (iPSC)-CMs not only possess the complex array of cardiac
ion channels that make up the atrial AP but can be electrically coupled to form
monolayers that can model electrical impulse propagation and elucidate reentrant
arrhythmias like AF. Thus, modeling AF-linked mutations in a dish using atrial
iPSC-CMs offers a naturally integrated system with distinct advantages over heterologous cell expression systems and transgenic murine models.
There is increasing interest in developing cellular models of disease that are genetically matched to specific patients using iPSCs. The ability to generate large numbers
of patient-specific iPSC lines, differentiate them into “atrial”, “nodal”, and “ventricular” types, and recapitulate the EP phenotypes of human functioning CMs holds great
promise. Atrial iPSC-CMs are particularly suited to modeling AF-causing mutations
as they elicit cell autonomous EP phenotypes. Despite variable AF penetrance and
modulation of clinical expression of ion channel mutations by conditions such as
hypertension, atrial iPSC-based models may uncover distinct EP phenotypes and drug
responses at the cellular level. Furthermore, correcting the AF-causing mutation with
clustered regularly interspaced palindromic repeats (CRISPR)-Cas9 system generates
an isogenic control line which differs from the patient-derived iPSCs only in the
mutated gene. Such an approach not only enables the AF phenotype to be examined
in different genetic backgrounds but also provides important insights into genotypephenotype relations paving the way for a more ‘personalized’ approach to AF therapy.
While atrial human embryonic stem cells have been used to model pre-clinical testing
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of atrial-specific AADs, atrial iPSC-CMs have not been used to model AF-linked
mutations and elucidate the underlying cellular mechanisms.
To model AF-linked mutations, it is essential to better understand the molecular
and EP phenotype of atrial iPSC-CMs. We recently reported a mechanism by which
retinoic acid generates an atrial-specific signature through the downstream regulation
of calcium channel gene expression by COUP-TFII and modulation of calcium handling [83]. Despite their relative immaturity when compared to adult CMs, ventricular
iPSC-CMs have been used to model ventricular ion channelopathies, e.g., LQTS, BrS,
and uncovered the underlying cellular mechanisms. Furthermore, our data shows that
atrial iPSC-CMs recapitulated the EP phenotype of an AF-linked SCN5A mutation,
and served as a platform for targeting the underlying cellular mechanism (unpublished work). Nonetheless, enhancing the maturity of atrial iPSC-CMs is important
for providing additional insights into the underlying cellular mechanisms of AF and
identifying molecular signaling pathways that are critical for atrial development.
Mutations in cardiac ion channels, signaling molecules, and myocardial structural proteins have been associated with EOAF (Table 3.4) and thus elucidated
novel genetic mechanisms (e.g., regulation of atrial natriuretic peptide); defined
clinical and genetic subtypes with distinctive mechanisms and responses to treatment; and uncovered new therapeutic targets for AF. We identified SCN10A variants
associated with AF that modulated the peak and INa-L. Furthermore, a Nav1.8 blocker
suppressed EADs, which strongly supported INa-L block as a novel therapeutic
approach in cases in which this mechanisms plays a role in AF [84]. We identified a
novel variant in heat shock factor 1 (HSF1) that segregated with AF using whole
exome sequencing [85]. Targeting this pathway with drugs such as geranylgeranylacetone that enhance HSF expression protects against AF and represents a novel
mechanism-based approach. We also identified the tyrosine signaling pathway as a
novel therapeutic target for AF when a KCNA5 mutation was linked with familial
AF [76]. Our group has also reported a potential proof-of-principle for genotypespecific targeting of the KCNQ1 gain-of-function [86].
Although significant progress has been made in understanding the genetic basis
of AF, failure to translate these discoveries to the bedside care of patients remains a
critical knowledge gap. Ongoing studies will model AF-linked mutations using
atrial iPSC-CMs, elucidate the underlying cellular mechanisms, and identify novel
therapeutic targets thereby enabling a more ‘personalized’ mechanism-based
approach for the treatment of sporadic AF.

Conclusions
Inherited arrhythmia syndromes are caused by abnormalities of ion channels that
are intimately involved in depolarization and repolarization of the cell; proteins that
affect intracellular ion storage and intercellular communication have also been
implicated as well. Recent studies have expanded our understanding of the genetic
and molecular substrates underlying these disorders. NGS and large databases have
been integral in recognizing and compiling a growing list of causative mutations
and assessing pathogenicity of gene variants. When a pathogenic variant is
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associated with a clinical phenotype, this has allowed predictive testing of the firstdegree relatives of the index patient. However, increasing evidence shows that many
of these disorders are not monogenic, i.e., a single genotype is responsible for a
specific phenotype. Genetic modifiers and environmental factors may contribute to
variable penetrance such that the same mutation results in different phenotype in the
same family. Variants of unknown significance also pose a challenge as they cannot
be classified into malignant or benign. In addition, many patients with the disease
phenotype also do not have an identified mutation. This suggests that other basic
genetic causes and cellular mechanisms that are currently unrecognized play an
important role. The landscape of inherited arrhythmia syndromes has been continually changing and will continue to change. With greater understanding of the genetic
and molecular mechanisms of arrhythmias comes the hope that we will then be better able to diagnose, prevent, and treat patients with inherited arrhythmia syndromes.
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Unique Rhythm Phenomena
and Mechanisms
Jianyong Wang, Matthew A. Goldstein, and Gan-Xin Yan

Introduction
It is well known that cardiac cells are excitable and can generate action potentials
(APs) that are capable of exciting surrounding or closely coupled cells. This allows
for the spread of excitation across cell membranes thus the myocardium. The waveforms that we note and observe on the body surface ECG are thus dependent on and
a summation of these individual APs as they transverse the cardiac myocardium and
conduction system. This chapter attempts to summarize our understanding of a limited number of unique rhythm phenomena, their mechanisms, and thus their associated clinical significance. To understand these unique rhythm phenomena better, it
is worthwhile to briefly review a few basic electrophysiological concepts.

Two Cell Types
Slow-Response Myocytes
Cells like the sinoatrial (SA) and atrioventricular (AV) nodes are largely dependent
on the opening of L-type calcium channels in AP Phase 0 and exhibit automaticity.
J. Wang
Department of Electrophysiology, TEDA International Cardiovascular Hospital,
Tianjin, China
M. A. Goldstein
Department of Cardiology, Paoli Hospital, Paoli, PA, USA
G.-X. Yan (*)
Department of Cardiology, Lankenau Institute for Medical Research and Lankenau Medical
Center, Wynnewood, PA, USA
Sidney Kimmel College of Medicine, Thomas Jefferson University, Philadelphia, PA, USA
Department of Cardiology, Fuwai Huazhong Hospital, Zhengzhou, China
e-mail: yang@mlhs.org
© Springer Nature Switzerland AG 2020
G.-X. Yan et al. (eds.), Management of Cardiac Arrhythmias, Contemporary
Cardiology, https://doi.org/10.1007/978-3-030-41967-7_4

97

98

J. Wang et al.

Because L-type calcium current (ICa,L) activates relatively slowly, the upstroke of AP
phase 0 rises slowly (10–20 ms) resulting in their slower conduction velocities and
their appropriate name: “slow-response myocytes.” Also important is the fact that
slow-response myocytes recovery is largely mediated by the time-dependent recovery of L-type calcium channels. This results in their well-documented decremental
conduction under physiological conditions.

Fast-Response Myocytes
Different from the slow-response myocytes, the fast-response myocytes are dependent on the opening of sodium channels in their AP phase 0 that takes only 2 ms
to complete. This results in their rapid conduction velocities. These “fast-response
myocytes” include atrial and ventricular myocytes, His-bundle and Purkinje fibers,
and almost all of AV accessory pathways. Recovery of the sodium channels from
the inactivated to resting state in the fast-response myocytes is predominantly voltage dependent and occurs during AP phase 3, which is much shorter than that in
slow-response cells. This defines a longer effective refractory period (ERP) but
very brief relative refractory period (RRP) of the fast-response cells and their “all
or none” conduction under physiological conditions. Rarely, conduction of these
fast-response myocytes can be decremental under certain disease conditions (due to
partial depolarization of resting membrane potentials) or in the presence of sodium
channel blockers. Figure 4.1 shows an example of Wenckebach conduction from the
endocardium to the epicardium in the rabbit left ventricle due to the introduction
of Flecainide, a Class Ic sodium channel blocker. This phenomenon occurs because
recovery of the sodium channels from an inactivated to a resting state becomes relatively time rather than voltage dependent.
Table 4.1 shows comparison of anatomical locations and electrophysiological
features of the slow- and fast-response cells.

Determinants of Threshold Potential
The threshold potential is also known as the “firing potential” or “takeoff potential”
and defines the required membrane potential to produce an AP that is able to propagate. For fast-response cells, activated sodium channels in the stimulated cells must
produce a critical current density with sufficient Na+ being driven into the cells that
depolarize the cell membrane, producing AP phase 0. This critical level of membrane depolarization produces a chain reaction that results in the full AP and is normally around −65 mV. Subsequent APs are self-regenerating in normal heart tissue
because they spread to adjacent cells by local current flow and result in their subsequent depolarization, reaching threshold potential, and new AP generation. In order
for the threshold potential to be reached, however, cells must have a critical number
of sodium channel open at the same time. Fast sodium channels activate quickly
but also inactivate rapidly. In order to reach threshold potential, a sufficiently fast
velocity of depolarizing the cell membrane potential is needed to produce a critical sodium current density [1]. In other words, the threshold potential is not a fixed
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Fig. 4.1 Wenckebach conduction in an isolated arterially perfused rabbit left ventricular wedge
preparation in the presence of 10 μM flecainide, a Class Ic sodium channel blocker. Wenckebach
conduction occurred from the endocardium (Endo) to the epicardium (Epi). APs: action potentials

Table 4.1 Comparison of fast-response and slow-response cells under physiological conditions
Anatomical
locations
Ionic current for
AP phase 0
Recovery from
inactivation
Conduction
velocity
ERP and RRP
features

Fast-response cells
His-Purkinje fibers, atrial and ventricular
myocytes, majority of AV accessory pathways
Fast sodium current (INa,F)
Largely voltage dependent

Slow-response cells
Sinus node,
atrioventricular node
L-type calcium current
(ICa,L)
Largely time dependent

Fast and “all or none”

Slow and decremental

Brief RRP; ERP + RRP < APD

Long RRP,
ERP + RRP > APD

ERP effective refractory period, RRP relative refractory period, APD action potential duration

value, and may shift depending on the speed of the depolarization wave front. Thus,
the velocity of depolarization itself acts as a determinant of the threshold potential.
The second determinant of a threshold potential is the resting membrane potential. If the resting membrane potential is more positive (partially depolarized) than
normal, the number of available sodium channels for activation is significantly
reduced, thus shifting the threshold potential to a more positive level.
The third determinant is the membrane responsiveness curve. If it is blunt, i.e.,
shift of responsiveness curve to the right, for example in the presence of a sodium
channel blocker, the available sodium channels would be fewer, and the threshold
potential would be also registered at a more positive level.
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Each of these three determinants plays an important role in AP conduction. For
example, the electrical impulse may fail to conduct through a diseased region due to
either one of these three determinants or their combinations that generate a source-
sink mismatch.

Excitability
The ability of cells to generate an action potential is known as excitability and is
mainly determined by the state of available fast sodium channels in the fast-response
cells. Immediately after rapid depolarization, a large proportion of sodium channels
become inactivated. As discussed previously, recovery of these sodium channels
from the inactivated to resting state (ready for reactivation) is predominantly voltage dependent. The period from the beginning of phase 0 to a point of phase 3 (at
approximately −60 mV of membrane potential), during which there is no sufficient
sodium channels for activation, i.e., that no stimulus can evoke an AP. This period
is referred to as the effective refractory period (ERP). During early phase 3, the
membrane potential hovers between −60 and −80 mV. During this time, an action
potential can be elicited, but a stronger stimulus is required; thus, this period is
referred to as the relative refractory period (RRP). Since the membrane potential
repolarizes rapidly from −60 to −80 mV in the fast-response cells, RRP is brief in
these cells. The final part of phase 3 is characterized by a membrane potential of
between −80 and −90 mV. During this time, an action potential may be initiated
more easily with a smaller stimulus due to the fact that the majority of the sodium
channels are available for activation. This period is referred to as the supernormal
period (SNP) by some [2]. However, we disagree with it because the conduction
velocity of an electrical impulse is solely dependent on the driving force (available
sodium channels for open) and source-sink relation.

Postrepolarization Refractoriness (PRR)
As discussed above, the AP duration of fast-response cells coincides approximately
with the cell’s total refractory period (TRP) and is equal to ERP plus RRP under
physiological conditions. The TRP however may become longer than the AP duration in fast-response cells (recovery of excitability lags behind complete electrical
repolarization) in non-physiological circumstances such as ischemia, hyperkalemia,
and in the use of sodium channel blockers [3, 4]. The time interval from the end of
the AP duration to the end of the TRP is known as the postrepolarization refractoriness. In other words, the RRP prolongs and extends beyond the AP duration. The
mechanism responsible for the PRR is either a slower recovery of sodium channels
and/or a blunted responsiveness of sodium channels (i.e., a change in kinetics of the
sodium channels). These combined may change the recovery of sodium channels
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from voltage to time dependent. Therefore, conduction of APs that are elicited during this prolonged RRP may be decremental (Fig. 4.1). While the RPP is a physiological phenomenon in slow-response cells, such as atrioventricular nodal cells,
because ICa,L recovery in these cells is dominantly time dependent.

Ashman Phenomenon
Ashman phenomenon is a specific form of aberrant myocardial conduction that is
restricted to the His-Purkinje system and is caused by a relative lengthening of the
ventricular cycle immediately followed by a short coupling interval with an aberrant
QRS complex. In 1947, Gouaux and Ashman described this phenomenon in ECG of
a patient with atrial fibrillation (AF) [5]. After administration of quinidine sulfate,
aberrant QRS complexes became more frequent. Interestingly, the aberrant ORS
complexes occurred more likely when relatively long ventricular cycles appeared
just before their short coupling intervals, even if the short coupling intervals were
longer than that of the QRS complexes with normal ventricular conduction preceded by shorter cycles before their coupling intervals.
Although Ashman phenomenon is often seen in AF due to variable RR intervals,
it can occur in any other rhythms like atrial flutter (Fig. 4.2), atrial or junctional
bigeminy, supraventricular tachycardia, reciprocal beat, capture beat, or any other
condition that results in longer ventricular cycle lengths followed by shorter ones
(also called a long-short cycle sequence). The configuration of aberrant QRS complexes may manifest differently depending on the localization of conduction delay
or block in the conduction system. While right bundle branch block (RBBB) is most
common, left bundle branch block (LBBB), left anterior fascicular block (LAFB),
and left posterior fascicular block (LPFB) can also be observed.

Pre-sotalol
V1
Post-sotalol (120 mg)
V1

Fig. 4.2 Ashman beats are potentiated and increased by a QT-prolonging agent sotalol in a patient
with atrial flutter. An Ashman beat, which manifested as either RBBB (a large arrow) or incomplete RBBB (a small arrow), occurred when the RR interval of an immediately preceding beat was
relatively longer than that of the beat with aberrant QRS complex. Before use of sotalol, majority
of Ashman beats exhibited as in incomplete RBBB; post sotalol, all of Ashman beats were more
aberrant in complete RBBB
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It is well known that aberrant conduction occurs when a site within His-Purkinje
system remains refractory during conduction of the next beat, while other areas are
no longer refractory. Thus conduction delay or block occurs at the site with longer
refractoriness, but conduction occurs in the other fibers. The right bundle branch
fibers have a longer refractory period than the left bundle fibers and thus 85% of
Ashman phenomenon involves a RBBB QRS morphology. The larger the difference
in the relative refractoriness, the greater the degree of aberrant conduction will be.
The refractory period of the His-Purkinje system is determined primarily by the AP
duration and is directly proportional to the length of the preceding ventricular cycle
(coupling interval) [6]. Thus, a relative lengthening of the ventricular cycle length
produces a longer refractoriness in the subsequent beat. Ashman beat occurs when
a supraventricular beat reaches the His-Purkinje system when some sites of the
system are still in refractoriness.
Ashman phenomenon is also closely related to the rate adaptation of ventricular
repolarization. It is known that ventricular AP duration/QT (repolarization) shortens
with tachycardia and lengthens with bradycardia. Studies from Yan’s group indicate that the late sodium current (INa-L) plays an important role in rate adaptation
of ventricular repolarization [7]. Since recovery of INa-L is very slow (hundreds to
thousands of milliseconds), bradycardia or a longer ventricular cycle length is associated with a larger INa-L current leading to lengthening of ventricular AP duration
and QT as well as resultant refractoriness. In contrast, tachycardia or a shorter ventricular cycle length is associated with a smaller INa-L current resulting in shortening of ventricular AP duration, QT, and refractoriness [8]. Since INa-L inactivation
is voltage dependent, factors that prolong AP duration enhance INa-L, amplifying
rate-dependent change in APD/QT and refractoriness [8, 9]. This explains why IKr
blockers promote the Ashman phenomenon (Fig. 4.2). One would expect that INa-L
inhibition in contrast would suppress the Ashman phenomenon. Not surprisingly,
our unpublished data demonstrate that Ashman phenomenon is increased by dofetilide (a pure IKr blocker) and reduced by mexiletine (an INa-L blocker) in patients
with AF.

Cardiac Memory
Cardiac memory, also known as T wave memory, traditionally describes an ECG
phenomenon in which T wave inversions occurring secondary to delayed ventricular
activation (due to ventricular pre-excitation, ventricular paced QRS, or left bundle
branch block) persist for a certain time interval after the ventricular activation has
normalized. Recently, excessive QT prolongation following a change in ventricular
activation vector, i.e., alteration in QRS axis, has also been considered one form of
cardiac memory [10]. In our opinion, however, cardiac memory or T wave memory
is a misleading concept that has caused tremendous confusion in clinical practice.
The authors in this chapter have witnessed that pathological T wave inversions have
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been considered cardiac (T wave) memory by clinicians in many cases without
appropriate treatment.
The term “memory” by definition refers to the ability to remember something
or an event from the past. However, as to the traditionally defined cardiac (T wave)
memory related to delayed ventricular activation, there are a number of issues that
cannot be explained with memory hypothesis. The first of these observations is
that the human heart appears to have “selective memory” in that it only “remembers” abnormal T waves due to a pathologic activation. The heart does not seem to
“remember” normal T waves even though a patient may have had normal T waves
for decades prior to initiation of delayed ventricular activation such as with ventricular pacing. Additionally, this “memory” appears to be selective only for T wave.
The changes in other waves like QRS complex and J waves are not remembered by
the heart. Also, the heart appears to remember T wave inversion in some leads but
not in other leads. Finally, the heart appears to “memorize” an inverted T waves
sometimes but forget it in other times. These unexplained issues raise a critical
question, cardiac (T wave) memory: it memorizes what?
The prerequisite for traditionally defined cardiac (T wave) memory is to assume
that delayed ventricular conduction from narrow QRS to wide QRS would be not
harmful to ventricular muscle. If the delayed ventricular conduction is continuously
harmful to ventricular muscle, cardiac (T wave) memory would make no sense. This
is because that persistent T wave inversion post normalization of ventricular activation is a current (but not past) event from direct harmful effect of altered ventricular activation. Accumulating evidence from basic and clinical studies demonstrates
that delayed ventricular activation with secondary T wave inversion can produce
immediate pathophysiologic changes and may lead to cardiomyopathy over a relatively long term [11–14]. In other words, T wave inversion after a certain period of
delayed ventricular activation is the consequence of continuing harm from delayed
ventricular activation per se.
On the other hand, excessive QT prolongation following a change in ventricular
activation vector, i.e., alteration in QRS axis, has nothing to do with “memory.”
Such a change in the QT interval secondary to a change in ventricular activation,
which may sometimes lead to torsade de pointes (TdP) [10], is due to the presence
of marked dispersion of ventricular repolarization. A change in ventricular activation alters repolarization sequence that may be associated with QT prolongation and
facilitates propagation of early afterdepolarization leading to TdP in ventricles with
markedly dispersed repolarization [15]. Figure 4.3 shows such an example in which
the QT interval is significantly longer with epicardial pacing when compared with
that from endocardial pacing. Interestingly, QT prolongation secondary to a change
in ventricular activation results in R-on-T ectopic beats capable of initiating TdP
(Fig. 4.3) [15].
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Fig. 4.3 Pacing-site-dependent changes in QT interval, R-on-T ventricular extrasystoles, and the
onset of TdP. RV endocardial pacing (RVEndoP) with the RR interval of 840 ms yielded a QT
interval of 485 ms. Immediately after switching to LV epicardial pacing (LVEpiP), the QT interval
increased to 580 ms. Ventricular extrasystoles started at the 46th beat of LVEpiP and initiated one
episode of TdP at the 55th beat that was terminated by an ICD shock. (Reprinted from Medina-
Ravell et al. [15], with permission from Wolters Kluwer)

Phase 3 Block
Phase 3 block, as its name implies, is a conduction delay or block in the heart caused
by the impulse falling on the AP phase 3 of the preceding beat. This phenomenon
is first discussed by Rosenbaum et al. in 1972. When an impulse arrives at the cell
during its ERP, it will be blocked because there are no sufficient ionic channels
available for excitation. However, during the RRP, the impulse can elicit an AP that
can conduct to the surrounding cells with a slower velocity because the ionic channels for excitation are not fully recovered during the RRP. This is the mechanism
how the phase 3 block generates [16].
Phase 3 block can occur at anywhere of the conduction system, such as sinoatrial junction, intra-atrial, atrioventricular junction and His-Purkinje system, and
cardiac working myocytes. It involves in a change in configuration of P waves/QRS
complexes or prolongation of conduction time like PR interval prolongation, or
disappearance of the P waves/QRS complexes. In general, any conduction delay or
block resulting from premature beats or relatively faster rate is considered as phase
3 block. Therefore, Ashman phenomenon is in fact phase 3 block.
Phase 3 interference of sinoatrial junction from premature beat (atrial, ventricular, or AV junctional beats with retrograde conduction) may be accompanied by a
complete compensatory pause.
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Phase 3 intra-atrial block: rapid atrial arrhythmias can result in a change in P wave
morphology, indicating conduction slow or block from phase 3 block within atria.
Phase 3 interference between atria and ventricles: this is the most common scenario and can be seen in almost every type of rapid supraventricular arrhythmia,
such as atrial arrhythmias, junctional arrhythmias, ventricular arrhythmias, supraventricular tachycardia, reciprocal beat, capture beat, 2:1 atrial-ventricular conduction, and so on. The common manifestation is the prolongation of PR interval or
losing of QRS complex.
Phase 3 bundle branch block: it can occur in certain fascicles or their peripheral ramifications with different degree of bundle branch block pattern of the QRS
complex. It often occurs in various supraventricular arrhythmias. Figure 4.4 shows
phase 3 bundle branch block in relatively fast rates.
a

b

c

Fig. 4.4 The examples show phase 3 block. (a): RBBB caused by premature atrial beats. (b):
Tachycardia-dependent LBBB and a narrow QRS seen after a long pause. (c): 2:1 AV block in an
8-year-old girl with congenital long QT syndrome in which AP duration and resultant ERP in His-
Purkinje system and ventricular myocardium are markedly prolonged
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Phase 3 block among myocytes: It can be seen in some ventricular parasystoles.
Phase 3 block may occur during relatively faster atrial or ventricular rate in which
an impulse may fall after AP phase 3 of the preceding beat. Under this condition, the
ERP or RRP persists into the AP phase 4, i.e., presence of PRR. The slow-response
cells have physiological PRR (see Table 4.1).
On the other hand, APD of Purkinje fibers usually is significantly longer than
that of ventricular myocardium and, therefore, complete repolarization of Purkinje
fibers falls behind the T wave end on the ECG [17]. This may result in an illusion
that a premature impulse that causes aberrancy after the end of T wave does not fall
on phase 3 [18].

Phase 4 Block
In contrast to the phase 3 block, conduction delay or block occurs during a relatively longer RR interval or after a pause when an impulse falls on so-called
phase 4 of the previous AP. Conduction is paradoxically improved at a relatively
shorter RR interval. Phase 4 block, together with phase 3 block, was proposed by
Rosenbaum et al. in 1972. It is also called pause-dependent/bradycardia dependence block and mainly occurs in the His-Purkinje system where pathological
change is present.
The major changes in the diseased His-Purkinje system that promote phase 4
block include [9, 19]:
1. Accelerated phase 4 depolarization: it may be due to a leak current or electrotonic modulation. When the His-Purkinje fibers depolarize gradually during
phase 4, the fast sodium channels become gradually deactivated so that available
sodium channels for AP are significantly less after a relatively longer RR interval
or a pause
2. The more depolarized resting transmembrane potential is associated with less
sodium channels for AP and blunted responsiveness.
3. The threshold potential is shifted to a more positive level, resulting from the
changes described in (1) and (2).
These changes lead to insufficient available sodium channels to produce an AP
and may have two consequences: when an impulse arrives at these diseased fibers
after a relatively longer interval, it may fail to excite the diseased His-Purkinje
fibers; or it may produce an AP with a smaller amplitude that fails to conduct due to
source-sink mismatch. Figure 4.5 shows pause-dependent LBBB and paroxysmal
AV block from the mechanism of phase 4 block.
Phase 4 block can be triggered by RR interval prolongation caused by any rhythm,
such as slowdown of the sinus rhythm or sinus arrhythmia, premature junctional
contraction, premature ventricular contraction (PVC), premature atrial contraction (PAC), termination of tachycardia, and so on [20]. The recovery of conduction
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a

b

Fig. 4.5 The examples show phase 4 block and Inverse Wenckebach. (a): Pause-dependent LBBB
in a patient after aortic valve replacement. (b): Inverse Wenckebach and paroxysmal AV block in a
patient after transcatheter aortic valve replacement (TAVR). Paroxysmal AV block was initiated by
a compensatory pause after a premature atrial beat. Please note the PR interval was longer after a
compensatory pause: 350 ms at a PP interval of approximately 870 ms versus the PR interval of
290 ms at a PP interval of 760 ms, indicating Inverse Wenckebach

results from an appropriate PVC or premature junctional contraction that can reset
the membrane potentials of partial blocked tissues to their resting state, so that the
next P wave arrives before resting membrane potential rises to the point where conduction block would recur in phase 4 again (Fig. 4.5). With the increasing of the
ventricular rate, the duration of action potential of His-Purkinje system shortens and
then the diastole period prolongs relatively, which may facilitate the occurrence of
phase 4 block.

Inverse Wenckebach
Inverse Wenckebach is recently observed by us (Yan and his team) as a special ECG
phenomenon in which the PR interval is paradoxically prolonged after a longer
PP or RR interval in absence of a vagal influence (Fig. 4.5b). Inverse Wenckebach
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is completely different from traditionally defined “Reverse Wenckebach,” which
describes a form of 2:l block with a decreasing P-R interval interrupted by a 1:l conducted beat with a prolonged P-R interval. Reverse Wenckebach is in fact another
form of Wenckebach AV block because they are related and mediated via phase 3
block often at AV node level.
Inverse Wenckebach is associated with paroxysmal AV block or high-degree AV
block at the infranodal level, i.e., His-Purkinje system, via the mechanism of phase
4 block. Appearance of Inverse Wenckebach likely heralds the onset of paroxysmal AV block or high-degree AV block. If Inverse Wenckebach occurs within His-
bundle, the PR prolongation after a longer cardiac interval would be not associated
with any QRS changes. However, Inverse Wenckebach may occur at bundle branch
levels, manifesting as pause- or bradycardia-dependent LBBB or RBBB. The QRS
duration at this situation may be directly proportional to the RR interval.
Inverse Wenckebach is not easily detected and often ignored. This is because
Wenckebach can partially offset or completely mask the PR change during Inverse
Wenckebach.

Concealed Conduction
Conduction of an electrical impulse through a part of heart without direct evidence on ECG is considered as concealed. Presence of concealed conduction is
inferred when there are indirect ECG clues indicating such conduction. As shown
in Fig. 4.6a, a junctional premature beat caused a retrograde P wave (left panel);
but in another moment, the junctional premature beat failed to conduct antegradely, which manifested as only a negative P wave on ECG (right panel). The
retrograde concealed conduction through AV node responsible for the negative P
wave on ECG in the right panel of Fig. 4.6a is inferred from the ECG clue in the
left panel of the figure. A more traditional example of concealed conduction is an
interpolated premature ventricular complex (PVC) during a normal sinus rhythm
that exhibits its influence on the subsequent cardiac cycle as shown in Fig. 4.6b.
Two PVCs did not produce any atrial contraction because the retrograde conduction from the PVCs did not completely penetrate the atrioventricular node.
However, the PVCs caused atrioventricular conduction block or delay in subsequent cardiac cycles (Fig. 4.6b: arrows). This phenomenon of concealed conduction that occurred at atrioventricular junction was reported firstly by Langendorf
in 1948 [21].
Another manifestation of concealed conduction is seen in atrial fibrillation or
flutter (Fig. 4.6c). As a result of a rapid atrial rate, some of the atrial electrical
impulses fail to conduct through atrioventricular junction particularly the nodal tissue but can alter conduction of a subsequent atrial impulse. In other words, concealed conduction to the atrioventricular node influences ventricular responses to
the fast atrial rate.
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a

b

c

Fig. 4.6 The examples show concealed conduction. (a): Concealed conduction caused by junctional ectopic beats. (b): Concealed conduction to AV junction from interpolated premature ventricular complexes influenced AV conduction of the subsequent sinus beats. (c): Concealed
conduction from a rapid atrial rate during non-sustained atrial flutter limited the atrial electrical
impulses to conduct through atrioventricular junction

 otential Mechanisms of Concealed Conduction That Leads
P
to Conduction Block [21–23]
1. “Prolongation” of the refractory period
If an impulse falls on the absolute refractory period of a certain part of the conduction system, the cells in that part are completely unexcitable. This impulse then
has no effect on the APD and refractory period of the block site. However, when
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an impulse falls on the late phase of the ERP, a local response can be evoked. This
can result in delayed repolarization of the cells and prolongation of the refractory
period. Consequently, it alters response of the cells to a subsequent impulse.
2. Reestablishment of the refractory period
An impulse has depolarized part of the conduction system where it passed and
reestablished their refractory period before a subsequent impulse is blocked,
3. Collision of antegrade and retrograde impulses
If an impulse conducts antegradely, and another impulse (it can be the same
impulse comes back through the reentrant circuit) conducts retrogradely in the same
conduction fiber simultaneously, they would meet each other at a certain part of the
conduction fiber. Consequently, the entire fiber is excited and the refractory period
is reestablished.

 CG Manifestations of the Subsequent Impulse Following
E
Concealed Conduction
The subsequent impulse can be blocked or delayed (Fig. 4.6a), or can even become
concealed again depending on timing of the concealed conduction when it reaches
to the conduction cells.
The blocked impulse can also have an ability to reset the pacemaker when it
penetrates into and excites the pacemaker cells before it is blocked.
The blocked impulse can alter the cycle length of the subsequent impulse that
can in turn change APD and refractory period of the subsequent impulse, so that it
affects the conduction of the following impulse.

Gap Phenomenon
Gap phenomenon is another unique and often confusing ECG phenomenon that
arises from the fact that conduction from the atrium to the ventricle occurs through
a series of tissues, each with their own unique conduction properties. During these
events (often performed during a formal conduction study), atrial premature beats of
a specific coupling interval fail to conduct to the ventricle, but conduction paradoxically resumes at an even shorter coupling interval. This is contrary to the expected
result when the decremental properties of AV nodal tissue would suggest that conduction should continually fail.
Gap phenomenon can occur only when three factors are present together. Firstly,
the ERP of the proximal site is shorter than that of distal conducting tissue. Secondly,
the RRP of the proximal site is longer than that of the distal site, with which sufficiently slow conduction at proximal site allows recovery of conduction at the distal
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site. Finally, these sites must be present in series as they are in the cardiac conduction system. An example of Gap Phenomenon is seen in Fig. 4.7.
As slow conduction can occur at any level (atrium, AV node, or His bundle),
the distal site of conduction block can occur in the AV node, His bundle, or bundle branches. Therefore, “gaps” can occur among multiple sites in the conduction system with different combinations. The gap phenomenon can then manifest
as paradoxical improvement of conduction at bundle branches or between the
atrium and ventricle. While up to five individual types of gap phenomenon during

Fig. 4.7 Electrical programming stimulation of the left atrium via an esophageal electrode in a
patient with a history of palpitation showed a gap phenomenon: with S1S2 intervals ≥350 ms, AV
conduction was present; with S1S2 intervals from 310 to 340 ms, atrial impulses failed to conduct
through AV junction; with S1S2 intervals of 290 ms and 300 ms, atrial impulses resumed to conduct through AV junction, indicating a gap phenomenon. Please note some of tracings are not
shown. Illustration of the mechanism for the gap phenomenon is shown in the lower panel. ERP
effective refractory period, RRP relative refractory period
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atrioventricular anterograde conduction have been described, the majority are seen
between the atrioventricular node and His-Purkinje system. The gap phenomenon is
sometimes confused with supernormal conduction, which will be discussed in the
following section.

Supernormal Conduction
Supernormal conduction similarly refers to the observation wherein a premature
beat conducts more rapidly than expected or successfully conducts when block
is anticipated. A classic example of supernormal conduction, in which premature
atrial beats ameliorate underlying left bundle branch block, as is shown in Fig. 4.8.
Supernormal conduction may be confused with other electrophysiological
phenomena particularly gap phenomenon, but the mechanism is different [24].
Supernormal conduction is speculated to be due to presence of a so-called supernormal period in the final portion of phase 3 of the action potential during which
a new action potential can be initiated more easily due to predominant availability
of sodium channels for activation and a smaller difference between the membrane
potential and the threshold potential. Although the presence of supernormal excitability has been documented in animal experiments, its presence as an important
mechanism for paradoxical conduction in clinical practice is in dispute. In many
cases, paradoxical conduction improvement can be explained by gap phenomenon,
phase 4 block, concealed conduction, Wenckebach phenomenon in the bundle
branches, ventricular fusion beats, or pulsatile changes in vagal tone.
While we know that premature impulses can produce supernormal conduction at
relatively shorter coupling intervals, this can sometimes also occur with later extrasystole with a coupling interval far beyond the end of T wave of the preceding beat. This is
possible due to the fact that the AP duration of the His-Purkinje system is significantly
longer than that of ventricular cells, especially in patients with QT prolongation [25].

Fig. 4.8 Premature atrial beats produced narrow QRS complexes (arrows) in a patient with LBBB
presumably due to supernormal conduction
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Linking Phenomenon
Linking phenomenon is an electrophysiological phenomenon in which functional
conduction block is perpetuated over time despite having conducted normally at
the same coupling interval in the past. This phenomenon occurs when the ERP
or conduction velocity is significantly different between two anatomical or functional conduction pathways within the circuit. The antegrade functional conduction
block in one pathway is maintained and reset by retrograde concealed penetration of
this site from the previously conducted impulse propagating down the contralateral
pathway. Therefore, the link phenomenon can occur between either the right and
left bundle branches, dual atrioventricular nodal pathways, or the atrioventricular
nodal pathway and an accessory atrioventricular pathway.
Examples of the link phenomenon are shown in Fig. 4.9. In the first example,
functional RBBB was initiated by a premature atrial complex but is continued by
a
V1

A
A–V
BB
V

b

Atria

Atria

Atria
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Fast
Pathway

AVN

Ventricles

Slow
Pathway

Fast
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Slow
Pathway Pathway

AVN

Slow
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Fig. 4.9 The examples show link phenomenon and its mechanism. (a): RBBB caused by a premature atrial complex (PAC) remained in subsequent two sinus beats via the Link mechanism between
right and left bundle branches, black bars in the illustration indicate the ERP of left bundle branch,
gray bars indicate the ERP of right bundle branch. (b): Similarly, block of the fast AV pathway by
a PAC was maintained via the Link mechanism between AV nodal (AVN) fast and slow pathways
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the classic linking phenomenon between left and right bundle branches as shown
in Fig. 4.9a. The link phenomenon is commonly seen in atrial fibrillation, atrial
flutter, atrial tachycardia, or supraventricular tachycardia. The linking phenomenon
between the fast and slow atrioventricular nodal pathways is shown in Fig. 4.9b.
Rarely, the linking phenomenon can occur between the physiological AV conducting pathway and AV “conduction” mediated by a dual-chamber pacemaker.

Wedensky Phenomenon
The Wedensky phenomenon is the transient and unexpected enhancement of
depressed or absent atrioventricular conduction induced by a ventricular or junctional ectopic beat [26, 27]. An example of Wedensky facilitation is shown in
Fig. 4.10a where ventricular paced beats, which are distal to the block site, facilitate
a

b

Fig. 4.10 The examples show Wedensky facilitation (a) and Wedensky effect (b). (a): In a patient
with complete AV block, each ventricular pacing facilitated a sinus P wave conduct through AV
junction (Wedensky facilitation), and no AV conduction was present in absence of ventricular pacing. (b): In a patient with high-degree AV block, a timely adequate ventricular escape beat triggered recovery of AV conduction (Wedensky effect)
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the subsequent conduction of sinus impulses proximal to the block site in a patient
with high-degree AV block. As shown in Fig. 4.10b, the first conducted sinus beat
after a ventricular escape beat was initiated by the Wedensky facilitation, whereas
the second and later conducted sinus beats were maintained by the Wedensky effect.
Potential mechanisms responsible for the Wedensky phenomenon include supernormal conduction, peeling back of refractoriness, concealed conduction, and phase
4 block. We however believe that phase 4 block is in fact the most likely mechanism. When high-degree or even complete AV block is mediated by phase 4 block,
an ectopic beat distal to the site of block (which is often a stronger stimulus with
source-sink match) is able to penetrate into the block zone and reset the timing of
phase 3 and phase 4. When a subsequent sinus or atrial impulse arrives at an appropriate time, it can now conduct. While supernormal conduction is another potential
explanation for the Wedensky phenomenon, there is no definitive proof of supernormal conduction in humans. The “peeling back” of refractoriness is a proposed
mechanism for Wedensky phenomenon and assumes that pre-excitation of the AV
node or His-Purkinje system by a ventricular or junctional beat shortens the ERP of
the block zone allowing conduction of the next sinus or atrial impulse. This explanation, however, makes little sense. In high-degree or complete AV block, cells within
the block zone remain in their resting state ready for excitation. In other words, the
cells remain excitable if a stimulus is strong enough in terms of source-sink match
and have no ERP to “peel back” (i.e., their ERPs have been long gone). It is not
uncommon to see that retrograde VA conduction remains intact in patients with
complete AV block due to a His-Purkinje disease [28].
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ECG Waves and Signs: Ionic and Cellular
Basis
José M. Di Diego

Introduction
The first human electrocardiogram (ECG) ever recorded is accredited to the British
physiologist Augustus D. Waller who, in 1887, published a paper depicting several beats of a one-lead ECG using a refined Lipmann capillary electrometer. The
recordings were obtained with one electrode placed in the back and the other over
the precordium [1]. Subsequently, in 1895, Willem Einthoven, a Dutch physician
and physiologist who was inspired by Waller, further improved the capillary electrometer and mathematically corrected human ECG tracings to allow for inertia
and friction in the capillary. For the corrected curves, and based on the mathematical tradition initiated by the French philosopher, mathematician, and scientist René
Descartes [2], he labeled the successive deflections PQRST, labels that we still use
today [3, 4]. Furthermore, Einthoven later significantly improved the sensitivity of
the capillary electrometer, developed what he called a string galvanometer, and, in
1903, published recordings of human ECGs as we know them these days [5]. For
these extraordinary and related achievements, including the subsequent demonstration of its clinical application [6], he received the Nobel Prize in Medicine in 1924.
Since the ingenuity of these pioneers and many others that followed over the next
half century, the ECG has evolved into a noninvasive, inexpensive, and worldwide-
used diagnostic tool that significantly advanced the field of cardiology. Chief among
other innovators include the American cardiologist Frank N. Wilson who, in 1934,
developed what today we call the Wilson Central Terminal and introduced the term
unipolar leads [7], and the American cardiologist Emanuel Goldberger who, in
1942, established the augmented unipolar limb leads [8].
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This chapter discusses our current understanding of the ionic and cellular basis
underlying the different waves and intervals characteristics of the standard 12-lead
ECG derived from cardiologically healthy subjects, and briefly reviews the ECG
signs of some of the most common clinical conditions that affect the hearts.

Establishment of the Standard 12-Lead ECG
The current 12-lead ECG derives from 9 electrodes positioned on the body surface
in specified, agreed locations. Three limb-lead electrodes (which led to the initial
3-lead ECG bipolar recordings in the frontal plane developed by Willem Einthoven)
are placed on the wrist of the right arm (RA), the wrist of the left arm (LA), and on
the ankle joining the left foot (LF). These placements form an imaginary inverted
equilateral triangle called the Einthoven triangle [9], which is outlined between
the right shoulder, left shoulder, and the pubis, with the heart envisioned as the
electrical source located at its center (Fig. 5.1a). The shoulders and the pubis are
a
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Fig. 5.1 Lead axes of the standard 12-lead ECG. Bipolar limb leads I, II, and III outlining the
Einthoven triangle with electrodes placed on the right arm (RA), left arm (LA), and left foot (LF);
the black dot denotes the center of the triangle (Panel a). Overlapping the midpoint of the 3 limb
leads generates a triaxial reference system in the frontal plane in which the (+) ends of leads I, II,
and III (depicted in red) are oriented at 0°, +60°, and +120°, respectively (Panel b). Unipolar precordial leads in the horizontal plane are labeled V1 to V6 at their (+) ends. Lead axis of V6 is oriented at 0°. Mean electrical axes directed anteriorly (clockwise from the 0° axis) are given positive
values and those directed posteriorly, negative values (Panel c). Addition of the augmented unipolar leads to the frontal plain generates the hexaxial reference system in which aVR, aVL, and aVF
are oriented at −150°, −30°, and +90°, respectively (Panel d)
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analogous to the electrodes positioned (more conveniently) on the RA, LA, and LF
as described above, in that the recordings obtained from the shoulders and pubis
were shown to be nearly indistinguishable. In addition to these three limb ECG
electrodes, another electrode is placed on the ankle joining the Right Foot (RF) and
connected to ground.
The reference (−) and exploring (+) ECG electrodes and the direction of the corresponding lead axis in the frontal plane are as follows (Fig. 5.1a):
1. The axis of lead I extends from RA (−) to LA (+).
2. The axis of lead II extends from RA (−) to LF (+).
3. The axis of lead III extends from LA (−) to LF (+).
By rearranging these three lead axes in such a way that their centers overlap, a triaxial reference system is generated (Fig. 5.1b) and the frontal plane is then divided into
6 segments, each delimiting 60°. By convention, and for the purpose of defining the
mean electrical axis (see section below) of the various phases of the cardiac cycle,
the axis of lead I is labeled at 0° at its (+) end. Also, in that the axes positioned in
a clockwise direction from this 0° horizontal line are designated positive (and, conversely, those placed in a counterclockwise direction are labeled negative), the (+)
ends of lead axes II and III are oriented at +60° and +120°, respectively (Fig. 5.1b).
Approximately two decades following the establishments of these bipolar, 3-
lead ECG recordings revealing the heart electrical activity in the frontal plane,
Frank N. Wilson conceived and advanced the notion of the unipolar (precordial)
leads in the horizontal plane and, in the process, developed what today we know
as the Wilson Central Terminal (WCT) [7]. The WCT is formed by interposing
5000-megohm (Ω) resistors to the output of each limb lead (RA, LA and LF) and
then combined them into one reference (−) electrode representing a 0 potential,
which is pictured in the center of the Einthoven triangle (the electrical center of the
heart). Six exploring (+) electrodes, placed on the chest, led to the introduction of
the 6 unipolar precordial leads (V1 to V6) following the recommendations by the
American Heart Association and the Cardiac Society of Great Britain published in
1938 [10, 11].
The exploring ECG electrodes of the 6 unipolar precordial leads (+), which are
referenced to the 0 potential of the WCT (−), are placed as follows (Fig. 5.1c):
•
•
•
•
•
•

Lead V1: 4th intercostal space to the right of the sternum
Lead V2: 4th intercostal space to the left of the sternum
Lead V3: Midway between V2 and V4
Lead V4: 5th intercostal space on the midclavicular line
Lead V5: On the anterior-axillary line in the same horizontal plane as V4
Lead V6: On the midaxillary line in the same horizontal plane as V4 and V5

The mean electrical axis of the various phases of the cardiac cycle in the horizontal
plane is calculated in a manner similar to that of the frontal plane. Accordingly, the
lead axis of V6 is given a value of 0° (Fig.5.1c), those directed anteriorly (clockwise
direction) from this 0° axis are given positive values, and those directed posteriorly
(counterclockwise direction), negative values.
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A few years following the introduction of the precordial leads V1 to V6, and in
an effort to see regions of the heart potentially not detected in the frontal plane with
only 3 bipolar limb leads (I, II and III), Emanuel Goldberger developed the unipolar
leads VR, VL, and VF by using the exploring (+) electrodes of the RA, LA, and LF,
respectively, and the WCT as the reference (−) [8]. However, because the amplitudes of the signals were too small, Goldberger solved the problem by combining
only two limb lead reference electrodes from the WCT (−) and using the other limb
electrode as the exploring one. This approach led to approximately 50% increase
in the amplitude of the signals, and the leads were then named aVR, aVL, and
aVF. The labeling aV preceding the letters R, L, and F signifies augmented Vector.
The electrodes (reference and exploring) and the direction of the corresponding
lead axis in the frontal plane are as follows (Fig. 5.1d):
1. The axis of lead aVR (RA; +) is oriented at −150°; the reference electrode (−) is
the combined LA and LF (each with a 5000 Ω resistor interposed).
2. The axis of lead aVL (LA; +) is oriented at −30°; the reference electrode (−) is
the combined RA and LF (each with a 5000 Ω resistor interposed).
3. The axis of lead aVF (LF; +) is oriented at +90°; the reference electrode (−) is
the combined RA and LA (each with a 5000 Ω resistor interposed).
With the addition of these three unipolar leads to the frontal plane, a hexaxial reference system was generated and the frontal plane is then divided into 12 segments,
each delimiting 30° (Fig. 5.1d).
The standard 12-lead ECG was ultimately established in 1954 following a recommendation published by the American Heart Association [12].
Regarding the filter selection, in diagnostic mode, the high-pass filter in the standard 12-lead ECG is usually set at 0.05 Hz (low-frequency filter) to allow precise
recording of the ST segments. The low-pass filter is set to 40, 100, or 150 Hz (high-
frequency filters). In monitor mode, however, the filters are commonly set between
0.5 Hz or 1 Hz and 40 Hz and only the limb leads are generally monitored.

Key ECG Concepts
Instantaneous Mean Electrical Vector
As later discussed, under normal conditions, the spontaneous action potentials
(APs) that cyclically originate in the sinus node (SN) trigger depolarization wavefronts that propagate in an organized fashion throughout the heart. These cyclic
depolarization wavefronts, which in turn trigger recurring contractions, are followed by waves of repolarization.
These electrical wavefronts, which spread simultaneously in different directions
and are denoted by vectors (arrows), are seen by a given ECG electrode as the
vectorial sum of all the distinct simultaneous vectors in question. Thus, at a given
instant, the ECG electrode will record an instantaneous mean electrical vector in
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a particular direction. Mean electrical vectors that are moving parallel and directly
toward the exploring (+) electrode of a given ECG lead (and therefore projected
parallel to its lead axis) would record the highest possible voltage and, for convention, would inscribe as a positive (upward) deflection. Those that are directed away
from a given lead, exactly in the opposite direction, would inscribe as the highest
negative deflection. And those that project perpendicular to the lead axis would
record as a zero net potential. Thus, intermediate projections on a particular lead
axis would then inscribe as positive or negative deflections with net amplitudes
greater than zero and smaller than the highest amplitude possibly recorded.

Mean Electrical Axis
When the vectorial sum of the mean electrical vectors is assessed for the time interval of a specific phase of the cardiac cycle (P wave, QRS, T wave, etc.) a 12-lead
ECG will provide the mean electrical axis of the cardiac phase under consideration.
For example, in the frontal plane, a mean QRS electrical axis (the heart’s axis) of
+60° would record the highest QRS voltage in lead II.

Ionic and Cellular Basis of the Normal 12-Lead ECG
The different waves and intervals characteristics of a normal human ECG are illustrated in Fig. 5.2. The figure displays a normal 12-lead ECG (Fig. 5.2a) as well as
amplified images of one cardiac cycle recorded from lead V5 (Fig. 5.2b, c). Please
note that, in all panels, in addition to the PQRST waves, the ECG reveals the presence of a small U wave, which is seen occasionally, and at slow heart rates in particular (see section “The U Wave”).
The data shown in Fig. 5.3a display the traditionally reported values for the normal
12-lead ECG including the normal range of heart rates, that of the duration of various
ECG time intervals, that of the mean electrical axes of the P wave, QRS and T wave
in the frontal plane, as well as that of the QRS-T angle [13]. The data depicted in
Fig. 5.3b, revealing a much wider range of normal values, were obtained from a study
population involving 13,354 cardiologically normal subjects (55% men) in which the
interval measurements used were lead independent (i.e., common onsets and offsets
were automatically chosen by the electrocardiographic system from simultaneous
12-lead ECG recordings) [14]. The modified Fig. 5.3b presented here considers the
age groups selected from the original table (30–39, 40–49, 50–59, and 60–69 years)
as one group ranging in age from 30 to 69 years. The data expose the lower and upper
limit values (lower 2nd percentile and higher 98th percentile) as well as the minimum
and maximum median values (median range) of the group as a whole.
When considering the substantial interindividual variability in a normal ECG,
which today can be accurately measured (and interpreted) with automatically computerized systems, a thorough reading by a qualified physician that can integrate
all clinical data is a must for a final correct ECG interpretation and diagnosis [15].

122

J. M. Di Diego

a
I

aVR

V1

V4

II

aVL

V2

V5

III

aVF

V3

V6

b

c
5 mm
0.20 sec
10 mm

R

1
mV

ST
segment

J point
T

7

1: PR interval
2: PR segment
3: QRS width
4: QT interval
5: JT interval
6: QTV interval
7: Tpeak-Tend

U

P
Q S

Graph paper speed: 25 mm/sec
3
4

1
2

5

Fig. 5.2 Waves and Intervals characteristics of a normal human ECG. A normal 12-lead ECG
from a 38-year-old woman (Panel a). The automatic measurements displayed in the original tracing were as follows: Heart Rate: 55 BPM; PR: 146 ms; QRS: 84 ms; QT: 384 ms; QTc (Bazett’s:
QTc = QT/(R-R)1/2; R-R measured in seconds): 367 ms; P wave axis: −13°; QRS axis: +76°; T
wave axis: +54° (All axes values relate to the frontal plane). Note the presence of a small U wave
in several limb and precordial leads. Panels b, c display amplified images of one cardiac cycle
recorded from lead V5 of the 12-lead ECG display in Panel a. P,Q,R,S,T and U waves as well as
the J point are indicated in Panel b. PR interval, PR segment, and the QT, JT, QTU, and T peak-T
end intervals are delineated in Panel c; the ST segment is also indicated. (The ECG tracing depicted
is a courtesy of Dr. Gan-Xin Yan)

The P Wave
In a healthy heart, excitation automatically starts in a relatively small cardiac region
located at the junction of the superior vena cava and the right atrium (RA) called
the sinoatrial or sinus node (SN), which is the first component of the specialized
cardiac conduction system. As its natural pacemaker, the SN orderly and spontaneously generates action potentials (APs). The resultant depolarization wavefronts
propagate in a complex organized fashion throughout the heart and, in turn, trigger
recurring and coordinated contractions that outlast the subsequent atrial and ventricular repolarization.
The ionic current responsible for the primary pacemaker role of the SN (Phase
4 of its APs; see Figs. 5.4, 5.5, and 5.7) is the “funny” current (If) or pacemaker
current. From a membrane potential (Vm) of approximately −60 mV, Phase 4 depolarization is the result of a progressive decrease in K+ (outward) permeability in
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Fig. 5.3 Normal ECG parameters. Traditionally reported normal ECG parameters (Panel a).
Normal range values obtained from a study population involving 13,354 cardiologically normal
subjects (55% men) (Panel b). In this study population, the age groups selected were 30–39, 40–49,
50–59, and 60–69 years. The data in Panel b show the lower and upper limits (lower 2nd percentile
and higher 98th percentile values) as well as the minimum and maximum median values (median
range) of the group as a whole (age group 30 to 69 years). QTc, Bazett: QT/(R-R)1/2 (R-R measured
in seconds). (Panel b is reprinted from Rijnbeek et al. [14], with permission from Elsevier)
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Fig. 5.4 Schematic of different regions of the human heart (Panel a) and the corresponding distinct
action potential waveforms (Panel b). A representative lead I ECG tracing is depicted at the bottom
of Panel b as well. (Reprinted from Bartos et al. [17], with permission from John Wiley and Sons)
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Fig. 5.5 Ionic currents underlying the morphology of the cardiac action potential. In the resting
state (Phase 4), the cell is impermeable to Na+ and Ca2+, but is permeable to K+ through the IK1
channels, ionic current that keeps the inside of the cells negative. When the membrane potential
reaches a critical threshold voltage, the cells become permeable to cations (Na+ in the atrial and
ventricular cells (INa) and Ca2+ (ICa) in the SN and AVN), which lead to depolarization, a positive
shift in the Vm (which inscribes the action potential upstroke or Phase 0). Phase 4 and Phase 0 are
followed by Phase 1 (or early repolarization), which in turn is followed by a plateau (Phase 2) and
ultimately the final repolarization (Phase 3). (Reprinted from Nattel and Carlsson [19], with permission from Springer Nature)

parallel with a slow inward flow of Na+. Phase 4 ends up reaching a critical Vm
of around −40 mV (a threshold potential) at which point Phase 0 (or AP upstroke)
develops. L-type (ICa,L) and T-type (ICa,T) calcium (inward) currents underlie the
upstroke of the SN APs, although the inward Na+–Ca2+ exchanger (NCX) current is
also believed to contribute, particularly at its end [16, 17].
The steepness of the slope of Phase 4 of the SN APs dictates the heart rate
(for instance, β-adrenergic stimulation makes the slope steeper and the heart rate
increases). Noteworthy, the “funny” current (If) is also responsible for the Phase
4 depolarization of all secondary pacemaker cells, including those of the atrio-
ventricular node (AV node) and Purkinje network.
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V1 +90° V2

V3

Fig. 5.6 The exploring electrodes of the 6 standard precordial leads (+) are placed as shown in
Panel a: V1: 4th intercostal space to the right of the sternum; V2: 4th intercostal space to the left of
the sternum; V3: midway between V2 and V4; V4: 5th intercostal space on the midclavicular line;
V5: on the anterior-axillary line in the same horizontal plane as V4; and V6: on the midaxillary line
in the same horizontal plane as V4 and V5. (Reprinted from Goldberger et al. [148], with permission from Elsevier). The particular pattern of ventricular depolarization (depolarization of the IVS
followed by activation of the free walls and ultimately the basal aspects of the ventricular mass)
determines the characteristic negative polarity of the R wave in the right precordials leads and the
typical positive polarity in the left precordials, a phenomenon called R wave progression as shown
in Panel b. In this example, please note that the amplitudes of the R and S waves are nearly equal
in lead V3, appearance that is called transition zone. (The ECG tracing depicted is a courtesy of Dr.
Gan-Xin Yan)

As a consequence of the spontaneous depolarization of the SN cells, the adjacent
atrial tissue readily activates. The impulse initially propagates to the RA (approximately during the first 1/3 of the total atrial activation time) and then spreads simultaneously to the left atrium (LA) and downward (RA) toward the AV node (roughly
during the second 1/3 of the total activation time); the final 1/3 of the atrial activation reflects LA depolarization [13, 18]. This pattern of atrial depolarization wavefronts inscribes the P wave in the surface ECG (as shown in Fig. 5.6), dictates the
spatial orientation of the mean P wave axis, and, as a consequence, decides its
distinct polarity (and amplitude) in a given ECG lead.
In the frontal plane, a normal mean P wave axis is directed to the left and mostly
downward, anywhere between 0° and +75° (Fig. 5.3a). Thus, in a normal ECG, the
P wave is positive in leads I, II and aVF. In the horizontal plane, the initial part of the
P wave is normally oriented anteriorly (reflecting RA activation) and finally posteriorly (reflecting LA depolarization) and thus, it is commonly inscribed as a biphasic
deflection in the precordial lead V1 (first positive and then negative) as shown in the
ECG depicted in Fig. 5.6.
Voltage-dependent Na+ channels (INa) carry the ionic currents responsible for
the depolarization of the atria, which inscribes as a rapid upstroke or Phase 0 of their
APs. A rapid Phase 0, in turn, translates into a rapid conduction velocity (Figs. 5.4,
5.5, and 5.7) [17, 19, 20].
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Current

Description

AP Phase

Activation Mechanism

Clone

Gene

α-subunit of action potential inward current channels
Sodium current

Phase 0

Voltage, depolarization

Nav1.5

SCN5A

ICa,L

Calcium current, L-type

Phase 2

Voltage, depolarization

Cav1.2

CACNA1C

ICa,T

Calcium current, T-type

Phase 2

Voltage, depolarization

Cav3.1/3.2

CACNA1G

INa

α-subunit of action potential outward (K+) current channels
Ito,f

Transient outward current, fast

Phase 1

Voltage, depolarization

KV 4.2/4.3

KCND2/3

Ito,s

Transient outward current, slow

Phase 1

Voltage, depolarization

KV 1.4/1.7/3.4

KCNA4
KCNA7
KCNC4

IKur

Delayed rectifier, ultrarapid

Phase 1

Voltage, depolarization

KV 1.5/3.1

KCNA5
KCNC1

IKr

Delayed rectifier, fast

Phase 3

Voltage, depolarization

HERG

KCNH2

IKs

Delayed rectifier, slow

Phase 3

Voltage, depolarization

KVLQT1

KCNQ1
KCNJ2/12

IK1

Inward rectifier

Phase 3 & 4

Voltage, depolarization

Kir 2.1/2.2

IKATP

ADP activated K+ current

Phase 1 & 2

[ADP]/[ATP] ↑

Kir 6.2 (SURA)

KCNJ11

IKAch

Muscarinic-gated K+ current

Phase 4

Acetylcholine

Kir 3.1/3.4

KCNJ3/5

Background current

All Phases

Metabolism, stretch

TWK-1/2

KCNK1/6

TASK-1

KCNK3

IKP

IF

Pacemaker current

Phase 4

Voltage, hyperpolarization

TRAAK

KCNK4

HCN2/4

HCN2/4

Fig. 5.7 Lists of the main ion channels that underlay the morphology of the action potentials
across the heart and that have been cloned and sequenced. (Reprinted from Grant [20], with permission from Wolters Kluwer)

In part because of the low amplitude of the atrial repolarization wavefront, this
electrophysiologic phenomenon is not normally noted. Moreover, the end of the
atrial repolarization occurs at the time of the much greater amplitude of the subsequent ECG deflections comprising the QRS complex [13]. However, under conditions of atrio-ventricular block (AV block), the atrial repolarization wavefront may
actually be observed as a low-amplitude deflection (<100 μV), which is labeled Ta,
and presents with a polarity opposite to that of the P wave [13].
The depolarization of the atrial cells triggers the opening of K+ channels, which
carry K+ outside the cells, resulting in repolarization. Concurrently, INa and ICa
channels inactivate soon after they open during Phase 0. Altogether, these lead to a
slow repolarization back to the initial Vm. In addition, the NCX (extruding Ca2+ in
exchange for Na+) and the Na+–K+ pump (extruding Na+ in exchange for K+) restore
the intracellular ion concentrations, allowing for a new cycle of identical series of
events to begin.
The outward ionic currents underlying atrial repolarization are mostly carried
out through K+ channels. A transient, rapid early repolarization (Phase 1; notch
phase) following the end of Phase 0 of their APs is secondary to the transient outward current (Ito). Phase 2 (plateau) and Phase 3 (final repolarization) are the
result of activation of delayed-rectifier K+ currents (including IKs, IKr, and IKur)
as well as the Na+–K+ pump. IK1 (the inward-rectifier K+ current) and IK-ACh
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(acetylcholine-activated current) are carried out through K+ channels that largely
are permeable at negative membrane potentials and, therefore, are essential for
maintaining a normal resting membrane potential (RMP; Phase 4). In that IKur and
IK-ACh minimally contribute to the repolarization of the ventricles, it provides for
the potential development of atrial-selective antiarrhythmic agents [19, 20].
In addition to the outward K+ currents, inward currents, including ICa and INa-
Late (late inward sodium current), play a critical role in the repolarization process
and ultimately dictate the atrial AP duration [17]. Furthermore, since there are also
atrio-ventricular differences in the inactivation properties of the Na+ channels, atrial
selectivity provides the opportunity for atrial-selective antiarrhythmic drugs as it is
the case with ranolazine, an inhibitor of INa-Late [21].

The PR Segment and PR Interval
Following the offset of the P wave is the PR segment, which is normally an isoeletric
line that extends to the onset of the QRS. During this time (while the atrial cells are
still repolarizing), the impulse slowly propagates within the atrio-ventricular node
(AV node), which is the second main component of the specialized cardiac conduction system. The AV node lies in the inferoposterior region of the interatrial septum,
anterior to the coronary sinus, and just above the septal leaflet of the tricuspid valve.
The interval that includes the P wave (from its onset) and the PR segment is called
the PR interval, which reflects both, atrial excitation (P wave) and AV nodal conduction (PR segment) (Fig. 5.2c) [13].
As previously mentioned, the funny current (If) is also responsible for the ability
of the AV node to spontaneous depolarize and serve as a (secondary) pacemaker,
although its intrinsic rate is about 40–50 beats per minute, while that of the SN is
between 60 and 100 (the highest intrinsic rate in a normal heart).

The QRS Complex
The PR interval is followed by the QRS complex (Fig. 5.2b), which represents ventricular activation (depolarization). The electrical impulse exiting the AV node rapidly propagates through the His bundle and the right and left bundle branches in the
interventricular septum (IVS); the left bundle further splits into the left anterior and
posterior fascicles. Ultimately, the impulse spreads to the (ventricular) subendocardial His–Purkinje system, which, in turn, results in the activation of multiple endocardial sites. The His bundle, the bundle branches, and the His–Purkinje system
are the last components of the specialized cardiac conduction system [13, 22–24].
Like in all other pace-making tissues, if (the “funny” current) also underlies the
Phase 4 depolarization of Purkinje cells. In addition, a lower density of IK1, thought
to facilitate their pace-making capabilities, has also been reported [25–27].
The right (RV) and left (LV) ventricular endocardial activation starts on both sides
of the IVS and then curves apically and to the free walls. Next, it propagates anteriorly and posteriorly toward the basal aspects of the ventricular mass. Subsequently,
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though in general terms, from this initial endocardial excitation directed in an
apico-basal direction, the impulse spreads transmurally to the epicardial surface
of the RV and LV and, in the process, triggers coordinated contractions. More specifically, and based on clinical studies using a noninvasive electrocardiographic
imaging (ECGI) system (which measures ECG signals from multiple body surface
locations), it was recently reported that most RV Epi activates by the merging of
many breakthroughs sites (i.e., by radial spread rather than Endo-to Epi transmural
propagation), while LV Epi activates through a combination of transmural, radial
spread from breakthrough sites, spread from the RV, and spread from the apex [28].
The depolarization of the IVS, the first region of the ventricular mass to activate,
is reflected in the initial relatively small deflection of the QRS complex, the Q wave.
In that the mean Q wave axis is directed from left to right (in the frontal plane) and
anteriorly (in the horizontal plane), it is normally inscribed as a positive deflection
in leads aVR and V1 and as a negative deflection in leads I, aVL, and left precordials
(V4 to V6).
The depolarization of the RV and LV free walls that follows the IVS activation
inscribes the second wave of the QRS complex, the R wave. Of note, since the
mass of the LV free wall is significantly greater than that of the RV, the R wave is
mostly a reflection of LV free wall depolarization and inscribes as a relatively large
deflection. Thus, the normal mean R wave axis (commonly referred to as the mean
QRS axis [or heart’s electrical axis] in that the Q and S waves are also included
in the calculation) is directed to the left anywhere between −30° and +90° in the
frontal plane, and posteriorly. Consequently, in the horizontal plane, this pattern of
ventricular depolarization determines the characteristic negative polarity of the R
wave in the right precordials leads (V1 and V2; rS complex) and the typical positive
polarity in left precordials (V4 to V6; qR complex), a phenomenon known as R wave
progression. Please note that both the S and R waves reflect free wall depolarization
following IVS activation (r and q) (please refer to the standardized nomenclature
system below).
Voltage-dependent Na+ channels (INa) carry the ionic currents responsible
for the depolarization of the ventricles, which, as in the atria and Purkinje cells,
inscribes as a rapid Phase 0 of their APs (Figs. 5.4, 5.5, and 5.7) [17, 19, 20].
The R wave commonly reaches it maximum (+) amplitude around V4 or V5.
Figure 5.6b shows an example of normal R wave progression. Notably, usually
around V3 or V4, the amplitudes of the R and S waves are nearly equal, appearance that is called transition zone as shown in the ECG tracing of V3 in Fig. 5.6b.
Occasionally, the transition appears as early as in V2 (early transition) or as late as
in V6 (delayed transition). One major ECG sign of an anterior wall infarction is the
loss of normal R wave progression [29].
For a hypothetical QRS axis of +60° in the frontal plane, it would record positive
in the bipolar leads (I, II, and III) with its highest amplitude in lead II (since this
lead axis is also at +60°) (Fig. 5.8a). In the augmented unipolar leads (aV leads), a
QRS axis of +60° would inscribed positive in aVF, while negative in aVR; in aVL,
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II
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Lead axes
Lead vectors (projection of the heart’s axis)
Mean QRS axis (heart’s axis)

Fig. 5.8 Mean QRS axis (the heart’s axis). Hypothetical vector representing the mean QRS axis
(green arrow) oriented at +60° in the frontal plane, and resulting from the vectorial sum of its
projection (the lead vectors; black arrows) in lead axes I and aVF (Panel a). From the 12-lead ECG
pictured in Fig. 5.2, shown are the mean QRS axis (green arrow) oriented at +76° and its lead vectors in lead axes I and aVF; the exact angle was automatically calculated by the electrocardiograph
and displayed in the ECG recording (Panel b). The black dashed lines and the solid red lines of the
hexaxial reference system depicted in Panels a, b denote the negative and positive sensing regions
of the six lead axes, respectively

however, because of its perpendicular projection, a QRS axis of +60° would be
recorded as a very-low-amplitude deflection (sometimes nearly isoelectric), which
is often biphasic.
Although in daily practice, the mean electrical axes (P wave, QRS, and T wave)
are estimated from the net peak amplitudes as seen in the limb leads, they can be
accurately calculated by mathematically synthesizing the Frank’s orthogonal XYZ
leads from a (digital) 12-lead ECG recording [10, 30]. In this manner, for instance,
the magnitude (mV) and the direction (angle) of the mean QRS axis are precisely
determined not only in two dimensions (i.e., in the frontal, horizontal and sagittal
planes) but also in the three-dimensional space. In fact, as illustrated in (Fig. 5.8b)
the electrocardiograph that recorded the 12-lead ECG pictured in Fig. 5.2 automatically calculated and displayed the direction of the mean QRS axis (as well as that
of the P and T waves) in the frontal plane (which happened to be at +76°) using an
algorithm analogous to the one referenced above.
The last regions of the ventricular mass to activate are its basal aspects, with the
left postero-basal and the right ventricular outflow tract (RVOT) often being the
very last [28]. This pattern of basal ventricular mass activation is reflected in the
relatively small S wave of the QRS complex, which typically has a polarity opposite
to that of the R wave.
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In that the QRS complex denotes an organized activation of the ventricular mass
that predictably inscribes in each ECG lead with differing amplitudes and polarities,
a simple nomenclature system was standardized (for the purpose of communicating its shape when the ECG tracing is not accessible) and can be summarized as
follows:
1.
2.
3.
4.
5.

The first negative deflections are labeled Q waves.
The first positive deflections are labeled R waves.
A negative deflection that follows the R wave is labeled S wave.
A second positive deflection following an S wave is labeled R’.
Waves of small amplitude (<0.3 mV) are labeled with lower-case letters.

Noteworthy, to be recognized as a wave, each deflection needs to cross the isoelectric line; otherwise, an R wave with 2 peaks (commonly reflecting specific or nonspecific intraventricular conduction defects) is described as a notched R wave [13].

The ST Segment and T Wave
The QRS is followed by the isoelectric ST segment (Fig. 5.2c), which begins with
the J point at its onset. However, as shown in Fig. 5.2, more often than not, the ST
segment is actually absent and instead inscribes as a slowly rising deflection that
extends to the peak of the T wave [13, 31]. Noteworthy, a normally elevated ST segment is often observed in right precordial leads (V1–V3) and displays as a concave
upward deflection that could measure as much as 0.2 mV.
The period between the peak of the T wave and its offset is called the T peak-T
end interval, which is normally a rapidly descendent deflection that reaches the
isoelectric line, ultimately leading to an overall asymmetric T wave.
The interval between the J point (beginning of the ST segment) and the offset of
the T wave is referred to as the JT interval and reflects total ventricular repolarization time (Fig. 5.2c). Conversely, the T wave reflects the presence of dispersion in
ventricular repolarization times as a consequence of transmural voltage gradients
(APs from the Endo regions are longer than those from the Epi), apico-basal gradients (APs from the basal regions are longer than those from the apex), and anteroposterior gradients (APs from LV regions are longer than those from the RV). The
relative contribution of these distinct gradients to the genesis of the T wave is currently unclear [32–35]. The time interval that extends from the end of the T wave
to the onset of the P wave (the TP interval) is usually isoelectric and reflects the
absence of electrical activity between the cardiac cycles.
The T wave generally has the same polarity of the QRS. As such, it is always
positive in the leads I, II and V3 to V6, and negative in aVR. However, the right
precordial leads are an exception (particularly V1 and V2) in that the typical rS
configuration of their QRS complexes (i.e., largely a net negative configuration)
is followed by positive T waves. In the frontal plane, the normal mean T wave axis
(also called mean ST-T wave axis) is between 0 and +90°. Furthermore, the angle
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between the mean QRS and T wave axes (the QRS-T angle) in the frontal plane is
normally <60° (Fig. 5.3a).
The APs of the ventricular cells are approximately 100 milliseconds (ms) longer
than those of the atria [36, 37]. Rapid inactivation of the Na+ channels and activation of the transient outward current (Ito) leads to an early repolarization (Phase 1;
notch), which is more prominent in ventricular epicardial (Epi) and mid-myocardial
(M) cells when compared to endocardium (Endo) [38–42]. The balance between the
activation of the inward Ca2+ current (ICa-L), which also occurs during depolarization, and the activation of the delayed-rectifier K+ channels that takes place during
the plateau phase (Phase 2) of the APs (which generate the outward IKr and IKs
currents) keeps the ventricular APs depolarized (and refractory) for approximately
300 ms [43]. Eventually, as ICa-L inactivates and the K+ currents predominate,
repolarization occurs. IK1 also contributes toward the end of repolarization [44, 45].

The U Wave
Occasionally, and particularly at relatively slow heart rates, the T wave is followed
by a low-amplitude wave called the U wave (Fig. 5.2b). This deflection displays
with the same polarity as the preceding T wave and is often more evident in precordial leads, as shown in Fig. 5.2a. The underlying electrophysiologic basis of this
ECG deflection is unclear. Its genesis may be related to prolonged mid-myocardial
cells (M cells) APs, prolonged Purkinje cells APs, delayed repolarization of papillary muscles, early after-depolarizations (EADs), and/or late potentials caused by
mechanical forces [46].

The QT Interval
The QT, which is the interval between the beginning of the QRS and the end of the
T wave (Fig. 5.2c), reflects the activation time of the entire ventricular mass (QRS
complex) plus the total ventricular repolarization time (ST-T wave or JT interval).
In that this time interval is rate dependent (and moderately gender dependent), a
correction formula needs to be used in order to properly identify repolarization
abnormalities. A common formulation is that of Bazett’s (QTc = QT/(R-R)1/2; R-R
is measured in seconds; c: QT correction for heart rate) (Fig. 5.3).
The QT interval varies from lead to lead “by as much as 50 to 65 ms,” is typically
longest in V2 and V3, and exhibits significant intraindividual and interindividual
variability [13, 47, 48].
Noteworthy, for the purpose of assessing ventricular arrhythmia vulnerability, the
lead-to-lead variation in the QT (and JT) interval has been used as a marker of total
ventricular repolarization time heterogeneities. For the same purpose, other ECG
indexes of late dispersion of ventricular repolarization times, including whole T wave
area, whole T wave interval, T peak-T end area, T peak-T end interval, T peak-T end
dispersion, and the ratio T peak-T end/QT are also being studied [49–80].
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The Abnormal 12-Lead ECG
This section will briefly review the ECG signs of QRS axis deviations, those that
result from bundle branch and fascicular blocks, as well as those attending transmural myocardial ischemia and J wave syndromes. For in-depth reviews of these
and other clinical conditions that affect the hearts, including atrial and ventricular enlargements, myocardial infarction, ECG manifestations of electrolyte abnormalities, and supraventricular and ventricular arrhythmias, please refer to Clinical
Electrocardiography: A Textbook (by Bayés De Luna) [81], Electrocardiography
of Arrhythmias: A Comprehensive Review (by Mithilesh et al.) [82], and/or
Goldberger’s Clinical Electrocardiography: A Simplified Approach (by Goldberger
et al.) [29].

QRS Axis Deviations
Right axis deviation, defined as a QRS axis ≥ +100° in the frontal plane, can be seen
in cardiologically normal subjects. However, it could be the consequence of right
ventricular hypertrophy, myocardial infarction in the lateral wall of the LV, emphysema, acute pulmonary embolism, and even be the result (although infrequently) of
left posterior fascicular block (LPFB).
Left axis deviation (mean QRS axis ≥ −30°), which can also can be seen in
cardiologically normal subjects, could be the reflection of left ventricular hypertrophy, left anterior fascicular block (LAFB), and even be associated with left bundle
branch block (LBBB) [29].

Bundle Branch and Fascicular Blocks
 ight Bundle Branch Block (RBBB)
R
In RBBB, lead V1 characteristically shows an rSR′ pattern with a broad R′ wave
although, occasionally, in the absence of an S wave, it just displays as a notched R
wave. On the left side, lead V6 shows a qRS pattern with a broad S wave. Both the
R′ in V1 and a profound S in V6 reflect delayed RV activation and slow RV conduction. Because, under these conditions, the RV repolarizes last, inverted T waves
are typically observed in V1 in addition to the RBBB patterns described above.
Please note that these inverted T waves are secondary changes, in that they are
not the reflection of primary repolarization abnormalities (i.e., like those that can
be seen during myocardial ischemia, electrolyte abnormalities, and other clinical
conditions) but rather the consequence of delayed activation of the RV as revealed
in the changes of the wide QRS morphology in V1 and V6. QRS complexes in lead
V1 (rSR′) and V6 (qRS) ≥120 ms are indicative of complete RBBB. A QRS duration
between 100 and 120 ms would be suggestive of incomplete RBBB.
Although an RBBB pattern can be present in people without any apparent heart
disorder, it may be associated with a number of conditions including coronary
disease, acute LV anterior myocardial infarction, cardiomyopathies, atrial septal
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defects, pulmonary hypertension, pulmonary stenosis, degenerative changes in the
specialized conduction system, and cardiac surgery [29].
Also, a pattern in the right precordial leads resembling RBBB is characteristic
of the Brugada syndrome (BrS) (an inherited arrhythmic syndrome), which is most
likely related to early repolarization abnormalities (see section “ECG Changes
Associated with the J Wave Syndromes”) [83–86].

 eft Bundle Branch Block (LBBB)
L
In that in LBBB, the right side of the interventricular septum (IVS) activates first,
the depolarization wavefront propagates from right to left. In the process, lead V1
loses its normal septal r wave and V6 its normal septal q wave. As a consequence,
the LV depolarizes slower than normal and the QRS is then wider (as it is in RBBB).
The right precordial leads, including V1, inscribe a QS pattern (i.e., the entire QRS
complex is negative and inscribes as a V shape), which, occasionally, is notched
(W shape), a reflection of anteroposterior (RV-to-LV) depolarization wavefront.
Concurrently, lead V6 inscribes a (wide) R wave complex, which, also, sometimes
is notched (M shape).
As in RBBB, a secondary T wave inversion inscribes in lead V6 (as well as in
other left precordial leads) in that the direction of the repolarization wavefront is
LV-to-RV, since the LV repolarizes last. The duration of the QRS complexes in
lead V1 (QS or even W shape pattern) and V6 (R or M shape complex) ≥0.12 s is
indicative of complete LBBB. A QRS duration between 0.10 and 012 s is suggestive
of incomplete LBBB.
LBBB is frequently associated with an underlying organic heart disease including left ventricular hypertrophy, heart failure (often secondary to coronary artery
disease), aortic stenosis or aortic regurgitation, cardiomyopathies, degenerative
changes in the specialized conduction system, and cardiac surgery. The loss of ventricular synchrony (dysynchrony) associated with the typical depolarization abnormalities of LBBB may worsen the already deteriorated cardiac function caused by
the underlying heart disease [29].
 CG Changes in Bundle Branch and Fascicular Blocks: General Rules
E
• RBBB: late (last component) QRS axis is directed toward the RV (the last one to
depolarize). Thus, it inscribes (+) in V1 and (−) in V6.
• LBBB: late QRS is directed toward the LV (the last one to depolarize). Thus, it
inscribes (−) in V1 and (+) in V6.
• LAFB (left anterior fascicular block): late QRS is directed to the left and upward.
Thus, it inscribes (−) in lead II and (+) in leads I and aVL.
• LPFB (left posterior fascicular block): late QRS is directed to the right and
downward. Thus, it inscribes (−) in lead I and (+) in leads II and III [29].

ECG Changes Attending Transmural Myocardial Ischemia
ST segment and T wave changes typically occur during the first few minutes of acute
transmural myocardial ischemia (MI). The early ST elevation is often accompanied
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by tall and positive T waves (or hyperacute T waves) in 2 or more leads. Hours or
even days later, a deep T wave inversion occurs in the leads that earlier displayed
ST elevation.
The term anterior MIs indicates that the LV anterior or lateral wall is affected,
while the term inferior MIs signifies LV inferior wall involvement. Thus, in anterior
MIs, the precordial leads as well as leads I and aVL show the characteristic MI ECG
patterns, while in inferior MIs, the ST-T wave changes occur in leads II, III, and
aVF (inferior leads). Although not always present, reciprocal ST-T changes (i.e.,
inverse MI ECG patterns) may be seen in other leads [29].
The cellular basis underlying MI-induced ST segment elevation is not completely
understood. Experimental evidence first provided by Samson and Scher and later by
Kleber et al. [87, 88] showed that ST segment elevation is the result of an extracellular (systolic) current of injury flowing parallel (tangential) from the normal zone
(−) to the shortened ischemic APs (+). However, additional experimental evidence
also revealed that other extracellular currents, like those directed perpendicular (i.e.,
transmurally) to the surface of the heart, may also account for the characteristic
acute transmural ischemia-related ECG changes [89–93].
Indeed, in the isolated, arterially perfused canine ventricular wedge preparation,
from which Endo and Epi transmembrane APs are simultaneously recorded with
a pseudo-ECG (from electrodes facing the Endo (−) and Epi (+) surfaces), abrupt
interruption of the coronary flow may lead to loss of the Epi AP dome, which would
then underlie the attending ST segment elevation in the pseudo-ECG as shown in
panels a and b of Fig. 5.9 [91, 92].
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Fig. 5.9 Effect of acute myocardial ischemia in a canine ventricular wedge isolated from the RV
(Panel a). From top to bottom, shown are simultaneous recordings of tension development, transmembrane APs from Endo and Epi, and a pseudo-ECG (ECG) recorded from electrodes facing the
Endo (−) and Epi (+) surfaces. Note the loss of the Epi AP dome at 12 min of ischemia and the
resultant ST segment elevation in the ECG [91]. Panel b shows another ventricular wedge isolated
from the canine RV in which acute ischemia induced complete loss of the Epi AP dome, which was
also associated with marked ST segment elevation [92]. (Reprinted from Di Diego and Antzelevitch
[93], with permission from Elsevier)
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Figure 5.10a shows a clinical example of a tombstone morphology in leads V1–
V3 (as well as T-wave alternans) following vasospastic ischemia [90]. In another
clinical case recorded during the hyperacute phase of an acute myocardial infarction, panel b of Fig. 5.10 reveals tall R waves combined with marked ST segment
elevation [94]. On the other hand, striking similarities can be observed in the wedge
preparation undergoing several minutes of acute ischemia. Figure 5.10c displays 2
consecutive beats. In the first one, a marked delayed in transmural conduction gives
rise to ST segment elevation (tombstone morphology) and a negative T wave. The
second beat reveals intramural conduction block, which leads to the appearance of
a wide QRS, but disappearance of the T wave secondary to failure of Epi to activate
[91, 93]. Figure 5.10d depicts electrograms recorded from intramural sites across
the wedge in addition to Endo and Epi APs and the ECG. The first beat shows
delayed Endo-to-Epi conduction; in the second beat, Epi fails to activate due to
intramural conduction block (while the T wave disappears) [93].
In brief, the ECG changes of an acute MI (transmural myocardial ischemia)
emerging during the first 15–20 min of interruption of the coronary flow in leads
facing the ischemic region essentially include ST segment elevation and T wave
changes. The extracellular currents underlying the ECG deviations are thought to be
a

b

c

d
Endo

V1

V1

Endo

V2

V2

Epi

M3
M2
M1
Epi

V3

V3

ECG

1
mV
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Epi
ECG
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1 mV
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Fig. 5.10 Clinical example of a tombstone morphology and T-wave alternans in lead V1–V3 following vasospastic ischemia (Panel a) [90]. Panel b shows another clinical example of ECG patterns in leads V1–V3 revealing tall R waves and marked ST segment elevation during the
hyperacute phase of a myocardial infarction [94]. Panel c displays recordings from a RV wedge
preparation after 25 min of ischemia [91]. Shown are two consecutive beats at a cycle length of
800 ms. In the first beat, delayed transmural conduction results in ST segment elevation (tombstone
morphology) and negative T wave. In the second beat, intramural conduction block leads to the
appearance of a wide QRS, but disappearance of the T wave. The top five tracings displayed in
Panel d are electrograms recorded from five transmural sites across a RV wedge. The next two
tracings are APs obtained from Endo and Epi, and the bottom tracing is the ECG. The dots and
arrows denote the activation time (Vmin) of the electrograms. The first beat shows delayed Endo-
to-Epi conduction and a negative T wave. In the second beat, Epi fails to activate due to intramural
conduction block, while the negative T wave disappears. (Reprinted from Di Diego and Antzelevitch
[93], with permission from Elsevier)
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directed tangential (parallel) as well as perpendicular (transmural) to the heart surface. Several electrophysiologic mechanisms appear to be responsible at one time or
another or concurrently, including: (1) Diastolic and systolic currents of injury; (2)
transmural conduction delay and intramural conduction block; (3) greater depression of the Epi AP amplitude; and (4) loss of the Epi AP dome [91].
The metabolic dysfunctions following the onset of MI, including depletion of
ATP and accumulation of lactic acid (which leads to intracellular acidosis), are
combined with extracellular accumulation of K+ and catecholamines. Intracellular
acidosis activates the Na+/H+ exchanger (H+ extrusion in exchange for Na+ entry),
which in turn leads to calcium overload secondary to activation of the Na+–Ca2+
exchanger. The resultant electrophysiological changes include depolarization, inactivation of the Na+ channels, and slow conduction. The abbreviated ischemic APs
are the result of a decreased ICa and activation of the IK-ATP. Ultimately, these
metabolic and electrophysiologic changes lead to dissimilar responses in APs and
conduction disturbances across the ventricular wall. For in-depth reviews on metabolic and electrophysiological ischemic changes, please see Carmeliet [95] and
Janse and Kleber [96].
Acute MI often induces lethal ventricular arrhythmias (ventricular tachycardia/
ventricular fibrillation (VT/VF)). These arrhythmias frequently occur without warning, and often lead to death within minutes in the absence of immediate medical
attention. Identification of patients at risk for MI-induced lethal ventricular arrhythmias remains an unmet medical need, particularly because of the notion that genetic
variations may contribute to the vulnerability of the ischemic myocardium to VT/
VF [97–99]. Experimental studies suggest that MI-induced inhomogeneities in
excitability, refractoriness, and/or conduction underlie the resultant ectopic excitation (caused by a variety of mechanisms), which provides the extrasystoles that
trigger VT/VF [100–108].

ECG Changes Associated with the J Wave Syndromes
Prominent J waves in the ECG and the associated risk of life-threatening ventricular
rhythms have long been documented in cases of hypothermia [109–111], hypercalcemia [112, 113], and myocardial ischemia [114]. Lately, prominent J waves have
also been linked with the inherited life-threatening arrhythmic disorders called J
wave syndromes (JWS), which include the Brugada syndrome (BrS) [115] and the
Early Repolarization syndrome (ERS) [85].
In BrS, the J waves may be so wide and tall that may resemble ST segment
elevation in leads V1 to V3 (right precordials). Early Repolarization (ER) pattern,
which was initially been regarded as benign, displays as a distinct J wave or J point
elevation, or as a notch or slur in the terminal part of the QRS (with or without
ST segment elevation) [116, 117]. The potential risk for polymorphic VT/VF in
ERS patients was first reported in the year 2000 [118] based on studies with the
isolated canine ventricular wedge preparation [118–121]. A few years later, clinical evidence was presented in support of those experimental studies [121–124].
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Fig. 5.11 Three types of ST segment elevations associated with Brugada syndrome. Only Type 1
is diagnostic of BrS. (Reprinted from Di Diego and Antzelevitch [85], with permission from John
Wiley and Sons)

Noteworthy, BrS and ERS are typically identified in young adults with no apparent
structural heart disease [125–127].
In that the anterior aspect of the right ventricular outflow tract (RVOT) is the
most affected region, the BrS ECG phenotype is observed in leads V1–V3.
BrS Type 1 (“coved type” ST segment configuration), characterized by an ST
segment elevation of ≥2 mm (0.2 mV) in one or more right precordial leads (typically V1 and/or V2) recorded from either the standard 4th intercostal space or even
more cranial positions (2nd or 3rd intercostal space), is the only form diagnostic of
BrS. BrS Type 2 (“saddle-back” ST segment configuration), which is characterized
by an ST segment elevation of ≥0.5 mm in one or more right precordial leads (commonly >2 mm in V2), and BrS Type 3 ST segment elevation (either “saddle-back or
coved type” configuration of <1 mm), are NOT diagnostic of BrS unless converted
to a Type 1 with fever or sodium drug challenge (Fig. 5.11) [128, 129].
Early repolarization pattern (ERP) is frequently found in apparently healthy
individuals, particularly in young males, black individuals, and athletes. When this
ECG phenotype is present in survivors of arrhythmic sudden cardiac death (VT/
VF) in the absence of organic heart disease, ERP is quoted as early repolarization
syndrome (ERS) [85].
The different ECG configurations of Early repolarization (ER) are illustrated in
Fig. 5.12. ER is recognized with the following features: (1) The appearance of a J
wave (a distinct notch at the end of the QRS) or with a slur on the downslope of a
tall R wave with or without ST segment elevation (the onset of the J wave is referred
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a

J wave
Slur Notched

b

ST segment pattern

Ascending/
Horizontal Descending
up-sloping

Fig. 5.12 Different manifestations of early repolarization. The J wave may be distinct or appear
as a slur (when part of the J wave is buried inside the QRS), resulting in an elevation of J0 (J point).
Very prominent J waves are indicative of worse prognosis (Panel a). The ST segment may be
upsloping, horizontal, or descending. Horizontal and descending ST segments are associated with
a worse prognosis (Panel b). (Reprinted from Di Diego and Antzelevitch [85], with permission
from John Wiley and Sons)

to as J0 [or J point]); (2) The presence of a distinct J wave peak (JP) ≥0.1 mV in
two or more contiguous ECG leads (excluding the right precordials); and (3) A
QRS duration of less than 120 ms in leads without a notch or a slur at the end of the
QRS. The end of the J wave is designated as JT [130, 131]. ERP Type 1 is characterized by distinct J waves, J0 elevation, notch or slur of the terminal part of the QRS
and ST segment, or JT elevation in the lateral leads; ERP Type 2 displays the ECG
patterns in the inferolateral leads, while ERP Type 3 presents the ECG patterns in
the inferolateral and right precordial (anterior) leads as shown in the example of
Fig. 5.13.
The cellular mechanisms underlying JWS are still under debate [132, 133]. Two
principal hypotheses have been proposed for the BrS: (1) The repolarization hypothesis states that an outward shift in the balance of currents at the end of phase 1 of the
RV Epi AP explains the ECG phenotype and the early repolarization abnormalities
(heterogeneous loss of Epi AP dome), leading to phase 2 reentry, which generates
closely coupled premature beats that can trigger polymorphic VT/VF (Fig. 5.14);
and (2) The depolarization hypothesis, which states that slow conduction in the
RVOT (secondary to fibrosis) and reduced Cx43 lead to discontinuities in conduction that explains the ECG phenotype and the arrhythmogenesis. Noteworthy, in
BrS patients, the typical behavior to acceleration of the heart rate is a reduction of
the ST segment elevation, which can be readily explained by a reduced availability
of Ito-mediated Epi AP notch at shorter cycle lengths (a phenomenon that is consistent with the repolarization hypothesis). In the presence of slow conduction (as proposed by the depolarization postulate), an increased heart rate would be expected to
intensify the ST segment elevation [132, 134].
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Fig. 5.13 Global early repolarization (Type 3
ER). J waves are apparent in the inferior, lateral,
and anterior (right precordial) leads. (Reprinted
from Di Diego and Antzelevitch [85], with
permission from John Wiley and Sons)

Despite their associated complications, the most effective therapy for the prevention of SCD in high-risk BrS and ERS patients is an implantable cardioverter defibrillator (ICD) [135–138]. In addition, in a seminal study performed by Nademanee
et al. [139], it was demonstrated that, in BrS patients, radiofrequency ablation therapy (RFA) applied on Epi sites in the RVOT displaying late potentials and fractionated bipolar electrograms can significantly reduce arrhythmia risk. Several studies
were subsequently published in support of the beneficial effects of RFA [140–142].
Because the mechanisms underlying BrS and ERS appear to be closely related,
the pharmacologic therapy approach is similar. Quinidine, phosphodiesterase (PDE)
III inhibitors (cilostazol and milrinone), and isoproterenol all suppress arrhythmogenesis associated with the JWS. Isoproterenol was shown to be effective in electrical storms developing in patients with both BrS and ERS [143–145]. All of these
agents have been shown to correct the repolarization defects responsible for development of Phase 2 reentry and VT/VF in experimental models of BrS and ERS
[120, 146, 147].
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Fig. 5.14 Cellular basis for the ECG and arrhythmic manifestation of BrS. Each panel shows APs
from one Endo (top) and two Epi sites together with a transmural ECG recorded from a canine RV
wedge preparation. Panel a: Control (Basic cycle length: 400 ms). Panel b: Combined Na+ and C2+
channel block with terfenadine (5 μM) accentuates the Epi AP notch, leading to an ST segment
elevation or increased J wave. Panel c: Continued exposure to terfenadine results in loss of the Epi
AP dome at some Epi sites but not others, creating a local Epi dispersion of repolarization (EDR)
as well as a transmural dispersion of repolarization (TDR). Panel d: Phase 2 reentry occurs when
the Epi AP dome propagates from a site where it is maintained to regions where it has been lost,
giving rise to a closely coupled premature beat. Panel e: An extra stimulus (S1–S2 = 250 ms)
applied to Epi triggers a polymorphic VT. Panel f: Phase 2 reentrant extrasystole triggers a brief
episode of polymorphic VT. (Reprinted from Di Diego and Antzelevitch [85], with permission
from John Wiley and Sons)
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Mechanisms of Action of Antiarrhythmic
Drugs
Wei Li, Yi-Gang Li, and Gan-Xin Yan

Introduction
Over the past decades, the strategies for arrhythmia management have been greatly
changed. Structural heart diseases, such as ischemic and nonischemic cardiomyopathy, have been recognized as clinical situations in which antiarrhythmic drugs have
a potential proarrhythmic effect. Radiofrequency ablation has been widely used to
treat tachyarrhythmias and even provides the possibility of the cure of certain cardiac arrhythmias, such as paroxysmal supraventricular tachycardia, and idiopathic
ventricular arrhythmia. Implantable cardioverter defibrillator is used to prevent sudden cardiac death in patients with life-threatening ventricular arrhythmias. However,
antiarrhythmic drugs still play an important role in arrhythmia management, especially for the treatment of atrial fibrillation, the most common clinical arrhythmia
nowadays.
Membrane ion channels are the targets for the action of antiarrhythmic drugs.
The full effects of an antiarrhythmic drug will depend on the type of ion channels or
receptors that are blocked and the subsequent electrophysiological effects and even
side effects. Pharmacological studies on the mechanism of antiarrhythmic drugs
have provided much basic understanding of drug action. When a particular drug is
used to treat an arrhythmia, the responses may be complete suppression of highly
symptomatic arrhythmias, inefficacy, or even proarrhythmias that may be life
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threatening. As a clinical cardiologist, it is necessary to understand the effects of
various antiarrhythmic drugs on cardiac ion channels and clearly know about their
antiarrhythmic mechanisms. This chapter will help clinical cardiologists to select
proper antiarrhythmic drugs, improve antiarrhythmic effect, and reduce the incidence of adverse drug responses. We will focus on the mechanisms of action of
antiarrhythmic drugs according to the Singh and Vaughan Williams classification,
the most widely used classification of antiarrhythmic drugs.

Class I Antiarrhythmic Drugs
Class I antiarrhythmic drugs are sodium channel blockers, which are further classed
as Ia, Ib, and Ic, largely based on their respective actions on fast sodium current
(INa,F). Class Ia antiarrhythmic drug inhibits INa,F with a moderate-use dependence
and class Ib exhibits a weak use dependence, whereas class Ic has the strongest use-
dependent inhibition of INa,F [1].

Cardiac Sodium (Na+) Channel
The cardiac sodium channel complex is composed of a central, pore-forming
α-subunit (NaV1.5) and five auxiliary β-subunits: Navβ1, Navβ1b, Navβ2, Navβ3,
and Navβ4. In the heart, INa,F plays a crucial role in fast electrical impulse propagation through majority of cardiac tissue. The main protein generating the cardiac
sodium current is the pore-forming α-subunit NaV1.5, encoded by the gene
SCN5A. Although the NaV1.5α-subunit alone is sufficient to form a fully functional
Na+ channel, β subunits play an important role in the fine-tuning of channel kinetics
and channel expression on the cell surface [2]. Nav1.5 is abundantly expressed in
atrial, Purkinje, and ventricular myocytes, contributing to their rapid conduction.
As a voltage-gated ion channel, cardiac Na+ channel exhibits different biophysical properties, depending on its voltage- and time-dependent conformational state,
that is, gating [3]. The resting membrane potential of cardiac myocardium and conducting tissue is around −85 mV and the Na+ channels are in a resting state, which
is closed but ready to open in response to depolarization. As the membrane depolarizes to a threshold potential upon a stimulus, the channels quickly open and become
so-called activated within 1–2 ms, resulting in a fast increase in the membrane
potential that reflects phase 0 of the cardiac action potential (AP). From the very
beginning of the entire depolarization process, Na+ channels start to close through a
process called “fast inactivation” and INa,F decays fast. When the outward repolarization currents surpass INa,F, phase 0 of the cardiac action potential ends. Activation
and inactivation of Nav1.5 channels is dominantly voltage dependent in physiological condition in which the resting membrane potential is around −85 mV. When
being inactivated, Na+ channels remain in a closed state that cannot be activated
until the cell membrane repolarizes, allowing them to recover from inactivation and
transiting to the resting state ready for activation again. During the early stage of
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repolarization, cardiac cells are not excitable because there is not enough number of
Na+ channels for activation. As the membrane repolarizes to a contain potential, the
number of recovered Na+ channels from inactivation is sufficient to generate a new
propagating AP upon a strong stimulus. Therefore, once an action potential is initiated, there is a period of time during which a new action potential cannot be initiated. This period is termed the effective refractory period (ERP) of the cell or tissue.
In the electrophysiological study, the ERP is defined as the longest S1-S2 interval
that S2 fails to capture cardiac tissue (See Chapters 2 and 4 for more detail).
Nav1.5 channels undergo more conformational changes when the cell membrane
is still depolarized, reaching different states of inactivation, that is, the “intermediate- “and “slow-inactivation” state. During the cardiac action potential, Na+ channels never reach the full slow-inactivated state, as this happens only after a time
frame of >60 seconds. The intermediate-inactivated state, however, can be reached
during the action potential, albeit only by a small fraction of channels. All these
three inactivation states require different times to recover during the repolarization
phase: while recovery from fast inactivation happens within 10 ms, Na+ channels
that reside in intermediate- and slow-inactivation states require ~50 ms and > 5 s,
respectively, until they are available for activation again. The exact biophysical processes underlying the different states of inactivation are not completely understood;
here, important roles for different structural parts of the Na+ channel (e.g., the pore,
intracellular loops, and voltage sensor) have been suggested, pointing out different
responsible mechanisms.
During the action potential, a very small fraction of sodium current (about
0.1–1%) persists and does not inactivate completely. This current is called “persistent sodium current” or “late sodium current (INa,L)” [3, 4].

Postrepolarization Refractoriness (PRR)
ERP in INa,F-dependent cardiac tissues like atria, His-Purkinje system, ventricles,
and majority of AV accessory pathways is normally shorter than action potential
duration (APD) and changes in parallel with change in APD: When APD prolongs,
ERP lengthens, and vice versa. In pathophysiological conditions or drug use, ERP
may exceed APD, and the postrepolarization refractoriness (PRR) then develops
[5]. PRR is a well-known feature of sodium channel blockers or diseased conditions
like ischemia that reduce excitability [6]. PRR induced by sodium channel blockers
is also rate dependent or use dependent. Class Ic sodium channel blockers produce
more prominent PRR during tachycardia.
Potassium channel blockers (such as IKr and/or IKs inhibitors), which prolong
repolarization and refractoriness to a similar extent (in a reverse use-dependent
fashion), do not produce PRR. For example, Class III antiarrhythmic drug sotalol or
dofetilide as a pure IKr blocker does not produce PRR, but another Class III antiarrhythmic drug amiodarone that inhibits INa,F in addition to blocking IKr can cause
PRR. This explains why amiodarone exhibits better efficacy in suppression of reentrant arrhythmias.
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Use Dependence of Class I Antiarrhythmic Drugs
The term “use dependence” is a phenomenon that the effectiveness of most INa,F
blockers to inhibit INa,F is significantly enhanced when activation rate is accelerated
[7]. It is associated with a generally higher affinity of INa,F blockers with the open
and/or inactivation state of the sodium channels (i.e., during the action potential)
than to the resting channels (i.e., during the diastolic interval, when net unbinding
occurs). Acceleration of heart/pacing rate increases the proportion of time during
which the sodium channels are in open and/or inactivation states versus in a resting state.
The use dependence of class I antiarrhythmic drug is a double-edged sword: on
the one hand, it can cause PRR in a rate-dependent fashion and suppress reentrant
tachyarrhythmias; on the other hand, it results in use-dependent conduction slowing, which may be proarrhythmic. Different class I antiarrhythmic drugs exhibit
their respective distinct use-dependent effect. Sodium channel blockers with slow
dissociation kinetics (encainide, flecainide, moricizine, and propafenone) have
stronger use-dependent effect than those with fast dissociation kinetics (mexiletine
and lidocaine). Generally, the use-dependent effect of class I antiarrhythmic drug is
Ic > Ia > Ib (Fig. 6.1).
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Fig. 6.1 (a) Comparison of concentration-dependent effects on QRS duration among the vehicle
control, Class Ia, Ib, and Ic INa,F blockers. For quinidine C1 to C4: 1, 3, 10, and 30 μM; mexiletine
C1 to C4: 3, 10, 30, and 100 μM; flecainide C1 to C4: 0.3, 1, 3, and 10 μM. (b) Comparison of
use-dependent effects among DMSO, quinidine, mexiletine, and flecainide on QRS duration.
BCL: basic cycle length. ∗: p < 0.05; ∗∗: p < 0.01 compared with the control perfusion. Please note
that Class Ic drug flecainide produced more significant increase in QRS duration than Class Ib and
Ia drugs mexiletine and quinidine during faster pacings. (Reprinted from Liu et al. [79], with
permission)
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Mechanism of Antiarrhythmia of Class I Antiarrhythmic Drug
Inhibition of Reentry
This mainly depends on sodium blocker–induced ERP prolongation or postrepolarization refractoriness (PRR), which lengthens the wavelength for reentry and therefore terminates the reentry. It has been well established that the wavelength of
cardiac impulse for reentry < the reentrant circuit length is one of the prerequisite
conditions for the maintenance of reentry. When the wavelength for reentry exceeds
the circuit length, then reentry stops; as the wavelength is shortened, reentry is facilitated. As we know, the wavelength for reentry = effective refractory period (ERP)
x conduction velocity (CV). Any drugs that increase ERP prolong the wavelength of
cardiac impulse for reentry and exert an antiarrhythmic action. Class I antiarrhythmic drugs can induce PRR and inhibit atrial and ventricular reentrant arrhythmias
[8]. Class Ia antiarrhythmic drugs quinidine and procainamide can also inhibit K+
channel currents (e.g., IKr, Ito) [9]. Inhibition of IKr by quinidine and procainamide
may prolong APD and increase ERP, contributing to their antiarrhythmic effect in
addition to the action of their sodium channel blockade.
Due to proarrhythmic potential of Class I antiarrhythmic drug, the concept of
“atrial-selective sodium channel block” is put forward recently [5]. Class Ic antiarrhythmic drugs, such as propafenone and flecainide, are considered as the nonatrial
selective sodium channel blockers, that is, that the potency to block INa,F in the atrial is
comparable to that in the ventricle [10]. However, some atypical sodium channel
blockers, such as ranolazine, amiodarone, and Wenxin Keli, have been demonstrated
to have atrial-selective sodium channel block effect (the potency to block INa,F in the
atrial is greater than that in the ventricle) [5, 11–13]. This atrial-selective effect may
result from the distinct unbinding kinetics of sodium channel blockers. Propafenone
and flecainide dissociate from the sodium channel slowly, whereas dissociation of
ranolazine and amiodarone is relatively rapid [5, 10]. Another important reason is that
the electrophysiologic characteristics between atrial and ventricular cells are quite
different: (1) the half-inactivation voltage (V1/2) in atrial myocytes is about 9–16 mV
more negative than that of ventricular myocytes, reducing the availability of sodium
channels in atria; (2) the resting membrane potential (RMP) in atria is more depolarized than in ventricle (approx.-83 vs. −87 mV), further decreasing the availability of
sodium channels in atria; (3) a slower phase 3 repolarization in atria leads to disappearance of the diastolic interval and depolarization of take-off potential at rapid rates;
and (4) the recovery from inactivation of the sodium channel is slower in atrial cells
[10, 14]. The atrial-selective sodium channel blockers may provide a more safe and
effective strategy for the rhythm control of atrial fibrillation.
I nhibition of Triggered Activity
Cardiac sodium current is comprised of two basic components: peak INa,F and late
sodium current (INa,L). INa,L is an important inward current contributing to cardiac
repolarization. In normal hearts, the amplitude of INa,L is very small and is ≤0.1% of
that of peak INa [15, 16]. The density of INa,L in the ventricle can be increased by
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many folds in pathophysiologic conditions, including acute ischemia, heart failure
(HF), various kind of cardiomyopathy, oxidative stress, Long QT Type 3 syndrome
(due to mutations in SCN5A), etc. [4, 17–19]. An enhanced INa,L can cause APD
prolongation and facilitate the genesis of bradycardia- or pause-dependent early
after-depolarizations (EADs) and even torsade de pointes (TdP) [20, 21].
In pathophysiologic conditions, the INa,L enhancement may elevate Na+ loading
and even cause Na+ overload in cardiomyocytes. It is well known that both Na+ and
Ca2+ are closely associated, principally via Na+/Ca2+ exchange [22, 23]. Even a
relatively small increase in Na+ concentration (by 1–2 mM) causes Na+/Ca2+
exchange to extrude Na+ and simultaneously lead to an increase in cellular Ca2+
[22]. Thus, the INa,L enhancement–induced Na+ overload can subsequently cause
Ca2+ overload, which may lead to the appearance of delayed after-depolarizations
(DADs) and triggered activities (TAs) [24]. Pharmacological inhibition of INa,L is
quite effective for suppression of EAD- and DAD-induced TAs [25]. Figure 6.2
shows that Wenxin Keli, a Chinese herb antiarrhythmic drug, which selectively
blocks INa,L, effectively suppresses digoxin-induced DADs.
A number of studies have shown that enhancement of INa,L leads to activation
of Ca(2+)/calmodulin-dependent protein kinase II (CaMKII), which in turn
phosphorylates Nav1.5, further promoting Na+ influx [26]. Under pathological
conditions, there is a potentially lethal vicious cycle between INaL and CaMKII
developed in the mammalian heart [27]. Chronic activation of CaMKII and INaL
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Fig. 6.2 (a) The effect of Wenxin Keli, a Chinese herb antiarrhythmic drug, which blocks INa,L, on
DADs induced by digoxin. Digoxin at 3 μM induced DADs in 4 of 4 rabbit left ventricular wedge
preparations at 1 Hz pacing rate. (b). Wenxin Keli reduced DAD amplitudes at 1 mg/ml (c) and
abolished DADs in 4 of 4 preparations at 3 mg/ml (d). (Reprinted from Xue et al. [80], with
permission)
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may result in Ca2+ overload, resulting in triggered arrhythmias. Blocking this
vicious cycle by inhibition of either INaL and/or CaMKII may have therapeutic
potential in pathological states, such as oxidative stress, LQT3, cardiac ischemia, or heart failure [26, 27]. In murine atrial myocytes, anemonia sulcata
toxin II (ATX-II)–induced INaL enhancement increases diastolic SR-Ca2+ leak
through activation of CaMKII and PKA [28] As we know, diastolic SR-Ca2+ leak
may lead to the development of DADs and triggered activities. These results
further suggest the antiarrhythmic potential of INaL inhibition for both atrial and
ventricular arrhythmias.

 eduction of Repolarization Heterogeneity
R
It is well recognized that ventricular myocardium is electrically a heterogeneous
structure, comprised of 3 distinct myocardial cell types—epicardial, endocardial,
and midmyocardial (M) cells. The action potential duration (APD) across left ventricular wall is quite different, with the longest APD in Purkinje fibers, followed by
M cells, endocardial cells, and epicardial cells. Thus, there is a transmural repolarization heterogeneity in the intact heart, which contributes to the genesis of the T
wave [29]. In the rabbit left ventricular wedge, the voltage gradient developing
because of the difference in the time course of repolarization of the endocardial
and epicardial cells contributes most prominently to the inscription of T wave on
wedge Epi-Endo bipolar electrogram (wedge- EG) [30, 31]. In the rabbit left ventricular wedge, the endocardial cells, which have similar ionic profiles with those
of M cells in canine and human ventricles, typically have the longest APD and
epicardial cells have the shortest APD. The end of repolarization of endocardial
cells coincides with the end of the T wave and the end of repolarization of epicardial cells coincides with the peak of the T wave in wedge-EG. The interval from
the peak to the end of T wave in wedge-EG—Tp-e interval correlates well with the
transmural dispersion of repolarization (TDR) [30, 31]. Antzelevitch and Yan et al.
suggest that the interval from the peak to the end of the electrocardiographic T
wave (Tp-e) may correspond to the transmural dispersion of repolarization and that
amplification of the Tp-e interval is associated with malignant ventricular arrhythmias [30, 31].
As we know, the transmural repolarization heterogeneity is rate dependent with
a marked increase of the heterogeneity during bradycardia. Antzelevitch et al. have
demonstrated that the heterogeneous rate-dependent change in APD is at least partially due to heterogeneous distribution of INaL across the ventricular wall [32]. The
INa,L is the largest in Purkinje fiber corresponding to a longest APD, followed by M
cells, endocardial cells, and epicardial cells [21, 32, 33]. Yan et al. have shown that
INa,L plays a central role in rate adaption of ventricular repolarization in physiological conditions [34], and Yan and Wu et al. also demonstrated that INa,L contribute
importantly rate-dependent transmural dispersion of repolarization and reverse-use
dependence of QT-prolonging agents [34, 35]. Under pathological conditions, such
as cardiac ischemia, heart failure, oxidative stress, cardiomyopathy, and LQT3, INaL
is markedly increased. An enhancement of INaL may increase the transmural repolarization heterogeneity and rate-dependent change in ventricular repolarization,

156

W. Li et al.

predisposing the heart to functional reentry ventricular arrhythmias. INa,L inhibition
has been shown to blunt rate-dependent change in repolarization and to reduce the
Tp-e interval, transmural repolarization heterogeneity, and inhibit ventricular arrhythmias [20]. All the class I drugs can inhibit INa,L to some extent. However, the selectivity of INa,L/INa,F and the use dependence of INa,F should be considered because of
the proarrhythmic effect of class I drugs. Theoretically, a sodium current blocker
with higher INa,L/ INa,F selectivity and weaker-use dependence of INa,F is safer in terms
of proarrhythmias. In this respect, mexiletine and lidocaine are preferable INa,L
blockers among class I drugs. Clinically, mexiletine has been used as an INa,L blocker
to treat timothy syndrome [36].

Proarrhythmia of Class I Antiarrhythmic Drugs
The CAST I and II trials have demonstrated that Class I antiarrhythmic drugs with
slow dissociation kinetics (encainide, flecainide, and moricizine) increase mortality
in patients with structural heart disease [37, 38]. It has been suggested that the proarrhythmic effect of these drugs is largely mediated by slowing of conduction,
which shortens the excitation wavelength or creates unidirectional block, thereby
providing conditions for reentry, especially in structurally altered hearts [8, 39].
Encainide, flecainide, moricizine, and propafenone block INa,F in a strong use-
dependent manner. The INa,F-blocking effects of these drugs are significantly larger
at rapid rates and consequently, they slow cardiac conduction to a greater extent
when heart rate is increasing [40]. If there is not an equal prolongation of effective
refractory period (ERP) at such rapid rates, the wavelength will shorten progressively with the increase of heart rate. Thus, it is not difficult to understand that use-
dependent Class I drugs carry the risk of reentrant ventricular arrhythmias. As
shown by Lu et al. in the rabbit left ventricular arterially perfused wedge preparation, flecainide strongly increased QRS duration (slowed conduction) in a rate-
dependent manner and induced reentrant ectopic beats and VT (Fig. 6.3). In addition,
use of Class Ic drugs like flecainide and propafenone in the treatment of atrial fibrillation may alter atrial fibrillation into atrial flutter and cause rapid ventricular
response. Because flecainide or propafenone markedly prolongs ERP during fast
atrial rate, the cycle length of atrial fibrillation is significantly prolonged, conversing atrial fibrillation into atrial flutter. As a consequence, the atrial rate decreases
and atrial flutter with 1:1 AV conduction may occur, causing rapid ventricular rate
and widening of QRS, resembling ventricular tachycardia (Fig. 6.4). Wide QRS
during atrial flutter with 1:1 AV conduction is the consequence of use-dependent
INa,F block of Class Ic drugs (Fig. 6.4a). Once atrial flutter with 1:1 AV conduction
changes to 2:1 AV conduction in response to an AV-blocking agent, QRS complex
becomes narrow (Fig. 6.4b). This is the reason why Class Ic drugs should be used
together with an AV nodal–blocking agent like beta-blocker or calcium blocker for
the treatment of atrial fibrillation.
However, not all the Class I antiarrhythmic drugs are proarrhythmic. For example, the Class Ib drugs mexiletine and lidocaine are usually used to treat ventricular
arrhythmias in patients with myocardial infarction. Mexiletine and lidocaine exhibit
much weaker-use dependency than flecainide, moricizine, and propafenone. At fast
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Fig. 6.3 Effects of lidocaine (100 μM) and flecainide (10 μM) in the isolated rabbit left ventricular arterially perfused wedge preparation. (a) The effects of solvent (DMSO), lidocaine (100 μM),
and flecainide (10 μM) on ECG at stimulation cycle lengths of 2000, 1000, and 500 ms. Note that
lidocaine weakly increased QRS duration in a non-rate-dependent manner, while flecainide
strongly increased QRS duration in a rate-dependent manner. (b) Flecainide-induced ectopic beats
and VT. Note that the slowing of conduction between the endocardial (Endo) and epicardial (Epi)
layers caused reentrant beats, that is, extra-systoles (left panel) and three beats of VT (right panel).
Stimulation at basic cycle length = 500 ms. (c) The effects of solvent (DMSO), lidocaine, and flecainide on QRS duration. Note that lidocaine slightly, but significantly, increased QRS duration
(slowing of conduction), and flecainide markedly increased QRS duration in a concentration-
dependent and a rate-dependent manner (n = 7 per group). ∗∗P < 0.01, significantly different from
effects of solvent. (Reprinted from Lu et al. [44], with permission)
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a

b

Fig. 6.4 A 28-year-old female with a congenital atrial septum defect and paroxysmal atrial fibrillation on flecainide 100 mg twice daily who presented to ER with palpitation and light-headedness.
Her presenting ECG in (a) shows wide complex tachycardia resembling ventricular tachycardia at
a rate of 216 bpm. Thirty minutes after intravenous infusion of amiodarone, ECG in (b) showed
atrial flutter with 2:1 AV conduction with narrow QRS at a ventricular rate of 104 bpm

heart rates, they only slightly slow cardiac conduction and simultaneously, they
induce postrepolarization refractoriness (PRR). Thus, the wavelength is increased
by mexiletine and lidocaine. Slowing of conduction has been shown to be associated with sudden cardiac arrhythmic death in both man [41] and experimental models [42, 43], and many drugs have the ability to slow conduction in the myocardium,
and elicit arrhythmias. Lu et al. demonstrated that flecainide markedly slowed conduction and elicited ventricular tachycardia (VT) or ventricular fibrillation (VF),
especially in a condition of ischemia/reperfusion, while lidocaine abolished ischemia/reperfusion-induced VT/VF [44]. They suggest that lidocaine-like INa,L blockers are “good,” while flecainide-like INa blockers are “bad” sodium current blockers.
Class Ia and Ic drugs are not suggested to be used in patients with structural heart
diseases. The main mechanisms are summarized as follows. Firstly, the resting
membrane potential (RMP) is usually altered in structural heart diseases, such as
myocardial ischemia (myocardial infarction) [45], myocardial hypertrophy [46],
and heart failure [47]. RMP is important for cardiac excitation and conduction.
Even in normal hearts, RMPs of myocytes in different regions are not the same,
with Purkinje cells most negative (Purkinje >ventricle >atrial). As we know, the
opening of cardiac Na+ channel and the Na+-channel availability are voltage dependent. Thus, RMP plays important role in Na+ channel availability and activation. It
has been long demonstrated that the INa,F block by sodium blockers is also RMP
dependent, with more cumulative block at the more depolarized holding potential
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[48, 49]. In structural heart diseases, RMP is depolarized and the use-dependent
block effect of Class Ia and Ic drugs may be more strong, causing marked slowing
of conduction and reentrant ventricular arrhythmias. Secondly, Class Ia and Ic drugs
decrease cellular [Na]i+ and subsequently [Ca2+]i, reducing myocardial contractility,
particularly during tachycardia.

Class II Antiarrhythmic Drugs
Class II antiarrhythmic drugs are β-adrenergic blockers, which have a wide range of
antiarrhythmic effect that is larger than initially thought. In the human myocardium,
β1-, β2-, and α1-receptors are the main adrenergic receptors. Data from the past
several decades demonstrate that, as an antiarrhythmic class, β-blockers remain
among the very few pharmacologic agents that reduce the incidence of sudden cardiac death, prolong survival, and ameliorate symptoms caused by arrhythmias in
patients with cardiac disease [50]. The mechanism of antiarrhythmic effect of
β-blockers is complex and multifactorial.

Inhibition of Sympathetic Hyperactivity
It has been recognized for many years that a hyperadrenergic state during experimental conditions and certain pathophysiological states in humans, such as myocardial infarction and heart failure, were associated with life-threatening ventricular
arrhythmias and sudden death [51, 52]. The sympathetic hyperactivity is highly
proarrhythmic by shortening of the ventricular action potential duration and thus the
effective refractory period, increasing ventricular automaticity, inducing Ca2+ overload and triggered activities, reducing vagal tone, decreasing VT/VF threshold, and
increasing the dispersion of the myocardial refractory period [53]. In isolated failing
ventricular myocytes, β-adrenergic stimulation activates CaMKII and PKA and
increases sarcoplasmic reticulum (SR) Ca2+ load, SR Ca2+ leak, delayed after-
depolarizations (DADs), and triggered activities, providing a potential link between
β-adrenergic stimulation and focal ventricular arrhythmias [54–57]. In the intact
heart, localized β-adrenergic stimulation can provide spatiotemporal synchronization of SR Ca2+ release over many cells to overcome source-sink mismatch and
produce focal arrhythmia [58]. Studies have shown that β-blockers restore SR calcium release channel function and suppress intracellular Ca2+-dependent after-
depolarizations [59]. The antiarrhythmic effects of β- blockers appear to be mediated
largely by attenuating the consequences of sympathetic hyperactivity.

Inhibition of Structural and Electrical Remodeling
Structural and electrical remodeling in atrial and ventricle is common under
pathophysiological conditions when sympathetic nerve is excessively activated,
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predisposing the heart to atrial and ventricular arrhythmias. At the tissue level, long-
term therapy with β-blockers prevents the progressive reduction in ventricular function and reverses adverse remodeling by attenuating the augmented sympathetic
drive in heart failure [50]. β-blockers may exert a cardioprotective effect in patients
with ischemic heart disease (IHD) and idiopathic dilated cardiomyopathy (DCM)
by retarding catecholamine-mediated necrosis and consequent remodeling effects
[60]. Studies have shown that long-term β-blocker treatment results in a reversal of
maladaptive remodeling with reduction in left ventricular volumes, regression of
left ventricular mass, and improved ventricular geometry [61].
Atrial electrophysiological remodeling due to atrial fibrillation is characterized
by shortening of the action potential duration (APD) and effective refractory period
(ERP), contributing to the maintenance of the arrhythmia. Chronic β-blockade
decreases the transient outward (Ito) and inward rectifier (IK1) potassium currents,
and increases the APD and ERP [62]. This ERP prolongation could lengthen the
minimum wavelength required for reentry and contribute to an atrial antiarrhythmic effect.

Inhibition of Ion Channels
Adrenergic stimulation produces extensive electrophysiologic effects in the heart,
including (1) increase of the L type calcium current (ICaL); (2) increase of the pacemaker current (If) and the automaticity of cardiac cells; (3) increase of the delayed
rectifier potassium current (IKr and Iks), shortening action potential duration, and
ventricular effective refractoriness; and (4) increase of the sodium inward current
(INa) [63]. β-blockers can antagonize all the electrophysiologic effects of adrenergic
stimulation. Metoprolol is considered to be a class II antiarrhythmic agent that is
highly specific for cardiac β1 adrenergic receptors. Studies have shown that metoprolol inhibits several ion currents, including Ito, IKl, and ICaL [64]. To some extent,
β-blockers are multiple-ion channels inhibitors. Thus, there are multiple potential
reasons why β-blockers are antiarrhythmic.

Role in Inherited Arrhythmogenic Diseases
β-blockers are also used to treat arrhythmias in inherited arrhythmogenic diseases,
such as long QT syndrome (LQTS) and catecholaminergic polymorphic ventricular
tachycardia (CPVT). Congenital LQTS is a primary inherited arrhythmia syndrome
associated with an increased propensity to arrhythmogenic syncope and sudden death
[65]. It is characterized by abnormal cardiac repolarization evident as prolonged QT
interval on the electrocardiogram (ECG). Adrenergic stimulation is an important
triggering factor of life-threatening tachyarrhythmias in some types of LQTS. Thus,
sympathetic depression may be a main mechanism for β-blockers to treat tachyarrhythmias in LQTS. Since the 1970s, beta-blockers have been the cornerstone in
managing this disorder primarily, because the trigger for most life-threatening
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arrhythmias is a sudden increase in sympathetic activity, especially in LQT1 and
LQT2 patients [66]. However, it has been demonstrated that not all beta-blockers
are equal in the management of LQTS types 1 and 2 [65]. Propranolol and nadolol
have been suggested to be significantly more effective than metoprolol in preventing arrhythmia events in symptomatic patients. This difference may result from that
propranolol has a pronounced late sodium current (INa,L)–blocking effect, which contributes directly to shortening of the action potential duration and thereby the QTc
[65]. In addition, nadolol has a blocking effect on peak INa,F and no effect on the INa,L
whereas metoprolol has no effect on either the peak INa,F or INa,L [67]. By blocking
INa,L, propranolol decreases transmural dispersion of repolarization. Thus, propranolol may be superior to both nadolol and metoprolol in terms of shortening the cardiac
repolarization time, particularly in high-risk patients with markedly prolonged QTc.
CPVT is an inherited disorder of intracellular calcium handling, causing
adrenergic-dependent arrhythmias and sudden death. Mutations in 2 genes are identified: ryanodine receptor gene (RyR2) and calsequestrin 2 gene (CASQ2). Mutant
ryanodine receptor is leaky, and it releases excess of calcium during diastole. The
SR Ca2+ leak activates sodium-calcium exchanger (NCX) that extrudes Ca2+ out
from the cell, which will generate a net inward current and cause DAD and even
triggered activity. Patients have normal resting ECG and develop ventricular ectopy
progressing to bidirectional or polymorphic VT during exercise, emotional stress, or
catecholamine infusion. β-blockers can inhibit SR Ca2+ leak and suppress intracellular Ca2+-dependent DAD and triggered activity in CPVT. Clinically, β-blockers
have been used to treat CPVT and decrease the incidence of ventricular arrhythmias. Recent studies demonstrated that the β1- and β2-blocker nadolol is more
effective to decrease the incidence and severity of ventricular arrhythmias than
β1-Selective β-blockers in CPVT patients [68]. Although β-blockers decrease the
incidence of ventricular arrhythmias, ICD must be considered in CPVT patients
who survive from cardiac arrest or have recurrent syncope or polymorphic/bidirectional VT despite optimal medical management.

Class III Antiarrhythmic Drugs
Antiarrhythmic drugs that prolong repolarization as a dominant effect, typified by
amiodarone, dofetilide and sotalol, are termed as class III antiarrhythmic drugs.
Most of class III antiarrhythmic drugs are inhibitors of the rapidly activating delayed
rectifier potassium current (IKr).

Antiarrhythmic Mechanism for Reentrant Arrhythmias
IKr blockers prolong the action potential duration (APD) and effective refractory
period (ERP) without changing excitability or conduction. Thus, they increase the
wavelength of the reentry impulse and treat reentry arrhythmias by shortening the
excitable gap.
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Dofetilide is a class III antiarrhythmic agent approved by the Food and Drug
Administration for conversion of atrial fibrillation and atrial flutter and maintenance
of sinus rhythm in symptomatic patients with persistent arrhythmia. In the 2014 AF
guidelines, dofetilide is recommended for first-line therapy for maintenance of
sinus rhythm in patients with or without structural heart disease [69].
Amiodarone is not a pure IKr blocker; it also inhibits INa,F, INa,L, IKs, and ICa,L. The
mechanism of antiarrhythmic action of amiodarone is complex. Firstly, it prolongs
APD and ERP, which is beneficial for reentry arrhythmias. Secondly, it inhibits INa,F
and causes postrepolarization refractoriness (PRR). Thirdly, it inhibits INa,L and suppresses EAD, DAD, and triggered activity. Fourthly, it inhibits ICa,L and slows the
conduction of AVN. As a multiple ion channel blocker, amiodarone is the most
effective and most commonly used antiarrhythmic drug.

Reverse-Use Dependence of Class III Antiarrhythmic Drugs
Reverse-use dependence is a phenomenon that the drug-induced repolarization prolongation is more prominent during bradycardia and less during tachycardia, which
contributes importantly to arrhythmogenesis [34, 70]. Blockade of the IKr is the most
common cause of the drug-induced prolongation of ventricular repolarization (QT)
and reverse-use dependence. Figure 6.5 shows that sotalol amplified bradycardia-
dependent QT prolongation, that is, so-called reverse-use dependence of IKr blockers.
Fig. 6.5 A 77-year-old
female with paroxysmal
atrial fibrillation was
admitted to hospital for
sotalol load. Telemetry
tracings of pre-sotalol,
after sotalol, and sotalol
plus mexiletine are shown.
In baseline, pause-
dependent (or bradycardia-
dependent) QT and Tp-e
prolongation was mild
(small arrow). Sotalol
markedly amplified
pause-dependent (or
bradycardia-dependent)
QT and Tp-e prolongation
(large arrow), a
phenomenon called as
reverse-use dependence.
Mexiletine blunted
pause-dependent (or
bradycardia-dependent)
QT and Tp-e prolongation
induced by sotalol
(intermediate arrow)
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In almost all mammalian species, there is a rate dependence of ventricular repolarization (APD), that is, the APD lengthens with a decrease of heart rate and shortens with an increase of heart rate. Under physiologic conditions, the rate dependence
of ventricular repolarization may be associated to the inotropic efficiency of the
heart. However, the rate-dependent ventricular repolarization may be more prominent and even arrhythmogenic in the presence of a QT-prolongation drug or under
pathophysiological conditions, such as hypokalemia. This is the reverse-use dependence phenomenon. In fact, the mechanism underlying the rate adaption of repolarization and reverse-use dependence of QT-prolonging drugs is identical. Previous
studies suggest that the slowly activating delayed rectifier potassium current (IKs) is
an important modulator of rate-dependent ventricular repolarization and plays an
important role in reverse-use dependence of certain QT-prolonging agents [71, 72].
However, accumulating evidence suggests that IKs does not play the dominant role
in the rate dependence of cardiac APD. In canine LV, M cells exhibit a much steeper
rate APD slope than in the epicardial and endocardial cells, although the M cells
have a much weaker IKs [73]. In addition, block of IKs by HMR1556 was associated
with reverse-use-dependent APD prolongation (i.e., amplification of the intrinsic
rate-dependent changes in APD) [74]. More recently, Yan and Wu et al. demonstrated that INa,L, an important inward current during ventricular repolarization, may
play a central role in normal rate adaption of ventricular repolarization and the
reverse use dependence of the QT-prolonging drugs [34, 35]. INa,L is sensitive to a
rate change due to its slow inactivation and recovery kinetics. INa,L, unlike peak INa,F
that inactivates in a few milliseconds and recovers fast, has very slow inactivation
and recovery kinetics ranging from hundreds of milliseconds to minutes. A larger
INa,L during bradycardia matches to a longer APD, while a smaller INa,L during tachycardia matches to a shorter APD. In the heart, Purkinje cells and M cells with larger
INa,L have a steeper rate dependence of repolarization and more prominent reverse-
use dependence [21]. When APD/QT is prolonged by IKr inhibitors or other factors,
the inactivation of INa,L may be slower, resulting in a larger INa,L and even longer
APD. Thus, it is not surprising that inhibition of INa,L significantly reduced the
reverse-use dependence of QT and Tp-e intervals and conferred significant antiarrhythmic effects [70].
Amiodarone, a Class III antiarrhythmic drug, is the most effective antiarrhythmic drug. Clinically, it is uncommonly seen that amiodarone induces TdP although
it is an IKr inhibitor. This is because amiodarone is also an INa,L inhibitor, which
reduces the reverse-use dependence of its IKr inhibition. However, it is not the case
with other IKr inhibitors. As a pure IKr blocker, dofetilide at higher doses results in
more prominent QT prolongation (reverse-use dependence) that may lead to a life-
threatening ventricular arrhythmia termed torsade de pointes (TdP) [75, 76].
Clinically, dofetilide is commonly used to treat atrial fibrillation (AF) and maintaining sinus rhythm [75]. Due to its reverse-use dependence and proarrhythmic risk,
dofetilide is often used at suboptimal doses and the efficacy is not maximized.
Ironically, clinicians want larger doses for better inhibition of AF, on the one hand,
but are afraid of its cardiac toxicity, on the other hand. This dilemma has greatly
limited clinicians’ ability to treat AF. In a recent study, Liu et al. showed that
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combined use of dofetilide and mexiletine not only synergistically increases atrial
ERP and effectively suppresses AF inducibility, but also markedly reduces QT liability and torsade de pointes risk posed by dofetilide alone in an animal study [77].

Class IV Antiarrhythmic Drugs
Rate-lowering calcium channel blockers such as verapamil and diltiazem are considered to be the Class IV antiarrhythmic drugs. Verapamil and diltiazem are both
the L-type calcium current (ICa,L) blockers. The L-type calcium channel (also known
as the dihydropyridine channel or DHP channel) is highly expressed in the tissue of
sinoatrial nodes (SANs) and atrioventricular nodes (AVNs). In SAN and AVN, ICa,L
contributes mainly to the phase 0 depolarization and impulse conduction. By blocking ICa,L, verapamil and diltiazem decrease the conduction and prolong the refractoriness in SAN and AVN and thus protect the ventricles from atrial tachyarrhythmias.
ICa,L inhibition by verapamil and diltiazem is also use dependent: that is, their effect
to inhibit ICa,L is more prominent during tachycardia.
Generally, the role of Class IV antiarrhythmic drugs is relatively smaller than
that of other types of antiarrhythmic drugs for the overall management of cardiac
arrhythmias. Firstly, they can be used to terminate atrioventricular nodal reentrant
tachycardia (AVNRT) and atrioventricular reentrant tachycardia (AVRT) by abruptly
blocking anterograde conduction in the AVN. Secondly, verapamil and diltiazem
are usually used to control the rapid ventricular response in patients with atrial
tachycardia (AT), atrial flutter (AFL), and atrial fibrillation (AF) at rest and during
exercise. In this context, their actions can be combined with those of digoxin and
β-blockers to obtain a synergistic and (or) an additive effect. However, they are not
suggested to be used in AF patients with reduced left ventricular ejection fraction
(LVEF<40%), because they can decrease cardiac contractility. Thirdly, some forms
of ventricular arrhythmias are sensitive to verapamil and diltiazem, such as
verapamil-sensitive fascicular ventricular tachycardia (VT). The mechanism of
verapamil-sensitive left VT is reentry and a part of the reentry circuit may be calcium current dependent [78]. Thus, verapamil can slow and even terminate this type
of VT. In addition, Purkinje fiber–mediated VT postinfarction also exhibits verapamil sensitivity [78].
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Introduction
The narrow-QRS tachycardias are tachycardias that occur at a rate of >100 bpm
with a QRS duration≤120 ms. The narrow-QRS tachycardias are the most common form of cardiac arrhythmias encountered in clinical practice and generally
with supraventricular origin, with exception of high septal or some fascicular ventricular tachycardias (VTs). According to the 2019 European Society of Cardiology
(ESC) guidelines [1], the classification of narrow-QRS tachycardias is shown in
Table 7.1.
In this chapter, we have focused on those narrowly defined supraventricular
tachycardias (SVTs) which include atrial tachycardia, AVNRT, orthodromic AVRT,
and JET. In some cases in which the patients have baseline bundle branch block
(BBB), supraventricular tachycardias with QRS > 120 ms with typical morphology
of BBB are also discussed.
The differential diagnosis of supraventricular tachycardias at the bedside would
be sometimes difficult if the information and methods are limited. Careful review of
patient’s symptoms may provide clues for the diagnosis. For SVT with a reentrant
mechanism like AVNRT or AVRT, the symptoms often start and terminate abruptly
and may be terminated by vagal maneuvers, like holding breath, bearing down as
though having a bowel movement, coughing, or dunking your face in a bowl of ice-
cold water, performed by patients. Sinus tachycardia or focal atrial tachycardia may
have a warming period. There are several methods that can significantly enhance
our capability to make differential diagnosis of SVT including vagal maneuvers, use
of intraventricular injection of adenosine (often 6 mg or 12 mg intravenous push),

Table 7.1 The classi
fication of narrow-QRS
tachycardias

Regular
Irregular
Physiological sinus tachycardia Atrial fibrillation
Inappropriate sinus tachycardia Focal atrial tachycardia or
atrial flutter with varying
AV block
Sinus nodal reentrant
Multifocal atrial
tachycardia
tachycardia
Focal atrial tachycardia
Atrial flutter with fixed AV
conduction
AVNRT
Junctional ectopic tachycardia
(JET)
Orthodromic AVRT
Idiopathic VT (especially high
septal VT)
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device interrogation if the patient has pacemaker or implantable cardioverter-
defibrillator (ICD), and transesophageal recording and atrial pacing.
A 12-lead ECG taken during tachycardia is very useful for the efficient diagnosis
of a narrow-QRS tachycardia, although it may sometimes fail to lead to a specific
diagnosis [2]. There are several important observations in baseline ECG or during
SVT per se that are helpful for differential diagnosis:
1. AV block with continuation of narrow-QRS tachycardia: this excludes orthodromic AVRT.
2. If a sustained SVT spontaneously terminates at a P wave: this essentially rules
out atrial tachycardia, and reentrant mechanisms using the AV node as part of the
reentrant circuit should be then considered.
3. Initiation of SVT: SVT initiated by a premature atrial beat with a jump in PR
intervals favors a typical AVRNT or an orthodromic AVRT.
4. Short RP (<70 ms) during SVT in adult patients: this essentially excludes an
orthodromic AVRT.
5. Tachycardia wobble: if the RR intervals (or the VV in intracardiac recording of
the devices) drive the PP intervals (or the AA in intracardiac recording of the
devices), it would exclude atrial tachycardia; in contrast, if the PP intervals drive
the RR intervals, it would favor atrial tachycardia.
6. Baseline ECG: presence of preexcitation indicates presence of accessory
pathway(s). AVRT should be highly suspected.
7. Occurrence of BBB during SVT: If the tachycardia cycle length abruptly
increases when BBB occurs, it indicates AVRT with using the ipsilateral ventricular free wall accessory pathway (AP) for reentry (Coumel’s law). In intracardiac recording, the VA increases by more than 20 ms under this situation
when BBB occurs.

Initiation and Termination of SVT
Initiation and termination of paroxysmal SVT can be reviewed from the patient’s
telemetry or Holter ECGs. A narrow-QRS tachycardia is initiated by a premature
atrial contraction (PAC) with a sudden prolongation (jump) of the PR interval with
pseudo-S wave in inferior leads, indicating a typical AVNRT, i.e., slow-fast AVNRT
(SF AVNRT, Fig. 7.1a). Less commonly, a typical AVNRT can be initiated by a
premature ventricular contraction (PVC). However, PVC is a common trigger of
atypical AVNRT, i.e., fast-slow AVNRT (FS AVNRT). AVRT can be commonly triggered by either a PAC or a PVC (Fig. 7.1b). An atrial tachycardia may also be initiated by an atrial ectopic beat, but it is not dependent on a significant PR interval
prolongation. Automatic, focal ATs are characterized by gradual acceleration (a
warm-up phenomenon, Fig. 7.1c) followed by deceleration (cool-down phenomenon) [3] and may also be incessant with short interruption by sinus beats.
Termination of paroxysmal SVT is an important clue for disclosing SVT mechanism. When a long run of SVT terminates at a P wave, atrial tachycardia can be
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a

b

c

Fig. 7.1 (a) AVNRT was initiated by a premature atrial contraction (PAC) with a jump in the PR
interval. The retrograde P waves with a short RP interval (<70 ms) are seen (pseudo-S wave,
arrow). (b) AVRT was initiated by a premature ventricular contraction (PVC) with a retrograde P
wave (arrow). The RP interval is longer than 90 ms. (c) Initiation of automatic atrial tachycardia;
the tachycardia cycle lengths of the first two beats are longer than those of consecutive beats, i.e.,
a warm-up phenomenon

ruled out. This is because the probability of concurrence of atrial tachycardia termination and AV block is extremely small. It must be emphasized that such a conclusion is valid only when the episode of SVT is fairly sustained. A short-burst episode
(a few beats) of atrial tachycardia can terminate at a P wave because adaption of AV
node for conduction to faster atrial impulses may require a certain time. In other
words, the probability of concurrence of termination of a short-burst episode of
atrial tachycardia and AV block is increased during the first few seconds. AVNRT,
AVRT, and junctional ectopic tachycardia (JET) with 1:1 retrograde conduction can
terminate at a P wave. Although a long run of atrial tachycardia almost always terminates at a QRS complex in the absence of AV block, termination of an SVT at a
QRS complex does not always indicate atrial tachycardia. AVRT and atypical
AVNRT can sometimes terminate at a QRS complex.
Figure 7.2 shows that a typical AVNRT terminates at a P wave (a) and atrial
tachycardia stops at a QRS complex (b). Please note that a definite diagnosis cannot
be made based on the patterns of SVT termination. For example, for Fig. 7.2a, JET
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a

b

Fig. 7.2 (a) A narrow-QRS tachycardia spontaneously terminated at a P wave. (b) A narrow-QRS
tachycardia spontaneously terminated at a QRS complex. See the main text for discussion

cannot be ruled out particularly in considering that the tachycardia rate is relatively
slow (just above 100 bpm). An electrophysiology study later demonstrated a dual
AV nodal pathway with easily induced AVNRT. JET was then ruled out.

Regularity of Tachycardia Cycle Length
Regularity of PP and RR intervals should be evaluated. Irregular PP intervals are
more commonly seen in atrial tachycardia (Fig. 7.3). Irregular RR intervals can be
characterized by focal or multifocal atrial tachycardia, atrial fibrillation, and atrial
flutter with varying AV conduction. Irregular supraventricular arrhythmias, such as
multifocal atrial tachycardia, are usually characterized by changes in the P wave
morphology and the PP, RR, and PR intervals. Tachycardia cycle length alternation
(also known as RR alternation) may be sometimes seen in AVNRT, but the changes
are often less than 15% of the tachycardia cycle length [4]. An alternate change in
the tachycardia cycle length may be occasionally seen in AVRT due to alternate
conduction through the AV node. If the irregularity exceeds 15% of cycle length, a
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focal atrial arrhythmia should be suspected (Fig. 7.3) [5]. QRS amplitude alternation is a rare phenomenon in narrow-QRS tachycardias, which may be unrelated to
cycle length alternation, and suggests AVRT as the likely diagnosis [6, 7]. However,
this may be seen in any fast narrow-QRS tachycardias [8]. A change in ventricular
cycle length preceded by the change in atrial cycle length is seen in atrial tachycardia or atypical AVNRT. A change in ventricular cycle length prior to the change in
subsequent atrial cycle length favors typical AVNRT or AVRT [9]. A fixed ventriculoatrial (VA) interval in the presence of variable RR intervals excludes atrial tachycardia [10]. When SVTs manifest as dynamic, i.e., frequent onset and termination,
they are usually caused by focal mechanisms.
In an orthodromic AVRT using a ventricular free wall AP as the retrograde limb
of reentry, appearance of BBB in the ipsilateral ventricular side of AP is associated
with an abrupt increase in the tachycardia cycle length and the RP interval (Coumel’s
law). Figure 7.4 shows that the development of LBBB during SVT in the Holter
recording resulted in increased tachycardia cycle length and RP interval, indicating
AVRT using a left ventricular free wall AP. This was later confirmed in an electrophysiology study.

Fig. 7.3 A narrow-QRS tachycardia with a relatively large variation of cycle lengths, indicating
automatic atrial tachycardia

Fig. 7.4 The tachycardia cycle length and RP interval increase when LBBB developed, indicating
AVRT using a left ventricular free wall AP as the retrograde limb of the reentrant circuit. Channel
2 on the Holter recording is equivalent to V1

7

Narrow-QRS Tachycardias: Differential Diagnosis at Bedside

177

P/QRS Relationship
According to the P/QRS relationship, narrow-QRS tachycardias can be classified as
having short or long RP intervals. Short-RP narrow-QRS tachycardias are those
with RP intervals shorter than half the tachycardia RR interval, whereas long-RP
narrow-QRS tachycardias display RP > PR. A very short RP interval (<70 ms) in
adult patients suggests a typical AVNRT or less commonly atrial tachycardia [11].
The 70 ms cut-off time interval is based on the VA interval that has been tested in
electrophysiology studies. A cut-off time interval of 90 ms has been shown to be
useful for ECG measurements and can be used if a P wave is visible [12].
P waves during tachycardia similar to those in a normal sinus rhythm suggest an
inappropriate sinus node tachycardia, sinus node reentrant tachycardia, or atrial
tachycardia originating from the region near sinus node. P waves during tachycardia
different from those in a normal sinus rhythm, and conducted with a PR interval
equal to or longer than the PR interval in sinus rhythm, are typically seen in atrial
tachycardia. In this case, the morphology of the P waves can also provide useful
clues about the location of atrial tachycardia focus. In atrial tachycardia, ventricular
responses can be regular or irregular, and the conduction to the ventricle can be fast
(1:1) or relatively slow (2 or 3:1). If the heart rate of narrow-QRS tachycardia is
approximately 150 bpm, the possibility of atrial flutter 2:1 AV conduction should be
considered, because the rate of atrial impulses of typical atrial flutter is usually
300 bpm in patients without using any antiarrhythmic drugs. In patients on an antiarrhythmic drug like amiodarone or sotalol, the ventricular rate under condition of
atrial flutter 2:1 AV conduction can be much slower than 150 bpm.
In a typical AVNRT, the relatively delayed retrograde conduction that allows the
identification of retrograde P waves, a pseudo-r deflection in lead V1, and a pseudoS wave in the inferior leads are more common than in AVRT or atrial tachycardia
[13, 14]. These criteria are specific (91–100%) but modestly sensitive (58% and
14%, respectively) [13]. A difference in the RP intervals in leads V1 and III >20 ms
is also indicative of AVNRT rather than AVRT using a posteroseptal pathway [14].
The presence of a QRS notch in lead aVL has also been found to be a reliable criterion suggesting AVNRT [15], while a pseudo-r in aVR has been shown to have
greater sensitivity and specificity than a pseudo-r in V1 for the diagnosis of a typical
AVNRT [16]. However, in all referenced studies, cases of atrial tachycardia or atypical AVNRT were relatively few or absent.
AV block with AV dissociation during a narrow-QRS tachycardia is uncommon,
but it rules out AVRT as both the atria and ventricles are part of the reentrant circuit.
Although AVNRT is commonly present with 1:1 VA relationship, upper or lower
common pathway block during AVNRT may occur. In other words, there may be
more P waves or less P waves than QRS waves during AVNRT. This is because
AVNRT is a reentrant arrhythmia within AV node in which atria or ventricles are not
parts of the reentrant circuit. For AVNRT with upper common pathway block, see
Fig. 13.5 in Chap. 13; for AVNRT with 2:1 AV block, see Fig. 13.10 in Chap. 13.
In patients with an AV node dual pathway physiology, non-reentrant tachycardia
due to simultaneous travel of a sinus P wave down to the fast and slow pathways
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a

b

Fig. 7.5 (a) A 12-lead ECG was recorded in an 83-year-old female who was scheduled for transcatheter aortic valve replacement (TAVR) for her severe aortic valve stenosis. Sinus P waves traveled down to the fast and slow pathways resulting in 1:2 AV conduction with retrograde VA
conduction via the fast pathway (arrows), similar to sinus beats followed by junctional premature
complexes with retrograde P waves. (b) After TAVR, episodes of a dual AV nodal non-reentrant
tachycardia occurred. The tachycardia terminated due to intermittent AV block. The arrows point
to sinus P waves

resulting in 2:1 conduction may occur. Fig. 7.5 shows a dual AV nodal non-reentrant
tachycardia in an 83-year-old patient shortly after the procedure of transcatheter
aortic valve replacement (TAVR). Interestingly, the patient had only occasional
sinus P waves conducting down the fast and slow pathways, which look like JETs
with retrograde P wave (arrows). Within 2 days after TAVR, the dual AV nodal non-
reentrant tachycardia became almost incessant. Someone may consider it as sinus
rhythm with frequent PACs. However, the major differential diagnostic clue of sinus
rhythm with frequent PACs from a dual AV nodal non-reentrant tachycardia is that
the PACs are almost always associated with incomplete compensatory pauses. In
this case, there were no compensatory pauses. The tachycardia (Fig. 7.5b) terminated whenever AV block was present at either the fast pathway or slow pathway.
This makes sinus rhythm with frequent JETs unlikely.
Because atria and ventricles are parts of the reentrant circuit for AVRT, 1:1 VA
relationship always remains during AVRT. But the VA interval may vary under certain conditions. The development of bundle branch block (BBB) during a narrow-
QRS tachycardia is also helpful for the diagnosis of AVRT. BBB ipsilateral to the
free ventricular wall AP can result in tachycardia cycle length prolongation due to
VA prolongation, as the ventricular arm of the circuit is prolonged by conduction
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through the interventricular septal myocardium instead of the fast-conducting bundle branch (Fig. 7.4) [17].

Vagal Maneuvers and Adenosine Diagnosis
When the patient presents with a persistent SVT, vagal maneuver such as carotid
sinus massage or intravenous (iv) injection of adenosine may be helpful in clinical
diagnosis at the bedside. Adenosine injection has a much higher successful rate to
produce a positive response than carotid sinus massage. Possible responses to the
vagal stimulation and adenosine injection include (1) induction of decreased AV
nodal conduction and intermittent AV block (atrial electrical activity can thus be
unmasked, revealing dissociated P waves (atrial tachycardias or atrial flutter)), (2)
temporary slowing of atrial rate of automatic tachycardias (focal atrial tachycardia,
sinus tachycardia, and JET), and (3) termination of tachycardias that use AV node
as part of reentrant circuit like AVNRT or AVRT. More rarely, sinus nodal reentry or
atrial tachycardia due to triggered activity can slow down or terminate during carotid
sinus massage or intravenous injection of adenosine.
Figure 7.6a shows a patient with a narrow-QRS tachycardia at a rate of approximately 130 bpm. Carotid sinus massage produced a decrease in AV nodal conduction, which revealed atrial flutter waves. Figure 7.6b shows an SVT in a 75-year-old
a

b

Fig. 7.6 (a) Carotid sinus massage produced AV conduction decrease which revealed atrial flutter
wave. (b) Carotid sinus massage produced gradual prolongation of PR and RP intervals before
terminating the tachycardia in a 75-year-old female patient with typical RBBB on her baseline
ECG. The tachycardia terminated due to the retrograde VA conduction. This indicates either atypical AVNRT (FS-AVNRT) or AVRT using the septal slow AP as the retrograde limb. See the
main text
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female patient with typical right bundle branch block (RBBB) on her baseline
ECG. Carotid sinus massage produced gradual prolongation of both PR and RP
intervals (arrows point to retrograde P waves), i.e., Wenckebach conduction, before
block in retrograde conduction and termination of the tachycardia. This indicates
either atypical AVNRT or AVRT using a septal slow AP. Although the slow AP can
exhibit a property of Wenckebach conduction, AV node is more sensitive to vagal
stimulation and produces decremental conduction in a larger scale. Additionally,
atypical AVNRT is relatively more common than AVRT with a slow AP in this age
group. The later electrophysiology study confirmed the diagnosis of atypical AVNRT.
Similarly, intravenous (iv) injection of adenosine caused AV nodal block which
revealed atypical atrial flutter wave in a patient who presented with an SVT
(Fig. 7.7a). As shown in Fig. 7.7b, intravenous injection of adenosine caused termination of a typical AVNRT at P waves which was preceded by a slight prolongation
of the tachycardia cycle length (please see the last two beats of the tachycardia).
As we discussed in previous sections, termination of an arrhythmia by a P wave
after the last QRS complex is very unlikely in atrial tachycardia and is most
a

b

Fig. 7.7 (a) Intravenous injection of adenosine (12 mg) produced AV conduction block which
revealed atrial flutter wave. (b) Intravenous injection of adenosine terminated a typical AVNRT
(SF-AVNRT) at a P wave (arrows)
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common in AVRT and typical AVNRT. Termination with a QRS complex is common in atrial tachycardia, but may also occur in atypical AVNRT (Fig. 7.6b).
Adenosine does not interrupt macro-reentrant atrial tachycardias [18]. In particular,
fascicular VTs are sensitive to verapamil, but not to adenosine. Most VTs do not
respond to carotid sinus massage.
A modified Valsalva maneuver (the REVERT trial) has recently been proposed
to terminate SVTs with use of AV node as part of reentrant circuit. The patients in a
semi-recumbent position are instructed to produce 40 mmHg pressure for 15 seconds and then repositioned in a supine position with a passive leg raise immediately
after the Valsalva maneuver. It was found that the modified Valsalva maneuver terminated SVT within 1 minute at 43% of patients, significantly higher than 17% in
the standard Valsalva maneuver [19]. An SVT terminated by Valsalva maneuver is
likely either AVNRT or AVRT.

Use of Implantable Devices for SVT Diagnosis
In the patients with palpitation suspected from SVTs, some of them may have an
implantable device like a pacemaker or loop recorder or implantable cardioverter-
defibrillator (ICD). Interrogation of these devices may provide useful clues to diagnose SVTs.
In Fig. 7.8, ICD interrogation in a patient with frequent intermittent palpitation
shows frequent episodes of non-sustained “ventricular tachycardia.” Careful review
of these intracardiac recordings shows the episodes were in fact atrial tachycardia:
it was initiated by a PAC, it terminated at V, and more importantly the AA intervals
drove the VV intervals. Atrial tachycardia with a rapid ventricular response may be
detected as “ventricular tachycardia” in ICD which may trigger anti-tachycardia
pacing (ATP) in the right ventricle with a slightly shorter cycle length than that of
the tachycardia. If the tachycardia is atrial tachycardia and can be also entrained by

Fig. 7.8 ICD interrogation revealed an episode of non-sustained “ventricular tachycardia” which
was in fact an episode of non-sustained atrial tachycardia. Please see that the AA intervals drove
the VV intervals during the tachycardia
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the ventricular anti-tachycardia pacing, a VAAV response with continuation of the
tachycardia after termination of the pacing seen in the intracardiac recording of ICD
is helpful for the diagnosis of atrial tachycardia. If it is a VAV response, other mechanisms underlying the tachycardia should be then considered.
Figure 7.9 shows two cases of AVNRT detected in the pacemakers. Panel A: an
80-year-old female was admitted with a persistent narrow-QRS tachycardia.
Interrogation of her pacemaker showed (1) tachycardia terminated at A, (2) the VA
interval was shorter than 70 ms, and (3) there was variation of the cycle length in the
last two beats, but the VA relationship remained constant. All of these findings indicate
AVNRT. Panel B (this is an interesting case): an 83-year-old female with Ebstein
anomaly status post-two tricuspid valve repair surgeries and implantation of a dualchamber pacemaker. The patient had intermittent exacerbation of dyspnea on exertion.
a

b

Fig. 7.9 (a) Pacemaker interrogation showed a persistent tachycardia that terminated at A (arrow).
By also considering a short VA (<70 ms), a typical AVNRT was diagnosed. (b) An episode of
AVNRT was induced by checking atrial pacing threshold during pacemaker interrogation in an
83-year-old female with Ebstein anomaly. Atrial pacing produced jumps in AV intervals (solid
arrows) before initiating a typical AVNRT (VA < 70 ms). Open arrows show the electrically isolated atrial activities in the right atrium
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In one of her office visits, when we were checking her atrial pacing threshold, there
were jumps in AV delays which initiated a typical AVNRT at a relative slow rate.

Esophageal Recording and Atrial Pacing
Transesophageal recording and atrial pacing is a versatile non-invasive method that
has been popularly used for diagnosis and treatment for a variety of SVTs at the
bedside in hospital wards and clinical examination rooms in some countries.
Because of the anatomical proximity between the esophagus and the posterior
aspect of left atrium, transesophageal atrial pacing with a bipolar electrode is possible in almost all patients, so that transesophageal atrial programmed stimulation is
feasible. The transesophageal flexible electrode is introduced into the esophagus via
the nares after local nose anesthesia with Xylocaine spray. The esophageal bipolar
(EB) recording includes two components: a fairly local atrial signal from the left
atrium and a far-field ventricular signal.
Figure 7.10a shows tachycardias with narrow-QRS complexes in a constant
cycle length followed by intermittent wide-QRS complexes in irregular cycle
a

b

Fig. 7.10 (a) Transition of a regular narrow-QRS tachycardia into an irregular tachycardia with
intermittent wide-QRS complexes in a 46-year-old male with paroxysmal palpitation. Based on the
information in the esophageal bipolar (EB) recording (the bottom tracing), the regular narrow-
QRS tachycardia is an orthodromic AVRT using a left-side AP for retrograde conduction; the
irregular tachycardia is atrial fibrillation with intermittent preexcitation. (b) Transesophageal atrial
pacing (AP) in the same patient produced the same wide-QRS complexes as seen in panel A, confirming the presence of a left-side AP

184

J.-h. Yu et al.

Fig. 7.11 A tachycardia in
two different QRS
morphologies (narrow
QRS and RBBB) was
recorded in a 40-year-old
female with a history of
palpitation. Please see that
the tachycardia cycle
lengths and the VA
intervals remained
identical between two
different QRS
morphologies. EB:
esophageal bipolar
recording. See the main
text for discussion

lengths recorded in a 46-year-old male who presented with palpitation and lightheadedness. If we review the 12-lead ECG only, we would not easily make a correct diagnosis. With transesophageal recording and atrial pacing, however, the
mechanisms underlying the SVTs become obvious: the narrow-QRS tachycardia is
an orthodromic AVRT likely using a left-side AP, which is followed by atrial fibrillation with intermittent preexcitation. Figure 7.10b shows that transesophageal
atrial pacing (AP) produced the same wide-QRS complexes seen in Fig. 7.10a,
confirming preexcitation using a left-side AP.
In the case as shown in Fig. 7.11, a 40-year-old female with a history of paroxysmal palpitation for 5 years presented with a tachycardia in two different QRS
morphologies: narrow QRS and RBBB. The tachycardia cycle length remained constant at 280 ms when there was transition of the narrow-QRS tachycardia into the
wide-QRS tachycardia with RBBB morphology. The VA intervals at 100 ms in the
transesophageal bipolar recording also remained unchanged. This essentially rules
out AVNRT and AVRT using a right ventricular free wall AP. Interestingly, the
patient also developed one episode of idiopathic ventricular tachycardia from left
ventricle with 1:1 VA conduction in a later time. The VA interval in the transesophageal bipolar recording during ventricular tachycardia was also 100 ms. All of these
clues indicate that the tachycardia shown in Fig. 7.11 is an orthodromic AVRT using
a left-side AP although atrial tachycardia cannot be completely ruled out.
In patients who present symptoms indicating SVT, the transesophageal atrial
programmed pacing can provide important information for SVT diagnosis.
Figure 7.12 shows that the transesophageal atrial programmed pacing successfully
induced an orthodromic AVRT. Please compare the “A” signal in the EB channel
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Fig. 7.12 An orthodromic AVRT was successfully induced with the transesophageal atrial programmed pacing. It is obvious that the “A” in the EB channel (arrow), which was actually an atrial
signal of the left atrium, occurred much earlier than the P wave in the right precordial lead V1 (arrow),
indicating that this orthodromic AVRT used a left-side concealed AP for retrograde conduction

(arrow), which actually represented an atrial signal of the left atrium due to a close
proximity of the esophageal bipolar electrode to the posterior wall of left atrium,
and the P waves on ECG right precordial lead V1 (arrow) for their timing. It is obvious that the “A” signal in the EB channel occurred much earlier than the P wave on
ECG V1, indicating that this orthodromic AVRT used a left-side concealed AP for
retrograde conduction.
In the case as shown in Fig. 7.13, a typical AVNRT was induced with R-sensed
atrial extrasystolic stimulation (RS2) via transesophageal atrial pacing in a 47-year-
old male who presented with paroxysmal palpitation for a period of 3 years. With
the RS2 interval shortening by each 10 ms, the PR intervals gradually prolonged
until jumps (>50 ms) in the PR intervals accompanied by atrial echo beats (pseudo-r
in V2 marked by arrows) that led to a typical AVNRT. By the way, the arrows also
point to a gap phenomenon in which the shorter RS2 intervals with jumps in the PR
intervals resulted in the disappearance of RBBB aberrancy.
Not surprisingly, the transesophageal atrial programmed pacing is useful not
only in SVT diagnosis but also in SVT termination. In some regions where adenosine is unavailable or expensive, the transesophageal atrial programmed pacing is an
excellent alternative for SVT termination. As shown in Fig. 7.13, an RS2 stimulation terminated AVNRT (the bottom tracing).
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Fig. 7.13 R-sensed transesophageal atrial programmed pacing (RS2) induced an episode of typical AVNRT. Please see that the atrial echo beats (arrows) occurred after jumps (>50 ms) in the PR
intervals. RBBB aberrancy disappeared with shorter RS2 intervals but prolonged PR intervals in
the last two beats (arrows), indicating a gap phenomenon. This AVNRT was then terminated by an
RS2 stimulation
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Wide Complex Tachycardia
Carola Gianni, Qiong Chen, Uğur Canpolat,
Domenico G. Della Rocca, Amin Al-Ahmad,
J. David Burkhardt, and Andrea Natale

Introduction
Wide complex tachycardia (WTC) is an electrocardiographic (ECG) descriptor
encompassing all tachycardias (i.e., rhythms with a rate ≥ 100 bpm) with a QRS
complex ≥120 msec. The approach to a WTC is frequently challenging, as a wide
QRS complex can result from a variety of mechanisms and clinical conditions with
very different prognostic and therapeutic implications. In this chapter, we will
review the clinical, ECG, and electrophysiology study (EPS) criteria used in the
differential diagnosis of WTC, with a focus on identifying ventricular tachycardia
(VT) versus other causes of WCT.
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Causes of Wide Complex Tachycardia
A narrow QRS complex results from ordered activation of both ventricles through
the His bundle, bundle branches (BB) and their fascicles, down to the Purkinje network. Every event that modifies this sequence results in QRS prolongation. More
specifically, the differential diagnosis of WTC includes:
• ventricular tachycardia (VT)—up to 80% of WTC
–– when a beat originates in the ventricular myocardium, the activation wavefront spreads centrifugally from this site with a cell-to-cell propagation outside the specialized conduction tissue
–– exception is ventricular beats originating close to or within the BB/Purkinje
network; they usually display a narrow-er QRS complex, since most of the
ventricular activation proceeds faster, over the specialized conduction tissue
• supraventricular tachycardia (SVT) with aberrancy — 15–25% of WTC
–– SVT with intraventricular conduction delay
■■ conduction delay or block in one of the BB/fascicles results in delayed
activation of some regions of the ventricle(s)
■■ it is usually secondary to an anatomical (pre-existing) or functional (ratedependent) block
■■ rarely, it can be an effect of drugs (sodium channel blockers) or electrolyte
disturbances (hyperkalemia)
–– SVT with pre-excitation
■■ part of (pre-excited SVTs) or the whole (antidromic atrioventricular reentrant tachycardia – AVRT) ventricular myocardium is activated early
over an AV accessory pathway (AP)
■■ in pre-excited SVTs, the degree of QRS width depends on the balance of
AV node-His-Purkinje versus AP conduction, which depends on their relative conduction velocities and vicinity of supraventricular focus
• pacing-related tachycardias
–– as with a ventricular focus, the activation wavefront spreads centrifugally
from the pacing site (usually, myocardium in the right ventricle [RV]) with a
cell-to-cell propagation
–– the pacing lead is usually located in the RV septum or apex – therefore, the
WTC will show a left bundle branch block (LBBB) V1 morphology with a
variable frontal axis (superior in apical leads, vs. variable for septal leads
according to their superior, middle, or inferior location along the septum)
–– there are two main types
■■ pacemaker-mediated tachycardia (PMT)
• occurs in dual-chamber tracking modes (DDD/VDD) in patients with
intact ventriculo-atrial (VA) conduction
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Fig. 8.1 Pacemaker-mediated tachycardia. A premature ventricular beat (∗; Vs) retroconducts to
the atria (P′), an event that is sensed (As) by the pacemaker and subsequently tracked (Vp) in a
seemingly endless loop. A atrium, AVN atrioventricular node, V ventricle, Ap atrial paced event,
As atrial sensed event, Vp ventricular paced event, Vs ventricular sensed event

• re-entrant tachycardia, usually triggered by a premature ventricular contraction, where the retrograde limb is VA conduction and the anterograde
limb is subsequent atrial tracking by the pacemaker (VP-AS loop; Fig. 8.1)
• it reliably terminates with maneuvers or drugs that disrupt VA conduction or by placing a magnet directly over the device (asynchronous,
nontracking mode)
■■ pacemaker-tracked supraventricular tachycardias
• tracking of atrial signals during an SVT can cause ventricular pacing at
fast rates (not exceeding the maximum tracking rate)
–– invariably, the QRS is preceded by a stimulus artifact (spike); however, this
can be hard to discern in bipolar low-output pacing/highly filtered ECGs,
making the diagnosis challenging
• artifact
–– in some cases (e.g., brushing teeth), artifacts may show a regular and reproducible pattern

Clinical Approach
As a general rule, when a WCT is present, a ventricular origin should be always
suspected and ruled out. Clinically, there are no features that reliably distinguish
SVT from VT, but there are features that make one more or less likely.
A ventricular origin is more likely in the presence of structural heart disease, family history of sudden cardiac death, and older age without prior history of tachycardia. Hemodynamic stability is not a good discriminator, as it depends on the rate of
the tachycardia and left ventricular function more than it does on the site of origin [1].
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Electrocardiographic Approach
The most important step to approach a WCT is document and analyze the full
12-lead ECG during the tachycardia to identify specific features that increase
the likelihood of VT. If feasible, it is also helpful (see below as to why) to
gather a previous ECG in sinus rhythm and perform dual-chamber pacemaker/ICD.
A systematic approach of a WCT ECG includes the following two steps:
• determination of the relationship between atrial and ventricular activities
–– this is the cornerstone of WTC interpretation
–– first, it is important to identity atrial activity; this might be challenging given
the presence of a wide QRS
■■ look for small, low amplitude alterations (notches) of the QRS complex
and ST-T segment, which are usually more evident in:
• lead II, V1, and the Lewis lead
–– the Lewis lead is a modified lead I, which highlights the atrial activation wavefront [2]; the simplest way to obtain it is by placing the
right and left arm electrodes in the right parasternal 2nd and 4th
intercostal space, respectively (Fig. 8.2)
• the lead with the lowest QRS voltage
• by increasing the amplitude and speed of the ECG recording
■■ when atrial activity cannot be identified on the surface ECG, atrial electrograms can be displayed with bipolar esophageal recordings or dual-chamber pacemaker/ICD intracardial atrial recordings (Fig. 8.3)
–– when QRS > P, a diagnosis of VT is made
■■ VA dissociation, that is, atrial activity slower and independent of ventricular activity (Figs. 8.3 and 8.4)
■■ second-degree VA block

Fig. 8.2 Lewis lead.
Positioning of limb lead
electrodes to record a Lewis
lead recording. LA, left arm;
LL, left leg; RA, right arm;
RL, right leg
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Fig. 8.3 Device interrogation during WTC. Simultaneous atrial (top) and large-field ventricular
(middle) electrogram recordings obtained from a dual chamber ICD during WTC, allowing identification of VT. Ab, atrial sensed event during post-ventricular atrial blanking; AP, atrial paced
event; AS, atrial sensed event; AR, atrial sensed event during post-ventricular atrial refractory
period; TS, tachycardia sensed event

Fig. 8.4 VA dissociation. VA dissociation evident by an underlying slower and independent atrial
rhythm (dashed lines). P waves are visible throughout, but more evident in aVR (∗), the leads with
the lowest overall voltage

–– when QRS=P, it is not possible to establish the origin of the WTC and morphological criteria need to be applied
–– vagal maneuvers as well as adenosine may help by producing VA or AV dissociation/second- degree block [3]
■■ WCT termination with adenosine is not definitive for SVT diagnosis, given
the occurrence of adenosine-sensitive (fascicular) VTs
–– if atrial activity is not easily identifiable and/or its relationship with ventricular
activity is not clear, the next step is looking at the QRS complex morphology
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Fig. 8.5 Capture and fusion. Baseline ECG (left) with progressive fusion (∗, ∗∗) and capture
(∗∗∗) during VT

• evaluation of the QRS complex morphology
–– transient narrowing (fusion) or even normalization (capture) of the QRS is a
hallmark sign of VA dissociation, hence pathognomonic of VT (Fig. 8.5)
■■ occasional conduction of supraventricular beat results in partial (fusion) or
complete (capture) depolarization of the ventricular myocardium via the
normal AV conduction system
• very rarely, sudden narrowing of a QRS complex during VT may result
from a premature ventricular depolarization arising in the ventricle in
which the tachycardia originates
■■ AP wave can usually be detected before the narrower QRS complex
■■ it is more likely to occur in slower VTs
• the longer the tachycardia cycle length, the wider the excitable gap
between two subsequent ventricular depolarizations, the easier for a
supraventricular beat to narrow or normalize the subsequent beat
during VT
–– when baseline 12-lead ECG is present, QRS with the same (pre-existing
BBB) or similar (manifest pre-excitation) morphology of that observed during the WCT favors SVT
■■ for ventricular pre-excitation, comparison with the baseline ECG has limitations: during antidromic AVRT or pre-excited atrial fibrillation, the QRS
differs from the one in sinus rhythm due to a higher degree of pre-excitation during these arrhythmias

8

Wide Complex Tachycardia

195

a patient with baseline complete left bundle branch block (LBBB) can also
have a LBBB-morphology BB re-entry (BBR) VT (the tachycardia circuit
uses the LB as the retrograde limb and the right bundle as the anterograde limb)
• in these patients, LBBB is usually associated with a prolonged PR interval and is the expression of a distal AV conduction disease, which is the
substrate for BBR VT
–– it is important to determine if the QRS looks like aberration or not
■■ in BBB, where ventricular depolarization ipsilateral to the conduction
block is delayed compared to the normally activated side, the activation
pattern is predictable, generating a characteristic QRS complex
• initial ventricular activation occurs through the normally conducting
BB, such that the intrinsicoid deflection (i.e., interval between onset of
the QRS to the first visible change in polarity) is short
• typical right bundle branch block (RBBB) and LBBB have distinct features that can be quickly scrutinized to quickly identify aberration versus VT (see Griffith’s algorithm below) [4]
■■ in VT, the specific QRS morphology and axis are highly variable, depending on the site of origin and its distance to the conduction system
• initial ventricular activation takes place in the myocardium, with myocyte-to-myocyte conduction, resulting in initial low voltage deflections
with a prolonged, slurred intrinsicoid deflection
• when the activation wavefront reaches the Purkinje network (earlier in
endocardial vs. epicardial focuses), depolarization accelerates with
faster deflection waves in the remaining parts of the QRS
■■ this is the rationale behind the various QRS-morphology algorithms, which
will be discussed in depth in the following section
■■

QRS-Morphology-Based Algorithms
Numerous QRS-morphology-based algorithms have been proposed over the years
to differentiate VT from SVT with aberrant conduction in WCT. All of these algorithms have strengths and limitations, but it is important to remember that most are
subjective in their application, resulting in high interobserver variability when
applied in the real world [5].
Of note, none is accurate in discriminating between VT and rare forms of supraventricular WCT (SVT with pre-excitation or drug- or electrolyte-induced aberrancy), in which the QRS can be wide and bizarre, resembling that of VT: in
pre-excitation, the myocardium is initially activated from the ventricular insertion
of the AP, with slow myocyte-to-myocyte conduction; in hyperkalemia or druginduced aberrancy, interventricular conduction delay is profound, involving the distal conduction system as well as the myocardium itself, therefore, it does not follow
a predictable pattern, persisting throughout the QRS complex.
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Fig. 8.6 Brugada’s precordial lead algorithm, QRS concordance. Positive (left) and negative
(right) QRS concordance in the precordial leads

The most commonly used algorithms are:
• Wellen’s QRS width criteria [6]
–– it takes into the longest QRS duration measured across all leads
–– there are two morphologic criteria that points to the diagnosis of VT:
■■ right bundle branch block (RBBB)-like WCT (dominant R wave in V1),
QRS > 140 msec
• LBBB-like WTC, QRS > 160 msec
• Brugada’s precordial leads algorithm [7]
–– it takes into account both the presence of VA dissociation (as explained above)
and QRS morphology in the precordial leads
–– there are three morphologic criteria that points to the diagnosis of VT
■■ absence of a RS complex in all precordial leads
• positive or negative QRS concordance (only R or QS waves; Fig. 8.6)
• a QR morphology pattern (a variant of the negative concordance pattern, typically associated with an old anterior myocardial infarction)
• exceptions are:
–– a positive or negative concordance is present in antidromic AVRT
sustained by a posterior or anterior accessory pathway, respectively
–– a negative concordance can be seen during apical stimulation and,
therefore, be present in pacemaker-mediated tachycardias
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Fig. 8.7 Brugada’s precordial lead algorithm, other criteria. RS interval > 100 msec in any of the
precordial leads (right, bottom) and some RBBB-like (left) and LBBB-like (right) WTC criteria:
monophasic R wave in V1–V2 and QS complex in V6, Josephson’s sign (∗)/RS interval > 60 msec
in V1–2 and qrS complex in V6. RSi, RS interval

■■
■■

RS interval > 100 msec in at least one of the precordial leads (Fig. 8.7)
morphology criteria for VT present in both right (V1–2) and left precordial
leads (V5–6; Fig. 8.7):
• RBBB-like WCT
–– right precordial leads – adapted from Sandler et al. [8]
■■ monophasic R wave in V1/V2
■■ biphasic qR complex in V1
■■ RSR’ pattern in V1 with R peak > R’ peak (taller left rabbit ear)
–– left precordial leads
■■ a rS/QS complex in lead V6
• LBBB-like WCT – adapted from Kindwall et al. [9]
–– right precordial leads
■■ wide initial R wave (>30 msec) in lead V1/V2
■■ a slurred or notched downstroke of the S wave in V1/V2
(Josephson’s sign)
■■ RS interval > 60 msec in V1/V2
–– left precordial leads
■■ a qR/QS complex in V6
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Fig. 8.8 Verekei’s aVR algorithm. Dominant initial R wave in aVR

• Griffith’s BBB algorithm [4]
–– it takes into account the QRS morphology in the right and left precordial leads
–– unless the QRS morphology matches that of typical BBB, VT is diagnosed
■■ typical LBBB
• rS or QS with an intrinsicoid deflection <70 msec in V1/V2
• R wave with no Q wave in V6
■■ typical RBBB
• rSR’ wave in V1 (taller right rabbit ear)
• RS wave with R > S in V6
• Vereckei’s aVR algorithm [10]
–– it takes into account the QRS morphology in lead aVR
–– there are four morphologic criteria that point to the diagnosis of VT:
■■ dominant initial R wave (Fig. 8.8)
• a dominant terminal R’ wave points to SVT with aberrancy, most commonly seen in sodium channel blocker toxicity
■■ nondominant initial Q or R wave >40 msec
■■ notch on the initial downstroke of a predominantly negative QRS complex
■■ total amplitude of the QRS in the first 40 msec (Vi) less than that in last
40 msec (Vt) of the QRS, or Vi/Vt < 1
• Vi and Vt are calculated as the sum of all the QRS deflections, regardless if they are positive or negative
• with aberration, the initial ventricular activation is mediated by the HisPurkinje system, producing an initial depolarization wavefront much
greater than the terminal one
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Fig. 8.9 Pava’s RWPT in lead II algorithm. Intrinsicoid deflection >50 msec in lead II with negative (left) and positive (right) QRS. ID, intrinsicoid deflection

• Pava’s R wave peak time (RWPT) in lead II algorithm [11]
–– it takes into account the intrinsicoid deflection in lead II
–– there is one simple criterion that points to the diagnosis of VT
■■ interval between the onset of the QRS to the first visible change in polarity
(i.e., peak of the R wave/nadir of the S wave, or any notch on the ascending/descending limb of the R/S wave) ≥ 50 msec (Fig. 8.9)
–– despite being referred to as RWPT algorithm, this is a misnomer, as the measurement is de facto performed on the intrinsicoid deflection, regardless of the
initial QRS polarity (R or S) and to the first change in polarity (peak or notch)
• Chen’s limb lead algorithm (LLA) [12]
–– it takes into account the QRS morphology in the limb leads
–– there are three morphologic criteria that point to the diagnosis of VT
■■ monophasic R wave in aVR
■■ predominantly negative QRS in I, II, III
■■ opposing QRS complex on limb leads (Fig. 8.10)
• monophasic QRS complex (QS/R) in II, III, aVF sharing the same
polarity and monophasic QRS complex (R/QS) in two or three of the
remaining limb leads, with an opposite polarity to that in the inferior leads
• other less commonly used algorithms have been proposed to increase the accuracy of QRS-morphology-based WTC differential diagnosis, by looking into
specific situations (i.e., VT vs. pre-excited SVT [13]), composing scores using a
combination of the aforementioned criteria [14–16], or implementing them in
automatic ECG interpretation softwares [17]
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Fig. 8.10 Chen’s LLA, opposing QRS in the limb leads. Two examples of monophasic QRS in
the inferior leads with monophasic QRS of opposite polarity in two of the remaining limb leads

Electrophysiology Study Approach (Table 8.1)
For patients with undifferentiated WCT, an electrophysiology study (EPS) is indicated. This is performed to look for a specific arrhythmia substrate and to analyze
the tachycardia after its induction. While an in-depth discussion goes beyond the
scope of this chapter, it is important to be familiar with some of its basic concepts,
as they integrate the clinical and electrocardiographic approaches. More specifically, these are common EPS signs to look for:
• identify the arrhythmia substrate in sinus rhythm
–– baseline intervals
■■ HV interval
• short/negative, pre-excitation
• long, infranodal/interventricular conduction disease
–– anterograde conduction
■■ if there is manifest pre-excitation, determine
• AP location (earliest V along the mitral/tricuspid annulus)
• AP conduction properties (i.e., refractory period)
• QRS morphology with maximal pre-excitation (pacing fast, close to the
AP or after adenosine)

A=V
V > A (dissociated)

Retrograde (His precedes V)

Dissociated
Retrograde concentric

VV change precedes HH/AA

Overdrive pacing > VA dissociation
Overdrive pacing > entrainment with fusion > A-V-V-A response

Overdrive pacing > concealed fusion (when performed close to
the origin/exit site)
Extrastimulus > resetting (advancement or delay) of the next V
with no effect on AA

AV relationship

His-V activation

Atrial activation

CL changes

Atrial pacing

Ventricular
pacing

A, atrium; BB, bundle branches; BBR, bundle branch; H, His; V, ventricle

Ventricular pacing (programmed stimulation or burst)

Induction

Common

Table 8.1 EPS characteristics of VT

Overdrive pacing > entrainment with fusion with BBR VT (unless
pacing close to H/BB)

Overdrive pacing > concealed entrainment > A-V-V-A response
with BBR VT

HH changes precede VV in BBR VT

Eccentric (by-stander AP, isorhythmic atrial tachycardia)

Anterograde in BBR VT

V > A (II VA block)
A > V (concomitant atrial tachycardia)

Atrial pacing (programmed stimulation) for BBR VT

Rare
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• induce and analyze the WTC
–– VT is usually induced with ventricular pacing (burst or extrastimuli)
■■ as an exception, fascicular and BBR VT are easier to induce with
atrial pacing
■■ drugs (isoproterenol, epinephrine, atropine, calcium) might be needed to
induce focal automatic or triggered-activity VTs
–– VA relationship
■■ VA dissociation (spontaneous or pacing induced) proves that atria are not
part of the circuit and it is almost exclusively seen with VT
• his-V activation sequence can help exclude junctional ectopic tachycardia (retrograde in VT)
■■ if V > A, VT is more likely, with the rare exceptions of
• HA (upper common pathway) block in AVNRT
• nodo-fascicular AVRT
• junctional ectopic tachycardia (anterograde His-V activation)
■■ if A > V, VT is unlikely, unless concomitant atrial and ventricular tachycardia are present
■■ if V = A, additional clues to look for are
• in VT, any change in VV interval precedes changes in HH and AA
interval
–– in AVNRT, AVRT, and BBR VT, any change in HH interval precedes
changes in VV and AA intervals
• his-V activation is retrograde in VT
–– it is also retrograde in antidromic AVRT
–– in BBR, His-V activation is anterograde
• eccentric atrial activation (i.e., impossible when A is retrograde, with
VA conduction via the AV node) excludes VT
–– pacing during WTC
■■ atrial extrastimulus
• advancement of the next V with similar QRS morphology excludes VT
• delay of the next V excludes VT
■■ ventricular extrastimulus
• resetting (advancement or delay) of the next V with no effect on the AA
interval confirms VT
■■ atrial overdrive pacing (pacing the atria at 20–50 msec shorter than the
tachycardia cycle length with 1:1 AV conduction, resulting in anterograde
capture of the ventricles)
• concealed fusion (i.e., pacing QRS similar to WTC QRS) during pacing
excludes VTs
–– however, BBR VT will display concealed fusion
• A-V-V-A response when the tachycardia resume after cessation of pacing is seen in VT
■■ ventricular overdrive pacing will display concealed fusion if performed
close to the VT site of origin/exit

8

Wide Complex Tachycardia

203

References
1. Dancy M, Camm AJ, Ward D. Misdiagnosis of chronic recurrent ventricular tachycardia.
Lancet. 1985;326(8450):320–3.
2. Huemer M, Meloh H, Attanasio P, Wutzler A, Parwani AS, Matsuda H, et al. The Lewis Lead
for detection of ventriculoatrial conduction type: Lewis lead for VA conduction type. Clin
Cardiol. 2016;39(2):126–31.
3. Marill KA, Wolfram S, deSouza IS, Nishijima DK, Kay D, Setnik GS, et al. Adenosine for
wide-complex tachycardia: efficacy and safety. Crit Care Med. 2009;37(9):2512–8.
4. Griffith MJ, Garratt CJ, Mounsey P, Camm AJ. Ventricular tachycardia as default diagnosis in
broad complex tachycardia. Lancet Lond Engl. 1994;343(8894):386–8.
5. Jastrzebski M, Kukla P, Czarnecka D, Kawecka-Jaszcz K. Comparison of five electrocardiographic methods for differentiation of wide QRS-complex tachycardias. Europace.
2012;14(8):1165–71.
6. Wellens H, Bär F, Lie K. The value of the electrocardiogram in the differential diagnosis of a
tachycardia with a widened QRS complex. Am J Med. 1978;64:A73.
7. Brugada P, Brugada J, Mont L, Smeets J, Andries EW. A new approach to the differential diagnosis of a regular tachycardia with a wide QRS complex. Circulation. 1991;83(5):1649–59.
8. Sandler IA, Marriotr HJL. The differential morphology of anomalous ventricular complexes of
RBBB-type in lead V1: ventricular ectopy versus aberration. Circulation. 1965;31(4):551–6.
9. Kindwall KE, Brown J, Josephson ME. Electrocardiographic criteria for ventricular tachycardia in wide complex left bundle branch block morphology tachycardias. Am J Cardiol.
1988;61(15):1279–83.
10. Vereckei A, Duray G, Szénási G, Altemose GT, Miller JM. New algorithm using only lead aVR
for differential diagnosis of wide QRS complex tachycardia. Heart Rhythm. 2008;5(1):89–98.
11. Pava LF, Perafán P, Badiel M, Arango JJ, Mont L, Morillo CA, Brugada J. R-wave peak time
at DII: a new criterion for differentiating between wide complex QRS tachycardias. Heart
Rhythm. 2010;7(7):922–6.
12. Chen Q. Simple electrocardiographic criteria for the rapid classification of wide QRS complex
tachycardias: the new limb lead algorithm. Heart Rhythm. 2020;17(3):431–8.
13. Steurer G, Gürsoy S, Frey B, Simonis F, Andries E, Brugada P, et al. The differential diagnosis
on the electrocardiogram between ventricular tachycardia and preexcited tachycardia. Clin
Cardiol. 1994;17(6):306–8.
14. Lau EW, Pathamanathan RK, Ng GA, Cooper J, Skehan JD, Griffith MJ. The Bayesian
approach improves the electrocardiographic diagnosis of broad complex tachycardia. Pacing
Clin Electrophysiol. 2000;23:1519–26.
15. Jastrzebski M, Sasaki K, Kukla P, Fijorek K, Stec S, Czarnecka D. The ventricular tachycardia score: a novel approach to electrocardiographic diagnosis of ventricular tachycardia.
Europace. 2016;18(4):578–84.
16. Pachón M, Arias MA, Salvador-Montañés Ó, Calvo D, Peñafiel P, Puchol A, et al. A scoring
algorithm for the accurate differential diagnosis of regular wide QRS complex tachycardia.
Pacing Clin Electrophysiol. 2019;42(6):625–33.
17. May AM, DeSimone CV, Kashou AH, Hodge DO, Lin G, Kapa S, et al. The WCT formula:
a novel algorithm designed to automatically differentiate wide-complex tachycardias. J
Electrocardiol. 2019;54:61–8.

9

Bradyarrhythmias
Michael Rehorn and Albert Y. Sun

Introduction
The definition of bradycardia differs globally with the National Institutes of Health
defining bradycardia as a heart rate <60 bpm in adults other than well-trained athletes. Bradyarrhythmias are associated with advancing age, and thus, population
studies frequently define bradycardia using a lower cutoff of 50 bpm, depending on
one’s age as well as gender. These heart rate cutoffs alone however do not define
underlying pathology. Pathologic bradyarrhythmias typically present with a combination of an abnormal heart rate and symptoms suggesting inadequate cardiac output. These bradyarrhythmias result from either a reduction in the number of impulses
generated by the pace-making cells of the heart or a failure of those impulses to
conduct in a manner that stimulates ventricular contraction. Chronotropy refers to
the number of impulses generated over a given time, while dronotropy describes
how those impulses are conducted. The interplay between these two factors is critically important in maintaining physiologically sufficient heart rates that will satisfy
metabolic demands. Bradycardia becomes clinically relevant once this relationship
is no longer in balance, leading to symptoms such as fatigue, dizziness, lightheadedness, or syncope. Disease development and progression is intimately related to the
underlying anatomy and embryological development of the conduction system, of
which a fundamental understanding is integral in both assessing and treating clinical bradyarrhythmias.
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 mbryology and Basic Physiology of the Cardiac
E
Conduction System
The cardiac conduction system is differentiated relatively early during embryonic
development with the sinoatrial node (SAN) serving the primary pacemaker role
and the atrioventricular node (AVN) also having pacemaker functionality. The initial heart tube has automaticity provided by a caudal pacemaker producing a sinusoidal ECG pattern with associated slow conduction. Fairly rapidly, the heart tube
continues to elongate with proliferation of the cells that will ultimately make up
the atrial and ventricular tissues. Notably, the sinus venosus, atrioventricular canal
(AVC), outflow tract, and inner curvatures continue to proliferate more slowly; these
will ultimately be critical in formation of the pace-making and conductive structures
of the heart. The SAN develops from the sinus venosus, while the AVN originates
within the AV canal, which retains its slower mode of conduction [1].
The sinus node is located at the intersection of the superior vena cava and the
right atrium, most commonly just inferior to the right atrial appendage [2]. The SAN
itself is quite an extensive structure that is often cigar shaped and extends down
the inferolateral aspect of the crista terminalis. On average, it is about 13.5 mm in
length and is located subepicardially within the sulcus terminalis [3]. The specialized nodal tissue is surrounded by a fibrous matrix of connective tissue that helps to
distinguish it histologically from the neighboring myocardium; however, the node
is not insulated from the surrounding myocardial tissue [4]. Recent work utilizing
optical mapping has demonstrated that action potentials originating within the sinus
node exit in an anisotropic fashion, activating adjacent atrial myocardium by superior, inferior, and medial breakout sites [5].
Current research suggests that the AVN develops from the embryonic AVC. The
AVN and SAN likely communicate via atrial myocardial tracts as opposed to intranodal pathways [6]. The AV node is anatomically located at the apex of the triangle
of Koch, a region that is bounded by the septal leaflet of the tricuspid valve, the
tendon of Todaro, and the ostium of the coronary sinus [6]. An action potential will
enter the AV node via one of the two pathways, the fast pathway, which is located
in the interatrial septum, or the slow pathway in the terminal crest [7]. The fast
pathway is comprised of atrial transitional myocytes that are in continuity with the
compact node. Conduction normally propagates through the fast pathway with the
action potential generated in the sinus node and conducting through the interatrial
septum to the compact node. The slow pathway extends through the septal isthmus
(the area between the coronary sinus and the tricuspid valve that is directed toward
the apex of the triangle of Koch) [8]. The AV node primarily functions as the gatekeeper between the atria and the ventricles, introducing a delay between atrial and
ventricular contraction in order to ensure maximum ventricular filling during diastole. Furthermore, by blocking rapid atrial depolarizations, the AV node protects the
ventricle from rapid excitation that can lead to lethal arrhythmias such as ventricular
tachycardia or ventricular fibrillation [6]. Lastly, the AV node is capable of functioning as a backup pacemaker in the presence of sinus node dysfunction.
Depolarization of the sinus node and generation of action potentials is in large part
regulated by the funny current (If). The funny current consists of an inward flux of
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cations (potassium and sodium carried by HCN channels) that is activated when the
membrane potential hyperpolarizes to −50 mV to −65 mV [9]. This inward current
leads to depolarization of the membrane during phase 4 of the action potential and is
integral in rate regulation of pacemaker cells. HCN channel activity is largely influenced by cyclic AMP, with beta-adrenergic activity leading to an increase in cAMP
activity and consequently a rise in the If current, ultimately leading to an increase in
heart rate. Conversely, muscarinic stimulation leads to the opposite effect and reduction in heart rate [6]. A second current (I-Na-Ca) governed by the release of calcium
from the sarcoplasmic reticulum by the ryanodine receptor also functions to increase
late diastolic depolarization and ultimately leads to activation of voltage-gated L-type
calcium channels. In addition to the automaticity of the sinus node, pacemaker properties also exist in the more distal tissues, particularly the atria, AVN, and His-Purkinje
System (HPS). However, based on the natural hierarchy of pacemaker function, these
tissues remain latent due to the higher rate of depolarization of the sinus node.
Normal physiologic heart rates are generally considered to be in the 60–100
range with bradycardia existing at rates below 60 beats per minute. However, based
on population experience, averages tend to be lower than these classically accepted
values [10]. When evaluating a patient with a low heart rate, it is important to first
understand whether or not the low heart rate is pathologic. There are numerous
conditions that may lead to pathologically depressed heart rates (as discussed later);
however, it has long been established that well-conditioned athletes may have resting
heart rates in the 40–60 range, dropping as low as 30 beats per minute during sleep
[11]. Rarely is this a cause for concern. The key factor in determining whether or not
resting bradycardia is pathologic or simply functional is detailing the presence or
absence of symptoms. Symptoms including fatigue, lightheadedness, and syncope
are evidence of an inability to match metabolic demand and suggest chronotropic or
dronotropic incompetence. While the mechanistic underpinnings leading to bradyarrhythmias are complex, the differential diagnosis can be divided neatly based on
the anatomic location of the disease: commonly, this is either at the level of the sinus
node or the AV node. The sinus node and AV node are both significantly affected by
the autonomic nervous system with high parasympathetic tone potentially leading
to bradycardia. Etiologies of sinus node dysfunction include idiopathic, inherited,
heart failure, atrial tachyarrhythmias, diabetes, infiltrative diseases, and ischemia,
among others [12]. AV nodal conduction may be similarly affected by ischemia and
fibrosis but can also result from endocarditis and congenital block. These diagnoses
will be discussed in more detail later in this chapter.

Sinus Node Dysfunction
Symptomatic sinus node dysfunction typically presents with symptoms of lightheadedness, dizziness, syncope, dyspnea, and activity intolerance. It is a disease
that overwhelmingly affects the elderly. The incidence increases with decade of life
with rate of pacemaker implantation for sinus node dysfunction near 0.3–0.5% in
those older than 85 years old [13, 14]. Sinus node dysfunction and high-degree AV
block are the most common indications for pacemaker implantation with sick sinus
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syndrome (SSS) accounting for roughly 20–50% of initial implants worldwide and
approximately 50% of implants in the United States [15, 16]. In 2012, there were
an estimated 78,000 incident cases of SSS with a projected increase to 172,000 in
2060 in the United States alone [14].
Sinus node dysfunction is related to either intrinsic (i.e., related to the node
itself) or extrinsic (related to the impact of external factors on sinus node function)
factors. The causes of intrinsic nodal dysfunction are multiple with the most common being idiopathic degeneration of the node. Additional etiologies include (but
are not limited to) ischemic heart disease, atrial tachyarrhythmias, infiltrative diseases (e.g., amyloid, sarcoidosis, hemochromatosis, cancer), inflammatory diseases
such as myocarditis, cardiomyopathy, inherited genetic mutations, congenital heart
disease, surgical trauma, and collagen vascular diseases. Extrinsic factors include
the effects of drugs/medications, autonomic regulation, electrolyte abnormalities
(i.e., potassium), hypoxia, hypercapnea, hypothyroidism, and hypothermia, among
others (Table 9.1).
Idiopathic sinus node dysfunction is a disease that disproportionately affects the
elderly. There is age-associated increase in fibrosis of the sinus node that has been
shown to correlate well with a decrease in the intrinsic rate of the node and a prolonged sinoatrial conduction time [16]. Furthermore, there is significant electrical
remodeling within the atria and sinus node with aging that occurs as a result of
decreased expression of key ion channels (e.g., Na 1,5) [12]. These observations
provide the basis for the current understanding that idiopathic sinus node dysfunction results from both structural and molecular contributions.
Sick sinus syndrome is a subset of sinus node dysfunction that is characterized by
symptomatic bradycardia. It can present as sinus bradycardia, sinoatrial block, sinus
arrest, chronotropic incompetence and is often associated with atrial tachyarrhythmias (“tachy-brady syndrome”). Alternating tachycardia and bradycardia is classically identified by periods of tachycardia related to atrial tachyarrhythmias such as
atrial fibrillation, atrial flutter, or atrial tachycardia followed by symptomatic pauses
Table 9.1 Etiologies of sinus node dysfunction
Intrinsic
Idiopathic
Ischemia
Hypertension
Atrial tachycardias
Cardiomyopathy
Inflammatory diseases
Infectious diseases (e.g., Lyme)
Infiltrative diseases (e.g., amyloid)
Collagen vascular disease
Surgical trauma
Congenital heart disease
Inherited genetic mutations
Heart transplant
Neuromuscular disorders

Extrinsic
Drugs
 Antiarrhythmics (Class I-IV)
 Ivabradine
 Opioids
 Clonidine
 Acetyl-cholinesterase inhibitors
 Digoxin
 Antidepressants
Metabolic
 Hypothermia
 Hyperkalemia
 Hypothyroid
 Hypercapnea
 Hypoxemia
Autonomic influences
Sleep apnea
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or periods of sinus bradycardia [16]. The symptomatic pauses are due to overdrive
suppression of the sinus node and secondary pacemaker function. This property is
formally measured as the sinus node recovery time (SNRT) during an EP study (to
be discussed later). It is believed that persistent atrial tachyarrhythmias lead to sinus
node remodeling, shifting activation caudally, and altering expression of certain
ion channels [16, 17]. However, most of these changes are likely reversible [18] as
is clinically consistent with recovery of sinus node function in a patient after atrial
fibrillation ablation.
Ischemic heart disease is also very common in patients with sinus node dysfunction. The sinus node receives its blood flow from the sinoatrial node artery, supplied
by the right coronary artery in over 60% of patients [19]. While infarction of the
sinoatrial node is possible (either due to proximal infarct in the right coronary artery
or left circumflex artery), more commonly, sinus node dysfunction after myocardial
infarction is transient and related to increased vagal tone.

Diagnostic Evaluation of Sinus Node Dysfunction
Initial evaluation of a patient with bradycardia is performed with a basic electrocardiogram. While a baseline ECG provides an important assessment, it will
rarely yield a diagnosis of SND as many critical factors are not seen on a resting
ECG. When concerned for chronotropic incompetence or activity-limiting bradycardia, it is often necessary to perform ambulatory monitoring, such as with a 24or 48-hour Holter monitor. Exercise testing can also be valuable to assess heart
rate response with physical activity. Lastly, invasive EP study can be performed if
the initial workup is unrevealing in a symptomatic patient but is rarely necessary
for diagnosis. For example, in the case of unexplained syncope, an EP study has
generally low sensitivity but relatively high specificity. An EP study may provide
additional information and is a particularly useful study in patients who have some
degree of conduction abnormality at baseline to establish the level at which the
conduction disease occurs. In patients with persistent but unexplained symptoms,
an implantable loop recorder is also an option as it will provide over 2 years of continuous heart-rate-monitoring data.
Electrocardiographic features include sinus bradycardia (Fig. 9.1), sinus pauses
(Fig. 9.2), and sinoatrial exit block (Figs. 9.3 and 9.4). As discussed previously,

Fig. 9.1 Sinus bradycardia with heart rate of 34 BPM
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Fig. 9.2 Sinus pause. Post-conversion pause from atrial tachycardia of 3.6 seconds

SAN
Atrium
AVN
Ventricle

Fig. 9.3 Second-degree type 1 sinus exit block. Shortening of the P-P interval suggests conduction delay within the sinus node leading to delayed atrial activation. Furthermore, the resultant
pause from failed conduction to the atrium is shorter than twice the shortest P-P interval

SAN
Atrium
AVN
Ventricle

Fig. 9.4 Second-degree type 2 sinus exit block. Stable P-P interval with the dropped P wave
occurring and resultant pause exactly twice the P-P interval

sinus bradycardia is generally considered to be pathologic if it is persistent and
associated with symptoms. Well-conditioned athletes may have resting heart rates
in the 40s that are not routinely considered pathologic in the absence of symptoms
[11]. Sinus pauses of greater than 3 seconds are considered abnormal and often
point to underlying sinus node dysfunction. These can occur spontaneously or commonly post conversion from an underlining atrial arrhythmia. Pauses of 1–2 seconds can be seen in normal individuals and are commonly observed in the athletic
population, particularly during sleep [20].
Sinus exit block happens when an action potential generated within the sinus
node does not conduct to the adjacent atrial tissue and therefore fails to propagate.
It is often quite difficult to diagnose exit block on a surface ECG as it can be hard
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to distinguish between sinus arrest and sinus arrhythmia. Much like atrioventricular
block (AVB), sinus exit block is classified as first, second, or third degree. First-
degree block cannot be diagnosed by surface ECG and can only be determined by
invasive EP study. Third-degree sinus exit block also cannot be diagnosed on surface
ECG and will appear the same as sinus arrest. Second-degree type 1 block can be
diagnosed on surface ECG and is characterized by progressive shortening of the P-P
interval prior to a nonconducted beat. Given that sinus node depolarization is not
visible on the surface ECG, the progressive conduction delay within the sinus node
leading to delayed atrial activation is manifested by shortening of the P-P interval
for a given sinus cycle length. The P-P intervals follow the rules of decremental conduction where the increment in conduction delay for each subsequent impulse gets
smaller until conduction failure to the atrial tissue finally occurs. The pause will be
shorter than twice the shortest P-P interval. In type 2 exit block, there is no prolongation of the sinoatrial conduction time prior to a failed impulse conduction out of the
sinus node. Therefore, there is no prolongation of the P-P interval prior to a pause.
Type 2 exit block is suggested when the pause is a multiple of the P-P interval.
If ambulatory monitoring is nondiagnostic for chronotropic incompetence, treadmill exercise testing is a useful strategy to assess for heart rate response to increased
physical demand. A patient with chronotropic incompetence will have a blunted
heart rate response to exercise. While there is no exact definition of chronotropic
incompetence, failure to achieve 70–85% of age-predicted maximal heart rate (as
calculated by 220-age) or inability to achieve a heart rate greater than 100 beats per
minute has historically been classified as abnormal. An additional value termed heart
rate reserve has also been proposed as a metric to classify chronotropic response.
This value is calculated as the change in heart rate from rest to peak exercise divided
by the difference between the age-predicted maximal HR and resting heart rate. A
heart rate reserve value of <0.8 is considered abnormal [21]. It is also possible for a
patient to achieve a normal maximal heart rate but have abnormally slow acceleration in heart rate with stress or rapid decline in heart rate during recovery. Both of
these patterns may also suggest sinus node dysfunction.
During an invasive EP study, one is able to measure the intrinsic heart rate (IHR),
sinus node recovery time (SNRT), and sinoatrial conduction time (SACT). SNRT
is an assessment of sinus node automaticity and is measured by overdrive pacing
from the high right atrium at a site near the sinus node. Pacing is performed at
multiple cycle lengths (CLs), decrementing each cycle to a minimum of 300 ms
for 30–60 seconds at a time. SNRT is measured as the time between the last paced
beat and the return of sinus rhythm and is measured for each CL (Fig. 9.5). The
longest measured pause is the effective SNRT. Corrected SNRT is often commonly
calculated. Corrected SNRT is equal to the SNRT minus the CL. Historically, a corrected SNRT of less than 525 ms has been considered normal [22]. Furthermore,
a corrected SNRT of greater than or equal to 800 ms has been correlated with an
increased risk of syncope and associated sinus node dysfunction [23]. Lastly, the
ratio of SNRT to sinus CL can be calculated, with normal values typically less
than 160%. SNRT is an important property in the pathophysiology of tachy-brady
syndrome.
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Fig. 9.5 Sinus node recovery time (SNRT). Overdrive pacing is performed from the high right
atrium. SNRT is measured as the time between the last paced beat and the return of a sinus beat. In
this example, SNRT measures 2.805 seconds. (Reprinted from Kuo et al. [24], with permission
from Elsevier)

Sinoatrial conduction time (SACT) is another invasive measurement used to
assess sinus node function. SACT is measured as the time between the local electrogram at the site of the sinus node and the earliest atrial deflection. Sinoatrial block is
observed when the sinus node deflection fails to conduct to the atria. There are several methods for measuring SACT, but the general principle consists of introducing
premature atrial stimulation during sinus rhythm and indirectly measuring the time
of impulse conduction into and out of the sinoatrial node. SACT is a measure of sinoatrial conduction, whereas SNRT is a measure of sinus node automaticity. Clinically,
SNRT tends to be the more useful measure. Lastly, pharmacologic interventions can
also be used to assess for sinus node dysfunction. Intrinsic rate is measured after
autonomic blockade with an infusion of atropine. A low intrinsic rate is suggestive
of SND. Additional agents such as propranolol, isoproterenol, epinephrine, and calcium channel blockers may be given to study the effects on SNRT and SACT.

AV Node Dysfunction (Table 9.2)
As with the sinus node, dysfunction in the AV node exists on a spectrum. AV node
dysfunction may first be identified as prolongation of the P-R interval on the ECG,
although this alone is not typically associated with bradycardia. There are numerable
causes of AV nodal dysfunction with the most common being related to aging and
age-related degeneration [25]. Congenital AVB is a condition that occurs in an estimated 1 in 22,000 live births. It is likely the result of either abnormal development
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Table 9.2 Etiologies of AV node dysfunction
Inherited
Congenital AVB (associated with neonatal lupus)
Familial AVB (most common association with loss of function of SCN5A)
Inherited neuromyopathies (e.g., Erb’s, Becker’s, peroneal, myotonic dystrophy)
Long QT syndrome (e.g., LQT2, LQT3, LQT8, LQT9)
Acquired
Drugs (e.g., antiarrhythmics)
Ischemic heart disease
Infectious diseases (e.g., Lyme, Chagas)
Infiltrative diseases (e.g., amyloid, sarcoidosis)
Surgical/procedural complications (e.g., SAVR, TAVR, septal myectomy, right heart cath)
Athletic training

of or destruction of the conduction system. The condition is often associated with
structural congenital abnormalities and is most commonly seen with congenitally
corrected transposition of the great arteries, isomeric arrangement of the atrial
appendages, and AV septal defects [26]. Studies have demonstrated a of lack of
communication between the atrial musculature and the peripheral conduction system (atrial-axis discontinuity), interruption of the AV bundle (nodal-ventricular
discontinuity), and inherent changes in an aberrant conduction system (intraventricular discontinuity) [27]. These young patients often have a relatively fast escape
rhythm with a narrow QRS. Furthermore, congenital AVB is known to be associated
with neonatal lupus and, in fact, anti-Ro/SSA-associated AVB may account for up
to 20% of cases of idiopathic complete heart block in the adult population [28].
Familial forms of AVB are quite rare, with the majority of cases being related to a
loss-of-function mutation of the SCN5A gene [29]. Most commonly, familial AVB
is associated with bundle branch block and varying degrees of AVB. Progressive
AVB can also be seen in inherited neuromyopathies such as Becker’s muscular
dystrophy, peroneal muscular dystrophy, Erb’s dystrophy, and myotonic muscular
dystrophy. Due to prolonged refractoriness of the ventricle, long QT syndrome (in
particular LQT2, LQT3, LQT8, LQT9) can lead to functional block and consequent
bradycardia [30].
Acquired etiologies of AVB are more common than inherited/congenital causes.
In brief, this encompasses drugs (in particular, antiarrhythmics), ischemic heart disease, infiltrative diseases, infectious diseases, surgical/procedural complications,
and intensive athletic training. High-degree AVB occurs in approximately 2–13% of
patients with acute myocardial infarction with a two- to fourfold higher frequency
observed in inferior MI as compared to anterior MI. Typically, AVB in this setting
is transient and resolves within 2–3 days with only about 9% of patients ultimately
requiring a pacemaker prior to hospital discharge [31]. This is particularly true in
the case of inferior MI. In a majority of cases, transient AVB is likely secondary
to increased vagal tone, which is exceptionally true in the setting of reperfusion.
Persistent, or delayed, AVB may indicate hypoperfusion of the AVN, although true
infarct or necrosis of the AVN is very rare. While high-degree AVB is associated with
a worse prognosis, this is simply a reflection of a more extensive infarct and is not
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directly related to the heart block itself. Moreover, chronic ischemic heart disease
can lead to scarring and fibrosis within the myocardium that can ultimately progress
to high-grade conduction disease. Infiltrative diseases such as sarcoidosis, hemochromatosis, amyloidosis, and tumors can all be associated with AVB [32]. In particular, approximately 25–30% of cases of cardiac sarcoidosis present with complete
heart block, with first- and second-degree heart block also being common. Certain
infections can also cause AVB. In particular, endocarditis associated with the aortic
valve can affect the AV node and, ultimately, lead to high-degree AVB. Myocarditis,
as seen with viral infections like mumps and measles, may affect the conduction
system in a number of ways and has been associated with complete heart block.
Parasitic and bacterial infections (e.g., Chagas disease and Lyme disease) are also
potentially reversible causes of AVB of varying degrees. Potential iatrogenic causes
of AVB include intracardiac catheter manipulation (e.g., a right heart catheterization
in a patient with a left bundle branch block, leading to complete heart block), ablation in the vicinity of the AVN (e.g., AVNRT, AT), and cardiac surgery.
In the case of cardiac surgery, AVB is a result of ischemia or trauma to the conduction system during the procedure. As expected, the risk is higher for surgeries involving structures closer to the AVN. Roughly 4–5% of patients undergoing
either aortic valve replacement or mitral valve replacement will require pacemaker
implantation in the postoperative period. This rate increases with the number of
valves being operated on as well as in the case of reoperation [33]. Septal myectomy
and alcohol septal ablation for the treatment of hypertrophic obstructive cardiomyopathy also may lead to complete heart block with an incidence of approximately
3% and 12%, respectively [34].
An increasingly important and common cause of AVB is transcatheter aortic valve
replacement (TAVR). Since its initial conception, TAVR has been associated with
new-onset LBBB as well as high-degree AVB. As discussed previously, the aortic
valve lies in very close proximity to the conduction system. The AVN exists within
the right atrium, inside an anatomic region known as the triangle of Koch. The AVN
then gives rise to the bundle of His, ultimately penetrating the membranous septum and then proceeding through the central fibrous body. The left side of conduction system exits below the membranous septum and forms the left bundle branch.
Anatomically, the left bundle branch lies in very close proximity to the interleaflet
triangle separating the right coronary and noncoronary cusps of the aortic valve.
As one might expect, these anatomic relationships make not only the left bundle
but also the bundle of His and, potentially, the AVN quite vulnerable during valve
implantation. The presence of a pre-existing RBBB, porcelain aorta, increased age,
prior conduction disease, elevated LV end-diastolic dimension, intraprocedural AVB,
development of new LBBB, presence of bicuspid valve, increased ratio of prosthesis
size to annulus diameter, and thickened interventricular septum have all been associated with need for pacemaker implantation after TAVR [35]. Furthermore, operatorspecific influences that can lead to periprocedural trauma to the conduction system
include the type/size of the valve chosen, the size of the balloon used for pre- and
post-dilation, and the implantation technique (i.e., the depth of implantation) [36].
Reported rates of pacemaker implantation are quite variable with multiple
sources citing a 19–42% risk for pacemaker implantation associated with the
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Medtronic CoreValve Revalving System (Medtronic, Minneapolis, MN) and a
7–22% risk of pacemaker implantation for the Edwards SAPIEN valve (Edwards
Lifesciences, Irvine, CA). The PARTNER-3 trial that investigated the use of the
Edwards Sapien 3 valve in a low-risk population found a 6.5% risk of pacemaker
implantation at 30 days that increased to 7.3% at 1 year. The incidence of new
LBBB was 22% at 30 days and 23.7% at 1 year. When compared to incidence of
permanent pacemaker implantation in the patients receiving surgical aortic valve
replacement (4% at 30 days and 5.4% at 1 year), there was no significant difference. By comparison, the Evolut Low Risk Trial found a 17.4% rate of permanent
pacemaker implantation at 30 days and a 19.4% rate at 1 year in patients who
underwent low-risk TAVR with the Medtronic CoreValve, Evolut R, or Evolut
PRO. In this trial, the TAVR group did have a statistically significant increased rate
of permanent pacemaker implantation as compared to the surgical group who had
a rate of 6.1% at 30 days and 6.7% at 1 year. While historically it has been thought
that most patients who develop high-grade AV block after TAVR develop it within
the first few days following the procedure, there is a smaller subset who go on to
develop delayed high-grade AVB. Observational data of a group of 150 patients
undergoing TAVR (both with Sapien 3 or Evolut series) found a 12% incidence
of high-grade AVB within 2 days of the procedure with an additional 12 cases
(~10%) of delayed high-grade AVB identified with ambulatory event monitoring
between postoperative day 2 and 30. In this prospective observational study, the
presence of a RBBB was found to be the strongest risk factor associated with
development of both immediate and delayed high-grade AVB, requiring placement
of a pacemaker, although most events did occur within 24 hours of the TAVR procedure [35]. Notably, the self-expanding valve (Evolut series) was associated with
an increased rate of high-grade AVB in the immediate period after TAVR (less than
2 days) but was not associated with an increased risk of delayed high-grade AVB.

Diagnostic Evaluation of AV Node Dysfunction
Initial evaluation for suspected AVN dysfunction begins with a surface electrocardiogram. While varying degrees of AVB are often transient and may not be demonstrated on a single ECG, this test is still highly valuable in providing relevant data
such as PR interval, QRS duration/morphology, and ventricular rate. Presence of
bundle branch blocks, interventricular conduction delay, or excessively prolonged
PR interval may suggest higher-level conduction disease. Longer-term monitoring
with a 24-hour Holter monitor can be helpful but also may be limited in a patient
with more infrequent symptoms. In these patients, implantable loop recorders
(ILRs) are useful in that they provide over 2 years of data and are implanted entirely
subcutaneously. Recent studies have found that nearly 50% of patients have had a
change in management due to the results of an ILR, a number that is higher than
previously reported for Holter monitors [37, 38].
Exercise testing can be valuable not only in correlating exertional symptoms
with the presence or absence of conduction disease, but also in establishing the
level of disease in a patient already suspected of having AV node dysfunction. The
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Fig. 9.6 Worsening AV conduction ratio with faster atrial rate. Initial 2:1 AV block that changes
to 3:1 with faster atrial rate, suggesting the presence of intra- or infra-Hisian disease

physiologic response to exercise includes increased sympathetic tone and decreased
vagal tone, both of which improve conduction through the AVN. Corresponding
surface ECG will demonstrate an increased sinus rate as well as shortening of the
PR interval. Invasive experimental work has confirmed this relationship by utilizing implanted devices to measure AV interval and AV block cycle length, both of
which shorten with exercise [39]. Therefore, patients with first-degree AVB and
second-degree type I AVB are expected to have an improvement in conduction with
exercise; that is, PR interval may shorten and AV conduction ratios will increase.
However, if intra- or infra-Hisian disease is present, AV conduction ratios may actually decrease with exercise (e.g., 2:1 to 3:1) due to the prolonged refractory period
of the HPS (Fig. 9.6). For this reason, exercise testing is particularly useful in cases
of 2:1 AVB where the level of block is uncertain.
Due to the fact that conduction through the AVN is highly influenced by the autonomic nervous system, it is also very sensitive to maneuvers that increase vagal tone
(e.g., carotid massage) as well as parasympatholytics such as atropine. Conversely,
conduction through the HPS is much less sensitive to these influences. Much like
exercise, atropine will improve AVN conduction but will worsen infranodal block.
Carotid massage will slow AVN conduction but may improve infranodal conduction
by indirectly prolonging the recovery period secondary to a slowed sinus rate. Rarely
is an invasive EP study required to diagnose AV node dysfunction, but can be helpful
in select patients. This list includes concern for concealed junctional extrasystoles,
second-degree AVB with bundle branch block, type II AVB with a narrow QRS,
concern for phase 4 block, third-degree AVB with fast ventricular rate, and progression of conduction disease due to neuromuscular disorders [40]. AV conduction can
be assessed by measuring A-H, H-V, P-R, and QRS intervals. For example, an H-V
interval of >100 ms is highly predictive but insensitive of high-grade atrioventricular
block, whereas an H-V interval >70 ms is nonspecific but more sensitive. Lastly,
pharmacologic challenge with procainamide (a class I antiarrhythmic that is known
to impair conduction in the HPS) can be useful to study HPS reserve and assess risk
for spontaneous infra-Hisian block. In most individuals, procainamide will increase
the H-V interval by 10–20%; however, a more significant increase (i.e., doubling of
the H-V interval, H-V interval lengthening to >100 ms, or development of intra- or
infra-Hisian block) suggests a higher likelihood of conduction disease [40].

Categorization of AV Block
First-degree AVB is relatively common in the general population with a prevalence
of 1–2% in healthy young adults that increases to 3–4% in those over the age of
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Fig. 9.7 First-degree AV block. PR interval is approximately 300 ms

Fig. 9.8 Second-degree type I AVB (Wenckebach). Successive prolongation of the PR interval
prior to the nonconducted beat. Note the slight prolongation in conduction through the AVN eventually resulting in a dropped beat. Intervals are presented in seconds

60 (Fig. 9.7) [41]. However, it has long been hypothesized that a markedly prolonged PR interval can lead to AV dyssynchrony and ultimately may present with
symptoms similar to pacemaker syndrome and hence has been termed “pseudo-
pacemaker syndrome” [42]. Furthermore, first-degree AVB may lead to diastolic
mitral regurgitation and can confer an increased risk of developing atrial fibrillation
[43, 44]. First-degree AVB has also been associated with adverse events in select
patient populations such as increased risk of mortality and hospitalization in those
with cardiac resynchronization therapy or heart failure [41]. For these reasons, the
most recent bradycardia guidelines do support the use of dual chamber pacing in
symptomatic patients with profound first-degree AVB, although this is a very rare
indication for pacemaker implantation [45].
Second-degree AVB is diagnosed when sinus P waves have an associated
QRS complex, although not all P waves are followed by a QRS complex. There
are two types of second-degree AVB, classified as Mobitz type I (Fig. 9.8) and
Mobitz type II (Fig. 9.10). Mobitz type I AV block (Wenckebach) is diagnosed by
progressive lengthening of the PR interval prior to the nonconducted beat. Like
first-degree AVB, second-degree type I AVB can occur in normal individuals and
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Fig. 9.9 Pseudo-AV Block due to concealed His extrasystoles. Note the retrograde activation of
the His leading to blocking of the next sinus impulse. (Reprinted from Castellanos et al. [48], with
permission from BMJ Publishing Group Ltd)

in fact has been reported in about 4–6% of normal healthy individuals during sleep
[46]. Immediately following the nonconducted beat, the PR interval shortens.
Furthermore, type I AV block will tend to display Wenckebach periodicity with
grouped beating. In diagnosing Mobitz type I AV block, it is often easiest to compare the PR interval immediately following the dropped beat to the PR interval just
before the nonconducted P wave. This will demonstrate the largest difference in PR
interval. Pacing is rarely indicated for second-degree type I AVB, although may be
considered for symptomatic bradycardia or in the setting of infra-Hisian disease.
When type I AVB is seen in the setting of a wide QRS complex (e.g., bundle branch
block), the likelihood of infra-Hisian block with Wenckebach periodicity increases.
This can be further evaluated with an EP study and is diagnosed by demonstration
of progressive prolongation of the H-V interval with stability of the A-H interval
[47]. Pacemaker implantation is indicated in this case.
Second-degree type II AVB is characterized by a fixed P-R interval both before
and after a dropped beat. Mobitz type I AVB is often due to disease within the AV
node itself, whereas Mobitz type II AVB is more often intra-Hisian (at the level of
the His) or infra-Hisian (level of the bundle branches). True type II AVB is unlikely
to occur at the level of the AV node. In instances where this appears to be the case,
it is more likely due to a different phenomenon such as concealed His extrasystoles
that lead to retrograde activation of the His and ultimately block the sinus impulse
(Fig. 9.9) [48].
Generally speaking, type II AVB can be diagnosed on a surface ECG alone;
however, in rare instances, an EP study may be required for further evaluation. An
EP study will demonstrate an abnormally long H-V interval (Fig. 9.10). Pacemaker
implantation is indicated in patients with second-degree type II AVB given the risk
of progression to complete heart block and asystole [45].
In the instance of 2:1 AVB, it is impossible to differentiate between Mobitz type
I and type II based on the surface ECG alone (Fig. 9.11). However, type II block
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Fig. 9.10 Second-degree type II AV block. Note that the PR interval is constant prior to the nonconducted beat. (Reprinted from Barold and Padeletti [49], with permission from BMJ Publishing
Group Ltd)

Fig. 9.11 2:1 AV block in a patient with underlying RBBB. Patient ultimately required placement
of a permanent pacemaker

Fig. 9.12 Complete heart block with junctional escape rhythm. Note that sinus rate exceeds the
rate of the junctional escape

may be more commonly observed in combination with intraventricular conduction
delay such as bundle branch block given the effects on the distal conduction system,
although intra-Hisian block is often seen with a normal QRS duration. Likewise, a
PR interval of ≤160 ms is suggestive of intra- or infra-Hisian block as a longer PR
interval typically indicates involvement of the AV node. Furthermore, improvement
with atropine, or exercise, is suggestive of type I block, as type II block will tend to
worsen with exercise. High-grade second-degree AVB is seen when there are multiple consecutive dropped beats. This should also be considered in the presence of
prolonged pauses greater than 5 seconds during atrial fibrillation.
Third-degree AVB (or complete heart block) is present when there is complete
dissociation between atrial and ventricular activities (Fig. 9.12). In the case of thirddegree AVB, the sinus rate will often be faster than the ventricular or junctional
escape rhythm.
There are instances in which AV dissociation is present but does not suggest
complete heart block. Examples include accelerated idioventricular rhythm or
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Fig. 9.13 Sinus rhythm with a competing junctional pacemaker. Sinus rate and junctional rate are
very similar, but there is clear AV dissociation
Fig. 9.14 Phase 4
depolarization in diseased
myocardium. (Reprinted
from Lee et al. [50], with
permission from Elsevier)

Normal HPS

Diseased HPS

accelerated junctional rhythms in which the ectopic lower focus is discharging at a
faster rate than the sinus rate (Fig. 9.13). These rhythms are particularly common
after cardiac surgery and alone do not indicate underlying conduction disease.

Other Causes of AV Block
Paroxysmal AV block is a rare cause of sudden complete AV block and asystole
occurring in the setting of a diseased conduction system. This phenomenon is often
secondary to a premature depolarization during the phase 4 of the action potential, leading to a compensatory pause and partial phase 4 depolarization in diseased
myocardial cells (Fig. 9.14). While phase 4 depolarization is a normal occurrence in
cells with automaticity such as the sinus or AV node, the presence of an enhanced
partial phase 4 depolarization in diseased His-Purkinje cells leads to sodium channels inactivation when a subsequent impulse is encountered and resultant heart
block. The membrane potential does not reset to the normal state unless a well-
timed conducted sinus or escape beat results in full depolarization (Figs. 9.15, 9.16,
and 9.17).
The incidence of paroxysmal AV block is not known; however, in patients with
conduction system disease, it can be a significant cause of syncope as well as sudden cardiac death and, thus, when recognized permanent pacemaker insertion is
warranted [51].
Given the unpredictable nature and rapid onset of AV block, paroxysmal AV
block can be misinterpreted as other causes of episodic AV block such as enhanced
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Fig. 9.15 Paroxysmal AV block secondary to phase 4 pause-dependent block caused by a premature atrial beat. The P-P interval slightly slows immediately before a capture beat and restoration
of 1:1 AV conduction. The captured beat is narrow, suggesting temporary resolution of functional
block in the His-Purkinje system

Fig. 9.16 Paroxysmal AV block secondary to phase 4 block due to loss of capture of atrial lead.
AOO pacing with sudden loss of atrial capture results in a prolonged pause before sinus node
recovery. The intrinsic sinus rate is much slower than the paced atrial rate, resulting in phase 4 block

Fig. 9.17 Atrial bigeminy with blocked PACs. Block occurs at the level of the AV node and is
initiated by a premature beat. Conduction resumes with a sinus beat

vagal tone or even at times blocked PACs (Table 9.3). While bradycardia caused
by vagal events typically have concurrent sinus node slowing and PR prolongation suggesting dual-site pathology, in this case, a reversible trigger from global
increased parasympathetic tone. Vagal-mediated events in general are associated
with triggering vagal events commonly seen in ambulatory rhythm monitoring during sleep. While not diagnostic of sleep apnea, nocturnal bradycardia should prompt
evaluation for underlying sleep disturbances. Pacemaker implantation for isolated
AV block during vagal triggers is typically not warranted.
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Table 9.3 Comparison of vagal versus paroxysmal AV block versus blocked PACs
Vagal AV block
AV node
No

Paroxysmal AV
block
Infranodal
Yes

Blocked
PACs
AV node
Yes

No

May be seen

May be
seen
Rarely
Sinus beat

Level of block
Initiated by
premature beat
Tachycardia before
initiation
Prolonged AV block
Resumption of
conduction
Initiation
 P-P lengthening

Often
Sinus acceleration P-P shortening or
withdrawal of vagal input

Often
Escape or
premature beat

Present

 PR prolongation

Present

Indication for
pacemaker

Not commonly

Present but not
mandatory
Typically, not
present
Yes

No
No
Rarely

Reprinted from Lee et al. [50], with permission from Elsevier
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Introduction
Pacemaker-mediated arrhythmia (PMA) is a broad term used to describe the abnormal rhythms in which the pacing system contributes importantly to. PMA can cause
significant clinical symptoms and adverse outcomes due to (1) loss of optimal atrioventricular synchrony, (2) increased proportion of right ventricular (RV) pacing, (3)
tachycardia with persistent RV pacing, and (4) atrial or ventricular arrhythmia initiated by inappropriate pacing, etc. There are a variety of arrhythmias caused by or
related to a pacing system. In this chapter, we are going to focus on those arrhythmias mediated by a dual (atrial and ventricular) pacing system in patients with intact
Supported by the Sharpe-Strumia Research Foundation (Gan-Xin Yan)
Y. Zhang
Department of Cardiology, Department of Electrocardiogram, The First Affiliated Hospital,
School of Medicine, Zhejiang University, Hangzhou, China
T. Liu
Tianjin Key Laboratory of Ionic-Molecular Function of Cardiovascular Disease, Department
of Cardiology, Tianjin Institute of Cardiology, The Second Hospital of Tianjin Medical
University, Tianjin, China
X.-B. Liu
Department of Cardiology, West China Hospital, Sichuan University,
Chengdu, People’s Republic of China
G.-X. Yan (*)
Department of Cardiology, Lankenau Institute for Medical Research and Lankenau
Medical Center, Wynnewood, PA, USA
Sidney Kimmel College of Medicine, Thomas Jefferson University, Philadelphia, PA, USA
Department of Cardiology, Fuwai Huazhong Hospital, Zhengzhou, China
e-mail: yang@mlhs.org
© Springer Nature Switzerland AG 2020
G.-X. Yan et al. (eds.), Management of Cardiac Arrhythmias, Contemporary
Cardiology, https://doi.org/10.1007/978-3-030-41967-7_10

225

226

Y. Zhang et al.

retrograde ventriculoatrial (VA) conduction. Firstly, these arrhythmias are clinically
important as they can cause tachycardia-induced cardiomyopathy and exacerbate
congestive heart failure. It is reported that approximately 6% of all pacemaker
patients and 20% of those patients with intact VA conduction have at least one episode of PMA related to VA synchrony [1]. Secondly there is a considerable confusion in naming and classifying these arrhythmias. Therefore, we attempt to discuss
the clinical manifestations and underlying mechanisms of these arrhythmias and
propose a new classification in this chapter.
Arrhythmias mediated by a dual (atrial and ventricular) pacing system in the setting of intact retrograde VA conduction can be classified into the following three
categories based on their mechanisms of reentry versus non-reentry and ventriculoatrial synchrony manifestations (Table 10.1 and Fig. 10.1): (1) repetitive reentrant
ventriculoatrial synchrony (RRVAS), (2) repetitive non-reentrant ventriculoatrial
synchrony (RNRVAS), and (3) repetitive non-reentrant ventriculoatrial 1:2 synchrony (RNRVA1:2S). The two terminologies were first described and discussed by
Barold in 1991 [2], and the RNRVA1:2S is newly proposed by us (Yan and his team)
and firstly discussed in this chapter.
Table 10.1 The main differences among RRVAS, RNRVAS, and RNRVA1:2S
Features
Retrograde P
wave occurs
Pacing mode

Promoted by
Algorithm
to prevent,
recognize,
or terminate

Management

RRVAS
Outside PVARP
Atrial-tracking mode:
DDD(R) or VDD(R)

RNRVAS
Within PVARP

AV sequential pacing
mode: DDD(R),
DDI(R), DVI(R),
and DOO
Long AV interval–
Long AV interval
Short PVARP
Short VA interval
Long PVARP
1. ACAP function
Each device
prevents RNRVAS
manufacturer has its
in most cases
specific algorithm to
2. No specific
prevent, recognize,
algorithm to
and terminate
recognize or
terminate
1. Interrupt the VA
1. Interrupt the VA
conduction
conduction
2. Adjust programming 2. Adjust
programming
parameters
parameters
3. Algorithm designed to
3. Disable the special
terminate RRVAS
function
increasing the
pacing rate
4. Enable dynamic
PVARP
5. Enable ACAP

RNRVA1:2S
Within PVARP
AV sequential pacing
mode: DDD(R), DDI(R),
DVI(R), and DOO
Long AV interval
Long VA interval
Long PVARP
1. ACAP function is
less effective in
RNRVA1:2S
2. No specific algorithm
to recognize or
terminate
1. Interrupt the VA
conduction
2. Adjust programming
parameters; the most
effective measure is
to decrease the P/SAV
interval
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AV dissociation due to PVC

long AV interval
short PVARP
= RRVAS

extended AV interval
long AV interval AV hysteresis
MTR limited P wave delay sensed

atrial sensing or pacing
malfunction

functional/intermittent non-capture
in one of ventricles in CRT

non-reentry

VA synchrony

long AV interval
long PVARP
AP within ERP of the
retrograde P wave
= RNRVAS
long AV interval
long PVARP
AP outside ERP of the
retrograde P wave
= RNRVA1:2S

Fig. 10.1 Schematic diagram of the factors and the programming features that promote VA-related
pacemaker-mediated arrhythmias

Repetitive Reentrant Ventriculoatrial Synchrony (RRVAS)
RRVAS, also known as (antidromic) pacemaker-mediated tachycardia or
(near-field) endless-loop tachycardia (ELT), is essentially a reentrant arrhythmia that occurs in the atrial-tracking modes (DDD[R] or VDD[R] mode). Any
condition that produces a ventriculoatrial (VA) conduction, for example, a premature ventricular complex (PVC) with a retrograde P wave, may initiate
RRVAS. Clinical examples of RRVAS that show initiation and termination are
shown in Fig. 10.2.
A relatively long AV interval and a relatively short post-ventricular atrial
refractory period (PVARP) promote RRVAS. During RRVAS, pacemaker, which
tracks the retrograde P wave occurring outside the PVARP (which is marked as
AS event) and generates ventricular pacing after the sensing AV interval is expired,
serves as the anterograde limb of the reentrant loop. The retrograde VA conduction of the ventricular-paced impulse serves as the retrograde limb, so that RRVAS
is also sometimes called as antidromic pacemaker-mediated tachycardia
(Fig. 10.3). Occasionally, RRVAS may adopt an opposed direction using physiological AV conduction system for anterograde activation, i.e., so-called orthodromic RRVAS (PMT).
The pacing rate of RRVAS depends on (1) the VA conduction time, (2) the sensing AV interval, and (3) the programmed maximum tracking rate (MTR). RRVAS
typically occurs at MTR. Any condition which interrupts the VA synchrony may
terminate RRVAS, such as short coupled PVC or PAC (Fig. 10.2), or block of the
VA conduction, etc. Although all the major pacemaker manufacturers have their
own specific algorithms to prevent, recognize, and terminate RRVAS, RRVAS is
commonly seen clinically.
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a

b

Fig. 10.2 (a) RRVAS and its initiation in a 78-year-old woman with a dual-chamber pacemaker.
The first retrograde P wave at fifth beat was triggered by a PAC (empty arrow) that was accompanied by prolongation of P wave-ventricular pacing interval due to delayed sensing of the P wave.
RRVAS was not initiated by this retrograde P wave because it fell within the PVARP. However, at
the eighth beat, the ventricular intrinsic preference (VIP, black arrow) with a prolonged AV interval
led to a retrograde P wave that fell outside the PVARP, resulting in RRVAS. (b) RRVAS and its
termination in a 75-year-old woman who had a dual-chamber pacemaker. The retrograde P waves
(empty arrow) that fell outside the PVARP are clearly seen during RRVAS. The RRVAS was terminated by a PAC (black arrow) which interrupted the VA synchrony by activating atrium earlier
within the PVARP

The adverse effects associated with RRVAS result from RRVAS-related tachycardia, persistent ventricular pacing, and atrioventricular dyssynchrony (the retrograde P wave is almost always on ST or T wave). Frequent RRVAS may lead to
tachycardia-induced cardiomyopathy and congestive heart failure particularly in
patients with LV systolic and diastolic dysfunction. Therefore, more attention
should be paid to occurrence of RRVAS in the patients with a cardiac resynchronization device. An interesting case is shown in Fig. 10.4: intermittent tachycardia
plus AV dissociation and wider paced QRS during RRVAS exacerbates the patient’s
congestive heart failure. Interestingly in this case in which the patient had a biventricular pacemaker, there was loss of RV pacing during RRVAS. Apparently, combination of AV dissociation, loss of ventricular synchrony, and faster ventricular
pacing resulted in congestive heart failure.
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Fig. 10.3 Schematic diagram of repetitive reentrant ventriculoatrial synchrony (RRVAS) and its
antidromic loop: RRVAS is a repetitive process characterized by atrial-tracked ventricular pacing
due to the retrograde P wave (rP) occurring outside the PVARP, in which the device serves as the
anterograde limb and the intrinsic VA conduction serves as the retrograde limb. AP atrial pacing
event, AS atrial sensed event, AVI atrioventricular interval, PVARP post-ventricular atrial refractory period, PVC premature ventricular complex

 epetitive Non-reentrant Ventriculoatrial Synchrony
R
(RNRVAS)
RNRVAS is a non-reentrant arrhythmia that occurs in the AV sequential pacing
modes (DDD[R], DDI[R], DVI[R], and DOO mode). Unlike RRVAS, the retrograde P wave falls within the PVARP and subsequent atrial pacing occurs. In
RNRVAS, the effective refractory period of the retrograde atrial impulse has not
been completed at the time point when the subsequent atrial pacing occurs, so that
the atrial pacing becomes non-captured. Ineffective atrial pacing results in repetitive
atrioventricular sequential pacing with continuing retrograde VA conduction (synchrony). RNRVAS is commonly initiated by a PVC with a retrograde P wave
(Fig. 10.5).
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Fig. 10.4 A 73-year-old man with a biventricular pacemaker (Evia HF-T, Biotronik) presented to
medical clinic with increased dyspnea on exertion. A 12-lead Holter monitor recording (the figure
only shows I, V1, and V5 lead) revealed recurrent episodes of rapid ventricular pacing at upper
tracking rate (130 bpm) with wider QRS complexes than those in sinus P-sensed bi-ventricular
paced rhythm. Retrograde P waves are seen at the middle portion of T wave (solid arrows). The
episodes were initiated by premature ventricular complexes with extension of sensed AV interval
and suggested the episodes were RRVAS with repetitive loss of capture in the right ventricle

Fig. 10.5 A telemetry ECG tracing recorded from a 60-year-old man with a dual-chamber pacemaker (St. Jude). A PVC following the first three AP-VS sequences induced a retrograde VA conduction (empty arrow). The subsequent AP occurred within the atrial effective refractory period
and resulted in repetitive AV sequential pacing with atrial non-capture and the subsequent retrograde VA synchrony. After three AP (non-capture)-VP sequences at 400 ms, the subsequent paced
AV interval was shortened to 300 ms due to the VIP algorithm. As the A-A interval remained
unchanged, the subsequent AP (solid arrow) occurred outside the atrial effective refractory and
captured the atrium which also terminated the RNRVAS. AP atrial pacing, AS atrial sensed, VP
ventricular pacing, RNRVAS repetitive non-reentrant VA synchrony, PVARP post-ventricular
atrial refractory period, LOC loss of capture

Different from RRVAS, the programming features that may trigger RNRVAS
include (1) a relatively short interval from ventricular excitation (with a retrograde
P) to next atrial pacing (AP) which is more likely to make AP occur within atrial
effective refractory period and (2) relatively long PVARP which is more likely to
make the retrograde P wave fall within the PVARP. As we know, VA interval = AA
interval (current pacing rate, such as lower rate or sensor rate) – AV interval. A relatively short VA interval is equivalent to a relatively high AV sequential pacing rate
and/or a relatively long AV interval. High pacing rates include (1) a high programmed lower rate or a high sensor rate and (2) enabling special features that
increases the pacing rate, such as atrial overdriving pacing (AOP, St. Jude Medical
or Abbott) [3, 4], post-overdrive pacing (PMOP, Medtronic), anti-sudden rate drop
function in all device manufactures, etc. Figure 10.6 shows a case of RNRVAS triggered by intermittent atrial non-capture which is equivalent to a relatively long AV
interval.
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Fig. 10.6 A telemetry ECG tracing recorded in an 80-year-old woman who received a dual-
chamber pacemaker. RNRVAS was induced by intermittent atrial non-capture. There was no paced
impulse following the sixth AP (empty arrow), and then VP occurred after paced AV interval
expired and was accompanied with a retrograde P wave fall in the PVARP (solid arrows). The
subsequent AP occurred within the atrial effective refractory period and resulted in repetitive AV
sequential pacing with functional atrial non-capture and the subsequent VA synchrony. AP atrial
pacing, AS atrial sensed, VP ventricular pacing, RNRVAS repetitive non-reentrant VA synchrony,
PVARP post-ventricular atrial refractory period

In contrast to RRVAS, there is no complete reentrant loop during RNRVAS, as
the pacemaker generates atrial pacing and ventricular pacing, which is in fact considered as “normal” from the point of the pacemaker itself because AV sequential
pacing follows exactly the programmed pacing parameters. A schematic diagram of
repetitive non-reentrant ventriculoatrial synchrony (RNRVAS) is shown in Fig. 10.7.
Unlike RRVAS, there are still no specific device algorithms to recognize or terminate RNRVAS, which suggests that RNRVAS cannot be detected by the pacemaker.
During RNRVAS, AR-AP sequence (P wave in the PVARP followed by an AP event)
is counted toward the filtered atrial rate interval (FARI) which results in repetitive
automatic mode switch inappropriately in St. Jude Medical devices [5]. However,
AR-AP sequence is no longer counted in Assurity, Endurity, and Allure devices (St.
Jude Medical) since 2014 [6]. To be emphasized, enabling anti-competitive atrial
pacing (ACAP) function can effectively prevent the start of RNRVAS, such as noncompetitive atrial pacing (NCAP, Medtronic), atrial upper rate (Biotronik), atrial
flutter response (AFR, Boston Scientific), etc. RNRVAS is one of the most common
causes of false-positive atrial high-rate events (AHREs) [7, 8].
RNRVAS can be terminated under the following circumstances: (1) subsequent AP
captures the atrium due to a PVC that resets the VA interval or a decrease in the pacing
rate; (2) the retrograde VA conduction is interrupted by a PAC or due to intrinsic VA
conduction block; (3) the retrograde P wave falls outside the PVARP due to rate
response PVARP function which is able to adjust the PVARP according to the heart
rate; and (4) RNRVAS triggers automatic mode switch in St. Jude Medical device.

 epetitive Non-reentrant Ventriculoatrial 1:2 Synchrony
R
(RNRVA1:2S)
RNRVA1:2S occurs in the AV sequential pacing mode. The retrograde P wave
falls within the PVARP, similar to RNRVAS .But different from RNRVAS, the
subsequent AP occurs outside the atrial effective refractory period and results in
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Fig. 10.7 Schematic diagram of repetitive non-reentrant ventriculoatrial synchrony (RNRVAS):
RNRVAS is a repetitive process characterized by the AV sequential pacing and the functional atrial
non-capture due to the retrograde P wave (rP) that occurred within the PVARP (marked as an AR
event). The retrograde VA conduction is a prerequisite and there is no closed loop in RNRVAS. AP
atrial pacing, AR atrial refractory event, AVI atrioventricular interval, PVARP post-ventricular
atrial refractory period, PVC premature ventricular complex, myo atrial myocardial cell effective
refractory period

repetitive AV sequential pacing accompanied by the atrial capture and the subsequent retrograde ventriculoatrial activation as shown in Fig. 10.8.
The programming feature that may induce RNRVA1:2S is a relatively long AV
interval when compared with those of RNRVAS. The relatively long VA interval
in RNRVA1:2S not only allows the subsequent AP occurring outside the atrial
effective refractory period for assured capture but also interferes with the anti-
competitive atrial pacing function (such as NCAP; see discussion below). In
RNRVA1:2S, a relatively long AV interval results in the retrograde VA synchrony
under the condition of the previous AP that has captured the atrium. VA interval + AV interval = AA interval, which indicates that RNRVA1:2S is inclined to
occur and maintain in a relatively low pacing rate. The mechanism for RNRVA1:2S
is illustrated in Fig. 10.9.
Similar to the condition in RNRVAS, there are also no specific algorithms to
recognize or terminate RNRVA1:2S. It should be emphasized that the
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Fig. 10.8 An 83-year-old with a history of sinus node dysfunction status post-implantation of a
St. Jude dual-chamber pacemaker presented with palpitation and shortness of breath. A 12-lead
RNRVA1:2S was induced by a PAC (gray arrow). The first two beats showed AV sequential pacing
with narrower QRS complexes suggesting the ventricular fusion waves from the impulse of intrinsic AV conduction and the ventricle-paced impulse. The PAC (gray arrow) outside PVARP of the
previous ventricular beat was tracked by ventricular pacing with retrograde P wave (black arrow)
which fell within the PVARP. Unlike RNRVAS, subsequent AP occurred after the atrial effective
refractory period and captured the atrial myocardium (empty arrow). Surprisingly in RNRVA1:2S,
the AP impulse failed to propagate into the ventricles within the paced AVI, differently from the
first two beats with fusion beats. This indicates that there is concealed influence of retrograde P
wave on AV node. The subsequent VP led to wider QRS accompanied by the retrograde P wave
within the PVARP, resulting in repetitive AV sequential pacing with atrial capture and the subsequent retrograde VA synchrony. RNRVA1:2S repetitive non-reentrant ventriculoatrial 1:2 synchrony, AP atrial pacing, AVI atrioventricular interval, VP ventricular pacing, PVARP
post-ventricular atrial refractory period, PAC premature atrial complex

anti-competitive atrial pacing function may prevent RNRVAS effectively but
may not work well in RNRVA1:2S. The anti-competitive atrial pacing function is
a design to prevent AP from occurring into the atrial myocardial effective period
following a refractory sensed atrial event (AR). Let us take NACP (Medtronic) as
an example: when the NCAP function is enabled, a refractory sensed atrial (AR)
event will initiate a 300/400 ms NCAP period so that the subsequent atrial pacing
(AP) scheduled inside the NCAP period will be delayed until the period is
expired. The AP is often accompanied by a short-paced AV interval. The NCAP
period can effectively prevent AP to fall within the atrial effective refractory
period in most cases [1, 9]. The NCAP period and the subsequent short-paced AV
interval ensure that RNRVAS cannot happen easily. But RNRVA1:2S is inclined
to be induced in a relatively long VA interval accompanied by a relatively long
AV interval. Even though the NCAP is enabled, a relatively long VA interval may
result in the scheduled AP that can occur outside the NCAP period. In general,
the anti-competitive atrial pacing function is likely unsuccessful in preventing
RNRVA1:2S.
As we have known that these three types of pacemaker-mediated arrhythmias
share a common feature in that there is retrograde VA conduction, they may coexist
in the same patient depending on the pacemaker programming parameters or
changes in the patient’s pathophysiological conditions. Sometimes, one type of
arrhythmia can transform into another one as shown in Fig. 10.10.
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Fig. 10.9 Schematic diagram of repetitive non-reentrant ventriculoatrial 1:2 synchrony
(RNRVA1:2S): RNRVA1:2S is a repetitive process characterized by the AV sequential pacing and
the successful atrial capture accompanied by the retrograde P wave (rP) that occurs outside the
PVARP. In RNRVA1:2S, one VP is followed by two P waves. The retrograde VA conduction is the
essential condition and there is no closed loop in RNRVA1:2S. AP atrial pacing event, VP ventricular pacing, AVI atrioventricular interval, PVARP post-ventricular atrial refractory period,
myo atrial myocardial cell effective refractory period

Fig. 10.10 A telemetry ECG tracing recorded in a 62-year-old woman with a dual-chamber pacemaker. RNRVA1:2S was transformed to RRVAS when the retrograde P wave occurred outside
PVARP (gray arrow). The first four VPs were accompanied by two P waves: (1) the retrograde P
wave (empty arrow) within the PVARP (marked as AR event) due to the relatively long AV interval
and (2) the subsequent AP that occurred outside the atrial effective refractory period and successfully captured the atrium (black arrow). The fifth retrograde P wave (gray arrow) occurred outside
PVARP (marked as AS event) and transformed RNRVA1:2S into RRVAS. The RRVAS was terminated by a PVC. The subsequent recovery of the intrinsic AV conduction indicated that the previous interruption of the intrinsic AV conduction was due to RNRVA1:2S. AP atrial pacing, VP
atrial pacing, AR atrial refractory event, AS atrial sensed event, PVARP post-ventricular atrial
refractory period, PVC premature ventricular complex
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Part III
Diagnosis of Cardiac Arrhythmias: Intracardiac
Approaches

Intracardiac Mapping in the Cardiac
Electrophysiology Laboratory

11

Abhishek Maan, E. Kevin Heist, and Moussa Mansour

Essential Principles
Intracardiac mapping constitutes the foundation of ablation therapies performed for
the treatment of cardiac arrhythmias. The overall goal of electroanatomic mapping
is to differentiate normal myocardium from scarred regions of the same and facilitate the successful ablation of cardiac arrhythmias. In general, the electroanatomic
mapping setup involves three key components: (1) mapping catheters that gather
information from the tip of the catheter regarding a fiduciary timing reference as
well as local voltage, (2) the creation of a spatial/topographic map of cardiac chambers, and (3) further analysis of the compiled electrophysiological data. In modern-
day practice, an electroanatomic map is created either using a “point-by-point”
approach or by moving the catheter and not collecting individual points.
At the time of the initial advent of catheter ablation, the mapping of cardiac
arrhythmias used to be completed by applying multipolar electrode catheters and fluoroscopic techniques to localize the catheter. Given the complex nature and the consequent need of ablation of these complex cardiac arrhythmias, three-dimensional
electroanatomic mapping systems have become the mainstay of workflow in cardiac
electrophysiology laboratories. Broadly, mapping systems can be divided into the
categories of contact and noncontact mapping, respectively. This stratification is
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based on whether the mapping catheter makes physical contact with the endocardial
surface or not. Both the CARTO® (Biosense Webster, Diamond Bar, CA, USA)
and EnSite™ NavX™ (Abbott Laboratories, Chicago, IL, USA) systems are contact mapping systems, while the EnSite™ Array™ system (Abbott Laboratories,
Chicago, IL, USA) conversely does not rely upon making physical contact with the
endocardium to function. More recently, in light of the goal of reducing the amount
of fluoroscopic exposure, the role of intracardiac mapping systems has become even
more important. In this chapter, we seek to cover the fundamental principles of
cardiac mapping as well as discuss recent advances in the field of cardiac mapping
with the advent of recent technology.

Types of Cardiac Mapping
Activation Mapping
A commonly used method for mapping in the electrophysiology laboratory is the
technique of activation mapping. This relies upon the principle of the relative time
of an anatomical point in comparison with the selected reference point during the
tachycardia of interest. Once the process of activation mapping is complete, the next
step involves targeting the site of earliest activation in the tachycardia circuit. Use of
activation mapping relies upon setting a “window of interest” (WOI). This is typically done by selecting a reference electrode. For practical purposes, in the case of
focal atrial arrhythmias, the window onset is typically chosen to be 50–70 ms earlier
than the onset of the P-wave. The total duration of the window is set to encompass
about 95% of the tachycardia cycle length (TCL) in the case of focal arrhythmias.
One of the key considerations while performing activation mapping is the selection
of a suitable reference point. For atrial arrhythmias, the WOI is typically centered
around the activation of the coronary sinus (CS) catheter. Similarly, for ventricular
tachycardia (VT) ablation, the QRS complex with the sharpest R or S deflection on
the electrocardiogram (ECG) is selected as the reference.
In our practice, while mapping atrial flutter, we routinely map the earliest atrial
activity in relation to the earliest P-wave on the ECG. We start with identifying the
P-wave on the surface ECG. If the P-wave is difficult to identify, we use the timing
of CS activation relative to the atrial tachycardia beat in which the P-wave is reliably
seen for further annotation [1] (Fig. 11.1). Understanding the pattern of activation
can also aid in assessing the mechanism of the cardiac arrhythmia—for example, a
focal tachycardia would have a centrifugal pattern of activation and the activation
time would only cover a fraction of the entire TCL. In contradistinction, one must
consider that macroreentrant arrhythmias propagate in a continuous manner and the
earliest and latest points of activation tend to occur adjacent to each other. This is
commonly referred to as the “early-meets-late” activation pattern. For macroreentrant arrhythmias, electrograms are typically recorded to map 70% of the TCL. In
comparison with focal arrhythmias, in the case of reentrant arrhythmias, the WOI
is aimed to cover 50% of the TCL before and up to 50% of the TCL with the reference electrode set as the central point. In our experience with patients presenting
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Fig. 11.1 Method of setting the WOI for the annotation of electrograms during the mapping of
atrial tachycardia. (a) Standard amplitude surface ECG. (b) Increased amplitude of the surface
ECG during the same arrhythmia. The magnified electrogram permits the identification of the
beginning of the P-wave and subsequent adjustment of the mapping WOI to start 40 ms prior to the
earliest P-wave deflection. (Figure reproduced with permission from Rav-Acha M, et al. J
Cardiovasc Electrophysiol. 2016;27:1274–81)

Fig. 11.2 Figure showing mapping of tachycardia cycle (in this an atrial flutter) in the right atrium,
considering that only <50% of the TCL was mapped in the RA; this was suggestive of a left atrial origin

for atypical flutter ablation, we begin with mapping in the right atrium (RA) and, if
the activation time in this chamber accounts for less than 50% of the TCL, then we
strongly suspect a left atrial (LA)-based flutter (Fig. 11.2).
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It is also relevant to keep in mind that the use of activation mapping does have
limitations. For instance, an incorrectly selected WOI can lead to an inaccurate
assessment of the tachycardia as well as its activation pattern. This method of mapping is also unsuitable for use with tachycardias that are either brief/nonsustained
or are associated with hemodynamic instability.

Entrainment Mapping
Entrainment mapping is one of the most commonly used and time-tested techniques
in the electrophysiology laboratory. Principally, entrainment involves the constant
resetting of the tachycardia circuit by pacing stimuli that are delivered at a slightly
faster cycle length than the TCL. Therefore, the interaction between pacing maneuvers and the reentrant tachycardia forms the basic premise of entrainment mapping.
If the pacing site is within the tachycardia circuit, then pacing at a rate slightly faster
than the tachycardia rate would yield a similar surface morphology and intracardiac
pattern to those of the clinical tachycardia. However, the discussion of fundamental
work regarding entrainment principles such as concealed and manifest fusion is
beyond the scope of this chapter, so the reader is referred to previously published
landmark studies [2, 3]. For practical purposes, pacing is performed from the region
of interest to analyze the response to entrainment, while, in addition, measurement
of the postpacing interval (PPI) is performed to help assess the degree of proximity
of the pacing site to the tachycardia circuit. Entrainment from a pacing site located
farther from the reentrant circuit would result in a longer PPI, while the opposite
would be expected in the case of a pacing site being either close to or within the
tachycardia circuit. In our practice, we use entrainment as an adjunctive maneuver
for ablation. In conjunction with the activation and voltage maps, we mark various
sites of interest and compare relative PPIs from various points to further guide our
decision to perform ablation at the sites of interest.
Although well-validated and commonly used, entrainment mapping does have a
few limitations. For instance, the tachycardia must be stable and sustained enough
to allow for entrainment maneuvers to be performed. When the TCL boasts significant variation, the assessment of PPI may be inconclusive. In addition, in areas
with significant myocardial scar, pacing may not achieve reliable enough capture to
perform entrainment [4].

Pacemapping
Pacemapping entails mapping performed by manipulating the catheter to the region
of approximate origin of the clinical arrhythmia. Pacing is performed at cycle
lengths close to the TCL and the resultant paced morphology is compared with that
of the clinical tachycardia [5]. In general, the pacing sites closest to the tachycardia
circuit should produce a paced morphology similar or identical to that of the clinical tachycardia. Typically, pacemapping is used when an arrhythmia is either (1)
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hemodynamically unstable or (2) difficult to induce. Pacemapping is further aided
with the use of CARTO® PASO™ technology (Biosense Webster, Diamond Bar,
CA, USA), which completes the automatic comparison of paced morphologies from
various sites with the QRS morphology of clinical premature ventricular contractions (PVCs) and VT. This comparison is performed in real time to select the ideal
site(s) for ablation. Over the years, pacemapping has become a commonly used
technique for the mapping of focal VTs in patients without structural heart disease
(Fig. 11.3).

Fig. 11.3 Example of pacemapping in a patient with idiopathic right ventricular outflow tract
tachycardia. The color-coding schema reflects the degree of matching with clinical VT for each
site: the red color suggests ideal matching (98%), while the purple color indicates poor matching
(−3%). (Figure reproduced with permission from de Chillou et al. Card Electrophysiol Clin.
2017;9:71–80)
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Another common role of pacemapping has been to aid in identifying the critical isthmus in patients with postinfarct VT [6]. For this specific purpose, at first, a
12-lead ECG of clinical VT is obtained, which is followed by the creation of geometry of the chamber of interest using a three-dimensional mapping system. As the
next step, pacemapping is performed by selecting a pacing rate close to the TCL of
the clinical VT. The isthmus region of postinfarct VT may be elucidated by serially
identifying “exit” areas that present a good degree of correlation with the morphology of clinical VT on 12-lead ECG and the area of “entrance,” which, in turn, shows
a rather poor degree of correlation with the morphology on the 12-lead ECG. We
suggest that pacemapping should be done at several sites near the infarcted region
and then each site be automatically compared to obtain a “match” with the clinical
VT (Fig. 11.4). The position with the best match would be then selected as the site
of potential ablation. More recently, the technique of pacemapping was used as the
exclusive method for the ablation of PVCs when the intraprocedural burden happened to be low [7].
Some experts have argued that there are pertinent limitations to the use of pacemapping in the electrophysiology laboratory. Pacemapping relies on the availability
of 12-lead ECG data for the clinical arrhythmia collected prior to the planned ablation. Additionally, in certain regions of the heart that are predominantly fibrous in
architecture, high-current outputs might be required to produce an adequate degree
of capture. The overall sensitivity of pacemapping also seems to be diminished in
regions of scarred myocardium.
Pace-mapping map

mitr
ann al
ulus

Activation map during VT

mitr
ann al
ulus

ablation line
VT isthmus
LV apex

VT isthumus
LV apex

Fig. 11.4 Example of a three-dimensional reconstruction showing the pacemap and the activation
map during VT in the same patient. The arrows indicate various points of VT propagation. (Figure
reproduced with permission from de Chillou et al. Card Electrophysiol Clin. 2017;9:71–80)
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Voltage Mapping
Considering that the pathogenesis of various arrhythmias involves regions of
scarred myocardium, it is intuitive to believe that the mapping of local voltage during ablation would help in assessing the circuit of scar-based reentrant arrhythmias.
Low-voltage electrograms are believed to be secondary to slow conduction through
the myocardium and areas of histological fibrosis. Voltage mapping is also helpful in the process of substrate modification for both atrial and ventricular arrhythmias. Typically, in the electrophysiology laboratory, voltage mapping is performed
in combination with activation mapping and entrainment mapping. The widely
agreed-upon definition of endocardial scar on bipolar mapping in the ventricles is
less than 1.5 millivolts (Mv), while, in the atria, it is less than 0.5 Mv [8]. Based on
these cutoff values, different colors are assigned to regions of variable voltage. The
usual practice is to assign a red color to the areas of low voltage. The areas of low
voltage can be of particular interest for catheter ablation even if the clinical arrhythmia cannot be induced at these sites.
In addition to bipolar mapping, unipolar mapping is being increasingly adopted
as a useful technique for the ablation of both atrial and ventricular arrhythmias.
Electrograms seen during unipolar mapping reflect voltage gradients, which are
acquired on the exploring electrode that is in direct contact with the endocardium.
The reference electrode for this is located either at a distant site from the mapping
site (e.g., the inferior vena cava) or in the Wilson central terminal [9]. On unipolar mapping, a QS complex (an initial deflection) is indicative of the beginning of
the activation wavefront at a specific site of recording [10, 11]. In routine clinical
practice, unipolar mapping is particularly useful for mapping accessory pathways
and for understanding focal tachycardias in patients without concomitant structural
heart disease. In patients with nonischemic cardiomyopathies, the usual scar location tends to be midmyocardial and epicardial in nature. Voltage mapping performed
with a bipolar mapping electrode can lead to a normal-appearing endocardial map.
Given that unipolar mapping allows for significantly greater voltage antennae, it can
be particularly useful in these patients to stratify endocardial and endo-epicardial
regions of scar/low voltage [8]. These factors, combined with efforts to improve
outcomes of catheter ablation for VT in these patients, have led to an increase in the
usage of unipolar mapping.
We also believe that voltage mapping can also be of additional relevance in
patients who have undergone prior catheter ablation or cardiac surgery by delineating the regions of slow conduction. There has also been an increased degree of
interest in the applicability of unipolar mapping in various subtypes of nonischemic
cardiomyopathies. In our experience, we routinely use unipolar pacing and mapping to assess the areas of capture versus lack of capture as additional procedural
endpoints of catheter ablation. In addition, unipolar mapping has also been shown to
be useful from a research standpoint. In a study by Campos et al., the investigators
observed that patients with relatively larger areas of low voltage on unipolar mapping had a higher likelihood to have irreversible cardiomyopathy [12].
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It is also relevant to consider the practical limitations of voltage mapping. There
are several variables able to affect electrogram amplitude, including interelectrode
distance and spacing, contract with the tissue of interest, and direction of the activation vector.

Mapping Based on Complex Fractionated Atrial Electrograms
An additional mapping strategy for AF is based on targeting complex fractionated
atrial electrograms (CFAEs). Some of the initial work in this area was pioneered by
Nadamanee et al., who defined CFAEs as electrograms that consisted of more than
two deflections with an undulating baseline and a cycle length of less than 120 ms
[13]. Since this original work, various iterations of CFAEs have been proposed by
other investigators [14, 15]. Some of the earlier work observed distinct underlying
mechanisms for CFAEs that involve the collision of various waveforms along with
the interaction of zones of anisotropic/slow conduction [16].
CFAE ablation is predicated on the premise that CFAEs are critical for the
perpetuation of atrial fibrillation (AF) and are believed to have an important role
in the ablation of patients with nonparoxysmal AF. Despite its initial promise to
improve outcomes of catheter ablation for AF, the Substrate and Trigger Ablation
for Reduction of Atrial Fibrillation Trial (STAR AF II) study failed to reveal any
additional benefit of CFAE ablation in addition to pulmonary vein isolation in
patients with persistent AF [17]. In recent years, efforts have focused on developing automated algorithms to detect CFAEs across various mapping systems. For
example, in the CARTO® system, fractionation is determined by use of the shortest
complex interval between two consecutive deflections over a measuring period of
2.5 seconds. A representative CFAE map is shown in Fig. 11.5.
It is pertinent to note that CFAE-based ablation tends to be challenging to perform, especially earlier on in the learning curve. Further, differentiating the CFAEs
originating from healthy tissue and those originating from the diseased tissue, which
serves as the substrate for the pathogenesis of AF, remains challenging throughout.

Focal Impulse and Rotor Modulation Mapping
Spiral wave reentry represents a specific form of reentry hypothesized to be one of
the underlying mechanisms in the propagation of AF. A spiral wavefront is conceptualized to be a wave of reentry around a focal pivot point. Similarly, a “rotor” is
said to be a singular point in space with surrounding microreentry. Focal impulse
and rotor modulation (FIRM) mapping-guided ablation provides a novel paradigm
for incorporation into a “tailored” approach for AF ablation. Observations from the
Conventional Ablation for Atrial Fibrillation with or Without Focal Impulse and
Rotor Modulation (CONFIRM) trial showed that the majority of patients with AF
have rotors and focal sources that are implicated in the pathogenesis of AF. Patients
with persistent and long-standing forms of AF have been found to have a higher
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Fig. 11.5 A representative map of CFAEs for AF. The CFAE map is generated by the automatic
detection of a CFAE of less than 120 ms and is projected onto the virtual endocardial surface using
EnSite™ NavX™ mapping. Panel A shows a typical bipolar endocardial signal; the yellow color
indicates the presence of CFAE. Panel B shows the color schema generated by the mapping software. The purple-colored areas are regions of non-CFAE where the mean interval is more than
120 ms. (Figure reproduced with permission from Caldwell J, et al. Curr Cardiol Rev.
2012;8:347–53)

number of AF sources in comparison with those with paroxysmal AF (2.2 ± 1.0 vs.
1.7 ± 0.9; p = 0.03) [18].
With this approach, using multipolar catheters with 64 poles, electrograms can
be recorded in both atria either in spontaneous AF or AF induced in the electrophysiology laboratory. Current observations report the locations of triggers and drivers
in the RA as well as the LA (outside of the pulmonary veins). Once an AF source
has been identified using FIRM mapping, then ablation is performed in a standard
manner to eliminate the focal source.
From a technical standpoint, mapping with a multipolar basket is easier to do
in the RA (given the relatively coaxial orientation from the inferior vena cava) in
comparison with in the LA. In the latter, an undersized basket may tend to float and
not make adequate contact with the endocardium (Fig. 11.5).
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One of the potential advantages of FIRM mapping-based ablation is the potential
to decrease the extent of ablation required. Available clinical data regarding FIRM
mapping-based ablation come from the CONFIRM and Precise Rotor Elimination
Without Concomitant Pulmonary Vein Isolation for the Successful Elimination of
Paroxysmal Atrial Fibrillation (PRECISE) trials. In the former trial, a FIRM + pulmonary vein isolation-guided ablation approach was significantly more successful
in terms of freedom from AF (82.4% vs. 44.9%; p = 0.03) in comparison with a
conventional ablation strategy [19].

Types of Three-Dimensional Mapping Systems
Below, the three cardiac mapping systems most commonly used in current clinical
practice are discussed further.

CARTO®
The CARTO® system is perhaps the most frequently used mapping system in current cardiac electrophysiology practice. It includes a magnetic field sensor located
in the tip of a quadripolar mapping and a magnetic field system located under the
patient. This magnetic field system utilizes three coils to generate a magnetic field
that helps to collect the necessary spatial and temporal information relating to the
patient’s chest. The mapping catheter also consists of quadripolar electrodes that
are able to provide both unipolar and bipolar recordings [20]. The real-time evaluation of magnetic field decay and its orientation form the underlying principle for
conducting mapping using this system. As the mapping catheter is moved around
in the heart, individual points are collected in a sequential manner to construct an
electroanatomic map. The use of the CARTO® system has been well-validated with
robust clinical experience for use in all four chambers of the heart.
Another additional notable feature of CARTO® is the technique of ripple mapping. This technique allows for the display of electrogram-voltage data in a dynamic
manner as spatial bars instead of individual points. Further information on the propagation of the arrhythmia circuit is also provided. In our experience, we have found
this to be of additional use while ablating atrial flutter or VT.
One of the limitations of the CARTO® system that is worth mentioning is, being a
closed system, it relies upon the use of an ablation catheter with a magnetic sensor and
mapping can only be performed with proprietary catheters. In addition, the CARTO®
system is sensitive to the patient’s motion. If there is significant patient motion, then
the process of mapping may need to be repeated to achieve quality results.

EnSite™ NavX™ System
During operation, this system incorporates the use of electrical fields to localize the
location of the catheter. In contrast with the contact mapping, the electrodes in this
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system are located in the center of the chamber blood pool. This system consists of a
9-French catheter with a balloon that is surrounded by a 64-multielectrode array. A
high-frequency alternating current is delivered between the two patching electrodes.
In contrast with the CARTO® system, the EnSite™ NavX™ system is a noncontact
mapping system and therefore does not rely upon the process of mapping in a pointby-point fashion.
Further, the EnSite™ NavX™ system also has the capability to display multiple
catheters and boasts an open configuration in contrast with the CARTO® mapping
system. Additionally, this system relies upon the intracardiac electrode located in
the CS position and therefore offers a better potential for cardiorespiratory motion.
Notably, the EnSite™ NavX™ system is able to display the activation pattern based
on data gathered with a single beat. As a result of this feature, this mapping system offers the advantage of being able to map nonsustained or hemodynamically
unstable cardiac arrhythmias. Of further note, given the open configuration of the
EnSite™ NavX™ system, the completion of mapping is not dependent upon the use
of proprietary catheters paired with this system. While the CARTO® and EnSite™
NavX™ systems have not been compared in a randomized clinical trial, based on
available data, their procedural efficacies seem to be quite similar.

Rhythmia HDx™
The Rhythmia HDx™ (Boston Scientific, Natick, MA, USA) system is one of
the relatively newer systems on the market and was designed to provide higher-
resolution, more accurate maps. Using this system, the process of map creation is
continuous and relatively automatic. The Rhythmia HDx™ mapping system uses
the process of continuous and automated mapping based on prespecified user criteria. In comparison with traditional mapping approaches, the process of continuous
mapping offers the advantage of shortening the time taken to construct an electroanatomic map. In addition, the use of this system allows for the ability to construct high-resolution maps that can aid in the identification of gaps as well as slow
channels.

Image Integration in Mapping Techniques
Although it is reasonable to acquire relevant anatomy solely by using electroanatomic mapping techniques, the integration of imaging data from cardiac computed
tomography (CT), magnetic resonance imaging (MRI), and intracardiac echocardiography (ICE) may provide additional information while performing complex
ablation procedures. The role of image integration from cardiac CT and MRI
acquired during preablation planning continues to evolve. In our experience, it is
routine practice to integrate raw data from cardiac CT and MRI prior to AF and
VT ablation. The images from both of these modalities are processed and a virtual
three-dimensional CT map is constructed. In the case of the CARTO® system, this
process is done using the CARTOMERGE® software (Biosense Webster, Diamond
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Bar, CA, USA). Expectedly, image integration has also been observed to decrease
the overall duration of the procedure along with fluoroscopic time [21]. This
map then serves as the template for further electroanatomic mapping conducted
during the procedure.
Based on our experience, the final processed images are especially useful to
have in navigating patients with anatomical variations. One of the commonly used
imaging modules, CARTOSOUND® (Biosense Webster, Diamond Bar, CA, USA),
offers the ability of reconstruction of three-dimensional anatomical landmarks
based on the acquisition of data from two-dimensional ICE images. In our experience, we find this technique to be most useful in the ablation of arrhythmias originating from outflow tracts or papillary muscles. CARTOSOUND® also offers the
option to label intracardiac structures of particular interest during ablation. In our
experience, we find using this module to be quite useful during procedures such as
outflow tract VT ablation and ablation in patients without structural heart disease.

Future Directions
The field of electroanatomic mapping continues to evolve independently and in
conjunction with advancements in catheter ablation techniques. The advent of high-
density grid catheters and the integration of high-resolution images from cardiac
MRI are anticipated to assist further in the performance of substrate-based ablation
in patients with challenging clinical presentations (e.g., nonischemic cardiomyopathy, hypertrophic cardiomyopathy).
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Introduction
Modern electrophysiology requires complex tools and methods to master the analysis and treatment of arrhythmias. With this increased complexity, it is satisfying
to see the fundamental role of pacing maneuvers in interpreting and diagnosing
a variety of arrhythmias. It is our hope that this chapter serves as a foundation in
exploring the key concepts of arrhythmia analysis during invasive electrophysiology studies.

 aneuvers to Aid in the Diagnosis of Paroxysmal
M
Supraventricular Tachycardia (PSVT)
Paroxysmal supraventricular tachycardia (PSVT) refers to a family of rhythm
disorders including atrial tachycardia (AT), atrioventricular reentrant tachycardia
(AVRT), atrioventricular nodal tachycardia (AVNRT), and junctional tachycardias
(JT). PSVTs tend to have an abrupt onset and termination and can be responsive to
vagal maneuvers or adenosine.
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Pacing During Sinus Rhythm
Prior to the induction and study of a narrow complex PSVT, pacing maneuvers
can be performed in sinus rhythm. These maneuvers often offer the first evidence
toward a specific tachycardia mechanism.

 entricular Pacing During Sinus Rhythm
V
Pacing from a catheter placed at the right ventricular (RV) apex and recording at
various sites in the atrium can determine if an accessory pathway with retrograde
conduction properties is present. If the patient has known antegrade pre-excitation,
pacing maneuvers assist with localization of the pathway. If pre-excitation is not
present, the assessment of retrograde conduction is the most facile way to diagnose
a concealed pathway [1].
Ventricular-atrial (VA) conduction is interrogated through incremental ventricular burst pacing as well as the delivery of ventricular extrastimuli (VES). These two
maneuvers help determine the pattern of retrograde AV nodal conduction, either via
the AV node or another route.
The assessment of retrograde conduction is crucial in determining the presence
and location of an accessory pathway. In general stimuli from the ventricle can enter
the atrium exclusively through the AV node, through the accessory pathway(s), or
via a combination of the AV node and pathway(s). Fusion refers to retrograde conduction occurring through more than one input.
VA conduction is initially assessed by pacing the RV, traditionally the apex, in an
incremental fashion. One typically begins pacing at cycle lengths >600 milliseconds
(ms) and reduces the pacing cycle length until VA conduction is no longer present.
Recording are performed at the His bundle and high right atrium. Depending on
the suspicion for a concealed accessory pathway, recording can be also performed
around the mitral annulus via a catheter placed in the coronary sinus (CS) and/or the
tricuspid annulus. Ventricular extrastimulation is performed by delivering progressively premature ventricular extrastimuli until VA block is reached. The combination of both maneuvers in sinus rhythm provides a wealth of information regarding
the presence of an accessory pathway, but will not provide evidence that an accessory pathway is participating in tachycardia.
The first task is to determine whether VA conduction is present at baseline. If
VA conduction is not present at paced cycle lengths slower than 600 ms or with the
administration of isoproterenol, it is very unlikely that an accessory pathway with
intact retrograde conduction is present. It is important to note that the lack of VA
conduction should ideally be confirmed by pacing from two different sites in either
the right or left ventricle [2].
Once retrograde conduction has been observed, the next maneuver is to characterize the pattern of retrograde conduction. Retrograde conduction is commonly
referred to as concentric or eccentric. Concentric activation occurs when the earliest
site of atrial activation is at the septum. The most common pattern is earliest activation at the His bundle region due to retrograde invasion of the fast pathway of the
AV node. The His bundle is the first area to depolarize because the retrograde limb
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of the fast AV node pathway inserts slightly posterior to the tendon of Todaro. If a
CS catheter is in place, activation will then spread from the proximal to the distal
coronary sinus. If a high right atrial (HRA) catheter is in place, the signal at the
HRA will occur after the atrial impulse is recorded at the His bundle.
The presence of a retrograde slow AV nodal pathway may slightly change the
sequence of activation as the slow pathway inserts near the lip of the coronary sinus.
This would lead to earliest activation at the proximal coronary sinus followed by
the His bundle region. In both cases activation will spread from the proximal to
distal coronary sinus and from the His bundle to the high right atrium. While concentric activation is suggestive of AV nodal conduction, it is not diagnostic as septal pathways often present with concentric activation. Para-Hisian pacing, which is
described later, is helpful in further interrogating concentric retrograde activation
during sinus rhythm.
Eccentric activation occurs when the earliest site of retrograde activation is not at
the septum. Although the presence of eccentric activation is useful, its absence does
not rule out a pathway. This is particularly true if the tricuspid and mitral valves are
not sufficiently mapped with recording electrodes, or if the insertion of the pathway
is distant from the pacing site [2]. Eccentric activation during burst pacing is the first
step in searching for the presence of an accessory pathway with retrograde conduction. VES allow a more granular understanding of retrograde activation as progressively early stimuli can lead to block in the accessory pathway prior to block in the
AV node or vice versa. Other complex patterns of fusion or block in the AV node
prior to the pathway can also be appreciated, especially with the presence of a retrograde right bundle branch block. When retrograde conduction is fused between the
AV node and an accessory pathway, we may see decremental VA times in recording
sites near the AV node (the septum) with non-decremental recording near the site of
accessory pathway insertion.

 ara-Hisian Pacing During Sinus Rhythm
P
As previously discussed, retrograde atrial activation is concentric if the earliest
site of activation is at the septum. The presence of concentric activation does not
differentiate between AV nodal conduction or conduction through an accessory
pathway located at the septum. To help differentiate these two modes of retrograde
conduction, the para-Hisian pacing maneuver can be performed. First described by
Hirao and Jackman [3], this maneuver utilizes the His bundle’s ability to activate
the atrium rapidly. To perform this maneuver, a diagnostic EP catheter is placed in
a position where the His bundle is clearly recorded. This maneuver is originally
described with two catheters at the His position to allow direct recording of the His
bundle potential during stimulation [4].
Pacing from the His catheter at a relatively long cycle length (i.e., 600 ms)
is then performed at low and high output. The QRS morphology is analyzed for
signs of non-selective His capture with high-output pacing. The timing between
the stimulus created by pacing and earliest atrial activation (SA interval) is compared to that between non-selective His bundle and ventricular capture. The presence of non-selective His bundle captured is confirmed by evaluating the surface
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ECG morphology. Compared to RV ventricular pacing, a relatively narrow complex
morphology is suggestive of His bundle capture. The morphology is termed non-
selective His bundle capture as the ventricular septum is also captured during this
maneuver.
If the only route from the ventricle to the atrium is via the AV node, then during
low-output pacing the impulse will capture ventricular myocardium at the septum
but not stimulate the insulated bundle of His. To transmit to the atrium, the impulse
will need to propagate through the local ventricular myocardium down the septum
until the distal right bundle is engaged. At this point the impulse will travel retrograde through the right bundle, up the His bundle and into the AV node where it will
depolarize the atrium. The surface QRS will be wide due to the initial depolarization via ventricular myocardium. Capturing the His bundle with high-output pacing
will shorten the timing between pacing stimulus and atrial activation compared to
low-output pacing. This is due to direct His bundle capture allowing a retrograde
electrical impulse to travel directly up the AV node and depolarize the atrium. The
surface QRS will be relatively narrow and similar to sinus rhythm in morphology.
A nodal response to para-Hisian pacing implies that retrograde activation
is occurring through the AV node and the SA interval with low-output pacing is
longer than with high-output pacing. There are caveats to this interpretation, i.e.,
there can be fusion between the node and distant accessory pathways. However,
non-decremental right-sided septal pathways are virtually excluded when a nodal
response is seen during this maneuver.
If there is a route from the ventricle to atrium via a septal accessory pathway,
a different response to para-Hisian pacing would be expected. High-output pacing would lead to the same SA interval regardless of the presence of an accessory
pathway. The SA interval will be short and the QRS will narrow. Unlike a nodal
response, during low-output pacing when the local ventricular myocardium is depolarized, the impulse will be able to quickly reach the atrium via the accessory pathway. The impulse does not need to travel to the RV apex to engage the right bundle;
instead the pathway provides a direct route to the atrium at the base of the heart. If
an accessory pathway is present, the SA interval during low-output pacing will be
nearly identical to the SA interval with non-selective His bundle capture (Fig. 12.1).
The initial description of para-Hisian pacing relied on measuring the stimulus
to His bundle electrogram as a way of determining retrograde His bundle capture. While this is the most accurate method, it requires two catheters near the His
position. The maneuver can be and is often performed without a second catheter.
However, the lack of a direct measurement of His bundle activation leads to a number of pitfalls that must be taken into account. The most common is inadvertent capture of the right atrium. If the right atrium is captured during low-output pacing, the
SA time will be very short and fixed suggestive of a pathway. To reduce the risk of
inadvertent atrial capture, the pacing catheter can be withdrawn into the atrium from
a ventricular position until there is a change in atrial timing. This can identify when
the atrium is captured and care can be taken to keep that catheter advanced past that
point. In general, if the time from pacing stimulus to the proximal coronary sinus is
<60 ms or the time from pacing stimulus to the high right atrial catheter is <70 ms, it
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Fig. 12.1 Para-Hisian pacing performed at the His position. High-output pacing with non-
selective His capture is demonstrated with the first two complexes. The stimulus to atrial interval
is measured at the high right atrial position and is 193 ms. A loss in His capture with lower-output
pacing leads to a wider QRS; however, there is no appreciable change in the SA interval. This is
consistent with an extra-nodal response as there is no change in the SA interval with loss of His
bundle capture. The 12-lead ECG is at the top of the figure. The abbreviations are as follows: HRA
high right atrium, His D His bundle distal, His M His bundle mid, His P His bundle proximal, RVa
RV apical, Stim stimulus

is likely that the atrium has been captured. Conversely, if the Stim to coronary sinus
time is >90 ms and Stim to high right atrium time is >100 ms, it is unlikely that the
atrium has been captured [5].
Other pitfalls of para-Hisian pacing include the presence of a slowly conducting
accessory pathway in which the SA interval during low-output pacing is long and
could falsely suggest a nodal response. The presence of a proximal right bundle
branch block (RBBB) at baseline can also alter the response of para-Hisian pacing
as the His bundle may never be captured [6]. It is not uncommon for high-output
pacing to capture the proximal right bundle which then stimulates the His bundle,
and if a high grade RBBB is present, high-output pacing will be unable to shorten
the SA time leading to the false suggestion of an accessory pathway. Lastly the
maneuver can be difficult to interpret when an accessory pathway is distant from
the pacing site as there may be fusion between retrograde AV nodal and pathway
conduction with low-output pacing.

 trial Pacing During Sinus Rhythm
A
Atrial pacing in sinus rhythm allows one to assess how antegrade conduction travels from the atrium to the ventricle. The routes of antegrade conduction that are
assessed during atrial incremental pacing and atrial extrastimulation are the fast
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pathway as well as a slow or accessory pathway if present. Atrial pacing is traditionally performed at the high right atrial position, but other sites such as the ostium of
the coronary sinus can also be used to perform these maneuvers.
During incremental atrial pacing, the atrium is paced at a long cycle length and
the pacing rate is increased until AV Wenckebach occurs. This signifies conduction
block and multiple observations can be made with this maneuver. If conduction is
solely via the fast pathway, a gradual prolongation of the PR and atrial-His (AH)
interval will be seen with increasing pacing rates. This is due to the decremental
properties of fast pathway conduction. AH prolongation will occur until there is
block in the fast pathway at which point AV block will occur.
If a slow pathway is present, it will likely be dormant at slow pacing rates. Two
observations during incremental pacing provide evidence of antegrade conduction
occurring via the slow pathway. A sudden prolongation of the AH interval with
gradually increasing pacing rates suggests a switch in antegrade conduction from
the fast to a slow pathway. Crossover during incremental pacing is also suggestive
of slow pathway conduction. Crossover occurs when the PR interval of a paced beat
becomes longer than the RR interval.
If an accessory pathway with manifest antegrade conduction is present, then
incremental pacing will help characterize the antegrade conduction properties of
the pathway and the AV node. With rapid atrial pacing conduction block in both the
accessory pathway and AV node can be identified. When there is an abrupt loss of
pre-excitation with continued AV conduction, the accessory pathway is blocked but
the AV node is still conducting impulses. Conversely if pre-excitation is lost with
AV block, then block in the AV node has occurred prior to block in the accessory
pathway.
Atrial extrastimulus (AES) testing is accomplished by a fixed train of atrial
stimuli (S1) followed by progressively early atrial extrastimuli (S2). The coupling
interval of the extrastimulus is progressively decreased until block in the AV node/
accessory pathway has occurred or the atrial effective refractory period has been
met, in which case double or triple extrastimuli are given. The goal of programmed
stimulation in the atrium is to take advantage of the different conduction properties of the fast pathway, slow pathway, and accessory pathways to unmask arrhythmia mechanisms. Dual nodal physiology may be demonstrated and, if an accessory
pathway is present, the conduction properties can be interrogated. Extrastimuli also
provide the conditions needed to initiate SVT.
The presence of an AH “jump” with programmed stimulation is a canonical
response that provides evidence of dual node physiology and is highly predictive of AVNRT [7, 8]. Due to the differential effective refractory periods of
the fast and slow pathway, the fast pathway will become refractory prior to
the slow pathway. This is witnessed by a change in the AH interval of ≥50 ms
when the S1-S2 time is decreased by 10 ms. When an accessory pathway with
antegrade pre-excitation is present, AES can help delineate the differences in
the conduction properties between the AV node and the pathway. An abrupt loss
in pre-excitation suggests block in the pathway with intact conduction through
the AV node.
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 ey Observations After the Induction
K
of Supraventricular Tachycardia
Prior to the initiation of PSVT, the clinician may already have a wealth of circumstantial evidence regarding the mechanism based on the maneuvers performed
during sinus rhythm. For example, the evidence of dual AV nodal physiology with
atrial pacing has a positive predictive value of 86% [7]. Observations during sinus
rhythm, however, are not enough to implicate a specific PSVT mechanism. Findings
during sinus do not prove participation of the pathway or dual node physiology at
the time of tachycardia. In order to make a diagnosis, pacing maneuvers need to be
performed during PSVT. The maneuvers can broadly be split between two categories, single extrastimuli delivered during tachycardia and overdrive pacing. We will
explore these two categories, which are the mainstay of arrhythmia diagnosis in the
electrophysiology laboratory.
Once a narrow complex PSVT is induced, it is very important to make a few
key observations which can help determine which pacing maneuver will lead to the
diagnosis.
After PSVT has been induced, the tachycardia cycle length and septal VA time
should be measured. The tachycardia cycle length can provide diagnostic information. For example, very slow tachycardias (CL > 500 ms) favor a diagnosis of
AVNRT [7]. The septal VA time is composed of the interval from the initiation
of the QRS on the surface electrogram to the earliest atrial depolarization at the
anterior septum near the His bundle. A septal VA interval < 70 ms in adults rules
out AVRT as the mechanism of tachycardia [7, 9]. In AVRT the ventricle is part of
the circuit and even a rapidly conducting septal pathway requires at least 80 ms for
a retrograde impulse to reach the anteroseptum from the beginning of ventricular
activation. A septal VA time < 70 ms is consistent with typical AVNRT and atrial
tachycardia [10]. A longer septal VA time makes the diagnosis of typical AVNRT
very unlikely due to the simultaneous nature of ventricular and atrial activation by
the typical AVNRT circuit. Once the VA time is recorded, the next step is to examine
the earliest site and pattern of atrial activation to determine if concentric or eccentric
atrial activation is present.
Another helpful observation is when there are oscillations in the tachycardia
cycle length (TCL). These changes or “wobbles” in cycle length help us understand
which part of the circuit is responsible for driving the tachycardia. For example, if
a change in His (H-H) or ventricular (V-V) timing predicts and precedes changes in
atrial timing, the atrium is not a critical component of the circuit and atrial tachycardia can be ruled out. If the change in atrial interval (A-A) precedes and predicts the
change in the H-H interval, a diagnosis of atrial tachycardia is much more likely as
the AV node is not a critical component of the circuit.
During PSVT a bundle branch block(BBB) can develop and further information
about the tachycardia mechanism can be gleaned. When a BBB occurs, one should
measure the VA interval during beats with BBB and during beats with a narrow
QRS. This observation is useful in localizing an accessory pathway to the left or
right side of the heart. If an accessory pathway is utilizing a bundle branch block to
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Fig. 12.2 Orthodromic reentry with a right anteroseptal pathway. The tachycardia cycle length
and VA time decrease with resolution of the RBBB. This finding is consistent with the right bundle
being part of the tachycardia circuit. Abbreviations are the same as the previous figures with the
following addition: CS coronary sinus

maintain tachycardia, the VA interval during BBB will be longer than the VA interval with normal conduction (Fig. 12.2). The route from the ventricle to the atrium
has lengthened with development of a BBB which leads to a longer VA time. If the
accessory pathway is on the contralateral side of the BBB, there will be no effect on
the VA intervals. While both left and right bundle branch are possible, the appearance of a left bundle block during tachycardia is highly suggestive of AVRT with a
positive predictive value (PPV) of 92% [7].
Both initiation and termination of tachycardia also provide useful information
about the PSVT mechanism as well. If induction of PSVT is dependent on a prolongation of the AH interval, the PSVT is likely AVNRT (PPV: 91%) [7] (Fig. 12.3).
This prolongation of the AH interval is due to the impulse conducting over the slow
pathway as the ERP of the fast pathway is reached. This creates the condition necessary to initiate and sustain typical AVNRT.
Termination of atrial tachycardia usually follows a pattern where there is progressive lengthening of the A-A interval prior to termination with no changes in
AVN nodal conduction. If a tachycardia terminates spontaneously, it is useful to
analyze the last beat prior to termination. If termination reliably occurs with an
atrial impulse that is not conducted to the ventricle, then atrial tachycardia is very
unlikely as the AV node appears to be critical to maintaining tachycardia. In atrial
tachycardia the atrial impulse should be transmitted to the ventricle as the AV node
is not a retrograde limb of the circuit. Therefore, AT with 1:1 AV conduction should
terminate with ventricular conduction unless there is a coincidental PAC that terminates PSVT and does not conduct down the AV node due to its prematurity. It

12

Electrophysiological Maneuvers in Arrhythmia Analysis

261

I
AVF
V1
HRA
HIS d
HIS m
HIS p
CS 9,10

AH: 506 ms

CS 7,8
CS 5,6
CS 3,4
CS 1,2
RVa d
RVa
Stim

Fig. 12.3 Induction of typical AVNRT with a marked prolongation in the AH interval with incremental atrial pacing from the proximal coronary sinus. Note the sudden increase in the AH interval
with the last pacing stimulus. The abbreviations are the same as Fig. 12.1 with the following addition: CS coronary sinus

is a coincidence which would not be expected to occur repeatedly at the time of
tachycardia termination.

Pacing Maneuvers During Supraventricular Tachycardia
Once tachycardia is induced, pacing maneuvers allow the physician to perturb
various limbs of the tachycardia circuit and observe the response. The tachycardia
mechanism can often be proven by perturbing the tachycardia from either the atrium
or ventricle with single extrastimuli or with overdrive pacing.

 ingle Extrastimuli Delivered During Supraventricular Tachycardia
S
The delivery of single extrastimuli from either the atrium or ventricle can help
determine the mechanism of PSVT by resetting the tachycardia [11, 12]. In order
for resetting to be achieved, the PSVT must be reentrant, the extrastimuli must be
able to penetrate the excitable gap, and the tachycardia must be advanced with a less
than fully compensatory pause, all without terminating tachycardia.
Atrial Extrastimuli During Supraventricular Tachycardia
An atrial extrastimulus (AES) that resets a narrow complex PSVT is not particularly useful as AT (focal and macrorentrant), AVNRT, and AVRT can all be reset by
AES. However, an AES that is able to cause resetting with manifest fusion effectively rules out AVNRT and focal AT as the mechanism. This is due to the lack of
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separation between the exit and entry sites of AVNRT and focal AT. Manifest fusion
of the p wave can be difficult to interpret, and often the intracardiac EGM is the best
source to evaluate for fusion.
Differentiating junctional tachycardia (JT) from typical AVNRT can be challenging, especially after a slow pathway modification. AES can help differentiate the
two arrhythmias by taking advantage of the observation that dual nodal physiology
is unique to AVNRT. During PSVT, a His refractory AES can be placed to determine
if there is any perturbation of the tachycardia. If JT is present, a His refractory AES
should not be able to conduct to the AV node as the junction and node are already
refractory. In typical AVNRT, however, a His refractory AES can transit through the
slow pathway as it has recovered and retrograde atrial activation is via the unencumbered fast pathway. Therefore any perturbation in the tachycardia (termination,
advancement, delay) that occurs repeatedly with His refractory AES is evidence of
AVNRT as the SVT mechanism and rules out JT [13].
We can also take advantage of the relative difference in refractory periods
between the fast and slow pathway to deliver AES that are premature (prior to His
refractoriness). An early AES can transit through the fast pathway to reach the ventricle in both JT and AVNRT. As the fast pathway has been utilized to provide
antegrade conduction, it is no longer available to continue perpetuating AVNRT via
retrograde conduction. Therefore, an early AES will advance both tachycardias but
it will reliably terminate only AVNRT [13].
Ventricular Extrastimuli During Supraventricular Tachycardia
Ventricular extrastimuli (VES) also called PVCs placed during PSVT allow one to
identify the presence of an accessory pathway as well as identify whether the pathway is a bystander or participant in orthodromic reciprocating tachycardia (ORT).
The most useful maneuver is to place His refractory PVCs and monitor the response
[5]. A PVC delivered after the His bundle recording has occurred or within 35 ms of
when the His bundle recording is expected is considered His refractory. Retrograde
conduction to the atrium should not occur with a His refractory PVC if the only
route to the atrium is via the AV node. The His bundle has already been activated
during antegrade conduction and is refractory.
After a His refractory PVC is delivered during tachycardia, the following observations should be made. First one must ensure that the same PSVT continues after
the PVC is delivered. The tachycardia cycle length, septal VA interval, and atrial
activation pattern should be analyzed. Once it is clear that the PSVT has continued,
it must be determined if the His refractory PVC resets the tachycardia by altering
the next atrial activation. A His refractory PVC that does not advance or delay the
next atrial activation provides no information regarding the presence or absence of
an accessory pathway. For example, if a pathway is far from the pacing stimulus,
antegrade atrial conduction may depolarize the accessory pathway tissue before the
pacing stimulus reaches the pathway. Decremental pathways may also not be able
to conduct early coupled impulses. A His refractory PVC that advances atrial timing
is diagnostic of an accessory pathway with intact retrograde conduction properties.
To determine if the accessory pathway is a participatory limb of the tachycardia,
the retrograde atrial activation sequence should be analyzed. Advancement of the
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atrial impulse with an identical atrial activation sequence to PSVT is diagnostic of
an accessory pathway that participates in tachycardia, while advancement with a
different atrial activation pattern suggests a bystander pathway [5]. One caveat is
that an atrial tachycardia focus next to a bystander accessory pathway could have
the same response. If the His refractory PVC delays the next atrial activation with
an identical pattern, then the maneuver is diagnostic of an accessory pathway with
decremental conduction properties which participates in tachycardia.
Occasionally a His refractory PVC will terminate the tachycardia. However,
diagnostic information can still be gleaned when termination occurs. If a His refractory PVC reliably terminates tachycardia without conduction to the atrium, that is
diagnostic of ORT. A His refractory PVC that terminates PSVT with conduction to
the atrium and an identical atrial activation pattern to tachycardia is not diagnostic,
but it makes the diagnosis of atrial tachycardia very unlikely [14].

 verdrive Pacing During Supraventricular Tachycardia
O
Overdrive pacing from the atrium and ventricle provides the opportunity to either
entrain or reset a tachycardia and study the response. In conjunction with the previously
mentioned maneuvers in sinus rhythm and observations during tachycardia, overdrive
pacing is a tremendously powerful tool in determining the mechanism of a PSVT.
Ventricular Overdrive Pacing
While ventricular overdrive pacing (VOP) is a method of determining if PSVT is
atrial tachycardia, there is also a wealth of information provided during VOP to help
aid in evaluating AVNRT and ORT [10, 15, 16].
VOP is performed by burst pacing from the RV apex during tachycardia at a cycle
length 10–30 ms shorter than the tachycardia cycle length (TCL). The goal of this
maneuver is to advance atrial activation to the ventricular pacing cycle length with
no change in the atrial activation pattern and then to stop pacing. If tachycardia continues with a pause after the cessation of VOP, the maneuver is a success and should
be repeated to determine reproducibility. The response to pacing cessation is also analyzed to determine the PSVT mechanism. If the tachycardia terminates during VOP,
further diagnostic information can still be gleaned by carefully examining the entire
VOP drivetrain. This maneuver is often referred to as ventricular entrainment; however,
VOP does not rely on macroreentrant rhythms to be successful and can still be performed and interpreted when focal rhythms such as atrial tachycardia are present [7].
Determining the Response to Ventricular Overdrive Pacing
Analyzing the Response Immediately After Pacing

If the atrium is successfully accelerated to the paced cycle length and the tachycardia continues, a diagnosis of atrial tachycardia can be confirmed or rejected.
This is done by analyzing the atrial activation sequence between the last paced
ventricular beat and the first spontaneous ventricular beat of tachycardia. During
atrial tachycardia with intact VA conduction, VOP will overdrive suppress the atrial
tachycardia focus due to retrograde atrial activation via the AV node. When ventricular pacing stops, that last paced ventricular beat will conduct retrograde to the
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atrium but will be unable to conduct antegrade to the ventricle as the AV node was
depolarized during retrograde conduction. The atrial tachycardia focus will then
recover and the next atrial impulse will conduct antegrade to the ventricle. This
sequence leads to two atrial impulses and one His bundle depolarization between
the last paced ventricular beat and the first ventricular beat of PSVT. This is termed
a V-A-A-H-V response and if present rules in atrial tachycardia [10].
If the presence of a separate retrograde limb is required to sustain tachycardia,
as in AVNRT and ORT, a different response to VOP will occur. As these are macrorentrant arrhythmias, true ventricular entrainment with manifest fusion will occur
and the atrium will be accelerated to the pacing cycle length via conduction through
the circuit. When pacing stops the last paced ventricular stimulus will conduct
retrograde to the atrium. In typical AVNRT it will conduct via the retrograde fast
pathway (and the retrograde slow pathway in atypical AVNRT), and in ORT it will
conduct via the accessory pathway. Unlike atrial tachycardia the atrial impulse will
be able to conduct antegrade to the ventricle because antegrade conduction occurs
through a different limb of the circuit compared to retrograde conduction. In typical AVNRT, anterograde conduction will occur through the slow pathway; and in
atypical AVNRT and ORT, it will occur through the fast pathway. Therefore, VOP
will only produce one atrial impulse between the last paced ventricular beat and the
first ventricular beat of PSVT. This phenomenon is termed a V-A-H-V response and
effectively rules out atrial tachycardia (Fig. 12.4) [7, 10].
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Fig. 12.4 The response to ventricular overdrive pacing during a supraventricular tachycardia with
a cycle length (CL) of 525 msec is shown. With ventricular pacing, the atrium is accelerated to the
pacing cycle length (510 ms) through the last entrained atrial beat. The response after the cessation
of pacing is highlighted in blue and is a “V-A-H-V” response. The PPI-TCL interval difference
(75 ms) and SA-VA interval difference (22 ms) were calculated and are consistent with orthodromic AV reentry. Figure abbreviations are the same as Fig. 12.1
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One of the most powerful applications of VOP is the ability to efficiently make a
diagnosis of typical AVNRT with two key pieces of information: the septal VA time
of the tachycardia and the response to VOP. As discussed before a septal VA time of
less than 70 ms rules out ORT as a possible diagnosis as it takes more than 70 ms
due to the ventricle being a critical component of the circuit. Once ORT is ruled out
the possibilities of an SVT with a VA time < 70 ms are atrial or junctional tachycardia and typical AVNRT. Given the rarity of junctional tachycardia in the adult
population, if there are other observations consistent with AVNRT such as an AH
jump or initiation with a critical AH interval, junctional tachycardia is extremely
unlikely [7]. If the response to VOP is reliably V-A-H-V, atrial tachycardia is also
ruled out and AVNRT is the diagnosis.
Utilizing the Transition Zone to Differentiate PSVT Mechanisms

In PSVTs with a septal VA time greater than 70 ms, concentric atrial activation,
and a V-A-H-V response to VOP, then the diagnostic possibilities include ORT and
atypical AVNRT. By utilizing all parts of the VOP drivetrain, an accurate diagnosis
can efficiently be made [15, 16].
When properly timed, initiation of VOP from the RV apex results in progressive
fusion with the orthodromic PSVT wavefront until full ventricular pacing occurs.
This period of time when the ventricle is being activated by both PSVT and ventricular pacing is the transition zone [16]. It can be identified by comparing the
paced morphology during VOP to the morphology of a fully paced ventricular beat
in sinus rhythm. The transition zone occurs due to fusion between the orthodromic
tachycardia wavefront colliding with the RV apical pacing wavefront. Conceptually
the transition zone can be thought of as a series of His refractory PVCs as the orthodromic PSVT wavefront has depolarized the AV node via antegrade conduction.
Like single His refractory PVCs, if the fused beats in the transition zone perturb
atrial timing (advance or delay) with no change in the atrial activation sequence, a
diagnosis of ORT utilizing an accessory pathway is made. The diagnosis of ORT
can also be made if the tachycardia terminates in the transition zone without conduction to the atrium (Fig. 12.5) [16].
Utilizing the Post-pacing Interval (PPI) and Tachycardia Cycle Length (TCL)
Difference to Differentiate PSVT Mechanisms

Atypical AVNRT and ORT can be difficult to differentiate as they both have prolonged septal VA times and V-A-H-V responses to overdrive pacing; this is especially true if a septal accessory pathway is present. If atrial advancement is not seen
in the transition zone, we can differentiate these two entities by taking advantage of
the fact that they are both macrorentrant circuits that are different distances from the
RV apical pacing catheter. The PPI-TCL difference helps us understand the distance
between the RV apical pacing catheter and the tachycardia circuit [17].
The PPI is measured from the pacing stimulus of the last paced ventricular beat
to the first return ventricular beat. The TCL is then measured after tachycardia
resumes and stabilizes. The PPI-TCL interval is obtained by subtracting the TCL
from the PPI. The PPI is a reflection of the time needed for an impulse from the RV
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Fig. 12.5 Ventricular overdrive pacing at 280 msec is performed during a regular supraventricular
tachycardia with an alternating cycle length between 280 and 330 msec due to alternating AH
intervals. Note the variable progression of ventricular fusion during pacing due to the alternating
cycle of the tachycardia. The tachycardia terminates during ventricular pacing without pre-
excitation of the atrium. The ventricular morphology at the time of termination is highlighted in the
dashed box and appears to be fused. This can be confirmed by examining the first beat of the tracing which is an orthodromic beat of the tachycardia and the last beat which is a fully paced beat.
The fused beats are marked with an “F” and the fully captured beat with a “C.” PSVT termination
in the transition zone without conducting to the atrium is diagnostic for orthodromic AV reentry

pacing catheter to reach the circuit, revolve around the circuit, and then return to
the pacing catheter. When the TCL is subtracted from the PPI, it gives us information on how far the pacing catheter is to the entrance of the circuit. The RV apex is
part of the ORT circuit but is far away from the AV node where the AVNRT circuit
resides. This difference is measured in the PPI-TCL. A PPI-TCL less than 115 ms is
consistent with ORT [17]. A longer PPI-TCL tells us that the circuit is further away
from the RV apex and is consistent with AVNRT. In practice these numbers should
be corrected for decrement that can occur in the AV node with rapid pacing. To do
this one measure the AH interval of the last entrained beat of tachycardia and then
subtract the AH interval during stable tachycardia. A corrected cPPI-TCL of less
than 110 ms is consistent with ORT [18] (see Fig. 12.4).
The Stimulus to Atrium (SA) – Ventricle to Atrium (VA) Difference

There are times when a His bundle recording may not be clear and it is difficult to
correct for decrement in the AV node. The SA-VA takes into account the difference
in activation of the heart in AVNRT and ORT to help determine the arrhythmia
mechanism. During AVNRT the atrium and ventricle are being activated in parallel,
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while in ORT they are being activated in series. During entrainment, however, both
arrhythmias are being activated in series as the paced ventricular stimulus occurs
first followed by the entrained atrial impulse. The difference in activation patterns of
AVNRT during entrainment and SVT can be illustrated by measuring the time from
the last entrained pacing stimulus to the first atrial activation sequence of PSVT
(SA) and comparing it to the VA time of PSVT. In AVNRT, the VA time will be
shorter than the SA time as the arrhythmia is being activated in parallel with pacing
and in series during PSVT. In contrast during ORT the SA and VA times will be
fairly similar as the activation is in series both during pacing and during PSVT. A
SA-VA time < 85 ms is diagnostic of ORT as the tachycardia mechanism while longer times are most consistent with AVNRT (see Fig. 12.4) [17]. Antegrade AV nodal
conduction does not affect the SA-VA time. The SA-VA times can be longer than
85 ms in ORT if the pacing site is far from the circuit such as a left lateral accessory
pathway or if the accessory pathway has decremental conduction properties [9].
Performing ventricular entrainment close to the suspected pathway insertion would
allow one to account for these differences.
In conclusion, VOP is a powerful maneuver that when performed and interpreted
correctly can efficiently rule in or out SVT mechanisms, particularly in conjunction
with the septal VA time. One must be mindful of the pitfalls that can make VOP
difficult to interpret. The most common is the reliable termination of tachycardia
without providing evidence of a tachycardia mechanism. Other pitfalls include a
V-A-A-H-V “pseudoresponse” which is often seen in atypical AVNRT and occurs
when the last entrained beat of VOP occurs so far after the last ventricular paced
beat that two entrained atrial beats are accidently counted between the last paced
ventricular beat and the first ventricular beat of PSVT. One must also take care
not to perform VOP at markedly faster cycle lengths as this would allow the ventricular paced beats to transit up the AV junction and affect atrial timing during AT
or AVNRT.
Determining the Response to Atrial Overdrive Pacing

Following the same concepts discussed in the VOP section, atrial overdrive pacing
(AOP) can also provide information about the tachycardia mechanism. It is particularly useful in differentiating AVNRT from atrial or junctional tachycardia.
During atrial overdrive pacing, the atrium is paced just below the PSVT cycle
length (10–30 ms below) and pacing is performed until the ventricular rate matches
the pacing rate. At this point pacing is terminated and, if tachycardia continues, the
arrhythmia is either entrained or overdrive suppressed.
VA Linking

Unlike atrial tachycardia, atrial activation during AVNRT and AVRT is dependent
on ventricular activation and is demonstrated by the fixed VA time observed during
stable tachycardia. This constant relationship between the ventricle and atrium is
not present during atrial tachycardia and is exploited during AOP. After a successful
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AOP drivetrain, the VA interval of the first return beat of tachycardia is measured
and compared to the VA interval of the last entrained atrial beat. If the VA intervals
vary by less than 10 ms, VA linking is present. If VA linking is present during multiple drivetrains at variable cycle lengths, atrial tachycardia is extremely unlikely
[19]. Of note VA linking can also be observed during atrial extrastimuli delivered
during PSVT (Fig. 12.6a).
AOP to Rule Out Junctional Tachycardia

As discussed earlier junctional tachycardia can mimic typical AVNRT which
can make the diagnosis challenging after AVNRT ablation. AOP has diagnostic
utility in differentiating these two entities by studying the response after the
cessation of pacing [20]. In AVNRT the last entrained atrial beat will transit
down the slow pathway and then a native beat of AVNRT will occur with simultaneous activation of the ventricle and atrium after his bundle depolarization.
Conceptually similar to VOP, an “A-H-A” response will occur during AOP as the
last entrained beat will be able to depolarize the His bundle and then utilize the
retrograde fast pathway to depolarize the atrium (Fig. 12.6b). In contrast, during
junctional tachycardia, AOP will overdrive suppress the junctional tachycardia,
and after the cessation of pacing, an “A-H-H-A” response will occur. The last
paced atrial beat will depolarize the AV node and ventricle, and once committed
no retrograde activation to the atrium can occur. The next beat will be the first
beat of junctional tachycardia which is inferred through His bundle activation
preceding atrial activation.

 aneuvers in the Differentiation of Wide
M
Complex Tachycardias
One of the most satisfying intellectual challenges in the EP lab is determining
the mechanism of an unknown or unclear wide complex tachycardia (WCT). The
diagnostic possibilities for the arrhythmia mechanism can broadly be categorized
into myocardial (VT) or bundle branch reentrant (BBR) ventricular tachycardia,
supraventricular tachycardia (SVT) with aberrancy or pre-excitation, effect of the
sodium channel blockers particularly class Ic antiarrhythmic drugs, or electrolyte
imbalance. In the EP lab observations can be made and pacing maneuvers can be
performed to differentiate VT, BBR, SVT with aberrancy, and SVT with pre-excitation. Of note, prior to the patient arriving to the EP lab, a rigorous evaluation of
the patient’s 12-lead ECGs and past medical history and a clear understanding of
medications that have been administered can often aid in confirming the correct
diagnosis.
If the diagnosis of SVT with pre-excitation or BBR VT is made, then consideration of mapping and ablation can take place. If SVT with aberrancy is found, the
pacing maneuvers in the previous section can be used to determine the mechanism.
If myocardial VT is diagnosed, we will discuss maneuvers for mapping as found in
the next section.
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Fig. 12.6 (a) A single atrial extrastimulus is given during a tachycardia with a relatively long VA
interval. The extrastimulus is able to reset the tachycardia and demonstrates VA linking as the VA
interval of the paced beat is identical to the VA interval of PSVT. This also excludes atrial tachycardia as the diagnosis. Of note the AH interval of the paced beat is markedly longer than the AH
interval during tachycardia. The atrial paced beat appears to engage the antegrade slow AV nodal
pathway during AV reentry. This patient was ultimately diagnosed with both AV reentry and
AVNRT. (b) Atrial overdrive pacing at a cycle length of 380 ms during a tachycardia with nearly
simultaneous atrial and ventricular activation is performed. The ventricular rate is accelerated to the
atrial pacing rate. The last atrial beat conducted anterogradely over a slow AV nodal pathway and an
“A-H-A” response is seen. This rules out junctional tachycardia. VA linking is also seen as the VA
interval of the last entrained beat is nearly identical to the VA interval during PSVT. This rules out
atrial tachycardia. Given the very short VA time, the diagnosis in this case is typical AV nodal reentry
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 ey Observations After the Induction of a Wide
K
Complex Tachycardia
Prior to performing a pacing maneuver, certain observations during the WCT can
aid in making a diagnosis. A simple observation that confirms the presence of VT
is to determine if the ventricular rate is faster than the atrial rate. When a WCT is
present with 1:1 AV conduction and catheters are recording ventricular (V), His (H)
bundle, and atrial (A) electrograms, oscillation in cycle length may provide clues
to the diagnosis. For example, if changes in the V-V interval precede and predict
changes in the H-H and A-A, then ventricular tachycardia or pre-excited SVT is
most likely. If changes in A-A or H-H precede and predict changes in the V-V interval, then SVT with aberrancy or BBR VT is most likely. The H-V interval during
WCT is also useful as a negative H-V interval (the ventricle is depolarized prior to
the His bundle) excludes SVT with aberrancy and BBR VT.

Pacing Maneuvers During Wide Complex Tachycardia
Similar to SVT, AES and VES can be delivered at various time points during
WCT. They are delivered when various structures such as the AV node or His bundle
are refractory to understand if alternative routes of AV conduction exist as well as to
determine if the atrium or ventricular is part of the tachycardia circuit.

 ingle Extrastimuli Delivered During Wide Complex Tachycardia
S
The most powerful use of an AES is excluding VT. If any AES can perturb ventricular timing (advance or delay) with the same QRS morphology as tachycardia,
ventricular tachycardia is excluded. A late coupled AES (delivered after the His
bundle is refractory) that perturbs tachycardia with no change in the QRS morphology proves that an accessory pathway with antegrade conduction properties is a
critical limb of the circuit. This maneuver excludes VT and makes the diagnosis of
antidromic AVRT (ART) extremely likely [2].
In contrast to pacing the atrium, pacing the ventricle allows one to confirm that
VT is the diagnosis. A VES that is able to reset the next QRS by advancing or delaying the timing of the next QRS without having any effect on atrial timing confirms
the diagnosis of VT.
 verdrive Pacing During Wide Complex Tachycardia
O
By overdrive pacing during WCT, the tachycardia can be entrained or one can
attempt to dissociate the chamber that is being paced from the tachycardia.
There are three different findings that can occur during atrial overdrive pacing of
a WCT with 1:1 AV conduction. First, by pacing considerably faster than the tachycardia cycle length, one can disassociate the atrium from the ventricle. If the WCT
continues at a stable cycle length while the atrium has been dissociated, it nearly
confirms VT as it excluded all SVT mechanisms except AVNRT with aberrant conduction. Second AOP can reset and entrain the WCT. If the WCT is entrained with
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concealed fusion, VT is excluded as the distance of the VT circuit from any atrial
pacing requires manifest fusion. Lastly the response to AOP at the cessation of pacing can be analyzed similar to that of VOP in SVT. If AOP is able to accelerate the
ventricle to the pacing cycle length and WCT continues after cessation of pacing,
then the last entrained beat and the first return beat can be characterized. In VT the
last reset atrial beat would conduct to the ventricle and the first beat of tachycardia
would be another ventricular beat. Hence an “A-V-V-A” response would be seen
during VT. If any form of SVT is present, the last atrial beat will conduct to the
ventricle and the return beat of tachycardia will start in the atrium leading to an
“A-V-A” response [21].
Similar to AOP one can try to dissociate the ventricle from the circuit with
VOP. If successful, dissociating the ventricle from the atrium rules out VT and
AVRT. Ventricular entrainment with concealed fusion will also rule out SVT with
aberrancy.
In summary correctly diagnosing a wide complex tachycardia of unknown origin
requires in-depth knowledge of the patient as well as multiple maneuvers and observations to build a case for a specific arrhythmia mechanism.

 aneuvers to Aid in the Localization of Ventricular
M
Tachycardia Circuits
The treatment of ventricular tachycardia with ablation requires multiple approaches
as not all ventricular rhythms are hemodynamically stable. In this section we will
discuss maneuvers in sinus rhythm to determine the substrate as well as entrainment
mapping during tachycardia to identify targets for ablation.

Mapping During Sinus Rhythm
Due to the hemodynamic instability that can be brought on by inducing VT, it can
be difficult or impossible to map reentrant circuits during tachycardia. Pace mapping (PM) is a technique performed during sinus rhythm that assists in localizing a
focal VT, localizing the exit site of a reentrant VT, or finding areas of slow conduction that have the potential to create the substrate for reentrant VT circuits. PM is
performed by stimulating at various sites throughout the ventricle and recording the
12-lead electrocardiogram produced by stimulation. The technique differs depending on the arrhythmia mechanism.

 ace Mapping Focal Ventricular Tachycardia
P
If the tachycardia emanates from a focal source, pace mapping is a useful maneuver
to successfully find and ablate the rhythm. PM is extremely useful in identifying the
source of idiopathic PVCs and VT. Using the clinical morphology as a guide, the
ablation catheter is placed at the region of interest in the ventricle. Conventionally
pacing is performed at the lowest possible output and at the same cycle length of VT
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or coupling interval of the PVC. The paced morphology obtained during PM is then
compared to the morphology of the PVC/VT [22]. Visually the paced QRS should
be identical to the clinical QRS in all 12 leads. It is important to not only look at the
axis in every lead but also notches and other unique elements that can help determine the quality of a pace match (Fig. 12.7). With modern mapping systems such as
CARTO (Biosense Webster) and EnSite (Abbott Medical), pace matching is automated by comparing a PVC template obtained by the mapper to the paced morphology. The physician is then given a percentage of how closely the pace map matches
the template. These systems are extremely helpful especially in the RVOT. The
algorithms can be more difficult to apply in the LVOT where higher-output pacing is
often needed to capture the myocardium. Care must be taken to ensure the template
is properly selected and pacing artifacts are not interfering with the comparison.

 ace Mapping Reentrant Ventricular Tachycardia
P
The role of pace mapping is different and less definitive in scar-based reentrant
VT. In conjunction with the creation of a voltage map, PM identifies circuits
within scar that have the potential to create or participate in VT [23]. This allows
treatment of multiple scar-based reentrant circuits with ablation. Knowing the
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Fig. 12.7 Pace mapping is performed at the site of earliest ventricular activation while mapping
at the aortic-mitral continuity. The morphology of the paced beat is compared to the morphology
of the clinical PVC in all 12 leads and is nearly identical. The CARTO system was utilized and
demonstrated a 98% pace match to the clinical PVC. Ablation at this location led to abolition of
the clinical PVC
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location of important PM morphologies also allows the physician to rapidly perform entrainment mapping at select locations, which is useful when the VT is
poorly tolerated.
Once an appropriate voltage map of the ventricle is created, the purpose of pace
mapping is to search for areas of slow conduction within the scar [24]. These areas
are often found at the border zone between scar and healthy tissue. Due to their
impaired electrical conduction properties, they can form critical isthmuses during
VT. PM is performed, often at high output, within the scar and the QRS morphology is compared to any of the clinical or induced VTs with programmed stimulation. To assess proximity of the pacing stimulus to the VT isthmus, the stimulus to
QRS (S-QRS) interval is measured. As the pacing catheter is moved closer to the
isthmus, the S-QRS interval will lengthen without changing the QRS morphology.
An S-QRS interval of >40 ms with a pace map that is identical to VT is highly predictive of a critical isthmus [24]. Other ablation targets found during pace mapping
include sites with multiple QRS morphologies while pacing at a stable cycle length.
This finding suggests the presence of a single isthmus that has multiple exit sites.
Another ablation target is a site that induces VT while pace mapping. These two
findings allow for other means of identifying critical isthmuses within scar [23].

Mapping During Ventricular Tachycardia
Mapping during ventricular tachycardia via entrainment mapping (EM) allows the
physician to search for and identify the critical diastolic corridors which sustains
the rhythm. Successful ablation at this protected isthmus will often lead to termination of VT with lack of inducibility after ablation [25]. While mapping during VT
provides the richest information about the reentrant circuit, it is not always feasible.
For mapping to be successful, VT must have the following features: it is reentrant
in mechanism, is sustained with a stable cycle length, is of a single morphology, is
able to tolerate ventricular pacing without termination or change in morphology,
and is hemodynamically stable. If these criteria are met, mapping during VT is an
excellent way to find critical ablation targets.

 ntrainment Mapping During Ventricular Tachycardia
E
To maximize the chance of success, the operator should use the clinical VT morphology to localize the exit site and provide a rough map of where to start pacing.
Candidate sites to target with pacing should have a fractionated diastolic potential
during VT that is ideally in the middle of diastole or continuous. Once the mapping catheter is in the area of interest and sustained stable VT is induced, overdrive
pacing from the mapping catheter should be performed slightly faster than the VT
cycle length (10–30 ms faster). It is important to attempt overdrive pacing with the
minimal energy needed to capture the signal of interest. If surrounding areas of
myocardium not relevant to the circuit are captured, the results of overdrive pacing
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may be incorrectly interpreted. Common practice is to attempt and pace at a voltage
that is double the diastolic threshold at relatively long pulse width (1–2 ms). Pacing
is stopped once VOP is performed at a candidate site and the diastolic signal on the
mapping catheter is entrained to the paced cycle length. In order to interpret the
results, the VT must continue without any change in cycle length or morphology.
One exception is if pacing eliminates VT without global capture of the ventricle
[26]. This suggests that the catheter is within the protected isthmus and ablation
should be performed at this site. If VOP is successfully performed, three findings
discussed below will help determine the mapping catheter’s relationship to the
tachycardia circuit.
Presence of Manifest or Concealed Fusion
The first step in determining the mapping catheter’s distance from the critical
portions of the tachycardia circuit is to evaluate for the presence of manifest or
concealed fusion [27]. Fusion occurs during entrainment as the paced wavefront
depolarizes myocardial tissue prior to entering the circuit, conducts orthodromically
through the circuit leading to resetting, and may also collide antidromically with
the previous wavefront. Manifest fusion occurs when the initial wavefront interacts
with enough myocardium that is not part of the VT circuit or via a large amount
of antidromic capture. This leads to a QRS or intracardiac EGM morphology that
is different from the VT morphology. Manifest fusion occurs when pacing is not
occurring near the critical isthmus of the circuit and ablation at sites with manifest
fusion is unlikely to be successful [27].
Concealed fusion is seen during entrainment when the 12-lead ECG and EGMs
during ventricular pacing are identical to VT. Concealed entrainment occurs when
pacing either inside a part of protected isthmus or other structures that have access to
the protected isthmus. There is no change in morphology because the orthodromic
wavefront is resetting the tachycardia in an identical fashion to the VT circuit and
the antidromic wavefront cannot exit the circuit and propagate due to slow conduction within the critical isthmus. Concealed fusion is necessary but not sufficient to
prove pacing from a protected isthmus as there may be adjacent bystanders or loops
which are attached to circuit but not critical [27].
Post-pacing Interval and Tachycardia Cycle Length Difference
of the Entrained Drivetrain
Once concealed fusion is confirmed, the next step is understanding what part of the
tachycardia circuitry the catheter is pacing. We ideally want to pace from inside the
central portion of the protected isthmus as it is the narrowest diastolic corridor that
allows VT to perpetuate. To understand the distance from the central isthmus to
the mapping catheter, we calculate the difference between the post-pacing interval
(PPI) and tachycardia cycle length (TCL). This concept has been discussed previously as it pertains to PSVT. In VT the PPI is measured from the pacing stimulus to
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the first return electrogram (EGM) on the mapping catheter. It is critical to measure
the diastolic potential and not the systolic potential which is due to global ventricular activation. The PPI-TCL is calculated and a PPI-TCL difference of<30 ms
usually confirms that the mapping catheter is within the circuit [25]. It does not
confirm that the mapping catheter is near the protected isthmus as an outer loop will
still have a short PPI-TCL. However, the presence of concealed fusion rules out an
outer loop location.
Measuring the Stimulus to QRS (S-QRS) and Electrogram to QRS
(EGM-QRS)
If a site is mapped to the protected isthmus by merit of concealed fusion with a
PPI-TCL < 30 ms, the last step is to determine the mapping catheter’s location
within the isthmus itself, or if the catheter is in an inner loop. An inner loop is at
least partly within the protected isthmus and is defined as a protected parallel limb
that connects to the exit site of the critical isthmus [26]. Ablation at the inner loop
is rarely successful [26].
If overdrive pacing is performed at the protected isthmus, a common exit is utilized by the orthodromic pacing wavefront and the diastolic electrogram (EGM)
recorded when the tachycardia wavefront passes the mapping catheter. Importantly
both the paced wavefront and the EGM recorded by the mapping catheter are equidistant to the exit. Given the same distance, they should require the same amount of
time to reach the exit. Therefore, the difference in timing between the measurements
of S-QRS and EGM-QRS should be 0 ms (+/− 20 ms to account for decrement with
faster pacing cycle lengths). If this observation is seen, it is further confirmatory
data that the mapping catheter is interacting with the protected isthmus. At this
point the S-QRS or EGM-QRS can be compared to the tachycardia cycle length to
determine the exact location of the mapping catheter.
The protected isthmus is divided into the entrance, central isthmus, and exit site.
If an inner loop is present, that is still a possible location of the mapping catheter.
To localize within the isthmus, the S-QRS or EGM-QRS is compared to the tachycardia cycle length. If the mapping catheter is at the exit, there will be a relatively
short amount of time prior to ventricular activation by either the pacing stimulus
or the VT wavefront. Therefore, the S-QRS or EGM-QRS will be a small portion
of the TCL. If either of these parameters is <30% of the TCL, it confirms an exit
location. If the S-QRS or EGM-QRS interval is 51–70% of the TCL, the catheter
is in the proximal portion of the isthmus as it takes some time through the circuit
to excite the ventricular myocardium. If either parameter is 31–50% of the cycle
length, then the mapping catheter is located in the desirable proximal isthmus. If
it takes an extended period of time to go through the circuit and activate the myocardium (>70% of the TCL), the mapping catheter is in the inner loop and will be
unlikely to terminate VT with ablation (Fig. 12.8) [26, 27].
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Fig. 12.8 Ventricular pacing from the ablation catheter during hemodynamically tolerated VT
with a right bundle, superior axis QRS morphology demonstrates concealed entrainment. The diastolic electrogram is accelerated to the pacing cycle length. The presence of concealed fusion and
the short PPI-TCL of 15 ms are consistent with a pacing site within the critical isthmus or inner
loop. The S-QRS is identical to the EGM:QRS (145 ms). The EGM:QRS is 30% of the tachycardia
cycle length suggesting a location near the mid-isthmus. Ablation at this location terminated
tachycardia

Conclusion
This chapter represents a framework to discuss the variety of pacing maneuvers and
observations commonly used in the EP laboratory in analyzing supraventricular and
ventricular tachycardia. Further chapters on specific arrhythmia mechanisms and
treatment will bolster the reader’s knowledge of the information discussed in this
chapter. It is always helpful to approach arrhythmia diagnosis with a systematic
method and to employ these maneuvers with the goal of ruling in or out specific
arrhythmia mechanisms.
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Specific Arrhythmias

Atrio-ventricular Nodal Reentry
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Introduction
The term “supraventricular tachycardia” (SVT) technically refers to arrhythmias
originating above the AV node. This includes rhythms as disparate as sinus tachycardia and atrial fibrillation (AF), but in practice, the term “supraventricular tachycardia” is mostly used to refer to a finite number of abnormal rhythms that are
paroxysmal in nature and include atrio-ventricular nodal reentrant tachycardia
(AVNRT), atrio-ventricular reentrant tachycardia (AVRT), atrial tachycardia (AT),
and less commonly, junctional ectopic tachycardia and sino-atrial reentrant tachycardia. The prevalence of these paroxysmal SVTs is 2.25 per 1000 persons with a
female preponderance especially before age 65 years [1]. In this chapter, the most
common of the paroxysmal supraventricular arrhythmias, atrio-ventricular nodal
reentry (AVNRT), will be discussed.

Noninvasive Diagnosis of SVT
History In the absence of an electrocardiographic documentation of an SVT, history can be extremely helpful in differentiating SVT from other cardiac arrhythmias. If an SVT is documented on an ECG (or a cardiac monitor), then a detailed
history can predict the mechanism of the SVT in a high percentage of patients [2].
Useful information includes descriptions of the onset and termination of the episode, instigating and terminating factors, symptoms during the episode, and patient’s
age at the onset of symptoms [3].
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Reentrant SVTs such as AVNRT and AVRT are usually abrupt in onset and offset
while automatic atrial arrhythmias, including sinus tachycardia, will usually initiate
and subside gradually. Symptoms may include palpitations, dizziness, shortness of
breath, and chest tightness. Some patients may experience diaphoresis, numbness in
the extremities, and flushing. If asked, the patient will usually be able to tap out a
rapid but regular demonstration of the episode. Many patients may also feel pulsations in the neck representing contraction of the atria against a closed AV valve. This
phenomenon is more common in AVNRT [2]. More severe symptoms, such as syncope, are less frequent, but can occur in up to 20% of patients [4]. The age and
gender of the patient may, in some cases, help narrow the differential diagnosis of
the SVT. For example, AVNRT tends to have a female preponderance with a bimodal
age distribution [2].
ECG Features Several features on the cardiac electrocardiogram can be useful in
determining the mechanism of SVT. Most important of these is the P wave location
(Fig. 13.1). If discernable P waves are visible, then determining the length of the RP
interval can be used to categorize the tachycardia as either a short- or long-RP
tachycardia. If the interval from the start of the P wave to the preceding QRS complex is shorter than the interval from the same P wave to the subsequent QRS complex, then the tachycardia is described as a short-RP tachycardia. The converse is
true for a long-RP tachycardia [5].

Fig. 13.1 Differential diagnosis of supraventricular tachycardia by P wave location. Representative
rhythm strips are shown with the black arrows showing P wave location for sinus rhythm, long-RP
tachycardia, and short-RP tachycardia. The gray arrow shows the location of the P wave, masked
by the QRS, in a “junctional” tachycardia

13

Atrio-ventricular Nodal Reentry

283

Short-RP tachycardias include most orthodromic AVRTs, while long-RP tachycardias can represent atrial tachycardia, orthodromic AVRT with a slowly conducting bypass tract, and atypical (fast-slow) AVNRT (Fig. 13.2). If P waves are not
visible, then the atrial activity may be occurring simultaneously with ventricular
activation. Consequently, these P waves manifest as pseudo-R’ deflections in lead
V1 or pseudo-S waves in the inferior leads [6]. Such findings are highly specific for
typical (slow-fast) AVNRT (Fig. 13.3) [7]. The presence of AV dissociation, or more

Fig. 13.2 Atypical AV nodal reentrant tachycardia. The 12-lead electrocardiogram shows a longRP tachycardia with the P wave seen best in the inferior leads. Along with the uncommon (atypical) form of AVNRT, atrial tachycardia and AVRT utilizing a slowly conducting bypass tract can
have a similar appearance

Fig. 13.3 AV nodal reentry. The 12-lead electrocardiogram shows a narrow-QRS complex tachycardia with no clear P wave activity. Small upright deflections in the terminal portion of the QRS
in lead V1 represent atrial activity occurring simultaneously with ventricular activation, consistent
with AVNRT
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Fig. 13.4 Atypical AVNRT with 2:1 AV block. While tachycardias with AV block are usually
associated with atrial tachycardia, the 12-lead ECG shows an atypical AV nodal reentrant tachycardia with 2:1 lower common pathway/His-Purkinje block. Blocked P waves are best seen distorting
the T waves in the inferior leads

P waves than QRS complexes, during tachycardia is useful because it rules out
AVRT as the cause of the SVT since both the atria and the ventricles are critical
limbs of the AVRT macro-reentrant circuit; a 1:1 ratio of atrial and ventricular activity is required for all varieties of AVRT. While a P:QRS ratio > 1 greatly favors AT,
it does not completely exclude AVNRT since 2:1 block can occur in the lower AV
nodal common pathway or His-Purkinje system (Fig. 13.4) [8]. Rarely, upper common pathway block (limb between the AV node and atria) can occur during AVNRT
and lead to more QRS complexes than P waves (Fig. 13.5).
The initiation of the tachycardia, if captured on ECG or on a telemetry/cardiac
monitor, can also be very helpful in determining the etiology of the arrhythmia [5].
A premature atrial contraction (PAC) that conducts with a prolonged PR interval
and abruptly initiates an SVT is very suggestive of AVNRT (Fig. 13.6), while an
SVT that has a warm-up and/or a cooling-down period suggests an automatic atrial
tachycardia. Initiation of SVT following a premature ventricular contraction (PVC)
is suggestive of either orthodromic AVRT or uncommonly AVNRT. In patients with
AVNRT and visible P waves, the morphology is negative in the inferior leads as
activation of the right atrium occurs in a retrograde fashion beginning in the low
posterior portion of the RA.

AVNRT Mechanism
Reentry is the most common mechanism of the narrow-QRS complex tachycardias,
including AVNRT [9]. Reentry requires two distinct pathways with different electrophysiologic properties that are linked proximally and distally, forming an anatomic or functional circuit [10, 11]. In AVNRT, there are dual, or multiple, AV nodal
pathways. These pathways are thought of as being anatomically continuous and
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Fig. 13.5 AVNRT with upper common pathway block. The 12-lead ECG shows typical
AVNRT. Atrial activity can be seen as a pseudo-S wave of the QRS complex in inferior leads.
Intermittent upper common pathway block can be seen on the rhythm strip as a loss of the pseudoS wave (arrows)

Fig. 13.6 Onset of AV nodal reentry. The rhythm strip shows sinus rhythm with two atrial premature beats. The second of these is associated with a long PR interval (consistent with engagement
of the slow pathway), followed by the induction of SVT

possessing different electrophysiologic properties making them functionally separate and distinct [12–14]. In the typical and most common form of AVNRT, the dual
pathways have the following characteristics: (1) a “fast” pathway with rapid conduction and relatively long refractory period and (2) a “slow” pathway with relatively slower conduction, but possessing a shorter refractory period.
During normal sinus rhythm, a sinus beat conducts down both the fast and slow
pathways, but the rapid conduction of the fast pathway allows the impulse to reach
the His bundle region first (Fig. 13.7). The impulse traveling down the slow pathway
will usually be unable to activate the His bundle region since it is still refractory, nor
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Fig. 13.7 Mechanism of AVNRT. During sinus rhythm, the atrial impulse travels down the fast
pathway (F) resulting in ventricular activation via the His bundle and preventing slow pathway (S)
engagement. Because of the longer refractory period of the fast pathway, an atrial premature beat
(APB) preferentially conducts down the slow pathway with a long PR interval. If the fast pathway
is fully recovered, the impulse can travel back up the fast pathway and results in an atrial echo beat.
By re-engaging the slow pathway, SVT is initiated

can it conduct retrograde up the fast pathway since that pathway is also still refractory. This scenario results in a single impulse reaching the ventricle and the PR
interval is usually normal in length.
Atrial premature beats, however, may encounter the fast AV nodal pathway
while it is still refractory and preferentially conduct down the slow pathway, now
excitable due to its shorter refractory period. This is manifested on the surface
ECG by a long PR interval. In addition, the long conduction time down the “slow”
pathway will allow recovery of the fast pathway, and the impulse can then conduct
retrograde to the atrium and initiate a reentrant tachycardia that conducts back
down the slow pathway. The resulting rhythm is typical AVNRT and accounts for
approximately 90% of all cases of AVNRT. Atypical forms of AVNRT account for
the other 10% of cases and involve either the reverse circuit, with antegrade conduction down the fast pathway and retrograde conduction up a slow pathway (fastslow tachycardia), or a circuit in which both the antegrade and retrograde limbs are
relatively “slow” pathways with distinct electrophysiologic properties (slowslow AVNRT).
Under very rare circumstances, dual AV nodal physiology can lead to a different
mechanism of tachycardia. Dual AV nodal non-reentrant tachycardia (DAVNNT) or
double firing occurs when a sinus impulse travels simultaneously down both the fast
and slow AV nodal pathways, resulting in two QRS complexes for a single atrial
depolarization (Fig. 13.8) [15]. Manifestations of this phenomenon have been misdiagnosed as atrial fibrillation, atrial extra-systoles, and ventricular tachycardia. In
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Fig. 13.8 Dual AV nodal non-reentrant tachycardia. Sinus rhythm P waves (arrows) conduct
simultaneously down the fast and slow pathways resulting in 1:2 conduction. Occasional 1:1 conduction is also present

DAVNNT, the difference in conduction time between the fast and slow pathways
needs to be long enough to allow recovery of the His bundle for conduction to the
ventricle to occur. Retrograde conduction from the ventricle to the atrium is usually
absent or weak.

Management of AVNRT
The management of AVNRT is based on the clinical presentation of the arrhythmia
and the patient’s preferences. Patients with mild, infrequent symptoms may benefit
from intermittent pharmacologic therapy (e.g., “pill-in-pocket” approach), while
patients with frequent symptomatic episodes are candidates for chronic therapy or
catheter-based ablation. Patients with infrequent but poorly tolerated arrhythmias
require a more definitive approach. An individual’s lifestyle and personal preferences along with their overall health and the presence of significant comorbidities
should be considered when making long-term management decisions [9].
Noninvasive and Pharmacologic Therapies for SVT The development of
catheter-based ablation technology for the treatment of AVNRT, providing high
arrhythmia cure rates, has greatly diminished the role of pharmacologic therapy.
Currently, the main role of pharmacotherapy is in the acute termination of an
arrhythmia, or for control of the ventricular response rate during episodes. The
chronic use of pharmacologic agents to suppress the arrhythmia is usually reserved
for patients who are not candidates for catheter-based ablation procedures or for
patients who prefer a pharmacologic option.
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In general, AVNRT is considered to be a non-life-threatening condition with a
good long-term prognosis. Nevertheless, episodes of AVNRT can present with
hemodynamic compromise and/or significant symptoms. An acute intervention may
be necessary to restore hemodynamic stability or to palliate severe symptoms.
Pharmacotherapy, vagal maneuvers, and electrical cardioversion are options that
can be used to achieve these goals.
Maneuvers that increase vagal tone, such as carotid sinus massage and the
Valsalva maneuver, alter the refractoriness and conduction properties of the AV
node and can terminate the arrhythmia as the AV node is an integral part of the SVT
circuit [16]. If these measures are ineffective, then pharmacological intervention
should be considered. Calcium channel blockers, beta-blockers, and adenosine are
the drugs of choice for reentrant arrhythmias [9, 17, 18]. They exert their activity at
the level of the AV node and may either terminate or slow down the tachycardia.
Adenosine’s ultra-short duration of action makes it a preferred agent before resorting to emergent direct-current cardioversion in patients with a tenuous hemodynamic state. Caution has to be exercised when using adenosine due to a potential
pro-arrhythmic effect stemming from a transient increase in atrial vulnerability to
AF [19–21]. Calcium channel blockers, such as verapamil and diltiazem, and beta-
blockers, such as metoprolol and propranolol, are also effective for the acute termination of SVT, but have a later onset of action and longer effect [10].
The goals of long-term maintenance therapy for SVT are to suppress future episodes and to control the rate of the ventricular response if episodes do recur. The
selection of a pharmacologic agent is based on certain patient characteristics and on
the unique electrophysiologic properties of the arrhythmia. Patient characteristics
include existing comorbidities, baseline cardiac function, severity of symptoms during SVT, and drug sensitivities. Pharmacologic agents that are well tolerated with
low organ toxicity are preferred.
Agents with AV nodal-specific activity (beta-blockers, calcium channel blockers,
and to a lesser extent digoxin) are often used as first-line therapy and are most useful
in suppressing reentrant arrhythmias that use the AV node for at least one limb of the
tachycardia, especially AVNRT. Overall, these agents may improve symptoms in up
to 60–80% of patients [10, 22]. Chronic drug therapy usually requires continuous
dosing at regular intervals for an indefinite period of time. However, there are
patients with infrequent and well-tolerated episodes of SVT that cause mild symptoms. Such patients may benefit from regimens of intermittent oral drugs or “pill-in-
the-pocket” therapy [23] that terminate SVT episodes. Drugs that can be used in this
manner include shorter-acting beta-blockers and calcium channel blockers [24, 25].

Elecrophysiologic Testing and Tachycardia Ablation
The invasive electrophysiology procedure in patients with SVT has two purposes: to
determine the mechanism of the arrhythmia and perform catheter ablation of the
anatomic substrate causing the tachycardia. To evaluate the patient’s clinical arrhythmia, the tachycardia must first be initiated in the electrophysiology laboratory.
Reentrant arrhythmias can be initiated with a variety of pacing maneuvers, although
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intravenous isoproterenol, a beta agonist, may be needed to enhance conduction of
the AV node [26]. In addition to its utility in initiating the clinical tachycardia, programmed stimulation can also be used to define the arrhythmogenic substrate.
Atrial extra-stimuli (AES) are atrial premature depolarizations delivered at
sequentially shorter coupling intervals (usually 10-msec decrements) after last beat
of a fixed cycle length drive train or during the spontaneous rhythm. Atrial extra-
stimuli are used to assess the refractory periods of supraventricular tissues and also
to facilitate the induction of SVT. Measurement of the AH interval associated with
each decremental AES will usually demonstrate a slight increase in the AH interval
due to the decremental conduction properties of the AV node. Plotting of the AH
interval as a function of the AES coupling interval results in an AV nodal conduction
curve. Dual AV nodal physiology is demonstrated by a discontinuity in this curve
[27] as well as by an abrupt increase in the AH interval (usually >50 msec) in
response to a 10-msec decrement in the coupling interval of the AES (Fig. 13.9).
I
II
III
V1
V6

HRA

S1S2 = 310 msec

AH = 168 msec

S1S2 = 300 msec

AH = 254 msec

HBp
HBd
CSp
CSd
RVA
T

500 msec

Fig. 13.9 Dual AV nodal pathways. AV nodal conduction is measured (AH interval) in response
to decremental atrial depolarizations delivered after an eight-beat pacing drive. The left panel
shows an AH interval of 168 msec in response to a coupling interval of 310 msec. The right panel
shows an abrupt increase in the AH interval to 254 msec in response to a 10-msec decrease in the
coupling interval (300 msec). This abrupt increase is consistent with dual AV nodal pathways as
the fast pathway is now refractory and conduction occurs over the slow pathway. An AV nodal echo
beat also occurs as retrograde conduction is now present through the fast pathway (surface leads I,
II, III, V1, and V6 are shown with intracardiac electrograms: HRA high right atrium, HB His
bundle, CS coronary sinus, RVA right ventricular apex, p proximal, d distal, s stimuli, T time)
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Ventricular extra-stimuli (VES) are ventricular premature beats that are also
delivered at sequentially shorter coupling intervals after a fixed cycle length drive
train or other spontaneous rhythms. The atrial activation sequence with normal retrograde AV nodal activation typically shows earliest atrial activity in the septal
region near the His bundle recording site, although occasionally it may be earliest
in the posterior septum and proximal coronary sinus recordings. Measurement of
the VA interval will allow assessment of the retrograde refractory periods of the AV
node. Retrograde dual AV nodal pathways may be manifested by an abrupt increase
in the VA conduction time though the AV node (>50 msec) in response to a 10-msec
decrement in the coupling interval. Retrograde dual AV nodal pathways, however,
may also cause a shift in atrial activation. Earliest activation may shift more posteriorly and inferiorly as AV nodal conduction changes from the fast to slow pathway [28].
Electrophysiologic Diagnostic Techniques The induction of reentrant SVT with
extra-stimuli requires block in one pathway while the second pathway conducts
with sufficient delay to allow recovery and retrograde conduction in the first [29]. In
AV nodal reentry, the antegrade effective refractory period (ERP) of the fast AV
nodal pathway is usually longer than the ERP of the slow pathway such that
common-type AVNRT can be induced with AES. The retrograde ERP of the fast AV
nodal pathway, however, tends to be shorter than the slow pathway and typical
AVNRT is usually not induced with VES. When the retrograde slow pathway ERP
is shorter than the fast pathway ERP, however, uncommon AVNRT can be induced
with VES [30]. Rapid atrial pacing near the AV nodal Wenckebach cycle length
(CL) can also be used to induce common AVNRT.
Once SVT is initiated, careful assessment of the ventricular and atrial timing,
along with programmed stimulation and rapid pacing, can be used to differentiate
the mechanism of the SVT. If spontaneous AV block is observed, then AVRT is
definitively ruled out and atrial tachycardia is the most likely diagnosis. Rarely,
AVNRT can have a 2:1 AV ratio due to block in the lower common AV nodal pathway or His bundle (Fig. 13.10) [9]. For tachycardias with a VA time of <60 msec,
measured from the onset of ventricular activation to the earliest atrial activation, a
diagnosis of AVNRT is most likely [31]. In AVRT, conduction from the ventricle to
the atrium, via the bypass tract, would be expected to take longer than 60 msec.
Atrial tachycardia with a prolonged PR interval, such that the P wave falls on the
preceding QRS, would be an exception to this.
Overdrive ventricular pacing is another diagnostic maneuver and is performed by
pacing from the ventricle at a cycle length faster than the tachycardia CL by
10–20 msec [32]. The SVT is entrained if 1:1 VA conduction is maintained. If the
SVT resumes at the end of ventricular pacing, then the pattern of continuation can
be helpful in differentiating AVNRT and AVRT (VAVA pattern) from AT (VAAV
pattern). The post-pacing interval (or return cycle length) can also be measured. In
atypical AVNRT, a PPI minus the tachycardia CL of >115 msec supports a diagnosis
of AVNRT [33].
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Fig. 13.10 AVNRT with 2:1 AV block. AV nodal reentrant tachycardia is shown with 2:1 block in
the lower common pathway (surface leads I, II, V1, and V6 are shown with intracardiac electrograms: HRA high right atrium, HBE His bundle, CS coronary sinus, RVA right ventricular apex, p
proximal, dist distal, m mid)

Differentiation of AVNRT from AVRT can often be done by measuring the HA
interval during SVT and comparing it to the HA interval with ventricular pacing at
the tachycardia CL. In typical AVNRT, the SVT circuit involves reentry between
antegrade conduction down the slow AV nodal pathway and retrograde through the
fast pathway. Usually, the conducted impulse enters the fast pathway in a retrograde
manner while continuing antegrade conduction through a lower “common pathway” of tissue before activating the His bundle. Measuring the HA interval may
therefore result in a false shortening of the HA interval when compared with ventricular pacing, which must conduct through both the “common lower pathway” and
fast pathway in series (Fig. 13.11). Conversely, in AVRT, the HA interval measured
during ventricular pacing will be shorter than that during SVT in which the electrical impulse travels from His bundle down to ventricles via Purkinje and then retrogrades to atria via the accessory pathway.
Atrial stimulation can be useful in differentiating typical AVNRT from a junctional tachycardia [34]. Overdrive atrial pacing during AVNRT at a slightly faster
rate would accelerate the tachycardia cycle length, and upon discontinuation of
pacing, an AHA response would be seen if the tachycardia does not terminate. In
the case of a junctional tachycardia, an AHHA response is seen as the first cycle
to return would be a junctional beat. Single atrial extra-stimuli can also be used
to differentiate these rhythms [35]. An atrial extra-stimulus delivered during a
tachycardia that advances the next His bundle without terminating the
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Fig. 13.11 Differential HA interval with ventricular pacing during AV nodal reentrant
SVT. During AV nodal reentry, early retrograde conduction over the fast pathway occurs simultaneously with conduction over a common lower pathway. This may result in a false shortening of
the His bundle to atrial electrogram (HA) interval when compared to ventricular pacing, which
requires conduction over both the lower common AV nodal tissue and the retrograde fast pathway
(surface leads I, III, and V1 are shown with intracardiac electrograms: HB His bundle, CS coronary
sinus, RVA right ventricular apex, p proximal, m mid, d distal)

tachycardia would confirm a junctional rhythm that is not reliant on the retrograde AV nodal fast pathway (Fig. 13.12). If an atrial extra-stimuli is delivered at
the time of His bundle refractoriness, effects on subsequent His bundle activation
timing would only occur during AVNRT, as the slow pathway would be affected
(Fig. 13.13).
Catheter Ablation of AVNRT The target in catheter ablation of AVNRT is to
modify or eliminate the SP of the AV node while carefully preserving FP conduction. The SP is usually found in the mid- to posterior low septal region (Koch’s triangle) [14]. The exact target site is usually determined by the anatomic position on
fluoroscopic views and by the morphology of the intracardiac electrogram [36].
Ablation of the slow pathway preserves fast pathway function with a normal PR
interval after the ablation and has a lower risk of complete heart block than fast
pathway modification [37].
Using fluoroscopic guidance, the ablation electrode is typically positioned near
the tricuspid valve annulus at the level of the coronary sinus ostium and along its
anterior lip. A good ablation site records a small fractionated or multicomponent
atrial potential with an atrial amplitude that is 10–15% of the local ventricular
amplitude (Fig. 13.14) [38, 39]. Approximately 90% of successful slow pathway
ablation sites are found between the coronary sinus ostium and the tricuspid valve.
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Fig. 13.12 Effect of atrial extra-stimuli on junctional tachycardia. An atrial premature stimulus
advances the next His bundle activation without terminating the rhythm. This is consistent with a
junctional tachycardia as the rhythm cannot be dependent on retrograde conduction over the fast
AV nodal pathway (surface leads II and V1 are shown with intracardiac electrograms: HRA right
atrium, HBE His bundle, CS coronary sinus, RVA right ventricular apex, p proximal, m mid, d
distal, S2 stimulus)
I
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Fig. 13.13 Effect of atrial extra-stimuli on AVNRT. An atrial premature stimulus is delivered at
the time of antegrade His bundle activation. During AVNRT, the subsequent His bundle is
advanced, demonstrating engagement of the slow pathway and resetting of the tachycardia (surface
leads I, II, V1, and V6 are shown with intracardiac electrograms: HRA right atrium, HBE His
bundle, CS coronary sinus, RVA right ventricular apex, p proximal, m mid, d distal, S2 stimulus)
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Fig. 13.14 Catheter position for radiofrequency modification of the AV nodal slow pathway.
Fluoroscopic imaging in an RAO projection is shown of the ablation catheter position on the posterior septum. The intracardiac electrogram recording at this position is shown on the left-hand
side (surface leads I, II, and V1 are shown with intracardiac electrograms: His His bundle, Abl
ablation catheter, p proximal, d distal, T time. Positions of the high right atrial (HRA), coronary
sinus (CS), His bundle (His), right ventricular apical (RVA), and ablation (Abl) catheters are shown
on the fluoroscopic image)

Electroanatomic voltage mapping of the AV nodal region and posterior right atrial
septum can also be used to delineate the slow pathway [40]. In patients with dual
AV nodal pathways, a “low-voltage bridge” within Koch’s triangle can be identified, corresponding to the anatomic slow pathway (Fig. 13.15). In one study comparing patients to a control group without evidence of dual AV nodal physiology,
this low-voltage bridge was only present in patients with slow pathway conduction [41].
The occurrence of transient junctional rhythm during RF energy application is
indicative of a potentially effective site for ablation [42]. Fast junctional rhythms
with CLs <350 msec, however, may predict a higher risk of conduction block and
energy application should be terminated during such lesions [43]. Successful ablation is confirmed by the inability to re-induce the tachycardia and either elimination
of the slow pathway or modification of the slow pathway with prolongation of the
refractory period [44]. In patients with atypical forms of AVNRT, ablation can be
performed in either a similar manner or by targeting the site of earliest retrograde
atrial activity during the atypical AVNRT [45].
In experienced hands, the posterior approach described above successfully
eliminates arrhythmia recurrence in over 95% of patients [38, 46–49]. Evidence of
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Fig. 13.15 Electroanatomic voltage mapping of the slow pathway. Left panel: voltage map of the
right atrium with the area of the His bundle recordings (yellow balls) and coronary sinus. Low-
amplitude atrial electrograms (white arrow) are recorded in the mid-septum. Right panel: corresponding electrogram (Abl) shown with surface lead

dual pathway physiology can persist in one-third to one-half of cases since it is not
necessary to eliminate all slow pathway conduction to achieve clinical success
(i.e., elimination of arrhythmia recurrence). If the slow pathway is damaged but not
completely abolished, a “jump” and single atrial echoes may still be present [44,
46, 50]. Persistence of double echo beats is not acceptable as an endpoint since the
substrate for AVNRT is still intact.

Summary
Atrio-ventricular nodal reentry is the most common of the paroxysmal supraventricular tachycardias. While pharmacologic therapy can be used for the long-term
treatment and suppression of the arrhythmia, overall efficacy is limited and drug
therapy is best reserved for the acute treatment of the arrhythmia. Radiofrequency
catheter ablation has become the treatment of choice for most symptomatic
patients due to the procedure’s high rate of success and infrequent complications.
Catheter ablation, however, still requires a diligent approach in determining the
diagnosis and mechanism of the arrhythmia during the invasive electrophysiology
procedure.
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Introduction
Atrioventricular reentry tachycardia (AVRT) is a supraventricular tachycardia
(SVT) that involves anomalous pathways between atrium and ventricle that bypass
normal conduction via the atrioventricular (AV) node. The pathways create a direct
AV communication and may prompt an earlier ventricular activation than normal
conduction, manifesting as ventricular preexcitation. In 1930, Wolff, Parkinson, and
White described a syndrome of short PR and bundle branch block in young patients
prone to SVT [1]. Subsequently, the syndrome correlated with an anatomic substrate of cardiac myocytes bridging the fibrous AV junction. Several other unusual
variants of APs have been discovered, and these are best described by their anatomic
relationships and not the historical names which have been inconsistently ascribed
to particular APs. Atriofascicular and nodofascicular pathways are decremental and
insert into or near the right bundle branch, producing SVT with left bundle branch
block. Nodoventricular pathways are decremental and may insert into the right or
left ventricle. Unusual variants that do not participate in tachycardia are atrio-Hisian
and fasciculoventricular pathways.
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Clinical Features
An ordinary accessory pathway (AP) is a group of muscle fibers bridging the AV
groove, providing electrical connection between atrium and ventricle and bypassing
the AVN and His-Purkinje system [2]. It can be found anywhere along the mitral
valve or tricuspid annulus except for the left anteroseptal region in the aortomitral
continuity. The most frequent location is left lateral (46–60%), followed by posteroseptal (25–30%), right lateral (13–21%), and anteroseptal (2–5%) [3]. Most APs
can conduct in both antegrade and retrograde directions (60–75%). However, some
APs are only able to conduct unidirectionally. When an AP is only able to conduct
in retrograde fashion (ventricle to atrium), it is called a “concealed accessory pathway” and does not demonstrate preexcitation on ECG. The majority of concealed
pathways are left-sided [4]. The least common form of AP is capable of antegrade
conduction only. If tachycardia is poorly tolerated symptomatically and/or hemodynamically, it requires a definitive approach with catheter ablation.
Most APs have non-decremental conduction properties except for uncommon
exceptions. AP tissue is similar to atrial, His-Purkinje, or ventricular tissue where
depolarization relies on rapid inward sodium current; thus, rapid conduction occurs
until it is blocked at the refractory period (i.e., non-decremental). In contrast, the AV
node and some APs are rich in inward calcium current and exhibit decremental
conduction with incremental pacing. Due to the non-decremental, rapid conduction
of most APs, very rapid ventricular rates during atrial fibrillation can cause degeneration in ventricular fibrillation [5]. Widely different properties between APs and
the AV node establish the foundation for differentiating AVRT from any other supraventricular tachyarrhythmias, except for a minority of APs with AV node-like
properties. AVRT can be classified based on different properties and anatomic substrates (Table 14.1). It may be associated with a clinical syndrome such as hypertrophic cardiomyopathy and Ebstein’s anomaly. Management of AVRT depends on the
Table 14.1 Classification of an accessory pathway
Directionality
Location
Anatomic origin and insertion sites

Conduction property

Antegrade
Retrograde (concealed)
Both antegrade and retrograde
Left free wall
Septal
Right free wall
Atrioventricular
Atrio-Hisian
Atriofascicular
Nodofascicular
Nodoventricular
Fasciculoventricular
Fast conducting, non-decremental
Slow conducting and decremental

Antegrade only: atrio-Hisian, atriofascicular, fasciculoventricular
Decremental: atriofascicular, nodofascicular, nodoventricular
No participation in SVT: atrio-Hisian, fasciculoventricular
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clinical picture, symptom severity, and hemodynamic effect of tachycardia. With
high success and low complication rates, catheter ablation remains the treatment of
choice for AVRT. Understanding of anatomic substrate and properties is key to successful ablation.

ECG Manifestation and Localization
Classic ECG features of WPW are short PR interval, wide QRS complex, and a
delta wave, which represent the initial relatively slow preexcitation of ventricular
tissue at the AP insertion point prior to engagement of the His-Purkinje system over
the AV node. These findings are only seen with antegrade conduction over AP. The
QRS morphology is thus a fusion complex of ventricular preexcitation through the
pathway as well as normal His-Purkinje conduction. Enhanced AV nodal conduction that occurs with exercise usually reduces the degree of preexcitation or eliminates it altogether. APs remote from the sinus node, such as a left lateral AP, may
result in minimal to no preexcitation. In this case, subtle findings such as absent
septal Q in V6 can suggest minimal preexcitation (Fig. 14.1) [6]. Atrial pacing to
prolong AV nodal conduction time or CS pacing to decrease AP conduction time
can exaggerate the delta wave in subtle cases.

Fig. 14.1 Electrocardiogram of accessory pathway. (a) Right anterior pathway (b) Left lateral
pathway. Right-sided pathway tends to manifest classic findings of short PR and wide QRS with
delta wave, while left lateral pathway demonstrates minimal preexcitation. Absent septal Q wave
in V5 and V6 can be a subtle finding of preexcitation

302

E.-j. Kim and G. F. Michaud

Mitral Valve
Tricuspid Valve
His

LAL

RA
RAL

PSMA

MSTA

RL
RPL

LL

AS
LP

LPL

PSTA
RP

CSOs
CS
MCV

Fig. 14.2 AV accessory pathway localization. RA right anterior, AS anteroseptal, MSTA mid-
septal tricuspid annulus, PSTA posteroseptal tricuspid annulus, RP right posterior, RPL right posterolateral, RL right lateral, RAL right anterolateral RA right anterior, LAL left anterolateral, LL
left lateral, LPL left posterolateral, LP left posterior, PSMA posteroseptal mitral annulus, LS left
septal [7]

Baseline ECG
ECG pattern of preexcitation can be helpful to localize the AP by evaluating (1)
delta wave in sinus ECG if present and (2) P wave morphology during orthodromic
reciprocating tachycardia (ORT). Multiple algorithms have been developed that
help localize the AP (Fig. 14.2) [7–10]. Although it is useful to understand the algorithm, there are limitations in their application when there is a lack of clear delta
wave or presence of multiple accessory pathways.
The main principle of pathway localization involves inspecting the horizontal
QRS axis, QRS transition (V1–V4), and delta wave polarity. A large R wave in V1
or negative delta wave in the lateral limb leads indicates a left-sided pathway. If the
transition occurs at V2, pathways are likely overlying the right posterior or mid-
septum. If the transition is late, it is more likely to be a right-sided pathway. Delta
wave polarity helps delineate an anterior vs. inferior location of pathways. If delta
polarity is (+) in aVF, it is more likely to be anterior and if it is (−) or isoelectric in
aVF, it is likely located inferiorly (posteriorly).
• Posteroseptal (PS): Leftward and superior delta wave, Rs/RS in V1–V3, sum of
delta wave polarity in inferior leads (II, III, aVF) δ-2.
–– If delta wave is steeply negative in II and steeply positive in aVR with deep S
wave in V6, it suggests an epicardial posteroseptal AP in the middle cardiac
vein, coronary sinus, or diverticulum [11].
• Mid-septal (MS): Sum of delta wave polarities in inferior leads (II, III, aVF)
–1 to +1.
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Fig. 14.3 P wave axis during tachycardia. During an ORT with left lateral pathway, P wave has a
rightward axis (positive aVR and negative aVL)

• Right anteroseptal (RAS): Inferior delta wave with sum of delta wave polarity in
inferior leads ε +2, away from leftward leads (Q or isoelectric in I, V6, aVL) and
LBBB, +30° δ QRS axis < 120°
• Right lateral (RL): Posterior and leftward delta wave with late QRS transition ε
V4 and LBBB type (no Rs, RS in V1–V3) with −120° < QRS axis ≤ +30°.
• Left lateral (LL): RBBB type and negative lateral leads.
• Para-Hisian AP: Inferior delta wave (positive in I, II, aVF) and negative delta
wave in V1–V3 [12].

P Wave During Tachycardia
P wave analysis during orthodromic reciprocating tachycardia can be helpful for
localization (Fig. 14.3).
•
•
•
•

Rightward P wave (positive aVR and negative aVL) for left-sided AP
Midline, superior P waves for mid- or posteroseptal AP
Midline, inferior P waves for anteroseptal AP
Leftward axis (negative aVR, positive aVL) for right-sided AP

Rhythm Tracing Analysis
Analyzing the rhythm ECG tracing can provide clues to narrow the differential
diagnosis of supraventricular tachycardia by observing the behavior of the rhythm,
especially during transitions.

Initiation
If the initiation has a gradual increase in the heart rate (“warm-up period”), it is
more likely an automatic atrial tachycardia (AT). Abrupt onset following an atrial
premature depolarization (APD) favors a reentrant SVT, but the differential diagnosis remains broad: atrioventricular nodal reentry tachycardia (AVNRT), AVRT,
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automatic, or reentry AT. If initiation is preceded by late-coupled ventricular premature depolarization (VPD), it favors ORT or atypical AVNRT.

During Tachycardia
If spontaneous AV block or AV dissociation is observed, AVRT is essentially
excluded. Occasionally 2:1 AV block occurs during AVNRT, particularly in the EP
lab as a transient phenomenon facilitated by long-short induction sequences.
However, if variable AV block is observed, the most likely diagnosis is AT. Rare
exceptions to this rule would include pathways arising at the level of or distal to the
AV node including nodoventricular, nodofascicular, and fasciculoventricular pathways or unusual AVNRT. QRS alternans or beat-to-beat variation in R wave amplitude (ε 1 mm) during tachycardia can be observed. Presumably, this phenomenon is
driven by oscillations in the relative refractory period of the His-Purkinje system.
There is some evidence that QRS alternans suggests ORT, but it is more likely a
rate-related phenomenon and not specific for the type of tachycardia [13].

Termination
Tachycardia terminating with a gradual deceleration (“cool-down period”) suggests
an automatic mechanism, while a sudden termination more likely indicates reentrant or triggered tachycardia. If tachycardia reproducibly terminates with AV block
with P wave being the last complex, it is highly likely to be an AV node-dependent
tachycardia (e.g., AVNRT, ORT), and AT becomes unlikely since the chance of
simultaneous block in atrium and AV node is very low. If tachycardia terminates
with VA block (last complex is QRS) following a late-coupled PVC that fails to
reach atrium, it is more likely to be ORT.

Unusual Accessory Pathways
Unusual AP variants that can participate in SVT are atriofascicular, nodofascicular,
and nodoventricular fibers with distinct functional characteristics (Fig. 14.4).
Atriofascicular fibers participate in tachycardia with a LBBB pattern, with decremental and generally antegrade-only conduction although there are case reports of
decremental AP that conducts retrogradely and blocks at the proximal insertion site
(AP potential not followed by atrial activity) [14, 15].
Atriofascicular fibers share AV node-like properties such as decremental conduction, conduction block from adenosine, heat-induced automaticity during RF catheter ablation, as well as connection to His-Purkinje tissue that generates a distinct
“His”-like accessory pathway potential at the AV groove, usually at the lateral TV
annulus. Generally, preexcitation in sinus rhythm is subtle or absent. Minimal preexcitation with rS pattern in lead III is seen in approximately 50% of patients, or
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Atrioventricular
Atriohisian
Nodoventricular
Fasciculoventricular
Atriofascicular
Nodofascicular

Decremental
Non-decremental

Fig. 14.4 Types of accessory pathways

loss of septal Q in lateral leads may be the only finding [16, 17]. Further details of
electrophysiologic properties and implications are discussed later in the chapter.

Electrophysiologic Study
An invasive electrophysiology study is indicated to understand the mechanisms of
arrhythmia and localize the successful site for catheter ablation. There are multiple
mechanisms of SVT including reentry, automaticity, and triggered activity. AVRT is
a reentrant arrhythmia, and it can be initiated with a variety of pacing maneuvers or
pharmacologically with a beta agonist such as isoproterenol. The preexcitation in
ECG manifests as short (<35 ms) or negative HV and long VA (ε70ms), which is the
ECG equivalent of a long RP interval [3]. Typically, accessory pathways are non-
decremental or minimally decremental, and the circuit involves atrium, AVN and
His-Purkinje system, ventricle, and AP. Rare exceptions to these rules are discussed
later in the chapter.

Retrograde Atrial Activation Sequence
Understanding the atrial activation sequence is important in the differential diagnosis for narrow complex tachycardia. Typically, atrial activation through the AV node
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demonstrates earliest atrial activation in the anterior septum just posterior to the His
bundle. This pattern of activation is also seen in typical forms of AVNRT, ORT
using anteroseptal AP, automatic junctional tachycardia (JT) with retrograde conduction via the fast AV nodal pathway, or septal AT. If the earliest site of atrial
activation is seen in the inferior septum in the CS os recording, differential diagnosis includes atypical AVNRT, ORT utilizing posteroseptal AP, AT arising near CS
os, or JT with retrograde slow pathway. Most forms of ORT have eccentric retrograde conduction, and the earliest atrial activation site depends on the pathway location. Accessory pathways located on the right free wall of the tricuspid annulus have
the earliest atrial activity in the lateral RA catheter, while left lateral AP have earliest atrial activation in the distal CS catheter.
However, there are exceptions to these rules. AVNRT may display eccentric
atrial activation pattern via left inferior nodal extension, slow CS conduction, or
bystander Marshall bundles [18–22]. Some septal pathways demonstrate decremental properties, making a diagnosis challenging.

Atrial Extrastimulus (AES)
Atrial extrastimuli (AES) are APDs delivered at shorter coupling intervals with
10 ms decrements after a drive chain (typically eight beats) of fixed cycle length or
during spontaneous rhythm. AES can assess the refractory period of the AV node,
atrium, and AP as well as induce tachycardia. AH intervals gradually prolong with
each earlier AES due to the decremental property of AV node. Dual AV node physiology is seen when there is an abrupt increase in AH interval (usually >50 ms) in
response to a 10 ms decrement in the coupling interval of AES (Fig. 14.5). AES are
used to measure the refractory period of AP. The longest A1A2 interval that fails to
conduct is the effective refractory period (ERP). Given the difference in ERP
between AV node and AP, A1A2 interval that is longer than AVN ERP but shorter
than AP ERP will only conduct via AV node. On the other hand, if AP ERP is
greater than AV node ERP, decremental AES approaching AV node ERP will result
in full preexcitation.

Atrial Overdrive Pacing (AOP)
Atrial overdrive pacing (AOP) is a drive chain of multiple stimuli at a fixed interval.
AOP is used to evaluate how fast the AP can conduct antegrade 1:1 or to induce
tachycardia or atrial fibrillation with rapid pacing. The mechanism of sudden death
in patients with WPW is thought to be due to rapid conduction of atrial fibrillation
through the AP which degenerates into ventricular fibrillation [5, 23]. The refractory
period of an AP correlates with the shortest RR interval and mean ventricular rate
when conducting antegrade [24]. For this reason, the AP ERP and shortest RR interval in the setting of atrial fibrillation and antegrade ERP of AP have prognostic
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Fig. 14.5 AH jump. Atrial extrastimulus with 10 ms decrement in S2 results in AH increase of
more than 50 ms

implication in patients with preexcitation. One notable low-risk feature is the shortest RR during atrial fibrillation >250 ms. These cutoff values may not apply to
patients under general anesthesia [25, 26]. Also, sudden AP block with exercise or
intermittent preexcitation indicates a poorly conducting AP with a long antegrade
refractory period and is associated with low risk for sudden death [27, 28].

Ventricular Extrastimulus (VES)
Ventricular extrastimuli (VES) are ventricular premature depolarizations (VPD)
delivered in 10 ms decrements after a drive chain of a fixed cycle length or during a
spontaneous rhythm. VES are very useful diagnostic tools for delineating the mechanisms of supraventricular tachycardia. VA intervals and retrograde refractory periods of the AV node or accessory pathways can be measured with decremental
VES. An abrupt increase in the VA conduction time via the AV node (>50 ms) in
response to a 10 ms decrement of the coupling interval suggests retrograde dual AV
node physiology. However, it is important to rule out retrograde RBBB when analyzing this phenomenon as retrograde RBBB will result in VA interval increases of
up to 50 ms due to the paced wavefront entering the His-Purkinje system transseptally via the left bundle branch.
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Initiation
The reentrant SVT can be induced with a burst pacing or extrastimulation. The prerequisite for reentrant tachycardia induction includes (1) a unidirectional conduction block in one pathway and (2) slow conduction in the second pathway creating
a sufficient delay to allow recovery of the first pathway for retrograde conduction.
Generally, antegrade AP ERP is longer than AV node ERP, and AVRT is induced
with AES that causes AP block and sufficient prolongation of normal AV node conduction. In this case, PR prolongation and sudden loss of preexcitation precede the
initiation of tachycardia [29]. In concealed accessory pathways, retrograde AP ERP
is usually shorter than that of the AV node. Sequential VES with shorter cycle
lengths can increase AV nodal refractoriness and induce tachycardia. The AVRT
circuit must be sufficiently slow enough or large enough to prevent the leading
wavefront from reaching refractory tissue. Delay in the AV node manifests as AH
prolongation, either from physiological AH prolongation or switching from fast
pathway to slow pathway conduction, thus allowing perpetuation of tachycardia
(Fig. 14.6). Block in the His-Purkinje system, i.e., bundle branch block (BBB) on
the ipsilateral side of AP either following AES or VES, may lengthen the circuit
enough to maintain SVT. The induction of retrograde RBBB with ventricular stimulation is defined as an increase in VH > 50 ms during pacing [30]. The ipsilateral
bundle branch block forces conduction over to the contralateral bundle via transseptal conduction, subsequently expanding the circuit and slower conduction
I
aVF
V1

HRA
A

H

Hisp
Hism
Hisd

CSp

CSd

RVa
Stim

S1

S1

S2

Fig. 14.6 Tachycardia initiation. AH interval prolongation from atrial extrastimulus which fortuitously produces a premature atrial depolarization that prolongs AH sufficiently to initiate tachycardia. Double atrial extrastimuli can be delivered to mimic this phenomenon and aid in SVT
initiation
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facilitating the induction of tachycardia. With AES, functional RBBB is more frequently seen, while functional LBBB is more common with VES due to differential
bundle branch refractory period. Once functional BBB occurs with extrastimuli, the
same type of aberrant conduction can persist through the next beat via transseptal
linking from the retrograde invasion from the contralateral bundle [31, 32].

VA Relationship
VA relationship can be evaluated during tachycardia or with ventricular pacing.
AVRT is the only common SVT that incorporates ventricular myocardium as part of
the circuit and obligates a 1:1 AV relationship. AV block is possible in AT, JT, and
very uncommonly in AVNRT, usually a transient phenomenon with block occurring
in the His-Purkinje system (more As than Vs) or upper common final pathway
(more Vs than As) (Fig. 14.7). Typically, AT shows more reliable and sustained AV
block. Therefore, the presence of AV block or AV dissociation can rule out AVRT,
with rare AP variants such as nodofascicular/nodoventricular pathway being the
exceptions.

BBB During Tachycardia
Functional bundle branch block can be observed following ventricular pacing
during sinus rhythm or spontaneously during tachycardia. Ipsilateral BBB forces
I
II
III
aVR
aVL
aVF
V1
V2
V3
V4
V5
V6

Fig. 14.7 AV block in the setting of AVNRT. AVNRT does not obligate atrium or ventricular as
part of the circuit and AV dissociation or AV block can be occasionally seen
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I
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V1

RA

RVp
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Fig. 14.8 Loss of RBBB and termination of ORT. During tachycardia with RBBB, the antegrade
wavefront propagates down the left bundle and through the septum, which allows sufficient time
for the pathway to recover and allows retrograde conduction to the atrium. With the loss of RBBB,
the earlier wavefront is blocked because the accessory pathway is refractory

conduction over the contralateral bundle through transseptal link and enlarges
the tachycardia circuit. Ipsilateral bundle branch block causes an increase in VA
time and sometimes TCL due to a larger circuit during ORT (Coumel’s sign)
[33]. This finding is diagnostic of pathway participation in the tachycardia,
whereas failure to observe the interval change does not rule out ORT (Fig. 14.8).
Likewise, TCL may not change when an increase in VA is canceled by a shortening of AV interval, particularly with septal pathways. Changes related to BBB in
ORT can help localize the pathway as well (Fig. 14.9). The anteroseptal pathways demonstrate an increase in VA interval with RBBB, while posteroseptal
pathways are associated with a change in VA interval in the setting of LBBB. Also,
VA interval increase ε 35 ms is observed for the free wall and ≤ 25 ms for the
septal pathways [34].

Diagnostic Maneuvers
In an electrophysiology study for narrow complex tachycardia, the common differential diagnosis is AT, AVNRT, and AVRT with a concealed pathway (ORT).
Junctional tachycardia is possible but rare in the adult population. Unusual AP variants are extremely rare. There are a variety of pacing maneuvers that help make the
diagnosis. The key is to understand the difference in the tachycardia mechanism and
limitation of each maneuver (Table 14.2).
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a

Left-sided pathway

b

Left-sided pathway with LBBB

Fig. 14.9 Ipsilateral bundle branch block. A bundle branch block (BBB) ipsilateral to the side of
the pathway forces the conduction over to the contralateral bundle via transseptal conduction,
subsequently prolonging VA interval and enlarging the tachycardia circuit. (a) Left-sided pathway.
(b) Left-sided pathway with LBBB

VA Interval (V Pacing SR)
In the most common form of AVNRT, atrium and ventricle are activated almost
simultaneously resulting in short VA interval (interval from the onset of QRS to the
earliest site of atrial activation), although atypical forms of AVNRT can have a longer VA interval. VA interval < 70 ms excludes ORT, as the conduction from the
ventricle to the atrium via bypass tract takes longer than 70 ms, although in children
and young adults the cutoff value is 50 ms (Fig. 14.10) [35].
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Table 14.2 Major observation and diagnostic maneuvers for SVT
Finding
Observation
Reproducible AH jump to initiate tachycardia
1:1 VA relationship
VA interval > 70 ms (for young adults and pediatric 50 ms)
VA increase ≥30 ms with ipsilateral BBB
Maneuver
His-refractory VPD that (1) advances A and resets tachycardia, or (2) delays
A, or (3) terminates tachycardia
VAV response

Interpretation
Rules out AT/
JT
ORT
ORT
ORT
ORT
Rules out AT

I
V1
aVF

RVd

RVp
CSp

CSd

Fig. 14.10 VA interval. AVNRT with VA interval < 70 ms excludes ORT

Differential RV Pacing
RV apical pacing results in a shorter VA interval through the AV node than RV basal
pacing due to an earlier invasion of the distal His-Purkinje system and is called a
nodal response. In the presence of a septal AP, RV basal pacing results in shorter VA
interval compared to apical pacing due to the basal location of most APs (Figs. 14.11
and 14.12). This may not be true with left lateral, slow, or rare APs.

Para-Hisian Pacing
Para-Hisian pacing can be used to distinguish septal APs from retrograde AV nodal
conduction [36]. A pacing wavefront from the RV base travels more apically to
enter the distal His-Purkinje system where it travels to the AV node and then to the
atrium, arriving just posterior to the His bundle recording site. The usual retrograde
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Fig. 14.11 Differential RV pacing in the presence of septal accessory pathway. (a) RV basal pacing (b) RV apical pacing

atrial activation would start at the His bundle recording catheter followed by CS
proximal activation and then the HRA catheter. However, more unusual retrograde
atrial activation sequences exist that occur more inferiorly or leftward through the
AV node. By increasing the pacing output or with slight respiratory movements, His
bundle capture will occur with or without local RV capture. Since this provides a
shortcut to the AV node (the usual apical route is bypassed), a significant decrease
in Stim-A interval with no change in atrial activation is observed (i.e., nodal
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RV apical pacing

RV basal pacing
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VA=80ms
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Fig. 14.12 Differential pacing. (a) In normal conduction via AV node, RV basal pacing produces
a longer VA interval than that of RV apical pacing which engages retrograde conduction system
more directly. (b) In the presence of a septal AP, RV basal pacing results in a similar or shorter VA
interval compared with RV apical pacing, as the impulse conducts retrograde through the pathway
to reach the atrium without engaging the normal conduction system
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Fig. 14.13 Para-Hisian pacing example. (a) Nodal response: VA interval with ventricular capture
only (triangle) is 32 ms longer than that with His capture (asterisk). (b) Extranodal response (pathway present): VA interval with ventricular capture only (triangle) is similar to that with His capture
(asterisk). Note the His deflection in the His catheter with loss of direct His capture

response). In the presence of a retrograde conducting septal AP, the ventricular
wavefront propagates over a small area of ventricular tissue and back to the atrium
through AP. Capture of the His bundle does not provide a shortcut, so Stim-A
remains the same as that without capture of the His bundle and there is no change in
the atrial activation pattern. If ΔStim-A < 35 ms, it raises suspicion for the presence
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His Capture

His Capture

Fig. 14.14 Para-Hisian pacing. (a) In a normal AV nodal conduction (“nodal response”), a high
output para-Hisian pacing with His bundle (HB) and proximal right bundle (RB) capture in addition to local ventricular capture produces a short Stim to atrium (SA interval). A low output pacing
with ventricular capture only results in a longer SA interval, as the impulse propagates through
local myocardial tissue to engage the retrograde RB up to the atrium. With HB capture alone, SA
interval and atrial activation patterns are similar to HB/RB capture and QRS is normal. (b) In the
presence of septal pathway (“extranodal response”), a high output pacing with local ventricular
and HB/RB capture generates a short SA interval, and this remains similar when there is loss of
HB capture, as the impulse bypasses AV nodal conduction via the pathway. With HB capture alone,
atrial activation pattern remains the same; but SA interval is longer, as the impulse must now travel
fully through the His-Purkinje system and retrograde through the ventricle (equivalent to an echo
with atrial extrastimulus)

of AP (Figs. 14.13 and 14.14) [36]. It is important to avoid inadvertent atrial capture
to avoid error in interpretation. This maneuver may not be accurate in the setting of
a left lateral, or decremental pathway and mixed responses between AP and AV
node or multiple APs may be confusing. Para-Hisian pacing may need to be performed at different CLs to allow separate conduction through AV node or AP.
An important caveat in both differential RV and para-Hisian pacing is that these
maneuvers demonstrate the structures responsible for the retrograde conduction but
do not prove that this circuit is operative during tachycardia. This limitation can be
overcome by differential RV and para-Hisian entrainment during tachycardia. Also,
failure to identify the pathway with para-Hisian pacing does not rule out the possibility of an AP.
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HA Interval (V Pacing During SR or Entrainment)
During AVRT, HA interval measured during tachycardia requires sequential conduction through the His-Purkinje system, ventricular myocardium, and finally
AP. In contrast, ventricular pacing during sinus rhythm in the presence of an AP will
result in conduction from ventricular tissue to the AP, while simultaneously conducting through the His-Purkinje system in a parallel fashion. Therefore, the HA
interval measured during ventricular pacing will be shorter than that during tachycardia. The opposite is seen during AVNRT. During tachycardia, there is a parallel
activation of the atrium and the His-Purkinje system, while ventricular pacing
results in a sequential activation. Studies demonstrated that the cutoff value of ΔHA
(HAEntrainment/Pacing-HASVT) = 0 reliably differentiated AVNRT (positive
value) from ORT (negative value), incorporating a septal pathway [37, 38]. Accurate
recording of the retrograde His bundle potential is essential to utilizing this criterion
but is not always easy to obtain.

His-Refractory Extrastimulation (V Pacing During Tachycardia)
His-refractory ventricular extrastimulation refers to a VPD delivered either simultaneously or within 55 ms of His bundle activation, such that retrograde conduction
through the AV node is not possible. Therefore, any effect on the subsequent atrial
activation or tachycardia cycle length would require a separate retrograde pathway
(Fig. 14.15) [39]. If atrial activity is not affected by His-refractory VPDs, it favors
AVNRT or, at least, suggests that the pacing site is far from the pathway. If a His-
refractory VPD advances the atrium during tachycardia, it indicates the presence of
pathway but does not confirm pathway participation in the tachycardia. If His-
refractory VPD not only advances atrium but resets the tachycardia (e.g., all subsequent beats occur ahead of where they would be predicted during stable tachycardia
before the VPD), it confirms accessory pathway-mediated tachycardia [40, 41].
Similarly, tachycardia terminated by His-refractory VPD without reaching the
atrium excludes AT and AVNRT. If His-refractory VPD during tachycardia delays
atrial activation, it proves ORT utilizing a decremental pathway (Fig. 14.16) [42].
Exceptions to these rules would be the presence of bystander AP or unusual AP
variants that could affect AVNRT or AT with a His-refractory VPD.

 ransition Zone (VOP During Tachycardia Regardless
T
of the Success of the Entrainment)
RV pacing during narrow complex tachycardia results in a progressive fusion of
QRS complexes before there is a constant fully paced or fused beat. A transition
zone lies between the first pacing stimulus with QRS fusion and the first paced beat
with a stable QRS morphology. Evaluating the atrial timing and the Stim-A interval
during and after a transition zone can be helpful to distinguish AVRT from other
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Fig. 14.15 His-refractory VPD examples. (a) Advance A: When VPD was delivered after His is
committed, atrium may be advanced in the presence of pathway. (b) Delay A: His-refractory VPD
delays atrial activation and this proves the pathway-mediated tachycardia. (c) Terminate tachycardia: If His-synchronous VPD terminates the tachycardia, it proves pathway-mediated tachycardia
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Fig. 14.15 (continued)

SVTs. The Stim-A interval becomes fixed before or at the time of the first fully
paced QRS in AVRT. However, in AVNRT and AT, the perturbation of atrial timing
is not seen until a few beats after the transition zone and Stim-A interval becomes
fixed after this zone. This finding is based on the fact that the ventricle is the part of
the reentrant circuit in ORT unlike other SVT mechanisms (Fig. 14.17) [43–45].
Identifying the first fully paced stable beat is the key for accurate interpretation,
although studies showed that the slight interobserver variation in judging the timing
of the first fully paced beat did not alter the diagnosis [45]. The advantage of this
maneuver is that it does not require successful entrainment and it can be used when
VOP train terminates tachycardia. It also seems less dependent on the pathway location relative to the RV pacing site, but this is still a problem. This maneuver would
not work for tachycardia with significant oscillation of the cycle lengths or with a
bystander accessory. It will work better if you move the V pacing site to the earliest
atrial activation site, which allows early penetration of an AP when present.

Entrainment
Entrainment is an essential technique that identifies whether or not a specific pacing
site is an integral part of the reentrant circuit. The requirement of reentry includes
(1) functional or anatomic circuit, (2) unidirectional block, and (3) zone of slow
conduction.
During pacing at a constant rate slightly faster than the tachycardia, any of the
following could indicate entrainment.
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Fig. 14.16 His-refractory VPD responses. (a) In AVNRT, or if pacing far from the pathway, His-
refractory VPD does not perturb tachycardia. (b) During ORT, His-refractory VPD may advance
atrial electrogram. If tachycardia is resent, it proves pathway participation in the tachycardia. (c)
His-refractory VPD may terminate the pathway-mediated tachycardia if pathway is refractory. (d)
His-refractory may delay the atrial electrogram if pathway is slowly conducted or decremental
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Fig. 14.17 Transition zone. (a) Tachycardia is advanced following the transition zone consistent
with AVNRT. (b) Tachycardia is advanced during the transition zone consistent with ORT
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• Constant ECG fusion except for the last entrained beat which is fully paced and
not fused
–– Fused QRS complexes during SVT entrainment indicates ORT.
• Progressive ECG fusion
–– The degree of QRS fusion in the ECG is different for different pacing rates
while pacing during SVT.
Observation and maneuvers during and post-entrainment further assist in making
a diagnosis [46–48].

A(H)V Versus AA(H)V Response (VOP or Entrainment)
The post-ventricular overdrive pacing (VOP) or entrainment response can be useful
in differentiating AT from other AV node-dependent tachycardia such as AVRT or
AVNRT (Figs. 14.18, 14.19, and 14.20). In patients with AV node-dependent tachycardia, the last ventricular paced beat is followed by a retrograde atrial electrogram
and then ventricular activation. This finding is called an AV response where the last
atrial electrogram accelerated to the pacing CL (i.e., the first response after pacing
stopped) is the first electrogram counted in the interpretation. In AT, however, the
a
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V
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V
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Fig. 14.18 Post-VOP response. (a) In ORT, the previous wavefront collides with the antidromic
wavefront from the paced beat, and the last paced beat conducts retrograde up the pathway and
antegrade down the AV node, thus generating VA(H)V response. (b) During atrial tachycardia, the
last paced beat conducts retrograde to the atrium, but the tachycardia resumes and results in a
“VAA(H)V” response
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Fig. 14.19 Post-ventricular overdrive pacing response. Following two extrastimuli, there is VAV
response. Post-pacing interval (PPI) is 551 ms; tachycardia cycle length (TCL) 380 ms is 135 ms.
This value needs to be adjusted with the delta AH interval (AHEntrained 230 ms – AHSVT
190 ms = 40 ms) and corrected PPI-TCL (135–40 ms) is 95 ms, consistent with ORT
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Fig. 14.20 AAV response during septal atrial tachycardia
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discontinuation of pacing results in conduction through the AV node producing a
concentric atrial activation sequence followed by resumption of AT (usually with a
different activation sequence) producing an AAV response [49]. In practice, VA dissociation is more commonly present than the AAV response during AT. It is important to understand the pitfalls of post-VOP interpretation such as “pseudo-AAV
response.” Sometimes if the HV interval exceeds the HA interval or the HA interval
is short during AVNRT, an atrial electrogram will precede the ventricular electrogram during ongoing AVNRT. In this case, using the His bundle potential instead of
ventricular potential in the analysis (e.g., AH vs. AAH instead of AV vs. AAV
response) can help avoid the misinterpretation [50]. When the retrograde limb is
slow in the setting of “slow-slow” or “fast-slow” atypical AVNRT or AVRT with a
slowly conducting AP, the VA interval is longer than the VV interval, and post-
pacing response can be challenging to interpret but can be sorted out by measuring
the last A accelerated to the pacing cycle length. It is important to ensure that AAV
response is reproducible at different pacing rates [51].

PPI-TCL
Following termination of V pacing during tachycardia, the return cycle length to the
pacing catheter is the sum of tachycardia cycle length (TCL) and conduction time to
and from the tachycardia circuit. Post-pacing interval (PPI) is measured from the
last pacing impulse to the first recorded local impulse on the pacing channel. When
the tachycardia is stable and entrained, the post-pacing interval (PPI) can be useful
in differentiating AVNRT from AVRT using a septal AP. If PPI-TCL is less than
115 ms, it suggests that the ablation catheter is relatively near the tachycardia circuit
and the ventricle may be part of the circuit. If PPI-TCL > 115 ms, it supports the
diagnosis of AVNRT [52]. This equation was further modified to incorporate a
pacing-induced AV nodal conduction delay. AH interval following the last entrained
atrial electrogram is longer than AH during tachycardia due to decremental conduction over AV node and/or AP. You can correct the delay by calculating the difference
between AHSVT and AHEntrainment and subtract the differential from PPI-
TCL. When cPPI-TCL (i.e., PPI-TCL – {AHEntrainemnt- AHSVT}) < 110 ms, it
favors ORT (Fig. 14.19) [53]. Alternatively, entrainment via basal RV pacing generates an even longer PPI-TCL in AVNRT, and this maneuver is found to be superior
to RV apical pacing [54]. PPI-TCL maneuver may not be valid in the setting of ORT
with decremental AP or left lateral pathway [55]. The discriminatory ability of this
maneuver can be enhanced by pacing near the earliest atrial activation point.

SA-VA Difference (VOP or Entrainment)
As we discussed earlier, atrium and ventricle have a simultaneous parallel activation
in AVNRT. During entrainment with ventricular pacing, their activation is in series.
In ORT, atrium and ventricle have a serial activation during both tachycardia and
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ventricular pacing. The difference between SA (ventricular stimulation to the earliest site of atrial activation) and VA is greater in AVNRT than ORT. ∆SA–VA < 85 ms
is consistent with ORT, whereas ∆SA–VA > 85 mg suggests AVNRT. [52]. Again,
this maneuver may not be accurate when AP has decremental property or if pacing
is too far from AP such as RV apex pacing for the left-sided AP.

Ventricular Fusion
If entrainment with ventricular pacing results in constant or progressive QRS fusion,
it rules out AVNRT [56]. However, the absence of QRS fusion does not rule out
ORT with a distant AP insertion. For instance, QRS fusion with RV pacing is not
evident in the left-sided Aps, whereas RV pacing and entrainment cause a clear QRS
fusion on AVRTs with the septal or right-sided APs [54].

Differential Entrainment
Differential entrainment from the basal and apical RV pacing can be useful. In
AVNRT, cPPI-TCL and VA intervals are significantly longer from base than apex,
while there is no significant difference in entrainment intervals among patients with
ORT. Differential cPPI-TCL > 30 ms or VA interval > 20 ms reliably identifies the
patient with AVNRT [57, 58]. This maneuver is not validated in patients with atypical AVNRT or ORT with decremental pathways.

Antegrade His Capture
During ORT entrainment, His bundle can be captured either orthodromically or
antidromically. If an orthodromic capture of the His bundle is seen, this is intracardiac evidence of fusion occurring in the circuit distal to the His bundle (Fig. 14.21).
This finding is diagnostic for AVRT [59, 60]. There are several ways to confirm
orthodromic His capture: (1) the His bundle morphology is identical during tachycardia and entrainment; (2) AH interval during entrainment is the same as the first
AH interval following pacing; and (3) the last entrained His follows the atrial electrogram after pacing [37]. In contrast, the antidromically captured His bundle will
have a different morphology from His electrogram during tachycardia, and
AHEntrainment and Stim-HEntraiment are shorter than first AHSVT and Stim-
HVPacing, respectively.

Para-Hisian Entrainment
As discussed earlier, para-Hisian pacing is a useful diagnostic maneuver if AV node
or AP is the retrograde pathway, although it does not prove the participation of the

14

Atrioventricular Reentry Tachycardia

325

I

200 ms

II
V1
HRA
Hisp
H

Hisd

H

H

CSp

CSd

RV
Stim

S1
S1

S1
10:59:47 AM

10:59:48 AM

Fig. 14.21 Antegrade His capture during manifest QRS fusion. Ventricular pacing demonstrates
antegrade His activation during manifest QRS fusion. These findings are consistent with ORT as a
tachycardia mechanism

pathway in the tachycardia. Para-Hisian entrainment overcomes this limitation and
proves the pathway-mediated tachycardia by measuring differences in SA-VA intervals and PPI-TCL with and without a His bundle capture [61, 62]. In patients with
AVNRT, entrainment without a His-bundle capture as opposed to the one with a His
bundle capture results in significant change in both SA (> 40 ms) and VA intervals,
whereas these values are not significantly different in AVRT. Although useful, this
technique is rather cumbersome to practice. It is at times difficult to ensure the His
bundle capture during entrainment, and a high-output pacing may inadvertently capture the nearby AV node or atrium. Also, the local ventricular signal can be difficult
to ascertain due to a pacing spike. One study also demonstrated that the change in
QRS width increase ≥40 ms during entrainment compared with that during tachycardia is a good indicator for an absent His-bundle capture during e ntrainment [62].

AH interval (Atrial Pacing During SR)
Although not as useful as ventricular pacing overall, atrial pacing may also be used for
diagnostic maneuvers in long RP tachycardias. During AVNRT, AH interval represents a
parallel activation of the atrium and the His bundle, while an atrial pacing during AVNRT
results in a sequential activation. In patients with AVRT, AH intervals in both pacing and
tachycardia represent a sequential activation of the atrium and the His bundle, as both
structures are part of the circuit. The change in AH interval during atrial pacing and tachycardia is >40 ms in atypical AVNRT, < 20 ms in AVRT and < 10 ms for AT [63].
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∆VA Interval (VA Linking)
Relatively constant VA intervals while pacing from different sites in the atrium (e.g.,
high right atrium or coronary sinus) make AT less likely. Post-pacing VA intervals
are measured from the last captured ventricular signal to the earliest return atrial
electrogram. When calculating the maximal difference in post-pacing VA intervals
from different pacing sites, ∆VAmax was >14 ms in AT and < 14 ms in AVRT/
AVNRT with 100% sensitivity, specificity, PPV, and NPV. This phenomenon speaks
to the “VA linking” in AVRT and AVNRT [64].

Ablation of Accessory Pathway
Catheter ablation is an effective treatment for patients with symptomatic atrioventricular reciprocating tachycardia with a high success rate. For a successful ablation,
an accurate localization of the AP is the key to guide the therapy.

Access
Having a general idea of pathway location before the EP study can be helpful in
procedure planning. For the left-sided pathway, either transseptal or retrograde
transaortic approach can be used. Either IVC or SVC is utilized for mapping and
ablation of the right-sided pathway.

Mapping and Ablation
For a left-sided AP, a multipolar CS catheter is useful to bracket the pathway to
guide precise localization, while a multipolar circular Halo catheter can be placed
along the tricuspid annulus for right-sided APs. The mapping approach is determined by the direction of the pathway conduction. For an AP with antegrade conduction, the pathway is mapped based on (1) the earliest ventricular electrogram
(pre-delta), (2) AV fusion location (general idea), and most importantly (3) AP
potential. The earliest antegrade ventricular activation during sinus rhythm indicates the ventricular insertion site of the pathway and should precede the onset of
QRS (delta) by up to 20 ms [65]. The unipolar recording at the tip of the ablation
catheter can be particularly helpful as it confirms all ventricular activation propagating from that point [66]. Also, AV fusion (shortest local AV < 40 ms) is predictive of
successful ablation but is not reliable since most APs have an oblique course
between atrium and ventricle [67]. Thus, depending on wavefront direction, fusion
of VA signals may not represent an ideal ablation location. Reversing the direction
of wavefront in both atrium and ventricle and looking for variations of local VA
(earliest atrial activation) and AV (earliest ventricular activation) can facilitate the
localization and ablation of an oblique pathway [68]. In some very oblique
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pathways, atrial or ventricular activation can occur late despite being in an excellent
ablation location. For this reason, identification of an AP potential is more reliable
as an ablation target.
During either ORT or ventricular pacing with retrograde conduction over AP, the
earliest atrial activation can be investigated. If mapping AP retrograde with ventricular pacing is challenging due to retrograde conduction via AVN, slowing down
AV nodal conduction pharmacologically or changing the pacing rate can be helpful
(Fig. 14.22). Typically, pathways sit along the AV groove with some rare exceptions
(e.g., atriofascicular pathways), and other diagnosis can be entertained if the earliest
signal is found elsewhere. For retrograde AP ablation, the shortest VA time during
ORT or RV pacing usually results in successful ablation; however, locating the local
AP potential is associated with a high success rate if ablated [69].
Once mapping is completed, ablation may be pursued. Most AP ablation is performed with RF energy, but focal cryoablation is used for high-risk ablation such as
a mid-septal AP with the highest risk of AV nodal injury. The predictors of successful ablation include ablation of the location with (1) shortest VA interval, (2) pathway potential [70], and (3) QS pattern in unipolar signal [12]. The goal of ablation
is the loss of AP conduction. However, caution needs to be taken during anteroseptal
pathway ablation. Junctional complexes can be mistaken as the loss of preexcitation; but rather it indicates possible injury to the AV node, and one must come off
RF energy when junctional rhythms are encountered. It is important to differentiate
the sinus beat with loss of preexcitation from the junctional beats (Fig. 14.23).
Adenosine inhibits both antegrade and retrograde conduction over the AV node,
while it has no or little effect on non-decremental APs. It also facilitates conduction
over “stunned” APs. Given its short half-life, it can be easily used in the lab following ablation to test the completeness of the pathway ablation. Presence of AV and
I S2: 280
II S1: 500
V1
V6

ABL d

ABL p

ABL U1
ABL U2
ABL U1W

Fig. 14.22 Signal at the successful ablation site. Atrial extrastimulus shows only far-field atrial
electrogram and reveals multiple sharp potentials preceding the delta wave which represents
anteroseptal AP connection. The distance of AP potential from the ventricular electrogram implies
a very slanted pathway. There is a QS configuration at the unfiltered unipolar electrode (U1W), and
the AP potential is best seen on the filtered unipolar signal representing the ablation tip (U1).
Successful ablation was performed with resolution of pathway potential in 2 s resulting in RBBB
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Fig. 14.23 Junctional beat during anteroseptal pathway ablation

VA block with adenosine infusion with atrial and ventricular pacing provides a reliable and immediate assessment of successful pathway ablation.
It is reported that the main factors for ablation failure include a difficulty with
catheter manipulation, inadequate mapping and localization, multiple pathways or
insertions, or a congenital heart disease [71]. Approximately 10% of patients with
AVRT have more than one pathway [72, 73]. When there is more than one preexcited QRS, or P wave morphologies during tachycardia, or spontaneous transition
from ORT to ART, it raises suspicion for multiple pathways [74–76]. AVRT may
coexist with other SVT mechanisms, particularly AVNRT, which should be sought
after successful AP ablation [77].

Rare Types of SVT
Permanent Junctional Reciprocating Tachycardia (PJRT)
PJRT is often described as an incessant type of ORT with a concealed, slowly conducting, decremental pathway [78–80] but can also be due to atypical forms of
AVNRT. It manifests as a narrow complex tachycardia that is midline with long RP
and superior P wave axis. AP is located near the CS os in the posteroseptal region,
so the earliest atrial activation is seen in the proximal CS catheter. Typically, it initiates spontaneously, and the slow and decremental retrograde conduction results in
long RP (long VA) and ultimately self-termination. His-refractory VPD may
advance, terminate the tachycardia, or delay the atrial electrogram due to its decremental property [42]. Usually, AV fusion is not seen in electrogram due to its decremental properties. Medications are not successful for suppression in general and
ablation may be necessary for a cure. Locating the pathway potential or earliest
atrial electrogram is helpful to guide ablation [79, 81].

14

Atrioventricular Reentry Tachycardia

329

I
aVF
V1
V6
HRA
Hisp
Hism
Hisd
CSp

CSd
RV
Stim

S1

S1
S1

S1

S1

S1

12:00:48 PM

S1

S1

S1

12:00:49 PM

Fig. 14.24 Unusual variant. Antidromic tachycardia with decremental conduction prior to termination. This unusual AP variant inserted at the tricuspid valve annulus

Atriofascicular (AF) Pathway
Atriofascicular pathway inserts proximally in the lateral, anterolateral, and posterolateral side of the tricuspid annulus and extends to the distal right bundle branch near the
RV apex. Clinically, it causes antidromic LBBB tachycardia (Fig. 14.24). Since the
atrium is part of the circuit, it has an obligatory 1:1 AV relationship. Its classic characteristics are best seen with a selective His bundle and a right bundle branch recording.
The reversal of His and RBB activation sequence with progressive preexcitation
occurs in the setting of decremental atrial pacing. Just prior to the initiation of tachycardia, RBBB electrogram occurs before His bundle potential, demonstrating antegrade conduction down the AP and retrograde conduction up through the His bundle
[14, 15]. Since the proximal insertion is in the atrium, His bundle pacing or His extrasystole can normalize preexcitation. This pathway generally only conducts antegrade.
However, its long course and distal arborization with a broad insertion make mapping
of the ventricular insertion site challenging [17]. For this reason, ablation is usually
targeted at the proximal atrial insertion of the pathway by recording the AP potential.
It generates a large, high frequency AP potential recorded at the tricuspid annulus during tachycardia or preexcited atrial pacing [82, 83].

Nodofascicular/Nodoventricular (NF/NV) Pathway
Nodofascicular or nodoventricular pathways originate in the AV node and insert
into the right bundle in the anteroapical region of RV [84, 85]. NF/NV pathways
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have decremental properties, commonly with concomitant dual AV node physiology
or multiple pathways in the setting of congenital heart disease. Generally, tachycardia manifests with LBBB and long AV with either short VH or long VH. Short VH
is seen in the setting of retrograde conduction via RBB, while long VH occurs with
retrograde RBBB which forces conduction across the septum to LBB. The variation
of TCL with LBBB and RBBB confirms His-Purkinje fiber is an integral part of the
tachycardia circuit. Decremental atrial pacing generally causes both AV and AH
prolongation but fixed VH in the setting of greater preexcitation with LBBB morphology. Once AH prolongation exceeds AV prolongation, HV shortens with
increasing preexcitation. Maximum preexcitation is seen with block in the AV node
distal to the AP origin, resulting in exclusive conduction over AP and retrograde
conduction of His bundle [84]. NF/NV pathways share similar characteristics with
other pathways. His-refractory PVC can reset or terminate tachycardia [15, 86].
Ipsilateral bundle branch block causes prolongation of TCL. Differentiating NV/NF
from anteroseptal or mid-septal AV AP can be challenging. Since NF/NV pathways
do not insert into atrial myocardium, AV dissociation seen spontaneously or with
atrial pacing is a distinguishing feature for NF/NV pathways [87]. They can be
innocent bystanders in the setting of AVNRT as well. If losing preexcitation does
not affect tachycardia or presence of variable preexcitation in a stable tachycardia,
AVNRT with bystander NF/NV pathway is more likely. Ablation is performed typically on the ventricular insertion site near the tricuspid valve, given the proximity to
the AV node. However, this is not possible for even more rare cases where AP only
conducts retrograde. Functionally, it is linked to a slow pathway and slow pathway
ablation in the posterior septum or Koch triangle region is performed with variable
success [85, 88]. Successful ablation of NF/NV pathways can result in a complete RBBB.

Fasciculoventricular AP (FV) [89, 90]
Fasciculoventricular pathways originate in the right bundle and insert into the right
ventricle. Unlike other pathways, FV pathway manifests with fixed preexcitation
and HV or H-delta with variable AH and AV from atrial pacing. Therefore, FV pathway should be suspected when there is fixed preexcitation with decrementing AV
node and persistent preexcitation during His extrasystole, as the pathway inserts
distal to His bundle.
In contrast to other slow, decrementing pathways such as AF, NF/NV pathways,
using adenosine results in fixed preexcitation despite PR prolongation or junctional
escape or loss of preexcitation with AV block [89]. Fasciculoventricular pathways
are extremely rare, although the actual prevalence is likely higher due to underrecognition. They have been reported as bystanders only and do not participate in
clinical tachycardia [84].
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Subepicardial AP
Posteroseptal or posterior APs can involve myocardial fibers surrounding CS and
create a subepicardial communication between the left atrium and the ventricle [91,
92]. Some studies demonstrated that the anatomic CS anomalies such as aneurysms
or diverticula are associated with these pathways, thus emphasizing the importance
of CS venogram during ablation. However, other studies showed that subepicardial
pathways can occur even in the absence of CS anomalies and are closely associated
with the middle cardiac vein [93]. In the surface ECG, negative delta wave in lead
II suggests epicardial localization of the pathway. However, ablation of these pathways may not be necessarily effective with epicardial ablation and may rather
require CS mapping and ablation at the atrial insertion site [94, 95]. Coronary angiography should be considered when ablating in the MCV, since a branch of the right
coronary artery or left circumflex artery is often nearby.

Summary
Radiofrequency ablation has become the cornerstone of therapeutics for symptomatic patients with pathway-mediated tachycardia with a high success rate and rare
complications. In order to achieve a cure with catheter ablation, understanding different behaviors and the mechanisms of arrhythmia during electrophysiology study
is essential.
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Introduction
Atrial tachycardias (ATs) are common arrhythmias in both young and aged
patients.
This chapter gives insights on tachycardias from the atria with focal mechanism
and macroreentrant electrical conduction as clinically relevant forms of supraventricular tachycardia (SVT). The impact of these arrhythmias is often significant, as
symptoms may include palpitations, dyspnea, reduced exercise capacity, and the
development of heart failure, rarely presyncope or syncope. However, some
patients are asymptomatic, and the diagnosis is made by chance during an ECG
recording. Technical developments such as three-dimensional electroanatomic
mapping systems and high-resolution mapping tools have improved the understanding of AT and facilitated the possibilities to treat these arrhythmias. Catheter
ablation has evolved to be the most effective therapy of AT. Nevertheless, ablation
of AT is challenging, and complete understanding of tachycardia mechanisms and
atrial anatomy is required for successful ablation. In the following, different types
of AT and their underlying mechanisms are described. Additionally, ECG characteristics and characteristics of invasive studies and catheter ablation procedures are
discussed.
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Defining Atrial Tachycardia
AT comprises a heterogenous group of arrhythmias with different underlying mechanisms. There is no clear nomenclature of these different types of so-called atrial
arrhythmias. Commonly used terms and definitions can be confusing, since the
atrium is not necessarily involved as a critical structure in the various forms of
AT. In literature, it is accepted to differentiate between SVT, comprising of atrioventricular (AV) nodal and AV reentry tachycardias, and ATs usually originating around
critical structures inside of the atria [1]. In contrast to other forms of SVT, an
involvement of the atrioventricular node, ventricular myocardium, or a given accessory pathway is not present in AT. Additionally, the term atrial flutter describes ATs
without isoelectric line in the surface ECG. In general, an ECG-based nomenclature
is not precise, and a mechanistic stratification of atrial arrhythmias is usually preferred today. Consequently, the electrophysiological basis of atrial arrhythmias still
relies on the studies of earlier days of invasive electrophysiology [2, 3]. The understanding of atrial arrhythmias has evolved substantially during the last century.
Recent progress has been made since the evolution of 3D mapping and catheter
ablation of atrial arrhythmias [4].
The basic cellular mechanism causing AT is either focal pacemaker activity or
reentry. Focal pacemaker activity can occur due to enhanced automaticity of atrial
myocytes or due to triggered activity of cardiac fibers. The circuit movement of
reentry can occur as micro- or macroreentry. Based on these electrophysiological
mechanisms, two types of AT can be differentiated clearly: (1) focal AT due to
enhanced automaticity, triggered activity, or microreentry and (2) macroreentrant
AT depending on atrial macroreentry circuits around specific anatomical barriers
such as atrial fibrosis, surgical incisions after atriotomy, or/and anatomical structure
of valve annuli, thoracic veins, etc. [1, 2]. Focal and macroreentrant AT can occur in
both the right and left atrium where typical anatomical structures may be involved
(Figs. 15.1 and 15.2).
ATs share critical mechanisms for arrhythmia initiation and maintenance in one
or both atria. A mechanistical as well as pragmatic definition of AT distinguishes
between AT as focal AT and macroreentry AT (Figs. 15.1 and 15.2). It has to be
noted that this classification relies on current mapping techniques which use mapping catheters with linear catheters with 3.5–4 mm tips or high-resolution multiple
catheters. Focal ATs occur due to atrial automaticity, triggered activity, and microreentry mechanisms. Automaticity arises during phase 4 depolarizations of the
action potential, whereas triggered activity arises from delayed afterdepolarizations, while cardiac cells are not absolutely refractory [5, 6]. Microreentry ATs arise
from localized intraatrial reentry mechanisms, but limited mapping resolution led to
pragmatic classification of these types of arrhythmias. On the other hand, macroreentry ATs are more accessible to current mapping techniques and present with
reentry mechanisms around functional or anatomical barriers enabling arrhythmia
initiation and maintenance.
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Macroreentry
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Macroreentrant Atrial Tachycardia
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Fig. 15.1 Classification of atrial tachycardia based on electrophysiological mechanisms and anatomical location sites
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Fig. 15.2 Main characteristics of focal and macroreentrant atrial tachycardias. Shown are representative examples of local activation timing mappings enabled with point-by-point electroanatomic mapping (left-side focal atrial tachycardia, right-side macroreentrant tachycardia). CL cycle
length, AT atrial tachycardia, TCL tachycardia cycle length, PA posteroanterior, LAO left anterior
oblique, PPI post-pacing interval, AV atrioventricular
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Further differentiation of AT can be made by patient history and ECG characteristics and finally confirmed by invasive electrophysiological studies. Usually, patient
history can help to distinguish focal from macroreentry AT: patients with focal AT
are typically younger and have less often a history of structural heart disease or
congenital heart disease as compared to patients with macroreentry ATs [6].
Additionally, patients with focal AT have less often a history of previous catheter
ablation and describe symptoms comparable to forms of SVT. Nevertheless, clear
discrimination cannot be made by assessment of patient history alone, since the
incidence of focal ATs increases with age and structural heart disease is also common in these patients.

Focal Atrial Tachycardia and Microreentry Tachycardias
In focal ATs, enhanced automaticity, triggered activity, or microreentry causes an
activation of atrial myocytes starting in a small area within the left or right atrium
from where it spreads out centrifugally (Fig. 15.2) [1]. Differentiation is difficult,
but generally possible via pacing maneuvers and high-resolution mapping systems
[7]. Focal AT is increasingly found in aged people; nevertheless this arrhythmia
form is also common in younger patients [6]. Typical AT foci are specific locations
such as the crista terminalis (Fig. 15.3), the interatrial septum and adjacent
a

RAO 30°

b

PA

c

I
II
III
V1
V6

Crista 1/2
Crista 2/3
Crista 3/4
Crista 5/6
Crista 6/7
Crista 7/8
MAP 1/2
MAP 3/4

CS 1/2
CS 9/10

Fig. 15.3 Ablation of a focal atrial tachycardia originating at the crista terminalis. Images (a) and
(b) show electroanatomical reconstruction with annotation of the local activation time during atrial
tachycardia of the right atrium in right anterior oblique and posteroanterior views. Red color indicates the site of earliest local activation at the superior part of the crista terminalis. Red dots indicate sites at which phrenic nerve capture was documented during pacing from the mapping
catheter. (c) shows intracardiac recordings just before successful ablation was conducted. The
mapping catheter (MAP) is located at the spot of earliest activation at the superior crista terminalis.
RAO right anterior oblique view, PA posteroanterior view, crista crista terminalis catheter, MAP
mapping catheter, CS coronary sinus
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Fig. 15.4 Activation mapping of a tachycardia originating from the non-coronary sinus of the
aortic valve. (a) shows activation mapping with a mapping catheter placed at the septal region in
the right atrium, (b) shows electrograms derived from mapping with a mapping catheter at the
septal region inside the left atrium and (c) shows mapping in the non-coronary sinus cusp (NCC).
Earliest activation is found in the NCC (−68 ms from earliest activation to a reference in the coronary sinus). Ablation at the spot abolished the tachycardia within a few seconds. (Reprinted from
Ouyang et al. [42], with permission from Elsevier)

structures (Fig. 15.4), the atrial appendages (Fig. 15.5), thoracic veins like the coronary sinus, the vena cava superior or the ligament of Marshall, and the tricuspid and
mitral annulus [8–13]. Left atrial foci are found inside the pulmonary veins
(Figs. 15.6 and 15.7), the left sided septum, the mitral annulus, and the left atrial
appendage [8].

Macroreentrant Atrial Tachycardias
Macroreentrant ATs occur due to altered conduction properties inside the atria leading to occurrence of a rotating electrical activity around a central obstacle. These
obstacles can happen to be an anatomical structure, like atrioventricular valves or
thoracic veins or scar, or of functional nature due to different electrical properties of
myocardial tissue because of anisotropy or required fibrotic tissue [14–18].
Additionally, areas of slow conduction may be part of a macroreentrant circuit.
Slow conduction zones of atrial tissue enable establishment of a circular movement
of electrical activity. These zones of slow conduction lead to electrical activation of
neighboring atrial tissue outside of the myocardial refractory period.
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Fig. 15.5 Treatment of a focal atrial tachycardia from the left atrial appendage. Shown is left
atrial appendage (LAA) isolation with the 23 mm cryoballoon after three previous ablation
attempts with focal radiofrequency ablation inside of the LAA. (a) shows intracardiac electrograms during cryoballoon ablation. A spiral mapping catheter (Achieve, Medtronic) is placed
inside the LAA (PV 1–2, 3–4 and 5–6) demonstrating earliest activation at the LAA during tachycardia. During cryoablation coversion of the tachycardia to sinus rhythm (see at the ECG and
electrogram from coronary sinus catheter (CS 1-2, CS 3-4)) occurred while tachycardia contiuation was demonstrated on the spiral catheter at left atrial appendage, which is labebbed as PV 1-2,
V3-4, V 5-6). (b and c) show LAA angiography and placement of the cryoballoon at the LAA
ostium in RAO 30° caudal 15° views. An ablation catheter is placed inside of the coronary sinus.
PV pulmonary vein/spiral catheter placed inside the left atrial appendage, CS coronary sinus
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Fig. 15.6 Activation mapping of a focal atrial tachycardia originating from a right superior pulmonary vein (a and b) show selective pulmonary vein angiography. (c) shows intracardiac electrograms derived from a standard catheter setup including catheters at high right atrium, His bundle
and coronary sinus position. A diagnostic catheter is placed inside of the right superior pulmonary
vein demonstrating the earliest local activation during tachycardia. RSPV right superior pulmonary vein, dis distal, pro proximal, uni unipolar, HRA high right atrium, HBE His bundle electrogram, CS coronary sinus
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Fig. 15.7 Electrical isolation of the left-sided pulmonary veins during focal tachycardia. (a)
shows intracardiac electrograms after complete isolation of the left-sided pulmonary veins during
sinus rhythm. (b) shows electroanatomic mapping with local activation time mapping of the left
atrium. The ablation catheter (ABL 1, ABL 3) is placed inside the left superior pulmonary vein
(LSPV) and shows local signals of both the left atrium and the ongoing atrial tachycardia inside the
pulmonary vein. CS coronary sinus, ABL ablation catheter, LSPV left superior pulmonary vein
Table 15.1 Classification of atrial tachycardias and common tachycardia types
Focal ATs
Crista terminalis
Atrial septum
Coronary sinus
Pulmonary veins
RAA
LAA
Tricuspid annulus
Mitral annulus
Non-coronary aortic sinus
ATs after AF ablation
Macroreentrant ATs (most common)
Perimitral flutter
Roof-dependent AT

Macroreentry ATs and atrial flutter
CTI-dependent atrial flutter
Upper loop reentry
Lower loop reentry
Reentry at lateral RA wall
Fossa ovalis-dependent AT
Perimitral flutter
Roof-dependent AT
Reentry at posterior LA wall
Sinus node reentry tachycardia
ATs after open heart surgery
CTI-dependent atrial flutter (most common)
Incisional ATs (right and left atrial ATs)
Reentry around anastomoses after heart
transplantation

Microreentry ATs
Focal ATs (PV origin)
AT atrial tachycardia, CTI cavotricuspid isthmus, LA left atrium, LAA left atrial appendage, PV
pulmonary vein, RA right atrium, RAA right atrial appendage

Several classifications have been used to distinguish macroreentrant ATs by their
underlying mechanism and localization (Table 15.1) [1]. In clinical practice, this
differentiation based on ECG findings can be challenging, especially in patients
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with previous catheter ablation procedures or cardiac surgery. Additionally, scarred
areas which were found in the tachycardia circuit may lead to occurrence of isoelectric lines in ECG recordings of tachycardias, mimicking focal AT mechanisms.
A practical differentiation is stratification according to dependence on cavotricuspid isthmus (CTI) as part of the reentry circuit of the tachycardia resulting in
CTI-dependent and CTI-independent AT. The most common CTI-dependent macroreentrant AT in clinical practice is typical atrial flutter. This tachycardia can often
be distinguished regarding the characteristic morphology of flutter waves during
ECG recordings. During typical flutter, characteristic P waves can be found in the
inferior leads (negative during counterclockwise flutter and positive during clockwise flutter, referring to electrical conduction direction seen in a left anterior oblique
fluoroscopy projection). The reentry circuit of typical flutter is located around the
tricuspid annulus counterclockwise or clockwise as the crista terminalis acts as posterior electrical barrier in the circuit [19, 20]. Electrical conduction via the CTI is
mandatory for perpetuation of the tachycardia [19, 20]. The zone of slow conduction is generally not found at the CTI, but conduction via this structure is critical to
maintain the reentry circuit and makes catheter ablation of atrial flutter amendable
due to easy access of this ablation line. Typical atrial flutter is found in patients with
similar risk factors that were identified to be prone to AF development and in
patients with structural heart disease, especially after open heart surgery or in congenital heart disease. Nevertheless, typical flutter can be found in otherwise healthy
people. The typical atrial heart rate is 240–340 bpm, and 2:1 atrioventricular conduction is common resulting in ventricular heart rates of 120 to 150 bpm. Variable
atrioventricular conduction is often observed, and a 1:1 conduction may lead to
rapid heart rate with potentially life-threatening hemodynamic consequences.
The nomenclature of atypical flutter is not uniformly used in literature. Based on
ECG criteria, atypical flutter describes macroreentrant AT with visible P waves on
ECG recordings that lack a flat baseline. Nevertheless, literature described also AT
with isoelectric lines, atypical heart rates (below 200 atrial electrical activations per
minute), and without clearly distinguishable P waves as atypical flutter tachycardias. Patients with extensive atrial fibrosis/scarring may develop macroreentrant
ATs with isoelectric lines, mimicking focal tachycardias. A classification based on
invasive electrophysiological findings is more exact and should be used. The term
atypical flutter should therefore describe macroreentrant tachycardias, which can be
distinguished from typical flutter due to electrophysiological proof of tachycardia
circuits that do not include the cavotricuspid isthmus. Left atrial areas of slow conduction are located at scarred areas like the left atrial anterior wall (Fig. 15.8), at the
posterior wall, or at previously created linear lesions due to incomplete/nontransmural lesions [14–18].

Sinus Node Reentrant Atrial Tachycardia
Sinus node reentrant tachycardia is an uncommon form of reentrant tachycardia and
shares similarities with AV nodal reentrant tachycardias [21]. The exact frequency
of this tachycardia is unclear, since P wave morphology is similar to P waves in
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Fig. 15.8 Catheter ablation of a left atrial macroreentry tachycardia. (a) shows intracardiac
recordings from an entrainment pacing maneuver with the mapping catheter placed at the left atrial
anterior wall during left atrial macroreentrant tachycardia. The catheter is located at the site of the
blue dot shown in (b). The post-pacing interval is similar to the tachycardia cycle length indicating
a site located inside of the reentry circuit. (b and c) show electroanatomical reconstruction of the
left atrium via a point-by-point bipolar voltage map. Mapping demonstrated an isolated scarred
area at the left anterior wall. After entrainment maneuvers, a left atrial anterior line was created and
tachycardia termination occurred with previous prolongation of the tachycardia cycle length. The
spiral catheter is placed inside of the left atrial appendage. Integration of fluoroscopy and electroanatomic mapping was used. MAP mapping catheter, CS coronary sinus, RAO right anterior
oblique view, LAO left anterior oblique view
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sinus rhythm and identification in clinical settings without invasive studies is difficult. Tachycardia is typically induced and terminated by programmed atrial stimulation, and heart rate is typically about 130 bpm. During invasive studies, sinus node
echo beats can be observed. The tachycardia can be terminated by vagal maneuvers
or adenosine. However, it is very difficult to differentiate it from the AT originating
from the superolateral crista terminalis.

Atrial Tachycardia After Previous Atrial Fibrillation Ablation
ATs occurring after prior atrial fibrillation ablation are common and may cause severe
symptoms. The reported incidence varies and is strongly related to the previously
applied ablation strategy and diseased atria (Table 15.1) [7, 15, 17, 22–26]. In general,
more extensive catheter ablation may harbor the risk of AT development. In many cases,
patients experience even stronger symptoms due to AT as compared to symptoms of
atrial fibrillation before catheter ablation. Nevertheless, if AT mechanisms can be identified successfully, catheter ablation is a feasible treatment and may lead to long-term
freedom from arrhythmia recurrence after conduction block over a critical isthmus.
Based on this observation, ATs occurring after ablation of atrial fibrillation with identifiable mechanisms can be seen as partial therapy success in a majority of cases.
Tachycardia characteristics after AF ablation depend on previous ablation strategies and patient atrial substrate.
More extensive ablation strategies might cause a substrate for AT development.
In detail, linear lesions without complete bidirectional block or ablation of complex
fractionated atrial electrograms (CFAE) predispose to AT development after AF
ablation [15]. Previous studies observed higher incidences of AT than AF as mode
of arrhythmia recurrence in circumferential PVI as compared to segmental PVI
[27]. Additionally, AT is more common than AF in patients undergoing ablation of
PVI and CFAE [15, 28] and in patients undergoing a stepwise approach including
CFAE ablation and linear lesion creation [29, 30].
Mechanisms underlying AT recurrence can be focal activity, which is typically
spreading from the PV spots close to ostial ablation lesions [7, 17]. These focal
mechanisms are typically found due to recovered conduction along circumferential
lesions with fast tachycardia within the PVs [7]. Additionally, microreentry mechanisms along previously created ablation lesions at the PV ostia are possible mechanisms underlying ATs.
Nevertheless, much more common are macroreentrant tachycardias with single
or multiple loops inside of the LA, RA, or distributing along both atria [25, 31, 32].
The most common forms which are found after AF ablation are perimitral flutter,
roof-dependent ATs, as well as typical CTI-dependent atrial flutter.

Atrial Tachycardias After Previous Heart Surgery
ATs frequently occur after open heart surgery due to creation of atrial scarring at
incisional lesions (Table 15.1). Arrhythmias can occur early after heart surgery and
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are thought to be related to surgical damage to the myocardium and pericarditis,
which is a common condition after open heart surgery [16, 33]. These arrhythmias
are often without severe clinical impact for the patients due to self-limitation of the
tachycardias. Late-developed arrhythmias are also common and can be found in
10–80%, depending on the surgical technique, conducted operation, and patient age
[34]. The most common arrhythmia cause is reentry around a central obstacle due to
surgical incisions, but focal arrhythmias are also found or coexisting in some patients.
The underlying mechanism and localization of tachycardias strongly depend on
the surgical technique during open heart surgery. The most common form of AT
after heart surgery is cavotricuspid isthmus-dependent atrial flutter [16, 33, 34].
Atrial flutter is thought to occur in dilated right atria in patients with previous heart
surgery and is very frequent in patients who underwent surgery for congenital heart
disease.
Other common forms are right atrial incisional tachycardias with electrical conduction along a right atrial incision at the lateral free wall which is commonly used
for right atrial cannulation of the cardiopulmonary bypass [16, 33, 34]. A typical
tachycardia isthmus is located between a lateral incisional scar and the tricuspid
annulus or the inferior vena cava. Less common, but typically found after mitral
valve surgery, are left atrial macroreenty tachycardias with a reentry mechanism
around a left atrial incision which is typically located anterior to the septal pulmonary vein ostia [14].

Electrocardiogram Characteristics of Atrial Tachycardias
ECG criteria may help for further differentiation of narrow QRS tachycardias.
Differentiation between AV nodal reentry tachycardias, AV reentry tachycardias,
and ATs can be done by identification of P waves and measurement of the RP interval and PR interval. RP interval is typically short and constant in AV reentry
tachycardias.
ECG findings may help to distinguish between AT and other SVT forms such as
AVNRT and AVRT. In AT, the PR is usually shorter than RP, as opposed to SVTs;
nevertheless, short-RP ATs mimicking other SVTs have been observed. Variable
atrioventricular conduction and differences between atrial and ventricular rate during
tachycardia rule out AV reentry tachycardia and make AVNRT unlikely. Observation
of an APD initiating tachycardia and resulting in AV block makes AT the most likely
diagnosis and can exclude AV reentry. Additionally, termination during AT occurs
often with cycle length prolongation with or without change in PR intervals.
ATs due to microreentry or triggered activity can respond to intravenous administration of adenosine or vagal maneuvers and may allow for P wave analysis during
AV block, but AT termination is sometimes observed after adenosine treatment.
In ATs, the RP interval is variable and usually longer (>70 ms) [35]. Nevertheless,
short RP ATs are possible and can mimic supraventricular tachycardias. Variability
in RP intervals and P wave morphologies with a positive vector in inferior leads, as
well as Wenckebach antegrade conduction over the AVN, may help to differentiate
AT from supraventricular tachycardias.
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Focal ATs typically show a sudden onset and oscillation of tachycardia cycle
length ranging from non-sustained arrhythmias to incessant forms of ATs leading to
tachycardia-induced cardiomyopathy. P wave frequency ranges from 100 to
300 bpm. Presence of isoelectric lines during AT points to underlying focal mechanisms in the majority of patients, while absence of isoelectric lines is more commonly found during macroreentry ATs. Nevertheless, isoelectric lines can be found
in macroreentry, if marked atrial scarring is present [36]. Vice versa, isoelectric
lines may be missing in focal ATs. Initiation sequences which show induction with
an atrial premature beat are found during induction of macro- and microreentrant
tachycardias and in ATs arising from triggered activity. In contrast, ATs with a focal
mechanism show a P wave with similar morphology during initiation. In focal AT, a
typical “warm-up and cool-down” phenomenon is found, which describes increase
in tachycardia rate during initial beats and slowness before termination.
P wave morphology can help to identify the site of AT origin in focal tachycardias, but not in macroreentrant tachycardias. Several algorithms have been published earlier [8]. Most right atrial focal ATs arise from the crista terminalis,
coronary sinus, and tricuspid annulus [8, 10, 12, 37–39]. Other common foci are
found inside of the pulmonary veins and mitral annulus, rarely within the right and
left atrial appendage [6, 12, 13, 37, 38, 40]. Left atrial ATs originate around the
pulmonary vein ostia, from the coronary sinus body, mitral annulus, or the left atrial
appendage. Analysis of P wave morphology in inferior and lateral leads as well as
in precordial leads enables differentiation between arrhythmia origin in the right
atrium, left atrium, and between superior and inferior foci. Differentiation between
right and left atrial foci is possible by analysis of lateral leads aVL and V1 [41]. A
positive P wave in V1 is indicative of a left atrial tachycardia origin, while negative
P waves in V1 are predictive of right atrial foci [41]. Biphasic P waves in V1 indicate either right atrial foci close to the sinus node region or crista terminalis (biphasic with initially positive upstrokes) or origins at the septum or coronary sinus
ostium (biphasic with initially negative deflection) [41]. Positive P wave morphology in aVL indicates a right atrial origin, while negative deflections are found in left
atrial focal ATs [41]. ATs originating in pulmonary veins show positive concordance of P waves with either positive (right pulmonary veins) or negative P waves
in aVL (left pulmonary veins). The inferior leads are positive when ATs originate in
superior veins. P wave duration is broader and is typically notched or has an M pattern in leads II and V1 in left pulmonary vein ATs. ATs originating in the non-
coronary aortic cusp usually have positive, P wave deflections in the lateral leads I
and aVL and biphasic negative/positive deflections in the inferior and precordial
leads with narrow duration [42].

 lectrophysiological Maneuvers to Differentiate
E
AT from Supraventricular Tachycardias
Analysis of ATs in the electrophysiological laboratory should include analysis of
the intraatrial activation sequence, which must be different from the activation
sequence found during sinus rhythm except during sinus node reentry tachycardia.
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Analysis of intraatrial activation sequence may help to differentiate AT from sinus
rhythm, especially during right atrial AT. Atrial activation sequence during AT
should be different from sinus rhythm at AT rate. Tachycardia induction with an AH
jump mimicking AVNRT, albeit this observation, cannot be seen as a proof of tachycardia mechanism.
Differing mechanisms underlying arrhythmia initiation and perpetuation for AT
and SVTs allow for differentiation with electrophysiological pacing maneuvers,
which can be performed via invasive electrophysiological studies or via an implantable cardiac device. In contrast to the AV reentry tachycardia and AVNRT, AV node
is not the critical for AT perpetuation. If AV conduction other than a 1:1 ratio is
observed, AV reentry tachycardia can be ruled out. Additionally, changing AV conduction or Wenckebach conduction pattern during tachycardia rules out AV reentry
tachycardia. These observations make AVNRT also unlikely, but not impossible
since AVNRT with 2:1 or Wenckebach conduction to the ventricles is rarely
observed.
ATs usually have a wide tachycardia zone, allowing for induction of AT with
programmed stimulation. Induction is usually possible even when the pacing site is
distant from a possible reentry site if a short basic cycle length, short atrial premature complex coupling, or multiple atrial premature complexes are used. Induction
via a ventricular premature complex is uncommon and only possible if rapid retrograde conduction via the AV node or a bypass tract is present.
Ventricular overdrive pacing 10–20 ms faster than tachycardia cycle length
may help to facilitate the diagnosis as underlying tachycardia during inconclusive
cases, especially in tachycardias with a broad QRS complex: if VA dissociation
during ventricular pacing occurs and a stable atrial cycle length is maintained,
ventricular tachycardia and AVRT are ruled out as underlying mechanism [43].
Additionally, AVNRT is unlikely, but possible. Ventricular overdrive pacing may
capture the atrium in a 1:1 pattern. If tachycardia termination occurs without
change of atrial activation, AT is ruled out as underlying mechanism. In case of
re-onset of tachycardia, the observed pattern may help to identify the mechanism.
The post-pacing interval (PPI) can give a hint on tachycardia mechanism. If the
PPI is longer than tachycardia cycle length, RV does not take part in tachycardia
perpetuation, so that AT or AVNRT are likely diagnoses; if the PPI is comparable
to the tachycardia cycle-length, AVRT using ipsilateral AP or VT is a likely diagnosis [43]. Typical VAAV pattern indicates AT as underlying tachycardia [43, 44].
However, a VAVA pattern with the identical atrial activation sequence during RV
overdrive pacing makes AVRT and AVNRT a likely diagnosis [43, 44]. The atrial
activation sequence during VAAV pattern should differ from that which is observed
during RV pacing, but discrimination can be difficult for AT from the AV nodal
and septal area.
Constant and progressive fusion during pacing maneuvers (entrainment mapping) is only observed in macroreentrant AT. In general, proof of entrainment via
documentation of P wave fusion is challenging in AT since P wave morphology
changes might be subtle and overdrive pacing of focal ATs is usually possible without tachycardia termination. Additionally, concealed entrainment is possible in
AT. Analysis of intracardiac electrograms from multiple atrial catheters can help in
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Fig. 15.9 Pacing maneuvers discriminating AT from SVT. RV right ventricle, V ventricle, A
atrium, AVRT atrioventricular reentrant tachycardia, AVNRT atrioventricular nodal reentrant
tachycardia, AT atrial tachycardia, RA right atrium

this issue. The PPI should be comparable to tachycardia cycle lengths if the pacing
catheter is placed close to a macroreentrant circuit.
If tachycardia reset occurs, a reentry mechanism is very likely, but this should be
documented via P wave fusion. In addition, AT reset is also observed in focal
AT. Theoretically, the return cycle or PPI at the pacing site should be shortest near
the origin similar to the tachycardia P wave morphology [45]. Therefore, entrainment mapping during focal AT may help to identify the tachycardia focus.
Figure 15.9 summarizes possible pacing maneuvers which can be performed
during electrophysiological studies to differentiate atrial arrhythmias.

Mapping and Ablation of Atrial Tachycardias
The interventional therapy of ATs has emerged as the most effective therapy option
for patients. In general, nearly all ATs are amenable to catheter ablation. The effectiveness of this approach has been demonstrated in recurrent studies [46]. Catheter
ablation approaches depend on underlying AT mechanisms, operator preferences,
and technical equipment of the electrophysiological laboratory. The first step before
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ablation should be the analysis of the ECG documentation. This allows for planning
of the ablation procedure: If a left atrial mechanism is suspected, transseptal puncture is necessary. Additionally, exclusion of left atrial thrombi should be strongly
considered in left atrial ATs and in patients with macroreentry tachycardias and a
high risk of thromboembolism. There is no clear recommendation for conduction of
transesophageal echocardiography in these patients, but the authors recommend to
perform transesophageal echocardiography in all cases of macroreentrant AT since
electrical cardioversion might be necessary during AT ablation procedures due to
accidental induction of AF or macro-AT and AF can coexist.
Conventional mapping with fluoroscopy is the elementary approach in AT ablation. In recent days, use of 3D mapping systems is applied to reduce fluoroscopy
time and to improve visualization of atrial anatomy and AT mechanisms, which lead
to higher success. Modern 3D mapping systems allow for use of several modules for
the analysis of complex arrhythmias. These modern systems allow also for implementation of multielectrode mapping catheters, which can be used for a high-
resolution acquisition of atrial electrogram signals.
The applied mapping strategy should be chosen in dependence of the suspected
AT mechanism. If a focal mechanism is likely or proven, atrial activation mapping
during stable AT with the use of a 3D mapping system can be used. Activation mapping depends on annotation of local atrial electrograms in relation to a stable reference. For AT mapping, we strongly recommend the use of atrial references to
exclude influence of AV conduction. Suitable references are electrograms of catheters placed in the coronary sinus or the left atrial appendage in case of low amplitudes of atrial signals within the coronary sinus. We recommend manual annotation
of the electrogram onset of an ablation catheter since this allows for individual
analysis of each atrial electrogram. This approach might be limited in patients with
extensive atrial scarring; in these cases, high-resolution multielectrode mapping has
advantages to better visualize areas with low amplitude and abnormal potentials due
to a smaller interelectrode distance of commercially available mapping catheters as
compared to usual ablation catheters [47]. Activation mapping might be misleading
when a limited number of mapping points are acquired. Activation maps should at
least cover 80% of the tachycardia cycle length in macroreentrant or localized
AT. Correct selection of a window of interest and a stable atrial reference are critical
for successful tachycardia mapping.
A typical pattern of local activation with a single spot of early tachycardia activation is seen in focal AT and microreentry AT. In macroreentrant tachycardias, an
“early meets late” pattern can commonly be observed. Entrainment mapping and
voltage mapping must be performed to identify the circuit and critical isthmus in
macroreentry tachycardias. This technique is ideally combined with 3D mapping
systems. Extensive atrial scarring and unstable tachycardias limit effectiveness of
entrainment mapping. Also entrainment can change into other AT in these patients.
Additionally, its usefulness is limited in focal tachycardias as described above.
Finally, if focal ATs are unstable or very difficult to be induced during the procedure, pace mapping can be performed. This technique relies on the P wave morphology and atrial activation sequence recorded from multiple catheters during clinical
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Clinical AT MA anterior LA anterior MA septal

RIPV anterior MA posterior LA posterior

Fig. 15.10 Pace mapping of atrial tachycardias. ECG of the clinical tachycardia and representative pace mapping at locations in the left atrium is shown in a patient with symptomatic atrial
tachycardia. Sustained tachycardia was not inducible during the procedure. (Reprinted from
Hayashi et al. [48], with permission from Wolters Kluwer)

tachycardia. P wave morphologies assessed during atrial pacing with minimal paced
output can be compared to the ECG documentation of the AT. Pace mapping
approaches are limited by difficulties in P wave morphology comparison. To overcome this obstacle, the intracardial atrial activation sequence required by placement
of multiple stable atrial catheters can be compared between paced beats and unstable induced ATs (Fig. 15.10). Catheters should be placed at distant positions, for
example, the coronary sinus and the right atrial free wall and in the left atrial
appendage [48]. Pace mapping approaches may enable ablation of unstable and
otherwise unmappable ATs with reasonable success rates [48].
A basic catheter setup for mapping and ablation of ATs should include a diagnostic catheter placed in the coronary sinus as well as a mapping catheter. Additional
catheters placed in the right atrium at the lateral free wall or right atrial appendage,
at the His bundle, or a lasso catheter placed in the left atrial appendage or within the
PVs are optional and depend on the underlying tachycardia. Necessity of transseptal
access to the LA can be estimated by analysis of the coronary sinus and RA catheter
electrograms. Additionally, patients who underwent previous AF ablation have a
high likelihood to present with LA tachycardias. Earliest activation of the His bundle catheter during focal AT might indicate a tachycardia focus in the right atrium,
left atrium, or in the non-coronary sinus of the aortic root. The non-coronary sinus
should be mapped via a retrograde access of the aorta. A large atrial and ventricular
local electrogram mapping at the non-coronary sinus shows a large atrial and a
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small ventricular activation in majority of patients. Generally, a His bundle deflection is not typically found at the non-coronary sinus of the aortic valve.
We strongly recommend performing selective pulmonary vein angiographies for
precise assessment and mapping of left atrial and pulmonary vein anatomy for ablation of focal AT from the PVs or left atrial macroreentrant AT. Venography of the
coronary sinus or the vena cava superior might be performed in selective cases.
After mapping and evaluation of the tachycardia mechanism, catheter ablation can
be performed.
The applied ablation strategy relies on the underlying tachycardia. Focal ATs and
microreentry ATs can be abolished by focal ablation at the spot of earliest activation. In case of focal AT originating deeply inside the PVs, circumferential isolation
of ipsilateral PVs should be performed instead of focal ablation to avoid potential
complication of PV stenosis or total occlusion.
Macroreentry tachycardias can be treated by creation of linear lesions over the
critical isthmus, which are set between anatomical and functional barriers of conduction of electrical activation. Conduction block of these lesions has to be achieved
and can be proven by pacing maneuvers and by assessment of the local electrograms
along the ablation line. A simple ablation approach is applied for the treatment of
typical atrial flutter, in which an ablation line is created along the cavotricuspid
isthmus. Cooled ablation catheters should be used to increase the likelihood of durable CTI block. A long sheath can be used to optimize catheter stability. The use of
techniques which are available in modern 3D mapping systems like the use of contact force or ablation index is not obligate but may objectify results of the ablation
procedures. CTI block is verified due to pacing from the coronary sinus ostium and
demonstration of a proximal to distal electrical activation of a diagnostic catheter
placed at the lateral RA wall. Bidirectional block can be confirmed by pacing from
the distal electrodes of the lateral wall catheter in proximity to the CTI. The longer
activation time of the proximal coronary sinus has to be demonstrated during pacing
of the distal electrodes as compared to more proximal electrode pairs.
Left atrial linear lesions are set between non-conducting tissue like the mitral
annulus and scarred areas, or previously created ablation lesions. To achieve block
of these lines and to provide an electroanatomical barrier, conduction of pulmonary
vein isolation is often necessary. This allows for the creation of a left atrial anterior
line, which is set between the anterior mitral annulus and the right or left superior
pulmonary vein ostium, or a left atrial mitral isthmus line set between the inferolateral mitral annulus and the left pulmonary vein ostium. These lesions can be used to
treat perimitral macroreentrant tachycardias, which are often found in patients with
scarring at the left atrial wall or after previous pulmonary vein isolation. Block of
the anterior line is proven by demonstration of delayed local activation at the ablation catheter, which is placed distal to the anterior line as compared to a lasso catheter placed inside the left atrial appendage. Mitral isthmus block is documented via
change in coronary sinus activation during pacing inside of the left atrial appendage.
Recently, we demonstrated that the ablation at the superolateral mitral isthmus can
result in higher rates of conduction block without the necessity of ablation within
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the coronary sinus as compared to typical ablation between the mitral annulus and
the left inferior vein [49]. However, it may increase the occurrence of intraprocedural cardiac tamponades [49]. Noteworthy, simultaneous block of a left atrial anterior line and the mitral isthmus leads to electrical disconnection of the left atrial
appendage from the left atrium [50–52]. Left atrial appendage isolation goes along
with a high risk of thrombus formation and cardiogenic thromboembolic events
[50–52]. We strongly recommend left atrial appendage closure to prevent thrombus
formation after this procedure.
A roofline connecting previously created circumferential lesions around the septal and lateral pulmonary veins prevents occurrence of roof-dependent left atrial
tachycardias. Block of the roofline can be demonstrated by pacing at the posterior
left atrial wall and LAA and demonstration of a proximal to distal activation of the
map catheter which is placed at the anterior wall in infero-superior direction.

 uccess Rates of Catheter Ablation of Focal
S
and Macroreentrant Atrial Tachycardias
AT comprises a large and heterogeneous spectrum of atrial arrhythmias differing
substantially among one another, regarding mechanisms of pathogenesis and
arrhythmia maintenance. Likewise, a heterogeneous entity of catheter ablation
approaches has been evolved to treat ATs specifically and effectively. Success rates
of catheter ablation of ATs are therefore variable, depending especially on the
underlying type of arrhythmia and the applied ablation strategy.
Catheter ablation of focal ATs usually shows high success rates [14, 25]. Various
studies showed success rates between 70% and 95% [14–16, 25, 38, 41].
Catheter ablation of typical, cavotricuspid isthmus-dependent atrial flutter initially showed poor long-term success rates with arrhythmia recurrence in up to 40%
when the ablation endpoint was still mere termination of the tachycardia [19, 53,
54]. To date, bidirectional cavotricuspid isthmus block is the ablation endpoint for
typical atrial flutter, showing excellent acute and long-term success rates with a
long-term recurrence rate of less than 5% [55]. A systematic review of all reports
about the efficacy of catheter ablation of typical atrial flutter between 1990 and
2007 reported a single-procedure efficacy rate of 92% and a repeat ablation procedure rate of 8% [46].
Catheter ablation of focal ATs is generally effective and leads to freedom from
arrhythmia recurrence in most patients [6]. An early study by Chen et al. reported
an arrhythmia recurrence rate of 7% after successful catheter ablation of focal AT
and found a right-sided focus to be an independent predictor of long-term freedom
from arrhythmia [56]. Since experience with left atrial ablation procedure grows
during the recent decade, success rates for left atrial ATs have significantly improved
[6]. Ablation of ATs originating in the aortic non-coronary sinus has favorable
results with low rates of recurrence, comparable to other focal ATs [11, 42].
Catheter ablation of non-cavotricuspid isthmus-dependent right or left atrial
macroreentrant tachycardia also shows favorable success rates with 73–75%
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maintenance of sinus rhythm after 15–20 months after ablation [57, 58]. AT ablation
with the use of modern 3D mapping systems shows also favorable success rates in
complex settings like patients with congenital heart disease, albeit repeat procedures are necessary in a relevant number of patients, especially after extensive ablation in the atria [59].
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Introduction
Atrial fibrillation (AF) is the most commonly encountered sustained arrhythmia in
clinical practice, affecting many millions of people in the USA, with the prevalence
expected to triple by 2050 as the population ages [1]. Though inter-patient variability exists and AF may be asymptomatic, AF is generally associated with physical
symptoms, a shortened life expectancy, and reduced quality of life (QoL).
The impact AF can have on a patient’s health may take several forms. For example, AF can cause palpitations, angina, dyspnea, light-headedness, chronic fatigue,
and/or impaired exercise tolerance. Even in the absence of such symptoms, AF may
lead to several potentially significant associated conditions, including tachycardia-
induced cardiomyopathy and thromboembolism.
Quality of life is adversely affected by the presence of AF in most populations,
either due to the presence of symptoms, side effects of medications, or lifestyle
disruptions associated with its therapy [2]. All-cause mortality in patients with AF
is 1.5–1.9-fold higher than those without AF, regardless of the presence of symptoms [3]. This may be due to the effects of AF itself, toxicities associated with treatment, or commonly found comorbidities such as hypertension, heart failure, and/or
valvular disease.
While antiarrhythmic drug (AAD) therapy can mitigate both symptoms and
decreased QoL by maintaining sinus rhythm (SR) and/or reducing AF recurrences,
clinical trials have thus far failed to conclusively demonstrate that the pursuit of SR
with currently available AADs decreases mortality [4–7]. Further analysis of these
trials has suggested the absence of AF may be associated with decreased mortality
in those who can achieve it without significant proarrhythmia or toxicity [8]. While
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this may be feasible in some patients with some agents, as was demonstrated with
dronedarone in the ATHENA trial where a reduction in a combined endpoint of
cardiovascular hospitalization and death was attained in a high-risk AF population
[9], given the currently available data, the main focus of drug treatment of AF at
present remains improving symptoms and QoL in a way that minimizes the side
effects and risks from therapy and minimizes the risk for thromboembolism. While
ventricular rate control and anticoagulation remain vital components in achieving
this goal, it must be emphasized that many patients will not have adequate relief of
symptoms until a normal rhythm is established, even after controlling the ventricular rate. Rhythm control, therefore, remains an important and commonly employed
[10, 11] part of the physician’s armamentarium in treating AF in many patients.

Patterns of AF
Characterizing the pattern of AF is critical in selecting the appropriate rate or rhythm
control treatment strategy for an individual patient (Table 16.1). Treatment algorithms in virtually all AF guidelines for therapy are based on this division. While
several systems have been proposed to classify AF based on various characteristics,
the system that is most practical for clinical use divides AF into groups based on
duration of AF episodes and therapeutic history. Note, however, that the frequency
of AF episodes is not characterized by this description, nor is the overall burden of
AF (total time in AF as a percentage of total time monitored).
AF is termed paroxysmal when it terminates without drug or electrical cardioversion within 1 week, persistent when self-terminating episodes last longer than
1 week or when therapy is delivered to terminate the rhythm, and permanent when
a strategy of rhythm control has been either abandoned or never tried and the patient
remains in AF indefinitely. The paroxysmal and persistent categories are not mutually exclusive, as both may be seen in a particular individual at different times. The
classification of a patient who presents with AF for the first time (new-onset AF)
presents a special situation, since the history and clinical decision-making required
Table 16.1 Classification of patterns of AF [11]
Patterns of AF
Paroxysmal
Episodes of AF last less than 1 week
Terminates spontaneously, without electrical or pharmacologic cardioversion
Persistent
Episodes of AF last longer than 1 week or
Electrical or pharmacologic cardioversion is used to terminate AF
Permanent
A strategy of rhythm control has been abandoned or never tried and
AF is continually present
Some also now use the additional term of long-standing persistent AF (generally lasting a year
or more) to identify patients in whom drug therapy is no longer considered an option but
ablation is
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for classification under this system has not yet been established, and, in some cases,
it may be due to an acute illness or precipitant with no recurrence after it has
resolved. In this case, some time may be necessary to assess the patient’s likelihood
for spontaneous termination, recurrence, and response to any treatments delivered.
Commonly, in all categories, it is assumed that the duration of any episode of AF is
>30 sec and that AF is not due to reversible causes (hyperthyroidism, pneumonia,
pericarditis, exogenous stimulants, etc.) [11].

Paroxysmal AF
By definition, paroxysmal AF is self-terminating and limited in duration. The choice
of therapy is therefore dependent on the presence and severity of symptoms during
episodes of AF and the frequency of events. Asymptomatic patients whose rates are
controlled with or without medications may not require AAD therapy. Patients with
rapid ventricular responses require rate control, which may be sufficient to control
symptoms in certain cases. Ambulatory monitoring can be a valuable tool to ensure
that rates are reasonable not only at rest but also during daily activities such that
rates are comparable (or perhaps 10 bpm higher) during AF than during sinus
rhythm at the same level of activity. Rhythm control strategies are most often
reserved for those patients who have intolerable symptoms during AF not alleviated
by rate-controlling medications and/or frequent annoying events. If episodes are
infrequent and tolerable, rhythm control may take the form of intermittent cardioversion of each acute event (even though the episode might self-terminate as per
PAF definition were they allowed to persist), most often pharmacologically
(see below).

Persistent AF
Patients with persistent AF have either self-terminating episodes of AF that last
longer than 1 week or, more commonly, episodes in which therapy is delivered for
rhythm conversion. Electrical or pharmacologic cardioversion may be used to terminate events. Patients with persistent AF frequently have more significant degrees
of abnormalities in left ventricular ejection fraction, left atrial enlargement, and left
atrial contractile dysfunction than paroxysmal patients, abnormalities that may be
reversible with the restoration of sinus rhythm [12]. For those patients who have
disabling symptoms that are not alleviated by rate control or patients who require
more than infrequent cardioversions, a chronic rhythm control strategy is indicated.
For patients with infrequent and tolerable events (at least for hours or a day or so),
as-needed cardioversion without further antiarrhythmic therapy may suffice.
Pharmacologic cardioversion can be achieved with either a single dose of an AAD
at the onset of episodes (the so-called “pill-in-the-pocket” approach) [13] or daily
dosing of an AAD over a limited period of time. Alternatively, for patients (1) in
whom intermittent therapy is inadequate or inconvenient, (2) whose episodes are
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not infrequent, and/or (3) whose episodes are not adequately tolerated for even short
periods of time, long-term daily maintenance antiarrhythmic drug (AAD) therapy
may be used. For those patients who fail AAD therapy or for those who are intolerant of or unwilling to take them, catheter ablation therapy (a topic not covered in
this chapter) is an alternative method of rhythm control in the paroxysmal and persistent AF populations [14]. As with PAF, anticoagulation of patients at “high risk”
for thromboembolism is employed – and should be continued even if sinus rhythm
is restored.

Permanent AF
By definition, a patient with permanent AF is one in whom a rhythm control strategy
has been abandoned. Pharmacologic therapy in these patients therefore consists of
rate control and, in “high-risk” patients, anticoagulation (see below). As recent
advances in catheter ablation techniques expand the population of patients in whom
maintenance of sinus rhythm can be achieved to include certain patients with long-
term persistent AF [15] as well as left ventricular dysfunction [16], it has become
feasible to reconsider the possibility of achieving sinus rhythm in the patient with
otherwise presumed permanent AF. In many of these patients, adequate rhythm control may require adjunctive AAD therapy in addition to ablation.

Subclinical AF (SCAF)
Recently, several studies have brought to attention that patients with demographic and
laboratory findings common in patients with AF but in whom AF has not presented
clinically will be found to have “silent AF” on continuous monitoring, such as by pacemakers, defibrillators, or inserted cardiac monitors. The percentage of such findings of
SCAF has varied with the population studied and the length of monitoring, but has
been as high as 40% by 30 months. The significance of these findings and the need for
treatment targeted at SCAF is under active investigation. Likely the significance relates
to both the total AF burden and the specifics of the comorbidities present. Prophylactic
therapies are likely to be proven appropriate in the highest risk patients.

Goals of Treatment
Rate Control Versus Rhythm Control
The goal of the pharmacologic treatment of AF, as in any other disease, is to improve
the quality and, if possible, the quantity of life while minimizing any potential toxic
effects of therapy. Other therapeutic goals specific to the treatment of AF include
preventing or reversing cardiac structural changes caused by the persistence of AF
and thromboembolism prevention.
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In general, the approach to AF therapy has been divided into two possible strategies: (1) controlling the ventricular rate during AF episodes (rate control) and (2)
preventing or reducing AF recurrences (rhythm control). Although this division is
useful conceptually, it is somewhat artificial in clinical practice, since (a) a strategy
of rhythm control does not assure that achievement and maintenance of SR occur
and (b) most often, rate control agents are given to rhythm control patients in addition to their AADs to control rates during recurrences. In individual patients, treatment decisions are based on such factors as the severity, frequency, and type of
symptoms, the presence of comorbidities, the functionality of the AV node, the toxicities of the treatments under consideration, and the preferences of the patient. In
recent years, several trials have been done in order to establish an evidence basis to
guide decision-making [4–7, 17, 18]. Below is a discussion of the relative efficacy
of these two treatment strategies in achieving selected endpoints.

Mortality
As noted above, epidemiologically, AF has been associated with a significant
increase in all-cause mortality compared to patients with SR [3]. It was reasonably
expected, therefore, that if this association was causal, then maintenance of SR
should lead to reduced mortality. Maintaining SR would then become an endpoint
in its own right, without considering the presence or severity of symptoms. Several
trials have been completed in recent years addressing this hypothesis [4–7, 17, 18].
The largest such trial completed is the AFFIRM trial, a study of 4060 patients
aged 65 or older with AF and other risk factors for stroke or death randomized to
either a rate control or rhythm control strategy. In the rate control arm, patients were
treated with β (beta)-blockers, calcium channel blockers, and/or digoxin. Patients in
the rhythm control arm were treated generally with Class III AADs (largely amiodarone) though some received Class I AADs. Overall mortality by intention-to-treat
analysis (the primary endpoint) was not statistically different between the two
groups. There was, in fact, a trend toward increased mortality in the rhythm control
arm [7].
Other, smaller, trials have found similar results. The RACE trial compared rate
and rhythm control strategies in 522 patients with persistent AF and mild-to-
moderate heart failure. The rates of achievement of a combined endpoint that
included mortality, heart failure hospitalization, pacemaker implantation, hemorrhage, thrombotic complications, and severe adverse events were no different
between the two groups [6]. AF-CHF, the first trial to compare rhythm and rate
control strategies in heart failure patients, found no difference in total mortality,
with a higher rate of hospitalizations in the rhythm control group [17]. Other, yet
smaller, randomized trials of treatment strategies in AF including STAF [4], HOTCAFÉ [5], and PIAF [18] similarly found no differences in mortality between
groups (although none were adequately powered to do so). These findings are also
in keeping with the results obtained from sub-analyses of AAD therapy in other
populations, including DIAMOND-AF [19] and CHF-STAT [20]. A meta-analysis
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of available rate vs. rhythm control therapy trials came to the same conclusion and
further found that a rhythm control strategy was associated with higher health-care
utilization and costs [21].
Several features of these trials bear noting. First, they were designed to compare
different treatment strategies, as opposed to different rhythms or specific drugs.
This distinction is necessary because many patients with AF in whom rate control is
pursued may continue to have periods of SR (as occurs in paroxysmal AF patients),
while those seeking rhythm control may be in AF a significant proportion of time
despite AAD or ablative therapy. Note, however, these trials were performed before
the widespread availability of ablation, which may or may not adequately reduce
AF. Second, there was a high overall degree of crossover between groups (14.9%
from the rate control group and 37.5% in the rhythm control group at 5 years in the
AFFIRM trial), such that by intention-to-treat analyses, a fair number of patients
were analyzed as belonging to a treatment assignment that they did not remain in
during the study [7].
Although an orthodox analysis of the randomized data described consistently
fails to demonstrate a survival advantage for a strategy of rhythm control, there are
data that suggest that when sinus rhythm can be maintained and the toxicities of
AAD therapy avoided, patients do significantly better in SR than when left in
AF. An on-treatment reanalysis of the AFFIRM data that classified patients into
subgroups based on which treatment they actually received, as opposed to which
treatment to which they were randomized, found that the presence of SR was associated with a lower risk of mortality, and AAD therapy was associated with increased
mortality after adjustment for the presence of SR [8]. This suggests that beneficial
effects of SR may have been cancelled out by a harmful effect of the drugs used to
achieve it (again, largely amiodarone, which was associated with an increase in non-
cardiovascular mortality). Other data from the DIAMOND-AF [19] and the CHF-
STAT [20] found a similar positive survival benefit for the presence of SR, although
similar analyses in some other drug trials have not duplicated these results [4–6, 18].
An additional point to consider is that patients enrolled in the above mentioned
rate vs. rhythm control trials had to be willing to be randomized to either strategy.
Patients who were already rate controlled and still symptomatic were highly unlikely
to enroll in such trials; hence, such trials should not be taken to indicate that rate
control is a reasonable strategy for all AF patients. Similarly, these trials enrolled
patients at increased risk for thromboembolism or death. Hence, their results should
not be generalized to a lower risk population.
Taken together, the above data suggest that an a priori strategy of rhythm control
with currently available AADs should not be undertaken with the expectation of a
survival advantage. It is important to emphasize, however, that given the lack of
clear increased mortality with rhythm control agents, these data do not suggest that
a strategy of rhythm control be withheld from specific patients who have bothersome symptoms during AF in the presence of a controlled rate. It is possible that
newer AADs with more favorable safety profiles will deliver the benefits of SR in
some patient types without the toxicities of current therapies, as has been suggested
by the ATHENA data [9].
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Quality of Life and Exercise Tolerance
It is known that AF can adversely affect patients’ QoL, exercise tolerance, and functional status in ways unrelated to objective measures of its severity [22], and treatment of AF can improve these endpoints compared to leaving AF untreated [7, 18].
In randomized trials, treatment with a strategy of rhythm control has not conclusively been found to deliver QoL improvements superior to those attained by a
strategy of rate control [23–25]. Most studies have found, however, that those
patients that are able to achieve SR do appear to have improvements in QoL that
exceed those who remain in AF [24, 26]. An important exception is the AFFIRM
trial, in which QoL was comparable whether patients were in sinus rhythm or in AF
[25]. One explanation for this discrepancy may be the relatively low number of
highly symptomatic patients enrolled in the older AFFIRM population.
Rhythm control may be superior to rate control in improving exercise tolerance.
In several trials, exercise capacity improved more in patients treated with rhythm
control strategies than with a rate control strategy [5, 18, 26, 27]. Finally, in those
patients whose primary symptom in AF includes fatigue, as a general rule, rhythm
control will be necessary for improvement.

Ventricular and Atrial Structure and Function
AF is associated with changes in the electrical, contractile, secretory, and structural
functions of the heart and is synergistic to those associated with any underlying
comorbidities. In the atria, structural changes are thought to play a role in the persistence of AF [28] and may explain why SR is more difficult to maintain after
cardioversion in patients with a longer duration of preceding AF [29]. In AF, particularly when comorbidities also affect the left atrium, normal protective atrial
endothelial secretory function is impaired, such that a prothrombotic state
may occur.
Maintenance of SR has been associated with benefits in chamber remodeling in
patients with and without clinical heart failure at baseline in some trials [12, 30,
31]. In the RACE, SR was associated with improvements in LV function and
reduction in atrial sizes in patients with mild-to-moderate heart failure. Similar
improvements were not seen in patients whom the ventricular rate was controlled,
although it did prevent deterioration in LV function [30]. In a small study of
patients with AF and heart failure that underwent catheter ablation, patients who
achieved SR had reductions in LA and LV sizes and increases in ejection fraction,
while those that remained in AF showed none of these changes [31]. Similar
changes were noted in a larger study of patients undergoing catheter ablation who
had relatively preserved baseline LV function [12]. Changes in electrophysiological parameters are also seen with the achievement of SR. Patients who maintain
SR 1 week after cardioversion have increased atrial refractory periods and
decreased sinus node recovery times and P-wave durations compared to immediately after cardioversion [32].
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Prevention of Thromboembolism
AF can be associated with a substantially increased rate of thromboembolic events
that is reducible with the use of oral anticoagulants [33, 34]. Anticoagulation, however, can be inconvenient [2], carries its own risks, and does not completely eliminate thromboembolic potential [35]. In years past, a strategy of rhythm control was
often used with the anticipated goal of discontinuing oral anticoagulant therapy.
Data from both the RACE and AFFIRM trials showed that the rates of thromboembolism were higher in rhythm control patients than in rate control patients, especially if anticoagulation was discontinued or of low dosage, illustrating that a
strategy of maintaining SR by itself does not eliminate embolic risk in patients with
high-risk markers associated with their prior AF [6, 7]. Important to note is that
most of these patients were in SR at the time of their event.
Several observations may explain the above findings. First, restoring electrical
normality to a fibrillating atrium does not immediately, if at all, restore mechanical
normality [36], and the persistence of atrial dysfunction may result in a continued
risk of stroke after SR is restored. Second, recurrences of AF can be asymptomatic
and may go unnoticed unless rhythm monitoring is continuous [37]. Third, AF may
either cause or be a marker of biochemical alterations at the endothelial and intra-
atrial level that may increase stroke risk independent of mechanical considerations
and that may persist after SR has been restored [38]. That is, AF and clot propensity
may both be downstream effects of atrial dysfunction and that AF itself may not be
the (sole) causative factor of increased thromboembolic risk. Certainly, the comorbidities that identify high-risk patients for thromboembolism associated with AF
contribute on their own to atrial abnormalities, for example, hypertensives or diabetics have an increased risk for stroke independent of AF. Fourth, if a clot forms in the
left atrium during AF, it need not embolize during AF; rather, it may even be more
likely to do so after atrial contractility improves as SR persists.
The above suggests that stroke risk persists in “high-risk” patients with AF even
after SR has been restored. As a general rule, patients in AF with indications for anticoagulation (see below) should be continued on it even after rhythm conversion.
Pursuing rhythm control in an AF patient with stroke risk factors has not yet been
shown to reduce their risk of stroke and should not be undertaken for this purpose alone.

 pecific Drugs for Pharmacologic Cardioversion
S
and for the Maintenance of Sinus Rhythm
Antiarrhythmic drugs are most commonly divided into classes based on the
Vaughan-Williams classification system, which categorized them based on their
major mechanism of action (Table 16.2). Recently, an updated classification system
has been proposed so as to account for the newer drugs now available and additional
information about specific AADs and their mechanisms that has become apparent
since the original Vaughan-Williams classification was developed [39]. However, it
is too soon to know if this more complex approach will become part of clinical care
usage. This section will review the role of these AADs in the conversion to and
maintenance of sinus rhythm in AF.
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Table 16.2 The Vaughan-Williams antiarrhythmic drug classification
Vaughan-Williams classification
Na + channel
Ia
Ib
Ic
Procainamide
Lidocaine
Propafenone
Quinidine
Mexiletine Flecainide
Disopyramide Phenytoin

β-Receptora
II
Metoprolol
Propranolol
Esmolol
Carvedilolb,c

K + channel
III
Amiodaroned
Sotalol
Dofetilide
Dronedaroned

Ca + channel
IV
Diltiazem
Verapamil

Among other β-receptor antagonists
Carvedilol also exhibits α-receptor-blocking properties
c
many other beta-blockers also exist
d
Amiodarone and dronedarone possess additional properties beyond potassium channel blockade –
see text. There are also additional agents with antiarrhythmic properties, such as digitalis, ranolazine, and others, that are not included in this drug classification system
a

b

Specific Drugs for Maintenance of Sinus Rhythm
Class Ia
Class Ia agents include quinidine, disopyramide, and procainamide. They are
sodium channel-blocking agents that block the channel in a use-dependent fashion,
thereby causing rate-dependent QRS widening. Drugs in this class also have other
important ion channel and autonomic effects, such as Ikr inhibition in the case of all
three of these agents, Ito inhibition in the case of quinidine, and vagolytic effects in
the case of disopyramide and, less so, quinidine. They have been used for the acute
conversion of AF as well as maintenance of SR after conversion. The potassium
channel inhibitory effects may be associated with torsades de pointes (TdP)-type
proarrhythmia. This risk may be highest with quinidine.

Quinidine
Quinidine is among the first used and best studied of the AADs in AF. Oral quinidine has been shown to increase the odds of SR maintenance over placebo by about
twofold in a systematic review of 44 antiarrhythmic trials [40]. It can also be used
for the conversion of AF to SR. The PAFAC trial showed that the combination of
quinidine plus verapamil achieved maintenance of sinus rhythm after electrical cardioversion in 65% of treated patients [41]. This efficacy was equal to sotalol and
better than placebo. In this trial, verapamil appeared to substantially reduce the risk
of TdP from quinidine. Overall, however, results have been more variable, success
rates varying from 20% to 80% in different reports [42, 43]. Its use has always been
limited by its bothersome side effect profile, which includes diarrhea and upper GI
intolerance in up to a quarter of patients. More concerning, however, are several
reports linking the use of quinidine with an increase in overall mortality [44, 45]. It
lengthens the QT interval and carries a risk for torsades de pointes (TdP). If used for
AF, quinidine must be initiated in-hospital. Dosing is dependent on the specific
congener of the drug used. Serum levels are available and may help guide dosing.
Quinidine is available for parenteral use. When used in this manner, which is rare,
the daily dose is about 2/3 that of the oral dose.
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Procainamide
Procainamide has an efficacy for the conversion of AF that is approximately equal
to that of quinidine [46]. Negative inotropic effects, QT prolongation with a risk
for TdP, and hypotension complicate intravenous administration for this purpose.
It has an active metabolite, NAPA, with similar electrophysiologic characteristics.
In one series, intravenous procainamide converted 52% of treated patients,
although serious side effects occurred in 10%, including hypotension, bradycardia, and heart block [46]. While these concerns limit its use in most circumstances,
it continues to be a drug option in the pharmacological conversion of AF in
patients with WPW, where administration of conventional rate control agents is
limited by concerns over AV nodal suppression and acceleration of ventricular
response through enhanced accessory conduction. Procainamide IV is not FDA
approved for AF; however, dosing has generally been the same as for ventricular
tachyarrhythmias. Serum monitoring of levels is available and may help
guide dosing.
Its long-term oral use for the maintenance of SR has been limited by a side effect
profile that includes rash, GI intolerance, neutropenia, and the development of a
lupus-like syndrome in up to 30% of long-term users and TdP risk. Oral procainamide is no longer obtainable in the USA as a result of significant market decline
over the past few decades.
Disopyramide
There is limited amount of data regarding the use of disopyramide for the treatment
of AF. One trial reported efficacy vs. placebo in the maintenance of SR after electrical cardioversion [47]. Substantial negative inotropic and vagolytic effects can limit
its use in many patients. Its vagolytic actions may be of some benefit in patients with
vagally mediated AF, such as those patients with lone AF that develops nocturnally.
In such patients, in our experience, a single dose prior to bedtime may be adequate
therapy. Pyridostigmine may reduce its vagolytic effects if substantial, as in men
with prostate disorders.
Due to the side effects outlined above, concerns over mortality, and the availability of other classes of drugs, guidelines over the last 1–2 decades no longer
consider Class Ia drugs as playing a role in the drug treatment of AF in the majority
of patients [11]. However, quinidine may be particularly useful for AF in the setting
of short QT syndrome.

Class Ib
Drugs of this class include lidocaine, mexiletine, and phenytoin. They have little
effect on atrial myocardium due to their binding kinetics and the electrophysiology
of atrial cells. Thus, they do not play a role in treating AF. The exception is mexiletine, which may be useful for AF suppression in patients with long QT type 3
(LQT3) [as may ranolazine].
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Class Ic
Available Class Ic agents include flecainide and propafenone. These Class Ic agents
potently block sodium channels in a use-dependent manner, have slow association/
dissociation characteristics, and can prolong refractoriness. Propafenone has weak
beta-blocking effects and even weaker calcium blocker effects in addition to its
Class IC actions. Ninety percent of patients are rapid metabolizers of propafenone;
the metabolites have Class Ic properties with a similar half-life to the parent, but do
not have the beta-blocker actions. Rapid metabolizers need immediate-release
propafenone dosed tid, whereas slower metabolizers can take it bid. To facilitate
more uniform dosing and greater compliance, a sustained-release formulation of
propafenone was developed, which is dosed bid in all patients. The total daily dose
equivalent of the sustained-release formulation, however, is about 150% that of the
immediate-release preparation. Flecainide has no active metabolites, has very weak
Ikr inhibition, and is mainly cleared via the kidneys. Flecainide and propafenone
have been used for the acute conversion of AF as well as maintenance of SR. Both
drugs reduce conduction velocity in His-Purkinje tissue, and both can be suppressant to the sinus node. Thus, caution is required in sick sinus syndrome patients and
in those with conduction system disease.

Propafenone and Flecainide
The largest studies of propafenone for maintenance of SR were the RAFT and
ERAFT studies. RAFT (done in the USA and Canada) and ERAFT (done in Europe)
were two trials with similar designs that studied the efficacy of twice-daily sustained-
release propafenone in patients with PAF. Together, these trials studied over 1100
patients with PAF and randomized them to 325 mg twice a day, 425 mg twice a day,
or placebo. In RAFT, a 225 mg twice-daily arm was studied as well. There was a
dose-responsive increase in the time to recurrent symptomatic AF over placebo in
all propafenone arms [48, 49]. This is consistent with other trials, which have
reported similar efficacy [50]. The absolute efficacy rates for the same doses were
greater in the RAFT than in the ERAFT trial, a result of a population in ERAFT that
had a longer history of AF, a history of more frequent AF events, and more prior
therapy resistance.
Flecainide has been found to prolong time to first AF relapse and time between
symptomatic episodes in patients with PAF. In one placebo-controlled study,
patients treated with flecainide had on average 27 days between symptomatic
attacks and 6 days for placebo patients [51]. The efficacy of flecainide is probably
similar to that of propafenone; one study comparing the drugs head to head in 200
patients found the chances of safe and effective treatment to be 77% for flecainide-
treated and 75% for propafenone-treated patients [52].
Immediate-release propafenone, given as 600 mg orally, has been studied for the
acute conversion of AF (initially in the observed setting), where it has been found to
achieve SR in 62% of patients 8 hours after administration (about double that of
placebo) [53]. Other trials have conversion rates at 8 hours of ∼70–80% with both
single doses of immediate-release propafenone (600 mg) or single doses of
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flecainide (300 mg) with average times to conversion just under 4 hours. Intravenous
administration is equally efficacious, but not commercially available in the USA
[54]. Generally, unless a patient is already on a rate control drug, a single dose of a
rate control agent, such as verapamil 80 mg of its immediate-release formulation, is
given about 1 hour prior to the single dose pill-in-the-pocket propafenone or flecainide to protect against possible increased ventricular rates should Class Ic-induced
atrial flutter develop (see below).
The safety and efficacy of single out-of-hospital doses of AADs for the conversion of AF have been reported. Alboni et al. studied this “pill-in-the-pocket”
approach by giving either weight-based doses of flecainide (200 or 300 mg) or
propafenone (450 or 600 mg) to patients with PAF and recurrent AF in whom pharmacological conversion was initially achieved in the hospital. Both drugs were
effective in terminating palpitations within 6 hours in 94% of episodes and markedly reduced the number of hospitalizations vs. before the trial began [13]. When
used, the first administration of these agents is usually given under observation, and
in successful respondents, subsequent events may be treated at home. This is especially true of patients with unknown sinus and AV node function. In patients who
are known not to have concomitant sinus node disease, conduction disease, or associated structural heart disease, however, initial administration as an outpatient may
be employed. We have done so during the past 2 decades without difficulty. In
patients with known sinus node dysfunction or other conduction system disease,
caution should be used when administering Ic drugs in any setting.
Propafenone and flecainide are generally considered safe drugs for the chronic
suppression of AF in patients with no or minimal heart disease. Perhaps the most
serious cardiac side effect of these drugs is the risk of conversion to atrial flutter.
Their sodium channel-blocking effects may prolong the flutter cycle length (slow
the flutter rate), paradoxically increasing AV nodal impulse transmission, which can
occasionally conduct 1:1 to the ventricles. While this is also true of Class Ia drugs,
it may be more so with these two agents. To prevent this potentially dangerous situation, many physicians administer these drugs concomitantly with AV nodal blockers. Non-cardiac side effects of flecainide include dizziness and visual changes. The
most common side effects of propafenone are a metallic taste disturbance and GI
intolerance [55, 56]. In RAFT and ERAFT, discontinuation rates in excess of placebo were only seen with the highest dose, and serious adverse events did not
exceed placebo event rates with any dose [48, 49].
The use of Class Ic agents is limited to patients without coronary disease and without structurally abnormal ventricles. This major limitation is in large part due to the
results of the CAST trial. CAST studied the effects of flecainide, encainide, and moricizine on mortality in patients with premature ventricular depolarizations after myocardial infarction. The trial was stopped early after it was shown that patients in the
encainide and flecainide arms had a higher rate of total mortality (3.0%) as well as fatal
and nonfatal arrhythmic events (4.5%) than patients in the placebo arm (1.6% and
1.7%, respectively) [57]. Similar results were later reported in the moricizine arm [58].
As a result of the above findings, patients with risk factors for coronary disease
must have documented normal coronary artery anatomy and/or normal results on
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stress testing for inducible ischemia before the administration of a Class Ic agent,
and these agents must be discontinued in those patients with clinical ischemic
events or who develop evidence for coronary artery disease or ischemia from other
causes as they age. Likewise, Class Ic agents should not be administered to patients
with other ventricular pathophysiological states in which cell-to-cell conduction
may be impaired, such as by fibrosis, infiltration, or inflammation, or in the presence of significant ventricular hypertrophy or clinical heart failure. If in doubt,
propafenone may be preferable as several lines of evidence suggest a lower risk of
proarrhythmic ventricular arrhythmias than with flecainide in ventricular arrhythmia studies.

Class II
Class II agents block β (beta)1- and β (beta)2-adrenergic receptors in the heart and
vasculature with varying proportional affinity and are conventionally known as β
(beta)-blockers. Some agents have effects on α (alpha)-adrenergic receptors as well
(e.g., carvedilol). Some have mild-to-moderate beta agonist action (intrinsic sympathomimetic activity, ISA) as well (e.g., pindolol). Some agents have significant
metabolism leading to highly variable serum levels and dose-related effects; these
include propranolol and metoprolol which are more reliable if taken with food or if
taken as their sustained action preparations. As with sustained action propafenone,
the daily dose equivalent with the sustained acting preparations is greater than with
the immediate-release congeners. Other beta-blockers, such as nadolol or betaxolol,
are not metabolized, but rather are renally excreted. They do not have significant
CNS penetration, making them better tolerated (re: side effects of nightmares and
fatigue that plague some patients given beta-blockers), and they have more reliable
dose-effect relationships. Thus, when using a beta-blocker, familiarity with its pharmacologic properties is essential for their optimal use.
While β (beta)-blockade is generally prescribed for control of the ventricular rate
in AF, some basic and clinical data suggest that it may have direct effects in preventing AF occurrence. Data from experiments using isolated human right atrial cardiomyocytes show that chronic treatment with β (beta)-blockers decreases Ito current
density and phase 1 of the action potential, which prolongs action potential duration
and the atrial refractory period [59]. Clinical data support this association.
Observational data have suggested a link between β (beta)-blocker use and a
decreased incidence of AF [60], and randomized data studying the role of β (beta)blockers after cardioversion suggest an effect in maintaining sinus rhythm. One
placebo-controlled trial of extended release metoprolol showed a decrease in the
rate of relapse after cardioversion for persistent AF from 59.9% in the placebo arm
to 48.7% [61]. Atenolol and bisoprolol have also been studied in similar circumstances and have been found to be equally effective as sotalol in decreasing AF
recurrence after cardioversion without the risk of life-threatening TdP [62, 63],
although this similarity in efficacy may only be true when comparing to sotalol in
lower doses (see more on sotalol below).
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Randomized and meta-analysis data [64] suggest that β (beta)-blockade appears
to have particular efficacy in preventing AF after cardiac surgery. The administration of metoprolol after cardiac surgery decreases the incidence of AF occurrence
modestly (39% vs. 31% in the placebo arm in one trial) [65]. This efficacy of metoprolol is increased substantially by the use of a strategy 48-h titrated-dose intravenous metoprolol infusion [66]. Carvedilol may be particularly effective in
post-cardiac surgery AF prevention, having been shown to be superior to both placebo [67] and metoprolol for this purpose. In one randomized active treatment comparison, the incidence of post-cardiac surgery AF was reduced from 36% in the
metoprolol arm to 16% in the carvedilol arm [68]. There is similar data in heart
failure patients that suggests greater efficacy for carvedilol than metoprolol.
Less evidence is available regarding the ability of β (beta)-blockers to achieve
conversion to SR without electrical cardioversion. Although in one small trial, 50%
of the patients given intravenous esmolol converted to SR compared with 12% of
patients given verapamil [69], no placebo-controlled data are available, and the
administration of β (beta)-blockers for this purpose alone is not recommended [11].
Finally, beta-blockers may also enhance AF rhythm control beyond just rate control by inhibiting catecholamine-induced reversal of the electrophysiologic actions
of AADs, something other rate control agents (aside from perhaps verapamil) do not
do. Additionally, due to its ISA, pindolol should be the beta-blocker of choice in
patients with sinus node dysfunction as it is the least likely to adversely affect sinus
rates and has in some series increased the baseline sinus rate about 5 bpm, rather
than decreasing it.

Class III
The available Class III agents for AF rhythm control are amiodarone, dofetilide,
dronedarone, and sotalol. They all have in common their ability to block K+ current
during repolarization, which has the effect of prolonging the APD and the surface
QT interval, although they differ in their pharmacology and full spectrum of antiarrhythmic effects. Amiodarone, dronedarone, and sotalol affect the AV node as well
as atrial tissue and will result in some degree of ventricular rate slowing during
AF. Amiodarone is available orally and for intravenous administration, as is sotalol.
Dofetilide and dronedarone are only available orally.
The major limitation to the use of Class III antiarrhythmics, as a class, is the risk
of TdP, a specific type of polymorphic ventricular tachycardia characterized by a
rotating axis and QRS amplitude. The basis of the increased risk of TdP with Class
III agents is potassium channel inhibition, which prolongs repolarization and can
induce early afterdepolarizations. Although TdP most commonly terminates spontaneously, sustained episodes yielding syncope as well as degeneration to ventricular fibrillation can occur. Although all Class III agents have this effect on the QT,
some Class III agents (dofetilide, sotalol) appear to have a greater propensity to
cause TdP than others (amiodarone, dronedarone) [70]. Moreover, there is some
data to suggest that TdP is less likely to stop spontaneously with dofetilide than with
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sotalol. The inter-drug differences in TdP risk may be a result of degree of ion channel specificity, differences in the degree of use dependence, and/or actions on non-
potassium channels [71]. Patient factors appear to be important as well. For example,
women have a longer QT interval than men at baseline and are twice as likely to
develop TdP with all QT interval-prolonging drugs. Risk increases in the setting of
hypokalemia, hypomagnesemia, and bradycardia [72]. It also increases in the presence of ventricular hypertrophy and impaired metabolism/elimination of the causative drugs. Vigilance in monitoring the QT interval, electrolyte status, and renal
function is required to mitigate proarrhythmic risk. The time of greatest risk in AF
patients given these drugs is at the time of conversion when post-conversion pauses
or bradycardia may occur.
An important issue in the assessment of proarrhythmic risk is the difficulty in
accurately measuring the QT interval in AF. Commonly used corrections do not
account for variability in the RR interval and are inaccurate at the extremes of heart
rate often seen in AF. Recently, a QT correction formula has been derived for use in
AF that appears to be more accurate than conventional corrections [73].

Sotalol
Sotalol is a medication with both Class II (β (beta)-blocking) and Class III (K+channel-blocking) effects. It is administered as a racemic mixture of l- and d-sotalol
and has efficacy for both ventricular and atrial arrhythmias. Although both isomers
contribute to sotalol’s Class III properties by blocking the rapid component of the
delayed rectifier current (Ikr) and thereby prolonging repolarization, the l-isomer is
responsible for virtually all of sotalol’s β (beta)-blocking properties. As opposed to
amiodarone, sotalol (as well as dofetilide) may decrease defibrillation thresholds in
patients with implantable defibrillators [74].
Sotalol is renally excreted. Beta-blocking effects of sotalol are present in doses
as low as 40 mg bid and generally plateau at doses between 240 and 320 mg/d. In
contrast, in patients with normal creatinine clearance, Class III effects only begin at
80 mg bid and increase progressively thereafter as the dose increases.
Oral sotalol has generally been found to be ineffective for the conversion of AF
to SR [75–77] and is not recommended for this purpose [11]. However, it has been
found to be effective for the maintenance of SR [78, 79]. In a double-blind placebo-
controlled multicenter trial comparing 80, 120, and 160 mg twice-daily sotalol regimens with placebo in 253 patients with AF who were in SR at the time of enrollment,
time to recurrence of AF was significantly longer in the groups taking the higher
two dosages of sotalol (229 and 175 days) than placebo (27 days) [78]. Similar
results were found in another trial that included patients with paroxysmal supraventricular tachycardias in addition to AF [79]. No deaths or episodes of TdP were
reported in either trial, which followed strict exclusion and dosing protocols.
Direct comparisons of sotalol with amiodarone have generally found sotalol to
be the inferior agent for the maintenance of SR [80–82]. As mentioned above, both
the CTAF and SAFE-T trials found greater efficacy for amiodarone than sotalol in
freedom from recurrence of AF [80, 81] although some selection biases were present in these trials. Analysis of the AFFIRM data as well as systematic meta-analysis
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reached the same conclusion [40, 82]. A possible exception may be in patients with
ischemic disease. In the SAFE-T trial, the median time to AF recurrence among
ischemic patients was equal between the amiodarone and sotalol groups [81].
Although less efficacious than amiodarone, sotalol has generally been found to
have an efficacy for AF reduction/prevention equal to Class Ic agents. A 100-patient
randomized trial of propafenone and sotalol in patients who failed previous treatment with Ia agents found no difference between the drugs, with ∼40% of patients
in each group maintaining SR [83]. This is consistent with data from the CTAF trial,
where an equal percentage of patients (37%) in the propafenone and sotalol arms
were free of AF at 1 year [80]. One of sotalol’s biggest advantages over Class Ic
agents is that its β (beta)-blocking properties may make it effective in controlling
the ventricular rate during periods of AF breakthrough. In fact, β (beta)-blockers are
often administered with Ic agents to mitigate the risk of rapid conduction after conversion of AF to atrial flutter. Because of the risk of TdP, sotalol should not be used
only as a rate control agent.
The most important concerns regarding sotalol, which is not organ toxic, are
bradycardia, which is dose dependent, and proarrhythmic TdP. The risk of TdP is
2–4% for all indications, although it is highest in those treated for sustained VT and
VF and lower in those treated for AF [74, 84]. TdP is more common at higher doses
of sotalol (> 320 mg/day), in the presence of decreased renal function (the drug is
renally excreted), and female gender [72, 85]. Sotalol may be given to patients with
heart failure, but caution should be used in patients with congestive symptoms. In
the heart failure population, sotalol is associated with an increased risk of TdP [84]
but a decrease in the incidence of shocks in those with an implantable defibrillator
[86]. Due to concerns about increased risk of TdP in hypertrophic hearts, the guidelines have not recommended the use of sotalol in patients with more than minimal
hypertrophy [11].

Dofetilide
Dofetilide is a highly specific blocker of the rapid component of the delayed rectifier potassium current (Ikr). At least one report suggests that it may also inhibit the
late sodium channel. Its effects on the action potential are similar to that of other
Class III agents, namely, prolongation of phases 2 and 3 and therefore the surface
QT interval. Its main drawback is the potential for proarrhythmic TdP (see below),
which is influenced by dose, QT interval, and renal function. Dofetilide is renally
excreted and has a renal and QT interval dosing algorithm. Dofetilide also has
numerous drug interactions, including some with verapamil and diltiazem that must
be noted. For these reasons, it should only be used by physicians who are well
familiarized with its complex pharmacology. In its clinical AF trials, TdP was often
not self-terminating.
Dofetilide can be used for the conversion of AF to SR. Intravenous dofetilide,
which is not commercially available, converted 31% of patients with either AF or
atrial flutter into SR compared to 0% with placebo, although efficacy was significantly greater in patients with atrial flutter (54%) than those with AF (15%) [87].
Other trials using oral dofetilide have found comparable conversion rates from AF
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as well as atrial flutter [19, 88, 89], but the availability of ibutilide, an available and
established intravenous Ikr blocker, coupled with the need for in-hospital initiation
of dofetilide makes its use for this purpose unusual.
Oral dofetilide has been studied in several randomized trials and shown to be
efficacious in the maintenance of SR. The SAFIRE-D trial evaluated three doses of
dofetilide in patients with AF and atrial flutter. Among 250 patients who converted
to SR, all doses of dofetilide achieved higher rates of SR maintenance at 1 year (up
to 58% for 500 mcg bid dofetilide) than placebo. Adverse events included TdP in
0.8% (two patients) and one sudden cardiac death, thought to be arrhythmic [89].
The SAFIRE data are consistent with the findings of the EMERALD trial, in which
671 patients with AF were randomized to dofetilide (in one of three dosages),
sotalol (but only at 80 mg bid), or placebo. Dofetilide was more effective than either
sotalol or placebo. The sotalol comparative findings of the EMERALD trial may be
limited, however, in that the one dose level of sotalol used was low and that the trial
was only presented in abstract form.
The DIAMOND trial was a study of the effect of dofetilide compared to placebo
on mortality in patients with heart failure with or without ischemic heart disease.
Overall survival was not different between the two groups. Among those patients
with AF or atrial flutter, cardioversion occurred in 59% compared with 34% with
placebo and was maintained at 1 year in 79% and 42% of patients, respectively.
Restoration of SR was associated with decreased mortality, and dofetilide treatment
overall was associated with a decreased rate of hospitalizations. Torsades occurred
in four patients (1.6%) with no fatalities [19].
Overall, dofetilide is an effective drug for the conversion of AF or maintenance
of SR. Although dofetilide probably has a neutral effect on mortality in patients
with heart failure [90], it does have a measurable, if low, risk of TdP, which may not
be self-terminating. It must therefore be initiated in a monitored setting, with careful dose adjustments for changes in creatinine clearance (it is renally excreted) and
QTc. Since direct comparisons to other AADs with more established efficacy and
safety profiles are lacking, it is often not used first line except in heart failure
patients [11].

Dronedarone
Dronedarone is a non-iodinated benzofuran derivative of amiodarone without thyroid toxicity and only a minimal risk of pulmonary effects or hepatic effects. Its
most common side effects are nausea and diarrhea. These may be less if taken with
food. Like amiodarone, serum levels are higher with dronedarone when taken with
food versus fasting, so like amiodarone, dronedarone should consistently be taken
with food. Unlike amiodarone, dronedarone dosing is bid and only 400 mg doses
are available. Among its many ion channel- and receptor-blocking effects, it has AV
nodal suppression such that the ventricular rate during AF typically decreases
10–15 bpm. In similarly designed phase III trials (ADONIS and EURIDIS) of
dronedarone in patients with paroxysmal or persistent AF that had been cardioverted, dronedarone was associated with a significant increase in time to recurrence
compared with placebo (158 vs. 59 days in ADONIS and 96 vs. 41 days in EURIDIS)
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and a decrease in the ventricular rate during recurrent episodes [91]. Enthusiasm for
dronedarone waned after the results of the ANDROMEDA trial, which evaluated
the effect of dronedarone on mortality on patients with recent or active Class IV
heart failure in which increased mortality with dronedarone therapy was noted [92].
However, in a retrospective analysis, mortality was increased only in those patients
in whom angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor
blockers (ARBs) had been discontinued. Insufficiently appreciated at the time,
dronedarone decreases renal tubular secretion of creatinine, increasing serum creatinine levels without actually effecting filtration rate, creating the false impression
of renal dysfunction. Inappropriate withdrawal of the ACE inhibitors and ARBs,
stalwarts of heart failure therapy, rather than just direct effects of dronedarone,
which has some calcium-blocking properties, may have been an important contributor to the ANDROMEDA results. Subsequent to ANDROMEDA, the results of the
ATHENA trial that evaluated the safety of dronedarone on mortality and rhythm
control in 2628 high-risk patients with AF were reported. Without any excessive
discontinuation of ACE inhibitors in this trial, which studied patients with similar
characteristics to those in AFFIRM, there was a 24% decrease in the combination of
all-cause mortality and cardiovascular hospitalization (the trial’s primary endpoint)
[9]. Reductions in arrhythmic death, acute coronary syndrome, and other clinically
important endpoints, including AF, also occurred. In the USA, dronedarone was
approved to decrease cardiovascular hospitalization in nonpermanent AF patients
with characteristics similar to ATHENA trial enrollees, who do not have Class IV
heart failure or recent decompensation. Subsequent to ATHENA, the PALLAS trial
was performed [93]. In PALLAS, which enrolled only patients with permanent AF,
most of whom had a history of prior unstable heart failure and many of whom were
concomitantly taking digitalis, an increased risk of mortality, stroke, and other
adverse outcomes was seen on dronedarone vs. placebo. Accordingly, again, dronedarone should not be used in patients with significant heart failure and should not be
used in permanent AF for ventricular rate control.

Amiodarone
Amiodarone is a complicated antiarrhythmic that, while classified as Class III, displays characteristics of all antiarrhythmic drug classes. It has a very large volume of
distribution due to extensive accumulation in various locations. The half-life of
amiodarone is uncertain, but is considered weeks to months. Accordingly, it takes a
considerable amount of time to reach steady state and to wash out if it is discontinued. Therefore, amiodarone is often “loaded” before steady-state dosages can be
prescribed. The “load” commonly considered suitable in patients with AF is 5 grams
(half the 10-gram load typically used for ventricular tachyarrhythmias). Serum levels of amiodarone and its active metabolite are available and may be helpful in
determining if loading has been adequate and if washout has been accomplished.
Amiodarone has an extensive side effect profile, including optic nerve, pulmonary,
neurologic, skin, thyroid, and hepatic toxicity that necessitates long-term follow-up
and screening of liver function, thyroid, eye, and pulmonary status on a scheduled
basis, regardless of the absence of symptoms for those chronically exposed.
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Additionally, amiodarone may increase defibrillation thresholds in patients with
implantable defibrillators. Amiodarone is burdened with innumerable drug interactions. No drug should be co-administered with amiodarone without first checking
on the interaction potential and required dosing adjustment. If a patient is to be
switched from amiodarone to another AAD, the alternative drug should start with a
low dose that is later increased as amiodarone washes out and its drug interaction
effects dissipate. Despite this formidable description, data from several randomized
trials indicate that amiodarone is the most effective antiarrhythmic currently available for rhythm control in treatment of AF [80–82, 94, 95], for which it does not
have FDA approval.
The CTAF trial studied 403 patients with persistent and paroxysmal AF with
least one episode in the preceding 6 months given open-label amiodarone or another
AAD. The other AAD was either propafenone or sotalol (in randomized modest
doses), given sequentially in an order that was determined in a second randomization. After initial cardioversion, 65% of amiodarone-treated patients were free from
recurrent AF (defined as symptomatic AF lasting at least 10 min) compared with
37% of the propafenone- or sotalol-treated patients. Among those with AF relapse,
amiodarone was associated with a longer time to first recurrence than propafenone
and sotalol (> 498 compared with 98 days). There was a trend toward increased
discontinuation of study medication due to side effects in the amiodarone arm (18%
vs. 11%) [80]. Some, but not all, additional comparisons of amiodarone to propafenone and sotalol [95, 96] in patients with paroxysmal AF are consistent with the
above findings.
Amiodarone has also been studied in patients with persistent AF. In the SAFE-T
trial, 665 patients were randomized to amiodarone, sotalol, or placebo in a blinded
fashion. At 1 year, SR was maintained in 52% of amiodarone, 32% of sotalol, and
13% of placebo-treated patients. The median time of recurrence of AF was 487, 74,
and 6 days, respectively. In subgroup analysis, the median time to recurrence in
patients with ischemic disease was not significantly different between amiodarone
and sotalol. Restoration and maintenance of SR were associated with improvements
in QoL and exercise capacity [81].
The results described above are supported by data obtained from the AFFIRM
trial, where amiodarone was associated with a greater frequency of cardioversion-
free SR maintenance than either sotalol or Class I agents [82], as well as by results
of a systematic meta-analysis of 44 trials, which found that amiodarone was the
most effective drug for the treatment of AF (odds ratios of 0.19, 0.31, and 0.43 for
the maintenance of SR compared to placebo, Class I drugs, and sotalol, respectively) [40]. Amiodarone’s efficacy may be lowered somewhat by a side effect profile that is greater than with other AADs. One trial found that when taking both
tolerability and efficacy into account, propafenone was favored over amiodarone in
maintaining SR [94].
Intravenous amiodarone is also effective in converting AF to SR, although its
particular pharmacokinetics requires a substantial dosing period (usually >24 hours)
and total dose (usually 1–2 gm) before adequate tissue levels accumulate, reducing
its immediate-term efficacy. Slowing of ventricular rate, however, may occur with
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as little as 300–400 mg of IV amiodarone. For the acute conversion of recent-onset
AF, one meta-analysis concluded that oral amiodarone was minimally more effective than placebo for conversion at 6–8 but significantly so at 24 hours [96], while
another found an odds ratio of 4.33 for conversion to SR after 48 hours but 1.4
before [97]. In AF of more chronic duration, amiodarone was found to be equally as
efficacious as sotalol in the SAFE-T trial after 28 days of treatment (27% vs. 24%,
respectively) [80] and equal to propafenone in another study (47% vs. 41%, respectively) [98]. Although efficacy was equal in this latter study, all conversions on
amiodarone occurred after 7 days of therapy.
Amiodarone is also effective at increasing the efficacy of electrical cardioversion of
patients with chronic AF who do not achieve spontaneous cardioversion on drug.
Amiodarone pretreatment renders electrical cardioversion in chronic AF more effective
than placebo or diltiazem pretreatment (68–88% efficacy) [99, 100]. It also decreases the
frequency of (37% amiodarone vs. 80% placebo) and increased the duration (8.8 months
amiodarone vs. 2.7 months placebo) between relapses after cardioversion [99].

Class IV
Non-dihydropyridine calcium channel antagonists, verapamil and diltiazem, block
L-type calcium current in cardiomyocytes and AV nodal tissue. Like β (beta)-blockers, they are generally used for the control of ventricular rate in AF. Several studies
have investigated potential inherent antiarrhythmic effects of calcium channel
blockade. Verapamil, unlike diltiazem, has some antiadrenergic properties via
impaired transmission at sympathetic ganglionic nerve terminals. Some studies
have suggested that treatment with verapamil can abrogate atrial electrical remodeling seen in acute AF [101–103], suggesting it may have particular benefits when
used for rate control in these patients. Some studies, however, have suggested possible proarrhythmic effects of acute calcium blocker administration [104]. Although
some data have suggested a modest effect in preventing atrial arrhythmias after
thoracic surgery compared to placebo [105], data for its use in maintaining SR after
cardioversion have been disappointing [106].
Overall, the data supporting a role for calcium channel blockers in AF outside of
rate control are weak, and they are not recommended for this purpose [11].

Specific Drugs for Conversion to Sinus Rhythm
Although AF may convert when any AAD is used, most do not have pharmacological
conversion as part of their approved indications; and, other than the pill-in-the-pocket
use of propafenone and flecainide, in general, the agents listed above are not specifically given to achieve cardioversion. In contrast, ibutilide (available in limited countries, including the USA) and vernakalant (available in Europe but not in the USA) are.
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Ibutilide
Ibutilide, like dofetilide, is a blocker of Ikr, although it also delays inactivation of the
slow inward sodium currents that occur during early repolarization to some degree
(likely more so in ventricular than in atrial tissue). In addition to prolonging the QT
interval, ibutilide may infrequently cause some mild slowing of the sinus rate [107,
108]. Ibutilide is only available as intravenous infusion and is therefore only used
for acute arrhythmia termination.
Two separate trials of ibutilide in patients with AF or atrial flutter of relatively
recent onset using two 10-min 1 mg infusions separated by 10 min showed acute
conversion rates of 35–47% [109, 110]. Conversion was more common in patients
with atrial flutter (63%) than in those with AF (31%), in those with a shorter duration of arrhythmia, and in those with a normal left atrial size [110]. Conversion rates
of acute AF and atrial flutter after cardiac surgery have been even higher. Concomitant
administration of 4 g of intravenous magnesium with ibutilide enhanced the efficacy
of conversion and attenuated increases in QT interval in one trial [111]. Alternatively,
MgSO4 may be administered upon conversion to SR or upon the development of
ventricular ectopy to reduce the subsequent risk of TdP. Off-label, ibutilide has been
given as 2 mg over 30 minutes (the same total dose as above) with the infusion
stopped if conversion to sinus rhythm occurs prior to its completion, in hopes that
the lower total dose received will have a lower risk of TdP.
The rate of TdP with ibutilide has been 1.7% (sustained) to 8.3% (overall) in
large trials [109, 110, 112] and is more common in women [113] and in the other
conditions that enhance TdP risk as noted above. Like sotalol, ibutilide exhibits
reverse use dependence. Prolongation of the QT is therefore exaggerated at slower
heart rates, which may explain an increased propensity toward TdP during bradycardia. Patients treated with ibutilide should have ECG (QT interval) monitoring
after the infusion until the QT returns to its baseline level (usually 4 hours or less).

Vernakalant
Vernakalant is an atrial-specific AAD that blocks the ultrarapid K+ current (Ikur) and
the transient outward current (Ito) and has a mild effect on Na+ channels. Trials of
intravenous vernakalant in medical patients have found it to have an efficacy for the
acute conversion of relatively recent-onset AF (3–7 days) of 52% compared with
3% of placebo-treated patients, with an average conversion time of 8–11 minutes.
Vernakalant was not efficacious in converting atrial flutter, and there were no
reported instances of TdP [114]. Intravenous vernakalant was submitted to the FDA
for an indication of AF conversion, but an additional trial to increase the size of the
overall population studied was requested prior to approval but never completed.
However, it was approved and is available in Europe, where another additional trial
showed it to be more effective than amiodarone for rapid conversion.
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 rugs Used for Rhythm Control that Have Not Been Classically
D
Considered as Antiarrhythmics
Many drugs that do not directly affect the action potential and are not conventionally classified as antiarrhythmics have been studied for their ability to treat AF. These
agents are beyond the scope of this chapter, but the interested reader is referred to
detailed reviews [115, 116].

Ranolazine
Ranolazine is an inhibitor of the late sodium current that is approved for the management of angina. While it is not approved for AF, ranolazine has been shown to be effective for both converting AF to sinus rhythm and for reducing AF recurrences [117–123].
It is only available orally. When used for AF, ranolazine is dosed the same as for angina:
500 or 1000 mg bid. Its side effects are mainly constipation and occasionally dizziness.
It does not cause bradycardia or hypotension, it has not been shown to be proarrhythmic
(although it does increase the QT interval by <10 seconds), and it has not been organ
toxic. When given in association with QT-prolonging AADs, such as dofetilide, ranolazine has blocked the development of TdP. Ranolazine can be used in patients with and
without structural heart disease/ischemia. It also reduces HgB A1C and improves diastolic dysfunction. For AF, ranolazine has been shown effective following cardiac surgery as well as in some patients who have failed both other AADs and ablation or with
contraindications to other AADs due to heart failure [124–131]. Additionally, ranolazine
has worked as pill-in-the-pocket for converting AF to sinus rhythm (with an average
time to conversion <6–8 hours following a dose of 2 gm) [132]. Ranolazine has also
been shown to enhance the efficacy of both amiodarone and dronedarone for the termination and the prevention of recurrent AF when given in combination [133–137]. In the
HARMONY trial, medium dose ranolazine (750 mg bid) combined with either of two
reduced doses of dronedarone (200 mg and 250 mg bid) decreased PAF events to a
greater degree than ranolazine alone, dronedarone alone, or placebo. Unfortunately, this
combination of lower doses is not yet commercially available.

Specific Drugs for the Control of Ventricular Rate in AF
The main determinant of the ventricular response to AF in patients without an
accessory AV nodal connection is the functional refractory period of the AV node,
which is in turn determined by intrinsic factors and the balance of sympathetic and
parasympathetic tone. Drugs used to slow the ventricular response in AF act either
by directly increasing AV nodal conduction/refractoriness properties or by changing
autonomic characteristics. Multiple drugs are available for this function, including
β (beta)-blockers, non-dihydropyridine calcium channel antagonists, digoxin, and,
much less commonly, clonidine. Other medications usually reserved for control of
the atrial rhythm, including amiodarone, sotalol, dronedarone, and, to a lesser
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extent, propafenone, also have rate-slowing effects in AF. Sotalol, dronedarone, and
propafenone should not be used for this purpose. They are mentioned here only to
alert the reader that the doses of other rate control agents may need to be adjusted
when given in combination with these drugs.
Beta-blockers, calcium channel blockers, and/or digitalis can be combined to
achieve rate control if they are not effective alone, especially in patients with normal
ventricular function. Negative inotropy is a concern in patients with systolic failure,
while combination therapy may increase the risk of bradycardia, especially in those
patients with AF and sinus node dysfunction. Permanent pacing may be indicated
for paroxysmal AF patients in whom the ventricular rate in AF cannot be controlled
without periods of symptomatic bradycardia in SR or for permanent AF patients
who have large rate swings in the arrhythmia with rapid rates requiring AV nodal
suppression but slow rates necessitating pacer implantation. Alternatively, pindolol
should be considered as its ISA properties have reduced the need for pacemaker
implantation in this circumstance. Digitalis should not be used in vagal-mediated
AF as it may increase the AF burden.
The determination of adequate rate control should be done during ambulation, not
just at rest, as a slow resting rate may not equate with control during sympathetic
stimulation or other stimulants. Accordingly, for most patients, ambulatory monitoring or exercise testing should be performed when assessing rate control in AF.

Class I
Class I agents are not used for the control of ventricular rate in AF. Although
propafenone has weak β (beta)-blocking properties (∼1/40th the potency of propranolol on a milligram for milligram basis) and very weak calcium channel-
blocking actions, they are too small to provide any clinically meaningful ventricular
rate control. Other Class I agents, such as quinidine and disopyramide, have vagolytic effects and have the potential to increase AV nodal conduction.

Class II
By inhibiting adrenergic input into the AV node, β (beta)-blockers act to increase
AV nodal refractoriness, thereby prolonging the functional refractory period of the
AV node. They are especially effective postoperatively and under circumstances of
increased sympathetic tone. Although used mainly for this purpose, they may also
have antiarrhythmic effects in certain circumstances, as noted above.
For the acute control of rapid AF, intravenous formulations of β (beta)-blockers
such as metoprolol, atenolol, and propranolol can effectively control ventricular
rate. Esmolol, a short-acting selective β (beta)1-antagonist, can be particularly useful as a continuous infusion in difficult-to-control cases.
For long-term management, oral β (beta)-blockers such as metoprolol, atenolol,
nadolol, bisoprolol, carvedilol, or propranolol (among others) may be given. A
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systematic review of the use of β (beta)-blockers for rate control found that compared
to placebo, β (beta)-blockers are effective for the control of ventricular rate in AF both
at rest and during exercise, usually without deleterious effects on exercise tolerance.
Among those β (beta)-blockers studied, nadolol and atenolol were the most efficacious
[138]. Notably, they are renally cleared rather than hepatically metabolized and have
more prolonged and stable serum concentrations (as does betaxolol). In the AFFIRM
trial, β (beta)-blockers were the most effective class of drugs for rate control, achieving
target heart rates in 70% of patients vs. 54% for calcium channel blockers [139].
Newer agents such as carvedilol, a nonselective agent with β (beta)- and α (alpha)adrenergic-blocking activity, are also effective in controlling ventricular rate in
AF. In the heart failure population, in whom β (beta)-blocker administration is indicated for its beneficial effects on overall survival [140], carvedilol has been shown to
decrease the ventricular rate both at rest and during exercise [141]. Notably, as compared to metoprolol in several studies, carvedilol also has some antiarrhythmic
actions and lower mortality risk in heart failure. The efficacy of β (beta)-blockade in
this population is of substantial clinical utility, as the administration of diltiazem has
been associated with increased mortality events in patients with baseline reductions
in ejection fraction [142]. In patients with the brady-tachy syndrome, pindolol is the
beta-blocker of choice as its intrinsic sympathomimetic actions prevent worsening of
sinus bradyarrhythmias in about 85% of such patients, while its beta-blocking effects
are useful in control of the ventricular rate in AF [143].

Class III
Amiodarone, dronedarone, and sotalol can each slow the ventricular rate in AF,
although their toxicities and availability of alternative rate control agents limit their
use for this purpose alone (see above). Sotalol has effective β (beta)-blocking properties at higher doses and has an advantage over other antiarrhythmics in that breakthrough AF occurs at a slower rate. In one study, sotalol was more effective in
controlling ventricular rate during exercise than metoprolol [74].
Amiodarone also has rate-slowing effects in patients that do not achieve conversion. It may have a limited role in rate control in critically ill patients with rapid AF
in whom intravenous administration of conventional agents may precipitate or exacerbate heart failure and in whom electrical cardioversion is contraindicated or not
desirable. In one study, intravenous amiodarone decreased the mean heart rate in
critically ill patients with rapid AF by 37 beats per minute and increased mean blood
pressure, while intravenous esmolol, diltiazem, and digoxin had no effect on the
heart rate and reduced mean blood pressure overall [144]. Intravenous amiodarone,
however, can cause hypotension. Dronedarone, in addition to its effects on preventing AF, is useful for slowing the ventricular rate, as was shown in the ADONIS/
EURIDIS and ERATO trials [145]. Rates at rest on Holter monitoring and rates
during exercise testing were both improved with this agent (averaging about
10–15 bpm). However, after PALLAS (see above), dronedarone is contraindicated
simply for rate control.
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Class IV
Calcium channel blockers slow the ventricular response in AF by decreasing L-type
calcium current in the AV node, which reduces the height of the action potential,
prolongs its duration, and increases the AV nodal functional refractory period.
Both of the most common non-dihydropyridine calcium channel blockers currently in use, diltiazem and verapamil, are effective medications for rate control in
AF. They are subject to the same cautions noted above as β (beta)-blockers with regard
to bradycardia and decreased inotropy in specific populations [142]. Like beta-blockers, both can slow sinus rates as well as prolong AV conduction. Chronic treatment of
patients with systolic dysfunction may be a particular issue with verapamil and diltiazem, as noted above, although calcium channel blockers may be particularly helpful
in patients with bronchospastic disease which β (beta)-blockers may aggravate.
Particular caution must be exercised when administering combination beta-blockers
and calcium channel blockers to patients with symptomatic systolic dysfunction as
these patients may be particularly prone to hemodynamic compromise.
Diltiazem and verapamil appear to be equally effective in decreasing ventricular
response in AF both at rest and with exercise and may provide more benefits in QoL
and exercise tolerance than β (beta)-blockers [146, 147]. A systematic review of
calcium channel blockers for control of ventricular rate in AF found similar results
[138]. Intravenous formulations may be useful for the acute control of ventricular
rate, although infusions are generally required, and hypotension may be a limiting
side effect [148].

Digoxin
Digoxin is a cardiac glycoside derived from the foxglove plant. Its main effects are
to increase parasympathetic tone, thereby prolonging the functional refractory
period of the AV node. It also increases inotropy by inhibiting the Na+/K+ ATPase
pump, which indirectly increases myocyte Ca2+ availability. It is renally cleared, and
doses must therefore be adjusted in renal failure.
Digoxin has no role in the conversion of AF, having been shown in randomized
trials against placebo to be ineffective for this purpose [149, 150]. Digoxin is, however, extensively used for the control of the ventricular rate in AF. However, because
of its mechanism of action, it is most efficacious under conditions in which modulation of parasympathetic tone is most relevant. For example, in a systematic review,
the majority of trials of rate control agents in AF that involved digoxin found that
while it was effective in slowing resting heart rate, it did not control the ventricular
response under exercise conditions [138]. Although some data have suggested that
digoxin can be as effective as other agents at rate control in AF [139], most active
patients will not achieve adequate control with digoxin monotherapy and must be
managed with at least one additional agent. It is therefore most appropriate to use
for rate control in sedentary patients and in those with systolic heart failure. Digitalis
may increase vagal-induced AF.
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Drug Selection in Specific Populations
In all cases, a thorough history and physical exam including basic laboratory tests and
evaluation of cardiac function should be performed in every AF patient in order to
identify possible reversible causes and precipitants of AF, such as valvular disease,
metabolic abnormalities, and thyroid function. The effects of lesser recognized factors, such as caffeine, stress, alcohol, and obesity on the initiation of AF, should not be
underestimated. One study demonstrated acute stress, high coffee consumption, and
body mass index over 30 as independent risk factors for the development of AF, and
acute ingestion of excessive amounts of alcohol is known to precipitate AF in otherwise healthy individuals. Not all types of alcoholic drinks may be equally arrhythmogenic, as specific components (such as tannins contained in wine) may play a role in
particular patients. Precipitant issues should be addressed in all patients with AF.
When the decision to initiate antiarrhythmic therapy has been made, drug selection in a particular patient is based on the balance of efficacy and safety of the various available agents in particular patient populations as well as potential
pharmacokinetic/pharmacodynamic interactions with any AAD being used. The
relevant patient characteristics include left ventricular systolic function, ventricular
mass, presence of coronary disease, previous infarction, and renal function
(Table 16.3). Recommendations are summarized in Table 16.4 [11].

Table 16.3 Important clinical characteristics in choosing AADs for AF
Important clinical characteristics in choosing AADs
LV dysfunction
Congestive symptoms preclude sotalol use, but reduced LVEF alone does not
Proarrhythmic risk precludes Class Ic use if LV dysfunction or ventricular scar is present
Amiodarone considered first line
Dofetilide may be considered as first or second line
Dronedarone should be contraindicated in severe heart failure, current or recent
Ranolazine is an option
LV mass
Significant LVH precludes Class I, sotalol, or dofetilide use, though disopyramide has been
used in hypertrophic cardiomyopathy
Amiodarone considered first line
Ranolazine is an option
Coronary artery disease
Class Ic agents contraindicated
Sotalol, dronedarone, or dofetilide considered first line
Amiodarone considered second line due to toxicities
Ranolazine is an option
Impaired renal function
Toxic metabolites may accumulate with procainamide use
Dofetilide and sotalol contraindicated with severe renal dysfunction, dosing adjustment needed
for lesser dysfunction
Caution advised with Class Ic use
Prolonged baseline QT interval
Increased proarrhythmic risk with Class Ia and III AADs
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Table 16.4 The selection of AADs in specific populations
Approach to AAD selection for AF rhythm control
Characteristic
First line
No or minimal disease
Flecainide
Propafenone
Sotalol
Dronedarone
Ranolazine (literature supported
but not in the current guidelines)
Hypertension with LVH
Amiodarone
Coronary disease
Sotalol
Dofetilide
Heart failure
Amiodarone
Dofetilide

Second line
Amiodarone
Dofetilide

–
Amiodarone
Ranolazine
Ranolazine

Minimal Disease
For patients with structurally normal ventricles and normal renal function, first-line
drugs include propafenone and flecainide as well as sotalol and dronedarone. These
agents are safe and efficacious in this population and can spare patients the toxicities of long-term amiodarone use. All four are essentially devoid of organ toxicity
except for very rare reports of liver and lung toxicity with dronedarone – especially
if previously present with amiodarone. The Class Ic AADs are also essentially
devoid of ventricular proarrhythmic risk in this population, and the TdP risk of
sotalol in this circumstance should be less than 1–2% if administered properly.
Ranolazine is also reasonable in this patient group.
Although the use of Ia agents for AF rhythm control is discouraged, and they no
longer appear in the latest practice guidelines, the vagolytic properties of disopyramide may be of benefit for those cases in which vagal tone is known to be a substantial AF precipitant.

Coronary Disease
For patients with coronary disease who require drug therapy beyond β (beta)-blockade, amiodarone [151, 152], sotalol [153], and ranolazine [120] have neutral effects
on mortality in the general post-infarct population. Sotalol is considered first-line
therapy given its β (beta)-blocking capacity, although dofetilide plus a rate control
agent may also be used. Amiodarone, although effective, is reserved for second-line
therapy given its toxicities. Dronedarone is another alternative so long as severe
heart failure is absent, as is ranolazine.
For patients with coronary disease and previous infarction, Class Ic agents are
contraindicated given an increased mortality when used in this population [57].
These agents are also generally withheld in patients with coronary disease who have
not yet had infarction given concern over the potential for proarrhythmia in even
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reversible ischemia. Their use in patients without coronary disease but with substantial risk factors is up to the discretion of the physician but requires vigilance in
screening for the development of coronary lesions.

Heart Failure
Patients with left ventricular systolic dysfunction and congestive failure are generally treated with ACE inhibitors/ARB and β (beta)-blocker for their beneficial
effects on overall survival. These medications, by improving overall hemodynamics
and possibly independently, may lower the AF burden in this population. In two
large trials of carvedilol in patients with congestive failure [154, 155], patients
treated with carvedilol had lower rates of AF and atrial flutter than those treated with
placebo.
For patients who require additional drug therapy, the risk of proarrhythmia precludes the use of Ic agents, and congestive symptoms (though not a reduced LVEF
alone) would preclude sotalol. Amiodarone is a preferred agent in this population,
given its established safety and efficacy [156]. Dofetilide may also be considered as
it has been shown to have efficacy in the heart failure population with a neutral
effect on overall mortality. If heart failure is severe, dronedarone is contraindicated.
Ranolazine is not contraindicated by impaired LV function.

LVH
Substantial left ventricular hypertrophy is a risk factor for thromboembolism in AF
[33], is a risk factor for coronary disease and demand ischemia, and is thought to
increase the risk of TdP [157, 158]. What constitutes “substantial” is not well established, and some consider a cutoff wall thickness of 14 mm. Because of these concerns, current guidelines advise against the routine use of Class Ic agents, sotalol, or
dofetilide in the presence of substantial LVH. Class Ia agents should also be avoided
when LVH is present for the same reason. Amiodarone, which carries a lower risk
of TdP, is the first and only medication recommended by the guidelines when substantial LVH is present. Those patients with conditions that have a predisposition
toward LVH, such as hypertension, but who have minimal or no hypertrophy on
imaging, are treated in guideline algorithms as if they have no cardiac disease.
Dronedarone has not been studied for AF in this specific circumstance. Additionally,
ongoing management of patient’s underlying condition is essential.

Anticoagulation
Stroke is one of the most feared complications of AF, occurring in 5% of AF patients
per year overall and 14% of those who have already had a stroke [159]. Clinical
characteristics including female gender, diabetes, hypertension, clinical heart
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failure, prior stroke, and vascular disease [160–162] have been found to increase the
risk of stroke. In a pooled analysis of the early AF stroke prevention trials, the relative risk of stroke was 1.4 for patients with congestive failure, 1.6 for hypertension,
1.7 for diabetes, and 2.5 for prior stroke. Age is also an important risk factor, with a
continuous relative risk of 1.4 per decade of life [163]. In patients over 75, AF has
been found to account for half of all strokes, and AF is the most common cause of
disabling strokes among elderly women [164, 165]. Patients under age 60 with none
of the above risk factors (“lone AF”) have an extremely low incidence of stroke over
the long term (1.3% in 15 years) [166].
While early studies suggested that thromboembolic risk was independent of the
amount of AF present [167, 168], more recent studies, including some in patients
with implanted cardiac devices that have the ability to directly measure atrial activity, have suggested a link between AF burden and increasing risk of stroke [169–171].
The TRENDS study found that patients with a burden of atrial high-rate events
(AHREs) greater than 5.5 hours were roughly twice as likely to have stroke or
thromboembolism compared with those with lesser burden of AHRE [172]. A lower
threshold for increased risk for subclinical AF was seen in the ASSERT study,
which found that patients with subclinical AHREs as brief as 6 minutes had a higher
incidence of ischemic stroke or thromboembolism. In this study, stroke risk
increased with increasing quartile of longest AHRE episode, with a duration of
greater than about 18 hours conferring a statistically significant higher risk [173].
While there may be an interaction between AF burden and stroke risk, most
patients with AF do not have implanted cardiac devices that can report AF burden,
and a substantial number of AF episodes are asymptomatic, even in patients with
occasional symptomatic events [174]. Thus, current risk stratification schemes do
not yet consider AF burden or classification (paroxysmal, persistent, or chronic) in
calculating stroke risk (see below) and rather consider its presence or absence as a
dichotomous variable. Current practice, therefore, is to continue preventative stroke
therapy in indicated AF patients regardless of classification, even with apparently
effective rhythm with antiarrhythmic therapy or ablation.
Several stratification tools have been created to identify patients at high risk
based on clinical characteristics. In prior years, the most well-established tool was
the CHADS2 score (Table 16.5), which was studied in a population of 1733 patients
aged 65–95 with nonrheumatic AF. For each one-point increase in the CHADS2
score, the risk of stroke without treatment increases by 1.5-fold [33].
Although the CHADS2 has useful predictive value, the recognition that additional clinical characteristics could enhance the diagnostic resolution of the CHADS2
scale led in 2010 to the introduction of the CHA2DS2-VASC scoring system, which
modifies the original by adding categories for gender and vascular disease and
emphasizes the effect of age on stroke risk by assigning one point for age 65–74 and
two points for age ≥ 75 (Table 16.6) [175]. In a cohort of 1084 patients, a study of
the CHA2DS2-VASC showed improvement in predictive value over the original
CHADS2 system. It fares particularly well in predicting low-risk patients; no thromboembolic events were seen in the cohort of patients predicted to be low risk. Its
utility in this regard was confirmed in a Danish study of 47,576 non-anticoagulated
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Table 16.5 The CHADS2 risk score and associated stroke risk [33]
CHADS2 score
Clinical risk
Congestive heart failure
Hypertension
Age ≥ 75
Diabetes mellitus
Stroke or TIA history

Score
1
1
1
1
2
CHADS2 score

Score
0
1
2
3
4
5
6

No. patients
120
462
523
337
220
65
5

No. strokes
2
17
23
25
29
6
2

Adjusted stroke rate per 100
patient-years
1.9
2.8
4.0
5.9
8.5
12.5
18.2

95% CI
1.2–3.0
2.0–3.8
3.1–5.1
4.6–7.3
6.3–11.1
8.2–17.5
10.5–27.4

Table 16.6 The CHA2DS2-VASc risk score and associated stroke risk [33]
CHA2DS2-VASc score
Clinical risk
Congestive heart failure
Hypertension
Age 65–74
Age ≥ 75
Diabetes mellitus
Stroke or TIA history
Female gender
Arterial vascular disease

Score
1
1
1
2
1
2
1
1
CHA2DS2-VASc score

Score
0
1
2
3
4
5
6
7
8
9

No. patients
103
162
184
203
208
95
57
25
9
1

No. strokes
0
1
3
8
4
3
2
2
1
1

Thromboembolism rate
at 1 year
0
0.6
1.6
3.9
1.9
3.2
3.6
8.0
11.1
100

95% CI
0–0
0.0–3.4
0.3–4.7
1.7–7.6
0.5–4.9
0.7–9.0
0.4–12.3
1.0–26.0
0.3–48.3
2.5–100

registry patients with AF and CHADS2 scores of 0–1 who were reclassified by
CHA2DS2-VASC. In this population, all of whom were considered to be low risk by
CHADS2 criteria, risk of stroke or thromboembolism increased from 0.84% per 100
person-years in patients with a CHA2DS2-VASC score of 0 to 8.18% in those with a
CHA2DS2-VASC score of 4 [176].
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Table 16.7 Trials of the prevention of thromboembolism in AF
Stroke prevention trials in AF
Trial
Summary
EAFT
Warfarin vs. placebo (secondary prevention)
BAATAF
Low-intensity warfarin vs. placebo (or ASA)
SPAF I
Warfarin vs. ASA vs. placebo
AFASAK
Warfarin vs. ASA
CAFA
Warfarin vs. placebo
Low-intensity warfarin vs. placebo
VA Study
Dabigatran 110 mg vs. 150 mg vs. warfarin
RE-LY
Apixaban 5 mg vs. warfarin
ARISTOTLE
Rivaroxaban 20 mg vs. warfarin
ROCKET-AF

References
[139]
[148]
[149]
[150]
[151]
[152]
#
#
#

Current guidelines recommend the use of CHA2DS2-VASc score in stratifying
thromboembolic risk in patients with nonvalvular AF. In general, oral anticoagulation is started in patients with a score of ≥2 who have paroxysmal or persistent AF
and do not have contraindications to anticoagulation therapy. For patients with a
CHA2DS2-VASc score of 0, current guidelines state that it is reasonable to omit
antithrombotic therapy, and for those with a CHA2DS2-VASc score of 1, ASA alone,
oral anticoagulation, and no antithrombotic treatment are options [177, 178]
(Table 16.7).

Drugs for Anticoagulation of AF Patients
Warfarin and ASA
The utility of warfarin in stroke prevention in AF was largely established in six large
clinical trials published between 1989 and 1999 (Table 16.6) [161, 179–183].
Together, these trials showed a 62% decrease in stroke for adjusted-dose warfarin
monotherapy, significantly better than aspirin (ASA) or placebo. The benefit of warfarin is present in all age groups, in risk profiles, and in those both with and without
prior stroke [161, 163, 184]. The generally recommended INR range is 2–3. Stroke
rates rise steeply at values below 2, while higher levels of anticoagulation increase
rates of major bleeding without equal benefit in stroke prevention [185, 186]. The
rate of increase in bleeding with INRs above 3.0 is more gradual than the steep
increase in risk for embolism at INRs below 2.0.
The effect of ASA on stroke risk is more modest than that of warfarin and has not
been seen in every trial. In one meta-analysis, ASA therapy was associated with a
20% reduction in stroke events overall, although it seems to be less effective in
those at highest risk [159]. Part of the utility of ASA may be in its superior prevention of non-cardioembolic stroke in patients with atherosclerotic risk factors [187].
ASA appears to be most useful in patients judged to be at lower risk of stroke. One
pooled analysis found that in patients aged 65–75 without other stroke risk factors,
the baseline stroke rate (4.3%/year) was decreased to nearly the same degree by
ASA therapy (1.4%/year) as with warfarin (1.1%/year) and concluded that ASA
treatment seemed adequate in low-risk populations [184]. There are no data
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regarding the effects of different ASA dosing regimens, although only 325 mg daily
showed efficacy in the ASA-warfarin trials. Adding low-dose warfarin therapy to
ASA is inferior to adjusted-dose warfarin monotherapy in stroke prevention, as
shown in the SPAF III trail, and is not recommended [188]. ASA therapy in combination with clopidogrel is inferior to warfarin [189] but superior to ASA therapy
alone, although with a small increase in bleeding endpoints [190].
The greatest hazard of anticoagulant or antiplatelet therapy is the risk of bleeding, particularly intracranial hemorrhage. Hemorrhage risk is higher with warfarin
therapy than with ASA [191] and is highest in those given combined therapy [192].
Particular care must be taken in elderly patients, in whom stroke prevention therapy
is effective, although it has been associated with a higher risk of bleeding than in
younger patients in some [179, 193], though not all, trials [194].

NOACs
Initial trials in the pharmacological prevention of thromboembolism focused on the
role of warfarin, which was the only systemic oral anticoagulant available at the
time. Although warfarin’s utility in stroke prevention in AF is now well established,
its narrow therapeutic window requires frequent monitoring, a regulation of dietary
vitamin K intake, and close consideration of its over 800 reported drug-drug interactions. As a result, the time patients spend with therapeutic levels of warfarin ranges
from about 55–65% in clinical trials [195–197] and is likely lower in the community setting [198].
More recently, newer anticoagulants that do not require routine monitoring of
drug levels have been introduced. Since 2010, the direct thrombin inhibitor dabigatran and the factor Xa inhibitors apixaban, rivaroxaban, and edoxaban have been
approved for the reduction of thromboembolic risk in AF. A fourth factor Xa inhibitor, betrixaban, has been studied for the prevention of venous thromboembolism in
hospitalized patients, but has not been approved for the treatment of AF [199].
Together, the newer anticoagulants are referred to as either novel or direct oral anticoagulants (NOACs or DOACs). Overall, DOACs have been found to be equivalent
and in some cases superior to warfarin both in thromboembolic risk reduction and
bleeding risk. The most recent practice guidelines recommend the use of DOACs
that are first-line therapy over warfarin in eligible patients [200].
It should be noted that the DOACs currently used for stroke prevention in AF
were evaluated in AF of nonvalvular origin, defined as AF in the absence of a
mechanical prosthetic valve or mitral stenosis greater than moderate severity. In AF
patients with valvular AF or mechanical prosthetic valves, warfarin remains the
treatment of choice. A summary of DOACs is presented in Table 16.8.
Dabigatran
Dabigatran is a direct inhibitor of thrombin. It is administered as a prodrug (dabigatran etexilate), which is converted by a serum esterase into the active drug. It has a
half-life of 12–17 hours and is excreted primarily by the kidney [201].
Its utility in thromboembolic risk reduction in AF was studied in the RE-LY trial,
a prospective, open-label, randomized, non-inferiority study (with blinding of event
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Table 16.8 DOACs approved for use in AF
DOACs

Drug
Dabigatran

Inhibitor of
Thrombin

oral half-life
12–17 hours

Rivaroxaban

Factor Xa

5–9 hours

Apixaban

Factor Xa

12 hours

Edoxaban

Factor Xa

10–14 hours

Manufacturer-recommended
creatinine clearance (mL/min)
adjusted dosing
> 30: 150 mg bid
15–30: 75 mg bid
< 15: no dosing recommendationa
≥ 50: 20 mg daily
< 50: 15 mg dailya
Non-ESRD patients
Usual dose 5 mg bid
≥ 2 of age > 80, weight < 60 kg, serum Cr > 1.5:
2.5 mg bid
Stable dialysis patients
Usual dose: 5 mg bid
≥ 1 of age > 80, weight < 60 kg:
2.5 mg bid
> 95: not recommended
50–95: 60 mg daily
30–50: 30 mg daily
< 30: not recommendeda

Current practice guidelines recommend against the use of dabigatran, rivaroxaban, and edoxaban
in patients on dialysis and/or with end-stage renal disease [2019 AHA/ACC/HRS Focused Update
of the 2014 AHA/ACC/HRS Guideline for the Management of Patients with Atrial Fibrillation]

a

analyses) of dabigatran compared with warfarin. RE-LY enrolled AF 18113 patients
with EF < 40, age ≥ 75, or age 65–75 with either diabetes, hypertension, or coronary artery disease. Key exclusions included patients with severe valvular disease,
recent CVA, or a creatinine clearance of <30 ml/min. The mean age of participants
was 71 years, and the mean CHADS2 score was 2.1. Patients were randomized to
one of three groups: dabigatran in either twice-daily 110 mg or 150 mg doses and
warfarin. Dabigatran 150 mg was superior to warfarin in the primary outcome of
stroke or thromboembolism (1.69%/year vs. 1.11%/year), while the 110 mg dose
was non-inferior to warfarin (1.53%/year). Both dabigatran doses were superior to
warfarin in the rates of hemorrhagic CVA (0.38%/year for warfarin, 0.12%/year for
dabigatran 110 mg, and 0.10%/year for dabigatran 150 mg). For the endpoint of
major bleeding, dabigatran 110 mg (2.71%/year) was superior, and the 150 mg dose
(3.11%/year) was non-inferior to warfarin (3.36%/year). Mortality reduction was
borderline significant for dabigatran 150 mg bid. In subgroup analysis, both gastrointestinal bleeding and myocardial infarction were both seen more frequently in the
150 mg dabigatran group. A subsequent FDA study of 134,000 Medicare patients
found that dabigatran use was associated with lower mortality and higher gastrointestinal bleeding than warfarin and failed to find a higher rate of infarction [202].
Dabigatran is the only DOAC that has been assessed in a randomized trial for use
in mechanical prosthetic valves. The RE-ALIGN trial randomized patients with
either new or prior aortic or mitral mechanical valves to warfarin or dabigatran. The
dose of dabigatran was adjusted to achieve a minimum plasma level and was higher
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in most patients than is typically used for AF. The study was terminated prematurely
due to an excess thromboembolic and bleeding risk in the dabigatran group [203].
Uninterrupted dabigatran has also been evaluated in comparison to uninterrupted
warfarin in patients undergoing ablation for AF. The RE-CIRCUIT trial showed a
decreased incidence of major bleeding and pericardial tamponade in 704 patients
during and for 8 weeks after ablation with only one thrombotic event occurring in
the warfarin group [204].
Commercially, in the USA, for AF, dabigatran is available in 150 mg and 75 mg
dosages. The 75 mg dose is recommended for patients with a creatinine clearance of
15–30 mL/min, although it was not studied in the RE-LY trial. It is not recommended for patients with a creatinine clearance <15 mL/min.
The most common side effect of dabigatran is dyspepsia. Proton pump inhibitors
can be effective at decreasing dyspepsia but, in one study, decreased the rate of
absorption of the drug [205]. Taking the drug with food may also decrease the GI
symptoms. In RE-LY, the discontinuation rate because of GI symptoms was about
5% higher than on placebo.

Apixaban
Apixaban is a direct inhibitor of factor Xa. It has a half-life of 12 hours when given
orally due to prolonged absorption. When given parenterally (a route not commercially available), the half-life is 5 hours. About 27% of the administered dose (and
about half of the absorbed dose) is excreted renally [196].
Apixaban is the only DOAC that has been compared directly to ASA for AF. The
AVERROES trial was a double-blind trial of twice-daily apixaban compared to
ASA in AF patients deemed unsuitable for warfarin. The trial was stopped prematurely due to the superiority of apixaban in reducing stroke or systemic embolism.
The rates of bleeding were similar in the two groups [206].
Apixaban was compared to warfarin in the ARISTOTLE trial, a double-blind
study that randomized 18,201 patients with AF or atrial flutter and at least one
CHADS2 risk factor to either apixaban or warfarin [207]. Key exclusions included
moderate or severe mitral stenosis, reversible AF, recent CVA, a requirement for
concurrent ASA and clopidogrel or ASA alone ≥165 mg, and a creatinine clearance
of <25 mL/min or a serum creatinine of >2.5 mg/dL. The mean CHADS2 score was
2.1, and the mean age was 70 years. Apixaban was given twice daily at 5 mg and
was reduced to 2.5 mg twice daily for patients who had ≥2 of the following:
age > 80 years, weight < 60 kg, or a serum creatinine of >1.5 mg/dL.
Apixaban was superior to warfarin for the primary outcome of ischemic and
hemorrhagic CVA (1.27% vs. 1.60%/year), as well as for the outcomes of death
from any cause (3.52% vs. 3.94%/year), and major bleeding (2.13% vs. 3.09%/
year). Hemorrhagic CVAs were reduced from 0.47%/year with warfarin to 0.24%/
year with apixaban.
Although patients with creatinine clearance <25 mL/min and serum creatinine
>2.5 mg/dL were excluded from both AVERROES and ARISTOTLE, data in a limited number of stable hemodialysis determined that apixaban levels in these patients
were only modestly increased, and dialysis had a limited impact on apixaban
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clearance compared with patients with normal renal function [208]. On the basis of
these data, prescription guidelines have been adjusted to include a 5 mg twice-daily
dosing for patients on stable hemodialysis, with an adjustment to 2.5 mg in patients
with weight < 60 kg or age > 80 years.

Rivaroxaban
Rivaroxaban is an inhibitor of factor Xa. Although its half-life is 5–9 hours, based
on efficacy and safety data obtained in phase II trials, it is administered daily for
thromboembolism prevention in AF [209]. It is approximately 33% renally excreted.
To maximize absorption, it should be given with a meal; in the ROCKET-AF trial,
this was in the evening.
ROCKET-AF was a randomized, double-blind, double-dummy trial comparing
rivaroxaban to warfarin for the prevention of stroke or thromboembolism in 14,264
patients with nonvalvular AF and prior stroke or ≥ 2 of ejection fraction ≤35%,
hypertension, age > 75 years, or diabetes. Rivaroxaban was given at a 20 mg daily
dose in those with normal renal function and 15 mg daily in patents with creatinine
clearance 30–49 mL/min. Key exclusions included hemodynamically significant
mitral stenosis, prosthetic heart valve, recent stroke, treatment with ASA > 100 mg,
and a creatinine clearance of <30 mL/min. The mean CHADS2 score was about 3.5,
and the median age was 73 years.
In an intention-to-treat analysis [as was used for the primary analyses of the
above DOAC AF vs. warfarin trials], for the primary endpoint of ischemic and hemorrhagic stroke or thromboembolism, rivaroxaban was non-inferior (though not
superior) to warfarin (2.1% vs. 2.4%/year). Rates of major and nonmajor clinically
relevant bleeding were similar between the two groups (14.9% vs. 14.9%/year), as
were rates of major bleeding (3.6% vs. 3.4%/year). There was a significant decrease
in hemorrhagic strokes in the rivaroxaban group (0.5% vs. 0.7%/year).
The manufacturer recommends a dose of 20 mg daily rivaroxaban to patients
with a creatinine clearance of ≥50 mL/min and 15 mg daily in those with a creatinine clearance of <50 mL/min. Although patients with a creatinine clearance of
<30 mL/min were not studied in ROCKET-AF, pharmacologic studies suggest that
a dose of 15 mg daily in patients with a creatinine clearance of ≤15 mL/min (including those on stable dialysis) should achieve serum levels similar to those in
patients with moderate renal dysfunction [210]. Current practice guidelines, such
as the 2019 AHA/ACC/HRS Focused Update of the 2014 AHA/ACC/HRS
Guideline for the Management of Patients With Atrial Fibrillation, however, recommend against the use of rivaroxaban (as well as edoxaban and dabigatran) in
patients on dialysis and/or with end-stage renal disease due to the lack of clinical
data in such patients.
Edoxaban
Like rivaroxaban and apixaban, edoxaban is an inhibitor of factor Xa. Its half-life is
10–14 hours, but, similar to rivaroxaban, edoxaban is given as a daily dose due to
safety and efficacy data obtained in phase II trials [211]. It has 50% renal excretion,
and the dose is adjusted for renal dysfunction.
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Edoxaban was studied in the ENGAGE AF-TIMI 48 trial, which was a randomized, double-blind, double-dummy trial of 21,105 AF patients ≥ age 21 with
CHADS2 score ≥ 2 randomized to either 60 mg edoxaban, 30 mg edoxaban, or
warfarin. In both edoxaban groups, the dose was cut in half (to either 30 mg or
15 mg) if the creatinine clearance was between 30 and 50 mL/min or the weight was
<60 kg. Key exclusions were reversible AF, the need for concomitant dual antiplatelet therapy, increased bleeding risk, or moderate or severe mitral stenosis. About
75% of the population had a CHADS2 score of ≤3, and about 40%
were ≥ 75 years of age.
For the primary endpoint of time to first ischemic or hemorrhagic stroke or
thromboembolism, a pre-specified modified intention-to-treat analysis showed that
the 60 mg edoxaban dose (1.18%/year) was superior to warfarin (1.8%/year), while
30 mg edoxaban (1.61%/year) was non-inferior to warfarin. In an intention-to-treat
analysis, neither edoxaban dose proved superiority to warfarin. Major bleeding was
significantly decreased in both edoxaban doses (1.61% and 2.75%/year for 30 mg
and 60 mg, respectively) compared with warfarin (3.43%/year). There were significantly fewer hemorrhagic strokes in both edoxaban doses (0.26% and 0.47%/year
for 30 mg and 60 mg, respectively) compared with warfarin (0.47%/year). There
was a statistically significant decreased risk of death from any cause in the 30 mg
edoxaban group (and a trend toward decreased death in the 60 mg edoxaban group)
compared to warfarin.
Based on these data, edoxaban is available as a daily 60 mg dose for patients with
a creatinine clearance of 50–95 mL/min and 30 mg daily in those with a creatinine
clearance of 30–50 mL/min. In ENGAGE AF-TIMI 48, an increased risk of thromboembolic events was seen in patients with a creatinine clearance of >95 mL/min
due to increased clearance of the drug. The drug should therefore not be used in
such patients.

Interactions
Dabigatran, apixaban, rivaroxaban, and edoxaban are all substrates for the efflux
transport P-glycoprotein. Theoretically, therefore, inhibitors of P-glycoprotein
(such as ketoconazole, rifampin, amiodarone, quinidine, dronedarone, and clarithromycin) would be expected to increase bleeding risk, and inducers (such as
carbamazepine, rifampin, phenytoin, and St. John’s wort) reduce efficacy. Care
should be exercised with the co-administration of any of these medications.
However, since the factor Xa inhibitors are also hepatically metabolized, whereas
dabigatran is not, use of a P-glycoprotein inhibitor in the absence of a hepatic
enzyme inhibitor is not contraindicated with these agents in contrast to dabigatran.
Both apixaban and rivaroxaban are contraindicated with drugs that are strong combined P-glycoprotein and P 450 CYP-3A inhibitors (such as ketoconazole and ritonavir). No dose reduction is recommended for edoxaban with the concomitant use
of P-glycoprotein inhibitors, as dose reduction in these patients in ENGAGE
AF-TIMI 48 led to reduced serum levels.
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 ransitioning to and from Warfarin and DOACs
T
When transitioning from warfarin to DOACS, the general recommendation is to
start the DOAC when the INR falls below a certain level (< 3 for rivaroxaban, < 2.5
for edoxaban, and < 2 for dabigatran and apixaban).
When transitioning between DOACs, it is generally recommended to start the
new DOAC at the usual next dosing interval for the prior medication. When transitioning from parenteral intravenous anticoagulants to DOACs, the DOAC should be
started at the usual next dosing interval (edoxaban, apixaban) or between 0 and
2 hours prior (rivaroxaban, dabigatran). When transitioning from unfractionated
heparin to edoxaban, an interval of 4 hours is recommended.
In trials evaluating apixaban, rivaroxaban, and edoxaban, an increase risk of
thromboembolic events was seen with the discontinuation of the DOAC, leading to
these medications receiving a black-box warning advising the use of an alternative
anticoagulant whenever possible when these medications are prematurely discontinued. This is not due to rebound, but, rather, to the short half-life of these drugs as
compared to the time of effect when warfarin was started upon their discontinuation
in the absence of heparin bridging. The transition from DOAC to warfarin is particularly difficult, as warfarin may take several days to achieve a therapeutic INR,
the value of which may itself be affected by the concomitant administration of a
DOAC. One approach to minimize this difficulty is to stop the DOAC, start a parenteral anticoagulant and warfarin at the time of the next scheduled dose, and stop the
parenteral anticoagulant when the INR is therapeutic.
Specific manufacturer recommendations include to start warfarin 3 days prior to
starting dabigatran (2 days if the creatinine clearance is 30–50 mL/min and 1 day if
it is 15–30 mL/min) and to start half-dose edoxaban at the time of warfarin initiation, stopping edoxaban when the INR ≥ 2.
Reversal
At the time of their approval, one of the disadvantages of the DOACs was the inability to easily reverse the anticoagulation. While dabigatran is partially dialyzable, the
remaining DOACs are sufficiently protein-bound that dialysis does not significantly
alter their concentration.
In 2015, the monoclonal antibody idarucizumab was approved by the FDA for
the acute reversal of the effects of dabigatran. In the RE-VERSE AD trial, it was
found that 5 mg idarucizumab durably and rapidly reversed the anticoagulant effects
of dabigatran in a population of 503 patients presenting with serious clinical bleeding or the need for urgent surgery [212].
More recently, andexanet alfa, a recombinant factor Xa, has been assessed for the
reversal of inhibitors of factor Xa. In studies with both apixaban and rivaroxaban, an
intravenous bolus followed by infusion of recombinant factor Xa significantly
diminished anti-Xa activity in healthy subjects, which led to FDA approval of the
medication in 2018 [213]. As the medication has yet been not studied with edoxaban, it is not approved for use with this medication. A prospective trial in patients
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with clinical bleeding is underway. Importantly, however, the dosing is not the same
when used to reverse apixaban vs. rivaroxaban.
The synthetic cation ciraparantag is an agent capable of reversing the anticoagulant effects of unfractionated and low-molecular-weight heparin, fondaparinux, and
DOACs via noncovalent hydrogen bonding and charge-charge interactions and is
currently under investigation [214].

Triple Therapy
AF patients who undergo percutaneous coronary intervention (PCI) for coronary
artery disease are commonly placed on dual antiplatelet with ASA and a P2Y12
inhibitor in addition to anticoagulant therapy and are at higher risk of bleeding than
patients on anticoagulants and aspirin alone. Several studies have assessed alternative drug regimens in such patients. The WOEST trial showed that in AF patients on
warfarin who underwent PCI, treatment with ASA and clopidogrel (in addition to
warfarin) resulted in increased bleeding compared to therapy with clopidogrel and
warfarin alone [215]. Similarly, decreased risk of bleeding has been seen when
using either dabigatran [216] or low-dose rivaroxaban [217] in combination with a
P2Y12 inhibitor alone after PCI. It should be noted, however, that these trials were
not powered specifically to detect differences in rates of thrombosis. Some evidence
indicates that for patients that require triple therapy with an anticoagulant, P2Y12
inhibitor, and aspirin, clopidogrel may have less bleeding risk than prasugrel [218].
In patients on oral anticoagulation after drug-eluting stent placement, the randomized ISAR-TRIPLE trial determined that after 9 months of follow-up, there was no
difference in bleeding or thrombotic events among patients receiving aspirin, oral
anticoagulation, and either 6 months or 6 weeks of clopidogrel [219].

Atrial Flutter
Atrial flutter can be defined generally by surface EKG as a non-sinus atrial arrhythmia with an atrial rate between 200 and 400 bpm [220]. Defined mechanistically,
“atrial flutter” as will be discussed here refers to a reentrant circuit rotating around
the tricuspid valve. Also known as “typical” flutter, this rhythm most commonly
travels in a counterclockwise manner and produces characteristic negative sawtooth
flutter waves in the inferior leads on EKG.
Both atrial flutter and AF may occur in the same patient. Most often, periods of
AF initiate flutter by forming functional components of the flutter circuit [221],
although atrial flutter may exist in the absence of AF. A large population cohort
study showed that among patients hospitalized with an episode of atrial flutter,
nearly 50% were hospitalized with AF in the ensuing 5 years [222].
Atrial flutter can cause a similar spectrum of symptoms as AF, including thromboembolism. In some patients, because of the rapid organized manner of impulses
reaching the AV node, the ventricular response to atrial flutter is more rapid and
more difficult to control in AF than during AF. Conduction that occurs in a 1:1 manner may be poorly tolerated and result in syncope. The goals of treatment in atrial
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flutter are therefore similar to those in AF, that is, the alleviation of symptoms,
prevention of thromboembolism, and the minimization of treatment toxicities.
One of the main differences in treatment of AF and atrial flutter is that since atrial
flutter is caused by a defined circuit that can be easily accessed through the venous
system, catheter ablation can be accomplished with little morbidity and with an
approximately 90% cure rate [224]. As a result, ablation is considered much earlier
in the course of treatment than in AF. When ablation is not pursued or desired, AAD
treatment may be used for the pharmacological conversion, as an adjunct to electrical
cardioversion, and for the long-term maintenance of SR. Although Class Ia agents
[46, 55] have been shown to be effective for cardioverting atrial flutter, the best evidence is for Class III drugs, particularly dofetilide and ibutilide. Intravenous administration of ibutilide has a 63% efficacy rate for the conversion of atrial flutter to SR
compared to 31% for AF [109], while oral treatment with dofetilide is significantly
more likely to maintain SR when given for atrial flutter than for AF [89]. Studies of
AADs in atrial flutter have generally included AF patients, so efficacy in this population alone has not been well established for most drugs. As with AF, clinical characteristics must be taken into account to choose an AAD that maximizes safety.
Anticoagulation for the prevention of systemic embolization is an important
component of atrial flutter therapy, as it is with AF. The risk of stroke may be slightly
lower for patients solely with atrial flutter than with AF, but it remains elevated
compared to normal controls, and the frequent coexistence of the two rhythms
makes this distinction irrelevant in most patients [223, 225]. Patients with atrial flutter are therefore treated with the same anticoagulation strategy as those with AF
described above.
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Background
Atrial fibrillation (AF) is the most common chronic arrhythmia and is characterized
by the rapid, erratic excitation of the atrial tissue and an irregularity of ventricular
contractions [1, 2]. Haïssaguerre et al. previously demonstrated the importance of
the pulmonary veins (PVs) as a trigger of AF [3]. The PVs play the major role in
paroxysmal AF. However, with disease progression, such as in long-standing persistent AF, non-PV focal ectopic triggers also are involved. Furthermore, also with
disease progression, the substrate (e.g., atrial fibrosis) becomes an important aspect
in the AF pathophysiology in terms of sustaining AF and promoting reentry.
Abnormal calcium handling inducing spontaneous depolarization leading to AF
has been observed. As a result, delayed afterdepolarizations or early afterdepolarizations play a significant role in ectopic foci triggering AF. The atrial substrate is
vital for the perpetuation of AF by providing reentry stability. The most dominant
hypotheses of reentry are reentrant rotors (spiral wave reentry) and multiple independent wavelets. Other hypotheses include circus movement reentry and the presence of a leading circle. There is also evidence to support the existence of transmural
conduction between the epicardium and endocardium. From these mechanisms,
short refractory periods, slow conduction speeds, and reentry stabilizers (i.e., barriers preventing exit from the reentry circuit) stabilize reentry circuits and allow for
the maintenance of AF. Atrial fibrosis provides a mechanism for the slowing of
conduction speeds and is a reentry stabilizer. Ion channel abnormalities, on the
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other hand, affect refractory periods and action-potential durations. Other abnormalities include alterations in cardiomyocyte function and interstitial matrix.
Furthermore, depending on the patient’s risk factors, different changes may be
observed at the histopathologic and molecular levels. Such risk factors include
genetics, advanced age, gender, race, decreased physical activity, elevated body
mass index, diabetes mellitus, obstructive sleep apnea, hypertension, heart failure,
myocardial infarction, autonomic instability, thyroid dysfunction, smoking, alcohol, inflammation, valvular heart disease, and chronic kidney disease and can lead
to changes in the atrial tissue over time that not only cause AF but also change its
phenotype as the disease progresses from paroxysmal to persistent. Fractionated
electrocardiograms, for example, become more widespread when the patient has
persistent AF, while localized fractionation is seen more typically in cases of paroxysmal AF. Similarly, high dominant frequency sites were found to be localized in
the PVs in paroxysmal AF but become widespread in persistent AF. As the disease
progresses, atrial electrical and structural remodeling take place to prolong paroxysms of AF as they gradually move the disease through its persistent, long-standing
persistent, and permanent forms [1, 2, 4, 5].

Pulmonary Vein Isolation
The initial identification of the origin of paroxysmal AF was completed by
Haïssaguerre et al., who studied patients with frequent episodes of AF in an attempt
to find an ectopic anatomic origin. Haïssaguerre et al. noted that the PVs were considered to be major sources of ectopic atrial beats through the utilization of intracardiac mapping, fluoroscopic techniques, and angiography. Further, the radiofrequency
ablation of these ectopic foci proved effective in the treatment of AF [3]. This was
later expanded upon by Wilber et al., who further strengthened the catheter ablation’s role in the management of AF and the prevention of its recurrence. In the
ThermoCool AF trial, Wilber et al. demonstrated the superiority of catheter radiofrequency ablation over antiarrhythmic medications in the treatment of recurrent
AF. Here, strong evidence supporting the efficacy and safety of catheter ablation
over antiarrhythmic drug therapy in patients who failed at least one antiarrhythmic
drug was gathered [6]. Separately, the safety and efficacy of cryotherapy, another
energy source deployed in AF ablation using a cryoballoon, were examined in the
STOP-AF trial (Sustained Treatment of Paroxysmal Atrial Fibrillation) in comparison with antiarrhythmic therapy in the treatment of patients with symptomatic paroxysmal AF who failed at least one antiarrhythmic drug. Acceptable safety and
efficacy outcomes were ultimately observed [7].
Following these first-generation studies of PV isolation (PVI), second-generation
PVI studies assessed new techniques in AF management. Among these was the
TOCCASTAR (TactiCath Contact Force Ablation Catheter Study for Atrial
Fibrillation) study, which looked into the effectiveness and safety of a contact force
(CF)-sensing catheter for the ablation of patients with paroxysmal AF who failed
antiarrhythmic medication as compared to a non-CF catheter. The TOCCASTAR
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trial was able to confirm noninferiority to non-CF catheters, with optimal CF (≥90%
ablations with ≥10 g) showing better outcomes than the suboptimal CF group [8].
The SMART-AF randomized controlled trial showed in a similar fashion that the
application of an irrigated CF-sensing catheter is safe and effective for the treatment
of drug-refractory symptomatic paroxysmal AF, with increased freedom from
arrhythmia recurrence with high degrees of contact quality [9]. Besides the
CF-sensing catheter advancements made in radiofrequency ablation, recent efforts in
AF cryoablation using the second-generation cryoballoon have helped with AF management. Knight et al. examined the safety and effectiveness of this modality, finding
that 64% of patients with paroxysmal AF treated with second-generation cryoballoon ablation remained free from all arrhythmias at 36 months of follow-up with a
5.8% rate of complications (with the majority of cases being phrenic nerve injury,
with only one case remaining unresolved by 36 months) [9].
There are multiple ablation devices available that aim to achieve circumferential
PV isolation. Balloon-based devices, for example, use different energy sources such
as cryothermal energy, laser, radiofrequency energy, and high-intensity focused
ultrasound. Among these, laser ablation uses near-infrared light energy (980 nm).
The device comes with an endoscope to allow for the operator to visualize the lesion
in real time using another visible light source (also incorporated within the device).
The power output is 5.5–12 W for 20–30 s. Lower and prolonged energy levels are
utilized in this approach to minimize thrombosis. Laser balloon ablation catheters
offer an adjustable balloon size, real-time visualization, and selective energy titration to specific circumferential lesions. Laser balloon PVI achieves similar efficacy
and safety levels in the treatment of paroxysmal AF when compared with radiofrequency ablation. Reported arrhythmia-free survival rates over 1 year of follow-up
ranged from 60% to 88%, with recurrence rates similar to those seen following
cryoballoon ablation at 1 year post-procedure. Furthermore, laser balloon ablation
is associated with a decreased incidence of severe PV stenosis and cardiac perforation but a higher incidence of diaphragmatic paralysis [5].
In addition to the previous thermal-based ablation techniques, nonthermal
energy-based techniques are currently under investigation. Irreversible electroporation (IRE) ablation aims to take a spot as an alternative to current treatment modalities, with the promise of the added benefit of reduced complications of thermal
ablation on nearby tissue such as nerves (i.e., phrenic nerve injury), organs (e.g.,
atrioesophageal fistula, esophageal ulceration), arteries (e.g., coronary obstruction),
and veins (e.g., PV stenosis). Given that IRE does not rely on thermal energy techniques, this approach avoids complications related to the heat-sink effect as well as
steam pops. While cumulative preclinical data are still being gathered, IRE appears
to be effective in promoting myocardial lesion formation in a tissue-specific manner
and is relatively safe [10].
In an attempt to improve current techniques in the treatment of AF, adenosine has
been applied in the identification of sites of the PVs that have a potential for reconnection in order to guide subsequent catheter ablation. The utility of adenosine-
guided ablation was demonstrated by Macle et al., who highlighted its role in the
reduction of symptomatic atrial tachyarrhythmia at follow-up [11]. Further
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advancements include the introduction of a steerable deflectable sheath [8, 12].
Piorkowski et al. demonstrated the superiority of this modality over nonsteerable
tips, reporting a 23% rise in freedom from atrial arrhythmias at 6 months of followup [13]. Williams et al. assessed the use of high-frequency jet ventilation to reduce
respiratory motion during ablation in a retrospective study, which found this
approach to be safe, well-tolerated, and efficacious [12].

Ablation of Non-pulmonary Vein Triggers and Substrate
Even though triggers from the PVs are the most common cause of paroxysmal AF,
controlling non-PV triggers as well may lead to a better clinical outcome, especially
in patients with persistent AF [14]. Furthermore, the ablation of other sites besides
the PVs proved superior over the completion of PVI alone, yielding improved success rates. For instance, when Biase et al. studied the impact of catheter ablation
versus amiodarone in the treatment of persistent AF in patients with congestive
heart failure, a subgroup analysis within the study showed that PVI plus posterior
wall isolation was superior to PVI alone [15]. Another study by Aryana et al. examined the impact of posterior wall isolation as an adjuvant to PVI using cryoballoon
ablation in the treatment of patients with persistent AF and reported improved AF
termination with decreased recurrence at 1 year of follow-up with similar safety
measures maintained [16]. This approach is further supported by other studies that
have noted the importance of the left atrial (LA) posterior wall as an embryologic
and electrophysiological extension of the PVs. To ensure optimal outcomes, these
triggers should be identified and ablated after PVI is performed. However, caution
should be taken nonetheless with regard to the risk of esophageal injury during ablation of the LA posterior wall [14].
The left atrial appendage (LAA) has been reported to trigger AF. Importantly,
even though the localization of triggers may be detected using a 12-lead ECG, direct
recording from the LAA is an integral component of the diagnosis. Furthermore,
caution should be taken when determining the origin, with the anterior segment
providing the highest specificity for confirming an LAA origin. If the LAA is isolated, determination regarding eligibility for long-term anticoagulation, insertion of
an LAA occlusive device, or both should be made before ablation is performed. If a
decision to isolate the LAA is made, the operator should avoid the thin portion of
the LAA so as to minimize the risk of perforation [14]. This approach is supported
by a study conducted by Panikker et al., who looked into the role of the addition of
LAA closure and isolation to a PVI procedure in the treatment of patients with persistent AF. Their results indicated marked improvement was made in the number of
patients who were free from AF after 12 months of follow-up [17].
Other non-PV triggers include the superior vena cava (SVC). The clinical importance of the SVC is explained by the presence of embryonic venous tissue capable
of spontaneous firing [14]. The SVC has found to be a common source of AF that
can be successfully isolated with a high yield with RF ablation [18, 19]. Attempts to
complete cryoballoon ablation in the SVC have previously been reported in the
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literature; however, this technique may be associated with an unacceptable high risk
of phrenic nerve injury [20, 21]. Also, a randomized controlled study by Kang et al.
evaluated the added benefit of SVC ablation combined with PVI in the treatment of
patients with paroxysmal AF, determining that the addition of SVC ablation reduced
the recurrence rate at 1 year of follow-up [22]. Nonetheless, as noted by Goyal
et al., multiple other studies have failed to detect an added benefit of SVC ablation.
However, these studies included fewer patients than the study by Kang et al., so
further investigation is still likely warranted [22, 23]. Elsewhere, given the added
risk of SVC stenosis, sinus node injury, and phrenic nerve injury, Higuchi et al.
investigated the added benefit of empiric SVC isolation when performing PVI as
compared with targeted SVC isolation and found no added benefit was present in
the general population [24].
Finally, the coronary sinus (CS) is another important player in AF, where it can
act as a trigger zone or as a circuit pathway. CS isolation is usually achieved through
the ablation of both the endocardial and epicardial regions while monitoring the
esophageal temperature [14]. The effectiveness of this procedure after PVI was
demonstrated by Haïssaguerre et al., who demonstrated that CS ablation prolongs
AF cycle length and terminates AF in a good portion of patients who had persistent
AF post-PVI [25].

Anticoagulation
After PVI, patients are usually given oral anticoagulants (OACs) to minimize the
risk of thromboembolic disease. Consequently, a prospective cohort study by
Themistoclakis et al. was devised to measure the impact that stopping OAC treatment at 3–6 months post-PVI had on thromboembolic events. This was a nonrandomized study wherein patients were followed up for up to 5 years. The results did
not support the long-term use of OACs, given the high risks associated with their
use. It should be noted, however, that the baseline characteristics of the two groups
were different and that a future randomized controlled trial is likely to provide us
with more information on the subject [26].

Colchicine and Other Anti-inflammatory Drugs
There is a high incidence (up to 60%) of postoperative AF (POAF) that usually
occurs within the first 2–3 days after cardiac surgery depending on the surgery.
Colchicine is a medication known for anti-inflammatory properties. In a randomized controlled study by Deftereos et al., colchicine was strongly associated with
reductions in CRP and interleukin 6 (IL-6) levels compared to placebo [27).
Moreover, Singhal et al. reported that colchicine regulates ion channel gene expression and activates the PI3K/AKT/eNOS signaling pathway in heart failure rabbits,
which may reverse atrial remodeling and suppress AF [27]. Multiple trials have
looked into the role anti-inflammatory agents play in reducing POAF. These include
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corticosteroids and statins whose role as protectors from POAF has been well established [28, 29]. Other anti-inflammatory agents include N-3-polyunsaturated fatty
acids, vitamins C and E, as well as N-acetylcysteine [28]. Nonetheless, the most
controversial anti-inflammatory agent has been colchicine. Multiple studies have
provided conflicting evidence on the importance of colchicine. The most important
of which was the Colchicine for the Prevention of the Post-pericardiotomy Syndrome
(COPPS) trial by Imazio et al., which provided the first concrete evidence supporting
colchicine’s role in reducing POAF with a relative risk reduction of 45% [30].
Multiple studies followed; however, the impact was not statistically significant as in
COPPS-2 and END-AF (Effect of Colchicine on the Incidence of Atrial Fibrillation
in Open Heart Surgery Patients) trials. This discrepancy was attributed to the high
rate of side effects (mostly diarrhea) and consequent discontinuation of colchicine.
This prompted researchers to look into the effect of date of initiation, dose, and
choice of therapy [31, 32]. Multiple RCTs and meta-analyses studied the effect of
colchicine on POAF [5, 27, 28, 30, 31, 33–45]. Lennerz et al. and Salih et al. showed
colchicine’s role in reducing POAF in both post-cardiac surgery and post-PVI [34,
35]. Finally, colchicine was found to be unequivocally cost-effective in a study by
Barman et al. due to its reduction in the direct and indirect cost of POAF [46].

Safety
Depending on the procedure, we expect different complications. Phrenic nerve
damage is the most widely reported complication of PVI, with the majority of
affected patients reporting remission within 1 year [9, 14, 24, 47, 48]. Other reported
complications include esophageal ulcer, atrioesophageal fistula, PV stenosis, cardiac perforation, pericardial effusion, cerebrovascular accidents, steam pops, and
groin vascular complications [7–9, 14, 16, 24, 25, 47, 49]. Other, more procedure-
specific complications include SVC stenosis, sinus node injury, and right phrenic
nerve injury following SVC ablation [14, 24]. When ablating the LAA, there is a
risk of perforation; formation of LAA thrombus; and, consequently, the risk of a
thromboembolic event [14, 17, 50]. As for the coronary sinus, there exists a risk of
coronary artery injury as well as a risk of esophageal damage [14, 25].
Some studies to date have looked at the impact that ablation devices have on the
frequency of adverse events. For instance, the TOCCASTAR trial randomized subjects and found that the rate of serious adverse events in patients treated with
CF-sensing catheters to be 7.2%, a frequency that was noninferior to that achieved
using the non-CF sensing approach. Moreover, device-related serious adverse
events occurred in 1.97% of patients who were treated with the CF-sensing catheters for a result that was also noninferior to control group outcomes [8]. Another
study looked at the adverse effects in 41,709 patients treated using CF-sensing catheters based on fiber-optic devices. Cardiac perforation and steam pop were the most
common adverse events observed, accounting for around 90% of all adverse events
in the trial. However, overall, adverse events only affected 0.427% of patients.
Further, as time passed, the adverse event rate decreased, signifying possible
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improvements could be made with increased training and experience [51]. Finally,
a more recent nonrandomized trial assessing second-generation cryoballoon ablation in the treatment of paroxysmal AF found that major procedure-related adverse
events occurred in 5.8% of patients, including, most predominantly, phrenic nerve
injury (3.2%), which mostly resolved within 1 year. Separately, the pericardial effusion and hemoptysis rates were 0.9% each, the PV stenosis rate was 0.6%, and the
cerebrovascular accident rate was 0.3%. No deaths or atrioesophageal fistulae were
observed [9].

Outcome Studies
Many trials have assessed the long-term effects of AF catheter ablation on morbidity
and mortality. The CABANA (Catheter Ablation vs Antiarrhythmic Drug Therapy
for Atrial Fibrillation) trial randomized 2204 patients with symptomatic AF and
treated them with either PVI or drug therapy with a median follow-up of 4 years. In
this study, PVI did not reduce the composite outcome of death, disabling stroke,
serious bleeding, or cardiac arrest as compared with drug therapy. Moreover,
although all-cause mortality did not decrease, the composite of death or cardiovascular hospitalization was reduced by PVI [48]. The impact that catheter ablation has
on mortality and hospitalization was also studied in CASTLE-AF (Catheter Ablation
versus Standard Conventional Therapy in Patients with Left Ventricular Dysfunction
and Atrial Fibrillation). This study focused on a specific subpopulation, namely
patients with heart failure with reduced ejection fraction (HFrEF) seen concomitantly with AF. Both the study’s primary and secondary outcomes turned out to be
significant: catheter ablation reduced hospitalization for worsening heart failure,
death from cardiovascular causes, death from any cause, and the primary composite
outcome of death from any cause or hospitalization for heart failure exacerbation
[48, 52]. The results reported in the CASTLE-AF trial are in concordance with the
results of the AATAC study, which investigated the impact of catheter ablation as
compared with amiodarone for the treatment of patients with persistent AF, congestive heart failure, and an implantable cardioverter-defibrillator. Catheter ablation
was shown to reduce AF recurrence, unplanned hospitalizations, and mortality.
Ultimately, both the AATAC (Ablation vs Amiodarone for Treatment of Atrial
Fibrillation in Patients With Congestive Heart Failure and an Implanted ICD/CRTD)
and CASTLE-AF trials revealed that patients who underwent catheter ablation
experienced an improvement in their left ventricular ejection fraction that was
greater than that of those who received only medical th0erapy [15, 52].

Hybrid Approach
With the increasing trends of thoracoscopic surgery becoming less invasive and more
and more technological advances arising in hybrid operating rooms, the use of a complementary epicardial (surgical) and endocardial ablation approach is appearing in
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selected centers [53]. With the continued challenges inherent in managing patients
with persistent and long-standing persistent AF, a hybrid approach will likely help in
the management of certain patients, although well-designed randomized clinical trials
are still needed to gather high-quality scientific evidence. Multiple studies support the
hybrid approach as a safe, feasible, and effective treatment choice [54, 55]. However,
in a systematic review by Vroomen and Pison, only 12 studies were selected. These
studies had significant heterogeneity in terms of the number of stages of the approach,
the surgical technique (site of entry), surgical tools, lesion locations, and endpoints.
This heterogeneity makes it difficult to draw clear conclusions and guidelines.
Utilizing a unified or standard approach is needed to pave the way for comparable
research that would allow to accurately assess the effect of hybrid approach [56].

Economic Impact
A recent study by Mansour et al. looked into the economics of AF ablation and the
importance of first-procedure success rates. This retrospective study used data from
MarketScan [34]. The mean total healthcare cost incurred by the patients with AF
included in the cohort was around $18,000/patient in the previous year. As catheter
ablation aims to improve morbidity and mortality, we expect reduced costs to also
appear secondary to catheter ablation. As such, patients treated with catheter ablation who required only one ablation during the following year experienced a drop in
the mean healthcare expenditure amount from around $18,000/patient/year to
around $13,400/patient/year. This supports the argument of the economic advantages of catheter ablation. However, a significant number of patients still required
repeat ablations within the next year. These patients, on the contrary, witnessed an
increase in the mean healthcare expenditure amount to around $52,800/patient/
year—a dramatic increase that did not return to normal before the next year. Further,
this effect remained present even when performing a multivariable logistic regression analysis to account for the variability in the population’s characteristics.
Therefore, we can argue that catheter ablation decreases the annual healthcare
expenditure amount only as long as the procedure succeeds. If it fails or if there
exists a need for repeat ablation, costs would, on the contrary, increase. Even when
accounting for the costs related to the ablation procedure, the mean cost incurred by
those performing repeat ablation remains higher than that at baseline at around
$19,600/patient/year. In this cohort of 12,027 patients, total annual healthcare costs
increased from around 217.5 million USD to around 242.7 million USD after the
first ablation. However, not accounting for the costs related to the ablation procedure, the total healthcare costs have actually decreased to 174.1 million
USD. Assuming all patients in the cohort underwent a successful first ablation, the
total healthcare costs would have been around 161 million USD. Therefore, for
catheter ablation to be economically profitable, it is of importance that we improve
the success rate of the procedure so as to minimize the need for repeat ablation [57].
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Although implantable cardioverter-defibrillators (ICDs) have reduced the use of
antiarrhythmic drugs for the treatment of sustained ventricular tachycardia (VT)
and ventricular fibrillation (VF), intravenous (IV) antiarrhythmic drugs are still
used in the acute setting, and oral antiarrhythmic drugs are often used in the suppression of symptomatic and life-threatening ventricular arrhythmias in patients
with and without ICDs.

Class IA Antiarrhythmic Drugs
With the approval of newer antiarrhythmic drugs over the last 35 years, the Class
IA antiarrhythmic drugs (Table 18.1), quinidine, procainamide, and disopyramide
[1–3], are used uncommonly for the treatment of supraventricular and ventricular
arrhythmias.
Quinidine blocks IKr, IKs, Ito, and INa in addition to having alpha-blocking, vagolytic effects and blocking muscarinic subtype 2 receptors [2, 3]. Quinidine reduces
automaticity by raising threshold potential and decreasing the rate of rise of phase 4
depolarization. The drug slows conduction by decreasing the rate of rise of phase 0
of the action potential by blocking sodium influx predominantly in the activated
state slowing conduction. This action of quinidine is frequency dependent and
Vmax depression is greater at faster heart rates. Quinidine prolongs action potential
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Table 18.1 Sicilian gambit classification of antiarrhythmic drugs [2]
DRUG

CHANNEL BLOCKERS
NA
Fast

Lidocaine

L

Mexiletine

L

Tocainide

L

Moricizine

H,I

RECEPTORS

NA
Med

Slow

CA

K

Procainamide

H,A

M

Disopyramide

H,A

M

Quinidine

H,A

M

Propafenone

H,A

Flecainide
Verapamil
Diltiazem

P

L
L

M

M
H

Sotalol

Ag/

Ag/

Ant

Ant

M

M

H
L

L

H

Ibutilide*

L

Dofetilide

H

Azimilide
Propranolol

M2

L
H

Bretylium

Amiodarone

b

L
H,A

L

a

H
L

H

Acebutolol

H

Esmolol

H

Adenosine

H

Ag

Abbreviations: M2 muscarinic, P purine, L low, M medium, H high, O open, A activated, Ag agonist, Ant antagonist

duration (APD), primarily by blocking the potassium channel, and also prolongs the
effective refractory period (ERP) and the ERP/APD ratio.
Quinidine is metabolized by hydroxylation in the liver and is a potent inhibitor
of cytochrome P450 2D6 (CYP2D6) and can cause increased plasma concentrations
if used with drugs that are metabolized by this mechanism. Quinidine also inhibits
P-glycoprotein and decreases digoxin clearance resulting in increased digoxin levels when used concomitantly [4].
Quinidine effectively suppresses premature ventricular complexes (PVCs), couplets, and non-sustained VT in about 60% of patients [5]. In patients with sustained
VT/VF, efficacy rate determined by programmed stimulation in the Electrophysiologic Study Versus Electrocardiographic Monitoring (ESVEM) trial was only 16%
[6]. Quinidine in combination with mexiletine, using lower maintenance doses of
both drugs, achieves added efficacy and lower toxicity [7].
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Quinidine causes adverse reactions including nausea, vomiting, anorexia, or
diarrhea in up to 35% of patients. Fever, rash, and tinnitus and orthostatic hypotension, due to vasodilation, can rarely occur. End-organ toxicity includes the occurrence of a rare drug-induced thrombocytopenia and granulomatous hepatitis.
Quinidine can prolong the QT interval and cause drug-aggravated torsades de
pointes (TDP) in up to 5% of patients. There are no large controlled trials defining
the safety of quinidine in post-myocardial infarction (MI), but one small study in
congestive heart failure (CHF) patients reported increased mortality [8].
Quinidine is used very rarely in the current era. Quinidine, by blocking Ito, may
have some usefulness in suppressing VT associated with the Brugada syndrome [9,
10]. In a recent report of 43 patients with coronary artery disease and refractory polymorphic VT storm, quinidine had some significant efficacy [11]. Quinidine may also
be effective in treating VT associated with ST segment elevation syndromes [12].
Procainamide has electrophysiological properties similar to quinidine with less
vagolytic effects [1–3]. Procainamide is acetylated in the liver by n-acetyltransferase to
an active metabolite, n-acetyl procainamide (NAPA) which is excreted renally. NAPA
is an IKr blocker, with 70% of the antiarrhythmic activity of the parent compound.
Oral procainamide is about 60% effective at suppressing PVCs, couplets, and
non-sustained VT as assessed by noninvasive techniques. The drug is effective in
20–25% of cases in suppressing inducible sustained VT as assessed by programmed
stimulation [13].
IV procainamide requires loading doses of 10–17 mg/kg administered at
20–50 mg/min usually given over 25–30 min [14]. Following loading, the drug is
given in 1–4 mg/min IV infusions with reduced dosing in the presence of renal
insufficiency. Studies have shown that intravenous procainamide will terminate VT
more frequently than intravenous lidocaine [15, 16]. Procainamide has the additional benefit of being effective in the treatment of supraventricular arrhythmias by
either affecting the retrograde limb of the AV node, the retrograde limb of the accessory pathway, or suppressing irritable atrial foci. In a wide QRS tachycardia of
undetermined etiology, IV procainamide should be considered. In the PROCAMIO
study [17], tachycardia termination within 40 min occurred in 67% of IV procainamide patients versus 38% of IV amiodarone patients (p = 0.026).
Procainamide may cause nausea, anorexia, vomiting, and rash. End-organ toxicity of concern is a rare agranulocytosis that usually occurs during the first 3 months
of treatment. The major limiting adverse reaction with procainamide has been the
development of a systemic lupus-like reaction in 10–20% of patients. Procainamide
can cause high-degree AV block and ventricular proarrhythmia including new onset
of sustained, monomorphic VT or TDP and has been associated with increased mortality when used in CHF patients [8]. Given multiple better antiarrhythmic drug
options, oral procainamide is rarely used; however, intravenous procainamide still
has a limited role as noted above.
Disopyramide has similar electrophysiological and vagal effects as previously
described with quinidine [1–3]. Fifty-five percent of a dose is recovered after renal
excretion, unchanged in the urine, while 25% is recovered as the active
n-monodealkylated metabolite. Disopyramide has nonlinear pharmacokinetics.
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Although rarely used, oral disopyramide is as effective as procainamide and
quinidine in suppressing PVCs, ventricular couplets, and non-sustained VT [18].
Because of the drug’s significant negative inotropic effects, this drug is not recommended in patients with congestive heart failure [19]. Disopyramide is rarely used
in hypertrophic cardiomyopathy patients with ventricular arrhythmias.
Disopyramide’s subjective toxicity occurs secondary to its anticholinergic activity and includes dry mouth, blurred vision, urinary retention, constipation, and
worsening of glaucoma. No significant end-organ toxicity has been noted with disopyramide. However, the drug causes worsening of CHF, secondary to its significant
negative inotropic activity, and increase of peripheral vascular resistance [19].
Slowing of conduction and prolongation of QT interval can cause proarrhythmia
such as monomorphic sustained VT and TDP.

Lidocaine
IV lidocaine hydrochloride is a short-acting Class Ib antiarrhythmic agent
(Table 18.1) [1–3]. Lidocaine minimally blocks both open and inactivated fast
sodium channels and minimally slows conduction in the His-Purkinje system and
myocardium. Lidocaine has more conduction-slowing properties in ischemic tissue
interrupting reentry circuits. Lidocaine has little or no effect on atrial or AV nodal
recessive pathway tissue. Lidocaine suppresses automaticity in Purkinje fibers and
is efficacious in suppressing irritable ventricular foci. In addition to slowing conduction in cardiac tissue, lidocaine increases ERP/APD ratio which may help prevent reentrant ventricular arrhythmias.
Lidocaine has poor oral bioavailability since 90% of an administered dose is
rapidly metabolized in the liver via the cytochrome P450 3A4 (CYP3A4) system
into two major metabolites monoethylglycinexylidide (MEG) and glycinexylidide (GX) [20]. Because of rapid first-pass metabolism, lidocaine is not used
orally. Lidocaine is administered intravenously as a bolus; it is rapidly distributed into the intravascular compartment with a half-life of 8 min. Recommended
dosing includes a loading bolus infusion of 1 mg/kg intravenously followed by a
1–3 mg/min infusion. A maintenance infusion is recommended from 1–4 mg/min.
A maintenance infusion of 0.5 mg/min may be considered when slow metabolism is possible in patients with liver disease, shock, or severe renal disease [21].
Within 15 min of the first bolus, a second bolus of 0.5–0.75 mg/kg can be and
repeated every 5–10 min up to a total dose of 3 mg/kg. When changing a maintenance infusion rate, an additional bolus is required before the rate of the maintenance infusion is increased.
Lidocaine is used for suppression of ventricular arrhythmias. In one retrospective
study of out-of-hospital cardiac arrest (OOHCA), lidocaine improved rates of resuscitation and admission alive to the hospital [22]. However, when compared to placebo or amiodarone, recent studies find no benefit in survival to hospital discharge
(see below amiodarone). Current guidelines recommend against routine use as a
post-MI prophylactic antiarrhythmic [23].
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Advanced cardiac life support protocols consider intravenous lidocaine as an
acceptable alternative drug to amiodarone for the treatment of persistent or recurrent VF/pulseless VT that is unresponsive to CPR, defibrillation, and vasopressor
therapy [21]. Lidocaine may be considered for persistent VF/pulseless VT after at
least two initial shocks and the administration of a vasoconstrictor agent (epinephrine or vasopressin) have failed to terminate the ventricular arrhythmia. Lidocaine
has a Class IIb recommendation for this indication [21] due to a lack of randomized
controlled trials demonstrating improved survival to hospital discharge.
In patients with TDP, after IV magnesium, IV lidocaine may have a role in suppressing further recurrences. Lidocaine shortens the QT interval, and given its rapid
on and off kinetics, it may replace other sodium channel blocking agents, such as
Class IA antiarrhythmic agents and tricyclic antidepressants, that are provoking
TDP [24].
Lidocaine can cause dose-related neurologic and gastrointestinal adverse effects.
Lidocaine has minimal conduction slowing in the His-Purkinje system and is
unlikely to aggravate Mobitz Type II AV block. Metabolism of lidocaine is affected
by liver blood flow and microsomal activity. A reduction in dosage is required with
advanced age, liver disease, and in congestive heart failure.

Mexiletine
Mexiletine is a Class Ib oral agent (Table 18.1) [1–3] that is similar to lidocaine
and has minimal effects on slowing the sodium channel and can shorten the QT
interval.
Mexiletine is well absorbed orally with more than 90% bioavailability. Hepatic
metabolism via the CYP2D6 enzyme is the major route of elimination. The usual
dosing is to initiate 150 mg three times per day, which can be increased up to 300 mg
three times per day as needed.
In the ESVEM study, 67% of patients had suppression of their ventricular
arrhythmia as assessed by Holter monitoring [6]. Mexiletine has been shown to be
comparable to quinidine in suppressing ventricular ectopic activity [25]. Adding a
type IA antiarrhythmic agent or amiodarone to mexiletine is associated with added
efficacy and decreased toxicity. Mexiletine was not found to reduce mortality in a
post-myocardial infarction (MI) population (IMPACT study), although it significantly reduced the frequency of PVCs [26]. Mexiletine’s effects on survival in CHF
patients have not been studied. In patients with recurrent sustained VT studied in the
electrophysiology laboratory, mexiletine appears to be effective in 10–15% of
patients. Efficacy rates between 20% and 30% have been demonstrated in patients
with ventricular fibrillation who survived an out-of-hospital cardiac arrest [27].
Mexiletine is effective in treating pediatric patients who have ventricular arrhythmias after surgery for tetralogy of Fallot [28]. Mexiletine is effective in treating
some patients with the prolonged QT syndrome (LQT3) by blocking the plateau
sodium current in patients who have an abnormal amino acid substitution in the
sodium channel [29].
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Mexiletine has dose-related central nervous system and GI side effects, most
commonly causing nausea. Subjective side effects are minimized by giving the drug
with meals. The drug is relatively free of end-organ toxicity and is well-tolerated
hemodynamically.
Mexiletine is useful in patients with type 3 prolonged QT syndrome [30] but in
addition has shown some promise in type 2 syndromes also. In patients with recurrent ICD shocks from VT on amiodarone, mexiletine can be efficacious, when used
in combination. Because mexiletine shortens the QT interval and poses no risk of
causing TDP, it is safe to initiate the drug as an outpatient in patients with symptomatic ventricular arrhythmias.

Flecainide
Flecainide is a Class Ic antiarrhythmic agent (Table I) that prolongs refractoriness
and slows conduction in the atria, AV node, His-Purkinje system, ventricles, and
accessory pathways [2, 3, 31]. Flecainide is a potent sodium channel blocker with
slow onset and offset kinetics. Flecainide minimally blocks IKr.
Flecainide has a bioavailability up to 95% and a half-life average 12–27 h.
Flecainide is 70% metabolized hepatically and 30% excreted through the renal
route. The drug is used on a twice daily dosing schedule. The usual starting dose is
100 mg twice a day and increased to 150 mg twice a day as necessary. The drug
prolongs the PR and QRS interval when therapeutic plasma levels are achieved.
Flecainide is predominantly used in the treatment of supraventricular tachyarrhythmias not associated with any significant structural heart disease. However, flecainide has been shown to be extremely effective (>70%) in decreasing the frequency
of PVCs in patients with frequent ventricular ectopy [5]. In patients with symptomatic ventricular arrhythmias in the post-myocardial infarction period, the Cardiac
Arrhythmia Survival Trial (CAST) study demonstrated that both encainide and flecainide enhanced mortality compared to placebo despite effective PVC suppression
[32]. In patients with sustained VT, the efficacy of flecainide (20%) has been comparable to type IA antiarrhythmic agents [33]. Efficacy rates are higher in patients
with preserved left ventricular function [34]. For ventricular arrhythmias, flecainide
has predominantly been used in the treatment of VT in patients with no structural
heart disease if beta-blockers are ineffective and/or if the patient is not a good candidate for a catheter ablation procedure or continues to have recurrent VT after such
a procedure [35]. Flecainide can be used to unmask concealed Brugada syndrome
[9]. Flecainide should also be considered in patients with catecholaminergic polymorphic VT refractory to beta-blockers [35].
Flecainide is very well-tolerated. Dose-related non-cardiac side effects include
dizziness, visual disturbances, and headache. Since the drug depresses left ventricular function, it should not be used in patients with depressed ejection fractions and,
as noted above, is contraindicated in patients with coronary artery disease, especially if they have already had a myocardial infarction. Flecainide is a potent sodium
channel blocker and may aggravate preexisting His-Purkinje conduction
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disturbance and should be used cautiously if the patient has preexisting intraventricular conduction disturbances.

Propafenone
Propafenone is a Class Ic agent (Table 18.1) that has weak associated beta-blocking
characteristics [2, 3, 36] with electrophysiological effects similar to flecainide.
Propafenone undergoes first-pass hepatic elimination through the CYP2D6
enzyme system, which can be inhibited by quinidine [36]. There is a major active
metabolite, 5-hydroxypropafenone. The recommended starting dose for propafenone is 150 mg three times per day, with increases to 225–300 mg three times per
day, if needed. With the sustained release form, the drug is started at 225 mg twice
per day and increased to 325 mg or 425 mg twice per day, as needed.
Propafenone is efficacious in suppressing ventricular ectopic activity in more
than 65% of patients based on Holter monitoring studies [37]. In patients with a
history of sustained VT or VF, the drug is effective in about 20% of patients in suppressing inducible VT. In the Cardiac Arrest Study Hamburg (CASH) trial [38], the
propafenone arm of the study was prematurely discontinued since the drug was not
as effective as metoprolol, amiodarone, or ICD in the survival of patients with sustained VT. Although propafenone was not a drug in CAST, the drug is not recommended for use in patients with significant structural heart disease. Propafenone is
recommended in patients with VT without structural heart disease.

Beta-Blockers
The only beta-blockers that have Food and Drug Administration approval for treatment of ventricular arrhythmias are propranolol and acebutolol [39, 40]. However,
all of the currently available beta-blockers have some use either orally or intravenously in the treatment of ventricular arrhythmias and carvedilol is commonly
used [41].
Beta-blockers suppress ventricular arrhythmias based on noninvasive monitoring
in about 45–50% of patients. They are very unlikely to suppress inducible VT in the
electrophysiology lab, being effective in less than 5% of patients studied. Patients
who have VT/VF storm, defined as two or more episodes of collapse and shock
from VF or VT in 24 h and requiring defibrillation or cardioversion, have been studied with beta-blockers [42]. IV beta-blockers were better in suppressing these VT/
VF episodes than standard ACLS guideline-based therapies. In another trial, patients
with ICDS and electrical storm had much better outcomes using oral propranolol
than metoprolol in combination with IV amiodarone [43]. Beta-blockers are the
drug of choice in exercise-aggravated or exercise-induced VT [44]. Beta-blockers
are also a drug of choice for prolonged QT syndromes, although some reports that
propranolol and nadolol are more effective than other beta-blockers in this setting
[45, 46]. In addition, beta-blockers are very effective as adjunct therapy in
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combination with other antiarrhythmic drugs for the treatment of VT. Since many of
the beta-blockers, including propranolol, timolol, and carvedilol, prolong survival
in the post-myocardial infarction patients, and carvedilol, bisoprolol, and long-acting metoprolol improve survival in patients with depressed left ventricular function,
these drugs should be considered as front-line therapy of ventricular arrhythmias in
these settings [47]. Beta-blockers should be considered in patients with catecholaminergic VT [48–50].
Beta-blockers can provoke sinus node slowing and AV block. Beta-blockers that
are not cardio-selective can exacerbate bronchospasm. Beta-blockers do have some
significant inotropic potential and can provoke worsening of heart failure in patients
with depressed ejection fractions, although they prolong survival and reduce sudden
death in this setting [47].

Amiodarone
Amiodarone has a combination of Class I, II, III, and IV mechanisms of antiarrhythmic action (Table 18.1) [1–3, 51]. Amiodarone prolongs refractoriness and slows conduction of the atria AV node, His-Purkinje system, and ventricles. It also slows sinus
node automaticity and heart rate. There is a significant prolongation of action potential duration; however, due to a disproportionate prolongation of action potential duration in the epicardium, endocardium, and mesocardium, there is less dispersion of
action potential duration, and therefore, the incidence of TDP is uncommon [52].
IV amiodarone has been demonstrated to control life-threatening tachyarrhythmias [53] and has been evaluated in out-of-hospital cardiac arrest. In the Amiodarone
versus Lidocaine in Prehospital Ventricular Fibrillation Evaluation (ALIVE) trial, IV
amiodarone was effective with 23% of patients surviving to hospital admission compared to 11% on lidocaine [54]. In the Amiodarone for Out-of-Hospital Resuscitation
of Ventricular Tachycardia or Ventricular Fibrillation (ARREST) trial, IV amiodarone was effective in 44% of patients surviving to hospital admission compared to
34% on placebo [55]. Both trials failed to demonstrate an increase in survival to
hospital discharge but were underpowered for this endpoint. In the Resuscitation
Outcomes Consortium - Amiodarone, Lidocaine or Placebo Study in Out of Hospital
Cardiac Arrest (ROC-ALPS) trial IV amiodarone, lidocaine, and placebo were evaluated in a large study of 3026 patients with OOHCA due to initial shock-refractory VF
or pulseless VT. Neither drug was found to result in a significantly higher rate of
survival or favorable neurological outcome in shock refractory VF or VT as compared to placebo and standard care [56]. In OOHCA patients, epinephrine has
resulted in a higher rate of 30-day survival compared to placebo [57]. Intravenous
amiodarone has a Class IIb recommendation for the treatment of persistent or recurrent VF/pulseless VT [14]. The drug is considered for persistent VF/pulseless VT
after at least two initial shocks, and the administration of a vasoconstrictor agent
(epinephrine or vasopressin) has failed to terminate the ventricular arrhythmia [21].
IV amiodarone has complex pharmacokinetics [53]. In cardiac arrest, an initial
300 mg dose is given IV push and can be followed by one additional 150 mg dose
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in 3–5 min. For recurrent life-threatening ventricular arrhythmias, IV dosing starts
with a 150-mg bolus injection given over 10 min. Because of the rapid distribution
of the drug, serum concentrations decrease to 19% of peak values within the
30–45 min of discontinuation. Following IV bolus infusions, a slow maintenance
and loading infusion is administered over 24 h. One milligram per minute is given
for 6 h (360 mg) followed by 0.5 mg/min for 18 h (540 mg). Supplemental infusions
of 150 mg bolus are given over 10 min for breakthrough arrhythmias and before an
increase in the infusion is given, when needed. To limit toxicity, a total cumulative
dose of 2.2 g is recommended.
IV amiodarone slows heart rate and prolongs AV node refractoriness and has
some immediate effects on ventricular refractoriness. IV amiodarone is not associated with any significant prolongation of action potential duration or use-dependent
sodium channel blockade. Its short-term effects may be partially explained by its
sympatholytic and calcium channel-blocking effects [53].
Oral amiodarone pharmacokinetics is complex and best represented by a three-
compartment model [51] with an average half-life of 53 days. Because of high lipophilicity, amiodarone and its active metabolites are extensively distributed into fat,
muscle, liver, lungs, and spleen. Oral amiodarone dosing requires a load of
800–1400 mg a day for several weeks, with doses down to 600 mg, then 400 mg per
day. In an attempt to minimize toxicity, amiodarone is usually maintained at doses
of less than 400 mg per day.
Amiodarone is approved for the treatment of life-threatening sustained ventricular
tachyarrhythmias. It is effective in more than 60% of such patients [51]. Empiric
amiodarone therapy has been demonstrated to be more effective than guided therapy
with more conventional agents in the Cardiac Arrest in Seattle: Conventional Versus
Amiodarone Drug Evaluation (CASCADE) trial [58]. Multiple trials, including
AVID, have shown that the ICD is more effective at improving survival than amiodarone [59]. Although not approved for patients with less serious ventricular arrhythmias, amiodarone is effective in over 70% of patients in suppressing significant
ventricular activity as assessed by Holter monitoring. In primary prevention studies
such as Multicenter Automatic Defibrillator Implantation Trial (MADIT), there was
a 54% improvement in trial patients treated with an ICD compared with amiodarone
or other antiarrhythmic agents in a post-MI population with a depressed left ventricular ejection fraction and non-sustained VT, who also has inducible sustained VT that
was not suppressed by intravenous procainamide [60]. Based on the guidelines and
multiple studies, amiodarone is reasonably safe to use in the post-myocardial infarction and congestive heart failure populations which make it a popular drug to use in
ventricular arrhythmias not responsive to beta-blockers in this setting [61].
Based on the above, the use of IV and oral amiodarone for malignant ventricular
arrhythmias was summarized by a Heart Rhythm Society consensus group [61]: “It
is the consensus of this committee that oral amiodarone is the antiarrhythmic drug
of choice, in combination with other appropriate therapies such as beta-blocking
agents, in patients who have sustained ventricular tachyarrhythmias associated with
structural heart disease, especially if associated with left ventricular dysfunction,
who are not candidates for an ICD”. “IV amiodarone is approved by the FDA for
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treatment and prophylaxis of recurrent VF and hemodynamically unstable VT in
patients who are refractory to other antiarrhythmic therapy. IV amiodarone is also
approved to treat (suppress and prevent) VF or VT in patients who are candidates for
oral amiodarone but are unable to take the oral preparation. Although not tested
prospectively, IV amiodarone has been used to suppress recurrent, symptomatic,
non-sustained (<30 s) VT and recurrent episodes of VT in patients with ICDs who
have frequent device activations (shock or antitachycardia pacing therapies).”
Adverse effects during amiodarone therapy are common [51, 61, 62]. Minor side
effects seldom requiring drug discontinuation include corneal micro-deposits,
asymptomatic transient elevation of hepatic enzymes, photosensitivity of the skin,
bluish-gray skin discoloration, and subjective gastrointestinal side effects. Amiodarone-induced hypothyroidism occurs in about 8% of our patients and requires the
addition of thyroid replacement. Drug-induced hyperthyroidism (2%) may require
discontinuation of therapy. Other serious end-organ toxicities which may require discontinuation of amiodarone include interstitial pneumonitis (3–7%) and druginduced hepatitis (2%). Neurologic side effects, including a peripheral neuropathy
and myopathy, usually resolve on lowering the dose. Drug-induced bradycardia may
require backup permanent pacing in up to 2% of patients. Low-dose amiodarone may
minimize the frequency of the above adverse effects. The predominant adverse effect
of intravenous amiodarone is drug-induced hypotension, and venous sclerosis can be
minimized if intravenous amiodarone is given through a central venous line.
Amiodarone has been shown to interact with digoxin, warfarin, quinidine, procainamide, flecainide, and simvastatin [51, 61]. Concomitant use of these drugs
requires lower doses and close monitoring.

Sotalol
Sotalol is a non-selective beta-blocker (L-stereoisomer) with Class III antiarrhythmic properties (D-stereoisomer) (Table 18.1) [1–3, 63]. Sotalol prolongs repolarization (QT interval) by blocking IKr in a dose-dependent fashion, although the drug
displays reverse use dependence with loss of effects at faster heart rates. Sotalol
slows sinus node cycle, lengthens AV node refractoriness and refractory periods of
the atrium, ventricle, and accessory pathway but has no effect on the H-V interval.
Sotalol, in addition to slowing hear rate, prolongs the PR and the QT interval.
Sotalol’s beta-blocking properties predominate at lower doses and its Class III antiarrhythmic agents predominate at higher doses. Sotalol is nearly completely
absorbed and is predominately excreted through the kidney with minimal metabolic
breakdown. Elimination half-life average is about 10 h [64]. Dosing with sotalol
starts at 80 mg twice per day and increased to 120–160 mg twice per day as needed.
Sotalol is effective in suppressing ventricular ectopic activities as assessed by
Holter monitoring in 50–60% of patients. In ESVEM [6], sotalol was as effective as
quinidine, procainamide, mexiletine, and propafenone in achieving suppression of
ventricular arrhythmias as assessed by serial Holter monitoring. In sustained VT, as
assessed by programmed stimulation, sotalol has been demonstrated to be effective
in suppressing VT induction up to 30% of patients and was as effective as or more
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effective than any of the other Class I drugs studied in the ESVEM trial [6]. In a
post-MI study [65], sotalol reduced mortality by 18% (p NS) and reduced reinfarction rate by 41% (p < 0.05).
Sotalol’s predominant adverse effects are those associated with beta blockade
including bradycardia and AV block. The drug prolongs the QT interval and can provoke TDP in up to 2% of patients. This is minimized by using a peak daily dosage of
320 mg per day and decreasing the dose if the QTc is longer than 520 ms. Given its
safety in the post-myocardial infarction setting, sotalol is commonly used in patients
with coronary artery disease and symptomatic ventricular arrhythmias. An intravenous form of sotalol is available and 75 mg IV of the drug is equivalent to 80 mg given
orally [66]. IV Sotalol should be given at a rate of 1.0–1.5 mg/kg over 5 h.

Dofetilide
Dofetilide is an oral Class III antiarrhythmic that is approved by the FDA for the pharmacologic conversion and prevention of persistent atrial fibrillation. Dofetilide has a
limited role in the treatment of ventricular arrhythmias [67]. Dofetilide prolongs APD
in a dose-dependent manner. Dofetilide selectively inhibits IKr channels without major
effects on other potassium channels (Table 18.1) [3, 67]. Dofetilide prolongs the atrial
and ventricular ERP and the QT interval without affecting other conduction parameters
reverse use-dependence of these changes have been reported. Dofetilide is wellabsorbed with a systemic bioavailability of >90%. Peak plasma concentrations are
achieved at about 2 h and the elimination half-life averages at 9.5 h. More than 80% of
the drug is excreted unchanged in the urine with the remainder metabolized in the liver.
Dosing under telemetry conditions is based on baseline creatinine clearance due
to the drug’s predominant renal excretion. In patients with normal renal function,
the dose is 500 ug b.i.d. and if abnormal renal function 250 ug b.i.d.
Dofetilide is well-tolerated. Its predominant concerning adverse effect is a 1.3%
incidence of TDP. Hemodynamically, the drug is well-tolerated and by prolonging
APD is a positive inotropic agent. Dofetilide has been used safely in post-MI and
CHF patients in the Danish Investigators of Arrhythmia and Mortality on Dofetilide
(DIAMOND) trial [47, 67] with neutral effects on overall survival.
Although dofetilide has only been approved for the treatment of atrial fibrillation
with an efficacy in suppressing recurrences in about 50% of patients, there are
reports of its use in suppression of ventricular arrhythmias. Baquero et al. reported
that dofetilide decreased the number of ventricular arrhythmia (VT/VF) events and
the number of ICD therapies in 30 consecutive patients with recurrent, antiarrhythmic drug refractory ventricular arrhythmias [68].

Ibutilide
Ibutilide is a Class III intravenous agent (Table 18.1) approved for the pharmacologic conversion of atrial fibrillation and atrial flutter [69]. Recently, IV ibutilide was useful in facilitating defibrillation in six patients with incomplete
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revascularization, mechanical support, and hemodynamic unstable VT/VF
refractory to IV lidocaine and amiodarone [70]. Ibutilide prolongs action potential duration and the QT interval by enhancing sodium flow into the cell during
the plateau phase of the action potential and by blocking the delayed rectifier
potassium channel. Ibutilide prolongs ventricular effective refractory periods
and lowers the defibrillation threshold. The usual dosing is 1 mg intravenously
over 10 min followed by a second dose if ineffective. Ibutilide’s main toxicity is
secondary to its ability to prolong action potential duration and thus the QT
interval and causing non-sustained or sustained TDP.

Antiarrhythmic Drugs in Patients with ICDs
Over 50% of patients with ICDs have concomitant use of antiarrhythmic drugs [71].
Antiarrhythmic drugs are commonly used to eliminate therapy from triggering non-
sustained ventricular tachycardia and supraventricular arrhythmias or to slow ventricular tachycardia to a hemodynamically tolerated rate to increase the efficacy of
antitachycardia pacing. ICD antiarrhythmic drug interactions include alteration of
the defibrillation threshold, slowing of the ventricular tachycardia rate below the
tachycardia detection interval, causing a drug-induced proarrhythmia and incessant
VT requiring even higher amounts of ICD therapy, drug-induced aggravation of bradycardia requiring more anti-bradycardia pacing, and alteration of pacing thresholds.
In general, Class I drugs and amiodarone have all been demonstrated to increase
defibrillation thresholds. Class III agents, such as sotalol, have been shown to
decrease the defibrillation threshold. Data from several controlled studies showed
that sotalol and amiodarone, in conjunction with the beta-blocker, reduce the frequency of ICD therapies [72]. Parentally, we would recommend starting with a
beta-blocker and using drugs, such as sotalol or amiodarone, to follow as needed in
patients who have frequent ICD shocks from sustained ventricular tachycardia. In
cases where drug therapy is ineffective, catheter ablation of ventricular tachycardia
has been shown to suppress the need for ICD therapies.

 roper Selection of an Antiarrhythmic Drug for VT/VF
P
Syndromes
Selection of an antiarrhythmic drug is based on safety and efficacy. Similar to the
treatment of atrial fibrillation, guidelines help us in this regard [73, 74]. In patients
who have VT but no structural heart disease, drugs such as flecainide and propafenone are front-line in those not responding to beta-blockers. In patients with coronary artery disease, sotalol and amiodarone are preferred. In patients with CHF,
amiodarone is the drug of choice after evidence-based beta-blockers. In specific
antiarrhythmic syndromes, specific antiarrhythmic drugs may be the best first
choice [49, 50] including oral mexiletine for long QT syndrome, quinidine for
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Brugada syndrome, flecainide for patients with catecholaminergic polymorphic VT,
and verapamil for idiopathic interfascicular left ventricular origin VT. In patients
with ventricular tachyarrhythmias in the setting of cardiopulmonary resuscitation,
recent guidelines have weighed in heavily on the role of IV lidocaine, amiodarone,
and other options [21, 75].
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Introduction
Ventricular tachycardia (VT) is associated with significant morbidity and mortality
in patients with structural heart disease. In structurally normal heart, idiopathic VT
can be associated with increased morbidity. The most common cause of sustained
monomorphic VT in patients with structural heart disease is myocardial scar from a
prior infarct, whereas ventricular fibrillation (VF) is usually seen in the context of
acute coronary ischemia [1].
Despite the introduction of implantable cardioverter-defibrillators (ICDs) which
reliably terminate episodes of VT and VF and prevent sudden cardiac death, 20% of
high-risk patients with primary prevention ICDs have recurrent shocks within
3–5 years [2]. Recurrent VT develops in 40–60% of patients who receive ICD therapy after an episode of spontaneous sustained VT. Antiarrhythmic therapy with
amiodarone or sotalol decreases the number of VT episodes but with a high incidence of adverse effects and limited efficacy [3].
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Catheter ablation remains the gold standard in managing patients with recurrent
VT and a potentially lifesaving procedure in patients with VT storm. In this chapter,
we will review the approach to catheter ablation in the management of ventricular
tachycardia.

Definitions
The definitions of various VTs are outlined below as per the 2019 Heart Rhythm
Society (HRS) expert consensus statement on catheter ablation of ventricular
arrhythmias by Cronin et al. [1].
1. VT Clinical Characteristics
VT: a tachycardia (rate >100 bpm) with three or more consecutive beats that
originate from the ventricles.
VT storm: three or more separate episodes of sustained VT within 24 h, each
requiring termination by an intervention.
Nonsustained VT: VT that terminates spontaneously within 30 s.
Idioventricular rhythm: three or more consecutive beats at a rate of up to 100
or less per minute that originate from the ventricles.
Clinical VT: VT that has occurred spontaneously based on analysis of 12-lead
electrocardiogram (ECG) QRS morphology.
Hemodynamically unstable VT: causes hemodynamic compromise requiring
prompt termination.
Idiopathic VT: VT that is known to occur in the absence of clinically apparent
structural heart disease.
Incessant VT: continuous sustained VT that recurs promptly despite repeated
intervention for termination.
Nonclinical VT: VT induced by program ventricular stimulation but has not
been documented previously.
Repetitive monomorphic VT: continuously repeating episodes of self-
terminating nonsustained VT.
2. VT Morphologies (Fig. 19.1)
Monomorphic VT: a similar QRS configuration from beat to beat. Some variability in QRS morphology at initiation is not uncommon, followed by stabilization of the QRS morphology.
Monomorphic VT with indeterminate QRS morphology: preferred over ventricular flutter; it is a term that has been applied to rapid VT that has a sinusoidal
QRS configuration that prevents identification of the QRS morphology.
Multiple monomorphic VTs: more than one morphologically distinct monomorphic VT occurring as different episodes or induced at different times.
Pleomorphic VT: has more than one morphologically distinct QRS complex
occurring during the same episode of VT, but the QRS is not continuously
changing.
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Fig. 19.1 Various forms of ventricular arrhythmias. (a) Monomorphic VT with LBBB morphology. (b) Pleomorphic VT with more than one VT QRS morphology occurring at the same episode.
(c) Monomorphic VT degenerating to polymorphic VT/VF. (d) Bidirectional VT in patient with
digoxin toxicity originates from the LV Purkinje network and is thought to be triggered rhythm
alternating from the anterior and posterior fascicles

Bidirectional VT: demonstrates beat-to-beat alternation in QRS morphology,
usually seen in the frontal plane axis (Fig. 19.1d); right bundle branch block
(RBBB) QRS morphology seen in patients with digoxin toxicity.
Polymorphic VT: has a continuously changing QRS configuration from beat
to beat, indicating a changing ventricular activation sequence and functional
reentrant mechanism.
Right bundle branch block- and left bundle branch block-like VT configurations: terms used to describe the dominant deflection in V1, with a dominant R
wave described as “RBBB-like” and a dominant S wave with a negative final
component in V1 described as “LBBB-like” configurations.
Torsade de pointes: a form of polymorphic VT with continually varying QRS
complexes that appear to spiral around the baseline of the ECG lead in a sinusoidal pattern. It is associated with QT prolongation.
Unmappable VT: does not allow interrogation of multiple sites to define the
activation sequence or perform entrainment mapping; this could be due to hemodynamic intolerance that necessitates immediate VT termination, spontaneous or
pacing-induced transition to other morphologies of VT, or repeated termination
during mapping.
Ventricular fibrillation (VF): a chaotic rhythm defined on the surface ECG by
undulations that are irregular in both timing and morphology, without discrete
QRS complexes.
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3. VT Mechanism
Focal VT: a point source of earliest ventricular activation with a spread of
activation away in all directions from that site. The mechanism can be automaticity, triggered activity, or microreentry.
Scar-related reentry: arrhythmias that have characteristics of reentry that originate from an area of myocardial scar identified from electrogram characteristics
or myocardial imaging. Large reentry circuits that can be defined over several
centimeters are commonly referred to as “macroreentry.”

VT Mechanism
Catheter ablation for ventricular arrhythmias has an important role in reducing and
eliminating VTs in patients with heart disease as well as patients with idiopathic
VTs and structurally normal heart. The approach to VT ablation is determined by
the characteristics of the arrhythmia and location of the arrhythmia substrate, which
can be predicted by the preprocedural 12-lead ECG of the clinical VT. Focal VTs
are usually treated with ablation with discrete radiofrequency (RF) lesions [4–6].
Ventricular arrhythmias (VAs), which are associated with structural heart disease
such as ischemic heart disease or nonischemic cardiomyopathy, often have a relatively large scar substrate and require typically more extensive ablation.
Focal VT spreads in a centrifugal pattern from a point of earliest ventricular
activation. The mechanism can be automaticity, triggered activity, or microreentry.
Focal nature of the VA is confirmed by mapping, showing spread of activation away
from a site of earliest activation relative to the QRS onset. Unipolar electrograms at
the site of origin (SOO) typically display a QS configuration denoting spread of
ventricular activation away from the SOO. Pacing from the site of origin typically
replicates the VT/PVC QRS morphology. However, good pace maps are usually
seen up to 1 cm from the site of earliest activation. Pace mapping is particularly less
reliable for VTs originating from the aortic sinuses, where strand-like fibers extend
into the aortic root and are marked by late potentials in sinus rhythm, and more
marked presystolic activity with arrhythmias may be difficult to pace with large-tip
ablation catheters [7–11].

Triggered Activity and Automaticity
Triggered activity develops from oscillations in membrane potential during action
potential phase 2 and 3 (early afterdepolarizations) or following an action potential
(delayed afterdepolarizations) and can give rise to focal VA. Experimental evidence implicates early afterdepolarizations in the initiation of polymorphic tachycardias in long QT syndromes [12]. However, the mechanism of the premature
ventricular beats targeted for ablation in these syndromes remains uncertain [13].
Delayed afterdepolarizations can be caused by intracellular calcium overload,
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which activates the Na1+/Ca2+ exchanger, resulting in the transient inward current
Iti. Increases in heart rate, beta-adrenergic stimulation, and digitalis are known factors that increase intracellular calcium and potentiated arrhythmias due to triggered activity [14].
Beta-adrenergic effects are mediated through a cyclic adenosine monophosphate
(cAMP)-induced increase in intracellular calcium and are antagonized by adenosine, which results in a decrease in cAMP. Termination of idiopathic Right Ventricular
Outflow Tract (RVOT) tachycardias by an intravenous adenosine, by infusion of
calcium channel blockers, or by vagotonic maneuvers is consistent with triggered
activity as the likely mechanism for some of these tachycardias [6]. These tachycardias can be difficult to induce at electrophysiology testing, and rapid burst pacing
and/or isoproterenol infusion is often required. Aminophylline, calcium, and atropine administration may also be useful but have not been systematically evaluated
clinically [5].
Less commonly, focal VT can be due to automaticity provoked by adrenergic
stimulation that is not triggered [14]. This type of VT can become incessant under
stress or during isoproterenol administration. These arrhythmias cannot be initiated
or terminated by programmed electrical stimulation (PES); however, they can sometimes be suppressed by calcium channel blockers or beta blockers. In contrast to its
effects on triggered RVOT tachycardia, adenosine transiently suppresses, but does
not terminate, the arrhythmia.
Automaticity from damaged Purkinje fibers has been suggested as the mechanism for some catecholamine-sensitive, focal origin VTs [15, 16]. Whether these
VTs are due to abnormal automaticity, originating from partially depolarized myocytes, as has been shown for VTs during the early phase of myocardial infarction
(MI), has not been determined with certainty [17]. Although automaticity is frequently considered as a mechanism of VT in the absence of overt structural heart
disease (SHD), processes that diminish cell-to-cell coupling are more likely to
facilitate automaticity. Automatic VTs can definitely occur in SHD, and automatic
premature beats can also initiate reentrant VTs, making the distinctions related to
arrhythmia mechanism more difficult [18].

Scar-Related Reentry
In patients with structurally abnormal heart, scar-related reentry is the most common cause for sustained monomorphic VT [19]. Evidence supporting reentry
includes initiation and termination by ventricular programmed stimulation (although
this does not exclude triggered activity), demonstrable entrainment or resetting with
fusion, and continuous electrical activity that cannot be dissociated from VT by
extrastimuli [20, 21].
Prior myocardial infraction is the most common cause of the substrate, but scar-
related VT also occurs in other myocardial diseases, including Arrhythmogenic
Right Ventricular Cardiomyopathy (ARVC), sarcoidosis, Chagas disease, and dilated
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cardiomyopathy (DCM) including laminopathies, and after cardiac surgery for congenital heart disease (CHD) (particularly, tetralogy of Fallot) or valve replacement
[22–27]. Regions of fibrosis with surviving myocyte bundles create fixed and/or
functional conduction block and disrupted or slow conduction that are the substrate
for reentry. Stable circuits can be modeled as having an isthmus or channel comprised of a small mass of tissue that does not contribute to the surface ECG. QRS
onset occurs when the excitation wave front emerges from an exit along the border
of the scar and spreads across the ventricles [28, 29]. Scars associated with VT that
are close to valve annuli may incorporate the valve annuli as one of the fixed boundaries of the VT isthmus. The annulus together with the scar can form the borders of
a channel which creates the isthmus of the VT circuit [30, 31].
The 3D structure of the reentrant VT circuit and substrate can be entirely subendocardial, intramural, or subepicardial, or it can span the width of the entire ventricular wall. Thus, the entire circuit or only a portion of it might be accessible to
endocardial and/or epicardial mapping and ablation [32, 33]. The substrate supporting scar-related reentry is characterized by the following: (1) regions of slow conduction and (2) unidirectional conduction block at some point in the activation path
that allows initiation of reentry. Some of the substrate might exhibit functional
rather than fixed conduction block that may only be manifest in response to an
increase in rate, change in activation wave front with pacing, or with the introduction of premature extrastimuli [34–36].
VT after MI has been extensively studied in canine models and in humans [37].
Reentry occurs through surviving muscle bundles, commonly located in the subendocardium; however, the circuit can also extend to the midmyocardium and epicardium. Evidence has shown that ongoing ion channel remodeling within scar, at least
early after MI, results in regional reductions in ionized sodium and ionized calcium
currents [38], although action potential characteristics of surviving myocytes late
after infarction can be normal or near normal [37]. Coupling between myocyte bundles and myocytes is reduced by increased collagen and connective tissue, diminished gap junction density, and alterations in gap junction distribution, composition,
and function [39]. Surviving fibers can be connected by side-to-side connections in
regions where the collagenous sheaths are interrupted, resulting in a “zig-zag” pattern of transverse conduction along a pathway lengthened by branching and merging bundles of surviving myocytes meandering through the collagen [40].
The fibrosis pattern might be important in determining the degree of conduction
delay; patchy fibrosis between strands of surviving muscle produces greater delay
than diffuse or consolidated fibrosis which produced block [35]. These aspects of
scar remodeling contribute to the formation of channels and regions, in which conduction time is prolonged, facilitating reentry [41]. Unidirectional conduction
block can occur after a properly timed Premature Ventricular Contraction (PVC)
and is often functional [42]; it can present only during tachycardia, when the
refractory period of the tissue exceeds the tachycardia cycle length (TCL) or is
maintained by collision of excitation waves. Regions of conduction block can also
be anatomically fixed such that they are present during tachycardia and sinus
rhythm; dense, non-excitable fibrosis, calcifications, surgical scars, or valve annuli
create these types of anatomical boundaries for reentry [43].
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Multiple VTs with various QRS morphologies can be due to multiple exits from
the same region of scar or to changes in activation remote from the circuit due to
functional regions of block. Ablation at one region can abolish more than one
VT. Multiple reentry circuits from widely separated areas can also occur.
It is possible that other reentry mechanisms cause some VTs. Spiral wave reentry
can be induced in excitable tissue in the absence of tissue discontinuities and could
cause VF or polymorphic VT [44]; a spiral anchoring to a discontinuity or to a
region of slow conduction could theoretically cause monomorphic VT [45]. These
alternative mechanisms have not yet been proven to be important clinically in relation to mapping and ablating VT.

Reentry in the Purkinje System and Ventricular Fibrillation
Reentry within the Purkinje fibers and the specialized conduction system is a particular form of reentry accounting for 5% of all MMVT encountered during catheter ablation. Other nonreentrant arrhythmias involving the Purkinje system can
also occur, including VF and automatic rhythms [46–48]. PVCs initiating VF
most often originate from the Purkinje system. Structural abnormalities in the
vicinity of the Purkinje fibers are frequently present and may facilitate the anchoring of reentry [49].
Bundle branch reentry, which is a form of macroreentry utilizing the conduction
system, usually occurs in patients with damaged His–Purkinje conduction system
and is usually associated with left ventricular (LV) dysfunction due to dilated cardiomyopathy, valvular heart disease, and less often ischemic heart disease [50].
Left ventricular intrafascicular verapamil-sensitive VT usually occurs in patients
with structurally normal heart. The mechanism is reentry that involves a portion of
the LV Purkinje fibers, most often in the region of the left posterior or anterior fascicle, giving rise to a characteristic right bundle branch block (RBBB) superior axis
or inferior QRS configuration and a QRS duration that is only modestly prolonged
[51]. The response to verapamil suggests that there is a portion of the reentrant circuit in which the action potential is calcium dependent.

Indications for VT Ablation
Class 1 indication as per 2019 HRS expert consensus statement on catheter ablation
of ventricular arrhythmias by Cronin et al. [1].

Patients with Structurally Normal Heart
1. In patients with frequent and symptomatic PVCs originating from the RVOT,
catheter ablation is recommended in preference to metoprolol or propafenone.
2. In patients with symptomatic idiopathic sustained monomorphic VT, catheter
ablation is useful.
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3. In patients with symptomatic VAs from the RV at sites other than the outflow
tracts (tricuspid annulus, moderator band, or papillary muscles) in an otherwise
normal heart for whom antiarrhythmic medications are ineffective, not tolerated,
or not the patient’s preference, catheter ablation is useful.
4. In patients with symptomatic VAs from the LV at sites other than the outflow
tracts (mitral annulus, papillary muscles, or AMC) in an otherwise normal heart
for whom antiarrhythmic medications are ineffective, not tolerated, or not the
patient’s preference, catheter ablation is useful.

Patients with Ischemic Heart Disease
1. In patients with ischemic heart disease (IHD) who experience recurrent monomorphic VT despite chronic amiodarone therapy, catheter ablation is recommended in preference to escalating antiarrhythmic drugs (AAD) therapy.
2. In patients with IHD and recurrent symptomatic monomorphic VT despite AAD
therapy, or when AAD therapy is contraindicated or not tolerated, catheter ablation is recommended to reduce recurrent VT.
3. In patients with IHD and VT storm refractory to AAD therapy, catheter ablation
is recommended.
4. In patients with post-infarction reentrant Purkinje fiber-mediated VT, catheter
ablation is useful.

Patients with Nonischemic Cardiomyopathy (NICM)
1. In patients with nonischemic cardiomyopathy (NICM) and recurrent sustained
monomorphic VT for whom antiarrhythmic medications are ineffective, contraindicated, or not tolerated, catheter ablation is useful for reducing recurrent VT
and ICD shocks.
2. In patients with NICM and electrical storm refractory to AAD therapy, catheter
ablation is useful for reducing recurrent VT and ICD shocks.
3. In patients with bundle branch reentrant VT, catheter ablation is useful for reducing the risk of recurrent VT.

 atients with Congenital Heart Disease
P
and Inherited Arrhythmias
1. In patients with repaired tetralogy of Fallot and sustained monomorphic VT or
recurrent appropriate ICD therapy for VAs, catheter ablation is effective.
2. In patients with ARVC who experience recurrent sustained VT or frequent
appropriate ICD interventions for VT in whom AAD therapy is ineffective or not
tolerated, catheter ablation, at a center with specific expertise, is recommended.
3. In patients with ARVC who have failed one or more attempts of endocardial VT
catheter ablation, an epicardial approach for VT ablation is recommended.
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Procedural Planning for VT Ablation
Preprocedural Risk Assessment
Catheter ablation for ventricular tachycardia is an important therapeutic modality in
patients with various forms of VA. Over the last decade, significant improvements
in the techniques and technologies available for catheter ablation have been paralleled by an increasing number of procedures performed for high-risk and complex
patient populations [52–55].
In these cases, the competing risks associated with the concomitant presence of
advanced heart failure syndromes and high burden of associated comorbidities pose
substantial periprocedural and postprocedural management challenges. A proper
preprocedural risk stratification is crucial to minimize the risk of adverse periprocedural outcomes such as acute hemodynamic decompensation (AHD), which can
have devastating consequences [56, 57].
A recent risk assessment score “PAAINESD risk score” (chronic obstructive
Pulmonary disease [5 points], Age > 60 years [3 points], General anesthesia [4
points], Ischemic cardiomyopathy [6 points], New York Heart Association class III
or IV [6 points], Ejection fraction, <25% [3 points], presentation with VT Storm [5
points], Diabetes mellitus [3 points]) has been demonstrated to be helpful to identify
patients undergoing scar-related VT ablation, who are at increased risk of adverse
periprocedural outcomes, and represents the most studied risk stratification tool in
this context [53].
The cumulative evidence arising from available studies suggests that a
PAAINESD score ≥ 15–17 (depending on whether the variable “general anesthesia” is included in the risk score calculation or not) identifies patients with SHD and
VT at particularly high risk of adverse periprocedural and postprocedural outcomes.
Careful consideration of the optimal sedation or anesthesia strategy as well as the
use of mechanical assist devices periprocedural may further help to prevent AHD in
patients with multiple other risk factors [53, 54, 58].

 2-Lead Electrocardiogram and Body Surface Mapping Before
1
Ventricular Tachycardia Ablation
The standard 12-lead ECG is of paramount importance in planning catheter
ablation procedures for treatment of VAs, including VT and PVC, and in the
case of hemodynamically tolerated VAs, every effort should be done to record
the 12-lead ECG. In cases of focal VA in structurally normal heart, the 12-lead
ECG is a relatively accurate indicator of the source location, whereas in the
presence of myocardial scarring from whatever cause (in which reentry is the
predominant mechanism of arrhythmia), the ECG reflects the exit site from the
reentrant circuit, rather than the isthmus site, which typically represents the best
ablation target.
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 entricular Tachycardia in the Absence of Structural Heart Disease
V
The 12-lead ECG features, during PVCs or VT, arising in structurally normal heart
have been described in detail. Examples of such cases are VAs from RV or LV outflow tracts (OT) (including the aortic sinus of Valsalva), idiopathic fascicular
(verapamil-sensitive) VT related to the LV Purkinje system, and other LV sources,
including anterior and posterior papillary muscle VT, para-Hisian VT, mitral annular VT, LV summit VT and other RV sources, including tricuspid annular VT, moderator band VT, and RV papillary muscle VT.
Certain ECG patterns can indicate these regions of origin. An LBBB inferior axis
morphology with late transition (> lead V3) indicates an origin in the RVOT. Lead I
QRS vector indicates whether the origin is anterior and leftward (negative) or posterior and rightward (positive) located [59]. Notching and widening of the QRS in
the inferior leads indicates a lateral (free wall) position in the RVOT (Fig. 19.2) [60].
An earlier transition of PVC from LBBB morphology compared to the sinus beat
transition in the precordial leads or an early transition (≤ lead V3) indicates a left-
sided origin, and a broader and taller R wave in V1 or V2 could indicate an origin
from the sinus of Valsalva [61]. A hallmark feature of an RCC-LCC cusp junction
origin is the presence of a QrS morphology or a QS morphology in lead V1 with
notching on the downward deflection (Fig. 19.3) [62, 63].
VAs arising from the papillary muscles (PM) have distinguishing ECG features,
typically RBBB morphology, and transition at leads V3–V5. Posteromedial PM origin is characterized by a superior axis, while an inferior axis or discordant axis is
seen from the anterolateral papillary muscle. Characteristic of the papillary muscle
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Fig. 19.3 Typical LVOT PVC morphologies
Fascicular and Papillary Muscle VT
LPF

PMPM

LAO cMR Image

LAF

ALPM

I

I
II

II
LAF

III

III

aVR

aVR

aVL

aVL

aVF
V1

aVF
RV

ALPM

LV

V2
V3
V4
V5
V6

V1
V2

LPF

PMPM

V3
V4
V5
V6

Fig. 19.4 QRS morphological differences between papillary muscle and fascicular PVC/VT are
highlighted. Typical PVC from the papillary muscle has a QRS morphology showing a qR in V1
and is wider than that noted from the Purkinje network

origin is a qR pattern in lead V1. In contradistinction to papillary muscle origins, a
fascicular origin has a much narrower QRS complex and an rsR pattern in V1
(Fig. 19.4) [64–66].
There are several ECG criteria that have been proposed to identify LV summit
ventricular arrhythmias. These either have a right bundle branch block configuration in lead V1 or a left bundle branch block configuration with early precordial
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transition (V3 or earlier). The axis is always inferior. Importantly, there is generally
a pattern break in lead V2, with more net negativity than leads V1 or V3. There is
often a Q wave in lead I from these epicardial sites [67, 68].
Despite the range of heart positions in the chest and body habitus and variations
of ECG lead positions, these ECG features can be remarkably accurate at indicating
the SOO to within a 1- to 2-cm radius. Refinement of the exact site of impulse formation using activation or pace mapping is still needed prior to ablation [69–72].

Post-infarction Ventricular Tachycardia
The 12-lead ECG in post-infarct VAs indicates the exit site of the circuit. As noted
above, the exit site location may not be in close proximity to the mid portion of the
diastolic corridor (isthmus site of the VT). In general, correlation of exit sites with
VT morphology follows these principles (Fig. 19.5):
1. The majority of post-MI VT exit sites are LV endocardial.
2. LBBB VTs tend to have exit sites from, or within 1 cm of, the intraventricular septum.
3. Patients with inferior infarctions often have Q waves in the inferior leads, indicating inferior wall scarring and an inferior wall exit site, which tend to be
a

c

b

d

Fig. 19.5 A 65-year-old female with ischemic cardiomyopathy with LV ejection fraction of 20%
and remote anterior myocardial infraction with recurrent ICD shocks secondary to VT. (a) Four
monomorphic VTs induced during VT ablation. VT-2 represents the clinical VT with which the
patient presented to the hospital. (b) Entrainment mapping of VT-2 demonstrating an isthmus site
of the VT circuit with mid-diastolic potentials on ablation catheter. (c) Ablation at the site terminated the VT in 8 s. (d) Carto map (RAO view) of the LV unipolar and bipolar voltage map with
final lesions. Programmed stimulation was not inducible using up to triple extrastimuli at the end
of the procedure
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located on the inferobasal septum or the inferolateral free wall, with a common
diastolic corridor on the inferobasal free wall along the mitral annulus.
VTs with a predominant inferior axis tend to have exit sites on the anterior wall.
VTs with a predominant superior axis tend to have exit sites on the inferior
aspect of the LV.
VTs with a leftward axis tend to have exit sites from or within 1 cm of the septum.
VTs with concordant positive precordial QRS complexes tend to have basal
exit sites.
VTs with concordant negative precordial QRS complexes tend to have apical
exit sites.

 entricular Tachycardia in Nonischemic Cardiomyopathy
V
The 12-lead ECG of the VT in NICM is less helpful in directing ablation in a similar
fashion as seen in post-MI VT. It has been suggested that there are two distinct subtypes of scar-related VTs in these patients: basal lateral scar which often requires
ablation on the epicardial surface to successfully eliminate VTs; the other subgroup
is VTs originating from anteroseptal scar, which typically have an LBBB inferior
axis morphology. These patients might either have AV conduction disturbances due
to septal scarring of the conduction system or at high risk to develop heart block
post-ablation. In this group, epicardial ablation does not work and at times, bipolar
catheter ablation might be needed to eliminate VTs deep in the septum (Fig. 19.6) [73].
a

600 double extra-stimuli

b

I
II
III
aVR
aVL
aVF
V1
V2
V3
V4
V5
V6

c

Bipolar voltage map

d

LV transseptal activation

Final RFA lesion set

Fig. 19.6 A 55-year-old male with nonischemic cardiomyopathy with EF 25% with recurrent VT,
failed 2 VT ablation at basal septum. (a) Clinical VT induced in the EP lab with an LBLI axis QRS
morphology. (b) Abnormal bipolar voltage map of LV septum and LV transseptal activation. (c)
Bipolar ablation targeting the septum from the RV and LV simultaneously. (d) Final ablation lesion
with the patient noninducible at the end of the procedure and at the time of repeat stimulation
through ICD device 2 days later
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Of note, we believe this dichotomous classification of VT in NICM is too simplistic and inaccurate. Many patients with basal septal involvement will have scar
extension to the LV anterior free wall surrounding the mitral valve with endo- and/
or epicardial circuits. Certainly, scar extension and VT circuits involving the LV
summit region are very common in patients who demonstrate septal involvement
(Fig. 19.7).

 undle Branch Reentrant Ventricular Tachycardia
B
As indicated, patients with bundle branch reentrant ventricular tachycardia (BBRVT)
typically have evidence of advanced heart disease (nonischemic more than ICM),
with an LBBB pattern in the baseline conducted rhythm, although RBBB or nonspecific interventricular conduction delay can also occur. During BBRVT, the QRS
morphology may closely resemble the baseline QRS if LBBB is present, with characteristically rapid initial forces (in contrast to the delayed up-strokes in most other
myocardial VTs). This is an important entity to recognize because of its prevalence
as well as its curability with a rather simple ablation procedure, targeting typically
the right bundle, or in the setting of LBBB in sinus rhythm, targeting the left bundle
to eliminate persistent retrograde conduction (Fig. 19.8).
I CD Electrogram Information
Patients with structural heart disease and VAs present with recurrent ICD shocks
that effectively terminated VTs, precluding recording of the 12-lead ECG of the
clinical arrhythmia. The 12-lead ECG can be recorded if the VT is below the programmed therapy zone (slow VT) or when the device is disabled (during programmed stimulation at the beginning of VT ablation procedure). In patients with
SHD, having the 12-lead ECG of all spontaneously occurring VTs is especially
important during procedures in which multiple morphologies of VT are induced,
and the operator must decide which morphology (or morphologies) is most important to target for ablation. In the absence of a 12-lead ECG, ICD electrograms of the
recorded VT episodes have been particularly helpful to identify the “clinical VT”
when multiple VTs are induced during an ablation procedure [74].
Epicardial Ventricular Tachycardia
The surface ECG during VT provides important clues to an epicardial origin, including the presence of a pseudo-delta wave (≥34 ms in duration) in the precordial
leads, an intrinsicoid deflection to the peak of the R wave in lead V2 ≥85 ms, and
an RS duration of >121 ms, although with limited specificity in patients with
ICM [75].
An ECG algorithm to identify epicardial VT from the anterolateral LV in patients
with NICM includes the absence of Q waves in the inferior leads with either pseudo-
delta waves (≥75 ms), a maximum deflection index ≥0.59, and a Q wave in lead
I. The reported sensitivity and specificity of these criteria to predict successful epicardial ablation in NICM can exceed 90% [76].
Most epicardial idiopathic VTs come from the region of the LV summit or the
inferior LV crux and produce characteristic ECG patterns marked by initial slurring
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epicardial scar (akinesis and thinning)
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inferior epicardial LV

Clinical VT: CL 260 ms, Entrainment from
e ablation
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400 double extra-stimuli induced
Clinical VT: RBRI, CL 270 ms
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Fig. 19.7 A 49-year-old male with nonischemic cardiomyopathy with left ventricular ejection
fraction of 35% admitted with recurrent ICD shocks for VT ablation. (a) Cardiac MRI showing LV
basal inferior lateral subepicardial scar. (b) Intracardiac ultrasound demonstrating the epicardial
scar. CartoSound reconstruction of the LV with the epicardial scar denoted in brown. (c) Bipolar
voltage map of LV with abnormal voltage at the inferior lateral LV with late potentials on the multipolar catheter. (d) Induction of clinical VT with program stimulation. (e) Entrainment from the
LV epicardial scar demonstrating concealed fusion with PPI-TCL 19 ms, S-QRS/TCL of 53%
consistent with an isthmus site of VT circuit. (f) Entrainment from the LV endocardial scar demonstrating concealed fusion with PPI-TCL 19 ms, S-QRS/TCL 12% consistent with an exit site of
the VT circuit. (g) Ablation at the isthmus site on the epicardial aspect of the scar terminates clinical VT. (h) Mapping the epicardial scar with multipolar catheter demonstrates elimination of late
potentials after the ablation procedure
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Bundle Branch Reentry VT
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Fig. 19.8 Bundle branch reentry VT. BBRVT morphology resembles the baseline ECG with prolonged HV interval. PPI-TCL suggests stimulation site is in the circuit when stimulation is performed from RV apex (where the ICD lead is located)

of the QRS, producing an increase in the maximum deflection index (MDI) to
greater than 0.55. The MDI is measured from the onset of the QRS to the earliest
peak of the R wave in any of the precordial leads. Also characteristic is the presence
of a pattern break in V2 with more net negativity than leads V1 or V3 when from the
summit and more net positivity in V2 than V1 and V3 from the crux. A QS pattern
is frequently seen in lead 1 from the summit and in lead 3 and a VF from the crux,
consistent with an epicardial to endocardial activation wave front.

Mapping and Imaging Techniques
Mapping Catheters
The use of multielectrode mapping catheters has increased over the past several
years with the introduction of mapping systems capable of acquiring high-definition
electro-anatomical data from multiple sites for each beat simultaneously. These
catheters have significant advantages over the ablation catheter in terms of mapping,
especially with respect to mapping density, resolution, and speed.
Multielectrode catheters have small electrodes with short interelectrode spacing,
thereby increasing mapping resolution, which can be advantageous for detailed substrate mapping, and facilitate identification of surviving myocardial bundles within
heterogeneous scar tissue that may escape detection when mapping with standard
ablation catheters with larger electrodes and spacing is performed [77, 78]. These
catheters are also useful for activation mapping during VT, as they allow rapid
acquisition of multiple sites at high spatial resolution that can facilitate rapid identification of an isthmus site or VT focus of origin for idiopathic VTs [78].
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Fig. 19.9 Various multielectrode mapping catheters. (a) Advisor HD Grid catheter from Abbott
Laboratories. (b) Orion basket from Boston Scientific. (c) Pentaray catheter from Biosense Webster

There are several multielectrode catheters available. The Pentaray catheter
(Biosense Webster, Diamond Bar, CA) is a flower-shaped catheter and has five flexible splines, each with four electrodes (a total of 20 electrodes), which can be used
with the Carto electroanatomical mapping (CARTO EAM) system. The Livewire
catheter (Abbott Laboratories, Abbott Park, IL) is a duodecapolar catheter with tight
interelectrode spacing that has been used in mapping endocardial and epicardial
ventricular surfaces. The Advisor HD Grid catheter (Abbott Laboratories, Abbott
Park, IL) is a 4-by-4 unipolar electrode array with 1-mm (diameter) electrodes,
equidistantly spaced 3 mm apart from each other, which can be used in conjunction
with the EnSite Precision system. The fourth catheter is a small basket catheter with
64 very small electrodes arranged on 8 splines that can be used with the Rhythmia
EAM system (Orion, Boston Scientific, Marlborough, MA) (Fig. 19.9).
The main limitations of these catheters include frequent ectopy during mapping,
transient injury of the superficial conduction system, limited maneuverability, poor
tissue contact and lack of tissue contact information, and increased potential for
thrombus formation with the need for careful anticoagulation and the additional cost.

Activation Mapping
In patients with hemodynamically stable monomorphic tachycardia, activation and
entrainment mapping are the gold standards for localization of the best site for catheter ablation [79, 80].
Activation mapping is performed by recording local electrograms from multiple
sites during VT aided by 3D mapping systems, which display the position of the
catheter and relative timing of activation on the EAM system. For focal VTs, the
earliest presystolic site of activation identifies the SOO and is the target of ablation.
At this site, the local bipolar electrogram precedes the surface QRS onset, and the
unipolar signal exhibits a QS configuration, consistent with a spread of activation
away from the SOO.
In patients with SHD, the most common VT mechanism is scar-related reentry
with continuous excitation of the circuit throughout the tachycardia cycle length
(CL). Electrograms at exit sites, when activation mapping is performed during VT,
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are identified during the latter half of electrical diastole, frequently just before the
QRS complex. Ablation at exit sites from the isthmus can terminate the tachycardia;
however, it can also result in a change of the tachycardia configuration and/or cycle
length, in which case the diastolic pathway can exit at different locations from the
scar [78].
Ablation of the diastolic pathway “isthmus” is therefore a more desirable target,
given it can eliminate the machinery required for reentry. Electrograms at isthmus
sites occur earlier during diastole, are typically of very low-voltage amplitude
(<0.5 mV), and can have multiple potentials consistent with more marked delayed
conduction.
In general, an activation map of a VT circuit should demonstrate entrance, isthmus, and exit sites that serve as essential parts of the circuit, such that it cannot
continue without all of these elements. It is not uncommon in nonischemic substrate
that part of the circuit has an intramural component that might not be recorded on
the surface. These usually exhibit a “gap” in the activation sequence, such that part
of the circuit is “concealed” from the surface map, residing deep in the myocardium
(Fig. 19.7).

Entrainment Mapping
Entrainment is a pacing maneuver during VT that helps to distinguish reentrant
from nonreentrant arrhythmias and can be used as a powerful mapping tool to target
ablation at critical parts of the reentry circuit. Entrainment involves the continuous
resetting of a reentry circuit during pacing at sites that are either within or outside
the reentry circuit. This method is used to define critical sites of the arrhythmia
circuit through the analysis of the QRS morphology, the measured intervals, and the
recorded electrograms (Fig. 19.10) [81].
The advantage of entrainment mapping over a substrate mapping approach is
that VTs can be reliably and permanently eliminated with few RF ablation lesions
when reentry circuit targets are identified (Table 19.1) [20, 82].
Entrainment mapping can potentially identify critical components of the reentry
circuit other than the exit site that might be within the reach of the ablation catheter.
Unfortunately, most patients with heart disease have multiple VTs that are not
hemodynamically tolerated; hence, entrainment mapping is typically combined
with substrate mapping in patients with VT associated with scars and SHD.

Pace Mapping
Pace mapping is a technique used to locate the origin of a PVC or VT by pacing the
myocardium to reproduce the clinical 12-lead morphology in the absence of VT; it
is mostly helpful if the targeted arrhythmia is difficult to induce or is hemodynamically unstable. The optimal site should exactly match the surface VT QRS, including individual notches as well as major deflections. Electroanatomical maps can
provide a percentage template match electronically, but this needs to be reviewed.
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Table 19.1 Entrainment maneuvers’ characteristics of ventricular tachycardia circuits during
ventricular tachycardia ablation
Entrainment site
Entrance
Isthmus
Exit
Outer loop
Adjacent bystander
Remote bystander

Concealed
Yes
Yes
Yes
No
Yes
No

PPI
= TCL
= TCL
= TCL
= TCL
> TCL
> TCL

S-QRS/TCL
>70%
30–70%
<30%
<30%
Variable
<30%

PPI post-pacing interval, TCL tachycardia cycle length

Pace mapping indicates the location of the origin of focal VAs [83] and should
provide confirmation of results from activation mapping when site produces an
ideal QRS match [84].
In scar-related VT, pace mapping is used to identify the exit site of the reentrant
VT circuit [43]. Critical sites of the reentrant VT circuit and regions of slow conduction can be suggested based on pace mapping with a long stimulus to QRS interval
and electrogram characteristics showing late activation in sinus rhythm.
Within scar, the spatial resolution of pace mapping is quite variable and can indicate a region of interest that measures up to 18 cm2 [74]. Even in patients without
SHD, a perfect pace map can be observed at sites up to 2 cm away from the VT
isthmus [85].

Sinus Rhythm Substrate Mapping
Many of the patients with scar-related VAs presenting for VT ablation have hemodynamically unstable VTs that prevent accurate definition of the critical component
of the reentrant circuit with activation or entrainment mapping [29]. Substrate mapping is an approach to characterize areas likely to support reentry based on electrophysiological characteristics that can be determined during stable sinus or paced
rhythm. These features to define scar include bipolar electrogram amplitude using a
4-mm tip mapping catheter where bipolar voltage abnormality is defined as electrogram amplitude <1.5 mV and dense scar defined as an amplitude <0.5 mV [86].
Bipolar voltage mapping has a limited field of view to detect epicardial or intramurally located scar, typically seen in patients with NICM. In these cases, unipolar
voltage mapping can be used to extend the field of view of endocardial mapping.
Abnormal RV endocardial unipolar free wall voltage is <5.5 mV, RV septal voltage
is 7.0 mV and the RV septal cut-off in the posterior septal RVOT in front of the
aortic root is 6.0 mV. The LV endocardial unipolar voltage cut-off for defining
abnormal mid or epicardial scar is <8.3 mV [87–91].
Other surrogates of scar are presence of sinus rhythm or pacing of fragmented
electrograms, late potentials, low-amplitude ventricular activity or LAVA [92].
Targeting these abnormal electrograms in the region of low voltage allows elimination of VT irrespective of inducibility or hemodynamic tolerance. Even for hemodynamically stable VTs, substrate mapping is often used to help focus activation or
entrainment mapping to a region of interest [19, 93, 94].
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End Points of Catheter Ablation of Ventricular Tachycardia
For focal arrhythmias in patients without SHD, assessment of efficacy is termination of VT, or elimination of PVCs, and subsequent noninducibility by catecholamine infusion or electrical stimulation that had reliably provoked episodes prior to
ablation.
For patients with SHD in whom reentry is the primary VT mechanism, the effectiveness of ablation is typically assessed by repeating PES after the ablation procedure (typically through triple ventricular extrastimuli at 2 RV sites and 1–2 drive
cycle lengths). Noninducibility of VT by PES after ablation is a reasonable end
point for VT recurrence post VT ablation in these patients [95–97].
Due to the limitations of PES, end points other than non-inducibility have been
described, including elimination of local excitability at the site of each ablation
lesion, elimination of LPs or LAVA, substrate homogenization, and core isolation in
which encircling lesions result in a central core of inexcitability [98, 99].
It is recommended to consider using noninvasive program stimulation (NIPS)
1–3 days after ablation to identify patients who, though noninducible right after the
procedure, demonstrate an increased risk for recurrence because of demonstration
of VT inducibility at NIPs. If clinical VT can be initiated at that time, repeat ablation
should be considered [100].
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Introduction
We summarize the clinical manifestations and the underlying molecular pathogenesis of acquired long QT syndrome in this chapter. Acquired long QT syndrome is
an arrhythmogenic syndrome which is associated with life-threatening ventricular
tachyarrhythmias and sudden death [1]. Once patients with this syndrome are found
to be exposed to secondary factors, e.g., drugs; electrolyte abnormalities including
hypokalemia, hypomagnesemia, or hypocalcemia; and marked bradycardia, they
show clinical phenotypes to be similar to congenital long QT syndrome, such as the
prolongation of QT interval and/or torsades de pointes (Fig. 20.1). Physicians
focused on the manner of secondary factors to cause this phenomenon at first, e.g.,
the molecular mechanism of drugs with blocking effect on the rapid component of
delayed rectifier potassium current (IKr) [2] and the behavior of ion currents including K+, Ca2+, Mg2+, or Cl− through cardiac ion channel or transporters upon the
cardiac condition with electrolyte abnormalities in the last decade of the twentieth
century, and have also tried to elucidate the underlying genetics in the acquired long
QT syndrome same as the genetic backgrounds [3–5] harbored in congenital long
QT syndrome afterwards [6]. Moreover, the technological innovation for the genetic
study has shortened the time to carry out the genetic test and elucidate the underlying genetic background in the acquired long QT syndrome. The time has come to
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Without ciprofloxacin
II

TdP and QT prolongation under ciprofloxacin and hypokalemia (2.2 mEq/I)

Fig. 20.1 Polymorphic ventricular tachycardia in acquired long QT syndrome, torsades de
pointes (TdP). TdP initiated from premature ventricular contraction after the patient took an antibiotic, ciprofloxacin. This case was presented in European Heart Journal in 2016. This is a
73-year-old female who was admitted for the treatment of bacterial pneumonia. Her baseline QTc
was normal (396 ms, upper panel). TdP and severe QT prolongation occurred 3 days after receiving ciprofloxacin (lower panel). After cardioversion, the ECG showed marked QT prolongation
(613 ms) and atrial fibrillation. Hypokalemia (2.2 mEq/L) was also present at that time. (Reprinted
from Itoh et al. [14], with permission from Oxford University Press)

build the strategy with the consideration upon combined of genetic factors and other
triggers, e.g., secondary factors, gender difference, or age [7], aimed for the personalized medicine.

 istory of Acquired Long QT Syndrome with Particular Focus
H
on Drug-Induced QT Prolongation
We are first going to understand two well-known stories about acquired long QT
syndrome with life-threatening arrhythmias caused by drugs. Terfenadine and cisapride are key drugs on detection of acquired long QT syndrome. In 1990, a 39-year-
old woman had been shockingly reported to have syncope and torsades de pointes
after prescribing ketoconazole for the treatment of vaginal candidiasis in addition to
terfenadine at a normal dosage [8]. The concentration of terfenadine was found to
be much higher than expected because the metabolism of terfenadine slowed down
from two drugs’ competition of P450 oxidative pathway in the liver [9]. In 1996,
Food and Drug Administration (FDA) received reports of torsades de pointes and
QT prolongation, respectively, in 34 and 23 subjects who were on cisapride. These
patients were also on imidazole or macrolide antibiotics. The serum concentration
of cisapride was speculated to be increased by drug interactions via competing the
metabolism of P450 3A4 enzyme system [10]. Both terfenadine and cisapride have
a blocking effect on IKr which greatly contributes to repolarization of cardiac
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myocardium and were subsequently removed from the market. Later, the latent proarrhythmic effect of drugs had been actively discussed among clinicians and non-
clinicians, and FDA has decided to strictly evaluate the at-risk effect of drugs
associated with the prolongation of action potential and QT interval through non-
clinical (S7B) and clinical tests (International Conference on Harmonisation of
Technical Requirements for Registration of Pharmaceuticals for Human Use, ICH
E14) in 2005 [11, 12]. New drugs are now made available only after they passed
these experimental and clinical tests. Nevertheless, the problem of drug-induced
prolongation and torsades de pointes has still occurred despite the great effort of the
Food and Drug Administration on the evaluation with strict non-clinical (S7B) and
clinical (ICH E14) tests.
Two critical concerns are needed to be discussed about the reason why the clinical and non-clinical tests fail to completely suppress drug-induced lethal arrhythmias. First, non-clinical test targets only on IKr, which is considered to play the most
important role in cardiac repolarization, but other cardiac ion channels associated
with cardiac repolarization, e.g., IKs, ICa, and ITo, are not routinely tested preclinically. To totally and effectively elucidate the effect of drugs on the myocardium
repolarization, in silico study is under consideration and believed to be cost-effective
[13]. Second, most drugs inhibit IKr more or less even after passing the drug tests.
Mild QTc prolongation at baseline after removing the risk factors that cause QT
prolongation is a common finding in acquired long QT syndrome. Regarding the
large cohort of acquired long QT syndrome in Europe and Japan [14], the mean
baseline QTc of the 188 patients was 453 ± 39 ms, which was significantly shorter
(478 ± 46 ms) than that of genotyped 1938 carriers in congenital long QT syndrome
but longer (406 ± 26 ms) than that of the 441 non-mutation carriers. This suggests
that in the absence of any triggering factor, there is latent QTc prolongation in the
cohort of acquired long QT syndrome (Fig. 20.2). Thus, physicians should pay
attention to patients with even mild baseline QT prolongation who have additional
risk factors for potential development of torsades de pointes, a type of polymorphic
ventricular tachycardia, especially associated with QT prolongation.

Pathogenesis of Acquired Long QT Syndrome
It is theoretically obvious that acquired long QT syndrome could occur when there
is a decrease in the net repolarizing currents in ventricular myocytes due to either a
gain in the inward currents including sodium and calcium currents or a reduction in
potassium currents (Fig. 20.3). Most of acquired risk factors delay ventricular repolarization via affecting these cardiac ionic channels. Inhibition of cardiac potassium
channels generally plays the most important role in acquired long QT syndrome.
The structure of a cardiac potassium channel is a critical point for considering
the molecular pathogenesis of drug-induced long QT syndrome because most drugs
could directly block IKr channel and therefore decrease IKr [15–17]. In the drug-
induced long QT syndrome, the structural basis for high-affinity binding of
hERG1/IKr channel blockers was revealed using a site-directed mutagenesis
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Fig. 20.2 The distribution of QTc interval in three cohorts. The upper panel shows QTc interval
of mutation carriers in congenital long QT syndrome. The middle panel shows QTc interval of
patients with acquired long QT syndrome at baseline (without secondary factors). The lower panel
shows non-carriers in congenital long QT syndrome. (Reprinted from Itoh et al. [14], with permission from Oxford University Press)

approach and the electrophysiological experiments with the patch-clamp method.
Two aromatic residues (i.e., Y652 and F656) located in all four S6 segments that
line the central cavity of the channel are the most critical determinants of drug interaction [18]. Especially, residues such as T623, S624, Y652, or F656 have been
reported to be able to affect the drug sensitivity of cisapride and terfenadine.
Bradycardia-mediated torsades de pointes may result from the downregulation of
some cardiac potassium channel, e.g., IKr or IKs, and impair repolarization of action
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Fig. 20.3 The contribution of each cardiac ionic channel to ventricular action potential. INa, Ito,
ICaL, and IKr, IKs corresponding to Phase 0, 1, 2, and 3, respectively (left panel). Gain of function
(GOF) in INa and ICaL or loss of function (LOF) in IKr, and IKs theoretically cause to prolong action
potential duration (APD) in ventricular myocardial cells and QT in interval on ECG (right panel).
Abbreviations: INa sodium current, Ito transient outward potassium current, ICa,L L-type calcium
current, IKr rapid component of delayed rectifier potassium current, IKs slow component of delayed
rectifier potassium current, GOF gain of function, LOF loss of function. (Reprinted from Turker
et al. [1], with permission from Elsevier)

potential [19–21] or the enhancement of Ca2+-calmodulin-CaMKII system [22]. In
oocytes bathed with the solution containing potassium concentrations ranging from
0.5 to 20 mmol/L, HERG (i.e., IKr) current amplitude varied as a linear function of
the concentration of extracellular potassium [23]. Unlike most of other potassium
currents, the magnitude of HERG current is paradoxically reduced on removal of
extracellular K+, thus explaining prolonged ventricular repolarization in patients
with hypokalemia. Taken together, hypokalemia can impair ventricular repolarization and cause the prolongation of action potential in the myocardium and QT interval on the electrocardiogram without the directly blocking effect of IKr [24].
The gender difference is also a critical factor in acquired long QT syndrome, and
females are at risk of acquired long QT syndrome [25]. The proportion of females
in a cohort of acquired long QT syndrome is 70–80% [14]. Sexual hormones have
been reported to be able to directly affect cardiac ion channels. Progesterone shortens ventricular action potential duration, which is attributable mainly to enhancement of the slow delayed rectifier K+ current (IKs) under a physiological condition
and inhibition of L-type Ca2+ currents (ICa,L) under cAMP-stimulated conditions
[26]. Estrogen is able to alter the manner of the voltage dependency, which is associated with loss of function of IKr [27]. Testosterone shortens action potential duration via enhancement of IKs and IKr. It is noted that sexual hormones exhibit influence
on ventricular repolarization via not only directly targeting on cardiac ionic channels but also modifying the trafficking of the ionic channels to cardiac membranes.
Increased estradiol levels are associated with relatively shorter QTc intervals in
healthy women as well as female patients with long QT syndrome type 2 which is
encoded in KCNH2 gene. Estradiol acts on KCNH2 channels via enhanced estradiol-
receptor-α-mediated Hsp90 interaction, thus enhancing membrane-surface trafficking leading to an increased repolarizing current [28].
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Regarding RR interval just before torsades de pointes, short-long-short
sequence pattern is common, and enhanced QT prolongation immediately after
long RR sequence causes R on T premature ventricular contraction mediated by
early after depolarization [29]. The simulated action potential duration of congenital long QT syndrome mutations is typically longer than that of wild-type or
drug-induced models, whereas the action potential duration in the drug-induced
model is intermediate between those in wild type and in congenital long QT syndrome [30]. The simulation study of action potential duration in myocardium
clearly demonstrates the arrhythmogenic mechanism in the model of acquired
long QT syndrome as shown in Fig. 20.4. This emphasizes that even mild
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Fig. 20.4 Simulated action potential durations (APDs) of myocardium with mutant channels
associated with drug-induced and congenital long QT syndromes. The parameters for simulation
were altered as corresponded to the experimental results for voltage-clamp protocols with a Markov
model for IKr channel. When simulated action potentials mimicked a patient who receives a drug
with IKr-blocking effects, the D342V model as a mutation in a patient with drug-induced long QT
syndrome showed early afterdepolarization, whereas the WT model had only a slight prolonged
APD without early afterdepolarization. Bold lines, controls; dotted lines, models with IKr-blocking
effects. (Reprinted from Itoh et al. [30], with permission from Wolters Kluwer)
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prolongation at baseline, which is often ignored by physicians, is critical in the
development of acquired long QT syndrome.
Cardiac “repolarization reserve” has been reported to play an important role in
acquired long QT syndrome [31, 32]. IKs contributes little to the cardiac repolarization compared to IKr in normal human myocardium at rest, but its contribution to the
repolarization becomes larger during exercise. As seen in long QT syndrome type 1,
which is encoded by KCNQ1 gene for IKs, QT prolongation is mild at rest but remarkable during exercise. ICaL increases during exercise and prolongs action potential. In
cooperation with this change of ICaL, the effect of IKs reduction in long QT syndrome
type 1 is amplified during exercise. This is because IKs has a critical role to protect
against the prolongation of action potential duration and increased IKs shortens action
potential durations. Cardiac repolarization reserve partially due to the presence of IKs
and INa [33] protects subjects against the drug-induced QT prolongation by IKrblocking drugs. In the presence of latent genetic backgrounds, however, reduction in
the repolarization reserve unveils the presence of so-called “concealed” long QT
syndrome when drugs with IKr-blocking effects are administered.

Secondary Factors as Triggers of Acquired Long QT Syndrome
The secondary factors that cause acquired long QT syndrome are electrolyte abnormalities (hypokalemia, hypomagnesemia, and hypocalcemia), bradycardias (sick
sinus syndrome, atrioventricular block), drugs, cardiac conditions (myocardial
ischemia and infarction, takotsubo cardiomyopathy, etc.), endocrine disorders
(hypothyroidism, etc.), intracranial disorders (subarachnoid hemorrhage, etc.), and
nutrition disorders (anorexia nervosa) [34]. Culprit drugs associated with QT prolongation and potential QT prolonging drugs have been updated in the website
(https://crediblemeds.org/). Drugs with blocking effect on IKr, electrolyte abnormalities such as hypokalemia or hypocalcemia, and bradycardias with atrioventricular block or sick sinus syndrome have been well known as three major triggers.
The minor secondary factors are cardiac diseases and systemic diseases, e.g., endocrine disorders, intracranial disorders, and nutritional disorders [35]. Stressinduced cardiomyopathy, Takotsubo cardiomyopathy, is a female-predominant
disease to be caused by a variety of stresses and often exhibits QT prolongation
with torsades de pointes, while the QT interval often normalizes following the
improvement of Takotsubo shape in the left ventricle [36]. The QT prolongation
with generally inverted or T wave alternans is not rare in patients with the intracranial disorders.
When physicians treat patients with acquired long QT syndrome, it is important
to identify if the baseline QTc of the patients is prolonged. The accidental abuse of
secondary factors manifests the “latent” long QT syndrome form. The baseline QTc
interval of patients with acquired long QT syndrome is commonly around 440 ms.
We should always pay attention to “mild” phenotypes which may represent a
“latent” long QT syndrome due to gene mutation because a variety of secondary
factors can serve as triggers for the development of acquired long QT syndrome in
patients with these mild phenotypes [14].
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The Underlying Genetic Factor
It has been remaining unclear why only a small proportion of persons have the
overt of QT prolongation or torsades de pointes among people who are taking the
curplit drug. Moreover, QT prolongation of these patients fails to completely
recover to a normal range after discontinuation of a QT prolonging drug or removal
of the secondary factors. Thus, the effect of a drug on the QT interval varies with
different individuals, and a genetic factor that contributes to these different effects
has been considered [37]. Since the 1990s, the candidate genes corresponding to
congenital long QT syndrome have been detected as a result of research made in
many laboratories, and researchers are considering whether these gene mutations
also could lie latent in acquired long QT syndrome. In 2000, it was reported that a
polymorphism in KCNE2 encoding the MinK-related peptide 1 (MiRP1), Thr8Ala
(T8A), could be associated with drug-induced long QT syndrome [38].
Sulfamethoxazole is one of the antibiotics to be commonly used for pneumocystis
pneumoniae, methicillin-resistant Staphylococcus aureus infection, urinary tract
infection, etc. IKr channels cotransfected Thr8Ala-MiRP1 exhibits a higher drug
sensitivity to sulfamethoxazole than those channels with wild-type MiRP1. The
enhanced drug sensitivity of IKr channels has been considered as a reason for the
underlying mechanisms in the onset of drug-induced long QT syndrome. Later, a
number of studies have reported a latent loss of function of cardiac potassium
channels [30, 39–42] or gain of function of cardiac sodium channels [43, 44] corresponding to congenital long QT syndrome types 1, 2, and 3, respectively.
According to the genetic study of patients with long QT syndrome in Europe and
Japan [14], KCNQ1 and KCNH2 mutations are found in 50% and 41%, respectively, among patients with congenital long QT syndrome, whereas among the 51
of 186 acquired long QT cases, carriers of KCNQ1 mutations are 29%, less frequent than KCNH2 mutation carriers (59%). Thus the mutation in KCNQ1 and
KCNH2 are dominant in the congenital long QT syndrome, while the genetic factor
of the IKr potassium channel is dominant in acquired long QT syndrome. The mutations in S5-pore-S6 in the KCNH2 cause severer phenotypes than those with mutations in other locations [45, 46]. Over half of mutations have been detected in the
locations except S5-pore-S6 region in patients with a KCNH2 mutation who
develop acquired long QT syndrome. A non-pore mutation in KCNH2, His492Thy,
is the most frequent among mutations to be detected in Japanese patients with
acquired long QT syndrome. This mutant channel has the kinetics of accelerated
inactivation of IKr channel compared to the wild type, and in the simulation study
IKr blocker can induce early afterdepolarization on myocardium with mutant channels (Fig. 20.4) [30]. This mutation is associated with acquired long QT syndrome
triggered by different secondary factors, e.g., drug-induced, hypokalemia-induced,
and bradycardia-induced types, and this genetic study shows us that different triggers can incidentally expose the same predisposing genetic background (Fig. 20.5)
[47]. Clinical phenotypes in patients who carry a His492Thy mutation are mild on
the condition without secondary factors, while His492Thy mutation carriers with
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Fig. 20.5 Different types of acquired long QT syndrome caused by a common mutation. QT
prolongation and/or cardiac events occurred among carriers with His492Thy in KCNH2 regardless
the type of secondary factors

an additional mutation can have phenotypes as congenital long QT syndrome.
Double or compound mutations generally cause severer congenital types of long
QT syndrome in about 8% of all congenital long QT syndrome patients than those
with only one mutation [48]. His492Thy mutation in KCNH2 as a genetic variant
for acquired long QT syndrome is more common in Japanese than other races. The
other variants plus latent mutation carriers could cause more clearly functional
abnormality underlying each mutation.
When we determine an underlying mutation in a proband with acquired long QT
syndrome, we also need to do the genetic study to identify the mutation carriers of
acquired long QT of the family because the mutation carriers in acquired long QT
families may have borderline QTc prolongation despite the fact that most carriers
are asymptomatic. Analysis of acquired long QT syndrome family members
revealed a mean QTc of 459 ± 36 ms in 56 mutation carriers. Of these 56 mutation
carriers, 54 (96%) were asymptomatic, while 2 females with the R555C mutation in
KCNQ1 [49] or the M124T mutation in KCNH2 [50] had fatal arrhythmias under
the prolonged QTc interval (628 and 678 ms, respectively), after taking terfenadine
or probucol [14].
How can we clinically speculate which patients of acquired long QT syndrome
would have a mutation? The multivariate analysis revealed three clinical factors
would be related to the latent genetic background. When three clinical factors
(age ≤40 years, symptoms, and QTc >440 ms) were present, we need to consider
the genetic background underlying congenital long QT syndrome. Their scoring
system ranging from 0 to 3 points allowed identification of individuals who are
likely to carry a long QT syndrome mutation. As shown in Fig. 20.6, the proportion of acquired long QT subjects with mutation carriers increased linearly from
0% to 63% [14].
Now, we focus on polymorphisms or variants which can contribute to the long
QT syndrome or affect clinical phenotypes in carriers [51]. The polymorphisms to
be detected over 1 of 100 controls or rare variants to be detected under 1 of 100
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Fig. 20.6 The frequency of mutation carriers in acquired LQTS with each score. The score was
added in each patient; symptomatic, <40 years old, QTc >440 ms at baseline. MCs mutation carriers, NMCs non-mutation carriers. (Reprinted from Itoh et al. [14], with permission from Oxford
University Press)

controls in the large normal cohort can modify the clinical phenotype and penetrance including cardiac symptoms or QTc interval in long QT syndrome families.
We can get the information on the website which shows the prevalence of variants.
The new technology of exosome or whole DNA analysis has revealed polymorphisms or rare variants to be able to modify the clinical phenotypes. A polymorphism in the KCNQ1, rs2074238, has been reported to protect QT prolongation in a
collaborative study in Europe and Japan, whereas most variants that are associated
with acquired long QT syndrome have been reported to worsen clinical phenotypes
at baseline [52]. Y1102 allele in SCN5A can be associated with the onset of lifethreatening arrhythmias in African Americans [53]. About 13.2% of African
Americans carry the Y1102 allele, while this polymorphism was rarely detected in
East Asians or Europeans except Finnish. K897T polymorphism in KCNH2 is more
common in Europeans than East Asians or Africans, and according to ExAC browser
(http://exac.broadinstitute.org/), the allele frequencies are 0.23, 0.45, and 0.04,
respectively. This polymorphism had been reported to be a modifier to the carriers
with a latent KCNH2 mutation in a congenital long QT syndrome family [54]. By
comparing drug-induced long QT syndrome with drug-exposed controls in the
whole-exome sequencing with aggregated rare variant analyses, rare variants in
KCNE1 and ACN9 had been reported to be associated with risk factors for drug-
induced long QT syndrome [55]. Of note, D85N in KCNE1 has been reported in
several independent studies to cause or be associated with not only acquired long
QT syndrome but also congenital long QT syndrome [56]. Moreover, patients with
drug-induced long QT syndrome were more burdened by rare amino acid coding
variants than those with congenital long QT syndrome, supporting the idea that
multiple rare variants, notably across congenital long QT syndrome genes, predispose to drug-induced long QT syndrome.
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Treatments
ACC/AHA/ESC 2006 guideline shows the management of patients with drug-
induced long QT syndrome [57]. When we document a patient with unexpected QT
prolongation and/or torsades de pointes, first we need to make efforts to not only
find structural heart disease with noninvasive or invasive cardiac examinations but
also examine serum electrolytes including potassium, calcium, or magnesium to be
strictly associated with QT interval. We treat the baseline heart diseases while monitoring QT interval; the most important approach in the treatment of acquired long
QT syndrome is to remove reversible secondary factors. Culprit drugs have to be
discontinued in drug-induced long QT syndrome, and potassium will be supplied in
hypokalemia-induced long QT syndrome in order to keep serum potassium concentration over 4.5 mEq/l. It is also necessary to discontinue those drugs that can
worsen bradycardias, and a pacemaker implantation might be sometimes needed in
acquired long QT syndrome induced by bradycardia condition such as sick sinus
syndrome and atrioventricular block. If patients have structural heart disease underlying QT prolongation, we would also treat unfavorable conditions that delay ventricular repolarization. These treatments surely shorten QT interval, while it may
take time for the QT interval to be effectively normalized or shortened after removal
of secondary factors.
In acute phase, the infusion of magnesium is effective for the suppression of
torsades de pointes. However, the concentration of serum magnesium needs to be
closely monitored because the concentration of serum magnesium may increase
than that expected in elderly patients.
When the QT interval remains prolonged even after removal of secondary factors, we may perform the genetic test to identify corresponding genes of congenital
long QT syndrome. Elderly carriers in families with congenital long QT syndrome
present with lethal ventricular arrhythmias as patients with acquired long QT syndrome. It is not rare that some drugs or the abnormal serum electrolytes could trigger the first cardiac event even in silent asymptomatic carriers. If a disease-causing
mutation has been detected, his/her family members may need the genetic test for
the primary prevention. It is also important to educate how to prevent carriers from
secondary factors that cause fetal arrhythmic events. When physicians obtain the
medical histories of a patient or the family members, the information whether they
are patients with long QT syndrome or mutation carriers is important. For the
patients with long QT syndrome or mutation carriers, we educate them to avoid risk
factors from fetal cardiac arrhythmias on a regular basis.

Future Plans to Elucidate Acquired Long QT Syndrome
Acquired long QT syndrome is associated with QT prolongation and/or lethal
arrhythmias, generally polymorphic ventricular tachycardia (torsades de pointes)
triggered by a secondary factor. Drug-induced long QT syndrome is particularly
well studied in the aspect of both drug effects and the underlying genetic basis.
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Fig. 20.7 A hypothesis of acquired long QT syndrome. Most cases are those with only secondary
factors (lower risk). Patients with the highest risk are those who carry a major candidate gene in
congenital long QT, i.e., “latent” type of congenital LQTS; only a single secondary factor can
induce severe QT prolongation and TdP. A dotted line in the figure is a hypothesized threshold for
the development of TdP

Regarding the future research of acquired long QT syndrome, basic researchers and
clinical scientists are working on two directions. First, the pharmaceutical companies are searching for time and cost-effective preclinical models simulating drug
effects on ventricular repolarization in silico [13]. Second, the personalized medicine can contribute to the prevention of arrhythmic events in patients at risk before
exposing secondary factors [58]. FDA has reported the underlying genetic factors to
be associated with QT prolongation after taking a drug with potentially IKr blocking
effect. If the method for searching genetic factors becomes practical, we would be
able to categorize patients into either safe or at risk before giving proarrhythmic
drugs. Regarding the management of acquired long QT syndrome, the era from
“treatment” to “prevention” has come here. Acquired long QT is the target for personalized medicine or precision medicine upon the progress of the new technology
of genetic study (Fig. 20.7).
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Indications for Implantable Cardioverter
Defibrillators
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Introduction
The implantable cardioverter defibrillator (ICD) was invented and developed by
Mirowski and Mower whose pioneering work proved the feasibility and effectiveness of this device in the treatment of malignant ventricular arrhythmias and prevention of sudden cardiac death (SCD) [1]. Almost 40 years have elapsed since the first
human implantation [2] and the technological advancements as well as the clinical
indications of ICDs are continuously evolving. Despite evidence-based indications
for ICD implantation, several aspects remain controversial and vague while unresolved issues and less evidenced indications still exist [3–7].

Overview of Implantable Cardioverter Defibrillator Indications
ICD therapy is very effective in the prevention of SCD in different clinical settings.
The vast majority of ICD recipients suffer from congestive heart failure with severe
left ventricular systolic dysfunction. Indeed, this specific population is at increased
risk for SCD, although the vast majority of patients suffering SCD in the general
population do not have severely impaired left ventricular systolic function. The risk
stratification of ICD candidates is of critical importance in order to achieve an ideal
risk/benefit ratio. ICDs confer very effective protection against malignant ventricular arrhythmias, but, on the other hand, potential risks such as infections,
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lead-related problems, and inappropriate ICD shocks may limit or neutralize the
anticipated benefits. Most of the patients have an ICD for primary prevention of
SCD. Less commonly, ICDs are implanted for secondary prevention of SCD after
suffering aborted SCD or sustained ventricular tachycardias (VTs). Besides patients
with heart failure who have increased SCD risk, patients with various arrhythmogenic cardiomyopathies or channelopathies represent candidates for ICD implantation as well. Several risk stratification schemes have been developed in order to aid
our clinical decision and patient selection in each setting.

Secondary Prevention
Survivors of SCD or sustained ventricular tachycardia are considered to be at particularly high risk for recurrent arrhythmic events, exceeding the level of 40% at
5 years after the index event [8]. Especially patients with extensive scar tissue and
severely depressed left ventricular ejection fraction (LVEF) are at very high risk of
death or recurrent ventricular arrhythmias [9]. Bearing in mind the aforementioned
considerations, it is obvious that the benefits of ICD therapy in the setting of secondary prevention are more pronounced compared to primary prevention.
Current guidelines strongly suggest ICD implantation in patients survived from
ventricular fibrillation (VF) or sustained VT that was not due to reversible causes
(Table 21.1) [3, 4]. This recommendation is based on the results of three randomized
clinical trials Antiarrhythmics Versus Implantable Defibrillators (AVID), Canadian
Implantable Defibrillator Study (CIDS), Cardiac Arrest Study Hamburg (CASH)
which compared the efficacy of ICDs and antiarrhythmic drug therapy, primarily
amiodarone, in terms of recurrent sudden death and mortality, which demonstrated
clear benefits of ICD therapy [10–12]. Of note, a meta-analysis of these three trials
indicated a 50% relative risk reduction for arrhythmic death and a corresponding
28% reduction for all-cause mortality in patients receiving an ICD [13]. However, a
meta-analysis subgroup analysis by LVEF showed greatest absolute risk reduction at
3 years in those with LVEF <35% (ARR 11.4%, NNT 9) compared to those with
LVEF >35% (ARR 2.2%, NNT 45) [14].

Table 21.1 Secondary prevention recommendations for ICD implantation
Survivors of VF or sustained VT not due to reversible causesa
Patients with structural heart disease and sustained VT
Patients with sustained VT/VF and no structural heart disease
Cardiac syncope in patients with LVEF ≤ 35%
Syncope in patients with ischemic or non-ischemic cardiomyopathy and positive
electrophysiologic (ventricular stimulation) study
Patients with sustained VT/VF > 48 h after a myocardial infarction, and no recurrent ischemia
or other reversible cause
ICD implantable cardioverter-defibrillator, LVEF left ventricular ejection fraction, VT ventricular
tachycardia, VF ventricular fibrillation
a
A recent retrospective cohort study indicates a substantial benefit of ICD therapy in cardiac arrest
survivors with reversible causes other than myocardial infarction.
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Reversible causes of sudden cardiac arrest (SCA) usually account for approximately 50% of reported cases. These include significant electrolyte and metabolic
abnormalities, acute myocardial infarction or significant myocardial ischemia,
drug-induced proarrhythmia including proarrhythmic effects of antiarrhythmic
drugs, and presence of ventricular pre-excitation. In patients with a reversible cause
of SCA, an ICD is implanted in almost 40% of survivors without clear evidence to
guide this decision [15]. An analysis from the AVID Registry demonstrated that
patients diagnosed with “transient” or “correctable” causes for life-threatening VT/
VF have a high mortality risk [16]. Indeed, such patients may have a substrate for
continued risk for serious arrhythmias [16]. In support of this assumption, Saba’s
group recently reported a retrospective cohort analysis showing that in patients with
reversible causes of SCD, other than myocardial infarction, ICD therapy is associated with 39% improved survival during a 4-year follow-up period after the index
event [17, 18]. It should be noted that SCA survivors with myocardial infarction
underwent complete coronary revascularization [17]. In this context, ICD patients
with reversible causes other than myocardial infarction experienced much more
appropriate therapies during follow-up [19]. It should therefore be concluded that a
presumed reversible cause may reveal a predisposition to electric cardiac instability
in certain individuals due to a “vulnerable” substrate. Thus, ICD therapy in SCD
survivors with reversible causes other than myocardial ischemia may confer significant benefits but evidence from randomized trials is lacking [17–19]. Also, the
occurrence of VT/VF during the first 48 h after revascularization in myocardial
infarction patients does not seem to have adverse prognostic impact since it is considered a “reperfusion arrhythmia.” It should be stressed that individualized decisions regarding ICD implantation in certain high-risk individuals with “reversible”
causes of VF/sustained VT seem to be the most prudent approach.

Primary Prevention
The majority of patients receive an ICD for primary prevention of SCD. Several
landmark studies such as Multicenter Automatic Defibrillator Trial I (MADIT I,
MADIT II), Multicenter UnSustained Tachycardia Trial (MUSTT), Defibrillators in
Non-Ischemic Cardiomyopathy Treatment Evaluation (DEFINITE), Sudden Cardiac
Death in Heart Failure Trial (SCD-HeFT), established the role of ICD therapy in the
prevention of SCD in high-risk patients with ischemic or non-ischemic cardiomyopathy [20–24]. Taking into consideration the results of these studies, current guidelines regarding ICD implantation for primary prevention are based solely on LVEF
and heart failure functional status (Table 21.2). Substantially, all patients with moderately to severely depressed LVEF are candidates for ICD implantation (Table 21.2)
[3, 4]. However, the risk stratification according to these guidelines is far from ideal.
In this context, many experts argue that the use of LVEF as the sole tool for risk
stratification in this setting is insufficient and may result in unnecessary overuse of
ICDs [25, 26]. Indeed, in trials where patient selection was based only on LVEF, the
3-year absolute risk reduction regarding mortality was low (9% and 5.6% in MADIT
II and SCD-HeFT, respectively) and the number needed to treat (NNT) great (11 and
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Table 21.2 Synopsis of recommendations for ICD implantation regarding primary prevention in
patients with left ventricular dysfunction
Patients with symptomatic NYHA II-III ischemic heart failure and LVEF ≤35% due to prior
MI who are at least 40 days post-MI or 90 days after revascularization on optimal medical
therapy and having a life expectancy of at least 1 yeara
Patients with symptomatic NYHA I ischemic heart failure and LVEF ≤30% due to prior MI
who are at least 40 days post-MI or 90 days after revascularization and having a life expectancy
of at least 1 yeara
Patients with ischemic cardiomyopathy, LVEF ≤40%, NSVT, and inducible sustained VT on
EP studya
In patients with ischemic cardiomyopathy and LVEF ≤40%, <40 days after myocardial
infarction or <90 days after revascularization and inducible sustained VT on EP study
In selected patients with symptomatic NYHA IV ischemic heart failure and LVEF ≤35% due to
prior MI who are at least 40 days post-MI or 90 days after revascularization and having a life
expectancy of at least 1 year (patients with pacing indication, patients with syncope due to VT)a
Patients with symptomatic NYHA II-III non-ischemic heart failure and LVEF ≤35% at least in
3 months on optimal medical therapy and having a life expectancy of at least 1 year
Patients during the first 40 days after a MI who require permanent pacing and fulfill the criteria
primary prevention of SCDb
Patients during the first 40 days after a MI who suffer syncope that believed to be due to
ventricular tachyarrhythmiab
Potential benefit in patients during the first 40 days after a MI with LVEF ≤40% and inducible
sustained VT on EP studyb
Potential benefit in post-myocardial infarction revascularized patients with LVEF >40% with
positive electrocardiographic noninvasive risk markers and positive programmed ventricular
stimulation
EP electrophysiological, ICD implantable cardioverter-defibrillator, LVEF left ventricular ejection
fraction, MI myocardial infarction, NSVT non-sustained ventricular tachycardia, VT ventricular
tachycardia
a
In ischemic cardiomyopathy patients at least 40 days after myocardial infraction, or 90 days after
revascularization
b
Patients should have been revascularized

18 in MADIT II and SCD-HeFT, respectively) [14]. On the other hand, in landmark
studies where additional risk stratification tools such as programmed ventricular
stimulation (PVS) studies were used, the mortality reduction was much greater.
Specifically, patients with ischemic heart disease enrolled in MADIT I and MUSTT
had the greatest reductions and smallest NNT at 3 years (ARR 24.6% and 19%, NNT
4 and 5, respectively) [14]. A recent pooled analysis of the value of electrophysiology testing in post-MI patients with LVEF ≤40% and no history of sustained ventricular arrhythmias or cardiac arrest indicated a sensitivity of 58.1% and a specificity
of 69.5% for the prediction of arrhythmic events [27]. Apart from PVS, several noninvasive risk markers including ECG indices such as ventricular ectopy, late potentials, prolonged QTc interval, T wave alternans, abnormal heart rate variability, or
abnormal heart rate turbulence, biomarkers such as BNP, imaging markers of fibrosis, and genetic markers such as specific mutations have been associated with
increased risk of SCD and may be useful to select patients for ICD therapy [28–31].
With regard to electrocardiogram or electrocardiographic (ECG) indexes, when used
individually have low positive predictive value that increases substantially when
examined in combination [29]. It seems that a multivariate approach using multiple
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modalities (noninvasive and invasive) may provide enhanced risk stratification and
increase the relative benefit of ICDs [29, 30]. Furthermore, the impact of competing
comorbidities should also be taken into account. Interestingly, a two-step stratification model has been proposed, namely, assessment of survival probability and, subsequently, examination of arrhythmia susceptibility [29]. In fact, advanced age and
comorbidities, such as advanced renal failure, diabetes, and chronic obstructive pulmonary disease (COPD), attenuate ICD benefit [32–37]. Remarkably, several risk
score models have been developed in order to guide clinicians for the prediction of
individual benefit from ICD therapy. These scores include demographic and clinical
characteristics, comorbidities, and echocardiographic parameters but do not incorporate arrhythmic risk indexes [7, 35–37].
Bearing in mind that ICD therapy is associated with potential adverse events
such as infections, lead-related problems, and inappropriate shocks, the correct
selection of patients in order to achieve the greatest benefit/risk ratio is of critical
importance. A recent meta-analysis of 18 randomized control trials demonstrated an
overall ICD complication rate of 9.1% over 16 months after implantation [38].
Importantly, recent data indicate that the incidence of mechanical and infectious
complications of transvenous ICD leads over long-term follow-up is much higher in
the real world than in clinical studies [39]. In this cohort, ICD leads had 24%
mechanical complication and infection rates when followed up to 10 years [39].
Although current guidelines refer to patients with LVEF <40%, it is well known
that certain patients with LVEF >40% may have an increased risk of SCD. In the
same line, it is also known that the absolute number of patients with LVEF >30%
suffering from SCD in the general population is much greater than the number of
“high-risk” patients who have LVEF <30%. The very recent multicenter Post
Myocardial Infarction Risk Stratification for Sudden Cardiac Death in Patients with
Preserved Ejection Fraction (PRESERVE-EF) study examined 575 post-MI revascularized patients with LVEF >40% at 40 days until 3 years after myocardial infarction [40]. High-risk patients were those who had at least one positive
electrocardiographic noninvasive risk factor: premature ventricular complexes, nonsustained ventricular tachycardia, late potentials, prolonged QTc, increased T-wave
alternans, reduced heart rate variability, and abnormal deceleration capacity with
abnormal turbulence [40]. These patients were referred for PVS, with ICDs offered
to those inducible. Finally, 37 patients received an ICD, and after a mean follow-up
of 32 months, 9 ICDs (1.57% of total screened population) were appropriately activated. Of note, this two-step algorithm yielded 100% sensitivity, 93.8% specificity,
and 100% negative predictive value with regard to SCD/clinical ventricular tachyarrhythmia or/and appropriate ICD activation [40].
Early implantation of an ICD after myocardial infarction in patients with significant LV dysfunction is generally discouraged by current guidelines [3–5]. Two
trials, the Defibrillator in Acute Myocardial Infarction Trial (DINAMIT) and the
Immediate Risk Stratification Improves Survival (IRIS) failed to show survival
benefits in patients who were implanted with an ICD in the first 40 days after
myocardial infarction despite the significant reduction of arrhythmic death [41,
42]. Notably, competing increased non-arrhythmic mortality attributable to pump
failure or mechanical complications accounts for these findings [41–43]. However,
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reports from an Australian group support the role of PVS for early risk stratification in post-myocardial infarction patients with LVEF ≤40% following revascularization. A negative PVS (using an aggressive protocol with up to four
extrastimuli) prior to hospital discharge appears to predict a favorable long-term
outcome without the implantation of an ICD [44]. On the other hand, a positive
early PVS, even with a second attempt if the first PVS is negative, is associated
with increased risk of death or malignant arrhythmia [45]. The ongoing prospective PROTECT-ICD study examines whether an electrophysiological study to
guide prophylactic implantation of an ICD early following myocardial infarction
(first 40 days) will lead to a significant reduction in sudden cardiac death and
non-fatal arrhythmia [46]. The European guidelines have already suggested an
early PVS after myocardial infarction (within 10 days) in patients having LVEF
≤40% with a IIb indication [4].
It is well-known that the benefits of ICD therapy in patients with non-ischemic
cardiomyopathy are less robust. However, current guidelines do recommend ICD
implantation in those with NYHA class II–III and LVEF ≤35% (Table 21.2). The
value of ICD therapy in non-ischemic cardiomyopathy has been recently challenged
by the results of the DANISH trial which failed to show a significant reduction in
total mortality despite a benefit in arrhythmic SCD in patients with non-ischemic
cardiomyopathy and LVEF ≤35% [47]. It should be pointed out that the increased
implementation of optimal medical therapy and the high incidence of cardiac resynchronization therapy (CRT) in the study population may have reduced the risk of
death, especially the arrhythmic risk, mitigating the benefits of ICD therapy.
Moreover, it should be stressed that in patients <68 years old, the mortality from any
cause was significantly lower in the ICD group [47]. This finding indicates that the
increased age and possibly the associated comorbidities attenuate the effects of ICD
therapy on total mortality. Interestingly, recent meta-analyses that incorporated the
results of the DANISH trial indicate a substantial reduction of overall mortality,
including SCD, in non-ischemic cardiomyopathy patients with ICD therapy [28, 48,
49]. As mentioned above, additional noninvasive and invasive risk stratification tools
seem to be of particular importance, especially in the setting of non-ischemic cardiomyopathy. Arrhythmic risk markers, electroanatomic mapping, detection of specific
gene mutations, and fibrosis detected by magnetic resonance imaging provide the
potential to identify the real “high-risk” population who would benefit the most [28].
The role of PVS for risk stratification in non-ischemic cardiomyopathy is controversial. The American guidelines advocate an electrophysiological study only in the
case of syncope of undetermined etiology [3]. On the other hand, European guidelines mention that PVS may be considered for risk stratification of SCD in dilated
cardiomyopathy with a class IIb indication [4]. The potential merit of PVS in dilated
cardiomyopathy has been recently reinforced by a prospective study of 157 patients,
which during long-term follow-up showed that appropriate ICD interventions or
SCD occurred significantly more frequently among patients with a positive PVS [50].
The issue of optimal medical therapy in patients with heart failure deserves special attention. The increased implementation of contemporary evidence-based treatments over time resulted in decreased rates of SCD as indicated in landmark heart
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failure trials. Specifically, a recent analysis of 12 clinical trials from 1995 through
2014 showed a 44% decline in the rate of sudden death [51]. Therefore, especially
in the setting of non-ischemic cardiomyopathy, the criteria to implant an ICD in the
era of contemporary medical treatments should be stricter. It should also be mentioned that contemporary medical treatments and other factors may lead to LVEF
improvement after ICD placement. Zhang et al. demonstrated that at least 20% of
ICD patients exhibit an improvement of LVEF to levels >35% and therefore do not
fulfill the criteria for ICD therapy [52]. In fact, heart failure is a dynamic disease and
definitely, periodic assessment of the arrhythmic risk beyond LVEF is needed. In the
same line, Kini et al. showed that approximately 25% of patients who receive ICDs
for primary prevention may no longer meet guideline indications at the time of generator replacement, and these patients receive subsequent ICD therapies at a significantly lower rate [53]. However, the decision to defer an ICD at the time of
replacement in patients with improved LVEF carries a risk, since appropriate shocks
may ensue for the first time after generator change [54]. Therefore, it is prudent to
assume that a multifactorial risk assessment may be more appropriate in such cases.

Inherited Cardiomyopathies and Channelopathies
In general, patients with inherited cardiomyopathies and channelopathies receiving
ICD therapy are younger compared to patients with chronic systolic heart failure.
Also, these patients, in the long term, suffer more frequent complications such as leadrelated problems or inappropriate shocks [55–57]. Single chamber ICDs may be preferable in this setting, especially in patients without a bradycardia pacing indication,
due to a decreased long-term risk of lead infection. Despite the lack of atrial lead
which confers better discrimination of arrhythmias, and after appropriate programming, no significant difference in inappropriate therapies and mortality has been
observed between dual and single chamber ICDs [58]. The potential use of subcutaneous defibrillators in this category of patients is another option and is discussed later.

Hypertrophic Cardiomyopathy
Hypertrophic cardiomyopathy is an inherited cardiomyopathy associated with
increased risk of SCD and ventricular arrhythmias, especially during exercise.
Several risk factors for SCD in hypertrophic cardiomyopathy have been reported in
the literature. Major risk factors include aborted SCD, sustained VT, family history
of SCD, syncope (no reflex syncope), excessive LV hypertrophy (≥30 mm), multiple/repetitive NSVT episodes, LV apical aneurysm, LVEF <50%, and extensive late
gadolinium enhancement (extensive fibrosis) [6, 59]. ICD implantation should be
offered in all secondary prevention patients. Patients with ≥1 major risk factor
should be considered for primary prevention with an ICD [59]. Potential risk mediators such as hypotensive response to exercise, marked LV outflow obstruction at
rest, and age <60 years should also be taken into account [59]. Moreover, the
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guidelines do not advocate genetic screening or programmed ventricular stimulation for risk stratification [3]. Subcutaneous defibrillators may have potential advantages, especially in young patients (see below) [59].

Arrhythmogenic Right Ventricular Cardiomyopathy
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited cardiomyopathy associated with increased risk of SCD and ventricular arrhythmias, especially
during exercise [60, 61]. As in other settings, in patients with ARVC surviving of
SCD or sustained VT, ICD implantation is strongly indicated for secondary prevention. Major risk factors for arrhythmic events include unexplained syncope, nonsustained VT, and moderate or severe right or left ventricular dysfunction. The
International Task Force Consensus Statement on treatment of ARVC suggests that
the presence of any of these major risk factors is a class IIa indication for ICD
implantation in the setting of primary prevention [60, 61]. However, the recently
released American guidelines do not recommend ICD implantation for primary prevention in ARVC patients with NSVT [3]. It should also be mentioned that the benefit of ICD therapy should be balanced against the relative frequent complications
which include device/lead problems and inappropriate shocks in more than 8% of
patients/year [60, 61].

Long QT Syndrome
Congenital long QT syndrome (LQTS) is a group of primary electrical disorders associated with increased duration and heterogeneity of ventricular repolarization predisposing to torsades de pointes and SCD [62, 63]. Sympathetic triggers play a pivotal
role in triggering of arrhythmias, and therefore, beta-blockers are the mainstay of
therapy in patients with LQTS and QTc ≥ 470 ms [3, 6, 62]. Apart from patients who
are survivors of a cardiac arrest, ICD implantation can be useful in patients with a
diagnosis of LQTS who experience recurrent syncopal events while on beta-blocker
therapy [3, 62, 64]. An atrial lead (dual chamber ICD) may be necessary in these
patients, since continuous pacing at relatively high rates shortens the QT interval.

Short QT Syndrome
Short QT syndrome (SQTS) is a rare channelopathy associated with an increased
risk of SCD. Specifically, there is a high probability of syncope, even SCD, that
reaches the level of 40% by 40 years old [65]. An ICD is clearly indicated in patients
who suffered sustained VT/VF episodes or survivors of an aborted cardiac arrest [3,
62, 65]. In asymptomatic patients with SQTS, no data on the potential benefit of
ICD therapy exists. Limited evidence suggests that an ICD might be considered in
SQTS patients with a strong family history of SCD [65].
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Brugada Syndrome
Brugada syndrome (BrS) is a primary electrical disease associated with increased
risk of SCD due to malignant ventricular arrhythmias. An ICD should always be
implanted in symptomatic patients, namely in those who had resuscitated SCD/
sustained VT, syncope, or nocturnal agonal respiration [62]. The risk stratification
and management of asymptomatic individuals remain the most controversial issues
in BrS [66, 67]. Several clinical, electrocardiographic, and some invasive markers
have been associated with increased arrhythmic risk. These include spontaneous
type I pattern, QRS interval fragmentation, early repolarization in inferolateral
leads, wide and/or large S-wave in lead I, sinus node dysfunction, increased TpeakTend interval, PQ ≥ 170 ms in lead V1, prolonged QTc interval, T-wave alternans,
sinus node dysfunction, atrial fibrillation, ST-segment augmentation early in the
recovery phase after exercise test, ventricular effective refractory period <200 ms,
and VT/VF inducibility at electrophysiology study [66, 67]. Although the merit of
PVS in risk stratification of asymptomatic BrS (Brugada Syndrome) is debated,
there is evidence for its predictive value regarding future arrhythmic events, especially when less aggressive protocols are applied (with up to 2 extrastimuli) [67–
70]. Therefore, ICD implantation is reasonable in patients with spontaneous or
fever-induced type I Brugada pattern and high-risk clinical and electrocardiographic
characteristics or a positive electrophysiology study [66–70].

Catecholaminergic Polymorphic Ventricular Tachycardia
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a rare malignant
channelopathy associated with a high incidence of SCD mainly during childhood
and adolescence [62, 71]. Physical or emotional stress may induce polymorphic or
bidirectional ventricular tachycardia [71]. It has been demonstrated that early repolarization pattern in CPVT is associated with syncope and represents a potential risk
marker in this setting [72]. In CPVT patients receiving adequate or maximally tolerated beta-blocker with recurrent sustained VT or syncope, treatment intensification
with either combination medication therapy (e.g., beta-blocker, flecainide), left cardiac sympathetic denervation, and/or an ICD is recommended [3]. The optimization
of medical therapy and/or sympathetic denervation after ICD implantation is imperative, since ICD shocks per se may aggravate ventricular arrhythmias and provoke
electrical storm due to catecholamine release from the pain and fear [71]. Inappropriate
ICD shocks and lead-related complications are very frequent in this population [57].

Early Repolarization Syndrome
Early repolarization syndrome (ERS) is a manifestation of the J wave syndromes
which also include BrS and is associated with vulnerability to polymorphic VT or VF
[66]. End-QRS notching or slurring along with horizontal or descending ST-segment
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elevation in inferolateral leads represents the most malignant pattern [66, 73]. The
Shanghai Score System which incorporates several clinical and electrocardiographic
parameters has been recently proposed for the diagnosis of ERS [66]. ERS patients
with prior SCA or sustained VT should receive an ICD (Class I indication) [3, 62,
66]. In addition, patients with ERS, syncope, and strong family history of SCD or
asymptomatic patients with high-risk electrocardiographic patterns and strong family history of SCD may also be considered for ICD therapy [62, 66].

I mplantable Cardioverter Defibrillators in Congenital
Heart Disease
ICD implantation in patients with congenital heart disease (CHD) may be challenging. Anatomical obstacles include obstructed veins, conduits and baffles, atrioventricular valve disease, and intracardiac shunts [74]. Despite these technical
difficulties, very high rates of appropriate ICD therapy were reported in a recent
meta-analysis, both in primary and secondary prevention [75]. Due to younger age
and lower death rates, the beneficial effects seem to be greater in CHD patients
compared to acquired heart disease patients [75]. On the other hand, the high rates
of inappropriate shocks and complications in this population should be seriously
taken into account [75]. In the current guidelines [3], it is pointed out that in the
setting of sustained or hemodynamically unstable VT, treatment of residual hemodynamic abnormalities with catheter or surgical intervention should be performed
prior to consideration of ablation or an ICD. In the setting of secondary prevention,
an ICD implantation is indicated in the absence of reversible causes [3]. In patients
with corrected Fontan physiology and arrhythmic burden, an electrophysiology
study is useful to assess the risk and if positive an ICD implantation is reasonable
(class IIa) [3]. Moreover, in patients with syncope in the setting of repaired moderate or severely complex CHD and at least moderate ventricular dysfunction or
marked hypertrophy, ICD implantation with or without positive electrophysiology
study is reasonable (class IIa) [3]. Given the young age of CHD with ICDs (mean
age at implantation 36.5 years) [75], the potential use of subcutaneous defibrillators
may have advantages (see below).

I mplantable Cardioverter Defibrillators Implantation
for Children
The indications of ICD implantation in children do not substantially differ from
those applied in adults. They are increasingly used to prevent SCD in children with
CHD, cardiomyopathies, or channelopathies [76, 77]. However, a relative increase
of implantation for primary prevention compared to secondary prevention is evident
over the recent years [77]. Improvements in technology, earlier diagnosis of channelopathies, and increasing longevity of children with CHD may account for this
trend [77]. It should also be mentioned that evidence from clinical trials for the
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benefit of ICDs in pediatric populations with regard to primary prevention is lacking
[77]. The decision to implant an ICD in a child is a very complicated issue given the
long time that the patient will live with the device and the associated increased
cumulative risk of complications. Also, implantation of an ICD is a technical challenge in pediatric patients. In some infants, in some younger children and in those
without central venous access the ICD lead is positioned within the pericardial
space while the generator is placed in an abdominal pocket. However, the longevity
of these devices is significantly diminished compared with conventional transvenous devices [76]. Children with ICDs have demonstrated high rates of inappropriate therapy, mechanical lead complications, and psychological distress compared to
adult patients [76]. The subcutaneous ICD is another option, but its use in young
children is problematic in most instances due to the large generator size which may
provoke aesthetic problems or may lead to erosion [76].

Subcutaneous Implantable Cardioverter Defibrillators
As mentioned above, a considerable proportion of classic transvenous ICD systems
are prone to complications over time. Lead-related problems such as mechanical
complications and infections significantly increase morbidity and mortality of the
affected patients [78]. The advent of an entirely subcutaneous defibrillation system
that provides safety and efficacy represents a novel innovative approach in certain
patient populations [79, 80]. Indeed, the subcutaneous ICD (S-ICD) has a shock
efficacy for acute conversion of VT/VF similar to transvenous ICDs as clearly indicated in large registries [81]. S-ICD devices are not able to provide permanent bradycardia pacing or antitachycardia pacing. Therefore, patients with bradycardia
pacing indications are not candidates for this modality. Also, currently, there is no
option to upgrade a S-ICD to a CRT device.
The lack of transvenous leads makes the S-ICD an appealing option for young
patients who have an increased lifetime risk for endocarditis or for patients with
multiple risk factors for infection. However, infection of the subcutaneous parts is
not trivial, but it does not represent a frequent problem with increasing implantation
experience [79]. It is also prudent to assume that patients who have abnormalities
associated with polymorphic VT/VF such as channelopathies may be ideal candidates for S-ICD given that antitachycardia pacing is not effective in this setting.
Indeed, the current guidelines advocate S-ICD in the aforementioned patients [3].
Moreover, high-risk patients with complex CHD and patients with complex venous
anatomy and no pacing indication should be considered for S-ICD implantation [82,
83]. However, a significant proportion of these patients may not fulfill the electrocardiographic vector screening criteria [84]. It should also be pointed out that inappropriate sensing and inappropriate shocks are more frequent compared to
conventional ICDs, although comprehensive screening and improvements in device
algorithms and programming have significantly ameliorated this problem. Of note,
patients with hypertrophic cardiomyopathy, BrS, and ARVC are at particular risk
for inappropriate shocks [85].
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Conclusions and Future Directions
The indications for ICD implantation are almost straightforward in the setting of
secondary prevention of SCD, but many aspects should be further clarified in the
setting of primary prevention. In cardiomyopathies with depressed LV systolic
function, the use of LVEF alone has poor predictive ability. In addition, the majority
of sudden deaths occur in patients with more preserved LV systolic function. Risk
stratification schemes beyond LVEF that incorporate non-invasive and invasive
markers of arrhythmic risk should be carefully evaluated in prospective randomized
trials. Correspondingly, multiparametric risk scores that reliably guide ICD therapy
for primary prevention should be developed and validated in patients with inherited
cardiomyopathies and channelopathies. Finally, the long-term value of novel
modalities such as the S-ICD should be further examined in each specific population.
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Introduction
Every year, over 200,000 pacemakers are implanted in the United States alone,
accounting for a significant proportion of electrophysiology procedures [1]. Despite
being considered trivial in the current era, pacemakers represent a major development in the twentieth century. Besides treating life-threatening bradycardias, they
allowed significant evolutions in cardiac surgery since acquired heart block was a
major cause of postoperative mortality. From the early days of asynchronous pacemakers to the newest developments of leadless pacemakers and techniques to
directly pace the conduction system for cardiac resynchronization, the indications
for pacing have been expanded over the years beyond their original objective to treat
bradyarrhythmias.
A brief review of the history of pacemakers gives insight into the evolution of
pacing modalities still used in current clinical practice. The problem at hand was a
clinical entity known as Stokes-Adams syndrome, described as sudden transient
loss of consciousness with slow pulse and named at the end of the nineteenth century after two of the early physicians who recognized this association [2]. Given
the clear relationship between profound sudden bradycardia with decrease in cardiac output and syncope, treatment attempts consisted of intracardiac injections of
stimulants such as epinephrine, which were also aimed at treating sudden cardiac
death and gained popularity in the 1920s. In the 1930s, however, New York
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cardiologist Albert Hyman noted that the simple mechanical irritation of the heart
muscle by probing it with a metallic needle caused electrical activation of the heart
[3]. This observation led to the subsequent development of the first artificial pacemaker, which delivered small electrical current through a percutaneous needle
inserted directly into the heart to cause myocardial “irritation” and ventricular contractions [4, 5]. Despite representing a revolutionary invention to resuscitate
patients who developed asystolic cardiac arrest, Hyman’s artificial pacemaker did
not reach much popularity given the need for direct myocardial contact with the
pacing electrode, making it an impractical invasive procedure in a pre-cardiac surgery era.
In the early 1950s, Boston cardiologist Paul Zoll reported his experience pacing
the heart indirectly, without the need for direct myocardial contact. This was first
achieved in dogs using transesophageal electrodes, followed by transcutaneous pacing with intradermal electrodes placed on the chest wall to successfully treat two
patients with syncope due to transient asystole in the setting of complete heart block
[6]. The principles employed then not only remain valid to contemporary transcutaneous pacing but also led to the development of cardiac defibrillators. In the same
decade, the advent of cardiac surgery posed the issue of acquired complete heart
block, which would complicate about 10% of the patients who would undergo surgical repair for atrial septal defect. Given surgical access to the heart, Hyman’s idea
of directly pacing the myocardium seemed much more trivial. Walt Lillehei and
Earl Bakken, respectively a cardiac surgeon and an engineer from Minnesota,
employed transistorized pacemakers using tunneled epicardial pacing leads—similarly to what is still used today—to painlessly pace the heart [7]. This allowed miniaturization of the artificial pacemaker compared to the vacuum tubes employed by
Hyman a few decades earlier, making these battery-powered devices wearable for
prolonged periods of time in patients who underwent cardiac surgery, as well as in
non-surgical patients with Stokes-Adams syndrome for whom pacing leads were
implanted percutaneously [8].
Inspired by Lillehei and Bakken’s work, Stockholm cardiac surgeon Åke Senning
replicated externalized percutaneous pacing in conjunction with physician-engineer
Rune Elmqvist. However, they were concerned about the risks of infection from the
externalized device, as well as the potential for damage to the externalized lead and
the inconvenience of carrying the pacemaker. Later that decade, they reported the
first implantable pacemaker experience in humans, implanting the self-contained
pulse generator subcutaneously in the epigastrium [9].
Following these groundbreaking inventions, pacing technology advanced exponentially to include transvenous leads, synchronous pacing with underlying rhythm
sensing, multi-chamber pacing, conduction-system pacing, and more recently leadless intracardiac pacing, all of which still rely on the same concepts first described
almost a hundred years ago. In the following sections, different pacing techniques
will be reviewed, some of which directly resemble some of the pioneering work
described above. Different pacing modalities will be reviewed, as well as current
indications for temporary and permanent pacemaker utilization.
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Temporary Pacemakers
Although permanent pacemaker implantation can be done safely and with minimal
complication risks, in certain clinical settings, pacing is desired but necessary only
transiently, without long-term need for a permanent pacing. In other circumstances,
pacing may be needed immediately, and permanent pacemaker implantation would
impose an unacceptably long delay in stabilizing a clinical urgency or emergency.
Finally, there are situations in which permanent pacing is desired, but the clinical
setting is not favorable for permanent device placement. In such situations, temporary pacing can be established for clinical stabilization until a more definitive
device, if warranted, can be implanted. In this section, different temporary pacing
modalities will be reviewed, from least invasive to most invasive. Their unique characteristics will be described, along with scenarios in which they may be preferred.
Complications specifically related to each of these pacing modalities will also be
described.

Temporary Pacing Modalities
Transcutaneous Pacing
The most immediately available temporary pacing modality is transcutaneous pacing, when electrical current is delivered through the chest wall using external pads
from cardioverter/defibrillators to capture and pace the heart. Commercially available cardioverter/defibrillators allow transcutaneous pacing with manual rate and
current output adjustments. The pads are placed in standard defibrillation position
(anterior pads or anterior/posterior pads), and usually, pacing starts at maximum
output that is titrated down until capture is still observed with minimal or no chest
discomfort.
The main advantage from this pacing modality is the ability to establish pacing
within seconds, without the need for any invasive procedure that might delay appropriate rhythm stabilization. This is typically employed in the most emergent situations, when patients suddenly become unstable from bradyarrhythmias and pacing
must be established immediately. Another scenario in which it is employed clinically is when patients are at risk of needing temporary pacing but there are no imminent pacing needs. In such cases, patients are planned for permanent pacemaker
implantation within hours or the next day, so transcutaneous pads are placed on their
chest with pacing in standby to avoid invasive procedures that may lead to transient
periprocedural bacteremia.
Despite its advantages, transcutaneous pacing poses significant issues when
implemented. Although the goal is myocardial pacing, a side effect from this modality is chest wall muscle capture, which can be painful and uncomfortable in awake
patients. Sedation can be used to minimize this issue, but transcutaneous pacing is
usually not tolerated for prolonged periods of time. In addition, chest wall capture
explains the most important complication from this pacing modality, which is
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unrecognized lack of myocardial capture. Although some providers unfamiliar with
transcutaneous pacing may rely on telemetry to assess for myocardial capture, chest
wall muscle capture creates large electrical signals that can be easily mistaken for
myocardial capture. More importantly, most telemetry monitors auto-adjust their
tracings for signal amplitude, rendering the native bradycardic escape (if present)
rather small compared to the very prominent chest wall myopotentials. These misleading tracings make it harder to recognize lack of capture and should not be used
to assess for appropriate capture in transcutaneous pacing. Instead, an astute clinician should always look for electromechanical association during transcutaneous
pacing, such that arterial pulses can be palpated (typically on the femoral artery)
during transcutaneous pacing to ensure the patient has been properly stabilized.
Finally, there are situations in which current transmission from the chest wall to
the myocardium is impaired, making this a less desirable technique. This is particularly evident in the immediate postoperative period following chest surgery, when
some degree of pneumothorax and pneumomediastinum can lead to very inefficient
current delivery from transcutaneous pads to the heart.

Transesophageal Pacing
Although transesophageal pacing has more historical than clinical relevance in current clinical practice, it remains an important method of temporary pacing in patients
who exhibit bradyarrhythmias, especially when atrioventricular conduction is preserved. This pacing method relies on the close anatomic proximity between the
esophagus and the posterior left atrial wall, so that electrical impulses generated
from a source in the esophagus can capture tissue for atrial pacing. Technically, this
can be easily achieved by advancing a flexible bipolar electrode through the nares
or oropharynx into the esophagus until atrial electrogram recording and capture can
be observed. Although ventricular capture can also be achieved with this system,
this requires advancing the lead more distally toward the stomach, which often
results in unreliable capture due to high pacing thresholds.
Since these devices are not in direct contact with myocardium, their strength-
duration curve is significantly different from transvenous leads. Transesophageal
pacing usually requires much longer pulse duration (up to 10 ms) and much higher
current (at least 10 mA), with optimal threshold at around 5 ms and 15 mA. Ideally,
they require different pulse generators than those typically used for transvenous
pacing, which exhibit much shorter pulse duration (usually 2 ms) [10]. Standard
pacing catheters can be placed in the esophagus for this purpose, such as those used
in electrophysiologic studies, but usually they would have worse pacing threshold
due to shorter interelectrode distance compared to pacing leads specifically designed
for esophageal pacing.
Interestingly, the fact that atrial recordings and pacing maneuvers can be performed from transesophageal leads makes this an attractive strategy to perform
electrophysiology studies non-invasively. This becomes particularly useful in children with supraventricular tachycardias, so that radiation exposure can be avoided
in this very young age group of patients. In adult patients with complex congenital
heart disease who have limited transvenous access to the cardiac chambers (e.g.,
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such as those who underwent Fontan palliation), transesophageal leads can also be
employed to minimize the number of intracardiac diagnostic catheters, making the
procedure safer and faster and minimizing the potential for residual shunts from
multiple transseptal punctures [11].

Transvenous Temporary Pacing
Temporary pacing with transvenous leads is the most commonly utilized pacing
technique in patients who require urgent or emergent pacing. This modality is preferred because of its efficacy; since the pacing electrode is in direct contact with
myocardium, it has lower pacing threshold and more reliable capture compared to
transcutaneous or transesophageal pacing.
Similar to permanent pacemakers, transvenous temporary pacemakers consist of
two components: an intracardiac pacing lead and a pulse generator. The main difference to permanent pacemakers is the pulse generator, which is externalized and
manually controlled instead of directly implanted in the patient’s body. Most commonly, externalized pacing leads have no fixation mechanism and have a balloon at
their tip to facilitate placement at the bedside, without the need for fluoroscopy to
guide positioning. Conversely, temporary leads without a balloon tip require fluoroscopy for placement, as these stiffer leads impose a significant risk of perforation
if performed blindly compared to flotation leads. They may be preferred in patients
for whom bedside pacemaker placement is difficult, such as patients with severe
tricuspid regurgitation precluding advancement of a balloon-tipped catheter into the
right ventricle. There are also pacing Swan-Ganz catheters, which are positioned
with their tip in the pulmonary arterial circulation but have pacing electrodes proximally for passive contact with the myocardium. These are typically used in critical
care setting when hemodynamically unstable patients are at risk of bradyarrhythmias. Finally, active fixation externalized leads can also be used in cases of high-
risk for dislodgement. In patients who require prolonged temporary pacing, an
active fixation lead can be connected to an external standard pacemaker generator
until definitive implantation can be performed.
Bedside Transvenous Pacing Technique
Unlike non-balloon tipped temporary pacemakers, which rely on fluoroscopy for
appropriate placement, and pacing Swan-Ganz catheters, which rely on either fluoroscopy or pressure tracings to guide placement, balloon-tipped temporary pacing
leads rely on electrograms for emergency placement at the bedside. A very clear
understanding of the technical skills and expected observed tracings during transvenous pacemaker insertion is critical for fast and effective stabilization in these
situations.
After vascular access is established and the patient is under electrocardiographic
monitoring, the pacing lead is positioned in a sterile sleeve and connected proximally to the generator pacing unit. This is set to asynchronous pacing at a rate above
the patient’s native rhythm and at high output, so that capture can be observed
whenever there is contact with myocardium. The catheter is inserted in the venous
sheath until its tip is free in the intravascular space, beyond the sheath introducer.
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The balloon is inflated with 1–1.5 mL of air, facilitating catheter floatation with the
venous blood flow toward the heart. Once the catheter is set to pace in the intravascular space, ECG recordings will show pacing artifact without capture.
As the catheter is advanced, the operator should pay close attention to the catheter markings showing how far it is inserted. Once the catheter tip enters the right
atrium, the operator will notice that the pacing artifact will be followed by a P-wave,
demonstrating atrial tissue capture. This may or may not be followed by a QRS,
depending on whether the patient has preserved atrioventricular conduction. At this
point, the catheter is carefully advanced more distally until the pacing artifact is followed by a paced QRS morphology, indicating ventricular tissue capture. The catheter natural curve will have a tendency to orient its tip toward the interventricular
septum, while the balloon will have a tendency to bring the catheter anteriorly to the
right ventricular outflow tract. As such, gentle counterclockwise torque is applied to
the catheter as it is advanced a few more centimeters, such that septal orientation is
maintained while the catheter is inserted in the right ventricle away from the tricuspid annulus. It is important to not overdo this torque to prevent directing the catheter
tip toward the right ventricular free wall, which would increase the risk of perforation. The pacing output is then decreased gradually until capture is lost to document
appropriate pacing threshold, which should ideally be below 1–2 mA. The balloon
is deflated to stabilize the catheter and prevent dislodgement to the pulmonary
artery, and if pacing threshold remains appropriate, it is locked in place at the sheath.
If the catheter needs repositioning, it is critical to withdraw the catheter back to the
right atrium before reinflating the balloon to prevent inadvertent inflation inside the
pulmonary vasculature or in the apex against ventricular myocardium. In addition,
the catheter should never be withdrawn while inflated to avoid disruption of the
pulmonic or tricuspid valves.
This technique can be employed for atrial pacing, although this is rarely done in
clinical practice because most hemodynamically unstable bradyarrhythmias warrant ventricular pacing for stabilization. In addition, even though transvenous lead
placement during high output pacing is preferred in emergencies, bedside insertion
can also be done by recording local electrograms if the underlying rhythm is stable.
Instead of connecting the pacing catheter to the generator, the negative port is connected to an electrocardiogram lead (typically V1) so the pacing lead records local
unipolar electrograms. As the catheter is advanced from the venous system to the
right atrium, it will record low amplitude electrograms that are timed to the P-waves.
When the catheter is at the tricuspid valve annulus, it will simultaneously record
atrial and ventricular electrograms, and once it reaches the ventricle with good tissue contact, it will record high amplitude electrograms timed to the QRS complexes
with local injury current. The balloon is deflated and the catheter is confirmed to be
in stable position with good pacing threshold.
Once the lead is locked in the sheath, its proximal end is looped and secured to
the patient’s skin, such that enough slack is left to compensate for neck movement
without causing traction with lead dislodgement. The distance from the catheter tip
to the sheath is recorded (usually between 30 and 40 cm) and the pacing output is
set to a safety margin of 2–3 times the pacing threshold. The operator should avoid
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pacing at an output too much higher than threshold because, in this scenario, any
loss of capture would potentially happen when the catheter is virtually outside of the
right ventricular cavity, without any chance for output adjustment or minor repositioning. Conversely, if the set output is two to three times above threshold, loss of
capture would more likely reflect poor tissue contact that can be circumvented with
higher output until lead repositioning can be performed. Finally, if the patient exhibits an underlying rhythm, sensitivity should be adjusted to prevent underpacing or
overpacing if asynchronous pacing will not be employed. At the end of the procedure, a chest X-ray is indicated to document lead positioning, so the operator knows
how proximal or distal the tip is in relationship with the tricuspid and pulmonic
valves in case repositioning is required.

 xternalized Semipermanent Pacing
E
As will be reviewed later in this section, temporary transvenous pacing is indicated
in clinical scenarios that require stabilization until permanent pacing can be performed. However, it is unsafe to rely on a pacing lead that is not secured to the
myocardium in cases that require prolonged delay in permanent pacemaker implantation. In these scenarios, the preferred modality is a permanent, active fixation
screw-in lead that is externalized through the vascular access site (typically the
internal jugular vein or the axillary/subclavian vein) and connected to a pacing generator, usually an automatic pacing unit like the implantable ones. An externalized
pacing lead is implanted in the electrophysiology laboratory under fluoroscopy
guidance, similar to the way permanent pacemaker leads are inserted. Active fixation leads are employed instead of passive fixation to allow easy removal when they
are no longer needed. The lead is connected to a pulse generator, which is externalized and taped to the patient’s body instead of being implanted in the chest. This is
important because unipolar pacing cannot be used in this setting due to high impedance between the pulse generator and the patient’s skin. When pacing is no longer
indicated, or when permanent pacemaker can be implanted, the lead is unscrewed
and removed from the patient’s body.
Epicardial Temporary Pacing
When access to the heart is obtained during cardiac surgery, it is prudent to place
temporary epicardial pacing leads, especially when the surgery involves high risk of
bradyarrhythmias and atrioventricular conduction block, like surgery for valve
repair or replacement. These leads can have different configurations for myocardial
contact, such as a helical fixation tip or a sutured bipolar lead, and often are connected to the right atrial appendage and right ventricular diaphragmatic surface to
allow sequential pacing with atrioventricular synchrony (Fig. 22.1). They are externalized to the patient’s skin below the sternotomy site and connected to a pacemaker
pulse generator, the same used for transvenous pacemakers and with similar
strength-duration curve. This allows real-time adjustment in the immediate postoperative period to treat bradyarrhythmias, to pace-terminate atrial and ventricular
tachyarrhythmias, and to increase cardiac output by employing higher heart rates in
case of hemodynamic instability [12, 13].
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Fig. 22.1 (a) Chest X-ray showing permanent epicardial pacing leads in the right atrium (A,
screwed helix) and right ventricle (B, two pacing poles) tunneled to the right chest (C) in a pacer-
dependent patient who underwent aortic valve replacement due to endocarditis and required system extraction intraoperatively. Temporary epicardial pacing leads were also placed in the right
atrium (D) and right ventricle (E), and externalized to be connected to a portable pacing unit (F).
(b) Once cultures cleared, permanent pacemaker generator was implanted in the right chest. Note
that this patient had prior mechanical mitral valve replacement (A) in addition to bioprosthetic
aortic valve replacement (B)

Temporary epicardial pacing wires deteriorate on a daily basis, so careful monitoring for underlying rhythm and pacing threshold should be done in the immediate
postoperative period. Once the patient has recovered from surgery and temporary
pacing is no longer needed, these leads are removed with gentle traction. These
patients are then observed to ensure they do not develop pericardial bleeding with
tamponade.

Indications for Temporary Pacing
In broad terms, the usual indications for temporary pacing are the same as those for
permanent pacemaker implantation, except that temporary pacing is employed
whenever any delay could compromise hemodynamic stability, when permanent
pacing is not immediately available, or when the arrhythmia is transient and might
not require long-term pacing. The current indications for temporary pacing are summarized in the 2018 guideline on evaluation and management of patients with bradycardia and cardiac conduction delay, published jointly by the American College
of Cardiology, the American Heart Association, and the Herat Rhythm Society [14].
These categories are sinus node dysfunction, atrioventricular block, bradycardia in
the context of acute myocardial infarction, cardiac surgery (including coronary
artery bypass grafting and valve repair or replacement), and transcatheter aortic
valve replacement. The indications for temporary pacing are summarized in
Table 22.1 and will be reviewed here.
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Table 22.1 Summary of indications for temporary pacemakers according to current bradycardia
and conduction delay guidelines
Temporary pacing recommendation
Unstable SND refractory to medical therapy until a permanent pacemaker is
placed or the bradycardia resolves
Transcutaneous pacing in unstable SND refractory to medical therapy until
transvenous pacing (temporary or permanent) is placed
Second- or third-degree AV block with symptoms or hemodynamic compromise
refractory to medical therapy
Transient or reversible AV block (Lyme, drug toxicity), before determination of
need for permanent pacing
Acute MI with symptomatic or hemodynamically significant bradycardia due to
SND or AV block
Routine placement of temporary epicardial pacing wire in isolated CABG
Routine placement of temporary epicardial pacing wire in surgery for AF
Routine placement of temporary epicardial pacing wire in mitral valve surgery
Routine placement of temporary epicardial pacing wire in tricuspid valve surgery
Routine placement of temporary epicardial pacing wire in aortic valve
replacement or repair

COR LOE
IIa
C
IIb

C

IIa

B

I

B

I

B

IIa
I
IIa
I
I

B
B
C
C
C

Based on data in Kusumoto et al. [14]
ACC American College of Cardiology, AHA American Heart Association, AF atrial fibrillation, AV
atrioventricular, CABG coronary artery bypass grafting, COR class of recommendation, HRS Heart
Rhythm Society, LOE level of evidence, MI myocardial infarction, SND sinus node dysfunction

 inus Node Dysfunction
S
Sinus node dysfunction can manifest as symptomatic bradycardia or syncope due to
pauses. In the inpatient setting, it can cause hemodynamically significant bradycardias that may require temporary pacing for stabilization. In patients who are symptomatic despite medical therapy, temporary transvenous pacing is usually employed
for stabilization until it resolves (if a reversible cause is present) or permanent pacemaker can be pursued. Transcutaneous pacing can also be employed in this setting
for stabilization until a transvenous wire can be placed. Some of the most dramatic
presentations are prolonged hemodynamically significant pauses after cardioversion (electrical, chemical, or spontaneous) requiring chest compression until
resumption of sinus rhythm, or even pause-dependent polymorphic ventricular
tachycardia or ventricular fibrillation, when prolonged pauses lead to dispersion in
repolarization allowing an escape rhythm to trigger reentry (Fig. 22.2).
Atrioventricular Block
In patients who develop hemodynamic instability or symptoms in the setting of
second- or third-degree AV block, temporary pacemaker is indicated for clinical
stabilization until a permanent device can be implanted or the AV block resolves.
When the AV block is expected to be transient or reversible, the guideline document
gives its strongest recommendation for temporary pacing (class of recommendation
[COR] I). Usual examples of reversible AV block are myocarditis (including Lyme
disease), drug toxicity (such as digoxin or other AV nodal blockers), and increased
vagal tone (such as in transient increased intracranial pressure) (Fig. 22.3). Although
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a

b

Fig. 22.2 Telemetry tracing showing significant sinus node dysfunction, with sinus arrest and
junctional escape with over 5-s pause (panel a, top) in a transplanted patient hospitalized with
acute rejection. This led to pause-dependent polymorphic ventricular tachycardia (panel b, middle)
that required external cardioversion (panel a, bottom). This patient underwent emergency transvenous pacemaker to prevent further pauses (panel b)

a

c

b

Fig. 22.3 Telemetry showing 2:1 AV block in a patient who suffered large middle cerebral artery
stroke with intracranial hypertension (a). Heart rate trend in 24 h shows no evidence of significant
pauses or bradycardia (b). ECG shows evidence of 2° AV block with variable PR interval on conducted beats, with robust junctional escape during periods of high-grade AV block and no evidence
of infranodal conduction disease (c). These findings are consistent with AV nodal block from
increased parasympathetic tone that did not warrant temporary pacing

not explicitly contemplated in the guidelines, temporary transvenous pacemaker is
also usually employed in patients presenting with acute myocarditis and ominous
signs for risk of His-Purkinje system injury, such as syncope with electrocardiographic evidence of infranodal conduction disease (Fig. 22.4).
In patients with myocardial infarction who experience sinus node dysfunction or
atrioventricular block that is hemodynamically significant or refractory to medical
therapy, temporary pacing also receives the strongest recommendation (COR I),
with the observation that waiting for resolution should be the norm instead of permanent implantation in this setting. This is exemplified in Fig. 22.5, which shows
transient 2° AV block Mobitz I in the setting of ST-elevation myocardial infarction
that completely resolves after 2 weeks.
If temporary pacing is required for prolonged periods of time, externalized semipermanent pacemakers are recommended over transvenous wires without active
fixation given their long-term stability (COR IIa). In clinical practice, the most common scenario in which this strategy is employed is when pacing is needed with
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c

Fig. 22.4 Electrocardiographic progression to complete heart block in a young patient who presented with syncope and flu-like symptoms, later diagnosed with lymphocytic myocarditis.
Presenting rhythm with sinus tachycardia with first AV block, RBBB and left anterior fascicular
block (a), which progressed to complete heart block with junctional escape and LBBB pattern
30 min later (b). A transvenous pacemaker was placed, with no reliable escape when paced at
50 bpm (c), ECG figures courtesy of Dr. Gan-Xin Yan

ongoing infection that precludes permanent pacemaker implantation. Figure 22.6
shows 2:1 AV block due to prosthetic valve endocarditis with abscess formation in
a patient who was not eligible for urgent valve surgery due to intracranial hemorrhage complicating embolic strokes. From an electrical standpoint, at least, the
patient was stabilized with an externalized pacemaker due to inability to perform
source control in the near term.
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Fig. 22.5 Electrocardiogram showing acquired 2° AV block Mobitz I in the setting of anterolateral ST-elevation myocardial infarction (left), which was complicated with cardiogenic shock
requiring transvenous pacing in addition to mechanical circulatory support for stabilization. Note
that the AV block completely resolves 2 weeks later (right). Although the AV node arterial blood is
usually supplied by a branch of the right coronary artery, the left circumflex can originate this
branch in a minority of patients, which explains transient AV nodal level block in the absence of
right coronary artery involvement in this case

Fig. 22.6 Electrocardiogram showing 2:1 AV block (panel A) in the setting of prosthetic mitral
and aortic valve endocarditis complicated with abscess. Although this is at very high risk of evolving to complete heart block, this patient was complicated with embolic strokes with hemorrhagic
transformation, precluding immediate definitive surgical treatment. As such, this patient underwent an externalized semipermanent pacemaker implantation through her right axillary vein (panel
B) for rhythm stabilization until her neurologic status would allow heparinization for surgical
intervention

Cardiac Surgery
Patients who undergo cardiac surgery are at an especially high risk for bradyarrhythmias in the immediate postoperative period, especially when surgery to repair
or replace the tricuspid, mitral, or aortic valves is performed. Given the risk for
injury or at least transient inflammation at the atrioventricular node or His-bundle
tissue, these patients can develop transient or permanent atrioventricular block. Not
surprisingly, concomitant placement of temporary epicardial pacing wires is the
norm until there is enough evidence of preserved conduction or need for permanent
pacing after an appropriate observation period (COR I for tricuspid and aortic surgeries and COR IIa for mitral surgery). Similarly, temporary epicardial pacing is
also recommended in patients who undergo surgery for atrial fibrillation (COR I),
given their increased risk for sinus node dysfunction and atrioventricular block.
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Although isolated coronary artery bypass surgery poses much lower risk for bradyarrhythmias, temporary epicardial pacing is also recommended in this setting
according to current guidelines (COR IIa).

Special Circumstances
With increasing utilization and broader indications for transcatheter aortic valve
replacement (TAVR), this group of patients has become an important population
receiving temporary transvenous pacemakers in the past decade. In addition to
allowing rapid ventricular pacing for catheter stabilization during valve deployment, temporary pacing is critical in the post-procedural period given the risk for
transient or complete heart block. Even though there is no explicit mention of indication for temporary pacing in TAVR patients, transvenous temporary pacing is
routinely employed in these cases similarly to valve surgery.
Another indication for temporary pacing not contemplated on the bradycardia
guideline is to prevent or treat tachycardias. In the postoperative period, for example, rapid atrial pacing can terminate atrial tachycardia or atrial flutters, saving the
patient the need for external cardioversion. More importantly, in patients who
develop recurrent torsades de pointes in the setting of acquired long QT, temporary
pacemakers are indicated to pace at faster rates for QT shortening and prevention of
pauses that facilitate early afterdepolarizations that may trigger ventricular arrhythmias. This is exemplified in Fig. 22.7, which shows a case of acquired long QT
complicated with torsades de pointes that resolved several days later.

Permanent Pacemakers
Unlike temporary pacemakers, permanent pacemaker implantation is usually performed electively and takes more time for completion. Therefore, even when the
indication for pacing is urgent, patients are typically stabilized by alternative means
before presenting to the electrophysiology laboratory for permanent pacemaker
implantation. Although their basic design is essentially unchanged for decades, significant evolution has happened in recent years that have expanded indications for
pacing beyond treating bradyarrhythmias. This happened in parallel with novel pacing modalities, which will be reviewed in this section.

Pacing Modalities
The standard pacemaker unit consists of two components: a pulse generator and its
respective pacing lead(s). The pulse generator is designed to accommodate the number of leads that will be employed, which depends on the number of pacing sites that
are planned. The pacing leads can have different fixation mechanisms, which are
critical to prevent lead dislodgement. These can be active fixation mechanisms, with
a helix that is screwed into the myocardium, or passive fixation mechanisms, with
tines that attach to trabeculated myocardium or pre-shaped leads that stabilize in
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a

b

c

Fig. 22.7 Acquired long QT in the setting of stress-induced cardiomyopathy with concomitant
QT prolonging drugs (a) leading to recurrent episodes of torsades de pointes (b). This patient’s QT
interval completely normalized after some recovery from cardiomyopathy and removal of offending drugs (c), precluding need for permanent device implantation
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coronary venous branches for left ventricular pacing. Permanent pacemakers can be
used for single-chamber pacing (atrial or ventricular), dual-chamber pacing, and
biventricular pacing for cardiac resynchronization. In addition, directly pacing the
conduction system (His bundle, left bundle) can also achieve resynchronization
without need for pacing in the coronary venous system. A detailed description of
pacemaker implantation technique is beyond the scope of this chapter, and cardiac
resynchronization therapy will be reviewed in further detail in Chap. 25.
In recent years, leadless pacemakers have been developed so the whole unit comprises the equivalent of a generator and pacing electrode. This miniaturized generator is implanted directly into the right ventricular myocardium, with capabilities
comparable to standard single-chamber pacemakers (pacing, sensing, and rate
responsiveness). Since they preclude the need for any transvenous component and
creation of a pocket to accommodate the generator unit, leadless pacemakers are not
associated with long-term vascular complications (such as stenosis or thrombosis)
and are less prone to infection compared to standard pacemakers. In general, leadless pacemakers are indicated for any patient for whom single-chamber ventricular
pacing (VVI mode) is appropriate, such as patients with permanent atrial fibrillation, patients who require infrequent pacing, or patients with comorbidities that are
significant enough to determine overall survival.
For instance, patients who develop bradycardia due to high-grade AV block while
in atrial fibrillation have no indication for atrial lead and should be good candidates
for either standard single-chamber pacemaker or leadless pacemaker implantation.
In patients who could benefit from an atrial lead for atrial pacing or for sequential
pacing, leadless pacemakers are still an alternative if the risk of placing transvenous
leads outweighs the benefits from dual-chamber pacing. This is the case in hemodialysis patients who are expected to have low pacing burden, for whom vascular
access issues can have a significant impact on survival; in frail patients who may not
heal from pacemaker pocket surgery; in patients at high risk for blood stream infections, such as immunocompromised patients; and even in patients with pacemakers
and active endocarditis who require system extraction but are pacemaker-dependent
[15]. In the future, the issue of asynchronous pacing at risk for pacemaker syndrome
(when there is atrial contraction against a closed atrioventricular valve) may be circumvented by an accelerometer-based AV synchronous pacing algorithm, which
may expand current indications for leadless pacemakers [16].

Indications for Permanent Pacemakers
Similar to temporary pacemakers, permanent pacemaker implantation is generally
indicated in symptomatic bradycardia and when there is risk for unreliable ventricular escape rhythms, i.e., in infranodal block. Unlike temporary pacing, however,
permanent pacemakers are only indicated when reversible causes have been discarded and are usually not performed emergently since rhythm stabilization is
achieved much faster with temporary pacing. In addition, pacemaker implantation
is indicated for resynchronization therapy in patients at risk for pacing-induced
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Table 22.2 Summary of indications for permanent pacemakers according to current bradycardia
and conduction delay guidelines
Permanent pacing recommendation
Symptomatic bradycardia due to SND or as a consequence of GDMT when there
is no alternative treatment and continued treatment is clinically necessary
Tachy-brady syndrome with symptoms attributable to bradycardia
Acquired 2° AV block Mobitz II, high-grade AV block, or 3° AV block not
attributed to reversible causes, regardless of symptoms
Permanent AF with symptomatic bradycardia
Symptomatic AV block as a consequence of GDMT when there is no alternative
treatment and continued treatment is clinically necessary
Asymptomatic adults with congenital complete AV block
Neuromuscular diseases associated with conduction disorder who have 2° AV
block, 3° AV block, or prolonged HV interval (70 ms or greater) regardless of
symptoms
Neuromuscular diseases with PR longer than 240 ms, QRS longer than 120 ms, or
fascicular block
Lamin A/C mutation with PR longer than 240 ms and LBBB
Anderson-Fabry disease with QRS longer than 110 ms
Significant 1° AV block or 2° AV block Mobitz I with symptoms clearly
attributable to the AV block
Syncope with bundle branch block and HV 7 0 ms or greater or infranodal block
Alternating bundle branch block
Cardiac resynchronization therapy in heart failure with cardiomyopathy with EF
36–50% and LBBB with QRS 150 ms or greater
New LBBB after transcatheter aortic valve replacement

COR LOE
I
C
IIa
I

C
B

I
I

C
C

IIa
I

B
B

IIa

C

IIa
IIb
IIa

B
C
C

I
I
IIb

C
C
C

IIb

B

Based on data in Kusumoto et al. [14]
ACC American College of Cardiology, AHA American Heart Association, AF atrial fibrillation, AV
atrioventricular, CABG coronary artery bypass grafting, COR class of recommendation, EF ejection fraction, GDMT guideline-directed medical therapy, HRS Heart Rhythm Society, LOE level of
evidence, LBBB left bundle branch block, MI myocardial infarction, SND sinus node dysfunction

cardiomyopathy or in patients with cardiomyopathy and conduction disease. Finally,
there are special conditions with high risk for bradyarrhythmias for whom pacemaker implantation is also indicated but are not contemplated in the more traditional recommendations. Current indications for permanent pacemaker implantation,
as described in the 2018 guideline on evaluation and management of patients with
bradycardia and cardiac conduction delay, are summarized in Table 22.2 and will be
discussed below [14].

 inus Node Dysfunction
S
In patients who exhibit symptoms that correlate with bradycardia due to sinus node
dysfunction, pacemaker implantation is indicated to improve symptoms (COR I).
This includes patients with symptomatic sinus bradycardia, chronotropic incompetence, symptomatic sinus pauses greater than 3 s while awake, and those with bradycardia due to necessary medical therapy, such as beta-blockers for cardiomyopathy
treatment. In addition, pacemaker implantation is also recommended in patients
with tachycardia-bradycardia syndrome with symptoms attributable to bradycardia
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(COR IIa). Although these patients only need atrial pacing to treat their symptoms,
the guidelines acknowledge the possibility of both single-chamber or dual-chamber
pacemaker implantation even in the presence of intact atrioventricular conduction
and no conduction abnormalities (COR I).
Invasive assessment of sinus node function is not performed routinely because
pacing indications for sinus node dysfunction are typically evident clinically. In
very specific circumstances, invasive evaluation of sinus node function can be performed to help guide treatment decision (Fig. 22.8); however, an isolated finding of
long sinus node recovery time in an asymptomatic patient has no clinical importance and is not by itself an indication for pacing. Significant sinus bradycardia and
asystole can also be observed as part of neurocardiogenic syncope, a clinical entity
in which patients can have a mixed vasodepressive and cardioinhibitory exacerbated
response that leads to transient loss of consciousness. Many of these patients may
continue to have syncope despite pacemaker implantation due to the vasodepressive
response leading to transient hypotension. This scenario is not explicitly addressed
in the most current guideline document for pacing, but the 2008 version would consider permanent pacemaker implantation in highly symptomatic patients with
neurocardiogenic syncope associated with bradycardia documented spontaneously
or with tilt-table testing (COR IIb) [17].

I

II

III

aVR

aVL

aVF

V1

6.75s

Fig. 22.8 Sinus node recovery time of 6.75 s, defined as the time elapsed until the first sinus
depolarization following burst atrial pacing. The longer the recovery time, the more evidence of
sinus node dysfunction. This patient developed sinus arrest following cardioversion while receiving intravenous amiodarone, beta-blockers and propofol, but when he spontaneously converted
from atrial fibrillation to sinus rhythm his post-conversion pause less than 3 s. This finding helped
indicate pacemaker instead of attributing sinus arrest to the medications being administered at the
time of cardioversion
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Atrioventricular Block
In patients with 2° AV block Mobitz II, high-grade AV block, or 3° AV block without reversible causes, pacemaker implantation is recommended regardless of symptoms (COR I). This is justified, given the risk for pauses without reliable escape in
infranodal conduction block, which poses challenges when patients have 2:1 AV
block. Clues for infranodal block are concomitant infranodal conduction disease
and shorter PR intervals, but infranodal block can also be determined invasively
during electrophysiologic study (Fig. 22.9). The same recommendation is true for
patients with symptomatic AV block due to necessary medical therapy (COR I) and
for patients with permanent atrial fibrillation who have symptomatic bradycardia
(COR I). It is also reasonable to implant pacemakers in patients with asymptomatic
congenital complete heart block (COR IIa).
 onduction Disorders with 1:1 Conduction
C
In special groups of patients who are at higher risk of progressive cardiac conduction
disease, pacemaker implantation can be indicated even with 1:1 atrioventricular conduction when other signs of conduction disorders are present. This is true for patients
with neuromuscular diseases (such as muscular dystrophy and Kearns-
Sayre

Fig. 22.9 Electrocardiogram showing 2:1 AV block in an asymptomatic patient (a), with clues for
infranodal block given concomitant infranodal conduction disease (right bundle branch block) and
periods of high-grade AV block (b). During His-bundle pacemaker implantation, infranodal block
was confirmed with His-bundle recording during atrioventricular block (c). A atrial electrogram, H
His electrogram, V ventricular electrogram

22

Indications for Temporary and Permanent Pacemakers

513

syndrome, a mitochondrial disease associated with heart block) with 2° AV block
Mobitz I or HV interval 70 ms or greater without symptoms (COR I) or who have 1°
AV block with PR longer than 240 ms, QRS longer than 120 ms, or fascicular block
(COR IIa). Lamin A/C mutation, which also can cause progressive cardiac conduction disease, can receive pacemakers if they exhibit PR longer than 240 ms and left
bundle branch block (COR IIa). Finally, in patients with Anderson-Fabry disease (an
inherited lysosomal disorder that causes myocardial accumulation of glycosphingolipids), pacemaker can be considered when QRS is longer than 110 ms.
In patients without inherited disorders but with ominous signs suggestive of
infranodal block, even when not clinically apparent, pacemaker is also considered.
This is the case in patients with syncope who have bundle branch block and HV
prolongation (70 ms or greater) or infranodal block (COR I), as well as patients who
have alternating bundle branch block regardless of symptoms (COR I). In addition,
when patients exhibit 1° AV block (or 2° AV block Mobitz I) with symptoms attributable to AV block, pacemaker can be implanted (COR IIa).
Another group contemplated with recommendation for pacemaker implantation
despite 1:1 conduction is that of patients who undergo transcatheter aortic valve
replacement. New left bundle branch block following these procedures is associated
with higher incidence of syncope and complete heart block requiring pacemakers,
although their overall mortality was not impacted by this finding [18, 19]. Therefore,
pacemaker implantation may be considered if in patients who undergo transcatheter
aortic valve replacement who develop new left bundle branch block (COR IIb), even
without development of further infranodal conduction disease (Fig. 22.10).

Fig. 22.10 Baseline electrocardiogram from a patient who underwent transcatheter aortic valve
replacement showing baseline incomplete RBBB, which increases risk of post-procedural heart
block (a). Post-procedural electrocardiogram showed new LBBB, so transvenous pacemaker was
left in place from the femoral vein for several days. As seen in panel b, this patient developed 2°
AV block Mobitz II 3 days after TAVR, with clearly no PR prolongation before the blocked P wave
and backup pacing (arrow) set at VVI 30. Panel c shows the transvenous pacemaker in place from
a femoral vein access, as well as a valve-expanding TAVR in situ
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Complications and Monitoring
Generally speaking, there are only two types of issues related to pacing itself:
underpacing and overpacing. Underpacing can happen due to subthreshold output,
such that the pacing impulse fails to capture enough myocardium to cause depolarization, or because of oversensing, when electrical noise leads to pacing inhibition.
The former is observed as a pacing spike that fails to generate myocardial depolarization, while the latter is observed as lack of pacing when pacing would be appropriate. Conversely, overpacing would happen when the device is unable to sense an
underlying rhythm (observed when pacing happens at a rate above the set rate) or
when the device is inadvertently set to pace asynchronously when there is an underlying rhythm.
When transvenous pacing is being employed, loss of capture is usually an indicative of lead dislodgement. This can be temporized by increasing the pacing output
until the pacing lead can be readjusted for better pacing threshold. In epicardial
temporary pacing, however, loss of capture may represent lead failure, such that a
more definitive pacing modality may have to be employed if a patient requires
ongoing pacing. Sensing issues, on the other hand, can easily be addressed by manually adjusting the sensitivity or by pacing asynchronously in patients who are
dependent. Failure to capture may happen because of inappropriate transcutaneous
pad placement leading to poor myocardial pacing vector, as well as electrical current diversion if a patient’s skin is wet from sweat, for instance. As discussed previously, documentation of myocardial capture with transcutaneous pacing should be
performed by observing a measurable pulse on invasive arterial blood pressure
monitor or by arterial pulse palpation. One should never rely on telemetry tracings
for myocardial capture since chest wall myopotentials can mistakenly be interpreted
as myocardial capture. In permanent pacemakers, loss of capture from lead dislodgment would indicate need for lead revision and is the main reason why some centers
observe patients overnight after a new implant.
As an invasive procedure, transvenous pacing carries risks related to both vascular access and intracardiac lead positioning. The preferred vascular access site for
temporary pacing is the right internal jugular vein or the left axillary or subclavian
vein, which allows the lead to follow the natural curve of the venous system to enter
the heart. This is less important for permanent pacemakers, since fluoroscopy will
guide lead positioning. Preferential access site relates more to lower complication
risk in these patients, so cephalic and axillary veins are usually preferred over subclavian to decrease the risk of pneumothorax. Besides, access site complications
include hemothorax and inadvertent arterial puncture, so careful technique for
venous access must be employed—ideally under ultrasound guidance in temporary
pacing and certainly under ultrasound or fluoroscopy guidance in permanent pacing
to decrease the risk of complications.
Complications related to lead positioning include cardiac perforation and
arrhythmias. Cardiac perforation should be suspected when a patient develops
chest pain with pericarditis symptoms, a sudden change in paced axis from left
bundle branch block morphology to right bundle branch morphology (indicating
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the pacing site is no longer the right ventricle), development of pericardial effusion
with possible tamponade, poor pacing capture, or even diaphragmatic capture.
Although highly unlikely, given their profile and flexibility, balloon-tipped catheters may cause perforation if significant torque is applied to the lead, i.e., if the
catheter is advanced much more than necessary into the right ventricular cavity.
Semi-rigid pacing leads, however, without a balloon at their tip, can increase the
risk of perforation if placed against the true right ventricular apex or the right ventricular free wall. Active fixation leads can also cause perforation if secured to
myocardium other than the interventricular septum, so usual fluoroscopic clues for
septal orientation in left anterior oblique view should also be employed. Cardiac
arrhythmias usually happen from catheter-induced ectopy in the right ventricle,
typically in the right ventricular outflow tract, so if these are observed, the pacing
lead usually needs repositioning.
In patients who are receiving temporary pacing, recognizing when temporary
pacing is no longer indicated is as important as knowing when it was indicated. The
longer a patient has a temporary pacing lead, the higher the risk of complications
described above, as well as blood stream infections and deep venous thrombosis
associated with the pacing lead. Therefore, besides daily checks for pacing threshold, pacing morphology, underlying rhythm, and lead position, reassessment for
ongoing temporary pacing needs or for definitive pacemaker implantation should
also be done.
Finally, in patients who undergo permanent pacemaker implantation, pocket site
complications can also happen and should be monitored. The most concerning is
pocket infection, which complicates 1–2% of implants and requires device extraction to prevent infective endocarditis [20]. Pocket hematoma, which contributes to
the risk of infection, can also happen if the patient is at high risk of bleeding (such
as patients with coagulopathy or on uninterrupted anticoagulation), so careful operative technique should be employed to ensure good hemostasis before pocket
closure.
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Definition
Syncope is one of several conditions that result in transient loss of consciousness
(TLOC) (Fig. 23.1). Syncope was defined in the 2018 European Society of
Cardiology Guidelines for the diagnosis and management of syncope as “TLOC
due to cerebral hypoperfusion, characterized by a rapid onset, short duration, and
spontaneous recovery” [1]. Syncope is similarly defined in the AHA/ACC/HRS
2017 Guideline [2]. While the definition of syncope appears straightforward, it is
important to consider the elements of the definition in some detail.

Loss of Consciousness
Loss of consciousness (LOC) is the sine qua non of syncope. Syncope cannot have
occurred in the absence of LOC. Consciousness, in this context, relates to an awareness of one’s surroundings and the ability to interact with and respond to external
stimuli. Consciousness has been lost when the individual is no longer aware of, or
able to react to, their surroundings. In addition, in the clinical context, LOC results
in loss of postural tone. If not otherwise restrained, an unconscious individual’s
body will assume a gravitationally neutral position—if standing, they will fall; if
sitting, they will slump.
Patients may also report a feeling that they are about to lose consciousness but do
not. This is often referred to, by clinicians, as “near-syncope.” Patients use a variety
of non-specific terms when describing this feeling of near LOC—“dizzy” and
“lightheaded” being especially common. A recurring theme in this chapter will be
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Fig. 23.1 Transient loss of consciousness (TLOC). Classification of the causes of transient loss of
consciousness (TLOC). See text for details

the critical importance of a careful history. One should not assume that all complaints of “dizziness” or “lightheadedness” are the result of milder episodes of cerebral hypoperfusion, i.e., near-syncope. By way of example, if a patient complains of
“dizziness” (a term widely used by patients, but with a variety of different meanings
in terms of specific symptoms), careful questioning can establish whether what they
are describing is, in fact, vertigo or perhaps the less well understood complaint of
“lightheadedness,” or something else. Probing for more detail might reveal transient
impairment of vision or hearing, which would favor cerebral hypoperfusion.
If the history makes it clear that the episode in question did not include LOC,
then syncope has not occurred. A word of caution is warranted. The clinician must
bear in mind that patients may not be able to provide enough detail to allow for a
clear determination of whether or not LOC has occurred. This is especially true in
the elderly who may have incomplete recall of the episode. Further, near-syncope
may provide a warning of future more serious symptoms and therefore merits careful assessment. We will touch on these issues in more detail below.

Rapid Onset
Patient and witness reports of the timing of events during an episode of syncope
are often unreliable. As noted, the person experiencing the event may have little,
or no, recall of the event. The perception of the passage of time is notoriously
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subjective and variable. However, when timing can be determined, the onset of
syncope is abrupt, typically within 10–20 seconds of onset of symptoms.

Short Duration
All the caveats associated with rapid onset apply to “short duration” as well. In
addition, the duration of syncope may be prolonged if the sufferer is unable to
assume a recumbent position. Bystanders will often attempt to hold someone upright
who is experiencing syncope, instead of letting them safely assume a gravitationally
neutral position. Nonetheless, once someone with syncope is placed in a supine
position, recovery is prompt, rarely taking more than 30 seconds. An important
caveat is that although LOC is short in duration, patients who have had a syncopal
event (especially reflex syncope) often report feeling unwell—fatigue, headache, no
energy—for hours after an episode. These symptoms should not be confused with
postictal confusion or somnolence.

Spontaneous Recovery
The idea of spontaneous recovery is as implicit in the definition of syncope as is
transient LOC. To use an obvious example, if a patient has an abrupt onset of LOC
and requires defibrillation in order to recover, that is aborted sudden cardiac death
not syncope. In a like fashion, LOC due to intoxication or metabolic disorders are
not considered syncope; those conditions are not typically transient, although they
may be associated with spontaneous recovery.

Due to Cerebral Hypoperfusion
Syncope refers to TLOC caused by cerebral hypoperfusion. As with LOC, this feature, i.e., cerebral hypoperfusion, is a required element of the definition. A blow to
the head can cause abrupt onset of LOC, which is both transient and usually associated with spontaneous recovery, but we do not refer to such episodes as syncope
(concussion is the appropriate term). The requirement that TLOC is due to global
cerebral hypoperfusion is what distinguishes a concussion from syncope. Likewise,
this feature distinguishes syncope from a seizure (which causes LOC due to a generalized electrical disorder in the brain).

Epidemiology and Demographics
Syncope is common, but the true incidence is difficult to determine due to inconsistent
definitions of syncope employed in the literature, variation in prevalence depending
on the population being studied, and underreporting of the condition. In the 2002
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report of the Framingham Offspring study, 44% of those experiencing syncope did not
seek medical evaluation [3]. Despite these difficulties, multiple studies have attempted
to define the epidemiology and demographics of syncope. The first Framingham
Cohort, reported in 1985, evaluated a relatively broad-based free-living population
studied over an approximate 26-year follow-up. The findings indicated occurrence of
at least one syncope event in approximately 3% of men and 3.5% of women. The
prevalence of syncope increased with age from 7.4 per 1000 person-exams in men age
35–44 to 55.9 per 1000 person-exams for ages 75 or older. In women, the increase was
from 8.7 to 36.1 per 1000 person-exams in the same age groups [4].
Sheldon et al. found that the age of first syncopal spell was highly skewed, with
a mode age of 13 years, a median age of 18 years, and a mean age of 26 year. This
distribution did not vary between males and females. The median frequency of syncopal events was 1.0 events/year [5]. In a population of 394 medical students (64%
female) with a median age of 21 years, 39% reported at least one episode of syncope. The prevalence was higher in females when compared to males, 4–24%. The
median age for the first syncopal event in this cohort was 15 years in both males and
females. Between the ages of 10 and 20 there was a steady increase in prevalence in
both genders. Sixty-four percent of females and 53% of males reported more than
one syncopal event [6].
Establishing the epidemiology of syncope in the elderly presents additional difficulties. One of the more prominent confounding issues is misdiagnosis of syncope
as a mechanical (accidental) fall or vice versa. In general, in patients over 70 years,
the incidence of syncope is approximately 6% per year with a recurrence rate over
2 years of 30% [7].

Initial Evaluation
General Considerations
The following discussion presumes that the diagnosis of syncope has been established, but the cause is as yet unclear. The initial evaluation of the patient with
syncope may occur in a variety of clinical settings. Patients may present to the
emergency department or an urgent care center immediately after a syncopal event.
At other times, they may present to clinic at varying times following the syncopal
event(s). Other patients do not seek medical attention at all or only do so after a
recurrence. The cause of syncope can be determined by an experienced provider
with a comprehensive history and medical exam alone in a substantial portion of
patients—perhaps as many as 50%.

History
A diagnosis can often be made by history alone, especially in reflex syncope.
However, the history taking must be thorough to be of value and should encompass
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not only the index presentation but also prior episodes and related symptoms.
Patients, especially the elderly, may have poor recall of the episode making witness
accounts critical. The history should be complete but focused. Important issues to
be addressed include as follows.

 istory of the Present Episode
H
Is this the first episode of syncope? If not, how many episodes has the patient had?
Over what period of time, did the episodes occur? Were the symptoms and/or circumstances similar?
What were the exact circumstances of the episode? Was the patient sitting, standing, or lying down? Reflex syncope in the supine or prone position is very uncommon. If the patient was sitting or standing, for how long? Had they just risen from
prolonged sitting? Did the symptoms occur immediately upon standing or some
moments later? What time of day (as patients are often more volume depleted after
wakening in the morning)?
Was there any warning of impending LOC, i.e., a prodrome? If so, what was the
duration of the prodrome and what were the prodromal symptoms? Visual and auditory changes are common prodromal symptoms. These visual and auditory symptoms are indicative of retinal and/or inner ear hypoperfusion reflecting inadequate
blood flow at the level of the cerebrum of any etiology and are not specific for reflex
syncope, whereas nausea, diaphoresis, “cold sweats,” and “clammy” are signs of
autonomic activation and more specific for reflex syncope. A feeling of palpitations,
described as “hard” beats but not necessarily “fast”, is not uncommon before reflex
syncope such as vasovagal syncope (VVS). On the other hand, the sensation of a
rapid heartbeat may suggest a tachyarrhythmia as the cause of the episode.
Syncope during active exercise is considered a marker of high risk. However, it
is crucial to determine that the patient was actively exercising at the time of syncope. Were they pedaling up a hill or had they completed the climb and were standing beside their bike catching their breath? In either case the patient is likely to
report, “I passed out riding my bike.” Clearly, it is crucial to obtain the details.
Were bystanders present and if so, are they available to answer questions? If not,
what, if anything, did they tell the patient about the event? Did they describe the
patient as “ashen,” “white as a ghost” suggesting a reflex faint? Or did they note the
patient to be “blue,” raising concerns about other, possibly more serious, causes for
the event. It is important to establish the duration of TLOC while being cognizant of
the tendency of bystanders to overestimate the time involved. If they do report a
prolonged episode of LOC, what were they, the bystander, doing? Often family and
friends will attempt to keep the victim of syncope from falling. If they maintained
the patient in an upright position, then the duration of the episode may have been
inadvertently prolonged. True syncope is of brief duration (on the order of seconds)
after the brain and heart achieve the same level.
 ast Medical History
P
The presence of structural heart disease is a marker of higher risk for the patient.
Patients, family members, and the medical record should be consulted to determine
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whether or not the patient has known structural heart disease. Alboni et al. [8] found
that heart disease was an independent predictor of cardiac cause of syncope, with a
sensitivity of 95% and a specificity of 45%; by contrast, the absence of heart disease
allowed exclusion of a cardiac cause of syncope in 97% of the patients.

Family History
Beyond determining if there is a history of syncope in other family members, it is
important to know if a cause of their syncope was identified. The diagnosis of syncope related to, for instance, Long QT syndrome or hypertrophic cardiomyopathy in
a first-degree relative is clearly relevant. One should not simply inquire about a
family history of syncope but whether there is a family history of sudden death,
especially at a young age. A family history of unexplained or unexpected deaths
such as drowning should also be elicited as it may imply an arrhythmic event.

Physical Examination
As with the history, the focus of the physical exam is to determine if there are signs
of underlying structural cardiovascular or neurological disease. As already discussed,
the presence of heart disease is a predictor of a cardiac cause of syncope [8]. A
12-lead ECG as part of the initial evaluation of syncope received a Class I indication
in the 2017 AHA/ACC/HRS syncope guideline [2]. The ECG should be obtained as
close to the time of the event as possible. Some conditions, Brugada syndrome and
preexcitaion syndromes being prime examples, have ECGs that vary over time.

Ancillary Testing
In a patient with a classic history for VVS, normal physical examination, and a normal 12-lead ECG, no further testing is needed. On the other hand, if the cause of the
syncopal episode remains unclear after the initial evaluation, further testing is often
needed. Further testing may also be needed for the purpose of risk stratification.

Echocardiogram
In our referral practice, an echocardiogram is often obtained in new TLOC patients.
The echocardiogram is particularly helpful in the setting of a questionable physical
exam finding or for the identification of structural abnormalities with either no, or
subtle, physical exam findings, or worrisome but nonspecific ECG findings. Pulmonary
hypertension, hypertrophic cardiomyopathy (HCM), and arrhythmogenic cardiomyopathies such as left ventricular non-compaction or arrhythmogenic right ventricular
cardiomyopathy/dysplasia (ARVC/D) are conditions in this category.
Blood Testing
In patients who present to an emergency department for evaluation of syncope, blood
chemistries, complete blood count, as well as troponin and brain natriuretic peptide
levels are nearly universal drawn. The diagnostic yield for such testing is low. The
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yield is improved if blood testing is targeted based on a thorough history and physical
examination. For example, if the history suggests that syncope may be due to orthostatic hypotension, checking a hematocrit is reasonable. Similarly, if angina-like
chest pain was present, then a troponin may be useful. Brain natriuretic peptide and
high-sensitivity troponin measurements may have a role in risk-stratification although
their precise value in this setting is uncertain. The current American guidelines find
it “reasonable” to perform “targeted” blood testing, e.g., a hematocrit in a patient
suspected of syncope due to blood loss [2]. Regarding biomarkers, the ESC guidelines make no recommendations pending further investigations [1].

 ther Cardiac Imaging
O
Cardiac magnetic resonance (CMR) imaging and cardiac CT scanning should not
be routinely included in the initial management of syncope. They can be useful
when the initial evaluation suggests underlying structural heart disease. CMR is
often utilized in the evaluation of suspected arrhythmogenic cardiomyopathies.
Cardiac positron emission tomography, PET, either alone or combined with CMR is
used increasingly in patients suspected of having cardiac sarcoidosis, a proarrhythmic condition that may present as syncope [9, 10].
Electrocardiographic Monitoring
Inpatient telemetry monitoring is based on the need for admission. Holter monitors,
along with other external ambulatory outpatient monitors, are inexpensive, but their
diagnostic yield is low. Syncope, even when recurrent, may not be frequent. Unless
the patient has recurrent episode of syncope during the period of time the monitor is
being worn, such devices rarely provide an answer with regard to whether or not a
patient’s syncope is due to an arrhythmia. Selection of the appropriate type of monitor is therefore important [11]. The implantable loop recorder (ILR) has been shown
to be a more cost-effective means of establishing a rhythm diagnosis in patients with
recurrent syncope [12, 13]. Data from the ILR may also identify a subgroup of syncope patients who might benefit from cardiac pacing [14].
Exercise Testing
Exercise testing can be very helpful when syncope is related to or occurred during
active exercise. In the absence of exercise-related symptoms, exercise testing has no
role in the evaluation of syncope unless ischemic heart disease is a concern based on
other findings in the history or exam. However, when syncope is associated with
active exercise, stress testing can be invaluable (Fig. 23.2a–c). Catecholaminergic
polymorphic ventricular tachycardia (CPVT) might only be diagnosed through the
use of exercise testing as the resting ECG may be normal.
 ilt Table Testing [15, 16]
T
If the presentation and history are “classic” for VVS, then head-up tilt table testing
(HUTT) is not needed. HUTT is sometimes used to confirm the diagnosis of VVS
in patients who remain uncertain of the diagnosis or if the presentation has atypical
features. HUTT may be used to confirm the diagnosis of VVS in a patient with
structural heart disease but otherwise has a typical presentation for VVS. A positive
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Fig. 23.2 Treadmill
exercise study for syncope
while running in a
50-year-old male.
Fifty-year-old male seen
for exercise syncope: (a)
resting ECG was normal;
(b) after a few minutes of
exercise salvos of
ventricular tachycardia
(VT) appeared; (c) within
15 seconds of continued
exercise monomorphic
sustained VT developed
resulting in near-syncope.
The arrhythmia resolved
promptly after exercise
was stopped. Coronary
angiography demonstrated
normal coronary arteries
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a

Resting ECG

b

ECG during early excercise

c

ECG at peak exercise

HUTT may also help to convince patients that the diagnosis has been made correctly if their symptoms are reproduced during laboratory testing. The latter may be
particularly valuable for patients who have seen many practitioners previously without receiving a definitive explanation for symptoms.
In patients with situational triggers (cough, swallow) for reflex syncope, those
triggers may be combined with HUTT—having a patient cough hard or drink a cold
beverage for instance. However, HUTT alone is not well supported as a diagnostic
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tool in these latter conditions, but the upright posture may permit the cough/swallow
intervention to more readily trigger reflex hypotension.
HUTT is increasingly used, in combination with EEG recordings, to distinguish
so-called convulsive syncope from a seizure disorder or psychogenic “syncope”
from true syncope [17]. HUTT may also be useful in the diagnosis of delayed orthostatic hypotension and occasionally immediate orthostatic hypotension.

 esting of Autonomic Function
T
Autonomic testing is often combined with HUTT testing when neurogenic orthostatic hypotension is considered a possible explanation for the syncopal episode [18].
 arotid Sinus Massage
C
In patients over the age of 40, or who have a history of syncope related to movements of the head or neck, carotid sinus massage (CSM) is warranted. However,
CSM should be performed by an individual experienced with this procedure. CSM
should be done during continuous ECG and BP monitoring, the latter preferably
using beat-to-beat recordings since otherwise a prominent vasodepressor response
may be missed (Fig. 23.3). Additionally, CSM can be most effectively used if the

Fig. 23.3 Carotid sinus massage (right carotid). CSM was performed in a 72-year-old man with
near-syncope and prior head and neck surgery. The solid arrow indicates when CSM was begun
and the hollow arrow when CSM ceased. Note the prolonged vasodepressor response apparent in
the BP tracing in green (200 mmHg scale)

526

W. O. Adkisson et al.

patient is in an upright posture, such as on a tilt-table. CSM is considered diagnostic
if it reproduces syncope symptoms associated with >3 seconds of asystole and/or a
drop in SBP >50 mmHg [18].

Invasive Electrophysiology Testing
Electrophysiology testing (EPS) for evaluating the cause of syncope is primarily
useful in patients in whom the initial evaluation suggests underlying cardiac disease—either conduction system disease, a channelopathy, or structural heart disease. The diagnostic yield is low in patients with a normal resting ECG and no
structural heart disease. In patients with prior myocardial infarction, or other known
or suspected areas of myocardial scarring based on history or cardiac imaging, EPS
may be helpful if the cause of the event remains unclear after the initial evaluation.
The same is true in patients with chronic bifascicular block [19]. The utility of EPS
in patients with syncope and possible sinus node dysfunction is less clear [1, 2].
Unnecessary Testing
Unless there has been significant head trauma associated with the syncopal event or
the presence of focal neurologic findings, there is no need for brain imaging or an
electroencephalogram (EEG). Likewise, there is no need for routine imaging of the
vasculature of the head and neck.
Despite a decline in hospitalization rates for patients presenting with syncope,
along with availability of well-considered syncope management guidelines and syncope evaluation units, the hospital costs of syncope care in the United States between
2004 and 2013 have increased. Whether this is due to an increase in ancillary testing, an increase in the cost of such testing, a trend toward patients with more comorbidities, or a combination of these factors is not clear [20]. A recent study on the use
of echocardiography in patients admitted with syncope found an increase in the use
of echocardiography in these patients, suggesting that some rise in cost is indeed
related to the increase use of ancillary testing [21].

Risk Stratification
Risk stratification is an important consideration regardless of the outcome of the initial evaluation. Even if a diagnosis has been established at the initial visit, a decision
regarding hospital admission for treatment must be made. In patients in whom the
diagnosis remains uncertain, a decision on whether to complete the evaluation in the
inpatient versus outpatient setting requires an estimation of risk. From a mortality and
SCD perspective, it is essential to identify “cardiac” causes of syncope since these
comprise the highest mortality risk cases. The mortality associated with cardiac syncope is as high as 18–30% at 1 year, as opposed to 6% in adult patients with syncope
of unknown origin, the majority of which are probably reflex or orthostatic in origin
[3, 22]. Presyncope, in at least one study, has been shown to be as important as true
syncope from a prognostic perspective and might therefore be managed similarly [23].
Several risk stratification schemes have been proposed to aid in clinical decisionmaking. Most of these schemes have focused on Emergency Department triage with
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regard to the need for immediate hospitalization. The ESC 2018 Guidelines and
ACC/AHA/HRS 2017 practice guidelines [1, 2] offer a detailed assessment of the
available risk stratification tools. However, as yet, there is no consensus on which of
the risk stratification tools is the most effective [24]. Despite these caveats, risk
stratification is both necessary and feasible using details of the syncopal event itself,
patient history, physical exam findings, and blood testing results. Markers of high
risk are summarized in Table 23.1 [1, 2, 24].
Of equal importance is the identification of patients at low risk. These patients may
be safely evaluated in an outpatient setting and do not require admission. Findings that
indicate a low risk of syncope related to cardiac etiologies are summarized in Table 23.2.
The remaining cases are deemed “intermediate risk,” and in these cases’ management,
including necessity of hospital admission, is largely a matter of physician judgment.
Table 23.1 Markers of increased risk in patients with syncope
Risk factors associated with the syncopal event indicating high risk:
 Syncope during active exertion or while supine
 Preceded by new onset chest discomfort, abdominal pain, shortness of breath
 Abrupt onset of palpitations followed immediately by syncope
 Brief (<10 seconds) prodrome, especially if known structural heart disease or significant
ECG findings
 Family history on sudden death in individuals <50 years old or known inheritable condition
(weak risk factor)
 Significant associated trauma with the event
Risk factors associated with patient and past medical history indicating high risk:
 Known coronary artery disease, structural heart disease (including congenital heart disease) or
age >60
Risk factors identified during initial evaluation indicating low risk:
 Significant ECG abnormalities (see text)
 Persistently abnormal vital signs
 Findings of decompensated heart failure
 Positive troponin
 Evidence of active bleeding/significant anemia
Adapted from data in [1, 2, 24]
Table 23.2 Markers of low risk in patients with syncope
Risk factors associated with the syncopal event indicating low risk:
 Associated with typical prodrome of reflex syncope (feeling of warmth, diaphoresis, nausea,
vomiting, lightheadedness)
 Associated with unexpected unpleasant sight, smell, sound, or pain
 Associated with rising from supine or seated position
 Associated with prolonged standing, especially in hot crowded place
 Associated with a meal or soon after eating
 Associated with cough, defecation, or micturition
Risk factors associated with patient and past medical history indicating low risk:
 Long history (often years) of syncope with no high-risk features
 Younger age, <45
 Absence of structural heart disease
Factors identified during initial evaluation indicating low risk:
 Normal ECG
 Normal physical examination
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Pathophysiology of Syncope
As noted above, syncope results from transient self-limiting global cerebral hypoperfusion most often due to a transient fall in systemic mean arterial blood pressure
(MAP). Other causes, such as an abrupt fall of ambient oxygen tension, are
extremely rare.
Before examining the pathophysiology of specific forms of syncope, a general
review of cerebral perfusion is required.

Cerebral Perfusion
At rest, the 1400 g brain, roughly 2% of an average adult mass, requires 15–20% of
the cardiac output, CO. Making matters more precarious, it has little metabolic
reserve. Six to seven seconds of cessation of cerebral blood flow (CBF) may result
in the onset of syncope [25]. Thus, ensuring adequate CBF is essential and the systems for doing so are complex and still inadequately understood.
Mean arterial blood pressure (MAP) reflects a balance between CO and systemic
vascular resistance (SVR). A decrease in CO without a counterbalancing increase in
SVR will lead to a fall in MAP, as will a decrease in SVR in the absence of an
increase in CO. In either case, if MAP falls below the threshold (which, in health, is
protected over a relatively wide pressure range) needed to maintain adequate CBF
to the brain for more than a few seconds, syncope will result.

Baroreflex System
The baroreflex system is central to the regulation of blood pressure and is therefore
a critical component to maintenance of MAP and CBF. Baroreflex sensors are found
at multiple sites within the systemic vascular system, the pulmonary arteries, and
the cardiac chambers. Among the most well-known baroreceptors are those within
the carotid sinuses and those within the aortic arch. The baroreflex system is complicated, involving mechanoreceptors not just in the aortic arch but the atria and
ventricles, as well as chemical and neuroendocrine inputs. These inputs are then
integrated in the midbrain, after which parasympathetic efferent fibers acting in
concert with sympathetic tone regulate heart rate and contractility. Sympathetic output also regulates peripheral vascular and splanchnic bed vascular resistance. Space
does not permit a detailed review of this complex system. Interested readers are
referred to more specific reviews [18, 26].
Consequently, in health, baroreflex detection of an increase in MAP results in an
increase in parasympathetic output to the heart; the outcome is slowing of the heart
rate and a reduction in contractility. At the same time, sympathetic output to the
vasculature is reduced, resulting in a fall in peripheral resistance [27]. Vagal effects
on heart rate and contractility occur almost immediately. The sympathetic effects
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take 2–3 seconds to begin. Likewise, withdrawal of sympathetic tone takes longer to
manifest as compared to withdrawal of parasympathetic tone.
In the example above, a reduction in contractility and heart rate leads to a drop
in cardiac output, which in the absence of a change in the SVR would result in a
fall in MAP. In a normal physiologic setting, a fall in MAP and/or venous return to
the heart results in a decrease in the afferent signals from the baroreceptor system.
The subsequent alteration in efferent traffic then serves to raise MAP. However, in
reflex syncope this protective reflex arc is temporarily undermined for incompletely understood reasons. In the case of a primary cardiac problem (e.g., a severe
arrhythmia), reflex control of MAP may be insufficient to compensate for a severe
fall in CO.

Cerebral Blood Flow
Cerebral blood flow (CBF) is more complicated than other organ blood flow dynamics because the brain is encased in a rigid structure, the skull [28]. Cerebral blood
flow is dependent on the difference between arterial and venous pressures. Blood
flow is also affected by the balance of the pressure within the lumen versus the closing pressure imposed by both wall tension and tissue pressure. In most organs, tissue pressure is rarely an issue; this is not the case for CBF. Given the constraints of
the skull, tissue pressure in the brain can increase dramatically and impact CBF
[29]. Venous outflow from the brain is also more complicated than in other organs
and has been proposed as a possible contributing factor is some of the situational
syncopes but will not be discussed in detail in this communication [30].

Cerebral Autoregulation
Cerebral autoregulation (CA) refers to the processes that allow CBF to remain relatively constant over a wide range of MAP [28, 31] and is a complex process that
involves interplay among neurogenic, metabolic, myogenic, and endothelial pathways. CA maintains CBF over a relatively wide, but nonetheless limited, MAP
range. At MAP values below the lower limit, CBP falls off rapidly. Cerebral function then deteriorates and TLOC is likely to occur.

Classification of the Causes of Syncope
It should be apparent from the above discussion that any disorder that results in a
fall in MAP sufficient to reduce CBF below autoregulatory threshold may result in
syncope. This can result from a fall in SVR, a fall in CO, or a combination of the
two. The possible causes of a decrease in MAP resulting in syncope can be grouped
into four broad categories, from the most common causes to the least common: (1)
reflex syncope, (2) orthostatic hypotension, (3) arrhythmic, or (4) mechanical cardiopulmonary disorders (Table 23.3) .
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Table 23.3 Causes of syncope
Reflex syncope
Vasovagal syncope (VVS)
Carotid sinus syndrome (CSS)
Situational syncope
 Respiratory
 Gastrointestinal
 Genitourinary
Orthostatic hypotension
Drug induced
Volume depletion
Autonomic dysfunction
 Primary autonomic dysfunction
 Secondary autonomic dysfunction
Cardiac syncope
Arrhythmia
 Bradyarrhythmia
 Tachyarrhythmia
Structural cardiopulmonary disorders
 Obstructive lesions
 Mechanical/structural

Reflex Syncope
Reflex syncope is by far the largest cause of syncope. The percentage of syncopal
events varies depending primarily on the age of the patient group being studied.
Overall, reflex syncope is the cause of syncope in roughly 70% of patients with
syncope.

Vasovagal Syncope
Vasovagal syncope is a specific diagnostic term reserved for reflex syncope resulting from emotional triggers or in the absence of an obvious trigger. Of the reflex
syncope syndromes, VVS is by far the most common; although in older patient
groups other forms of syncope become increasingly prevalent, VVS still accounts
for approximately 50% of faints [32, 33]. For example, Del Rosso and colleagues
reported that even in patients 65 years of age or older, VVS (“neurally-mediated” in
the publication) was the cause of syncope in 54% of the patients studied [33].
Recent findings confirm the predominance of VVS even in older patients with structural heart disease [34].
In a normal physiologic setting, a fall in MAP and/or venous return to the heart
caused by upright posture results in a decrease in the afferent signals from the baroreceptor system as reviewed above. The subsequent alteration in efferent traffic then
serves to raise MAP. In reflex syncope, this protective reflex arc is temporarily
undermined for incompletely understood reasons resulting in a paradoxical further
increase in parasympathetic outflow and withdrawal of sympathetic tone. VVS-
induced alterations of circulating neurohormones (particularly vasopressin) may
play a role in undermining reflex protective mechanisms.
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 arotid Sinus Syndrome
C
Carotid sinus syndrome (CSS) refers to a form of reflex syncope that is thought to
be triggered primarily by mechanical manipulation of the carotid sinus region.
Carotid sinus hypersensitivity (CSH) was first defined in 1933 by Wiess and Baker
[35]. CSH is defined as systole >3 seconds or a drop in systolic BP >50 mmHg during CSM. However, CSH in an individual refers to an abnormal finding during
carotid sinus massage but may not be indicative of CSS unless a clinical correlation
is able to be established. For instance, despite the dramatic episode of asystole and
hypotension illustrated in Fig. 23.3, the patient was very clear that CSM did not
reproduce his clinical symptoms of near-syncope.
CSS is more common in the elderly (and particularly in elderly males). Carotid
sinus hypersensitivity has been demonstrated in 39% of a random sample of patients
over the age of 65 [36]. In asymptomatic patients, CSH leads to syncope in fewer
than 5% [37], highlighting the need to correlate the patient’s clinical symptoms with
this finding.
The afferent pathways, central processing, and efferent pathways involved in
CSS are relatively well defined. Less clear is what are the mechanisms that cause
the baroreceptor reflex to malfunction and cause syncope. A variety of conditions
may contribute: atherosclerotic disease in the carotid sinus bulb, degenerative
changes in the either the afferent limb or central processing centers, and unilateral
loss of function both in the carotid sinus, as well as proprioception in the sternocleidomastoid muscle (such as may occur after head and neck surgery or radiation) have
all been proposed as possible mediators of CSS [37]. In an individual patient, CSS
susceptibility is, most likely, multifactorial.
Situational Syncope
The situational syncope syndromes are often grouped into categories (Table 23.3).
Nonetheless, it is not clear if the situational syncope in a given category shares a
common pathophysiology. Even less is known about the afferent reflex limbs of
these syndromes than in VVS or CSS. For the most part, each of the various situational faints is rare, making investigations into mechanisms extremely difficult.
Cough syncope is perhaps the most common of the situational faints and as such has
been the most amenable to study [38].
Situational Syncope Related to the Respiratory Tract
In the authors’ experience, cough syncope is the most commonly encountered of the
respiratory tract-related situational syncope. Early theories suggested cough syncope resulted from the Valsalva-like effect of cough, leading to a fall in venous
return. More recently, we demonstrated that, compared to controls, the degree of
hypotension induced by volitional cough was greater, the chronotropic response to
hypotension was reduced, and the duration of post-cough hypotension was longer in
cough syncope patients. Our findings tend to implicate a reflex mechanism for both
intermittent brief coughs and repetitive prolonged coughing spells [38].
Another respiratory-related situational syncope, in which a Valsalva-like effect
by raising intrathoracic pressure results in a decrease in venous return and central
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Fig. 23.4 Implantable loop recording during laughter. An implantable loop recorder was placed
in a 30-year-old woman with syncope and near-syncope. This recording was made during an episode of spontaneous laughter associated with her clinical symptoms of near-syncope. The non-
conducted P waves are marked with red arrows

hypovolemia, is trumpet blower’s syncope. On the other hand, it is thought that
laugh (gelastic) [39] and sneeze syncope may involve triggers other than Valsalva,
in that laughter and sneezing result in a series of rapid changes in intrathoracic
pressure, as opposed to the sustained increase in intrathoracic pressure seen in the
other entities. We have observed transient AV block and less severe transient bradycardia in patients being evaluated for presumed spontaneous laugh syncope
(Fig. 23.4).
Situational Syncope Related to the GI Tract
There are several situational syncopes related to the GI tract: swallow (deglutition),
glossopharyngeal neuralgia, and defecation [40–42]. Whether post-prandial syncope should be included in the category of situational syncope is problematic.
Syncope in this setting often occurs after standing and may be related to orthostatic
hypotension due to redistribution of blood volume to the splanchnic beds.
Alternatively, the resulting relative hypovolemia due redistribution of blood may
predispose to VVS triggered by standing [30]. Post-prandial symptoms of “lightheaded,” “weak,” and “dizzy” are even more problematic since post-prandial hypoglycemia must be added to the list of possible causes.
Situational Syncope Related to the Genitourinary Tract
Syncope during or shortly after micturition is referred to as micturition syncope [43,
44]. The basis for these faints is not known with certainty, but bladder distention
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may trigger hypertension that is then ameliorated by reflex vasodilation. Once the
bladder is empty, the trigger disappears, but the reflex may not turn off quickly
enough to prevent transient hypotension [45].
Syncope may rarely be associated with coitus. As with any patient with syncope
related to exertion, syncope during coitus should trigger an evaluation for underlying structural heart disease or arrhythmia as the etiology [30].

Syncope due to Orthostatic Hypotension
Orthostatic hypotension (OH) is defined as a sustained drop in systolic blood pressure of a least 20 mmHg or at least 10 mmHg in the diastolic blood pressure [46].
In the presence of supine hypertension, a fall of greater than 30 mmHg in the systolic BP may be more appropriate. If the MAP pressure fall is of large enough magnitude, CBF autoregulation fails and syncope may ensue.
Orthostatic hypotension is the second most frequent cause of syncope. In select
groups, such as hospitalized patients, OH may be the most common cause of syncope. Drug therapy is the most common cause of OH and typically acts through
volume depletion (e.g., diuretics) and/or by impairing autonomic and vascular
responsiveness (e.g., sympatholytics, vasodilators, etc.). Primary autonomic nervous system failure is relatively uncommon, but its recognition is crucial for both
patient education regarding prognosis and appropriate therapy.
Several variants of OH have been described. “Immediate” OH occurs immediately upon standing, <30 seconds, and is only apparent if a “beat-to-beat” blood
pressure (BP) recording is utilized. In one series, 46% of patients developed OH
within 3 minutes of HUTT. A further 15% developed OH between 3 and 10 minutes
of HUTT [47]. Patients with syncope due to OH at >1 minute but <10 minutes of
upright posture may be referred to as having “classic” orthostatic hypotension.
Patients who do not develop OH until >10 minutes of HUTT are considered as having “delayed” OH. In rare cases, syncope may occur many minutes later and the
term “progressive” OH has been used; the latter are difficult to diagnose due to the
long time elapsed between the trigger (i.e., upright posture) and the syncope.
Orthostatic hypotension may result in syncope or near-syncope; in the elderly,
OH is an important cause of “falls” and physical injury. However, many patients
also exhibit a broad array of vague complaints that are better termed orthostatic
intolerance, such as palpitations, lightheadedness, dizziness, and fatigue. Adding to
the diagnostic complexity, there are patients who have delayed OH in conjunction
with reflex syncope and those in whom reflex syncope is triggered by assuming an
upright posture. HUTT testing may be helpful to distinguish these cases from classical or delayed OH [16].

 rimary Autonomic Dysfunction
P
Primary disorders of autonomic nervous system (ANS) function are infrequent
causes of OH. Several are associated with precipitation of α-synuclein and have
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been referred to as the synucleinopathies [48]. Patients with primary ANS failure
often have supine hypertension which can complicate treatment of OH.
Patients with Parkinson’s disease, not infrequently, develop OH (sometimes
referred to as “Parkinson’s Plus”) [48, 49]. Other, less common, primary autonomic
disorders include multisystem atrophy, previously known as Shy-Drager syndrome
[46, 50], and Lewy-body dementia [48, 51].
Unlike the disorders noted above, patients with pure autonomic failure [48, 52]
do not have motor symptoms and only rarely progress to Parkinson’s disease or
Lewy-body dementia.

 econdary Autonomic Dysfunction
S
Diabetes mellitus is the most frequent cause of OH in the developed world, excluding OH secondary to drugs and alcohol abuse. Diabetics with OH often, but not
always, have polyneuropathy with associated gastroparesis, diarrhea, constipation,
urinary retention, and erectile dysfunction. On occasion, OH occurs early in the
course of the disease [53].
Primary amyloidosis (AL amyloidosis) and hereditary amyloidosis also cause
secondary autonomic dysfunction that frequently results in OH [54]. Genetic testing
or immunohistochemical staining is needed to distinguish between primary and
hereditary amyloidosis [55].

Syncope due to Cardiac Arrhythmia
Bradyarrhythmias
Cardiac asystole quickly results in a drop in MAP and, if sufficiently prolonged
(typically >6 seconds), may be of sufficient magnitude to cause syncope. Lesser
degrees of bradycardia may also lead to syncope depending on the magnitude of
the drop in CO and whether the resulting reflex increase in SVR is able to maintain MAP. Depending on other factors, such as position of the patient (upright
or supine) and the patient’s volume status, bradycardia may result in syncope or
near-syncope.
Establishing a correlation between the symptom, syncope, and the bradyarrhythmia is paramount. If syncope can be shown to be due to a non-reversible bradyarrhythmia, permanent cardiac pacing usually provides effective treatment. As will be
discussed later, an important caveat to this is bradycardia (sinus bradycardia, sinus
pauses, paroxysmal AV block) associated with reflex syncope (e.g., VVS) in which
concomitant vasodepression may contribute to hypotension despite an apparently
adequate heart rate.
Bradyarrhythmias due to sinus node dysfunction usually result in syncope due to
spontaneous sinus pauses or asystolic pauses following termination of an atrial
tachyarrhythmia. Sinus bradycardia and chronotropic incompetence rarely result in
syncope. Diagnosis is best achieved using an ECG event recorder or an implanted
loop recorder to establish a correlation between a syncope or near-syncope and the
bradyarrhythmia. In absence of such correlation, severe sinus bradycardia lower
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than 40 bpm or sinus pauses longer than 3 seconds during waking hours are highly
suggestive of symptomatic sinus node disease. In the latter patients, an invasive
electrophysiologic evaluation of the sinus node is undertaken on occasion. However,
the diagnostic yield for EP testing in this setting is poor [1, 2].
Chronic or paroxysmal atrioventricular (AV) block may also be the cause of
syncope. The presence of Mobitz II type second-degree AV block, third-degree AV
block, or alternating left and right bundle branch block on ECG monitoring can
reasonably be considered diagnostic of a bradycardic cause of syncope. Ambulatory
event monitoring with a Holter monitor is reasonable if the event rate is at least once
in 24–48 hours. However, if the inter-event interval is less frequent, a longer-term
external monitor is recommended. For very infrequent inter-event intervals (e.g., >
4 weeks), early use of an implantable cardiac monitor (so-called ILR or ICM) is
recommended [1]. Invasive EP assessment of AV conduction in the presence of
bifascicular bundle branch block is reasonable when the diagnosis remains uncertain after non-invasive evaluation.
The finding of nocturnal/sleep bradyarrhythmia is an indication for evaluation
for sleep-disordered breathing and is not considered an indication for pacing [56].
Very prolonged pauses may be observed, but pacing intervention should be resisted
until a full sleep evaluation and, if appropriate, therapy for sleep-disordered breathing has been initiated and efficacy of therapy has been assessed.

Tachyarrhythmias [57]
Supraventricular Tachycardia
Although infrequent, supraventricular tachycardias (SVT) including atrial flutter or
atrial fibrillation may be associated with syncope at the onset of an episode before
vascular compensation occurs, or as a result of prolonged sinus pause or bradycardia at the termination of a tachycardia episode. SVT may trigger reflex syncope.
VT Associated with Structural Heart Disease
Ventricular tachyarrhythmias (VT) are an important cause of syncope in patients
with known structural heart disease. In the United States, the most common cause
of structural heart disease is ischemic. However, any entity that results in scarring of
the myocardium may lead to VT—arrhythmogenic cardiomyopathy, left ventricular
non-compaction, cardiac sarcoidosis, post infectious cardiomyopathy (viral,
Chaga’s), and idiopathic dilated cardiomyopathy are examples of structural diseases
of the heart that predispose to the development of VT.
Tachycardia rate, status of left ventricular function, and the efficiency of peripheral vascular constriction (the latter of which might also be undermined by concomitant drugs that the patient is prescribed for comorbidities such as heart failure and
hypertension) determine whether the arrhythmia will induce syncopal symptoms.
Idiopathic Ventricular Tachycardias
Patients with an apparently structurally “normal” heart may, on occasion, present
with syncope related to VT (so-called idiopathic VT). Outflow tract tachycardias
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(both right and left ventricular outflow tracts) and fascicular VT are classic examples. The major differential diagnostic concern is the exclusion of VT related to
structural heart disease.
Less Common Tachyarrhythmias, “Channelopathies”
Syncope associated with paroxysmal VT may be the presenting symptom of any of
several cardiac cellular channel disturbances, including long QT syndromes, short
QT syndrome, Brugada syndrome, or catecholaminergic polymorphic ventricular
tachycardia (CPVT). The latter, CPVT, poses a particular diagnostic challenge in
that imaging and the resting ECG may all be normal most of the time. The association of syncope during exercise in a young person or individual without coronary
artery disease is the clinical clue that should prompt exercise testing as part of the
evaluation. In such cases, ruling out congenital coronary artery abnormalities is an
important aspect of the evaluation.

Syncope due to Structural Cardiac and Cardiopulmonary Causes
In these cases, syncope occurs as either a direct result of the structural disturbance
or as a consequence of a reflex disturbance triggered by the heart condition. Thus,
syncope in acute myocardial infarction or severe aortic stenosis may be due to
reduced cardiac output due to outflow obstruction in some cases. Alternatively, it is
well documented that reflex vasodilation may be triggered by these conditions and
can cause hypotension. Probably both mechanisms participate in most cases.
Similarly, syncope related to pulmonary embolus may be due, in cases of massive embolism, to obstruction of RV outflow leading to under-filling of the LV and
subsequent drop in CO. However, sudden strain on the RV may also result in reflex
syncope, thereby complicating the pathophysiologic evaluation. In any case, treatment of the embolic event and preventing future recurrences are the essential
next steps.
Patients with left ventricular outflow tract obstruction (e.g., hypertrophic cardiomyopathy [HCM] or aortic stenosis) may be more prone to develop syncope in the
setting of tachyarrhythmias. The rapid rates can preclude adequate venous filling in
a stiff ventricle, while abnormal excitation (especially in VT) may aggravate outflow tract obstruction in HCM. Once again, reflex hypotension may also contribute;
the triggers are believed to come from the heart itself, via excessive stretch on ventricular and atrial mechanoreceptors.
Finally, the role of congenital cardiac disease should be considered. Congenital
disease of the heart may present as syncope/ collapse events. This can be related
to the lesion itself (severe outflow obstruction), ischemia due to coronary artery
anomalies, bradyarrhyhtmia due to concomitant sinus node or AV nodal dysfunction, VT secondary to cardiomyopathies resulting from the congenital lesion, or
VT related to scarring as the result of surgical repair of the congenital lesion. VT
following Tetralogy of Fallot repair is a classic example of the latter.
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The above highlights the pitfalls a practitioner may encounter in identifying the
cause of syncope in patients with structural heart disease. These patients are at higher
risk. Nonetheless, as pointed out earlier, patients with structural heart disease are also
susceptible to reflex syncope, particularly VVS. Consequently, syncope in the setting
of structural heart disease does not always mean that device therapy is indicated.

Cerebrovascular Causes of Syncope
Cerebrovascular diseases are rarely the cause of true syncope, which, as defined
above, is due to transient cerebral hypoperfusion. Given the redundant nature of
cerebral vascular anatomy, developing hypoperfusion on a vascular basis is very
unlikely. As a result, tests looking for cerebrovascular disease (or in fact neurological diseases in general) are of little value in the initial assessment of the patient in
whom syncope (as opposed to collapse due to seizure for example) is suspected.
Head imaging may be indicated if there is concern that the patient may have sustained an intracranial injury as a consequence of their collapse.
Transient ischemic attacks (TIAs) and epilepsy are not part of the differential
diagnosis of true syncope. TIAs do not typically cause LOC. Very rarely, vertebral-
basilar TIAs, may trigger collapse if they involve the thalamic structures [58].
Cerebrovascular conditions that may be associated with increased susceptibility
to true syncope include (in approximate order of frequency, albeit all being relatively rare):
• Migraine (probably via a neural-reflex mechanism, particularly vasovagal
syncope)
• Parkinson’s disease (usually orthostatic as discussed above)
• Primary autonomic failure (usually orthostatic or during physical exertion as
noted earlier)
• Subclavian steal syndrome (very rare).

Treatment of Syncope
In considering treatment of syncope, it is useful to consider the less frequent causes
of syncope first, namely, cardiac syncope. Cardiac syncope includes both arrhythmic etiologies and structural heart disease.

Treatment of Cardiac Syncope
 yncope Secondary to Structural Heart Disease
S
In many ways, these are the most straightforward causes of syncope to treat.
Treatment of syncope related to these conditions is, in reality, treatment of the
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underlying cardiac condition identified as the cause of syncope. Thus, by way of
example, intervention and revascularization for acute coronary syndromes/myocardial infarction, treatment of pulmonary embolus, aortic dissection, aortic stenosis,
etc. provide the means to prevent future syncope events.

 yncope due to Cardiac Arrhythmia
S
In syncope related to VT associated with structural heart disease, treatment is targeted to the VT. Ablation therapy for VT in structural heart disease is more frequently undertaken than was the case in the past and is increasingly successful in
experienced hands. Pharmacologic therapy is often used in combination with, or
prior to, ablation therapy. Nevertheless, a mainstay of therapy in many of these
patients is the implantable cardioverter defibrillator (ICD). It is important to note
that ICD therapy does not treat syncope; ICD therapy prevents sudden arrhythmic
death. Syncope may still occur as the device goes through its programmed diagnostic algorithm, charges its capacitors, and then delivers therapeutic pacing or shocks
as needed.
In distinction to VT in the setting of structural heart disease, VT in the normal
heart generally does not require placement of an ICD. Ablation is often the treatment of choice in these patients. Outflow tract tachycardias and “idiopathic” fascicular VTs are examples of VT amenable to ablation therapy, which if successful
prevents syncope.
Syncope related to paroxysmal VT related to a channelopathy is managed based
on the underlying condition. ICD therapy for prevention of sudden death is often
needed, though, again, this is not technically therapy for syncope but for prevention
of sudden death (i.e., as discussed immediately above, syncope may still occur as
the device prepares to treat).

Treatment of Non-cardiac Syncope
 yncope Caused by Orthostatic Hypotension [18]
S
Treatment of medication-related OH (e.g., due to diuretics, vasodilators, etc.) usually requires either reducing dosage or discontinuing the suspected offending drug
when possible. Patients and clinicians may find that they must accept BP higher
than typically accepted as ideal in order to avoid debilitating orthostatic syncope or
intolerance. Not infrequently systolic BPs up to 150 or 160 mmHg are needed.
The importance of adequate salt and fluid intake, in patients without underlying
supine hypertension, cannot be over stressed. Patients are instructed to measure
their salt intake and at times may require up to 10 g of sodium daily. This recommendation is often accompanied by expressions of horror from the patient and family members. Fluid intake should be at least 2.0–2.5 L daily, with low carbohydrate
electrolyte containing drinks being preferred. A 24-hour urine can be useful in documenting adequate sodium and fluid intake. The urinary sodium should be
>170 mmol and urine volume >1500 mL/24 hours [59].
Other lifestyle interventions include:
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• Gradual, staged changes in postural position (i.e., avoid standing up too rapidly).
• To minimize postprandial OH—frequent small meals, avoidance of alcohol with
meals, and a minimum of 8 ounces of water with the meal.
• To minimize the common occurrence of OH symptoms first thing in the morning: 12–20 ounces of water or water/electrolyte, taken rapidly 10–15 minutes
prior to getting out of bed and delaying shower or bath until after adequate hydration is often helpful.
• Elevating the head of the bed 6–10 inches reduces supine hypertension and nocturnal diuresis. Adjustment of the timing of vasoconstrictor drugs (e.g., midodrine) to avoid administration near to bedtime hours may be helpful as well for
ameliorating tendency to supine hypertension.
• Avoid prolonged recumbency/ bedrest.
• Isotonic exercises, with a focus on lower body isometric exercise (e.g., rowing or
exercise bands) to build orthostatic tolerance.
• Abdominal binders (20 mmHg pressure) and waist-high or abdominal/thigh
compression garments may be of benefit. Knee-high compression socks are of no
benefit.
In patients who remain symptomatic despite lifestyle modifications, pharmacologic therapy may be required. Until recently, midodrine was the only drug approved
by the Food and Drug Administration (FDA) for the treatment of OH. Midodrine is
a pro-drug, the principal metabolite of which is a direct α1-adrenergic receptor agonist. The dose varies from 2.5 to 10.0 mg two to three times daily. It has a short
half-life and can be taken every 4–6 hours. Patients should not take midodrine
within 4 hours of returning to a recumbent position due to the potential to exacerbate supine hypertension. Midodrine may cause urinary retention, especially in
elderly men. In patients with OH who are taking an α-adrenergic blockers for urinary retention, the best course would be to stop the α-adrenergic blocker, if possible.
Midodrine may also cause pilomotor reactions and pruritis.
Droxidopa is a prodrug that undergoes decarboxylation to norepinephrine by
L-aromatic amino acid decarboxylase. In both European and US trials, it was
found to be a safe and effective treatment for OH due Parkinson’s disease, MSA,
and PAF [18]. Droxidopa has been approved by the FDA for the treatment of neurogenic OH.
Fluodrocortisone is often used for volume expansion. Frequently, patients with
OH also have supine hypertension that may be aggravated with the use of fluodrocortisone. Patients receiving fluodrocortisone should have their potassium levels
monitored regularly, as this medication may cause hypokalemia. This is especially
important if the patient is on digoxin or an antiarrhythmic drug since concomitant
hypokalemia may be hazardous. In the authors’ practice, midodrine, with its short
duration of action, is preferred when tolerated, but not infrequently both types of
drugs are needed.
As noted earlier, supine hypertension can be a major complicating factor in the
treatment of OH. Raising the head of the bed 4–6 inches reduces supine hypertension. When treatment of the supine hypertension is needed, the authors prefer to use
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a short acting agent, such as captopril, given at bedtime. Alternatively, a nitroglycerin patch applied at bedtime and removed before rising can be helpful.
A great deal of time is required to educate the patient on how they may adjust
their medications (antihypertensives and midodrine) based on their BP readings and
anticipated activities. Additionally, they should be warned about OH recurrence if
getting up in the night to go to the bathroom. A bedside commode or walker may be
helpful to prevent “falls” at night, and we often recommend these protective steps.

 yncope Caused by Reflex Syncope
S
As with OH, adequate hydration and salt intake remain the backbone of treatment.
In patients with known VVS, identification and avoidance of triggers is the key to
prevention.
A similar approach is utilized in situational syncope. To the extent possible,
patients are instructed to avoid the “situation,” but this may be difficult (e.g., coughing, laughing, micturition). Many of the situational syncope syndromes have been
shown, in case reports, to be associated with marked bradycardia. Permanent pacing, again in case reports, is reported to be beneficial, but there is limited data. Each
patient should be evaluated as an individual. Thus, cough suppression (including
smoking avoidance) may be a starting point in cough syncope. Evaluation and treatment of esophageal pathology may be a reasonable first step in swallow syncope.
Carotid sinus syndrome/hypersensitivity is the one reflex syncopal syndrome, in
which there is general consensus that permanent pacing is indicated. Nevertheless,
documentation of a pause in the rhythm being the cause of symptoms is very important.
 reatment of Vasovagal Syncope
T
Given its frequency, treatment of VVS requires a more in-depth discussion. The
mainstay of treatment for VVS remains avoidance of triggers, lifestyle modification, increased dietary salt, and hydration. Recognition of prodromal symptoms and
how to respond to them is crucial.
The so-called tilt training or standing training has anecdotally been shown to
improve orthostatic tolerance and reduce susceptibility to VVS by “retraining” or
“desensitizing” the abnormal reflex response leading to syncope. Patient compliance is an issue and controlled studies have not shown consistent benefit [60].
Patients with prodromal symptoms are encouraged to not ignore their symptoms.
They should be proactive in order to try and abort an imminent event. For severe symptoms, lying down is recommended over sitting. Physical counter-pressure maneuvers
(CPM)—leg crossing with muscle tensing, arm tension via pulling apart of fist and hand
grip—have been shown to transiently raise BP. These maneuvers may terminate the episode or allow for the patient to get to an area where it is safer to lie down if needed [61].
Pharmacologic therapy includes instruction on hydration with electrolyte supplementation. Midodrine has been shown to be beneficial in VVS [62]. Beta-
adrenergic receptor blockers, fludrocortisone, and serotonin re-uptake inhibitors
have all been used in VVS with anecdotal reports of efficacy.
Pacing in VVS has a long and complicated history. In general, vagal-induced
bradycardia is not considered an indication for pacing. However, based on the
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results of a sub-study of the Third International Study on Syncope of Uncertain
Etiology (ISSUE-3), permanent pacing in selected patients with VVS can be considered [14], namely patients over 40 years of age who had both a negative HUTT
study (i.e., no demonstrable vasodepressor activity) and documented clinically significant bradycardia during their clinical syncope (usually based on an ILR/ICM
recording). This recent insight has been incorporated into both the American [2] and
European [1] practice guidelines.

Conclusions
Syncope is one of several causes of transient loss of consciousness (TLOC) characterized by episodes that are brief in duration and terminate spontaneously. To distinguish this form of TLOC from other forms of collapse (e.g., mechanical falls,
seizure disorders, etc.) syncope is defined as being due to transient and spontaneously reversible failure of global cerebral perfusion. However, by way of a cautionary note, much of the older “syncope/collapse” literature has not used this very strict
definition of “true syncope” and must therefore be read with some “flexibility.”
Syncope may result from any cause of transient drop in mean arterial pressure
sufficient to result in hypoperfusion of the brain for ≥6–8 seconds. Delineating the
etiology of syncope can be challenging but is critical in order to provide patients
with a sense of their likelihood of recurrence, to identify effective treatment strategies, and to identify patients in whom syncope is a marker of increased risk of sudden cardiac death.
In most patients, a careful history and physical exam, including an ECG, will
delineate the cause of syncope or at least provide sufficient suspicion that subsequent diagnostic testing can be highly focused. The most common causes of syncope are the so-called reflex forms and, in particular, vasovagal syncope; this is
especially true if the patient has no underlying structural heart disease and a normal
ECG. In any case, no matter the cause of syncope, in the end, cost-effective management depends on accurate identification of those at increased risk, utilization of an
organized structured approach to evaluation (e.g., incorporating syncope clinics or
syncope management units), and appropriate introduction of patient-specific treatment strategies designed to address the underlying mechanism of the syncope in
each case, so as to prevent future recurrences.
Acknowledgment Dr. Benditt is supported in part by a grant from the Dr. Earl E Bakken Family
in support of Heart-Brain research.
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and Others
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Abbreviations and Acronyms
AAD
ACE
AF
AIC
AT
AVNRT
AVRT
CMP
CRT
HF
ICD
JET
LV
LVEDD
LVEF
NT-pro-BNP
PJRT
POTS
PVC

Anti-arrhythmic drugs
Angiotensin-converting enzyme
Atrial fibrillation
Arrhythmia-induced cardiomyopathy
Atrial tachycardia
Atrioventricular nodal reentrant tachycardia
Atrioventricular reentrant tachycardia
Cardiomyopathy
Cardiac resynchronization therapy
Heart failure
Implantable cardioverter defibrillator
Junctional ectopic tachycardia
Left ventricular/left ventricle
Left ventricular end-diastolic diameter
Left ventricular ejection fraction
N-terminal pro-B-type natriuretic peptide
Permanent junctional reciprocating tachycardia
Postural orthostatic tachycardia syndrome
Premature ventricular contraction

R. Dhawan
Division of Cardiovascular Medicine, Department of Internal Medicine, University
of Nebraska Medical Center, Omaha, NE, USA
R. Gopinathannair (*)
Kansas City Heart Rhythm Institute, Overland Park, KS, USA
University of Missouri-Columbia, Columbia, MO, USA
e-mail: rakesh.gopinathannair@hcahealthcare.com
© Springer Nature Switzerland AG 2020
G.-X. Yan et al. (eds.), Management of Cardiac Arrhythmias, Contemporary
Cardiology, https://doi.org/10.1007/978-3-030-41967-7_24

547

548

RV
SVT
VT
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Right ventricular/right ventricle
Supraventricular tachycardia
Ventricular tachycardia

Introduction
Arrhythmia-induced cardiomyopathy (AIC) is a condition where sustained atrial
and ventricular arrhythmias as well as ventricular ectopy result in cardiomyopathy
(CMP) and heart failure (HF), which can be partially or completely reversed with
appropriate suppression/elimination of the culprit arrhythmia [1, 2]. Atrial fibrillation (AF) is the most common cause of AIC, followed by premature ventricular
contractions (PVCs) [1].
The term tachycardia-induced CMP has been commonly used in literature for many
years. The first case of AIC was described in the early 1900s when AF with rapid ventricular rates was noticed to cause HF [3, 4]. Although AIC has been known as an entity
for more than a century, it likely remains under-recognized in clinical practice. Studies
have shown that rhythm by itself can lead to HF in the absence of tachycardia, which
can happen with PVCs, premature atrial contractions, and AF [5]. Thus, AIC is a better
and therefore preferred terminology than tachycardia-induced CMP, as it encompasses
the spectrum of arrhythmias that lead to CMP and HF. AIC thus describes a syndrome
where a pathological arrhythmia induces or mediates CMP.
AIC can be subclassified into two categories—arrhythmia-induced CMP where
an arrhythmia solely leads to HF and CMP in an otherwise normal heart (also called
“pure” AIC) and arrhythmia-mediated CMP where an arrhythmia leads to worsening of CMP and HF in a patient with preexisting structural heart disease and CMP
(also called “impure” AIC) [6]. But for consistency, both these types will be referred
to as AIC in this chapter.
Arrhythmia-mediated CMP is important to recognize. For example, consider a
patient with prior MI and ischemic CMP with known left ventricular ejection fraction (LVEF) of 40% now presenting with worsening HF and an LVEF of 25% in the
setting of trigeminal unifocal PVCs. If this patient’s LVEF recovers back to 40%
after successful PVC ablation, it is clear that his CMP was from combination of
ischemic CMP and AIC. However, if his LVEF normalizes after PVC ablation, it is
likely that his CMP was never due to coronary artery disease but totally secondary
to frequent PVCs. So, partial or complete reversibility may help to understand if
another etiology of HF could also be present.

Causes
There are multiple causes of AIC which are depicted in Table 24.1 [1, 7–10].
Right ventricular pacing, left bundle branch block, and preexcitation can result in
dyssynchrony-mediated cardiomyopathy and likely share mechanistic underpinnings
with AIC. However, their detailed discussion is outside the scope of this chapter.
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Table 24.1 Causes of arrhythmiainduced cardiomyopathy
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Supraventricular
Atrial fibrillation
Atrial flutter
Atrial tachycardia
Atrioventricular nodal reentrant tachycardia
Atrioventricular reentrant tachycardia
Permanent junctional reciprocating tachycardia
Junctional ectopic tachycardia
Frequent premature atrial contractions
Rapid atrial pacing
Ventricular
Idiopathic ventricular tachycardia
Fascicular tachycardia
Frequent premature ventricular contractions
Rapid ventricular pacing
Other
Thyrotoxicosis

Epidemiology
The incidence of AIC is not very clear but likely is underreported. In pediatric population, about 28% of patients with ectopic atrial tachycardia (AT) has been shown to
develop AIC. In adult patients, AIC develops in about 10% of those with AT and in
9–34% of those with frequent PVCs [1]. However, the available observational data
is prone to selection bias as the denominator is not clearly known. About 10–50%
of patients with HF have AF [11]. In patients with AF and reduced LVEF, studies
have shown AIC incidence to be about 25–50% [12, 13].

Mechanisms
Animal studies based on a rapid pacing-induced CMP model as well as using
coupled pacing to mimic PVC-induced CMP have helped us understand the
pathophysiology of AIC. An overview of the natural history and pathophysiology
involved in development of rapid pacing-induced CMP and HF is shown in
Fig. 24.1 [1]. Various changes involved in pathophysiology of AIC are discussed below:
1. Microstructural changes: Rapid pacing-induced CMP leads to decreased collagen and reduction in myocyte length and adhesion to laminin, fibronectin, and
collagen IV. Basement membrane-sarcolemmal interface gets disrupted. These
features are reversible [14, 15]. Animal studies have also shown pacing-
associated mitochondrial changes [16]. There is fibrosis, loss of ventricular cells,
and hypertrophy of the remaining viable cells [17]. There is decreased excitation-
contraction coupling due to decreased L-type calcium channels and transverse
tubules [18]. Sodium-potassium ATPase activity, glycoside receptor density, and
affinity are decreased in pacing-induced CMP [19]. There may be prolongation
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Cellular and molecular events

Natural history

Time

Myocyte
Initial tachyarrhythmia
stimulus

ECM

Compensatory phase
LV pump function normal
Sympathetic system activation

~ >7 Days

LV dysfunction phase
LV pump dysfunction and dilation
LV myocardial contractile dysfunction
Neurohormonal activation; initial
activation of RAAS

~ 1 - 3 Weeks

LV failure phase
LV pump failure and severe dilation
Systemic hemodynamic compromise
Significant neurohormonal activation;
RAAS, vasoactive peptides
Pulmonary/systemic edema

~ >3 Weeks

Extracellular matrix
remodeling

Cellular remodeling,
contracile dysfunction,
viability
Ca2+ ATPase

L-Type Ca2+
Channel

Defects in Ca++ handling
and severe contractile
dysfunction

Cytoplasm

Ca2+

Sarcoplasmic
reticulum

Fig. 24.1 Schematic illustration of the natural history and pathophysiology of rapid pacing-
induced dilated cardiomyopathy and heart failure. (Reprinted from Gopinathannair et al. [1])

of action potential due to decreased delayed rectifier potassium current, which
may predispose to arrhythmias [20]. A study done on human myocardial cells
showed pacing-induced diastolic dysfunction. This happens due to high cellular
load of calcium leading to high muscle tone and impaired relaxation [21]. Atrial
dysfunction also occurs with AT and AF. Contractility of atria is reduced, likely
due to impaired calcium handling from dysfunction or downregulation of L-type
calcium channels [22, 23].
A study in rabbits using rapid pacing showed high oxidized mitochondrial
DNA and decreased ratio of reduced glutathione to oxidized glutathione.
Antioxidant vitamins helped to decrease the deleterious effects of pacing in this
study [24]. There is likely depletion of energy stores as there is hyperactivity of
Krebs cycle enzymes [25]. In a study done on pigs, decreased myocardial blood
flow leading to myocyte injury is seen with pacing. It is reversible after recovery
of tachycardia but coronary reserve remained low [26]. Diastolic time is shortened due to tachycardia, likely worsening the ischemic injury to tissues as most
of the myocardial blood flow occurs during diastole. Besides increased ventricular filling pressures [16], increased myocardial oxygen demand due to tachycardia may worsen the ischemic injury.
2. Structural changes on imaging studies: A study done on pigs showed that in AIC,
LV dilates leading to thinning of LV wall, with systolic and diastolic dysfunction
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of LV [27]. Along with LV, chamber dilatation and dysfunction of RV also occurs
[16]. Large LV end-systolic and end-diastolic diameter cause mitral annulus
dilatation leading to decreased leaflet coaptation and, thus, functional mitral
regurgitation [28].
Neurohormonal changes: Animal studies have shown that plasma norepinephrine levels are increased but there was no change in beta adrenergic receptors when compared to control animals. However, there was reduced response
to beta agonists suggesting some intracellular changes in the adrenergic
activation system [29]. Not all patients with persistent arrhythmias develop
CMP. Patients with DD genotype of angiotensin-converting enzyme (ACE)
gene produce excessive ACE and thereby angiotensin II which causes myocyte injury [30]. Animal studies showed increased renin-angiotensin-aldosterone axis activation in pacing models. Beneficial effect of ACE inhibitors was
seen on LV dimensions and LV fractional shortening in rapid pacing-induced
HF. Beta adrenergic receptor function was also noticed to be normalized with
ACE inhibitor use [31, 32].
Hemodynamic changes: With sustained tachycardia, cardiac output decreases
[27] whereas LV and RV filling pressure as well as pulmonary capillary wedge
pressure increases [1, 16].
AF-induced cardiomyopathy: Although the exact mechanisms underlying persistent AF-induced AIC remain unclear [33], loss of atrial contraction along with
fast heart rates and irregularity of rhythm likely contribute to AIC [1, 33–35].
These processes impair myocardial contractility and diastolic function.
Increasing left heart pressures lead to HF and functional mitral regurgitation, and
consequent adverse electromechanical changes in the left atrium, maintaining
AF and development of AIC [34].
PVC-induced cardiomyopathy: Animal models of ventricular bigeminal pacing
were used to understand the structural and molecular level changes that happen
with PVCs. PVCs cause more severe LV dysfunction as compared to tachycardia. Myocardial fibrosis occurs at ultrastructural level, also gradually leading to
widening of QRS complex. There is upregulation of genes like pRyR2 (phosphorylated ryanodine receptor 2), CaMKII-α (calcium/calmodulin-dependent
protein kinase II), PLN (phospholamban), NCX-1 (sodium-calcium exchanger-1),
and downregulation of SERCA2a (sarcoplasmic/endoplasmic reticulum calcium
ATPase-2a), causing calcium mishandling [36]. Another study done on dogs
showed that frequent PVCs cause decrease in CAV1.2 protein and its movement
in the cells away from T-tubules. This likely leads to alterations in excitation-
contraction coupling [37].

These elegant animal studies have provided great mechanical insight into the
development of AIC. However, there are several challenges in translating animal
studies to humans. Almost all animals exposed to rapid pacing develop CMP in
experiments, but AIC do not develop in all patients who have frequent arrhythmias.
Time to development of HF and CMP in animal pacing models has been shown to
be about 1–3 weeks, but AIC development in humans may take months, if not years,
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and this varies from one patient to the other [16, 20, 36, 38, 39]. Recovery time following arrhythmia suppression/elimination in human AIC is typically longer than
those in animal models [1, 39]. These suggest that in humans, arrhythmia and
patient characteristics also play a major role as to whether a patient may or may not
develop AIC following exposure to a persistent arrhythmia [1].
Arrhythmia Characteristics Various arrhythmia characteristics like rate,
rhythm irregularity, dyssynchrony, duration, burden, and persistence play a role in
causing AIC. Tachycardia (>100 beats per minute) is usually considered to play a
role in development of AIC, although this heart rate cutoff is not well defined [1].
Rhythm irregularity plays an important role in causing LV dysfunction as was
evidenced by marked improvement in LVEF in well rate-controlled AF patients
with severe LV dysfunction who underwent catheter ablation for AF [40, 41].
Duration of arrhythmias could be an important factor as there is usually a latency
of months to years between the onset of arrhythmia and onset of CMP. Relatively
slower in rate but persistent arrhythmias are more likely to result in AIC than
rapid, intermittent arrhythmias. AIC hardly results from inappropriate sinus
tachycardia or postural orthostatic tachycardia syndrome, as the tachycardia is not
persistent [1]. A study on AT patients found that patients with AT-mediated AIC
had a slower heart rate when compared to the rest of the group [42]. Another study
on thyrotoxicosis patients with HF found that patients with reduced LVEF had
lower thyroxine levels as compared to the rest of the group [8]. The above findings
may be due to the fact that the patients with subclinical hyperthyroidism may be
asymptomatic for longer periods and may come into medical attention later, but
may develop HF due to sustained tachycardia. So, arrhythmias that are persistent,
have longer duration, and are asymptomatic may be more susceptible to develop
AIC. PVCs are common especially with aging, with one study showing 69% prevalence of PVCs in active elderly patients aged 75 years or more [43]. More than
1000 PVCs/day are present in about half of the patients with HF [44]. The most
important factor in development of PVC-mediated AIC is the daily burden of
PVCs. An exact cutoff is difficult to predict with certainty but studies have shown
this to be between >10% to 24%/day [45, 46]. In addition to PVC burden, other
features like longer QRS duration of PVCs, epicardial origin of PVCs, presence
of retrograde P waves, and nonsustained ventricular tachycardia (VT) might be
associated with higher chances of AIC [47–49]. In a study of PVC-induced AIC
patients, most common PVC origin sites were noticed to be LV outflow tract in
28%, followed by epicardial in 24%, followed by RV outflow tract in 21% [50].
An animal model developed to simulate PVC-induced AIC showed that LV origin
of PVCs had longer QRS duration, more dyssynchrony, and worse final LVEF as
compared to the controls [36].
Patient Characteristics Not all patients with frequent arrhythmias develop
AIC. Studies have shown that some patients may have a genetic predisposition to
develop this condition [30, 51]. In some cases, it may be by overexpression of the
gene coding the angiotensin-converting enzyme [30]. Presence of underlying cardiac disease may be a risk factor for development of AIC [52]. Absence of
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symptoms secondary to arrhythmia was seen to be a predictor of AIC development
in a study on PVC-induced CMP but this could be an instance of delayed detection
of arrhythmia [53].

Clinical Features
Arrhythmias can lead to HF and CMP and vice versa as well. Due to this fact, these
two conditions often coexist and raise the classic “who came first” question [54].
AIC can happen in structurally normal hearts, in patients with structural heart disease, as well, as in heart transplant patients [1, 55].
AIC is not limited to any age and can develop in fetal life, children, and adults
[1, 56]. Hydrops fetalis can be one of the presentations of AIC if it happens in intrauterine life. Presentation in children is often late due to difficulty in assessing symptoms of arrhythmias [1]. Most common arrhythmias causing AIC in children are
ectopic atrial tachycardia and permanent junctional reciprocating tachycardia
(PJRT). AF is the most common cause of AIC in adults [1].
Clinical presentation of AIC can have a wide spectrum. Both arrhythmia and CMP
can be asymptomatic whereas symptomatic patients can have symptoms from either
or both of these conditions. So, AIC should be suspected if both arrhythmias and CMP
coexist in a patient and is typically established upon partial or complete recovery of
LV function after treatment of arrhythmia [1]. Significant tachyarrhythmia or frequent
ectopy might present simultaneously with (a) new-onset HF, (b) worsening of HF in
a patient with known structural heart disease, or (c) asymptomatic CMP [57]. The
complicating nature of diagnosis is due to the fact that many times arrhythmias in
these three scenarios may not be symptomatic, and may be intermittent, especially
PVCs, which may be not detected on an electrocardiogram (ECG). Ambulatory ECG
monitoring is useful to increase the detection rate of arrhythmias, if suspicion is high
for AIC. Symptoms due to arrhythmias might be palpitations or syncope. HF symptoms include shortness of breath, orthopnea, paroxysmal nocturnal dyspnea, and leg
swelling [2]. These symptoms are not indicative of the cause of HF. If arrhythmias are
not managed in a timely fashion, AIC can lead to end-stage HF. Sudden cardiac death
has also been reported in these cases [39, 58].

Diagnosis
History and physical exam in AIC patients can be unrevealing with regard to an
arrhythmic etiology. A high index of suspicion has to be maintained for AIC diagnosis in patients who present with both arrhythmias and CMP as the disease can
progress if the arrhythmia is not treated appropriately [1]. The diagnosis should
definitely be suspected in patients with arrhythmias and new-onset HF patients with
no known structural heart disease. But making the diagnosis is challenging at initial
presentation as presence of structural heart disease doesn’t rule out AIC [6].
Prior studies have provided information regarding diagnostic findings supporting
a diagnosis of AIC. AIC has been noted to have lesser LV dilatation among various
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causes of dilated CMP [12]. Presence of late gadolinium enhancement on cardiac
MRI indicates underlying structural heart disease which may suggest nonreversibility of LV function [41]. A study done on patients with new diagnosis of HF and
tachyarrhythmias found that patients with AIC tended to have RV dilatation and
reduced RV systolic function on cardiac MRI when compared to the rest of the
group [59]. Strain pattern on transthoracic echocardiogram (TTE) may inform
potential for LVEF recovery and thus the diagnosis of AIC [60]. Predominant
decrease in longitudinal strain was found differentially in apical segments as compared to mid and basal segments in AIC patients when compared to patients whose
LVEF didn’t improve after treatment of tachyarrhythmia. Electroanatomic mapping
in PVC-induced CMP helps to predict reversibility of HF, as patients with an abnormally large percentage area of unipolar scar had irreversible CMP [61]. In patients
presenting with arrhythmia and HF with CMP, marked decline in N-terminal pro-B-
type natriuretic peptide (NT-pro-BNP) levels 1 week after arrhythmia suppression
supported LV function recovery and a diagnosis of AIC [62].
A large population-based study showed that patients with PVCs had twice the risk
to develop HF. This risk was about sixfold in these patients with PVCs if they were
under the age of 65 years and had no risk factors for coronary artery disease [63]. PVC
burden varies from day to day. Longer ECG monitoring for 7–14 days increases the
number of patients detected with significant PVC burden when compared to 24-hour
Holter monitors [64]. If a patient presents with a diagnosis of idiopathic dilated CMP,
it may be reasonable to monitor ambulatory ECG for up to 2 weeks depending on
clinical context, as detection of a significant arrhythmia can alter the management of
such patients [57]. An example of such a case is cited in case scenario 1.
Case Scenario 1
A 63-year-old female with history of hypertension and systemic lupus erythematosus was admitted to the hospital due to worsening dyspnea on exertion, orthopnea,
and dry cough. Physical exam and imaging studies were consistent with decompensated HF. Transthoracic echocardiogram showed LVEF of 20% with severe global
hypokinesis. Coronary angiogram ruled out any obstructive coronary artery disease.
The patient was effectively diuresed and was started on goal-directed medical therapy for HF. Due to very frequent PVCs noted on telemetry, she was discharged with
a Holter monitor which showed 26% PVC burden. AIC was suspected. Subsequently,
electroanatomic mapping was done which showed PVCs to be originating from the
free wall of the right ventricular outflow tract and was successfully ablated. HF
symptoms resolved and patient’s LVEF improved to 35% in 1 month and then to
64% in 6 months post ablation (Fig. 24.2).

Principles of Management
Treatment of suspected AIC patients should involve a focused effort to control or
eliminate the causal arrhythmia along with guideline-directed HF therapy. Treatment
goals include improving HF symptoms and LVEF as well as initiate a curative
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Fig. 24.2 Panel A: 3D electroanatomic activation map of the right ventricular outflow tract
showing the site of earliest activation and successful site of ablation (white colored area) in the
anterior free wall region of the right ventricular outflow tract. Panel B: Earliest local activation
during PVC was 41 msec pre-QRS with QS pattern on unipolar electrogram at successful ablation
site. Panel C: Right anterior oblique fluoroscopy view showing ablation catheter at the successful site

therapy for the causal arrhythmia whenever feasible. With management of underlying arrhythmia, HF symptoms usually improve. Recovery of LV function with
arrhythmia control establishes the diagnosis [57]. HF treatment should follow established guidelines [65, 66]. Whether to continue neurohormonal antagonists as well
as the duration of therapy following recovery of LV function in AIC remains unclear
and requires further study.

Management of Different Arrhythmias in AIC Patients
Detailed management strategies for specific arrhythmias are beyond the scope of
this chapter but some specific arrhythmia treatment strategies with regard to AIC are
discussed below.
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Atrial Fibrillation
Rate Control Mainstay of therapy in these patients is beta blockers for rate control. Non-dihydropyridine calcium channel blockers are generally avoided in
patients with reduced LVEF [66]. Use of digoxin for rate control has been shown to
be associated with increased mortality risk [67]. Usually more than one agent is
required for rate control [68]. Although the RACE II (Rate Control Efficacy in
Permanent Atrial Fibrillation II) trial showed that a lenient heart rate control with
resting heart rates less than 110 beats per minute was as effective as stricter heart
rate control [69], most patients in that trial had normal LVEF and these data may not
apply to AIC subgroup of patients. Moreover, rate control may not be well monitored or accomplished in outpatient settings and symptomatic patients need rhythm
control.
The exact heart rate target for rate control is unclear in AF-mediated AIC patients,
but since the rhythm itself, in the absence of tachycardia, can also cause CMP, a
rhythm control strategy is preferred and [35, 70], in many patients, rhythm control
is likely the best form of rate control.
If a patient has failed all possible options for rate or rhythm control, and if catheter ablation is not feasible, AV nodal ablation and biventricular pacemaker placement can improve symptoms and LV function [1, 71]. Even this strategy, however,
has been shown to be inferior to catheter ablation [72].
Rhythm Control Antiarrhythmic drugs (AAD) like flecainide [73], sotalol [74] and
dronedarone [75] are generally avoided in patients with cardiomyopathy and
HF. Amiodarone is the most commonly used medication in this setting [76–79]. Initial
studies such as the CAFE-II trial (Controlled Study of Rate Versus Rhythm Control in
Patients With Chronic AF and Heart Failure), which randomized 61 patients with persistent AF and moderate LV dysfunction to a rate control vs rhythm control strategy,
showed that a rhythm control strategy using amiodarone and cardioversion was superior to a rate control strategy in improving quality of life and LV function [78].
However, the larger AF-CHF (atrial fibrillation and congestive heart failure) trial
(1376 patients, 70% with persistent AF, mean LVEF of 27%) did not show any advantage of rhythm control using AAD over rate control therapy, with regard to survival or
worsening HF [76, 77, 79]. However, 15% of patients abandoned their initial treatment strategy and 40% of rate control group was in sinus rhythm at follow-up in
AF-CHF trial and therefore this data may not apply to a true AIC population [77]. A
post hoc analysis of the AFFIRM (Atrial Fibrillation Follow-up Investigation of
Rhythm Management) trial showed that restoring and maintaining sinus rhythm was
beneficial but may have been offset by adverse effects from AAD use [80].
Thus, how we achieve rhythm control may matter [81]; a non-pharmacologic
approach to rhythm control could tilt the balance in favor of rhythm control, especially in AF-mediated AIC patients. Catheter ablation has emerged as a safe and
effective option for rhythm control in AF, and multiple randomized studies have
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demonstrated its utility in patients with AF and cardiomyopathy. The pulmonary
vein antrum isolation versus AV node ablation with Bi-Ventricular Pacing for
Treatment of Atrial Fibrillation in Patients with Congestive Heart Failure (PABA-
CHF) study showed catheter ablation to be superior than AV nodal ablation and
biventricular pacing, in terms of improvement in LVEF, left atrial size, and quality
of life [72]. Catheter ablation strategy has also been shown to be better than rate-
controlling drugs [79, 80]. Ablation versus Amiodarone for Treatment of Persistent
Atrial Fibrillation in Patients with Congestive Heart Failure and an Implanted
Device (AATAC) trial enrolled 203 HF patients with AF, randomized to amiodarone
or catheter ablation. Freedom from AF (70% in ablation arm vs 34% in the AAD
group, p < 0.001), quality of life, improvement in LVEF, and overall mortality were
better in catheter ablation group [82]. The Catheter Ablation for Atrial Fibrillation
with Heart Failure (CASTLE-AF) trial randomized 363 patients with paroxysmal or
persistent AF with LVEF <35% and NYHA III-IVHF to catheter ablation (n = 179)
or pharmacologic rate or rhythm control (n = 184). The primary end point was a
composite of all-cause death or hospitalization for worsening HF. Over a median
follow-up of 37.8 months, the ablation group had a significantly lower incidence of
the primary end point (28.5 vs 44.6%; HR, 0.62; 95% CI, 0.43–0.87; P = 0.007),
all-cause mortality (13.4 vs 25%; HR, 0.53; 95% CI, 0.32–0.86; P = 0.01), HF hospitalization (20.7 vs 35.9%; HR, 0.56; 95% CI, 0.37–0.83; P = 0.004), and cardiovascular mortality (11.2 vs 22.3%; HR, 0.49; 95% CI, 0.29–0.84; P = 0.009), when
compared to medical therapy. At 60 months, LVEF increased by 8% in the ablation
group whereas no increase was seen in the medical therapy group. Lack of blinding
and higher than expected mortality rates in both groups, questioning the quality of
HF therapy, were major concerns for this study [83]. The Catheter Ablation versus
Medical Rate Control in Atrial Fibrillation and Systolic Dysfunction (CAMERA
MRI) study randomized 68 patients with idiopathic CMP and persistent AF to rate
control vs catheter ablation. Study participants were well rate controlled at baseline.
Catheter ablation resulted in higher LVEF improvement (18.3%), mean heart rate,
and six-minute walking distance when compared to medical therapy group. The
patients in this study had cardiac MRI done at baseline. Although presence of left
ventricular scar predicted lower LVEF recovery in ablation group, it was still higher
than seen with medical therapy alone. The study provides evidence that the rhythm
itself, regardless of heart rate, can result in CMP and rhythm control can reverse
that. In addition, it also shows the importance of the fact that presence of structural
heart disease or LV scar should not preclude arrhythmia suppression/elimination. A
meta-analysis showed that single procedure success from ablation to maintain sinus
rhythm was about 57% and success from multiple procedures with or without use of
AAD was about 82% [84]. The available data thus support catheter ablation as the
best rhythm control choice in patients with AF-mediated AIC. These data also show
that patients with AF and HF have an AIC component, perhaps occult at first glance,
which does not respond to rate control but can potentially be corrected by rhythm
control using catheter ablation [81, 85].
Ablation procedures can also be done surgically (MAZE procedure) in patients
undergoing coronary artery bypass grafting or mitral valve repair or as a stand-alone
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procedure if patients failed prior catheter ablation procedure or as a convergent
procedure [86]. A recent study on surgical ablation of AF in AIC patients showed
that Cox-MAZE IV procedure should strongly be considered for surgical ablation in
the patients who have failed other treatment modalities [87].

Atrial Flutter
Pharmacological rate control is usually difficult to achieve in these patients and
catheter ablation has excellent success rates and safety profile. Thus, catheter ablation, when possible, should be the first-line therapy for trial flutter-induced AIC [88,
89]. AAD or rate control should only be used in situations where ablation cannot be
done or is not desired. Similarly, catheter ablation was shown to have good success
rates in atrial tachycardia-mediated AIC and should be considered first line whenever possible [42].

Frequent PVCs and VT
Frequent PVCs can cause HF in a patient without any preexisting structural heart
disease or can worsen a patient’s preexisting CMP [20, 87, 97]. PVCs causing AIC
commonly originate from either LV or RV outflow tract, though they could less
commonly originate from other sites as well [97]. Beta blockers or non-
dihydropyridine calcium channel blockers are often used in these patients but have
limited effectiveness in suppressing PVCs. AAD like amiodarone, dofetilide, mexiletine, and sotalol are usually more effective but have high side effect profile [1].
CHF-STAT trial showed that amiodarone use in patients with HF with reduced
LVEF and frequent PVCs helped to decrease PVC burden and improve
LVEF. However, it had no effect on mortality and was associated with various side
effects [90]. So, AADs are usually used for patients who are not candidates for ablation or have failed ablation in the past.
Catheter ablation has high success rates (70–90%) for eliminating culprit PVCs
and has been proven to be more effective than AAD [1, 91]. Successful ablation in
these patients has been shown to improve their LV function and dimensions [92].
Even in patients with frequent PVCs and normal LVEF, reduced biventricular strain
has been noted on TTE, which improves after catheter ablation of PVCs [93].
Frequent PVCs have been shown to be one of the causative factors for non-
responsiveness to CRT. Successful ablation of PVC foci in these cases improves LV
chamber size and LVEF [94]. Complete elimination of PVCs is important, but in the
setting of multimorphic PVCs, more than 80% PVC burden suppression or reducing
PVC burden to < 5000 per day has been shown to be effective [1, 95]. Reduction of
PVC burden and myocardial scar as evidenced by cardiac MRI are predictors of
LVEF recovery in PVC-induced CMP patients [96]. In our opinion, catheter ablation should be the first-line therapy for patients with a high PVC burden and unexplained CMP.
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Reentrant Supraventricular Tachycardia
They are not common causes of AIC, but can cause it if they are persistent. A curative strategy by catheter ablation should be pursued as first-line therapy for supraventricular tachycardia-mediated AIC. A study on patients with AVNRT showed
that patients with reduced LVEF had recovery of their LVEF after catheter ablation
of slow AV nodal pathway [97].

Sinus Tachycardia
Inappropriate sinus tachycardia can cause HF in thyrotoxicosis patients. But patients
with thyrotoxicosis-induced HF can also have AF with rapid ventricular response
[2, 8]. Main treatment in these cases is beta blockers for rate control and management of hyperthyroidism [8]. Many of these patients convert into sinus rhythm
when patients become euthyroid [11]. In general, AIC hardly occurs due to inappropriate sinus tachycardia, likely due to diurnal variations in heart rate, although a
case of inappropriate sinus tachycardia-induced HF has been reported in which thyroid pathology was ruled out. The patient’s heart rate, LVEF, and HF symptoms
improved with ivabradine [10].

Arrhythmias More Common in Children
Most common causes of AIC in pediatric patients are ectopic AT and PJRT. Junctional
ectopic tachycardia (JET) and VT are less common [1]. Management consists of
medical therapy, mostly beta blockers with or without AAD. If medical management
fails, then catheter ablation is the preferred method of treatment and has high success
rates. It is successful in about 81% cases of AT and in about 90% cases of PJRT [1].
Some of these arrhythmias like AT can resolve on their own, especially when it
occurs in infants. So a conservative approach to management can be appropriate
awaiting spontaneous resolution depending on age of presentation and clinical severity. On the other hand, PJRT is a long RP tachycardia and is less likely to resolve
spontaneously. JET can occur due to congenital causes in some patients and can be
secondary to cardiac surgery in other patients [1].

Recovery of LVEF
Following suppression/elimination of culprit arrhythmia, HF symptoms resolve
soon but it usually takes several weeks to few months for LVEF recovery [39, 98–
100]. A study done on eight patients with nonvalvular AF-induced CMP showed
that after cardioversion of AF, atrial functional parameters improved in a week, followed by ventricular function and maximal exercise capacity improvement later in
a month [101]. PVC subgroup patients have been shown to have LVEF recovery
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within 4 months, but recovery was delayed up to 45 month in some patients.
Predictors of LVEF recovery are incompletely understood. Epicardial origin of
PVCs [100] was related to delayed recovery. Recovery of PVC-induced AIC was
not associated with underlying structural heart disease [102]. Another study has
shown that greater QRS duration of PVCs predicts lower chances of recovery [103].
A recent multicenter observational study of 243 AIC patients that evaluated predictors showed that arrhythmia type and low index LVEF at the time of cardiomyopathy diagnosis were associated with LVEF recovery. Patients with PVC-induced
cardiomyopathy as well as those in the lowest quartile of index LVEF (mean LVEF
21 ± 4.3%) had lesser LVEF recovery, whereas arrhythmia duration (prior to development of cardiomyopathy) and underlying structural heart disease were not associated [104].

Recurrence of AIC
Although development of AIC in response to a culprit arrhythmia can take months
to years to develop, HF and decline in LVEF can happen much more rapidly in
recurrent cases [1, 39]. Nerheim et al. studied 24 patients with AIC and noted that
the median time from arrhythmia onset to CMP was 4.2 years. However, after
recovery of LVEF, recurrent arrhythmia was seen in five patients, with all having
rapid decline in LVEF with development of HF within 6 months [39]. A case series
of 12 patients with AF-induced AIC showed recurrence of AF in two cases and they
developed HF within 2 weeks from onset of arrhythmia [58]. This supports the fact
that AIC patients likely have persistent myocardial ultrastructural abnormalities
which remain after LVEF recovery, leading to easy susceptibility to develop HF in
the presence of recurrent arrhythmia. Recurrent cases also show recovery of LVEF
once underlying arrhythmia is treated [1]. Thus, these patients should be closely
monitored for recurrence of arrhythmias or HF [51].

Recovery of AIC: Reality or Misnomer?
A study on AT-induced AIC patients showed that even after 5 years of ablation,
cardiac MRI showed LV dimensions to be larger than a control group of AT without
CMP, emphasizing the fact that negative LV remodeling might persist after recovery. Additionally, these patients had slightly lower LVEF than control group on
follow-up and had signs of fibrosis [105]. Another study on AIC patients with atrial
or ventricular arrhythmias also showed that LV end-diastolic dimension remains
elevated even after recovery of LVEF [106].
There are reported cases of sudden cardiac death in patients even after normalization of their LVEF [39, 58]. According to the reported cases, these patients had
not reported any symptoms concerning for recurrence of arrhythmias or HF prior to
their death. However, the risk of sudden cardiac death is likely low and may not
warrant ICD implantation in setting of normal LVEF but further studies are needed.
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Due to persistent ultrastructural changes, it is not very clear as to what is the optimum duration of continued neurohormonal therapy following LVEF recovery.
Cautious withdrawal of medical therapy has been discussed in Canadian
Cardiovascular Society Guidelines for management of HF in these cases, if there has
been normalization of LV dimensions and LV function [107]. Elimination of culprit
arrhythmia as well as lack of evidence for any persistent ultrastructural changes by
echo and/or cardiac MRI (normal LV dimensions, absence of fibrosis, and LV hypertrophy) generally indicates good long-term prognosis. In the presence of persistent
structural abnormalities, one should consider continuing neurohormonal therapy.

Conclusions
Arrhythmia-induced cardiomyopathy, a condition where sustained atrial and ventricular arrhythmias as well as PVCs result in HF and CMP, is reversible following
suppression/elimination of culprit arrhythmia. This condition can develop in all age
groups, in structurally normal hearts, and in patients with structural heart disease as
well, and is likely under-recognized. Diagnosing the condition at clinical presentation is challenging and is usually accomplished following recovery of LV function
with arrhythmia treatment. Thus, a very high index of suspicion is required for
diagnosis and aggressive treatment of culprit arrhythmias, with a focus on arrhythmia elimination, usually results in recovery of LV function and improvement of
symptoms. However, ultrastructural changes can persist following myocardial
recovery resulting in vulnerability to recurrent arrhythmia and may have implications toward long-term prognosis. Several gaps in knowledge, especially regarding
mechanistic underpinnings, early diagnosis, optimal management strategies, and
long-term prognosis, exist and require further study.
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Introduction
Despite the additive benefits of several pharmacological interventions, patients with
heart failure due to left ventricular systolic dysfunction and dyssynchrony often
remain highly symptomatic and have a poor prognosis. Cardiac resynchronization
therapy (CRT) is one of the most exciting recent advancements and has been revolutionary in the treatment of patients with congestive heart failure (CHF). CRT is a
well-accepted therapy for the treatment of symptomatic systolic heart failure in
defined patient subgroups. Large clinical trials over the past 20 years have shown
that patients with a left ventricular (LV) systolic dysfunction and interventricular
conduction delay benefit from this therapy. Recent advances in this field include the
expansion of indications for CRT to patients with mild heart failure and to those
with a mildly depressed ejection fraction that require frequent right ventricular pacing. There have now been many randomized, clinical trials that have consistently
demonstrated improvements in quality of life, functional status, and improvement in
cardiac function and structure in this patient population.
Interventricular conduction delay is common in patients with systolic heart failure (HF) and has been associated with a poor prognosis among these patients [1].
CRT has been investigated as a therapy to reverse the deleterious effects of conduction delay by improving electrical and mechanical synchrony. The first case series
on the benefits of CRT was in 1993 [2], placing one lead in the RV and the other on
the LV free wall, epicardially. By the late 1990s, a total transvenous approach was
described [3, 4], leading the way to the current era of CRT implantation.
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Physiology Behind Dyssynchrony
Under normal conditions, the myocardium is activated by a uniform, high-velocity
electrical waveform that propagates through the His-Purkinje system, resulting in
synchronized depolarization of the ventricles. In diseased hearts, altered electrochemical substrate and impaired conduction fibers can change the velocity and uniformity of electrical propagation, resulting in areas of activation delay manifesting
as lengthening of the QRS complex on the surface 12-lead electrocardiogram
(ECG). Because the QRS complex represents the summation vector of electrical
forces generated by the ventricular myocardium during the course of ventricular
systole, a prolonged QRS segment suggests impaired conduction velocity and its
product, electrical dyssynchrony. Mechanical dyssynchrony can be the physical
manifestation of electrical dyssynchrony. There are three types of mechanical dyssynchrony: firstly, intraventricular dyssynchrony within the left ventricle that often
is most prominent in patients with left bundle branch block (LBBB) because of a
delay between the relatively early-activated interventricular septum and late-
activated posterolateral wall; secondly, interventricular dyssynchrony between the
left and right ventricles that is most often the result of delayed activation of the left
ventricle because of LBBB; and, finally, atrioventricular (AV) dyssynchrony secondary to prolonged or absent AV nodal conduction, potentially coupled with His-
Purkinje system dysfunction.
Any form of mechanical dyssynchrony can prolong the periods of isovolumic
contraction and isovolumic relaxation (during which no movement of blood occurs)
and consequently decrease cardiac pumping efficiency. Additionally, a dyssynchronous dilated left ventricle can result in mitral regurgitation (MR) because of lack of
leaflet coaptation and papillary muscle dysfunction [5].

Physiological Benefits of CRT
CRT will reduce all three types of cardiac mechanical dyssynchrony [6, 7].
Coordinated contraction of the ventricles gives the previously dyssynchronous
heart an instant mechanical advantage that augments cardiac output. In addition
to the immediate hemodynamic benefits, during a span of months, CRT leads to
further improvement in the structure and function of the heart. These long-term
changes are known collectively as reverse remodeling that is usually quantified
by a reduction in LV size and an improvement in LV function. Reverse remodeling is a consistent finding in CRT responders with baseline symptomatic HF and
long QRS duration [8, 9]. Moreover, Yu et al. showed that this benefit disappears
following CRT withdrawal [10].The degree of reverse remodeling seen with CRT
is similar to that seen following treatment with angiotensin-converting enzyme
inhibitors and beta blockers, beneficial changes that have been linked to reduced
morbidity and mortality in all classes of systolic HF. Reverse remodeling is
thought to be one reason for the observed improved clinical status and decreased
mortality reported in many CRT trials. The resultant geometric changes may
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also lead to less dilatation of the mitral annulus and thereby to a decrease in the
severity of MR, a common comorbid condition in patients with HF.
At the cellular level, CRT improves sarcomere shortening via increased peak
calcium levels that improve cardiac contractility and systolic function. Recent
papers by David Kass [11] and his colleagues at Johns Hopkins have focused on
cellular mechanisms of response. This group has shown that CRT pacing results in
a reversal of biochemical abnormalities, including more homogeneous activation of
stress kinases (mitogen-activated kinase p38) and a reduction of cell apoptosis, as
measured by changes in caspase-3 activity and nuclear poly(ADP-ribose) polymerase-1 cleavage [12]. These biochemical changes are associated with electrophysiologic changes. In animal models, CRT restored ion channel remodeling and
abnormal calcium homeostasis by restoring normal activity of sarcoplasmic reticulum adenosine triphosphatase (ATPase). In this model, CRT abbreviated action
potential duration in the lateral LV, but not the anterior LV, and reduced the number
of early afterdepolarizations [13].

CRT Major Landmark Trials
To date, CRT has been clinically evaluated in 4000 patients in landmark randomized
controlled trials. It has demonstrated benefit for patients with New York Heart
Association (NYHA) class III HF, in particular, and, to some degree, for those with
class IV HF (Table 25.1).

Moderate to Severe Heart Failure
Multisite Stimulation in Cardiomyopathy (MUSTIC) Trial. The MUSTIC trial,
published in 2001, was the first large trial demonstrating the clinical benefits of
CRT. It was a single-blind crossover study in patients with New York Heart
Association (NYHA) class III HF, LVEF <35%, left ventricular end-diastolic diameter >60 mm, and QRS duration >150 ms. The MUSTIC [14] investigators compared exercise tolerance and quality of life during active biventricular pacing for
3 months to exercise tolerance and quality of life during right ventricle – only
backup pacing for a separate 3 months. The trial showed a statistically significant
improvement in 6-minute walk distance (the primary endpoint), as well as improved
quality of life and peak oxygen consumption following CRT. Because of the short
duration of the study and crossover design, the study was not able to show a mortality difference. Nevertheless, the MUSTIC trial was important because it was the
first trial demonstrating clinical improvement with CRT and paved the way for later
randomized controlled trials. Reported in 2002, the Multicenter InSync Randomized
Clinical Evaluation (MIRACLE) trial [15] randomized 453 patients in sinus rhythm
with NYHA class III–IV HF, LVEF <35%, and QRS duration >130 ms to receive
biventricular pacing or no pacing. During the 6-month follow-up, CRT showed a
decrease in hospitalizations because of HF as well a significant improvement in
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Table 25.1 Major landmark CRT trials
Study
MUSTIC

MIRACLE

Patients
enrolled
131

453

Inclusion criteria
EF < 35%,
NYHA class III,
LVEDD > 60,
QRS > 150 ms, or
paced
QRS > 200 ms and
persistent AF
EF < 35%,
NYHA class III,
LVEDD > 55,
QRS > 130 ms

Comparison
OMT vs
OMT + CRT-D or
RV pacing in
persistent AF vs
OMT + CRT-D

Major findings
Improvement in 6-min
walk test, PEAK Vo2,
and quality of life
NYHA class

OMT vs
OMT + CRT-D

Decrease in HF
hospitalization
Improvement in 6-min
walk test, ejection
fraction, mitral
regurgitation, quality of
life, NYHA class
Decrease in combined
endpoint of
hospitalizations or death
for CRT-P and CRT-D
Decrease in mortality
for CRT-D
Decrease in combined
endpoint of
hospitalizations or death
for CRT-P Decrease in
mortality for CRT-P

COMPANION 1520

OMT vs
EF < 35%,
NYHA class III/IV, OMT + CRT-P vs
OMT + CRT-D
QRS > 120 ms

CARE-HF

EF < 35%,
NYHA class III/IV,
LVEDD > 30,
QRS > 150 ms or
QRS > 120, and
echo dyssynchrony
EF < 30%,
NYHA class I/II,
QRS > 150 ms

813

MADIT-CRT

1820

RAFT

1798

OMT vs
OMT + CRT-P

OMT vs
OMT + CRT-D

OMT vs
EF < 30%,
NYHA class II/III, OMT + CRT-D
QRS > 120 ms OR
paced
QRS > 200 ms

Decrease in combined
endpoint of
hospitalizations from
HF or death
Decrease in combined
endpoint of
hospitalizations from
HF or death

AF atrial fibrillation, CRT-D cardiac resynchronization therapy with ICD, CRT-P cardiac resynchronization therapy with pacing only, HF heart failure, ICD implantable cardioverter defibrillator,
LVEDD left ventricle end-diastolic diameter, LVEF left ventricular ejection fraction, NYHA
New York Heart Association, OMT optimal medical therapy, RV right ventricle, VO2 oxygen
consumption

6-minute walk distance, NYHA class, and quality of life score. In addition, the
MIRACLE trial showed that resynchronization therapy is an effective adjunct to
pharmacologic therapy in reducing the secondary combined endpoint of HF hospitalization or death. Despite these positive results, the MIRACLE trial was not sufficiently powered to detect an improvement in mortality with CRT.
Comparison of Medical Therapy, Pacing, and Defibrillation in HF (COMPANION)
Trial [16]. The COMPANION trial included 1520 patients and was the first trial able
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to detect improvement in the primary combined endpoint of hospitalization or death
from any cause. The trial enrolled patients with NYHA class III–IV HF, LVEF <35%,
and QRS duration >120 ms. The trial had three treatment arms: patients were randomly assigned to optimal medical therapy (OMT) alone, OMT plus CRT with pacing
only (CRT-P), or OMT plus CRT with a defibrillator (CRT-D). At 1 year, the CRT-D
group, but not the CRT-P group, had a significant reduction in overall mortality compared to the group receiving OMT alone. The CRT-P group barely missed statistical
significance for overall mortality (P = 0.059). The exciting results of the COMPANION
study showed that CRT-D had a definite mortality benefit and suggested that CRT may
improve mortality, even in the absence of a defibrillator. In 2005, the Cardiac
Resynchronization-HF (CARE-HF) Trial attempted to clarify the mortality benefit of
CRT independent of the mortality benefit of defibrillation [17]. This trial enrolled 813
patients with NYHA class III–IV HF, QRS duration >120 ms, echocardiographic dyssynchrony, and LVEF <35%. Of note, the vast majority of CARE-HF subjects had
very long QRS duration (median 160 ms). Only approximately 8% of patients had
QRS duration between 120 and 150 ms, and enrollment of these patients required
mechanical dyssynchrony as determined by echocardiography. The primary endpoint
was a composite of all-cause mortality or hospitalization for a major cardiovascular
event, and the secondary endpoint was all-cause mortality. Compared to OMT alone,
CRT-P was associated with a significant (26%) reduction in all-cause mortality and
hospitalization for major cardiovascular events at 29 months. Most important,
CARE-HF was the first trial to show definitively that CRT-P had a mortality benefit,
even in the absence of implantable cardioverter defibrillator (ICD) therapy.

Mild Heart Failure
In 2009, the Multicenter Automatic Defibrillator Implantation Trial with Cardiac
Resynchronization Therapy (MADIT-CRT) randomized 1820 patients with LVEF
<30% and QRS duration >150 ms to biventricular pacing or no-pacing groups [9].
Significantly, the MADIT-CRT trial enrolled patients with mild (NYHA class I–II)
HF, a group that had previously been excluded from CRT trials. This study showed
that CRT produced a 29% reduction in the primary combined endpoint of HF events
(defined by a need for intravenous diuretics) and mortality. However, further analysis showed that this reduction was derived almost exclusively from HF events,
slightly weakening the impact of the study. Nonetheless, MADIT-CRT demonstrated that even mildly symptomatic HF patients may benefit from CRT. The most
recent large randomized CRT trial, RAFT (Resynchronization-Defibrillation for
Ambulatory HF), followed in the footsteps of CARE-HF to delineate the mortality
advantage conferred by CRT, independent of defibrillation [18]. The trial randomized 1798 patients with NYHA class II–III HF, LVEF <30%, and QRS duration
>120 ms to receive either an ICD alone or an ICD plus CRT. The study recorded that
CRT produced a 7% reduction in the primary outcome of death from any cause or
hospitalization for HF. RAFT further confirmed the benefits of CRT over and above
the benefits of defibrillator therapy alone.
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An important overriding theme in the major CRT trials has been the evolution of
patient selection criteria. Initial trials predominantly enrolled patients at a later stage
of disease who had severe LV dysfunction, were highly symptomatic, and had very
long QRS durations. More recent trials have expanded inclusion criteria to patients
with more compensated HF and relatively shorter QRS durations. With this expansion
in patient selection has come a less robust clinical response in those patients. CRT has
a well-established role in improving heart failure outcomes in the appropriate population and still shows ample benefit in selected patients with less classic findings.

Considerations at the CRT Implant
CRT requires LV lead placement on left ventricle through the coronary sinus (CS)
to treat medically refractory HF. LV lead placement is technically difficult with successful rates reported between 53% and 98% and implantation time ranging from
90 minutes to 5 hours [19, 20]. The anatomic variability of the cardiac veins can
limit the feasibility of LV lead placement.
Beyond these technical issues, the final goal in LV pacing lead implantation is to
achieve theoretically the region of latest intrinsic activation, since this position maximizes the hemodynamic and clinical benefits of CRT. In clinical practice, the LV
pacing lead is positioned as far as possible from the right ventricular pacing lead,
commonly the lateral or posterolateral wall of the left ventricle (Figs. 25.1 and
25.2). An integrated evaluation including the assessment of the latest activated
regions of the left ventricle, the assessment of the venous anatomy, and studying the
presence of myocardial scar in those regions is crucial in the patient selection and
may improve the favorable response rate.
In patients with LBBB and dyssynchrony, the posterolateral LV is most commonly the latest activated site. Several recent studies have looked at the benefits of

Fig. 25.1 Coronary sinus anatomy on a contrast venography. (a), Left anterior oblique view. (b),
Right anterior oblique view
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Fig. 25.2 (a) Coronary sinus venogram shows opacification of posterolateral branches. (b)
Successful LV lead placement in the mid posterolateral branch
Fig. 25.3 Diagram
demonstrating magnitude
of CRT benefit among
patients

Magnitude of benefit from CRT
Highest
(responders)

Wider QRS, left bundle branch block, females,
non-ischaemic cardiomyopathy

Males, ischaemic cardiomyopathy

Lowest
(non-responders)

Narrower QRS, non-left bundle branch block

directed LV lead placement to the latest activated segments. Although both Targeted
Left Ventricular Lead Placement to Guide Cardiac Resynchronization Therapy [21]
and Speckle Tracking Assisted Resynchronization Therapy for Electrode Region
[22] studies suggest improvement in risk of death and HF, the concordance between
LV lead position and the latest site of activation was 60% and 30%, respectively.
Other anatomic considerations include sites of LV scar and phrenic nerve stimulation. Furthermore, the design of quadripolar LV leads, which significantly increases
the number of pacing vectors over the prior generation of bipolar leads (Fig. 25.3),
allows programming around electro-anatomic barriers, such as phrenic nerve stimulation and high thresholds, while allowing optimal lead placement. The quadripolar
lead has shown decreased hospitalization rates, cost, and better survival [23, 24].
Echocardiography has been extensively studied to improve the efficacy of
CRT. However, in the Predictors of Response to CRT trial [25], no specific echocardiographic parameter had significant sensitivity or specificity to identify CRT
responders. This may be partly due to high variability in echocardiography quality
and techniques between cardiac centers. More recently, speckle tracking of strain
patterns may help predict the response or nonresponse to CRT [26]. However, further large prospective studies are needed to confirm these findings. Additionally,
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cardiac MRI may also be used to assess ventricular dyssynchrony [27]. This modality can also provide information regarding regions of LV scar, which are less likely
to respond to CRT.
No imaging parameter or combination of imaging parameters has been shown to
predict a favorable response to CRT, which continues to limit the use of imaging
criteria in practice. However, as technology improves and advanced imaging modalities become more commonplace, there may be opportunities to discover more reliable and standardized markers of mechanical dyssynchrony.

Major Society Guidelines for CRT Implantation
CRT is now recognized as a class I indication, level of evidence A, for patients with
NYHA class III–IV HF. The criteria cited in the current combined AHA/ACC/ESC
consensus guidelines for CRT device therapy are remarkably consistent: patients
with LVEF <35%, sinus rhythm, and NYHA functional class III or ambulatory class
IV HF symptoms, with cardiac dyssynchrony, currently defined as QRS duration
≥120 ms, should receive a CRT device unless contraindicated. For patients in milder
NYHA class II HF, the ESC recommendation for CRT represents a compromise that
provides consistency with the current ESC guideline for NYHA class III–IV HF
patients. The European Guideline Writing Committee specified the use of CRT for
NYHA functional class II patients, but limited this to patients with QRS durations
≥150 ms. Based on the evidence from currently available clinical trials, the committee did not extend the indication for CRT to NYHA class I HF patient. Table 25.2
summarizes the major society guidelines for CRT indication.

Nonresponders
The overall clinical trial experience with CRT has been a consistent 30% nonresponder rate, whether assessed in some of the former trials according to Packer’s
composite clinical endpoint score or assessed by any definition of “success” in the
large FREEDOM study [28], and this nonresponder rate remains the Achilles heel
of CRT. Figure 25.3 summarizes magnitude of benefit in CRT among patients. Most
commonly, response is considered as improvement in LV echocardiography parameters or NYHA HF symptom class. In general, when nonresponse is defined based
on LV volume changes rather than symptoms, the number of patients deemed to be
nonresponders is higher. Another factor in defining response is the dynamic nature
of HF as a disease. For patients with ischemic cardiomyopathy, for example, a lack
of disease progression could be defined as a response. Predictors of nonresponse to
CRT have been identified, such as ischemic cardiomyopathy, extensive scar (as
defined by magnetic resonance imaging or other testing in the lateral wall), presence
of right bundle branch block (RBBB), relatively narrow QRS (<150 ms), absence of
mechanical dyssynchrony, and poor LV lead placement (i.e., in a suboptimal location). In systematic analyses of nonresponders from large single-center sites, a variety of patient-specific or device-specific factors have been identified, including
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Table 25.2 Major society guidelines for CRT indication
2013 ESC guidelines
Class I
 1. CRT is recommended for patients
who have LVEF ≤35%, sinus rhythm,
LBBB with a QRS duration ≥150 ms,
and NYHA class II, III, or ambulatory
IV symptoms on medical therapy
 2. CRT is recommended for patients
who have LVEF ≤35%, sinus
rhythm, LBBB with a QRS duration
120–149 ms, and NYHA class II,
III, or ambulatory IV symptoms on
medical therapy
Class IIa
 1. CRT should be considered for
patients who have LVEF ≤35%,
sinus rhythm, a non-LBBB pattern
with a QRS duration ≥150 ms, and
NYHA class II, III, or ambulatory
IV on medical therapy

2012 ACCF/AHA/HRS guidelines
Class I
 1. CRT is indicated for patients who have LVEF
≤35%, sinus rhythm, LBBB with a QRS
duration ≥150 ms, and NYHA class II, III, or
ambulatory IV symptoms on medical therapy

Class IIa
 1. CRT can be useful for patients who have LVEF
≤35%, sinus rhythm, LBBB with a QRS
duration 120–149 ms, and NYHA class II, III,
or ambulatory IV symptoms on medical
therapy
 2. CRT can be useful for patients who have LVEF
≤35%, sinus rhythm, a non-LBBB pattern with
a QRS duration ≥150 ms, and NYHA class III/
ambulatory IV symptoms on medical therapy
 3. CRT can be useful in patients with AF and
LVEF ≤35% on medical therapy if (a) the
patient requires ventricular pacing or otherwise
meets CRT criteria and (b) AV nodal ablation
or pharmacological rate control will allow near
100% ventricular pacing
 4. CRT can be useful for patients on medical
therapy who have LVEF ≤35% and are
undergoing new or replacement device
placement with anticipated requirements for
significant (>40%) ventricular pacing
Class IIb
Class IIb
 1. CRT may be considered for patients  1. CRT may be considered for patients who have
LVEF ≤30%, ischemic heart failure, sinus
who have LVEF ≤35%, sinus
rhythm, LBBB with a QRS duration ≥150 ms,
rhythm, a non-LBBB with a QRS
and NYHA class I symptoms on medical therapy
duration 120–149 ms, and NYHA
class II, III, or ambulatory class IV  2. CRT may be considered for patients who have
LVEF ≤35%, sinus rhythm, a non-LBBB with a
symptoms on medical therapy
QRS duration 120–149 ms, and NYHA class III/
ambulatory class IV symptoms on medical therapy
 3. CRT may be considered for patients who have
LVEF ≤35%, sinus rhythm, a non-LBBB with
a QRS duration ≥150 ms, and NYHA class II
symptoms on medical therapy
Class III
Class III
 1. CRT is not recommended for patients with
 1. CRT is not recommended for
NYHA class I or II symptoms and non-LBBB
patients with HF and QRS duration
pattern with QRS duration ≤150 ms
<120 ms
 2. CRT is not indicated for patients whose
expected survival with good functional
capacity is <1 year
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suboptimal programming of A-V or V-V interval timing, poor LV lead placement,
suboptimal medical treatment of the underlying HF, anemia, a narrow QRS interval,
less than 90% ventricular pacing, persistent mechanical dyssynchrony, and other
factors. Settling on a universal definition of nonresponse and discovering clinically
useful predictors, whether patient- or device-specific, remain important goals for
future investigations of resynchronization therapy.

CRT in Selected Population
Atrial Fibrillation
The major randomized controlled trials that demonstrated the efficacy of cardiac
resynchronization therapy (CRT) excluded patients with atrial fibrillation (AF). Yet,
AF occurs in one of four recipients of CRT [29, 30]. The prognosis of AF patients
with CRT is worse than that of patients in sinus rhythm [31, 32]. They are at a major
disadvantage due to loss of AV synchrony, insufficient CRT delivery as a result of
uncontrolled ventricular rates, and higher rates of appropriate ICD shocks for ventricular arrhythmia as well as inappropriate ICD shocks. Consequently, patients
with CRT and AF have inadequate symptomatic improvement, repeated hospitalization, and increased mortality [33]. Furthermore, AF is associated with fusion and
pseudo-fusion, which likely represents inefficient CRT. Such beats render the pacing counters inaccurate for assessing true biventricular capture. AF represents an
important cause of poor long-term CRT benefit and prognosis unless aggressive
efforts are made to slow the ventricular rate [34].
The results of the Resynchronization-Defibrillation for Ambulatory Heart
Failure Trial (RAFT AF) study were published in 2012 [35]. This constitutes the
largest, randomized report examining the role of CRT in patients with permanent
AF. While it showed no clear reduction in clinical events or improvement in objective surrogate measures, there was a trend favoring a reduction in heart failure
hospitalizations with CRT-ICD. There was also a clear indication that CRT was
suboptimally delivered; only one third of patients received >95% ventricular pacing. Again, this may be an overestimate; Holter monitoring studies have shown
that, when device logs indicate ≥90% ventricular pacing in patients with permanent AF without AV junction ablation, 53% of these paced beats are actually fusion
or pseudo-fusion.
Many reports have emphasized that the control of the ventricular rate with AV
blocking drugs is difficult and often yields suboptimal results. AV junctional (AVJ)
ablation should be considered in all CRT patients in AF with RVR despite maximally tolerated doses of AV nodal blocking agents. AV junctional ablation permits
CRT delivery close to 100% of the time with regularization of the RR intervals and
elimination of fusion and pseudo-fusion beats. Patients who have undergone AV
junctional ablation derive as much benefit from CRT as patients in sinus rhythm,
provided the ventricular rate is controlled by AV junctional ablation. The CERTIFY
Trial was conducted to determine whether CRT confers similar benefits for AF
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patients with or without AVJ ablation [36]. The results of the CERTIFY trial demonstrated that in CRT patients with AF, AV junctional ablation is associated with a
reduction in all-cause mortality, compared with rate-slowing drugs.
The more recently published APAF-CRT trial was a prospective, randomized,
parallel, open-label clinical trial involving patients with severely symptomatic permanent AF and narrow QRS that compared pharmacological rate control with AV
junction ablation and CRT [37]. The primary composite outcome of death due to
HF, or hospitalization due to HF, or worsening HF had occurred in 20% of patients
in the ablation plus CRT arm and in 38% in the drug arm [hazard ratio (HR), 0.38;
95% confidence interval (CI), 0.18–0.81; P = 0.013]. While this is a small, unblinded
trial, it showed AV junction ablation with CRT is both safe and superior to conventional medical strategy in relieving symptoms of HF and reducing hospitalization
for HF in patients affected by permanent AF despite a narrow QRS. Therefore, AV
junction ablation and CRT is a reasonable option for patients with HF and
AF. Accordingly, the ACC/AHA/HRS guidelines indicate that CRT can be useful in
patients with AF and LVEF less than or equal to 35% on guideline-directed medical
therapy if the patient requires ventricular pacing or otherwise meets CRT criteria
and AV nodal ablation or pharmacologic rate control will allow near 100% ventricular pacing with CRT (Level of Evidence: B) [38].

Right Bundle Branch Block
The preponderance of data in randomized controlled clinical trials evaluating
the utility of CRT in HF was obtained from patients with LBBB. Patients with
RBBB or nonspecific intraventricular conduction delay (IVCD) were underrepresented in the tested populations. Pure proximal RBBB, the most common type
of RBBB, does not disrupt normal LV activation [39]. Thus, it is intuitively
unclear how the addition of an LV lead could improve synchrony in patients
whose RV activation is delayed. A possible explanation of CRT utility in RBBB
may be that complete RBBB can mask underlying concomitant delay in the left
bundle branch [40].
Post hoc analysis of QRS morphology in the MADIT-CRT trial demonstrated
no clinical benefit in patients with a non-LBBB QRS pattern (i.e., RBBB or
IVCD). Patients with LBBB had a significant decrease in the combined endpoint
of mortality and HF admissions, as well as a reduction in the number of ventricular tachyarrhythmias. Patients with non-LBBB QRS patterns experienced none
of these benefits and in fact demonstrated a nonsignificant trend toward higher
mortality when treated with CRT-D. Interestingly, for patients with nonspecific
IVCD, the more their QRS morphology resembled LBBB, the better their outcomes [41].
A closer look at the results of the REVERSE, MADIT-CRT, and RAFT trials
demonstrates a striking improvement in CRT outcomes for patients with QRS duration >150 ms versus those with QRS duration <150 ms. This difference in outcomes is especially interesting because a recent electrical mapping study showed
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that true LBBB was only seen when a QRS duration >140 ms was present [42].
This finding may also help explain the lack of benefit for CRT in patients with QRS
duration <130 ms, as shown in the RethinQ, ESTEEM-CRT, and EchoCRT trials.
The updated CRT guidelines now differentiate between LBBB and non-LBBB morphologies with regard to QRS duration cutoffs.

Patients with Pacemakers
For patients with conventional pacemakers (PM) who develop HF, upgrading to a
CRT device represents an important part of the patient population, being 23–28% of
the CRT implantations in different registries [43]. Similar to LBBB, RV pacing
contributes to ventricular dyssynchrony. Furthermore, chronic RV pacing has been
shown to have deleterious effects on LV function compared with biventricular pacing [44]. This is a major concern in patients with reduced LVEF who present with
high-grade AV blocks, which would require frequent ventricular pacing. The
Biventricular Pacing for Atrioventricular Block and Systolic Dysfunction trial [45]
studied patients with NYHA class I–III HF and LVEF ≤50% with AV block, which
would require frequent pacing (>40%). Patients with EF 36–49% were randomized
to CRT-P versus RV-only pacing. Patients with RV-only pacing had more HF events
and worsened LV function, as measured by a greater increase in LV end-systolic
volume. Based on this evidence, patients with mild HF who require frequent ventricular pacing should be considered for CRT.

Patients with Ejection Fraction Greater than 35%
Recently, it has been suggested that CRT is beneficial in patients with more modest LV dysfunction (LVEF >30% or 35%, depending on the study). This possibility may be of great interest given the significant magnitude of disease burden
encountered by HF patients with modestly reduced or preserved LVEF, a group
that has been less well characterized and studied. Recent observational data suggest potential benefits of CRT therapy in HF patients with less severe LV systolic
dysfunction, with comparable improvements in LV reverse remodeling, LVEF,
and NYHA class by CRT in patients with LVEF >35% or <35% [46, 47]. Recent
sub-studies of large CRT clinical trials, which originally included patients with
severe LV dysfunction according to center-interpreted LVEF (cutoff varying from
<30% to <40% depending on the trial), provided insights into the possible effects
of CRT in patients with relatively less severe LV dysfunction. The MADIT-CRT
and REVERSE trials did show benefit of CRT in these patients. This led to two
major randomized trials – MIRACLE EF and MADIT-Asia trials – to study the
role of CRT in this specific population. Unfortunately these trials were prematurely terminated due to poor recruitment. As a result of the paucity and heterogeneity of data in this patient population, no specific and strong recommendations
could be made for CRT.
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Conclusion
It has been over 20 years since biventricular pacing was first introduced into patient
care. Over the years, there have been significant strides in implantation techniques
and optimization of resynchronization therapy. CRT has been no less than revolutionary in the treatment of patients with HF with reduced EF and LBBB, demonstrating improvements in symptoms, cardiac function, and reduction in morbidity
and mortality. CRT is an effective treatment for selected patients with chronic HF
and a prolonged QRS interval.

His Bundle Pacing
Introduction
Over the last half of the century standard approach to permanent cardiac pacing has
been to affix a transvenous pacing lead to the endocardium of the right ventricular
apex (RVA). For most patients, RVA pacing is safe and highly effective at restoring
heart rate and reducing bradycardia-induced symptoms. However, this approach
results in a nonphysiological and dyssynchronous electrical and mechanical pattern
of activation of the ventricles and may predispose some patients to pacing-induced
heart failure and cardiomyopathy. His bundle pacing (HBP) has emerged as a viable
and reliable alternative to right ventricular pacing. HBP has been around since the
1970s, but remained dormant even after the index clinical study in humans in 2000.
With recently rejuvenated interest, it appears to be a promising strategy for achieving synchronous ventricular pacing. Emerging evidence from clinical studies has
now shown that HBP is feasible and safe and offers favorable outcomes when compared with right ventricular pacing.

Deleterious Effects of RV Pacing
Despite its undisputed clinical benefits, the last two decades have drawn much
attention to the negative effects associated with long-term pacing of the
RVA. Experimental and clinical studies have shown that RVA pacing produces ventricular dyssynchrony, similar to that of left bundle branch block, with consequent
detrimental effects on cardiac structure and function, with adverse clinical outcomes
such as atrial fibrillation, heart failure, and death. Pitfalls of RVA pacing led to the
introduction of atrioventricular (AV) synchronous pacing that was subjected to rigorous clinical studies. A meta-analysis of major pacing mode trials revealed that AV
synchronous pacing, either through atrial pacing (AAI) or dual-chamber pacing
(DDD), compared with ventricular pacing (VVI) reduces the incidence of AF and
stroke, but not heart failure hospitalization or mortality [48]. Results of the Mode
Selection Trial (MOST) showed that >40% of DDD and >80% of VVI were associated with increased risk of heart failure hospitalizations, and that risk of AF increased
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linearly with cumulative percentage ventricular pacing [49]. Results of the Dual-
Chamber and VVI Implantable Defibrillator (DAVID) trial showed that >40% of
VVI pacing is independently predictive of heart failure hospitalization and death
[50]. In an effort to reduce the percentage of RV pacing, pacemaker programming
algorithms such as Managed Ventricular Pacing (MVP) and Search AV+ (SAV+)
(Medtronic), Reverse Mode Switch (RYTHMIQ, Boston Scientific), Ventricular
Intrinsic Preference (VIP, St. Jude Medical), and AV hysteresis and VP suppression
(Biotronik) have been successful to some extent. However, these programming
algorithms are of no value in patients who are dependent on ventricular pacing.
Recognition of the deleterious effects of RVP has led to a continued search for alternate pacing sites. Pacing from RV sites other than RV apex has been evaluated in
many studies. Systematic reviews and meta-analyses of trials comparing non-RVA
sites to RVA pacing site have shown that non-RVA pacing may offer modest, but
significant, hemodynamic benefit over RVA pacing [1, 51]. As a result, His bundle
pacing (HBP) has emerged as a novel physiologic strategy for achieving ventricular
pacing and has brought renewed hope and excitement into the pacing arena.
Although HBP was first reported by Scherlag et al. in 1967 [52], the first significant
clinical series in humans was not published until 2000 by Deshmukh et al. [53].
Despite that, HBP did not receive much attention until more recently and is now
emerging as a promising modality to preserve synchronous ventricular pacing.

Anatomy of His Bundle
A detailed knowledge of the anatomy of the His bundle and proximal bundle
branches is crucial for understanding the anatomic basis of various conduction disorders as well as for approaching permanent His bundle pacing (HBP). The Japanese
pathologist, Sunao Tawara, made seminal observations regarding the cardiac conduction system in 1903 [54], revealing the existence of the AV nodal structure and
making detailed observations of the His-Purkinje system (HPS).
The His bundle forms an anatomical continuation of the AV node, providing the
connection for electrical signals from the AV node to reach the right and left ventricles through the right and left bundle branches, respectively (Fig. 25.4). The bundle of His extends from the compact AV node to the membranous interventricular
septum and measures approximately 20 mm in length. Based on work of James and
Sherf in 1971 [56], the major bulk of the His bundle is comprised of cells that eventually course into the left bundle branches and only a small number enter the right
branch. The His-Purkinje fibers are broader and shorter than the usual working
myocardial cells with relatively few myofibrils. These cells are elongated and
oblong in shape and make contact predominantly at their terminal ends and to a
lesser extent across the lateral margins. These cells are partitioned intricately by
collagen fibers and make it unique from a histological standpoint when compared
with the AV node and the working myocardium. The collagen may minimize or
even prevent lateral spread of the propagated impulse, while the compartmentalized
tissue with specialized intercellular connections would facilitate rapid longitudinal
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Fig. 25.4 (a) Type 1: The His bundle (AVB) runs under the membranous part of the interventricular septum (MS). (b) The type II His bundle runs within the muscular part of the interventricular
muscle apart from the lower border of the membranous part of the interventricular septum. (c) The
type III His bundle (arrow) is naked running beneath the endocardium with no surrounding myocardial fibers. AT ¼ attachment of septal tricuspid leaflet, AVB ¼ atrioventricular bundle, AVN ¼
atrioventricular node, CS ¼ coronary sinus. (Reprinted from Springer Nature from Kawashima
and Sasaki [55])

spread of the propagated impulse. Clinical implication of these findings is that some
patients with His-Purkinje conduction disease may have relatively proximal disease
and that pacing distal to the site of block might overcome the block and narrow
the QRS.

Implantation Technique
In 2000, Deshmukh et al. [57] demonstrated that permanent direct HBP was feasible
in 12 out of 18 patients with permanent AF and dilated cardiomyopathy undergoing
AV node ablation, and at follow-up HBP resulted in a reduction of left ventricular
dimensions and improved cardiac function. Between 2006 and 2011, a handful of
case reports and case series were published which applied HBP in more general
clinical practice. Since then the technique of implantation has gone through changes.
A detailed technique is beyond the scope of this book. It has been shown that the His
bundle region can be successfully located using the pacing lead in >95% of patients
(without a mapping catheter) without significantly prolonging procedure time [58].
This is a non-stylet-driven active fixation lead. Importantly, the screw forms part of
the tip electrode allowing penetration of the capsule of the bundle of His and, therefore, direct stimulation of the His bundle fibers. The lead can be delivered to the His
bundle region using either the specially designed non-deflectable or a deflectable
sheath (Fig. 25.5). Unlike traditional lead placement that primarily uses fluoroscopic guidance, His lead placement relies on a combination of fluoroscopy and
detailed electrical mapping (Fig. 25.6). An electrogram from the lead tip is used to
identify His signal. After identifying a His bundle electrogram by mapping the His
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Fig. 25.5 A Medtronic His bundle (a) pacing lead, (b) sheath used for His bundle pacing
Fig. 25.6 Fluoroscopy
and electrical mapping.
Fluoroscopy image of His
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bundle region, pacing is performed to confirm His bundle capture. The lead is then
fixed into position using the exposed lead helix [59]. Figure 25.6 shows the fluoroscopy view as well as the electrograms during His bundle pacing. The presence of a
His bundle injury current has been shown to predict excellent acute and long-term
capture thresholds [60].
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The His bundle injury current is often elusive at implant, with an experienced
HBP center succeeding to register only 37% success, while in the remaining 63%,
only the His bundle electrogram was recorded [58]. When obtained, His bundle
injury current is similar to myocardial injury current seen during RV pacing and
indicates direct contact of the fixation screw to the junctional tissue and is associated with significantly lower pacing thresholds compared with patients in whom the
injury current was not recorded. Acute His bundle trauma can occur during manipulation and fixation attempts causing bundle branch block; however, complete resolution of conduction block occurs in the majority of patients.

 erminologies in HBP: Selective vs Nonselective His
T
Bundle Pacing
Successful selective HBP (also referred to as direct or pure HBP) occurs when
ventricular activation is occurring solely over the His-Purkinje system and is
defined using the following criteria: (1) His-Purkinje-mediated cardiac activation
and repolarization, as evidenced by ECG concordance of QRS and T-wave complexes; (2) the pacing spike-QRS interval being almost identical to the Hisventricular interval (this can be further confirmed by the presence of late ventricular
electrogram on the pacing lead, precluding the possibility of local capture); and (3)
His bundle capture in an all-or-none fashion, as demonstrated by the absence of
QRS widening at a lower pacing output. Figure 25.7 demonstrates a 12-lead ECG
with second-degree AV block and post His bundle pacing with similar qrs morphology, respectively.
Nonselective HBP occurs when there is simultaneous capture of the His bundle
and the basal ventricle and can be recognized from the surface ECG leads by
changes in onset and amplitude of the QRS with appreciable T-wave alterations and
is defined by the following criteria: (1) no isoelectric interval between pacing stimulus and QRS, (2) recording His bundle electrogram on the pacing lead, (3) electrical
axis of the paced QRS concordant with the electrical axis of the spontaneous QRS
(if known), and (4) narrowing of QRS at higher output due to fusion between RV
and His bundle capture and widening of QRS at lower output due to loss of His
bundle capture. This was sometimes referred to as “para-Hisian pacing,” but this
term is no longer used in the context of permanent HBP to avoid confusion with
para-Hisian pacing performed during electrophysiology studies. Figure 25.8 demonstrates both selective and nonselective capture of His and RBBB capture in a
patient with baseline RBBB at various outputs.
Selective or nonselective capture of His bundle is often dependent on the location
of the pacing electrode in relation to the His bundle, surrounding atrial or ventricular tissue, and the amplitude of the pacing output. Although one might intuitively
anticipate selective capture to be preferable over NS-HBP, available evidence indicate that there is little hemodynamic and clinical difference between the two forms
of capture, possibly due to rapid conduction of the His-Purkinje system relative
to ventricular myocardial conduction [61, 62]. The most important aspect of HBP
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Fig. 25.7 (a) 12-lead ECG in a patient with sinus rhythm with second-degree AV block mobitz
type 1 with a narrow QRS. (b) Same patient after placement of a dual-chamber pacemaker with
a His bundle lead placement. Notice the QRS with paced rhythm is almost identical to
native QRS

is to clearly document RV and His capture thresholds along with BBB correction
thresholds (where applicable) for the purposes of follow-up and programming final
output settings.

Role of His Bundle Pacing
 is Bundle Pacing in Heart Failure
H
The overall burden of heart failure in terms of incidence, prevalence, mortality, and
management cost is significant and increases with increasing age. CRT with left
ventricular lead placement via the coronary sinus in patients with heart failure and
evidence of cardiac dyssynchrony is now an established adjunctive therapy in these
patients. It is associated with independently significant reduction in mortality and
heart failure rehospitalizations, improvement in quality of life, increase in LVEF,
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Fig. 25.8 The 12-lead ECG and intracardiac electrograms from the right atrial (RA) and HBP
leads are shown. With pacing at 1.5 V, there is nonselective HBP (right ventricle, right and left
bundle capture); at 1.2 V, there is loss of RV capture; and at 1.0 V there is loss of left bundle capture in this patient with underlying right bundle branch block (RBBB)

reduction in NYHA class, etc. Despite the development of sophisticated tool sets to
facilitate implant and intraprocedural strategies that have evolved to consider
mechanical and electrical delay in LV lead targeting, rates of nonresponse to CRT
remain high – between 30% and 40% as discussed earlier in the chapter. The observation of HBP leading to restoration of narrow QRS in patients with bundle branch
block (electrical resynchronization) generated interest as to whether this could
induce mechanical resynchronization and supplant traditional CRT. To date, there
have been five case series examining HBP for resynchronization. The feasibility of
HBP in CRT-indicated patients was first reported by Lustgarten et al. in 2010,
whereby seven of ten consecutively studied patients normalized their QRS in
response to direct HBP [63]. Three years later, Barba-Pichardo et al. conducted a
similar study, but with clinical outcomes report in 9 out 16 patients with heart failure, LBBB, NYHA III, indication for CRT, and implantable cardioverter defibrillator, who failed LV lead placement via the coronary sinus. After an average follow-up
of 31 months, LV end-diastolic and end-systolic volumes were significantly reduced
and LVEF increased from 29% at baseline to 36% [64]. As shown in Table, other
studies have reported similar findings and improvements in NYHA class, 26–30, as
well as some case reports.
Table 25.3 summarizes all the significant studies performed with CRT and His
bundle pacing. Ajijola et al. [65] reported on the first case series of primary HBP
(HBP lead in lieu of traditional LV lead) in CRT-eligible patients. Among 21 patients
(17 LBBB, 4 right bundle branch block [RBBB]), permanent HBP was achieved in
16 patients (76%). The majority of patients demonstrated QRS narrowing with nonselective capture, with an average QRS reduction of approximately 30%, but not to
<120 ms for the majority of patients. Most recently, Sharma et al. [66] pooled data
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Table 25.3 Studies with CRT and His bundle pacing
Study
author
Barba-
Pichardo
et al.

Number Indication
16
CRT implant
failure

Success
percentage
56

59

Lustgarten
et al.

29

Crossover study
of HBP and
conventional
CRT

Su et al.

16

CRT implant
failure

100

Ajijola
et al.

21

Primary HBP

76

Sharma
et al.

106

CRT implant
failure (group I)
and primary
HBP (group II)

90

Major findings
QRS narrowing achieved in 13 of 16
patients with HBP, of whom 9
underwent implant. During mean
follow-up of 31.3 _ 21.5 months,
NYHA functional class improved III/II
and LVEF improved from 29%/36%
(<0.05)
QRS narrowing achieved in 21 of 29
patients with HBP, of whom 17 patients
underwent implant and 12 completed
follow-up. Both groups demonstrated
significant
improvement in NYHA functional
class, 6-min walk, QOL, and LVEF
compared with baseline
Specific degree of QRS narrowing not
reported, but correction achieved for all
patients. They found that His bundle
tip-RV coil configuration demonstrated
better capture thresholds than bipolar
configuration
QRS narrowing achieved in all 16
patients with implant success (180 _
23 ms to 129 _ 13 ms; p < 0.0001).
NYHA functional class III/II
(p < 0.001) and LVEF improved from
27 _ 10% to 41 _ 13% (p < 0.001)
QRS narrowing achieved across all
patients with implant success (157 _
33 ms to 117 _ 18 ms; p ¼ 0.0001).
Underlying BBB was present in 48
patients and implant success was 92%
in this group (33 of 36 LBBB and 11 of
12 non-LBBB). Among all patients
NYHA functional class 2.8 _ 0.5/1.8 _
0.6 (p¼0.0001) and LVEF improved
from 30 _ 10% to 43 _ 13% (p ¼
0.0001)

from five centers and compiled the largest retrospective case series of CRT-eligible
patients thus far. They recognized two important cohorts: group I, patients in whom
prior CRT had been attempted but was unsuccessful and HBP was used as a bailout
strategy, and group II, primary HBP for CRT-eligible patients (AV block, post-AV
junction ablation, underlying BBB, or patients undergoing planned upgrade due to
>40% RV pacing). Over a mean follow-up period of 14 months, patients demonstrated QRS narrowing, improvement in NYHA functional class from a mean of 2.8
to 1.8 (P < 0.001), and LVEF from 30% at baseline to 43% at follow-up (P < 0.001).
Implant success was high (95 of 106 patients, 90%) and lead-related complication
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rate was overall low (7 of 95 patients, 7.3%). Importantly, BBB was present in 48
patients (45%), and HBP was effective in this group (92% implant success). The
authors concluded that HBP may be considered as a rescue strategy for failed biventricular pacing and may be a reasonable primary alternative to biventricular for
CRT. Unfortunately, there is not sufficient data from these studies to determine
whether there is a survival benefit. HBP appears to have particular promise as a
therapy for patients with heart failure who are ineligible for CRT and as discussed
is increasingly regarded as a potential alternative to CRT even in conventionally
eligible patients. These studies are summarized in Table 25.3. Three ongoing trials
will evaluate the efficacy of HBP in these situations: HOPE-HF, HIS Sync, and a
Chinese-based study.

 is Bundle Pacing in AV Block
H
Ventricular pacing avoidance algorithms are often employed in patients with firstor second-degree AV block to prevent RV pacing. However, in complete AV block,
RV pacing is unavoidable. While the feasibility of permanent HBP in patients with
AV nodal block is expected, surprisingly high numbers of patients with infra-nodal
block can be corrected with HBP. The postulated mechanisms for this recruitment
of distal His and bundle branches in patients with intra-His block are as follows: (1)
longitudinal dissociation in the His bundle with pacing adjacent or distal to the site
of delay/block, (2) virtual electrode polarization effect, and/or (3) differential
source-sink relationships during pacing versus intrinsic impulse propagation.
Interplay between the strength of the excitatory impulse (the source) and the electrical load represented by the tissue it must excite (the sink) determines tissue excitability and conduction [67]. In a series by Kronborg et al., permanent HBP was
successful in 85% of patients with high-grade AV block and narrow QRS complex
[68]. They achieved S-HBP in 11% (4 of 38) and NS-HBP in 74% of patients. In
this randomized study, patients were initially paced in either RV apex or HBP and
crossed over to the opposite strategy after 12 months. They noted a significant
improvement in LVEF with HBP than with RVA pacing (55% vs. 50%). In 2015,
Vijayaraman et al. reported one of the largest series of HBP in patients with AV
block, achieving HBP in 84% of 100 patients. Success was higher in AV nodal block
(93%) versus infra-nodal block (76%). A small percentage of patients (5%) had
elevated thresholds on follow-up that required a lead revision [69]. In this study, a
high success rate for HBP was achieved in patients with infra-nodal AV (HV) block
despite reporting only a small number of patients with split-His potentials or a narrow QRS complex. There have been limited data on HBP in AV node ablation and
AF. Deshmukh et al. originally reported the feasibility of permanent HBP in 12 of
18 patients with atrial fibrillation undergoing AV node ablation. HBP may be particularly attractive in this population. Whereas some centers may wait 2–4 weeks
after the initial device implant to perform AV node ablation, other centers perform
AV node ablation during the initial pacemaker implant. The ablation catheter is
initially placed at the His bundle location via femoral venous access and may serve
as a marker for HBP lead placement. AV node ablation is performed after successful
implantation of the HBP lead.
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 eft Bundle Pacing
L
While there is a trend toward utilizing the application of HBP for a variety of clinical conditions including infra-nodal AV block and bundle branch blocks (BBB),
several factors limit the wider adoption of this technique in routine clinical practice.
The success rates of HBP lead implantation in a new but experienced device
implanter is somewhat limited due to a longer learning curve, higher capture thresholds at implant, and increased risk for late rise in HBP thresholds including the need
for lead revisions. Additionally, HBP may not be successful in patients with distal
His bundle disease or associated with unacceptably high thresholds for BBB correction. Left bundle branch block or delay can occur within fibers that are predestined
to become the left bundle branch in the bundle of His. A recent study published by
Huang et al. recently demonstrated the feasibility of left bundle pacing in a high
percentage of patients in their cohort of 100 patients and was associated with low
and stable capture thresholds during acute follow-up [70]. Figure 25.9 shows fluoroscopic localization for left bundle branch area pacing (LBBAP). Others have
reproduced the feasibility of left bundle branch area pacing (LBBAP) in case reports
and small series. Randomized studies are necessary to confirm the potential benefits
of this approach in patients requiring pacemakers and CRT.

Pitfalls and Challenges in His Bundle Pacing
One current major barrier to more widespread uptake of HBP is that successful
implantation with adequate capture threshold is more technically challenging than
RVP because of the much smaller potential target area for lead placement. As a
result, procedural and fluoroscopy times are prolonged when compared with
RVP. Although all operators experience an initial learning curve with HBP that can
be overcome, even the experienced operators in the largest published series reported
a 27% increase in procedure time (70.2 ± 34 versus 55.0 ± 25 minutes) and 39%
increase in fluoroscopy duration (10.3 ± 6.5 versus 7.4 ± 5.1). Although this may
be mitigated with further developments in delivery systems and techniques, it is
likely that average HBP implant times will always exceed those of RVP. A further
disadvantage of HBP is that higher pacemaker energies tend to be needed to
achieve His bundle capture compared with RV capture (frequently with discrete
selective and nonselective capture thresholds), which will tend to cause more rapid
battery depletion. Finally, His bundle leads tend to be initially less stable than RV
leads, leading to a higher incidence of need for early lead revision (4.2% versus 0%
in the Geisinger report) [71]. Long-term performance of the leads and generator
units following successful implant appear to be excellent though concerns about
the performance of HBP following subsequent development of low infra-Hisian
block remain. Ultimately, the results from ongoing and future randomized controlled trials will determine whether these disadvantages will be outweighed by the
potential clinical benefits.
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Left bundle branch area pacing
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Fig. 25.9 (a) His bundle pacing and Left Bundle pacing lead locations in fluoroscopic views is
shown. 12 lead ECG shown on the left panel shows post fixation of the lead and the right panel
shows 12 lead ECG with pacing and capture of the left bundle. (b) The top panel shows sinus
rhythm with 2:1 AV block with a narrow QRS. The bottom panel shows sinus rhythm with left
bundle pacing (incomplete RBBB). Courtesy, Dr. Gan-Xin Yan
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The Future
Permanent His bundle pacing is an emerging technique to deliver a more physiological pattern of ventricular pacing and has the potential to mitigate the adverse consequences of chronic right ventricular pacing and promote atrioventricular and
intraventricular synchrony. The development of new delivery systems and leads has
led to excellent long-term technical outcomes and reduced the operator learning
curve. As a result, HBP has undergone wider clinical uptake and is now undergoing
larger-scale clinical trials to evaluate its potential role in patients with heart failure
who are not eligible for CRT, but also as an alternative to CRT, and may become a
mainstream approach for patients undergoing pacemaker implant.
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Introduction
Agents that are traditionally recognized as anti-arrhythmic agents can prevent
arrhythmias by acting upstream of the cardiac ion channels, to prevent adverse
structural and electrical remodelling, thereby ameliorating the arrhythmic substrate. Alternatively, they are found to interact with ion channels and modulate
their activities, thereby modulating the action potential conduction or repolarization properties of cardiomyocytes. The aim of this chapter is to review the
contemporary literatures on the anti-arrhythmic actions and possible mechanisms of the following non-anti-arrhythmic drugs or therapies: dihydropyridine calcium channel blockers, potassium channel activators, antianginal drugs,
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angiotensin-converting enzyme inhibitors and angiotensin receptor blockers,
potassium-sparing diuretics, anti-diabetic drugs of different classes, gout medications, non-steroidal anti-inflammatory drugs, corticosteroids, statins, naturally
occurring compounds (omega-3 fatty acid) and traditional Chinese medications.

Dihydropyridine Calcium Channel Blockers
Calcium channel blockers (CCBs) can be divided into dihydropyridine and non-
dihydropyridine CCBs [1]. The concentration of calcium ions in the extracellular space is
significantly greater than that of the intracellular space. Opening and closing of voltagedependent calcium channels during cellular repolarization lead to rhythmic oscillations in
calcium levels, regulating a myriad of processes that include action potential duration,
excitation-contraction coupling and contractile activity in cardiac and vascular smooth
muscle cells. The effects of CCBs are specific to the particular subtypes. For example,
amlodipine, a dihydropyridine, has a chemical structure that allows it to be a much more
potent inhibitor of peripheral smooth muscle cells [2], whilst verapamil and diltiazem,
which are non-dihydropyridine compounds, exert more potent actions in cardiomyocytes
within the myocardium, sinus and atrioventricular (AV) nodes than in vascular smooth
muscle cells. Pharmacologically, CCBs bind to specific allosteric sites in the ion channel
protein to regulate pore activity [3]. Non-dihydropyridine CCBs such as verapamil and
diltiazem belong to class IV anti-arrhythmic drugs. Therefore, we primarily focus on the
anti-arrhythmic effects of dihydropyridine CCBs in this section.
Common dihydropyridine CCBs include amlodipine, nifedipine and barnidipine.
They are primarily prescribed as antihypertensive agents. This is achieved by the
mechanisms including reduction in the force of contraction of the myocardium and
vascular smooth muscles and inhibition of aldosterone production by inhibiting calcium signalling to adrenal cortical cells [4]. CCBs are believed to confer protective
effects on the working myocardium during periods of ischemia and have an indirect
anti-arrhythmic effect, via mechanisms such as dilatation of coronary arteries and
by reducing myocardial O2 consumption, preload and afterload [5]. In hypertensive
patients at a high risk for cardiovascular events, benazepril plus amlodipine have
been shown to be superior to the benazepril-hydrochlorothiazide combination on
composite endpoint of cardiovascular death and nonfatal myocardial infarction [6].
Preclinical studies have reported that CCBs including nifedipine, amlodipine, barnidipine and diltiazem at low doses reduced energy demand and cellular damage during
myocardial ischemia-reperfusion injury. The release of lactate, lactate dehydrogenase
and purine catabolites of adenine nucleotides were markedly reduced by CCBs under
these conditions [7]. Barnidipine at 0.03 nM, which is below its therapeutic range for
hypertension, exhibits the most protective effect on ischaemic and reperfused myocardium among the different CCBs tested. This would suggest the underlying mechanisms
to involve more than L-type calcium channel (LTCC) inhibition.
With these findings in mind, our team based in the USA recently compared the
effects of barnidipine, amlodipine and valsartan on ventricular arrhythmias during
myocardial ischemia and reperfusion in the isolated arterially perfused rabbit
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VT and VF during ischemia
VT during ischemia in control group

VT during ischemia in amlodipine group

ECG
2000 ms

500 ms

VT during ischemia in valsartan group

No VT during ischemia in barnidipine group

ECG

2000 ms

2000 ms
PVCs, VT and VF during reperfusion

VT during reperfusion in control group

VT during reperfusion in amlodipine group

ECG

3000 ms
VT during reperfusion in valsartan group

2000 ms
PVCs during reperfusion in barnidipine group

ECG

2000 ms

2000 ms

Fig. 26.1 VT and VF developed during acute myocardial ischemia and reperfusion in all but
the barnidipine study group. In barnidipine group, only frequent PVCs occurred during
reperfusion

ventricular preparation [8]. Barnidipine and amlodipine at 0.2 nM and 1.5 nM,
respectively, close to their free therapeutic plasma concentrations for clinical treatment of hypertension exhibited no significant effect on myocardial contractility and
the pattern of positive staircase of contractility during 30 minutes of normal perfusion prior to myocardial ischemia. This indicates that barnidipine and amlodipine at
concentrations tested exhibited little effect on L-type calcium channels. Acute no-
flow myocardial ischemia for 40 minutes followed by 10 minutes of reperfusion
resulted in the generation of frequent premature ventricular complexes (PVCs),
ventricular tachycardia (VT) and ventricular fibrillation (VF) particularly in the
control group (Fig. 26.1). Pretreatment of the rabbit ventricular wedge preparations
respectively with barnidipine, amlodipine and valsartan reduced incidences of VT
and VF during ischemia and reperfusion at different extents, which would suggest
the abolition or amelioration of re-entrant substrates (Table 26.1). Interestingly,
barnidipine was superior to amlodipine and valsartan in suppression of VT and VF
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Table 26.1 Comparison of VT and VF during acute myocardial ischemia and reperfusion among
control, barnidipine, amlodipine and valsartan study groups
Acute myocardial ischemia
5 of 10
0 of 7∗
2 of 6
2 of 6

Control (n = 10)
Barnidipine 0.2 nM (n = 7)
Amlodipine 1.5 nM (n = 6)
Valsartan 2 μM (n = 6)

Reperfusion
8 of 10
0 of 7∗∗,#
4 of 6
3 of 6∗

“n” indicates number of rabbits in each group
∗p < 0.05; ∗∗p < 0.01 compared with the control group
#p < 0.05 compared with amlodipine
Effects of drugs on ischemia - and
reperfusion-induced VT/VF
3

Control
Barnidipine

**

Amlodipine
Valsartan
Episodes of VT/VF

2

*

1
No-flow myocardial ischemia

0

Reperfusion

0

10

20

30

40

50

Ischemia and reperfusion time (minutes)

Fig. 26.2 Comparison of episodes of VT and VF during acute myocardial ischemia and reperfusion among control, barnidipine, amlodipine and valsartan study groups. ∗p < 0.05; ∗∗p < 0.01
when compared with the control group

particularly during reperfusion (Fig. 26.2). The reasons as to why barnidipine at low
concentration exhibits such a strong anti-arrhythmic effect in ischemia and reperfusion remain unclear. A possible explanation is that barnidipine reduced lactate
release during reperfusion more significantly than amlodipine and valsartan did [7].
These findings are encouraging because dihydropyridine CCBs particularly barnidipine may reduce myocardial injury from myocardial ischemia and reperfusion,
thereby reducing arrhythmogenicity of the damaged myocardium .
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Potassium Channel Activator Nicorandil
Nicorandil is commonly used to treat angina when patients are resistant to first-line
therapeutic agents. It possesses the dual properties of a nitrate and ATP-sensitive
potassium channel, depending on its circulating plasma concentrations [9]. In
humans, the nitrate-associated vasodilatory action occurs at low concentrations,
whilst the effects on the ATP-sensitive potassium channels predominate at higher
concentrations to reduce coronary vascular resistance [8]. Nicorandil activates protein kinase G (PKG), which in turn stimulates the sarcolemmal calcium pump to
extrude calcium ions and the potassium channels to promote potassium efflux, leading to effective relaxation of smooth muscle and coronary vasodilation [10]. Until
now, most studies on nicorandil have proven its cardioprotective effects against
myocardial ischemia but evidence with regard its use as an anti-arrhythmic remains
ill-defined [11]. Given that potassium currents play a major role in cardiac repolarization, the electrophysiological and possible anti-arrhythmic effects of nicorandil
are important areas of research.
Nicorandil was able to prevent the development of ventricular arrhythmias through the shortening of the QT interval and action potential duration in
Langendorff-perfused mouse hearts bearing a G-protein αq mutation [12]. In a
myocardial infarction model of rabbit hearts, nicorandil restored the blunted ATP-
sensitive potassium channel expression, increased calcium reuptake and suppressed
spatially generation of discordant action potential duration alternans, which together
accounted for its anti-arrhythmic effects. In a mouse model of desmin-related cardiomyopathy, prolongation in P-wave and QRS durations was found, which reflects
conduction abnormalities through the atria and ventricles, and these were associated
with higher incidences of induced ventricular tachy-arrhythmias [13]. The authors
also found a reduced expression of total and phosphorylated connexin 43, which is
an important component of gap junction proteins mediating intercellular conduction [14]. Nicorandil prevented prolongation of P and QRS durations, prevented the
occurrence of ventricular arrhythmias and increased protein expression levels of
total and phosphorylated connexin 43 [13].
In humans, previous studies have found QT dispersion to be lower during second
coronary occlusion events than in first occlusion events, a phenomenon that can be
explained by myocardium preconditioning [15]. Patients receiving nicorandil treatment exhibited smaller increase in QT dispersion, which may serve to prevent ventricular tachyarrhythmias [16]. A study involving 40 acute myocardial infarction
patients with successful percutaneous coronary intervention indicated that nicorandil use after the procedures lowers the likelihood of ventricular arrhythmia development compared to those receiving placebo [17]. In the past, nicorandil was found
to be effective in suppressing idiopathic sustained and non-sustained ventricular
tachycardia [18] but its use was superseded by amiodarone for clinical practice [19].
As of now, nicorandil remains a second-line antianginal agent with a potential in
preventing ventricular arrhythmias post-revascularization.
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Antianginal Drug Ranolazine
Similar to nicorandil, ranolazine is used to treat chronic angina, not as a first-line
treatment but concomitantly with beta-blockers and CCBs [20]. However, unlike
these drugs, there is evidence supporting the use of ranolazine for the treatment of
AF. Ranolazine influences the activity of many cardiac ion channels, including
sodium, potassium and calcium channels. For example, the late sodium current and
rapidly activating delayed rectifier potassium current are particularly sensitive to
ranolazine [21] in contrast to its weak inhibitory influence on the L-type calcium
current [22]. The effectiveness of ranolazine in AF stems from its ability to preferentially prolong the effective refractory period in the atria, suppressing atrial re-
entrant arrhythmias such as AF [23]. Burashnikov et al. illustrated the stark
difference between atrial and ventricular specificity of ranolazine. They compared
the inactivation characteristics in canine models, attributing the atrioventricular difference to more negative voltage for half-inactivation, greater use-dependent depression of sodium channel properties such as maximum upstroke rate, conduction
velocity, activation threshold and induction of post-repolarization refractoriness
specifically in the atria [24].
Sossalla et al. compared effects of ranolazine on human right atrial myocytes
isolated from patients in sinus rhythm and AF [21]. Despite robust evidence derived
from experimental studies, clinical evidence regarding the use of ranolazine in AF
remains limited, with either a small population size or from secondary analyses of
large clinical trials. In a secondary analysis of The Merlin-Timi 36 trial [25], ranolazine use was associated with lower incidences of both supraventricular and ventricular tachycardia in patients admitted with non-ST segment elevation acute coronary
syndrome, with a trend towards lower incidence of new-onset and paroxysmal AF
[26]. Ranolazine was also compared to amiodarone for its anti-arrhythmic effects
after coronary artery bypass grafting (CABG). Ranolazine was found to reduce AF
occurrence more effectively [27, 28]. Fragakis et al. [29] observed that the ranolazine-amiodarone dual therapy was more effective and equally safe and produced a
faster time for conversion to sinus rhythm and reduction in symptoms compared to
amiodarone monotherapy for conversion of recent-onset AF, which was supported
by a recent prospective, single-blinded, randomized study [30] especially in patients
with left atrial enlargement determined by transthoracic echocardiography.
However, clinicians are reluctant to use amiodarone due to its side effect profiles.
This led to different investigators to examine the use of dronedarone in combination
with ranolazine as exemplified by the DIONYSOS study [31, 32]. Even though
dronedarone alone was inferior to amiodarone for maintaining sinus rhythm, ranolazine add-on therapy significantly increased the efficacy of suppressing atrial
arrhythmias [33]. Finally, these observations were confirmed and encapsulated by
the HARMONY trial [34], demonstrating a synergistic effect of ranolazine with
dronedarone to reduce paroxysmal AF burden reduction.
The benefits of ranolazine in the ventricles have also been studied in other conditions such as long QT syndrome and heart failure. In long QT syndrome type 3,
gain-of-function mutations in sodium channels lead to their failure to inactivate, in
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turn producing a persistent late sodium current (INa,L) during the plateau phase of
action potential repolarization. Indeed, preclinical data suggest that ranolazine can
produce a concentration-dependent block of INaL and shortened QTc intervals without producing a Brugada pattern on the ECG [35]. These data suggest ranolazine
may be both effective and safe in LQT3 patients but this remains to be validated
clinically. Finally, in patients with non-obstructive hypertrophic cardiomyopathy,
ranolazine reduced the 24-hour burden of premature ventricular complexes, warranting further exploration of its protective electrophysiological effects in the ventricles [36] .

 ngiotensin-Converting Enzyme Inhibitors and Angiotensin
A
Receptor Blockers
Angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) are common first-line medications for hypertension and act by targeting
different components of the renin-angiotensin system. In addition to blood pressure-
lowering effects, these medications confer benefit in reducing adverse cardiovascular events [37] and are recommended by guidelines for cardioprotection [38]. Recent
findings suggest their prophylactic use in AF [39].
Two main mechanisms have been proposed to explain the anti-arrhythmic properties of ACEIs and ARBs, namely, (i) structural improvement of the atria and ventricles in part related to reduced angiotensin II-driven fibrosis and (ii) direct
modulation of ion channels. In 1985, Webster et al. demonstrated with a small group
of patients that renin-angiotensin system inhibition decreased left atrial pressure
and wall stress [40]. Subsequent studies in animal models illustrated a significant
stretch component in congestive heart failure, which leads to subsequent development of mitral regurgitation [41]. This was confirmed by further experiments on
dogs, rabbits and sheep, showing an increased predisposition to altered atrial electrophysiology and AF from mitral regurgitation and left atrial dilatation [42–44].
However, mimicking the haemodynamic effects of ACE inhibition does not significantly suppress experimental heart failure-related AF, whereas direct ACE inhibition does, suggesting that mechanisms other than structural alterations are important
in prevention of AF by ACEIs and ARBs [45]. Angiotensin II is known to activation
of AT1 receptors [46], leading to increased transforming growth factor-β1 activity
and predisposition towards AF development [47]. Interestingly, in humans, AF
patients show downregulation of AT1 receptors and upregulation of AT2 receptors
compared to sinus rhythm patients [48], illustrating the importance of clearly delineating the relative expression of the different angiotensin receptor subtypes in AF
patients and the effects of ACE-I/ARBs upon these. Indeed, current efforts are
underway to explore the potential benefit of direct AT2 receptor activation to promote anti-fibrotic activity [49].
ACEIs and ARBs may exert direct effects on ion channels although this is a
controversial issue. It was suggested that angiotensin-II promoted the activity of both L-type and T-type calcium channels [50, 51]. Since T-type calcium
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channel blockade has been shown to prevent the AF phenotype, the use of ACEIs
could reduce AF burden partly via reducing T-type calcium channel activity [52].
However, recent data found that ACEI did not prevent atrial electrophysiological
remodelling in contrast the benefit conferred by the T-type calcium channel-specific inhibitor, mibefradil [52]. Nevertheless, given that angiotensin receptor type 1
forms a complex with the transient outward potassium channel Kv4.3 and regulates
its gating properties and intracellular localization [53]. ACEIs/ARBs can inhibit
potassium channels indirectly by inhibiting protein kinase C-dependent activation of potassium currents [54]. There is evidence that ACEIs/ARBs can directly
modulate ion channels. Irbesartan binds to and inhibits Kv4.3 (Ito) and hKv1.5
channels (IKur) at therapeutic concentrations and other potassium channels such as
HERG and KvLQT1 at supra-therapeutic levels [55]. In more recent animal studies, ACEIs were proposed to provide protection against ventricular arrhythmias
through increased expression of calcium-regulating proteins such as SERCA2a in
experimental models [56]. Despite discussion regarding the precise mechanisms of
anti-arrhythmic actions exerted by ACEIs/ARBs, clinical trials and cohort studies
comparing against placebo have favoured their use in reducing incident AF [57,
58]. However, mixed results were observed when it was compared to beta-blockers
and other antihypertensive medications such as beta-blockers, calcium channel
blockers and diuretics [59, 60].

Potassium-Sparing Diuretics
Developed in the 1950s and prescribed mainly in patients with fluid accumulation, spironolactone is commonly prescribed in hypertension, heart failure, chronic
liver cirrhosis with oedema and nephrotic syndrome [61]. It has potent anti-
mineralocorticoid and moderate anti-androgenic properties [62]. By blocking the
mineralocorticoid receptors, fluid retention via mineralocorticoids such as aldosterone is inhibited, explaining its blood pressure-lowering properties as well as the
common side effects such as urinary frequency, hyponatraemia, hyperkalaemia and
metabolic acidosis [63].
Aldosterone is the end product of the renin-angiotensin-aldosterone system
(RAAS). Aldosterone excess can cause atrial fibrosis independent of increased
wall stress from hypertension, possibly mediated via the aldosterone receptor [64].
Indeed, in human AF and a cellular model, the mineralocorticoid receptor is upregulated [65]. Aldosterone treatment also increased the incidence of inducible atrial
arrhythmias, which were associated with increased atrial fibroblasts and interstitial collagen, reduced active matrix metalloproteinase 13 and hypertrophy of atrial
myocytes but no change in connexin 43 expression [66]. By contrast, antagonism
of aldosterone may be expected to exert reverse remodelling of the cardiac chambers [67]. Indeed, a recent study found the aldosterone receptor antagonist (MRA)
eplerenone in a sheep model of AF [68]. In a clinical trial, spironolactone reduced
the risk of ventricular premature beats and a lower risk of AF/flutter in patients
with chronic HF by affecting magnesium homeostasis, specifically by reducing
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magnesium efflux [69]. The anti-arrhythmic potential of the MRAs, spironolactone or eplerenone, is further supported by a recent meta-analysis of 14 studies
including five RCTs and nine observational studies [70]. These authors found that
MRAs significantly reduced new-onset and recurrent AF. Spironolactone treatment
of patients with ICD therapy also showed reduction in the incidence of ventricular
tachycardia (VT) but not ventricular fibrillation (VF) [71]. In summary, there is
evidence that aldosterone pathway plays a role in mediating adverse electrophysiological and structural remodelling in the atria and ventricles and that MRAs can
reduce AF especially in the context of heart failure. However, their roles in preventing ventricular arrhythmias need to be explored further.

Anti-diabetic Medications
Diabetes is a significant risk factor for AF [72] and preclinical investigations have
reported protective effects of different classes of anti-diabetic drugs against AF
development. For example, our team found that the dipeptidyl peptidase-4 (DPP-4)
inhibitor alogliptin prevents diastolic dysfunction and preserves left ventricular
mitochondrial function in diabetic rabbits [73]. It also alleviates atrial remodelling
and improves mitochondrial function and biogenesis in this model. Anti-arrhythmic
actions are also observed for other classes. Pioglitazone, a thiazolidinedione (TZD),
activates proliferator-activated receptor (PPAR)-γ and was shown to attenuate atrial
remodelling and the vulnerability to AF in alloxan-induced diabetic rabbits [74].
Indeed, clinical evidence confirms these experimental findings, with a recent meta-
analysis reporting that diabetic patients treated with TZDs have a 30% lower risk of
developing AF than those who did not receive these drugs, and this benefit was
observed for both incident and recurrent AF [75].

HMG-CoA Reductase Inhibitors (Statins)
Statins reduce total serum cholesterol and low-density lipoprotein (LDL) levels by inhibiting the HMG-CoA reductase, which is at the rate-limiting step of
the mevalonate pathway. Statins are used for the primary and secondary prevention adverse cardiac events based on risk assessment guidelines [76], although
the risks differ based on ethnicity and risk assessment tools should ideally be
calibrated for the population in question [77]. Their pleiotropic effects, which
are largely independent from their lipid-lowering properties [78], can reduce
arrhythmic tendency by a number of mechanisms to prevent electrical and/or
structural remodelling. First, they can interfere with matrix metalloproteinases (MMPs), which are responsible for tissue derangement and fibrosis [79].
They can influence the RAAS system by reducing levels of oxidized LDLs [80].
Another possible mechanism is alteration of transmembrane ion conductance
through modulation of membrane protein receptors [81]. Finally, statins can
reduce inflammation-associated atrial remodelling [82].

606

K. H. C. Li et al.

Clinical studies have confirmed the beneficial effects of statins in protecting
against AF development. Statins have been found to be superior in reducing AF risk
and prevalence when compared to placebo, RAAS inhibitors and beta-blockers in
patients with heart failure [83, 84]. Moreover, a population-based case-control study
found that long-term statin use may reduce the risk of AF or flutter when compared
to patients who never received drugs of this class [85]. In a cohort of patients with
implanted pacemakers, statins reduced incidence of new-onset AF episodes on a
1-year follow-up compared to placebo [86]. However, in the 2011 Japanese Rhythm
Management Trial for AF (J-RHYTHM) study, paroxysmal AF patients receiving
statin therapy were not significantly associated with reduced risk of AF [87]. Similar
findings of limited protective effect of statins over new-onset AF were also seen in
a 2017 study of hypertensive patients [88]. Combination therapy of a statin with
ACE-Is and CCBs may provide additional benefit compared to statins alone. In a
small randomized controlled trial comparing AF outcomes of the following four
groups of CCBs, CCBs with fluvastatin, valsartan and valsartan with fluvastatin, it
was found that fluvastatin with CCBs, and valsartan alone, can reduce the recurrence rate of non-permanent AF and to delay the progression from non-permanent
AF to permanent AF in patients with hypertension. The combined application of
valsartan and fluvastatin is more effective than valsartan or CCB alone in the
upstream therapies of AF [89].
The use of statins to prevent AF recurrence after cardioversion has also been
explored in different studies. In a retrospective study and RCT, statin use significantly reduced AF recurrence rates, even after adjustment for confounding variables [90, 91]. However, the largest retrospective study found a significant reduction
in AF recurrence only when a statin is used concomitantly with beta-blockers [92].
Other RCTs conducted also failed to demonstrate a reduction in AF recurrence
rates even after 6–12 months despite reduced inflammatory markers [93, 94]. By
contrast, observational studies based on large patient cohorts involving up to
~65,000 patients have supported the use of statins to prevent AF in patients with
ischaemic heart disease [95–97]. With the several meta-analyses performed, the
benefit of statins in reducing the relative risk of AF was only seen in the pooled
observational studies [98] but not the pooled RCTs [98, 99]. Therefore, statins
appear to confer a benefit in the real world that may not be observed under trial
conditions.
The effect of statins on AF occurrence has been extensively studied in post-
surgical patients. Several retrospective studies have shown the beneficial effects of
statin therapy after cardiac surgery [100–102], which were supported by results
from different RCTs [103, 104]. Finally, this association was confirmed in a meta-
analysis including eight trials, which suggests that statins are associated with
reduced risk of post-operative AF after cardiac surgery [105]. Together, these preclinical and clinical data indicate the anti-arrhythmic effects of statins in reducing
incident or recurrent AF.
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Gout Medications: Colchicine and Allopurinol
Gout is a chronic, systemic inflammatory arthritis characterized by deposition of
monosodium urate (MSU) crystals, which often develop as a result of hyperuricaemia. A systematic review and meta-analysis including 659,094 patients found that
gout was significantly associated with approximately 30% higher risk of developing
AF after adjusting for significant comorbidities [106]. Acutely, gout can be treated
using colchicine, non-steroidal anti-inflammatory agents and corticosteroids. It is
managed chronically by allopurinol or febuxostat, both of which reduce serum uric
acid levels.
Colchicine is an alkaloid extracted from the colchicum autumnale plant. It binds
to tubulin and inhibits small tubular polymerization. Its main use is for acute gout
and familial Mediterranean fever but has been used for AF prevention in the post-
operative setting. A recent systematic review and meta-analysis of randomized controlled trials found that colchicine reduced the risk of developing AF after open
heart surgery [107]. Colchicine also reduces AF occurrence after pulmonary vein
isolation [108] and catheter ablation [109]. This protective effect may be explained
by its anti-inflammatory actions. Indeed, reduced levels of inflammatory markers of
C-reactive protein and interleukin-6 were observed after ablation in patients treated
with colchicine [108]. Basic science studies have shed light on the possible mechanisms by which colchicine exerts anti-inflammatory effects. For example, it prevented E-selectin-mediated increase in endothelial adhesiveness for neutrophils in
response to IL-1 and tumour necrosis factor-alpha by altering the distribution of
E-selectin molecules on the surface of the endothelial cells [110]. In a cellular study
using HL-1 cells from the AT-1 mouse atrial cardiomyocyte tumour lineage [111],
colchicine reduced the L-type calcium current, reverse mode sodium-calcium
exchanger (NCX) current and transient outward potassium current. It also downregulated the expression of a number of proteins important in calcium homeostasis
(SERCA2a, Thr17-phosphorylated phospholamban, Cav1.2, CaMKII, NCX) and
potassium channels that mediate repolarization (Kv1.4 and Kv1.5). The net result is
to prolong action potential duration and reduced the amplitude of calcium transients, as well as to prevent the shortening in cellular action potential mediated by
collagen. In summary, colchicine protects against AF development by reducing cardiac inflammation.
Allopurinol is purine analogue acting as a xanthine oxidase inhibitor, leading to
reduced oxidation of hypoxanthine and xanthine and therefore reduced production
of uric acid. Preclinical studies from our group found that it can exert anti-oxidative
effects, thereby decreasing atrial mechanical, structural, ion channel remodelling
and mitochondrial synthesis abnormalities induced by diabetes-related increases in
oxidative stress [112]. In a canine model, atrial rapid pacing for 4 weeks led to
increased incidences of AF, decreases in atrial effective refractory periods, atrial
dilatation, increased atrial fibrosis and reduced expression of endothelial nitric
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oxide synthase, changes that were prevented by allopurinol [113]. In a study using
5% of random claims-based Medicare data, allopurinol use was associated with
17% decrease in the risk of AF development in the elderly, and this effect was more
pronounced with more than 6-month duration [114]. The anti-arrhythmic actions of
allopurinol are superior to those of febuxostat, as shown by a propensity-matched
analysis of Medicare claims data [115].

Non-steroidal Anti-inflammatory Drugs
From the bark of the willow tree more than 3500 years ago to a Nobel Prizewinning discovery, aspirin is among the first non-steroidal anti-inflammatory drugs
(NSAIDs) and the most commonly used drug in the world [116]. Other NSAIDs
following aspirin were developed in the 1950s [116]. NSAIDs have analgesic and
anti-platelet properties and are therefore prescribed for pain control and prevention
of thrombotic diseases. Common side effects such as increased risk of myocardial
infarction (MI) [117], gastric ulceration [118] and kidney injury [119] are wellrecognized. Most NSAIDs are non-selective inhibitors of cyclooxygenase (COX),
COX-1 and COX-2. COX-1 plays a protective role in regulating prostaglandins,
which is essential for physiological process such as maintaining the stomach lining
mucosa, whilst COX-2 is an enzyme expressed to facilitate inflammation. As such,
non-selective blockade of COX enzymes produces both beneficial (COX-2) and
undesirable (COX-1) effects [120]. In some cases, paracetamol (acetaminophen)
and the newer selective COX-2 inhibitors are used to circumvent the side effect
profile generated by COX-1 inhibition [121]. Paracetamol is not considered an
NSAID despite blocking COX-2 selectively in the central nervous system, largely
due to its poor anti-inflammatory properties [122]. Despite having a robust understanding of NSAIDs, the evidence regarding its use in treating or preventing
arrhythmia remains tentative.
Pro-inflammatory processes can produce electrophysiological and structural
remodelling of the cardiac chambers, which can predispose to arrhythmogenesis
[123]. In particular, the generation and subsequent release of reactive oxygen species (ROS) can alter the function of sodium channels and gap junctions and increases
interstitial fibrosis, in turn leading to conduction abnormalities [14]. Moreover,
these can alter the function of potassium and calcium channels, leading to abnormalities in repolarization and calcium handling, thereby generating the substrate for
re-entry [124].
With NSAIDs in particular, its pro-arrhythmic nature has been put down to its
increase in cardiovascular risk, which is attributable to ischaemic events from
thromboxane/prostacyclin imbalance-induced COX inhibition [117, 125]. This is in
line with MI being a major cause of ventricular arrhythmias [126]. However, data
into the specific question of documented ventricular arrhythmias remain sparse,
with a lack of studies reporting specific results on ventricular arrhythmias-related
sudden cardiac death [127]. NSAID-associated renal toxicity can lead to hyperkalaemia and subsequent ventricular arrhythmias [128].
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There are also clinical data on AF risk related to NSAID use. In a large case-
control study conducted in 32,602 patients from Northern Denmark, it reported an
increased relative risk of 40–70% of AF or flutter in new NSAID users as compared
to non-users with a specific emphasis on COX-2 inhibitor users being at greater risk
of AF [129]. This is confirmed by a seven million large nationwide study in Sweden,
which associated the use of COX-2 inhibitors with AF [130]. However, the use of
NSAIDs within the context of preventing post-operative AF has been promising,
with studies demonstrating NSAIDs as a protective agent against AF after cardiac
surgery [131, 132], though the benefit was not universally observed [133]. In summary, the strongest evidence for NSAIDs in cardiac arrhythmias is the prevention of
postoperative AF, though more data are needed to confirm their benefits.

Corticosteroids
Corticosteroids possess agonist actions at both glucocorticoid and mineralocorticoid receptors. Their effects shave been explored in canine models, which showed
that prednisolone can prevent AF [134]. However, conflicting findings have been
reported in humans, where an increased risk of AF following corticosteroids has
been observed [135, 136] irrespective of treatment indication [135]. Furthermore,
the increased risk of chronic AF was also proposed to be dosing independent based
on a nested case-control study [137], though this did not apply to patients with paroxysmal AF. As for NSAIDs, the evidence base for glucocorticoids seems to be
more robust in post-operative setting. The beneficial effects of corticosteroids in
primary prevention of post-pericardiotomy syndrome are well-established [77].
There is also strong evidence that, like NSAIDs and colchicine, corticosteroids can
prevent AF development. A meta-analysis including 3323 patients from 50 randomized controlled trials found an overall reduction in the risk of AF with low-dose
corticosteroid after cardiac surgery with significant increase in post-operative
adverse events [138]. This is reinforced in a recent meta-analysis where the use of
steroids was associated with a decreased risk of early AF recurrence following catheter ablation [139].

Naturally Occurring Compounds (Omega-3 Fatty Acid)
Omega-3 fatty acids are polyunsaturated fatty acids (PUFAs) consumed in human
diet with important physiological effects [140]. The three main types involved in
human physiology are α-linolenic acid (ALA), eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) [140]. The use of omega-3 fatty acid supplementation
has been claimed to have multiple health benefits, ranging from cancers and cardiovascular diseases to mental health and developmental disabilities, all with varying
degrees of scientific evidence [141–145]. Despite extensive research, the role of
omega-3 fatty acid as a regulator of arrhythmogenesis is rarely discussed among
healthcare professionals and the public.
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The potential effects on cardiac arrhythmias of two specific omega-3 fatty acids,
EPA and DHA, have been explored many years ago [146]. Prior to 2008, the impression of EPA and DHA was thought to be anti-arrhythmic but such protective effects
were not consistently observed [147, 148]. Thus, animal studies have provided
incremental value in exploring the effects of statins on atrial arrhythmic substrate.
In a study using canine models, the effects of omega-3 fatty acid fish oils were
examined under the context of cardiac surgery and post-operative AF. The experimental animals were grouped into a normal diet and omega-3 fatty acid diet arm for
3 weeks prior to cardiac surgery. The omega-3 fatty acid group achieved a longer
effective refractory period, slower heart rate, enhanced heart rate variability and
lack of AF inducibility [149]. The anti-arrhythmic benefit was further supported by
gene expression studies, demonstrating downregulation of atrial fibrosis, hypertrophy and inflammation associated by omega-3 fatty acids [150]. However, when the
same group of dogs was subjected to ventricular pacing for 14 days prior to EPA and
DHA supplementation, no effect was seen in AF development, echocardiographic
and histological parameters [151]. These suggest prior treatment with omega-3 fatty
acids is needed for beneficial effects to be observed.
Clinical studies in humans have demonstrated promising results. Omega-3 fatty
acids prevented new-onset AF in patients hospitalized with myocardial infarction
[152]. Indeed, a recent updated meta-analysis of 19 randomized controlled trials
found that omega-3 polyunsaturated fatty acids found a reduction of post-operative
AF incidence in cardiac surgery patients [153]. For ventricular arrhythmias, the
use of DHA and EPA demonstrated promising results in reducing the incidence
of premature ventricular beats [154] and VT inducibility [155] and with clinical
endpoints such as VF [156] and sudden cardiac death [157]. However, the AlphaOmega Trial reported that the supplementation with EPA-DHA or ALA did not
significantly reduced the rate of major cardiovascular events in MI patients [158,
159]. The authors of the trial attributed it partially to the low-dose regimen used
during the trial. Furthermore, this is potentially in keeping with the earlier observation that omega-3 fatty acids see the most benefit when given prophylactically prior
to a cardiac event. In summary, the use omega-3 fatty acids remains controversial
but it appears that the greatest benefit on AF outcomes is observed when given
prior to interventions or surgeries.

Traditional Chinese Medicines
Wenxin Keli is the first Chinese state-sanctioned traditional Chinese medicine-
based anti-arrhythmic drug. It was officially marketed in 1995 as it received new
certification issued by the Ministry of Health of the People’s Republic of China.
It contains five main components, Nardostachys jatamansi DC (Gansong), radix
notoginseng (Sanqi), succinum (hupo), Polygonatum sibiricum (Huangjing) and
Codonopsis pilosula (Dangshen). Recently, preclinical pharmacological studies
have demonstrated the effects of Wenxin Keli on atrial and ventricular electrophysiology. Wenxin Keli was recently investigated for its anti-arrhythmic effects
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in a randomized controlled trial, which tested the hypothesis that its use provided
additional benefits when added to usual amiodarone treatment [160]. Wenxin Keli
reduced the conversion time to sinus rhythm in patients with recent onset AF from
725 minutes to 291 minutes, with no serious adverse effects reported. Several other
traditional Chinese medicine substances, such as shensongyangxin and shenmai
(given in injection form), have been shown to regulate different cardiac ion channels, thereby preventing AF, as discussed extensively by this excellent review article [161].

Conclusion
Various pharmacological agents that were originally licensed for non-arrhythmic
conditions have subsequently been shown to exert anti-arrhythmic actions, as have
naturally occurring substances as well as traditional Chinese medicines. Detailed
electrophysiological studies at the single channel, tissue and organ levels are warranted to further elucidate the mechanisms by which these agents act and exert their
therapeutic effects.
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While athletes are symbols of the healthiest segments of our society, they are occasionally affected by cardiovascular conditions and arrhythmias that come to the
attention of the clinician. Management of athletes with cardiovascular disease and
arrhythmias represents a unique challenge. Despite comprehensive evaluation,
uncertainty remains with considerable frequency. Clinical judgment and experience, rather than evidence, are commonly the basis for recommendations for therapy and athletic participation. In this setting, there is the real risk of failing to
detect an arrhythmia or cardiac condition that may result in serious or even lifethreatening consequences. At the same time there is the risk of unnecessarily treating and restricting athletic participation in an athlete misdiagnosed as having a
cardiovascular condition or arrhythmia. The cardiovascular conditions that predispose to life-threatening complications of athletic participation are well characterized [1–13]. Guidance is available for the clinician related to athletic participation
for those with inherited or acquired cardiovascular conditions [14–22]. Specific
recommendations for management of athletes with arrhythmias based on expert
consensus also are available [14]. The cardiovascular conditions predisposing to
arrhythmias and the arrhythmias that can occur in the absence of any structural
heart disease in the athlete are reviewed in this chapter from multiple perspectives.
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These include clinical evaluation of the athlete with arrhythmias, screening strategies for cardiovascular conditions that predispose to arrhythmias, and guidelines
for athletic participation.

Bradyarrhythmias
Athletes of all ages typically maintain a high level of cardiovascular conditioning
and commonly develop an increase in vagal tone manifesting in a spectrum of bradycardias (Table 27.1) [23–44]. This physiologic adaptation of autonomic tone
accompanying physical training influences the vagal and sympathetic modulation of
the sinus and atrioventricular (AV) nodes. As such, bradyarrhythmias involving
these anatomic structures are common. Sinus bradycardia is associated with a
higher degree of cardiovascular fitness and is commonly observed in endurance
sports [23–44]. In athletes, resting heart rates <40 beats per minute are common and
occasionally can be <30 beats per minute or less during sleep [23–44]. With exercise and competition, vagal tone decreases and sympathetic tone increases. At rest,
vagal tone predominates with slowing of the sinus node and a negative dromotropic
effect at the level of the AV node. While influencing resting heart rates and AV conduction, conditioning has no effect on peak heart rate attainable for the athlete. Thus
the resting heart rate does not bear a relation to the peak heart rates with exertion.
Sinus bradycardia and first-degree AV block (PR > 200 ms) are common in athletes
and generally do not require evaluation or therapy [23–44]. These athletes can participate in all competitive sports unless findings indicative of a risk of progression
to a higher degree block are present, which would warrant further evaluation [14].
As is the case in the nonathlete, symptomatic slow resting heart rates resulting in
symptoms, such as lightheadedness, dizziness, or syncope, may occasionally require
therapy. Typically, physical deconditioning is sufficient to eliminate symptomatic
sinus bradycardia in the athlete.
Table 27.1 Bradycardias
Condition
Sinus bradycardia

Symptoms
Asymptomatic,
LH, syncope

ECG
Sinus rate less
than 50 bpm

Diagnosis
ECG

Second-degree
Mobitz I
(Wenckebach) AV
block
Second-degree
Mobitz II AV block

Asymptomatic,
LH, syncope

Grouped beating,
progressive PR
prolongation

ECG

Asymptomatic,
LH, syncope

Third-degree AV
block (complete
heart block)

Asymptomatic,
fatigue, LH,
syncope

Grouped beating,
stable PR, dropped
QRS
Dissociation of
p-waves and QRS

ECG, EP
study in
some cases
ECG

PPM permanent pacemaker, LH light headedness, BPM beats per minute

Treatment
options
Reassurance,
PPM if
symptoms
Reassurance,
PPM if
symptoms
PPM
PPM
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Generally, maximum heart rates attainable are approximately 220 minus the
individual’s age. Athletes should be able to achieve their predicted maximal heart
rate for age although it may require longer duration and intensity of exercise compared to the nonathlete. Chronotropic incompetence, which by definition is the
inability to raise the heart rate appropriately with exercise, is rare in the younger
athlete (aged less than 35), but can be seen in older athletes with primary sinus node
dysfunction [23–44]. Invasive electrophysiologic studies are of no clinical utility in
patients with this sinus node dysfunction as such testing is neither sensitive nor
specific for bradyarrhythmias. Evaluation and management of bradycardias are
guided by clinical assessment of symptoms and their relationship to clinically documented arrhythmias [14].
At present, there are no medications that effectively treat sinus node dysfunction
on a long-term basis. The definitive therapy for symptomatic bradycardia is a permanent pacemaker [43]. It is evident that discontinuation of pharmacologic agents
that slow sinus node function should be the initial approach to any athlete or other
individual with symptomatic sinus bradycardia. Rarely it becomes necessary to
implant a permanent pacemaker. Virtually all available pacemakers have the ability
to enhance heart rate based on sensor activity. With the placement of a permanent
pacemaker there are sport-specific recommendations regarding participation.
Contact sports with risk of impact are not advisable in patients with a permanent
pacemaker [14]. Activities that involve repetitive movement of the upper extremity
and movement of the clavicle over the ribs, like weightlifting, freestyle swimming,
and pitching in baseball, are also associated with a greater risk of damage to leads
[14]. Accordingly, they should be avoided.

Heart Block
Like sinus bradycardia, second-degree heart block Mobitz type I (Wenckebach) is a
common finding in athletes at rest due to the influence of enhanced vagal tone [23–
44]. With exercise, vagal tone is withdrawn and Wenckebach generally resolves, as
does sinus bradycardia. Wenckebach-type AV block that occurs during sleep does
not warrant treatment. Symptoms of syncope or lightheadedness, however, are concerning in the athlete with Wenckebach rhythm. Wenckebach not resolving with
exercise is abnormal and suggests underlying pathology of the AV node. For this
subset of athletes, AHA/ACC recommend evaluation with an electrophysiologic
study (EPS) for intra-His and infra-His block, potentially requiring pacemaker
implantation. Similarly, for athletes with Wenckebach-type AV block with coexisting bundle branch block or indication for risk of progression to higher-degree AV
block, EPS should be performed and may also require pacemaker therapy [14].
Under such circumstances, like symptomatic sinus bradycardia, a permanent pacemaker is the only effective treatment [18].
More advanced heart block such as second-degree Mobitz type II heart block or
third-degree heart block (complete heart block) is generally considered abnormal,
even in the highly trained athlete. Findings of Mobitz II or complete heart block
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indicate that the site of block is below the AV node and not under vagal influence.
Generally, Mobitz II and complete heart block are an indication for a permanent
pacemaker, particularly when occurring in the setting of structural heart disease or
symptoms [14, 44].
Occasionally, 2:1 AV block is seen with two p-waves for every QRS complex. It
can be difficult to determine whether the block is at the level of the AV node or
below. This distinction assumes clinical importance, as the former is typically
benign and not treated. By contrast, the latter typically warrants a pacemaker as it
commonly progresses to a higher degree of heart block. The width of the QRS
complex is useful in making assumptions regarding the level of block when 2:1 AV
conduction is noted clinically. A narrow QRS complex (<120 ms) most commonly
suggests block at the level of the AV node and an intact His-Purkinje system. A
wide QRS complex (>120 ms) more commonly signifies disease in the HisPurkinje system. In patients in whom the level of block cannot be determined,
invasive electrophysiologic studies can provide useful prognostic information and
guide decisions regarding the need for a pacemaker. Block at the level of the AV
node (Wenckebach) is generally benign and not progressive. Block in the HisPurkinje system or below generally requires permanent pacing [44]. Athletes with
a permanent pacemaker should undergo an exercise test before being allowed to
engage in athletic activity [14].

Supraventricular Tachycardias
Supraventricular tachycardia (SVT) typically occurs with the same frequency in
athletes as in the general population. Evaluation of any patient with SVT should
include both an ECG and echocardiogram. Classification of SVTs is based on the
electrophysiologic mechanism of the arrhythmia as noted in Table 27.2 [14]. With
understanding of the fundamental mechanisms of SVT and development of techniques of mapping and ablation of most SVTs, it is now possible to cure most athletes with this spectrum of arrhythmias with ablation.
A common tachycardia in athletes is sinus tachycardia that is a normal response
of the sinus node to physiologic demands. Sympathetic tone increases and vagal
tone is withdrawn with exercise, fear, pain, and other physiologic states of increased
oxygen demand. Sinus tachycardia can occasionally mimic other SVTs, particularly in young athletes who are capable of high sinus rates. Typically sinus tachycardia has a gradual onset and termination in contrast to atrioventricular nodal
reentrant tachycardia (AVNRT) or atrioventricular reciprocating tachycardia
(AVRT). Characteristically the p-wave morphology on the ECG is similar to that at
rest with the p-wave vector oriented inferiorly and leftward. Sinus tachycardia,
however, is a normal response to physiologic stimuli and does not require therapy.
Atrial premature contractions (APCs) are common in adults including trained athletes and also do not require therapy [14]. In the minority of patients, these APCs
may be symptomatic, manifesting as palpitations, skipped beats, or extra beats.
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Table 27.2 Supraventricular tachycardia
Condition
APCs

Symptoms
Palpitations

Atrial fibrillation

Palpitations

Atrial flutter
AVNRT
Preexcitation
syndrome
(WPW)
AVRT (WPW)

ECG
Often
normal
Often
normal

Diagnosis
Monitor

Palpitations

Often
normal

Monitor

Palpitations, LH,
syncope
Asymptomatic

Often
normal
Short PR,
delta wave

Monitor,
EP study
ECG, EP
study

Symptomatic
(palpitations,
syncope, LH)

Short PR, ECG, EP
delta wave study

Monitor

Treatment
Reassurance, BB or CCB
if highly symptomatic
Rate control,
anticoagulation,
antiarrhythmics, ablation
Rate control,
anticoagulation,
antiarrhythmics, ablation
BB or CCB, digoxin, RFA
No therapy, ablation if
high risk
Antiarrhythmics, ablation

ECG electrocardiogram, APC atrial premature complex, AVNRT atrioventricular nodal reentrant
tachycardia, AVRT atrioventricular reentrant tachycardia, BB beta-blockers, CCB calcium channel
blockers, WPW Wolff-Parkinson-White syndrome

APCs can be treated with medications such as beta-blockers which may suppress
the extrasystoles and improve symptoms. Typically beta-blocker therapy is not
well tolerated with side effects of fatigue and a decrease in exercise capacity noted
by many athletes. Additionally, beta-blockers are banned in some types of athletic
competition.

Atrioventricular Nodal Reentrant Tachycardia (AVNRT)
AVNRT is the most common SVT representing approximately 60–70% of all SVTs.
Mechanistically it occurs when a reentrant circuit is present involving the AV node
[14]. The circuit typically requires dual AV nodal physiology with an anterior “fast”
pathway and a posterior “slow” pathway. With the common type of AVNRT the
antegrade refractory period of the fast pathway is longer than that of the slow pathway. An appropriately timed atrial premature beat can block antegrade in the fast
pathway, travel through the slow pathway, and “echo” retrograde via the fast pathway to initiate and perpetuate this tachycardia. Under the proper conditions a reentrant arrhythmia can be sustained with antegrade conduction via the slow pathway
and retrograde conduction via the fast. AVNRT is characterized by rates between
130 and 240 beats/minute with abrupt onset and termination [14]. The resting ECG
is generally normal. The ECG during the tachycardia usually demonstrates a narrow
QRS complex tachycardia that is regular with atrial activity manifesting with a
small R’ wave in lead V1 and shallow S waves in leads II, III, and aVF. This rhythm
can occasionally be terminated with vagal maneuvers. However, definitive acute
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therapy is intravenous adenosine. Preventative pharmacologic therapy involves the
use of beta-blockers, calcium channel blockers, or other antiarrhythmic agents.
However, AVNRT is safely and successfully cured in the vast majority of patients
with catheter-based ablation of the slow pathway. Ablation is considered to be first-
line therapy over medications for this reason [14].

Atrioventricular Reentrant Tachycardia (AVRT)
Wolff-Parkinson-White syndrome (WPW) was first described in the 1930s in young,
otherwise healthy subjects with abnormal ECG findings of a short PR interval and a
widened QRS complex and paroxysmal tachycardia. This syndrome is now well
understood to be caused by accessory pathways of myocardial tissue bridging the
atrioventricular groove. This accessory pathway, or bundle of Kent, allows conduction between the atrium and ventricle. Accessory pathways, also known as a bypass
tract, typically do not have decremental conduction like the AV node. When bypass
tracts have the ability to conduct antegrade and result in a pattern of short PR interval with a delta wave on the ECG, they are classified as “manifest” preexcitation
[14]. Commonly, bypass tracts only have the ability to conduct retrograde and allow
conduction between the ventricle and atrium during AVRT. Such bypass tracts that
only conduct retrograde cannot be identified on the resting ECG in sinus rhythm and
are labeled “concealed” [14].
Both manifest and concealed bypass tracts can serve as the anatomic substrate
for a reentrant circuit involving the AV node antegrade and the bypass tract retrograde. This reentrant arrhythmia is the second most common type of SVT and is
classified as orthodromic reciprocating tachycardia [14]. Less commonly the reentrant circuit involves antegrade conduction via a manifest bypass tract and retrograde conduction via the AV node. This results in a wide complex tachycardia
classified as antidromic reciprocating tachycardia. While antiarrhythmic agents can
reduce symptoms by slowing or blocking conduction in the bypass tract or AV node
in many patients, the preferred approach is to cure with radiofrequency ablation of
the bypass tract. When an athlete has symptomatic WPW, ablation therapy is curative and should be the recommended first-line therapy. Restriction from athletics is
reasonable for a period of several weeks to allow vascular healing [14].
Manifest bypass tracts typically lack decremental conduction and atrial fibrillation can be transmitted to the ventricle at rapid rates. Very rarely, individuals may be
at risk of sufficiently high rates of ventricular response to cause hemodynamic instability or ventricular fibrillation. This unusual clinical circumstance occurs more
commonly with physical exertion. WPW is commonly detected in asymptomatic
athletes on ECG, as the condition is present in approximately 1/3000 individuals.
Athletes who present with evidence of preexcitation on ECG but without symptoms have a very low risk of developing life-threatening arrhythmias. However, it
is reasonable for these athletes to undergo stress testing to aid in risk stratification.
Based on this consideration most experts do not recommend routine electrophysiologic evaluation of asymptomatic patients with ventricular preexcitation [14].
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Some experts take the approach of performing electrophysiologic evaluation of
asymptomatic athletes with preexcitation to characterize the properties and location of the bypass tract. If there are indications of high risk, such as multiple bypass
tracts, antegrade refractory period of the bypass tract ≤250 ms, or induction of
sustained arrhythmias, ablation is felt to be reasonable [14]. For asymptomatic
patients with preexcitation, and those symptomatic or those asymptomatic patients
who have undergone successful ablation of their bypass tract, there are no limitations on competitive sports once there is an appropriate period of recovery from the
procedure [14].

Atrial Tachycardia
Another common SVT is atrial tachycardia which refers to an area in the atrium that
has enhanced automaticity [14]. Typically, the sinus node acts to initiate the cardiac
cycle through a property of automaticity that produces regular impulses from that
area of the myocardium. In atrial tachycardia, an abnormal tract of atrial myocardium will depolarize and initiate localized and progressive activation of the myocardium. The rates of atrial tachycardia vary, but typically are fast enough to suppress
sinus node activity and can be highly symptomatic, typically manifesting as palpitations. This SVT frequently has a “warm-up” period with progressively shortening
cycle lengths with each beat and on ECG or electrocardiographic monitoring, this
appears as a narrow complex tachycardia that is faster with each beat until the maximum tachycardia rate is reached. Atrial tachycardia can be suppressed by use of
beta-blockers or calcium channel blockers, but is also amenable to catheter-based
ablation which is typically curative treatment.

Atrial Fibrillation and Flutter
Atrial fibrillation likely occurs more commonly in athletes when compared to nonathletes due to adaptation of the autonomic nervous system with heightened vagal
tone [14, 21, 22, 45–47]. This type of vagally mediated atrial fibrillation frequently
occurs in the setting of nocturnal bradycardia [14, 21, 22]. Bradycardia may allow
for altered dispersion of atrial repolarization creating the electrophysiologic substrate for atrial fibrillation [14, 21, 22]. Atrial fibrillation is a common arrhythmia in
adults who are not athletes and is commonly related to systemic hypertension congestive heart failure or coronary artery disease [22]. In the athlete without these
predisposing factors, atrial fibrillation is likely related to heightened vagal tone or
the result of another SVT degenerating into atrial fibrillation [14, 21, 22, 45–47].
Paroxysmal atrial fibrillation generally originates in the muscular sleeves that
extend into the pulmonary veins from the left atrium and form a continuous transition between the left atrial tissue and the endothelium of the pulmonary veins [14,
21, 22]. Electrophysiologic observations related to ablation of the tissue in the pulmonary veins support the notion that this location is the origin of most paroxysmal
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atrial fibrillation. The principles of evaluation and management of atrial fibrillation
in the athlete are similar to those that guide evaluation and management of this
arrhythmia in the nonathlete [14, 21, 22]. Every patient with atrial fibrillation should
have a complete history, physical examination, ECG, and echocardiogram. Routine
laboratory test should include a TSH to exclude hyper- or hypothyroidism.
Evaluation includes determination of the ventricular response during athletic activity or an exercise test comparable to the intended athletic competition.
The decision to take a rate control versus rhythm control strategy is largely
driven by symptoms [14, 21, 22]. Typically, when the arrhythmia is symptomatic, a
rhythm control strategy is used with antiarrhythmic agents selected based on the
presence or absence of structural heart disease [14, 21, 22]. Curative approach with
catheter ablation is typically reserved for symptomatic individuals who have failed
at least one antiarrhythmic drug [14, 21, 22]. Based on risks, benefits, and patient
preference it is reasonable to consider AF ablation as first-line therapy in selected
symptomatic athletes [14, 21, 22]. In less symptomatic or asymptomatic athletes
rate control with beta-blockers or calcium channel blockers is generally recommended [14, 21, 22]. Anticoagulation is selectively initiated based on the risks and
benefits of anticoagulation [14, 21, 22]. It should be noted that in athletes or other
individuals undergoing a curative approach to atrial fibrillation with ablation, anticoagulation is recommended long term if the patient’s CHA2DS2VASc score > 2
even if there is an apparent cure of the arrhythmia without documented AF recurrence [14, 21, 22].
Recommendations regarding participation in athletics for individuals with atrial
fibrillation are based on the best available data and expert opinion [14]. In the
absence of WPW syndrome, athletes with asymptomatic atrial fibrillation without
structural heart disease who maintain a ventricular rate that increases and slows
appropriately and is comparable to that of a normal sinus response in relation to the
level of activity while receiving no therapy or therapy with AV nodal blocking drugs
can participate in all competitive sports [14]. Athletes who have atrial fibrillation in
the presence of structural heart disease who maintain a ventricular rate comparable
to that of an appropriate sinus tachycardia during physical activity while receiving
no therapy or therapy with AV nodal blocking drugs can participate in sports consistent with the limitations of the structural heart disease [14]. It is evident that athletes
who require anticoagulation should not participate in high-impact contact sports
with danger of bodily collision [14]. Athletes without structural heart disease who
have elimination of atrial fibrillation by an ablation technique, including surgery,
may participate in all competitive sports after several weeks with an arrhythmia
recurrence [14].
Atrial flutter is another form of SVT that results from a macro-reentrant circuit in
the right atrial myocardium [14, 22]. In the absence of an acute, limiting illness,
sustained atrial flutter is an uncommon rhythm disturbance in athletes without structural heart disease. This arrhythmia typically rotates in a counterclockwise direction
through the isthmus of tissue between the os of the coronary sinus and the annulus of
the tricuspid valve, along the intra-atrial septum, and over the roof and lateral wall of
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the right atrium [14, 22]. Athletes developing atrial flutter should have the same standard evaluation as those presenting with atrial fibrillation. The typical form of atrial
flutter manifests with the classic saw-toothed pattern with inverted flutter waves in
the inferior leads of the ECG and a variable ventricular response [14, 22].
Like atrial fibrillation, therapy for atrial flutter is guided by the presence or
absence of symptoms [14, 21, 22]. Because the potential for very rapid ventricular
rates exists if the atrial flutter conducts 1:1 to the ventricles, ECG determination of
the ventricular response during an exercise test or athletic event during treatment is
essential [14, 21, 22]. Antiarrhythmic drugs can be effective in restoring and maintaining normal sinus rhythm [14, 21, 22]. However, given the high efficacy of flutter
ablation by creating a line of block along the cavo-tricuspid isthmus, many experts
consider ablation to be the first-line approach [14, 21, 22]. This ablation procedure
is also accompanied by a very low complication rate given the right atrial location
[14, 21, 22]. When the strategy of rate control is taken, beta-blockers or calcium
channel blockers can be used [14, 21, 22]. Anticoagulation is selectively used based
on the score in a fashion similar to atrial fibrillation based on assessment of risks
and benefits [14, 21, 22]. In some patients, atrial flutter degenerates to atrial fibrillation. In such patient’s ablation of the atrial flutter can prevent development of this
secondary arrhythmia.
Athletes with atrial flutter in the absence of structural heart disease who maintain
a ventricular rate that increases and slows appropriately comparable to that of a
normal sinus response in relation to the level of activity while receiving no therapy
or therapy with AV nodal blocking drugs can participate in competitive sports with
the warning that rapid 1:1 conduction still may occur [14]. However, full participation in all competitive sports should not be allowed unless the athlete has been
without atrial flutter for two to three months with or without drug treatment [14]. It
is recommended that athletes with structural heart disease who have atrial flutter
participate in competitive sports only after two to four weeks have elapsed without
an episode of atrial flutter [14]. Athletes without structural heart disease who have
elimination of the atrial flutter by an ablation technique or surgery can participate in
all competitive sports after two to four weeks without a recurrence or in several days
after an electrophysiologic study showing non-inducibility of the atrial flutter in the
presence of bidirectional isthmus block [14, 21, 22]. As with atrial fibrillation, athletes in whom anticoagulation is deemed necessary cannot participate in competitive sports where the danger of bodily collision is present [14].

Pre-participation Screening
Most athletes at risk for sudden cardiac death (SCD) with athletic activity have
preexisting and underlying heart disease [16, 34]. The conditions associated with an
increased risk of SCD in association with exercise have been identified and many of
them can be detected by cardiovascular screening (Table 27.3). It has been determined that systematic screening for these underlying cardiovascular conditions
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Table 27.3 Cardiovascular
conditions associated
with sudden death in
the athlete
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Structural heart diseases
Hypertrophic cardiomyopathy
Coronary-artery anomalies
Left ventricular hypertrophy of indeterminate causation†
Myocarditis
Ruptured aortic aneurysm (Marfan’s syndrome)
Arrhythmogenic right ventricular cardiomyopathy
Tunneled (bridged) coronary artery‡
Aortic valve stenosis
Atherosclerotic coronary artery disease
Dilated cardiomyopathy
Myxomatous mitral valve degeneration
Asthma (or other pulmonary conditions)
Heat stroke
Channelopathies
Long QT syndrome
Short QT syndrome
Catecholaminergic polymporphic ventricular tachycardia
Brugada syndrome
Idiopathic ventricular fibrillation

allows for identification of athletes at risk for SCD [16, 34]. The strategy of withdrawing those identified at high risk for SCD from vigorous training or competition
is felt to reduce the risk of SCD [16, 34]. Most experts accept the notion that the risk
for SCD increases with vigorous training [16, 34]. The best available evidence for
the efficacy of screening athletes and selectively restricting athletic participation
comes from Italy [16, 34]. Through a national program all athletes engaged in organized sports must undergo yearly screening. This systematic approach served as the
impetus for a proposal in 2005 by the European Society of Cardiology (ESC) for a
common European protocol for pre-participation athlete screening [34].
Fundamental to these recommendations are pre-participation athletic screenings
by specially trained sports medicine physicians [16, 34]. This evaluation consists of
personal and family history, physical examination, and 12-lead electrocardiogram
[34]. These European guidelines recommend repeated screening for the duration of
exposure to athletic activity every two years to identify any cardiovascular conditions that may manifest following the previous evaluation [34]. Selective use of
more advanced cardiovascular testing is utilized as appropriate. If cardiovascular
conditions are detected that are associated with an increased risk of SCD, recommendations are for exclusion of the individual from athletic activity [16, 34].
In the United States, with a heterogeneous and diverse population, pre-
participation evaluation of high school and college athletes has traditionally included
only a history and physical examination [48–52]. This screening has been traditionally limited to a history and physical exam reflecting the larger and more diverse
background of American athletes and the broader spectrum of normal ECGs that
can be difficult to distinguish from abnormal [16]. Athletes in the US are typically
screened at the high school and collegiate level, and routine evaluation does not
involve an ECG based on the best available data which remains incomplete [16].
Screening is performed by a range of providers depending on the individual
institution and to date, the screening system for competitive athletes in the USA
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remains highly variable and inconsistent [16]. While many have called for a more
uniform and standardized approach to American athletes, the complexity of the
American healthcare system makes this a challenging endeavor. A wide range of
complex medical, legal, and ethical issues remain unresolved related to athletic
screening for cardiovascular conditions and athletic restrictions [16, 53].
The American College of Cardiology and the American Heart Association recommend screening high school athletes every 2 years and college athletes initially
and then every 4 years [16]. Recommended aspects of this screening include personal and familial historical data and a physical examination. ECGs and echocardiograms are not recommended in all individuals but rather that they be used
selectively based on symptoms, family history, or findings on physical exam [16].
Whether ECGs should be performed in all athletes remains a controversial issue.
Electrocardiograms are frequently abnormal in the competitive athlete and distinguishing normal variants from abnormal is not possible without further cardiovascular evaluation in many athletes (Table 27.4). Up to 50% of athletes, mostly men
and endurance athletes, will have some abnormal finding on ECG [50, 54, 55].
Early repolarization patterns, deep Q-waves, high QRS voltage, and T-Wave inversions are most common. Endurance athletes may have findings on ECG of increased
p-wave amplitude, incomplete right bundle branch block and high QRS voltages
suggestive of left and right ventricular hypertrophy [16]. Some elite athletes have
highly abnormal or bizarre findings that in the presence of a negative workup are
felt to be the limit of physiological change with the athlete’s heart [16, 56]. Criteria
for LV hypertrophy and even ST changes consistent with ischemia frequently are
present in the well-trained athlete [16].
Table 27.4 ECG abnormalities
Diagnosis of heart disease
Hypertrophic cardiomyopathy
Arrhythmogenic right ventricular dysplasia

Wolff-Parkinson-White
Long QT syndrome
Short QT syndrome
Catecholaminergic polymorphic ventricular tachycardia
Idiopathic dilated cardiomyopathy
Anomalous coronary artery
Brugada syndrome

ECG abnormalities
Left ventricular hypertrophy
Anterior pseudoinfarct, Q-waves
Rarely normal
Anterior T-wave inversions
Epsilon wave
RBBB (complete or incomplete)
Rarely normal
Short PR
Delta eaves
Pseudoinfarct patterns
Prolonged QTc
Abnormal ST segment
Shortened QTc
Tall T-waves
Usually normal
Prominent U-wave
LBBB
Prolonged QTc
Can be normal
Usually normal
ST elevation anteriorly
Variable ECG

RBBB right bundle branch block, LBBB left bundle branch block
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The cardiac diseases that can be identified or suspected by an ECG include
HCM, the long QT syndrome, ARVD, and WPW syndrome. Hypertrophic cardiomyopathy can be suspected by interventricular conduction delays, septal or inferior
Q-waves, LV hypertrophy, and ST abnormalities on a 12-lead ECG [16]. With the
LQTS, the diagnosis is made by the ECG, but up to 6% of gene carriers will have a
QTc of 0.44 or less. Patients with ARVD may have RV conduction delays (epsilon
wave), right bundle branch blocks, and inverted T-waves in the precordial leads.
Unfortunately, none of these ECG findings (other than a long QT) are sensitive or
specific for ascertaining abnormal from normal findings in the athlete. Whether
ECGs will become standard in the United States for screening athletes is not yet
determined; however, at present, the American Heart Association guidelines do not
advocate an ECG in the routine screening of athletes [16].

Inherited Arrhythmia Syndromes
Despite current athletic screening measures, several subsets of athletes remain at risk
for sudden death events, particularly when ECG screening is not routinely performed.
Athletes with inherited arrhythmia syndromes are one such population. While an
overall lack of data pertaining to athletes diagnosed with a channelopathy (long QT
syndrome, catecholaminergic polymorphic ventricular tachycardia (CPVT), Brugada
syndrome (BrS), early repolarization syndrome, short QT syndrome, and potentially
idiopathic ventricular fibrillation) remains an obstacle, recommendations from the
American Heart Association/American College of Cardiology (AHA/ACC) pertaining to athletes with inherited arrhythmia syndromes are largely based on level of
evidence C, i.e., expert opinion, smaller studies, or retrospective studies.
Several contemporary developments have informed recent guidelines. As part of
a comprehensive evaluation of a patient with a manifest channelopathy, it is now a
class I recommendation that all first-degree family members undergo genetic testing. The AHA/ACC does not recommend disqualification of an athlete solely based
on a positive genotypic finding without phenotypic expression. This contrasts with
European guidelines, which recommend athletic restriction for genotype-positive/
phenotype-negative patients. Other specific recommendations regarding athletic
participation in patients with inherited arrhythmia syndromes are available in the
recent AHA/ACC Task Force document [57].

Commotio Cordis
Commotio cordis is an uncommon cause of sudden cardiac arrest/death in both recreational and competitive sports. It is defined as sudden cardiac deatharising from a
blow to the precordium with instantaneous subsequent ventricular fibrillation in the
absence of any pathologic evidence of myocardial damage. Commotio cordis occurs
most commonly in adolescent males with the impact typically occurring over the left
chest wall with a hard, spherical object such as a baseball, hockey puck, lacrosse ball,
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or softball. Experimental models have identified multiple variables critical to producing ventricular fibrillation, including timing, location, and energy of the impact.
Over the last two decades, identification and appropriate treatment with early
defibrillation of commotio cordis victims has resulted in a marked improvement in
survival rate. Compared to an initial 15% survival rate, the current rate exceeds 50%
and has guided the AHA/ACC’s recommendations for successful resuscitation.
Measures should include training of personnel to enable prompt recognition of
these events, notification of emergency medical services, and implementation of
cardiopulmonary resuscitation and defibrillation.
However, it is recommended that survivors of commotio cordis undergo comprehensive evaluation to identify either underlying cardiac structural heart disease or
channelopathy. Commotio cordis victims without any underlying cardiac abnormalities can resume athletic activity. ICD implantation is generally not recommended [16].

Emergency Action Plans
The AHA/ACC and governing athletic bodies indicate that facilities hosting either
athletic events or training facilities for organized competitive athletic programs should
have an emergency action plan in place. Planning for these events, appropriately
trained personnel, providing basic life support, use and routine maintenance of automated external defibrillators (AEDs), and alerting of emergency medical services
(EMS) are all necessary components of a successful emergency action plan. Proper
and prompt identification of athletes in true primary cardiac arrest, distinguished from
conditions, such as cardiac arrest arising from commotio cordis or from an extreme
vagal response, is a critical initial step. Recommendations include the storage and
proper maintenance of AEDs such that without any other delays, all victims, either
during competition, training, or practice, should be within 5 minutes of an
AED. Advanced post-cardiac arrest care in athletes is similar to that of nonathletes
and should include the use of targeted temperature management as soon as possible
once spontaneous circulation has returned. Cardiac arrest in the athletic victim, either
during sporting events or practices, has a higher likelihood of being witnessed by
trained personnel as compared to out-of-hospital nonathlete victims, thereby increasing the probability of a successful resuscitation and outcome. Liability issues have
largely been avoided through the enactment of both state and federal Good Samaritan
legislation, which limits the liability associated with AED use and CPR performed by
responders, thereby encouraging the use of AEDs in cardiac arrest victims [17, 58].

Evaluation of the Athlete
The evaluation of the athlete with suspected cardiac arrhythmia is fundamentally
different from routine screening for athletes recommended by the American Heart
Association. The evaluation of these athletes is, however, similar to those members
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of the general population with suspected arrhythmia. The key elements of the evaluation include the history with detailed evaluation of symptoms. Syncope, while less
serious than previous sudden death, is more ominous when occurring suddenly or
occurring in the setting of intense exercise. Sudden syncope may be associated with
significant bodily injury as it may have no premonitory symptoms to warn the
patient. Presyncope and lightheadedness are frequent presentations, but are less
likely to be associated with malignant ventricular arrhythmia than true syncope
though they still require investigation. Many of the cardiac syndromes associated
with SCD have a genetic component including HCM, long QT, idiopathic cardiomyopathy, and ARVD to some degree. Accordingly, a detailed family history is
warranted.
Initial evaluation following a thorough history and physical exam should include
12-lead ECG and transthoracic echocardiogram. In those patients over age 35, an
evaluation for cardiac ischemia is warranted with an exercise nuclear stress test.
Outpatient electrocardiographic monitoring including Holter monitors, or loop type
of ambulatory monitoring in patients with infrequent or intermittent symptoms, aids
in the evaluation by capturing the clinical arrhythmia in various settings including
sleep, exercise, and varied times through the day. In patients with high-risk features
such as sudden syncope, additional imaging testing such as cardiac CT or MRI
should be selectively done as appropriate to best define the presence or absence of
structural heart disease. Invasive testing with cardiac catheterization, coronary angiography, and electrophysiologic study should be pursued selectively as clinically
indicated [36].

Treatment
The presence or absence of structural heart disease and symptoms related to ventricular arrhythmias are two key factors guiding evaluation and management of the
athlete with ventricular arrhythmias (Table 27.5). The justification for and benefits
of treatment of ventricular arrhythmias in the athlete are reducing symptoms or
reducing the risk of sudden death. In those patients without structural heart disease,
the risk of sudden death is generally considered to be low.
In athletes with documented ventricular arrhythmias without structural heart
disease, exercise-induced or resting non-sustained ventricular tachycardia and frequent premature ventricular contractions generally do not increase which include
the risk of sudden death [14]. If the athlete’s heart is completely normal neither
treatment nor restriction from athletics is warranted [14]. Treatment is reasonable
for clinically significant symptoms such as palpitations. Beta-blockers are the preferred initial agent. Treatment options for symptomatic ventricular arrhythmias in
athletes without structural heart disease include beta-blockers, antiarrhythmic
agents, and ablation. In athletes without structural heart disease, symptomatic sustained ventricular tachycardias originating from the right or left ventricular outflow
tracts or the left posterior fascicle of the left bundle can be safely and successfully
cured with mapping and radiofrequency ablation (Table 27.5) [14]. Once the ablation has been successfully treated such athletes can return to athletic activities
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Table 27.5 Ventricular arrhythmia in the athlete
VT
morphology
PMVT, VF

Competitive
athletics
Low intensity

Left bundle,
inferior axis

Treatment
options
BB, AAD,
myomectomy,
ICD
Sotalol, Amio,
ICD, RFA

RB or LB

Amio, ICD

Only low
intensity

RB or LB

Amio, ICD

Condition
HCM

Symptoms
ECG
Palpitations,
LVH, anterior
syncope, SCD Q-waves

ARVD

Palpitations,
Anterior
syncope, SCD T-inversions,
RBBB, Epsilon
wave
Palpitations,
Infarcts,
syncope, SCD ischemic ST
changes
Palpitations,
Often LBBB
syncope, SCD
Palpitations,
Long QTc
syncope, SCD
Normal
Exertional
chest pain,
syncope, SCD
Palpitations,
LH, syncope
Palpitations,
LH, syncope
Syncope,
SCD

Normal

LB, inferior
axis
RB, left axis

Normal

VF

CAD
IDCM
LQTS
Anomalous
coronary
Idiopathic
RVOT VT
Idiopathic
LV VT
Idiopathic
VF

Normal

PMVT
VF

Only low
intensity

Only low
intensity
BB, PPM, ICD Only low
intensity
CABG
No restrictions
post-CABG
with negative
stress
RFA
No restrictions
post-RFA
RFA
No restrictions
post-RFA
ICD
Only low
intensity

ECG electrocardiogram, VT ventricular tachycardia, LV left ventricle, LH lightheadedness, Nl normal, RB right bundle, RFA radiofrequency ablation, RVOT right ventricle outflow tract VT, LB left
bundle, HCM hypertrophic cardiomyopathy, SCD sudden cardiac death, BB beta-blockers,
AAD antiarrhythmic drugs, ICD implantable cardioverter defibrillator, ARVD arrhythmogenic
right ventricular dysplasia, RBBB right bundle branch block, LBBB left bundle branch block,
amio amiodarone, PPM permanent pacemaker, CABG coronary artery bypass surgery, PMVT polymorphic VT (torsades de point)

without restrictions [14]. When structural heart disease is identified in the athlete,
recommendations for treatment and athletic restriction are considerably different
from those that are relevant to athletes without structural heart disease (Table 27.3)
[14]. With most type of structural heart disease that predisposes to sudden death
the presence or absence of symptoms is not a factor in clinical decision.
The AHA/ACC recommendations for eligibility and disqualification for competitive athletes with arrhythmias and cardiovascular abnormalities provide the
best available guidance for evaluation, management, and athletic restriction of
athletes with ventricular arrhythmias [14]. Athletes without structural heart disease who have premature ventricular complexes at rest and during exercise,
including exercise testing that is comparable to the sport in which they compete,
can participate in all competitive sports without restrictions [14]. If the premature
ventricular complexes increase during exercise testing and produce symptoms of
impaired consciousness, significant fatigue, or dyspnea, the athlete can participate
in low-intensity sports such as bowling, billiards, or golf. [14]. Athletes with
structural heart disease who are in high-risk groups based on the presence of

638

S. McEnteggart et al.

structural heart disease that predisposes to sudden death as noted in Table 27.3
and have premature ventricular complexes should only participate in low-intensity sports regardless of treatment [14]. It is also recommended that such athletes
with premature ventricular complexes that are suppressed by drug therapy as
assessed by ambulatory ECG recordings during participation in the sport only
participate in low-intensity sports [14].
Non-sustained or sustained monomorphic or polymorphic VT requires careful
evaluation and should be considered a potentially serious occurrence particularly
when occurring the setting of structural heart diseases that predispose to sudden
death [14]. Routinely, noninvasive tests should be performed including an ECG,
exercise test, and echocardiogram [14]. Ambulatory monitoring may be appropriate
in selected patients. Cardiac catheterization and electrophysiologic study should be
considered to exclude otherwise undetected heart disease and establish the location
and mechanism VT. Patients with accelerated idioventricular rhythm in whom the
arrhythmia rate is similar to the sinus rate should be treated in a fashion similar to
athletes with premature ventricular complexes [14].
Athletes with a structurally normal heart and monomorphic non-sustained or
sustained VT that can be localized to a specific site are candidates for a catheter
ablation procedure that may potentially offer a cure [14]. Following such a successful ablation procedure, with subsequent failure to induce VT during EPS with/without isoproterenol when the VT was reproducibly induced before ablation, the athlete
can resume full competitive activity within a few weeks [14].
A more conservative approach is recommended for the athlete in whom antiarrhythmic drug suppression is used as therapy because catecholamines released during athletic activity can counter the suppressive effects of the drug, and the VT can
re-emerge [14]. It is recommended that the athlete should not compete in any sports
for at least two to three months after the last VT episode [14]. In the absence of
clinical recurrences, and inducibility of VT by testing and EPS, all competitive
sports may be permitted in the athlete with no structural heart disease [14].
Occasionally deconditioning can result in the loss or lessening of ventricular
arrhythmia [14]. Accordingly a period of deconditioning and reevaluation is reasonable in some athletes.
For the athlete with structural heart disease and VT, moderate- and high-intensity
competition is contraindicated regardless of whether the VT is suppressed or
ablated. Generally only low-intensity sports are sports permitted for such athletes
[14]. An exception to this general recommendation is the asymptomatic athlete with
brief episodes of non-sustained monomorphic VT (generally less than 8–10 consecutive ventricular beats), rates generally less than 150 beats/min, and no structural
heart disease [14]. Such athletes do not appear to be at increased risk for sudden
cardiac death [14]. If exercise testing and ambulatory ECG recording during the
specific competitive activity demonstrates suppression of the VT, there is no need
for athletic restriction [14].
The AHA/ACC recommendations for eligibility and disqualification for competitive athletes with arrhythmias and cardiovascular abnormalities specify that the
desire of the athlete to continue athletic competition should not represent the
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primary indication for use of an implantable cardioverter-defibrillator (ICD) [14].
The efficacy with which these devices will terminate a potentially lethal arrhythmia
under the extreme conditions of competitive sports, with the associated metabolic
and autonomic changes, and possible myocardial ischemia is unknown [14]. In
addition, sports with physical contact may result in damage to the ICD and/or lead,
preventing normal function [14]. For athletes with ICDs, all moderate- and high-
intensity sports are contraindicated. Class IA sports are permitted [14].

Updated ICD Recommendations
Athletes with cardiovascular disease that result in a predisposition to cardiac arrest
in the presence or absence of structural heart disease generally are treated with an
ICD. Indications for ICD implantation in the athlete should be identical to those of
the general population. The decision for implantation should be based on available
evidence as well as an understanding of the potential impact it may impact on future
participation in athletic activity. However, the primary indication for ICD-
implantation should not be an athlete’s desire to continue athletic competition [14].
Attributable to the overall lack of observational data, guideline documents have
largely failed to provide recommendations for the participation of ICD-implanted
athletes in competitive sports. Multiple concerns necessitate further observational
data and include the effect of both the physiology of competition-level athletic
activity and the underlying structural heart disease states on the reliability of device
therapy, potential device malfunction, risk of damage to the device or injury to the
athlete, and the potential for both appropriate and inappropriate discharges.
According to the AHA/ACC, athletes with ICDs and who have had no episodes
of ventricular flutter or ventricular fibrillation requiring device therapy for three
months may engage in low-intensity competitive sports, and their participation may
be considered in athletic activity associated with higher peak static and dynamic
components [14, 59, 60]. However, these athletes should be counseled as to the
higher likelihood of both appropriate and inappropriate shocks and the potential for
high-impact sports to result in device-related trauma [14].

Conclusion
Evaluation and management of the athlete with cardiovascular conditions including
structural heart disease and inherited arrhythmia syndromes represents a challenge
for the clinician. Among the factors that need to be carefully considered are the
presence or absence of symptoms or cardiovascular conditions predisposing to sudden cardiac death. Since screening strategies for detecting and preventing sudden
death on the athletic field have not been shown to have sufficient sensitivity, specificity, and cost-effectiveness in the United States, it is likely that initial manifestation of cardiovascular conditions predisposing to sudden death will continue to be
cardiac arrest in a considerable number of athletes. Based on this, recommendations
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for automatic external defibrillation, training in cardiopulmonary resuscitation, and
an emergency response planning have been developed for athletic activities [39].
With ongoing research, it is likely that evidence-based medicine will guide strategies for identification, evaluation, and therapy of athletes with cardiac arrhythmia in
the future. In the meantime, the clinician should consider the best available information and expert opinion and consensus to guide clinical management.
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Introduction
Cardiac arrhythmias are among the most common cardiac complications encountered during pregnancy, and their frequency is increasing in the USA, with associated increases in diagnosed atrial fibrillation and ventricular tachycardia [1, 2].
Some patients may present with arrhythmia for the first time during pregnancy, and
preexisting arrhythmias may be exacerbated by pregnancy [3]. Fortunately, severe
arrhythmias requiring aggressive or invasive therapies are uncommon. The method
of detecting arrhythmias is unchanged by pregnancy, and treatment is often similar
as in nonpregnant patients. However, management must address potential risks to
the fetus and mother. Unfortunately, there are few randomized studies, little data on
the efficacy or safety of antiarrhythmic drugs, or clear guidelines to support decision-
making on pregnant women with arrhythmias. Thus, clinical care is guided by
knowledge of the physiology of pregnancy and educated risk/benefit decisions
made in collaboration with maternal-fetal medicine colleagues and with the patient.

Mechanism of Arrhythmia During Pregnancy
The precise mechanism of increased arrhythmia burden during pregnancy is uncertain, but it is likely due to a complex interplay between hemodynamic, hormonal,
and autonomic changes (Fig. 28.1) [4]. There is an increase in red cell mass early
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in pregnancy. Estrogen activates the renin-angiotensin-aldosterone systems, promoting sodium and volume retention. This results in an increase in effective circulating blood volume beginning at 8 weeks gestation and peaking at around 34 weeks
with an increase of approximately 40% compared to prepregnancy. Cardiac output
is increased as well, with an average of 6.7 L/min in the first trimester and up to
8.7 L/min in the third trimester. This is the result of a 35% increase in stroke volume and a 15% increase in heart rate [5]. At the time of labor and delivery, catecholamine levels and heart rate increase, and 300–500 mL of blood is delivered
into the circulation with each contraction. Immediately postpartum, central venous
return is increased due to decompression of the inferior vena cava. Cardiac output
also remains elevated in the postpartum period. While the majority of these hemodynamic changes resolve within 2 weeks, it can take up to 6 months to return to
prepregnancy baseline.
These hemodynamic changes may increase the risk of arrhythmia. Increased
plasma volume causes stretching of atrial and ventricular myocytes, potentially
leading to early afterdepolarizations, shortened refractoriness, slowed conduction,
and spatial dispersion through activation of stretch-activated ion channels [6, 7].
An enlarged heart can also potentially sustain reentry more easily due to an increase
in path length of reentrant circuits. The elevated heart rate during pregnancy may
also predispose to arrhythmia, as a high resting heart rate has been associated with
markers of arrhythmogenesis, perhaps due to triggered activity [8]. As stated
above, these hemodynamic changes and hence arrhythmia risk may persist in the
postpartum period.
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Hormonal and autonomic changes during pregnancy may also contribute to
arrhythmogenesis. Estradiol and progesterone have been shown to be proarrhythmic
in animal studies and in case reports of pregnant patients with arrhythmias [9, 10].
Estrogen has also been shown to increase the number of adrenergic receptors in the
myocardium, and adrenergic responsiveness appears to be increased in pregnancy
[11, 12]. Additionally, estradiol may play a role in regulation of the QT interval,
potentially important in pregnancy-associated arrhythmias in the partum and postpartum period [13].

 revalence and Consequences of Arrhythmias
P
During Pregnancy
The prevalence of arrhythmias in pregnancy depends on the definition used.
Palpitations are very common during pregnancy, and many patients are aware of a
more rapid or forceful heartbeat due the cardiovascular changes associated with
pregnancy. Sinus tachycardia is the most common presenting “arrhythmia” in some
studies, and atrial and ventricular ectopy are present in up to more than 50% of
pregnant patients [14]. If these entities are excluded, arrhythmias in pregnancy are
relatively rare. In a nationwide sample in the United States of over 57 million hospitalizations from 2000 to 2012, the frequency of arrhythmias was only 0.068% [2].
However, the frequency of arrhythmias increased by over 58% during this time
period from 0.055% in 2000 to 0.083% in 2012 (Fig. 28.2).
Supraventricular tachycardia (SVT) used to be the most common arrhythmia
encountered in pregnancy [15], but atrial fibrillation (AF) is now the most common
arrhythmia in pregnancy (Fig. 28.2). AF or atrial flutter occurs in 0.031% of pregnancies, SVT in 0.022%, and ventricular tachycardia (VT) in 0.016%. One explanation for this trend and for the increasing frequency of arrhythmias in pregnancy is
the rise in birth rates in older women, likely due to treatment of infertility. According
to 2016 data from the Centers for Disease Control and Prevention, the birth rate for
women aged 30–34 was higher than those 25–29 for the first time since 1940, and
the birth rates for women 30–39 and > 40 were the highest since the 1960s [16].
Acquired abnormalities, such as peripartum cardiomyopathy, hypertensive and diabetic heart disease, and atherosclerosis in the older pregnancy population, are also
contributory.
More patients with congenital heart disease are surviving to adulthood, and
arrhythmias are 100-fold more common in women with structural heart disease,
occurring in 9.3% in a recent study [17]. The arrhythmias in this situation are often
related to specific cardiac abnormalities as opposed to the pregnancy itself. This is
especially pertinent when considering accessory atrioventricular (AV) pathways,
dual AV nodal pathways, and reentrant atrial and ventricular arrhythmias. Previous
interventional procedures in those with structural cardiac abnormalities also result
in increased scar-based arrhythmias.
Pregnancy-related hospitalizations associated with any arrhythmia are associated
with increased morbidity and mortality. In one study, in-hospital mortality (5.9%)
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and maternal-fetal complications (36.5%) were much higher compared with women
without arrhythmias (0%, 21.8%) [2]. The odds ratios for maternal death compared
with pregnant women without arrhythmias were 6.3 for SVT, 13.1 for AF, and 40.9
for VT. Overall mortality associated with arrhythmia improved over time, with a
rate of 5.7% in 2000 to 3.7% in 2012. While it is unclear if the arrhythmia itself was
the cause of these worse outcomes, these data underscore the importance of proper
management of these arrhythmias during pregnancy.

General Management Issues
In general, the therapeutic approach to arrhythmias in pregnancy is similar to that in
the nonpregnant patient. Hyperthyroidism should be excluded, and other systemic
disorders that can result in arrhythmia such as pulmonary embolism should be
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considered. Treatment of arrhythmias should be reserved for significant symptoms
or arrhythmias resulting in hemodynamic compromise and risk to the mother and/or
fetus. Patients with a known history of uncontrolled arrhythmia should undergo
treatment prior to becoming pregnant, when possible.

Diagnostic Testing During Pregnancy
While all diagnostic modalities can be considered in pregnant patients, tests with
ionizing radiation should be minimized. For patients who present with palpitations
and symptoms concerning for arrhythmia, the arrhythmia should be documented on
12-lead electrocardiogram or with Holter/event monitoring prior to consideration of
any therapy. Occasionally, cardiac imaging may be required to evaluate for structural heart disease, as an arrhythmia during pregnancy may be the first cardiac presentation for the patient. The presence of structural heart disease may alter the
significance of some arrhythmias, and it will also guide choice of arrhythmia therapy. Echocardiography and magnetic resonance imaging are the tests of choice as
these pose no risk to the fetus. Gadolinium-based contrast agents, however, should
be avoided due to risk of teratogenic effects. Exercise stress testing can be performed if needed for assessment of arrhythmias associated with exertion, hemodynamic status, or coronary perfusion.
Testing utilizing radiation should be avoided during all stages of pregnancy. This
is most important during organogenesis and neuronal development in weeks 3–8, as
radiation exposure increases the risk of fetal malformations. From implantation
through 8 weeks of gestation, the threshold dose for fetal abnormalities rises from
100 to 250 mGy. If radiation exposure is necessary, it should be delayed as late into
pregnancy as possible, though risks such as developmental delay and malignancy
remain. Mental retardation may result with exposures from 60 to 310 mGy in weeks
8–25 [18]. A reasonable threshold for concern regarding fetal radiation exposure is
50 mGy, as exposure doses ≤50 mGy have not been associated with fetal anomalies
or pregnancy loss [19]. If a test using ionizing radiation is required, the pelvic region
should be shielded with a lead apron to minimize fetal exposure, though fetal radiation exposure can still occur from scatter.

Antiarrhythmic Drugs
There is a lack of randomized trials and minimal systematic data on the efficacy and
safety of antiarrhythmic drugs (AADs) in pregnancy. Safety profiles of AADs are
based on case reports, case series, and cohort studies. Since 1975, the United States
Food and Drug Administration has assigned pregnancy risk to all medications.
Historically, the FDA had used a 5-tier risk categorization (ABCDX) as shown in
Table 28.1. However, many drugs including the majority of AADs are category C,
meaning that risk to the fetus cannot be ruled out. This system was often confusing
and did not accurately communicate differences in the degree of fetal risk.
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Table 28.1 United States Food and Drug Administration ratings of drugs in pregnancy
Category
A

Definition
Controlled studies show no risk
Controlled studies in pregnant women have failed to
demonstrate a risk to the fetus in the first trimester without
evidence of risk in later trimesters. The possibility of fetal
harm appears remote
B
No evidence of risk in studies
Animal reproduction studies have failed to demonstrate a
risk to the fetus and there are no controlled studies in
pregnant women; or animal studies have shown an adverse
effect that was not confirmed in controlled studies in
pregnant women. The possibility of harm appears remote
but cannot be ruled out
C
Risk cannot be ruled out
Animal reproduction studies have been shown to have an
adverse effect of the fetus and there are no controlled
studies in women; or there are no animal or human studies.
Drugs should be used only if the potential benefits justify
the potential risks to the fetus
D
Positive evidence of risk
There is positive evidence of human fetal risk based on
investigational or marketing experience or studies in
women. The potential benefits of the drug may outweigh the
potential risks, but the patient should be apprised of the
potential risk to the fetus
X
Contraindicated in pregnancy
Studies in animals or humans have demonstrated fetal
abnormalities or there is evidence of risk based on
investigational or marketing experience, or both, and the
risk of the use of the drug in pregnant women clearly
outweighs any possible benefit. The drug is contraindicated
in women who are or may become pregnant
Pregnancy and lactation labelling rule (PLLR)
Pregnancy
 
Pregnancy exposure registry (omit if not applicable)
   If there is a scientifically acceptable pregnancy exposure registry for the drug, the
following statement must appear:
   “There is a pregnancy exposure registry that monitors pregnancy outcomes in women
exposed to (name of drug) during pregnancy”
   The statement must be followed by contact information needed to enroll in or to obtain
information about the registry
 
Risk summary (required subheading)
   Provides “risk statements” that describe for the drug the risk of adverse developmental
outcomes based on all relevant human data, animal data, and the drug’s pharmacology
   When applicable, risk statements must include a cross-reference to additional details in the
relevant portion of the data subheading in the pregnancy subsection
 
Clinical considerations (omit if none of the headings are applicable)
   Provides information to further inform prescribing and risk-benefit counseling
   Relevant information is presented under the following five subheadings:
   Disease-associated maternal and/or embryo/fetal risk (omit if not applicable)
   Dose adjustments during pregnancy and the postpartum period (omit if not applicable)
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Table 28.1 (continued)
Category
Definition
   Maternal adverse reactions (omit if not applicable)
   Fetal/neonatal adverse reactions (omit if not applicable)
   Labor or delivery (omit if not applicable)
 
Data (omit if none of the headings are applicable)
   Human Data (omit if not applicable)
   Animal Data (omit if not applicable)
Lactation
 
Risk summary (required subheading)
   Summarizes information on the presence of a drug and/or its active metabolite(s) in human
milk, the effects of a drug and/or its active metabolite(s) on the breastfed child, and the
effects of a drug and/or its active metabolite(s) on milk production
 
Clinical considerations (omit if not applicable)
   Provides information to further inform prescribing and risk-benefit counseling
   Minimizing exposure
    Monitoring for adverse reactions
 
Data (omit if not applicable)
    Describes the data that provide the scientific basis for the information presented in the
risk summary and clinical considerations
Females and males of reproductive potential(omit if none of the subheadings are applicable)
Includes information for these populations when there are recommendations or requirements
for pregnancy testing and/or contraception before, during, or after drug therapy; and/or there
are human and/or animal data suggesting drug-associated effects on fertility
 
Pregnancy testing (omit if not applicable)
 
Contraception (omit if not applicable)
 
Infertility (omit if not applicable)
www.fda.gov

Furthermore, the potential toxicity and teratogenicity of any drug must be considered in the context of background risk in all pregnancies. Major birth defects occur
in 2–4% of pregnancies, miscarriages occur in 10% of recognized pregnancies, and
intrauterine growth restriction occurs in 3–10% [4]. Thus, in 2015, the FDA introduced a narrative labelling system, the Pregnancy and Lactation Labelling Rule
(PLLR) (Table 28.1). Drugs approved between June 30, 2001, and June 30, 2015,
were phased in gradually. All drugs approved after June 30, 2015, will use the PLLR
system. However, drugs approved prior to 2001 (nearly all AADs) are not required
to have PLLR labelling, but the ABCDX category has been removed since July
2018 [20]. Because of the recent change and because many drugs at this time may
have no labelling regarding pregnancy risk, the ABCDX categorization for AADs
will be used for this chapter.
A primary concern when administering AADs is the potential risk to the fetus,
and agents with the longest record of safety should be used first. The fetus is most
sensitive to the effect of teratogens during organogenesis in the first trimester [21].
Medications of modest risk that have long been effective in controlling significant
arrhythmias should be continued in most clinical settings during this period as the
stability of the patient may supersede the potential risks of the medication. Catheter
ablation can also be considered prior to pregnancy in order to avoid AAD therapy
during pregnancy. During the second and third trimesters, side effects of AADs on
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fetal growth and development, fetal arrhythmias, and uterine contractility become a
concern [22]. Throughout pregnancy, the lowest effective dose should be used.
Pharmacokinetic changes during pregnancy affect drug levels and metabolism
(Fig. 28.1). Decreased total protein levels, gastrointestinal changes leading to
decreased absorption, increases in intravascular volume, and augmented hepatic
and renal clearance during pregnancy can result in lower drug concentrations [4,
21]. Decreased drug levels may cause arrhythmia exacerbations in pregnant women
previously stable on AADs and highlight the need for regular monitoring of clinical
response. The characteristics and safety profile of AADs in pregnancy and lactation
are listed in Table 28.2.
Table 28.2 Characteristics of antiarrhythmic drugs in pregnancy

Drug
Quinidine

Vaughan-
Williams FDA risk
class
categorya
IA
C

Procainamide IA

C

Disopyramide IA
Lidocaine
IB

C
B

Mexiletine

IB

C

Flecainide

IC

C

Propafenone
Propranolol

IC
II

C
C

Metoprolol
Atenolol
Pindolol
Sotalol

II
II
II
III

C
D
B
B

Amiodarone

III

D

Dofetilide
Dronedarone

III
III

C
X

Ibutilide
Verapamil

III
IV

C
C

Diltiazem
Adenosine
Digoxin

IV
N/A
N/A

C
C
C

Potential adverse
effects
Thrombocytopenia,
ototoxicity, torsades
de pointes
Drug-induced lupus,
torsades de pointes
Uterine contractions
Bradycardia, CNS
adverse effects
Bradycardia, CNS
effects, low APGAR
Well tolerated in
structurally normal
hearts
Same as flecainide
Bradycardia, growth
retardation, apnea
Same as propranolol
Low birth weight
β-Blocker effects,
torsades de pointes
Fetal hypothyroidism,
growth retardation,
prematurity
Torsades de pointes
Vascular and limb
abnormalities, cleft
palate
Torsades de pointes
Maternal hypotension,
fetal bradycardia
Same as verapamil
Dyspnea, bradycardia
Low birth weight

Use during
Teratogenic lactation
No
Compatible but
caution advised
No
No
No

Compatible for
short-term use
Compatible
Compatible

No

Compatible

No

Compatible

No
No

Unknown
Compatible

No
No
No
No
Yes

Compatible
No
Compatible
Compatible, but
caution advised
Avoid

Unknown
Yes

Unknown
Contraindicated

Unknown
No

Unknown
Compatible

Unknown
No
No

Compatible
Unknown
Compatible
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Table 28.2 (continued)

Drug
Ivabradine

Vaughan-
Williams FDA risk
class
categorya
N/A
D

Ranolazine

N/A

–

Potential adverse
effects
Cardiac
malformations,
intrauterine loss
Adverse events in
animal studies

Use during
Teratogenic lactation
Yes
Avoid
Unknown

Unknown

See Table 28.1

a

 lass IA Agents
C
Class I agents exert their antiarrhythmic activity by primarily blocking sodium channels. Teratogenicity has not been reported for the class IA drugs quinidine, procainamide, or disopyramide, and these were category C agents [21]. Inpatient monitoring
during initiation is often warranted. Quinidine has the longest record of safety with
use in pregnancy [23, 24]. While there have been reports of adverse effects such as
neonatal thrombocytopenia and premature labor, quinidine is considered a reasonable option in pregnancy as significant adverse effects are rare when given in therapeutic doses [25]. Procainamide, like quinidine, has a long experience in pregnancy
for the acute treatment of preexcited and undiagnosed wide complex tachycardia [26,
27]. Drug levels and dosage adjustment may be necessary. In contrast, there is limited experience with disopyramide, and it may cause uterine contractions [28].
 lass IB Agents
C
The class IB agents lidocaine and mexiletine are used for the treatment of ventricular arrhythmias. Lidocaine has been safely used in pregnancy, mainly as an anesthetic agent. The experience with lidocaine (category B) as an AAD is more limited
but has been shown to be well tolerated by both the mother and the fetus [22].
Mexiletine, an oral AAD with similar structure to lidocaine, has also been shown to
be well tolerated in pregnancy but was category C because of the limited amount of
data available [29].
 lass IC Agents
C
The class IC agents flecainide and propafenone are primarily used for the management of supraventricular arrhythmias, particularly atrial fibrillation (AF), and both
were category C drugs. Both agents cross the placenta but are not known to have
teratogenic effects [25]. Flecainide appears to be well tolerated and effective in the
treatment of maternal arrhythmias [30]. Additional evidence for safety comes from
the treatment of fetal arrhythmias, where flecainide has been extensively used and
often the treatment of choice [31, 32]. Because of its safety record, flecainide is a
preferred AAD for use in pregnancy. The experience with propafenone is more limited, but no adverse effects to the mother have been reported with administration
during the third trimester [33]. Flecainide and propafenone are contraindicated in
patients with prior myocardial infarction or structural heart disease [34].
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 lass II Agents
C
The β-adrenergic blocking agents are used extensively in pregnant patients for the
treatment of maternal arrhythmias and other conditions such as hypertension [35].
Adverse effects on the fetus such as bradycardia are rare, and no teratogenicity has
been reported [22]. The primary concern with β-blocker use is intrauterine growth
retardation (IUGR). Atenolol has been associated with IUGR when given during the
first trimester and was listed as category D [36]. However, a controlled study using
metoprolol after the first trimester did not show IUGR [37]. When considering use
of these agents, maternal and fetal risk and benefits must be balanced. Monitoring
for fetal bradycardia is recommended. For women maintained on beta-blockers
prior to pregnancy, we suggest continuing the agent that provides the best control.
However, atenolol should be switched to a different agent such as metoprolol (category C) because of increased risks associated with atenolol [35]. Pindolol, if effective, can be used and was category B.
 lass III Agents
C
This class includes agents that block potassium channels and includes sotalol, amiodarone, dronedarone, dofetilide, and ibutilide. These agents delay repolarization
and prolong the QT interval, and proarrhythmia and torsades de pointes are a serious concern for many of these medications.
Amiodarone may adversely affect the fetus in multiple ways, including fetal
hypothyroidism and growth retardation [38]. Congenital abnormalities have also
been reported with administration during the first trimester [39]. Because of this,
amiodarone should be avoided altogether during pregnancy despite its efficacy. It
should be limited to life-threatening arrhythmias when other AADs have failed, and
this is consistent with its prior category D rating. Dronedarone has similar electrophysiological properties to amiodarone and may also harm the fetus [40]. It is contraindicated in pregnancy and was category X.
Sotalol is well tolerated in pregnant women without evidence of teratogenicity
[41, 42]. There is also widespread experience in the treatment of fetal arrhythmias
with demonstrated safety and efficacy. Because of this, sotalol is also a preferred
AAD in the treatment of maternal arrhythmias and was category B. While dofetilide
was a category C agent, there are limited data regarding its use in pregnancy. While
some animal studies have suggested teratogenicity, there have been no human studies, and it should not be used as a first- or second-line agent [43]. Ibutilide, another
category C drug, is an intravenous agent that is used for the acute termination of
atrial fibrillation or flutter. There was teratogenicity in animal studies at doses significantly higher than the clinical dose [44]. The risk to the fetus is likely low given
its short-term use, and there are case reports of safe and effective use in pregnant
patients [45, 46].
 lass IV Agents
C
Verapamil and diltiazem are the primary non-dihydropyridine calcium channel
blockers (CCBs). The greatest experience in pregnant women is with verapamil,
and safety and efficacy have been reported with treatment of maternal supraventricular arrhythmias [22, 47]. However, fetal bradycardia and maternal hypotension
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may occur [21, 25]. The data are more limited for diltiazem, but some animal studies raise the possibility of adverse effects to the fetus and inhibition of uterine contractions [25]. Verapamil is the preferred CCB because there is more extensive
experience. Both verapamil and diltiazem were category C, and monitoring for fetal
bradycardia is recommended.

Other Agents
Digoxin has a long history of use in pregnant women and is considered one of the
safest antiarrhythmic drugs in pregnancy, though it was category C [21]. Digoxin
freely crosses the placenta but is not teratogenic. It can be used to treat a variety of
maternal and fetal arrhythmias, including fetal supraventricular tachycardia complicated by hydrops [48]. Serum digoxin levels may decrease by 50% due to increased
renal excretion, and levels should be monitored [25]. However, it is important to
note that serum levels in the third trimester may be falsely elevated due to a circulating digoxin-like substance [49].
Adenosine has been used safely in pregnant women without significant adverse
effects to the fetus or mother [48]. Although adenosine deaminase activity is
decreased during pregnancy, the dose required for SVT termination remains
unchanged [50]. Adenosine is the drug of choice for the acute termination of SVT
during pregnancy, and it was category C. Adverse events have been reported in animal studies with ivabradine, and its use should be avoided. There are limited data
with ranolazine. However, adverse events have been reported in animal studies, and
its use should be avoided.

Electrical Cardioversion
As in nonpregnant patients, electrical cardioversion is a reasonable option at all stages
of pregnancy when arrhythmias are associated with hemodynamic instability [22]. It
may also be considered electively for drug refractory arrhythmias and can be performed safely. It does not compromise blood flow to the fetus [51], and the risk of
inducing fetal arrhythmias is very small [22, 27]. Nevertheless, there are case reports of
emergency cesarean delivery due to fetal arrhythmias after cardioversion, and fetal
monitoring as well as involvement of a maternal-fetal medicine specialist is advised [52].

Catheter Ablation in Pregnancy
There are few studies on catheter ablation during pregnancy. In general, ablation
should be pursued when reasonable medical therapy is ineffective and the potential
risks to the mother and fetus are outweighed by the expected benefit. Potential risks
of catheter ablation during pregnancy include fetal radiation exposure, fetal compromise in the event of maternal hemodynamic instability, and adverse effects from
sedative/anesthetic agents. The gravid uterus may also make patient positioning difficult and present challenges performing pericardiocentesis and/or resuscitation in
the event of a complication.
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If ablation is undertaken, pelvic shielding and minimal fluoroscopy should be
utilized. Damilakis and colleagues investigated theoretical fetal radiation exposure
during catheter ablation for SVT (20 female patients, 12 with AV node reentry and
8 with Wolff-Parkinson-White (WPW)). With abdominal shielding, theoretical conceptus exposure during the ablation procedure was <1 mGy [53]. There are multiple
reports of successful catheter ablation for refractory arrhythmias during pregnancy
with good maternal and fetal outcome and minimal radiation exposure [54–56]. In
recent years, advances in electroanatomic mapping and intracardiac echocardiography have made very low fluoroscopy or fluoroless procedures feasible. Ideally,
when ablation is required, these techniques should be utilized in pregnant patients
(Fig. 28.3). In nonpregnant patients at centers experienced in fluoroless ablation,
a

b

c

Fig. 28.3 Fluoroscopy-free ablation: Panel (a), shown in the RAO projection is an electroanatomic mapping shell generated in a pregnant patient without use of fluoroscopy, by moving a mapping catheter from superior vena cava to right atrium to inferior vena cava and then into the
coronary sinus (green). The His bundle is indicated by the yellow dots. The coronary sinus ostium
and tricuspid annulus are indicated by the small and large green contours, respectively. (Courtesy
Dr. Paul Zei, MD PhD, Brigham and Women’s Hospital). Panel (b), shown here in the LAO projection is an electroanatomic map generated without fluoroscopy using intracardiac echocardiography
contours. The right atrium is solid gray. The left atrium is translucent. The coronary sinus and
middle cardiac vein are in green. The His bundle is marked in yellow. The red dots are ablation
lesions delivered in the slow pathway region to ablate AV node reentrant tachycardia. Panel (c),
shown is a still image from intracardiac echocardiography during catheter ablation of typical atrial
flutter. The image is acquired from the posterior low right atrium. The Eustachian ridge (ER),
cavotricuspid isthmus (CTI) region where an ablation catheter can be seen in contact with the CTI
performing ablation. The aortic valve (AoV) and right ventricular outflow tract (RVOT) are also
indicated
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acute success for various arrhythmias is >90% without a higher complication rate,
and this has been done successfully in pregnant patients [57–61].
If procedures are performed after 20 weeks’ gestation, placing a wedge beneath
the patient for left lateral uterine displacement is recommended in order to avoid
compression of the inferior vena cava. If ablation is performed when the fetus is
viable, emergent availability of surgical delivery options with maternal-fetal medicine colleagues should be part of the procedural planning.

The Management of Specific Arrhythmias During Pregnancy
Tachyarrhythmias
Sinus Tachycardia
Sinus tachycardia is the most common tachycardia in pregnancy and the most common reason for arrhythmia hospitalization. The resting sinus rate normally increases
gradually through pregnancy by approximately 20 bpm. Adequate hydration during
pregnancy is required given the increase in circulating blood volume. Persistent
heart rates >100 bpm should prompt close examination of the electrocardiogram to
determine if the rhythm is an atrial rather than sinus tachycardia. If resting sinus
tachycardia is present, other etiologies of sinus tachycardia such as pulmonary
embolism and hyperthyroidism should be considered. Inappropriate sinus tachycardia has been described during pregnancy and may be managed with beta-blockers if
symptoms are severe.
 trial and Ventricular Ectopy
A
Atrial and ventricular ectopy are common during pregnancy and may be seen in up
to >50% of patients. Isolated ectopy is benign and does not increase morbidity or
mortality in pregnancy. If symptoms are intolerable, beta-blockers or flecainide can
be used. Catheter ablation prior to pregnancy should be considered in those with
significant symptoms from atrial or ventricular ectopy, as they may worsen during
pregnancy.
Supraventricular Tachycardia
SVT is the second most common sustained arrhythmia encountered during pregnancy with a prevalence of 22–24 per 100,000 hospital admissions [2, 15, 62]. In
women without structural heart disease, paroxysmal SVT is most commonly due to
AV nodal reentrant tachycardia (AVNRT) followed by AV reciprocating tachycardia
(AVRT) [3]. Pregnancy may increase the risk of the first onset of SVT, but data are
conflicting [3, 63]. Patients with preexisting SVT may also experience exacerbations during pregnancy. This had previously been reported to occur in up to >50%
of patients, but a recent study in Taiwan reported a recurrence rate of 6.2% [64].
SVT is typically well tolerated. However, in patients with underlying structural
heart disease, SVT can result in hemodynamic deterioration and impairment of fetal
blood flow [65, 66]. As stated previously, SVT during pregnancy is associated with
worse maternal and fetal outcomes.
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The general management for SVT is similar to the nonpregnant patient. Tables
28.3a and 28.3b outlines guideline-recommended treatment of SVT during pregnancy [67]. For the acute treatment of SVT, vagal maneuvers such as carotid sinus
massage and Valsalva should be tried initially. A modified Valsalva maneuver with
addition of a leg lift may be more effective in terminating SVT [68]. If vagal maneuvers are ineffective, adenosine can be administered. Intravenous beta-blockers and
calcium channel blockers may then be used in the above measures are ineffective.
Synchronized cardioversion should be performed for unstable patients or those that
are medically refractory. For ongoing management of SVT, metoprolol is a reasonable first-line agent. Verapamil and digoxin (typically in combination with a BB or
Table 28.3a Recommendations for acute treatment of SVT in pregnant patients
COR LOE Recommendations
I
C-LD 1. Vagal maneuvers are recommended for acute treatment in pregnant patients
with SVT
I
C-LD 2. Adenosine is recommended for acute treatment in pregnant patients with SVT
I
C-LD 3. Synchronized cardioversion is recommended for acute treatment in pregnant
patients with hemodynamically unstable SVT when pharmacological therapy
is ineffective or contraindicated
IIa
C-LD 1. Intravenous metoprolol or propranolol is reasonable for acute treatment in
pregnant patients with SVT when adenosine is ineffective or contraindicated
IIb
C-LD 1. Intravenous verapamil may be reasonable for acute treatment in pregnant
patients with SVT when adenosine and beta-blockers are ineffective or
contraindicated
IIb
C-LD 2. Intravenous procainamide may be reasonable for acute treatment in pregnant
patients with SVT
IIb
C-LD 3. Intravenous amiodarone may be considered for acute treatment in pregnant
patients with potentially life-threatening SVT when other therapies are
ineffective or contraindicated
Table 28.3b Recommendations for ongoing management of SVT in pregnant patients
COR LOE Recommendations
IIa
C-LD 1. The following drugs, alone or in combination, can be effective for ongoing
management in pregnant patients with highly symptomatic SVT:
 (a) Digoxin
 (b) Flecainide
 (c) Metoprolol
 (d) Propafenone
 (e) Propranolol
 (f) Sotalol
 (g) Verapamil
IIb
C-LD 1. Catheter ablation may be reasonable in pregnant patients with highly
symptomatic, recurrent, drug-refractory SVT with efforts toward minimizing
radiation exposure
IIb
C-LD 2. Oral amiodarone may be considered for ongoing management in pregnant
patients when treatment of highly symptomatic, recurrent SVT is required and
other therapies are ineffective or contraindicated
SVT supraventricular tachycardia, COR class of recommendation, LOE level of evidence, LD limited data. Based on recommendations in: Page et al. [67]

28 Arrhythmias During Pregnancy and Postpartum

659

CCB) can also be used. Flecainide and sotalol are the AADs of choice. Catheter
ablation can be performed in patients with medically refractory SVT with significant symptoms using minimal or no fluoroscopy. In a recent study from Taiwan,
women who had SVT prior to pregnancy treated with ablation had a recurrence rate
of 2.2% compared to 8.6% in those without prior ablation [64]. Despite the association between SVT and maternal-fetal morbidity, those who underwent prior SVT
ablation had similar outcomes compared to the other groups.
AV Nodal Reentrant Tachycardia AVNRT in pregnant patients should initially be
managed conservatively. Precipitating factors should be avoided, and vagal maneuvers can be used to terminate acute episodes. In hemodynamically stable patients
who do not respond to vagal maneuvers, adenosine is the drug of choice and terminates approximately 90% of paroxysmal SVT [69]. For patients with frequent symptomatic episodes, daily metoprolol or verapamil can be used for prevention of
SVT. While digoxin is safe in pregnancy, it often is ineffective alone but has been
used in combination with a beta-blocker for AVNRT [22]. For those with significant
symptoms who do not respond to AV nodal blocking agents, sotalol or flecainide
may be used. In cases of drug refractory and/or hemodynamically significant AVNRT,
slow pathway modification can be performed with minimal or no fluoroscopy.
Accessory Pathways and Wolff-Parkinson-White (WPW) Patients with preexcitation are more likely to have arrhythmias during pregnancy [70]. Most will present
with orthodromic AVRT, and the management of acute episodes is the same as for
AVNRT. In a pregnant patient presenting with stable AF and manifest preexcitation
or with a stable wide complex tachycardia of unknown etiology, intravenous procainamide is the drug of choice. Synchronized cardioversion should be performed
for unstable preexcited AF. For long-term therapy, β-blockers, CCBs, or digoxin
may be used in patients with concealed accessory pathways. For patients with WPW
syndrome, verapamil or digoxin should not be used due to the risk of rapid accessory pathway conduction during AF. β-Blockers can be used cautiously in patients
with WPW syndrome, especially if the accessory pathway is not capable of rapid
conduction [62]. Otherwise, flecainide or propafenone are the preferred agents for
the prevention SVT in WPW [71]. While catheter ablation is the treatment of choice
for WPW in the nonpregnant patient, this is best avoided if possible during pregnancy. However, in select cases, this can be performed safely if necessary [54].
Atrial Tachycardia Atrial tachycardia (AT) is relatively rare during pregnancy, but
pregnancy may contribute to its initiation and maintenance [72]. AT is often persistent and refractory to medical therapy and even cardioversion, and tachycardia-
induced cardiomyopathy may be present [73]. For acute treatment, adenosine
should be used first as this is diagnostic and occasionally successful in terminating
the arrhythmia if the AT is due to triggered activity. Otherwise, metoprolol is a reasonable first-line agent with verapamil or digoxin as second-line agents. If these
agents fail to control the arrhythmia, sotalol or flecainide may be considered. In
cases of incessant, symptomatic AT, catheter ablation has been performed safely [57].
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Atrial Fibrillation and Flutter
Atrial fibrillation (AF) and flutter are becoming more common during pregnancy,
and AF is now the most common arrhythmia with a prevalence of 27 in 100,000
hospital admissions [2]. Among women with previously diagnosed AF, more than
half will have symptomatic episodes during pregnancy [74]. Hemodynamically
unstable episodes of AF or flutter should be treated with electrical cardioversion. In
stable patients, flecainide and ibutilide have been used safely in case reports to convert AF in pregnancy, but there is not broad experience with chemical cardioversion
in this setting [45, 46, 74]. For the majority of patients, rate control with metoprolol,
verapamil, or digoxin is used in the acute setting as well as for chronic therapy. In
patients where rate control fails or in those with poorly tolerated episodes of AF
(e.g., mitral stenosis), a rhythm control strategy with AADs is reasonable. Sotalol or
flecainide are the preferred AADs in this setting. Dronedarone is contraindicated,
and there is little experience with dofetilide. Amiodarone should not be used due to
the risk of fetal harm, and there is no role at this time for catheter ablation of atrial
fibrillation during pregnancy. Cavotricuspid isthmus ablation for typical atrial flutter can be performed with minimal or no fluoroscopy. Atypical atrial flutters are
more common among patients with prior surgery for congenital heart disease.
Systemic anticoagulation is recommended for those with AF and flutter who
have risk factors for thromboembolism using the guidelines for nonpregnant patients
[71, 75]. Because of uncertainty about its efficacy in preventing thromboembolism
in AF, aspirin should be avoided. Warfarin, particularly early in pregnancy and at
doses >5 mg, has teratogenic potential and should be avoided. Thus, low molecular
weight heparin (LMWH) is the preferred agent, and dosing should be weight based.
Anticoagulation should be stopped or reversed prior to delivery given the risk of
fetal hemorrhage on anticoagulation during delivery. As the delivery date approaches,
patients should be switched to unfractionated heparin since LMWH is only partially
reversed with protamine. Alternatively, delivery should be scheduled with discontinuation of LMWH prior to delivery. There is little data about the safety or use of
direct oral anticoagulants (DOACs) in pregnancy. In one recent series of 137 pregnancies with exposure to DOACs, there were three cases of embryopathy [76].
Although this rate is comparable to the general population, DOACs should not be
used in pregnancy given the lack of data. In addition, DOACs may be excreted in
breast milk and should not be used while breastfeeding.

Ventricular Tachycardia and Sudden Cardiac Death
Ventricular arrhythmias can occur during pregnancy. Ventricular tachycardia (VT)
occurs in 16 in 100,000 and ventricular fibrillation (VF) in 2 in 100,000 hospital
admissions [2, 15]. When ventricular arrhythmias do occur, it is usually in the setting of structural heart disease and a history of VT, and the risk of recurrent VT in
such patients is as high as 27% [77].
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 entricular Tachycardia in Women with Structural Heart Disease
V
Ventricular arrhythmias during pregnancy are often scar related in the setting of
congenital heart disease, inherited cardiomyopathy (e.g., hypertrophic cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy (ARVC)), prior inflammatory process, or surgery [78, 79]. Ischemic cardiomyopathy is uncommon in this
patient population, but myocardial infarction complicated by VT/VF with or without (coronary dissection, spasm) coronary artery disease has been observed [80]. In
a registry study of pregnant patients with cardiac disease, 42/2966 (1.4%) had ventricular arrhythmias during pregnancy [81]. Ventricular arrhythmias predominantly
occurred in the third trimester, and 48% and 29% of these patients had congenital
heart disease or an underlying cardiomyopathy, respectively. In patients without
known structural heart disease who develop symptoms of heart failure in the last
month of pregnancy or in the months after delivery, peripartum cardiomyopathy
should be considered. The prevalence of VT in this patient population is unknown,
but cases of peripartum cardiomyopathy presenting with VT during pregnancy have
been reported [82].
For the acute management of VT, urgent electrical cardioversion should be performed in the setting of hemodynamic instability. In hemodynamically tolerated VT,
intravenous procainamide is preferred over amiodarone because of possible increased
efficacy and the potential side effects from amiodarone in pregnancy [83]. If procainamide is ineffective, lidocaine and/or quinidine may be used. Given the risk of
adverse effects to the fetus, amiodarone should only be used in life-threatening situations when other therapies have failed. Chronic AAD therapy is often required to
control VT in patients with structural heart disease due to the risk of hemodynamic
compromise and sudden death. β-Blockade with metoprolol or propranolol is indicated for most patients. Sotalol is the preferred agent if beta-blockers are ineffective.
Mexiletine and quinidine are reasonable alternative agents. Class IC agents should
not be used since they are associated with increased mortality in nonpregnant patients
with structural heart disease [34]. Again, amiodarone should be reserved for potentially life-threatening arrhythmias after other therapies have failed [84].
For refractory ventricular tachycardia, catheter ablation during pregnancy may
be necessary. VT ablation cases are often complex and prolonged, but these can be
performed with minimal fluoroscopy. There is only one case report of VT ablation
in a pregnant patient with structural heart disease, and it was performed safely in a
patient with ARVC presenting with electrical storm at 36 weeks gestation [85].
However, because of the limited experience and increased risk, VT ablation in pregnant patients should only be considered as a last resort in medically refractory
patients with life-threatening arrhythmias. In addition, ablation should be postponed
until after the first trimester, if possible [83]
Pregnant patients who present with unstable ventricular arrhythmias and are at
high risk for sudden cardiac death (SCD) during pregnancy may be candidates for
ICD implantation. Safety considerations are similar in principle to those discussed
in the section on catheter ablation. One must be certain of the indication for the
device and that all other alternatives have been explored. If necessary, ICDs can be
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successfully implanted during pregnancy with little fluoroscopy, and some have
used no fluoroscopy with echocardiographic guidance [86, 87]. As with ablation,
ICD implantation is preferably performed after the first trimester [83]. While the
wearable cardioverter-defibrillator (WCD) is approved for use in all adult patients,
there is minimal clinical data on its use in pregnant patients. In one study of patients
with peripartum cardiomyopathy, 13/107 (12%) of patients using the WCD were
pregnant [88]. However, none of the patients in this group experienced an arrhythmia. Thus, a WCD can be considered in this patient population, but its efficacy is
unknown.
There is little information regarding the safety of ICDs during pregnancy, but the
available studies are reassuring. Natale and colleagues assembled a series of 44
pregnant women with ICDs, 42 of whom had abdominal generators [89]. Local
complications such as implant site pain and generator migration occurred in only
three. Eleven (25%) women received at least one shock without direct ill effects on
the pregnancy. Compared to the prepregnancy period, pregnancy was not associated
with an increase in ICD-related complications or ICD shocks.

I diopathic Ventricular Tachycardia in Pregnant Women
Idiopathic VT is typically hemodynamically stable and associated with a good prognosis [90]. It may also be associated with frequent PVCs and may present for the
first time during pregnancy. It is often catecholamine sensitive, and treatment of
outflow tract VT with cardioselective β-blockers in pregnant patients is often effective [91, 92]. Flecainide and sotalol are the AADs of choice in patients with significant symptoms that fail β-blocker or verapamil therapy, and mexiletine can be
considered if these agents fail. Fascicular VT is typically verapamil sensitive, and
verapamil can be used for both acute termination and prevention of recurrences
[93]. In refractory cases, catheter ablation of idiopathic VT with minimal or no fluoroscopy has been successfully performed in pregnant patients [94, 95].
 ong QT Syndrome
L
The long QT syndrome (LQTS) is the most common inherited channelopathy
reported during pregnancy. Acquired long QT syndrome with drugs is also a common and potentially reversible cause. It is uncertain if women with long QT syndrome are at increased risk for ventricular arrhythmias during pregnancy, but there
is increased risk in the postpartum period that is potentially related to a decrease in
heart rate, stress, and altered sleep patterns. A retrospective study of 422 women
with LQTS (111 probands) found that probands were significantly more likely to
have syncope, aborted cardiac arrest, or sudden death in the 40-week postpartum
interval compared to the 40-week prepregnancy period (23.4 vs. 3.8%) [96]. Another
study of 391 LQTS patients found no increased risk of cardiac events during pregnancy but a nearly threefold increased risk in the 9-month postpartum period [97].
β-Blocker therapy reduced the risk of events in the postpartum period by 66%.
Women with congenital LQTS should generally be treated with a β-blocker, particularly in the postpartum period. As β-blockers may also reduce events during
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pregnancy, guidelines also recommend the continuation of beta-blocker therapy
during pregnancy in LQTS patients [83, 96, 98]. The nonselective β-blocker nadolol
and propranolol may be more effective than metoprolol in congenital long QT syndrome. Propranolol may be the preferred agent because of the larger experience in
pregnancy and lower excretion in breast milk compared with nadolol.

Bradycardia and Conduction Disorders
Sinus node dysfunction and atrioventricular block are rare in pregnancy, especially
in structurally normal hearts [15, 48]. The incidence of these bradyarrhythmias may
increase as the numbers of adults with congenital heart disease rise. Pregnant
patients with symptomatic or hemodynamically unstable bradyarrhythmias may
require permanent pacing. As with ICDs, permanent pacemakers can be implanted
successfully during pregnancy using very low doses of radiation [99]. If there is
uncertainty about the effect of bradycardia on the fetus, then consultation with
maternal-fetal medicine may be helpful.
Congenital complete heart block (CHB) is occasionally diagnosed for the first
time during pregnancy. Asymptomatic patients with CHB without other evidence of
conduction or structural heart disease often have a good prognosis and can be managed expectantly [48]. Previously, temporary pacing during labor and delivery was
recommended in all patients with CHB due to potential bradycardia and syncope
with Valsalva [100]. However, more recent studies suggest that this is unnecessary
in stable patients with CHB [101].

Cardiac Arrest
Cardiac arrest appears to be rare during pregnancy. In a population cohort study of
1085 cardiac arrests in women of childbearing age, six women were pregnant for an
incidence of 1.71 per 100,000 pregnant women [102]. A small number (16.7%)
survived to hospital discharge, compared with 6.8% of the remaining, nonpregnant
women. Two of the six infants survived.
If a cardiac arrest occurs, special considerations are necessary during resuscitation of pregnant women [103]. Intravenous medications should be administered in
veins above the diaphragm in order to avoid potential inferior vena cava obstruction.
Unstable patients with a pulse should be placed in the left lateral decubitus position
to relieve aortocaval compression. However, during CPR, the patient should be
placed in the supine position as the efficacy of chest compressions can be compromised with lateral tilt. In addition, continuous manual left uterine displacement
should be performed during CPR. The uterus should be palpated at or above the
level of the umbilicus and lifted up and leftward, thereby enhancing venous return
by decreasing uterine pressure on the inferior vena cava. It may also eliminate
obstruction of aortic blood flow. If femoral veins must be used for drug
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administration, this will also allow for passage to the central circulation. Finally, if
the pregnancy is >28 weeks, an emergency cesarean section should be considered to
save the infant and improve maternal survival. If a patient is unstable, planning for
urgent caesarian section and maternal/neonatal resuscitation with obstetric and neonatal colleagues is critical.

Conclusion
With an older maternal population and more patients with adult congenital heart
disease, the incidence of cardiac arrhythmias during pregnancy is increasing. AF
and SVT are the most common arrhythmias, but all forms of arrhythmia and structural heart disease may be encountered. The majority of arrhythmias are benign, but
these arrhythmias are associated with worse maternal and fetal outcomes. Thus,
some patients will require intervention. Risks and benefits to both the mother and
the fetus must be taken into account, and integrated care with maternal-fetal medicine colleagues is paramount. Multiple antiarrhythmic drugs are available for use in
pregnancy, but efficacy and safety data are sparse. Thus, therapy should be limited
to patients with severe symptoms or arrhythmias with hemodynamic instability. If
possible, therapy should be limited during the first trimester, and drugs with the
longest safety record should be used first. In the case of refractory arrhythmias,
higher-risk strategies should be considered. With shielding, modern electroanatomic mapping systems, and intracardiac echocardiography, catheter ablation of
many arrhythmias can be performed with minimal or no radiation exposure.
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Introduction
Arrhythmias can occur in children with or without associated congenital heart disease (CHD). Based upon emergency room visits, among children with structurally
normal hearts, 0.05% will experience an arrhythmia before the age of 18 [1].
Structural congenital heart defects occur in 0.8% of live births, and certain structural abnormalities are associated with arrhythmias. After surgical repair of many
types of CHD, fibrosis, chronic hypoxia, hypertrophy, chamber dilation, patches,
and suture lines can create a substrate for arrhythmias. Certain heritable arrhythmias are especially relevant to children, especially long QT syndrome and catecholaminergic polymorphic ventricular tachycardia, because their phenotypes
most commonly present in this age group. These entities are discussed elsewhere
in this textbook.
Diagnostic and treatment options have evolved over the last 30 years for nearly
all tachycardia types in children, and catheter ablation is now a mainstay of curative
therapy. The role of cardiac implantable electronic devices in children with problematic bradycardias and those at risk for sudden cardiac death continues to evolve.
This chapter reviews the most common arrhythmias in children, electrophysiological abnormalities associated with specific congenital heart malformations, postsurgical arrhythmias in patients of all ages having CHD, and pharmacologic and
non-pharmacologic therapies for pediatric arrhythmias. The first three sections will
concentrate on arrhythmias associated with congenital heart disease, both pre- and
postoperative, in children and adults. Sections “Clinical Conditions and Arrhythmias
of Specific Concern to Infants, Children, and Teenagers” and “Therapies for
Pediatric Arrhythmias” discuss arrhythmias and their treatment germaine (and in
some cases unique) to children.
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 mbryology and Congenital Abnormalities of the Specialized
E
Conduction System
Our current understanding of the development of the cardiac conduction system
(CCS) is based on the embryological principle of cell fate decisions made from
progenitor cells under the influence of specifically timed transcription factor expression [2]. Dye labeling, transgenic labeling using β-galactosidase, viral transduction,
in vivo ablation, and “genetic fate mapping” technologies using a class of molecules
called site-specific recombinases (especially Cre) have helped show that the old
“four ring theory” [3] is at best an oversimplification.
Post-gastrulation, the cardiogenic mesoderm forms at the cranio-lateral portions of
the embryo, followed by fusion of their cranial portions into the cardiac crescent and, in
turn, by craniocaudal fusion into the primitive heart tube. This structure gives rise to the
left ventricle and part of the AV canal, as the so-called first heart field (FHF). Heart
growth from this point is by accretion of additional cells from the cardiac mesoderm at
the venous and arterial ends, the “second heart field” (SHF). At the inflow (venous) end,
cells form the atria and then the sinus venosus and at the outflow (arterial end) end – in
order – the right ventricle, the fetal outflow tract, the right ventricular outflow tract, and
(from the intrapericardial portion) the aortic and pulmonary artery trunks.
The structures of the CCS have logically been thought to derive from their neighboring structures, but this is not entirely the case. As depicted in Fig. 29.1, these
structures develop based upon cell fate decisions. Components of the CCS, their
proximate structures, the heart field(s) of origin, and pertinent transcription factors
appear in Table 29.1. Newer techniques have greatly enhanced our understanding of
CCS development. For example, sinoatrial node (SAN) differentiation is entirely
separate from adjacent atrium (an Nk×2.5-determined tissue). It is now clear that
each anatomic component of the specialized cardiac conduction system results from
separate lineages as a response to cell fate decisions, and, despite their functional
continuity, they are discretely demarcated [4].

Levotransposition of the Great Arteries
Levotransposition of the great arteries (l-TGA) is also known as congenitally corrected transposition (CCTGA), since there are both atrioventricular and ventriculoarterial discordance. This results in systemic venous return ultimately being directed
to the pulmonary arteries and pulmonary venous return to the aorta. The AV valves
form in association with their usual morphological ventricle, resulting in a systemic
venous mitral valve and pulmonary venous tricuspid valve. The most common associated structural heart defects include ventricular septal defect (VSD) and pulmonic
stenosis. Due to l-looping of the ventricles, the AV node (AVN) becomes situated
anteriorly in the right atrium just lateral to the area of mitral-pulmonary valve continuity. This creates a longer than normal His bundle that courses anterior to the
pulmonary valve annulus and then bifurcates into the bundle branches at the crest of
the muscular septum. In the presence of a VSD, the His bundle is located at the
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Fig. 29.1 A contemporary illustration of the developmental origin of the human cardiac conduction
system components [2]. (a) The mature cardiac conduction system (CCS, gray) consists of the sinoatrial node (SAN), atrioventricular node (AVN) and ring bundles (AVRBs), atrioventricular bundle
(AVB), left and right bundle branches (LBB and RBB), and the peripheral ventricular conduction system (PVCS). Adult myocardium derives from the first and second heart fields (FHF and SHF), appearing pink and dark red, respectively. (b) Cardiogenic mesodermal cells of the FHF differentiate and form
the cardiac crescent (CC). The primary heart tube (PHT) forms through fusion of the symmetric CC
and subsequently forms the myocardium of the left ventricle and part of the atrioventricular canal
(AVC). Cardiogenic mesodermal cells of the SHF are continuously added to the arterial and venous
poles of the heart tube and form the other components of the heart. The locations of the progenitor cells
of the CCS components are depicted by yellow circles for the eventual SAN, red circles for the AVN/
AVRBs, and green circles for the AVB/BBs. IFT inflow tract, IVR interventricular ring, OFT outflow
tract, SV sinus venosus. (Reprinted with permission from: Mohan et al. [2] (open access))

anterior-superior margin of the defect (see Fig. 29.2). Dual AVNs may be present
with a second, often diminutive node anterior to the coronary sinus (CS) ostium. In
rare circumstances, this secondary AVN also connects to the ventricular myocardium via its own penetrating bundle or can have a sling of conduction tissue connecting to the primary anterior AVN (Mönckeberg sling).
The anatomic orientation of the conduction tissue in l-TGA creates an ECG pattern with a QS or qR in V1 and a rS or RS in V6 (see Fig. 29.3). There is a greater
than expected incidence of mirror-image situs inversus with CCTGA. In that case,
the AVN is located normally at the apex of the triangle of Koch, since the ventricles
are d-looped.
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Table 29.1 The embryologic origin of cardiac conduction system components
Cardiac conduction system
component
Sinoatrial node
AV node
AV ring bundles
(embryologic)
AV bundle
Proximal bundle branches
Distal left bundle branch;
peripheral ventricular
conduction system
Distal right bundle branch;
peripheral ventricular
conduction system

Proximate structures
Right sinus horn, sinus
venosus
AV canal
(embryologic), inflow
tract (embryologic)
Inflow tract
(embryologic)

Pertinent
transcription
factors/genes
Tb×18, Sho×2

Heart field
derivative
Secondary

Tb×2, cGata6

Outflow tract
Outflow tract
Left ventricle

Primary (dorsal
portion of cardiac
crescent)
Primary (dorsal
portion of cardiac
crescent)
Secondary
Secondary
Primary

Right ventricle

Secondary

Gja5 (connexon40)

Aorta
Pulm.

Tb×2
Tb×3
Tb×3
Gja5 (connexon40)

Bundle passes
anterior to pulmonary valve

trunk

Anterior
AV node

Mitral valve
-VSD-

Left bundle branch

Morphologically left ventricle

Fig. 29.2 Congenitally corrected transposition of the great arteries (l-TGA) showing the relationship of the specialized atrioventricular (AV) conduction system to a large ventricular septal
defect (VSD)

The AVN and penetrating bundle are not only malpositioned in l-TGA, but histopathologic studies have demonstrated fibrous infiltration of the elongated His bundle.
This may result in complete electrical disruption and AV block. Accordingly,
3.7–18.2% of newborns with l-TGA have congenital complete heart block (CCHB),
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Fig. 29.3 12-lead ECG from a 3-year-old having congenitally corrected transposition (l-TGA)
and mild pulmonic stenosis, illustrating a septal q wave in V1, absent q wave in V6, and hypertrophy of the right-sided ventricle

and the remainder carry a 2% per year risk of development of complete heart block
(CHB) [5]. This risk is thought to be much lower in situs inversus with CCTGA [6].
The postoperative risk of CHB in children undergoing VSD repair is significantly
higher in those with l-TGA than in those with ventricular d-looping. Paroxysmal
supraventricular tachycardia (PSVT) is also relatively frequent in patients with l-TGA
[7]. These include atrioventricular reciprocating tachycardia (AVRT) using single or
multiple accessory AV pathways associated with the left-sided tricuspid valve or some
form of AV nodal reentrant tachycardia (AVNRT). Adult congenital patients with
l-TGA are also at increased risk for symptomatic ventricular tachycardia (VT) [8, 9].

Tricuspid Atresia
In tricuspid atresia, the tricuspid valve does not form, leaving a muscular floor
between the right atrium and the right ventricle. In this single ventricle physiology
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situation, a large atrial septal communication is required for survival. The AVN is
located posteroinferiorly, related to both the muscular plate at the floor of the right
atrium and the coronary sinus ostium.
The surface ECG is influenced primarily by the anatomy and hemodynamics,
but there typically is right atrial enlargement and minimal right- and prominent
left-sided forces. Left axis deviation is present in two-thirds of patients, owing
to the course of the specialized conduction system and its relationship to the
VSD (see Fig. 29.4). In 0.29–0.51%, there is the appearance of preexcitation,
but only 10% of these patients have a true accessory pathway. The term pseudopreexcitation is applied to those without an accessory pathway. The true

Fig. 29.4 12-lead ECG from a 6-month-old having tricuspid atresia. Note the relative absence of
right-sided forces (rS in V1), short PR interval, right atrial enlargement, and left axis deviation
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accessory pathways are usually right sided and can be septal. With an older type
of Fontan operation involving right atrial appendage to right ventricular outflow
connection (Bjork modification), an acquired electrical communication may
occur across the suture line, resulting in preexcitation and even AVRT [10]. This
can be treated with catheter ablation techniques.
The majority of clinically important arrhythmias in this condition are related to
postoperative hemodynamic changes, as will be discussed below. Of interest, based
upon data from the National Inpatient Sample from the Healthcare Cost Utilization
Project (HICUP) by the Agency for Healthcare Research and Quality (AHRQ),
from approximately 20% of all community hospital admissions in the USA, 25%
of admissions for patients with congenital heart disease was for arrhythmia.
Tricuspid atresia was the congenital heart defect associated with the highest burden
of arrhythmias (OR of 3.24, 2.81–3.74), followed by Ebstein anomaly (1.96,
1.74–2.21) [11].

Ebstein Anomaly of the Tricuspid Valve
In Ebstein anomaly, there is incomplete delamination of the septal and posterior
leaflets of the tricuspid valve from underlying right ventricular myocardium. The
functional right atrium may be massively dilated, because it includes the thin-
walled, poorly contractile “atrialized” portion of the right ventricle (the region
between the leaflet coaptation plane and the normally located plane of the valve
annulus) plus the anatomical right atrium. Twenty percent of patients have an accessory AV pathway, which may be manifest. The Wolff-Parkinson-White (WPW) pattern may be subtle due to relatively slow conduction in atrial myocardium and the
inlet portion of the right ventricle, and it may entirely “cancel out” the usual right
bundle branch block (RBBB) pattern often present in Ebstein patients [12], resulting in a pseudonormalized QRS. In patients not having WPW, the surface ECG
reflects hemodynamic abnormalities and hypoplasia of the right bundle branch,
often with a complex RSR’S’ pattern being a common finding, even in those who
have had no surgical intervention (see Fig. 29.5).
Patients with Ebstein anomaly have a high incidence of arrhythmias related
to both hemodynamic abnormalities and PSVT substrates. In fact, the most common presenting symptoms (42%) in teenagers and adults are arrhythmia-related.
Although the presence of an accessory pathway does not seem to contribute to an
increased risk of sudden death, at least in adults [13], that risk is increased and
seems to be associated with ventricular tachycardia. PSVT is usually AVRT or
AVNRT. Accessory connections are almost always right sided, and 50% of affected
patients have multiple bypass tracts [14], including atriofascicular fibers. Most
pathways are associated with the inferior half of the tricuspid valve annulus (ranging from right posteroseptal to right posterolateral by traditional nomenclature).
Catheter ablation is the standard of care in treatment of these accessory pathways
with acute success rates of 85% [14] but with a higher than usual recurrence rate.
The major difficulty with ablative therapy is identification of the true tricuspid
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Fig. 29.5 ECG from a 19-year-old having Ebstein anomaly of the tricuspid valve. Note the right
atrial enlargement and the complex right bundle branch block pattern (rSR’S’ in V1)

valve annulus due to loss of typical anatomic landmarks and presence of fractionated electrograms within the peri-annular right ventricle. Diagnostic maneuvers,
including placement of premature atrial beats into AVRT or ventricular pacing and
premature ventricular beats into preexcited atrial rhythm, may be employed to discriminate electrograms. Right coronary angiography can help locate the AV groove
and identify the true tricuspid valve annulus.

Atrioventricular Septal Defect
In all variations of atrioventricular septal defect (AVSD), there is no true central
fibrous body. Hence, the specialized conduction tissue is always posteroinferiorly
displaced from its normal location at the junction of the atrial and ventricular septa,
and the AVN is found close to the CS ostium. The elongated penetrating bundle
courses inferior to the VSD rim, and there is relative underdevelopment of the left
bundle branch, creating left axis deviation and counterclockwise frontal QRS vector
on the surface ECG (see Fig. 29.6).
This defect may be associated with other complex cardiac defects, including
heterotaxy, and, as an isolated defect, is highly represented in Down syndrome.
Despite its complexity, it is usually amenable to satisfactory surgical repair. At
long-term follow-up, postoperative arrhythmias in isolated AVSD include supraventricular tachycardias (3.6% in one report) [15], AV block, and sinoatrial node
dysfunction (SAND).
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Penetrating AV bundle at posterior AV
junction between insertion of inlet
septum & atrial septum

Overall view

Node in nodal triangle

Coronary sinus

Non–branching bundle
beneath posterior
bridging leaflet

No AV node
in regular triangle of Koch

Branching bundle on
septal crest
With common valvar orifice

Fig. 29.6 Composite figure illustrating features of atrioventricular septal defect (AVSD). Left:
Surgeon’s view of the single AV valve from within the open right atrium, demonstrating the location of the specialized AV conduction system. The inferiorly positioned AV node near the coronary
sinus ostium gives rise to the penetrating bundle along the margin of the inlet ventricular septal
defect. Right: 12-lead ECG showing superior QRS axis and right ventricular hypertrophy

Heterotaxy
Heterotaxy is a broad term encompassing abnormalities of visceral and vascular
situs. Although multiple variations in thoracic and abdominal lateralization can
exist, two general patterns of malformations are most commonly described; the
cardiac-oriented euphemisms, right atrial isomerism (“asplenia”), and left atrial
isomerism (“polysplenia”) are applied to these. Important cardiac defects coexist
with both major categories of heterotaxy (see Fig. 29.7). Since differentiation of
the SAN relies upon formation of the superior caval-to-right atrial junction,
patients with polysplenia often have low atrial rhythm, junctional rhythm, and
other evidence for sinus node dysfunction. In addition, patients having polysplenia
may have congenital or develop acquired heart block, independent of other cardiac
anomalies such as AVSD or VSD. This is more common in the presence of ventricular l-looping. Conversely, patients having asplenia may have duplication of
sinus node tissue with alternating P wave morphologies, each having an inferior
axis. In both categories of heterotaxy, the unusually prevalent combination of double outlet right ventricle and AVSD may be associated with duplication of the AV
conduction system, even to the extent of double AV nodes, His bundles, and bundle
branch systems. This may manifest as changes in rhythm, involving different P
waves, PR intervals, and QRS morphologies (see Fig. 29.7). These patients may
also have a PSVT, utilizing one AV node in the antegrade direction and the other in
the retrograde direction, so-called nodo-nodal (or “twin node”) reentrant tachycardia. This can be treated by catheter ablation of the retrogradedly conducting
AV node.
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Right Isomerism (“asplenia”)

Left Isomerism (“polysplenia”)

Continuous

1000ms

Fig. 29.7 Composite figure illustrating morphologic and electrocardiologic features of heterotaxy. Right isomerism, top: 1-bilateral eparterial bronchi; 2-bilaterial trilobed lungs; 3-bilateral
right atrial appendages with twin sinoatrial nodes (arrowheads); 4-total anomalous pulmonary
venous connection; 5-AV septal defect with pulmonary atresia; 6-intact inferior vena cava with
bilateral superior vena cavae; 7-transverse liver, absent spleen, and abnormal visceral situs. Right
isomerism, bottom: continuous rhythm strip showing varying sinus pacemaker, followed by varying PR interval and QRS morphology, representing duplication of the specialized AV conduction
system. Left isomerism, top: 1-bilateral hyparterial bronchi; 2-bilateral bilobed lungs; 3-bilateral
left atrial appendages with absence of sinoatrial node tissue; 4 and 6-ipsilateral pulmonary venous
return, interrupted inferior vena cava with azygos continuation to superior vena cava, bilateral
superior vena cavae; 5-AV septal defect; 7-transverse liver, abnormal visceral situs; 8-multiple
spleens. Left isomerism, bottom: 12-lead ECG showing junctional rhythm. (Adapted with permission from: Knilans, Carboni, Czosek, and Kanter [255])
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 rrhythmias Associated with Common Congenital
A
Heart Defects
Atrial Septal Defect
Isolated ostium secundum atrial septal defect (ASD) is the second most common
congenital heart defect, excluding bicuspid aortic valve. If left unrepaired into
adulthood, chronic left to right shunting with consequent right atrial and right ventricular dilatation leads to an increased incidence of atrial arrhythmias. Sinus node
dysfunction has been reported in 22–65% in adults with unrepaired ASDs [16, 17],
and almost all patients have ECG evidence of right ventricular conduction delay.
Larger shunt size and later age at repair are factors associated with SAND. For
atrial tachyarrhythmias, the primary risk factors are older age at presentation, older
age at surgery, higher ratio of pulmonary to systemic blood flow, elevated mean
pulmonary artery pressure, pre- or immediate postoperative atrial arrhythmia, and
occurrence of immediate postoperative junctional rhythm [18]. Atrial flutter (AFl)
or atrial fibrillation (AF) is seen in 50% of patients who present over age 50 and
80% of patients who present over age 80 [19]. Surgical repair or device closure
beyond early adulthood does not appear to decrease the risk for AFl or AF. In contrast, only 4% of children will experience an atrial tachyarrhythmia if they undergo
ASD repair under age 11. However, older patients diagnosed before 18 years of age
do have an increased risk of AF in adulthood compared to controls [20]. This is as
high as 21% when diagnosed after 25 years old [21]. Catheter ablation of atrial
flutter and other macroreentrant atrial tachycardias is effective in nearly all cases
with low recurrence rates. The cavotricuspid isthmus, right atriotomy site, and, less
commonly, the tissue surrounding the ASD patch are regions of interest to the
ablationist.
Since the late 1990s, an ever-increasing number of ASDs have been closed with
transcatheter devices. In these procedures, transient AV block has been reported in
6%, but permanent AV block requiring pacemaker placement occurs in only 0.1%
[22, 23]. The procedural risk of tachyarrhythmia is very low [24], but data are
inconsistent regarding long-term incidence. A recent meta-analysis involving long-
term follow-up (at least 5 years) of 1015 adult patients from 114 studies who had
undergone ASD device closure revealed atrial arrhythmia occurrence in 6.5% and
atrial fibrillation in 4.9% [25]. The report from the Danish nationwide cohort
showed an increased incidence of AF among those not having preprocedural
arrhythmia [21].
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Ventricular Septal Defect
Isolated VSD is the most common congenital heart defect, again, excluding bicuspid aortic valve. The pathophysiology involves volume overload of the right ventricle, pulmonary arteries, left atrium, and left ventricle, proportionate to the amount
of left to right shunting. In the case of large defects, if left unrepaired, irreversible
pulmonary hypertension is the result; this is so-called Eisenmenger physiology.
Among patients having a VSD and enrolled in the Second Natural History Study,
there was a 15.3% incidence of SVT (versus 5% of controls) and an even higher
incidence of premature ventricular beats [26]. More serious ventricular arrhythmias
including ventricular couplets, multiform premature ventricular contractions
(PVCs), and VT also were observed. Table 29.2 summarizes the incidence and associated risk factors in this patient group. Arrhythmia risk in adults with VSDs has
been shown to be independent of VSD size. The causal relationship between VSD
and sudden unexplained death (4% incidence) is unclear but is higher than age-
matched controls (Table 29.2), thus warranting close surveillance of patients who
have significant hemodynamic alterations. In a more contemporary series of patients
followed for 40 years from the Netherlands, there was a progressive increase in
symptomatic arrhythmias, especially between 20 (<5%) and 40 years (13%) [27].
These were mostly SVTs.
Table 29.2 Serious ventricular arrhythmias associated with ventricular septal defect, pulmonic
stenosis, and aortic stenosis
Sudden
unexplained death

Serious ventricular arrhythmiasa
Congenital heart
defect
Ventricular septal
defect

Incidence (%) Independent risk factors
31.4
Main pulmonary artery
pressureb
Agec
NYHA classc
Cardiomegalyc
Pulmonic stenosis 29.7
Ageb
Agec
NYHA classc
Cardiomegalyc
Aortic stenosis
44.8
Left ventricular end-
diastolic pressureb
Aortic regurgitationc
Genderc
Prior aortic valve
replacementc

Odds
ratio
1.49
1.51
8.53
2.79
1.05
1.04
7.93
3.21
2.02

Incidence (%)
4.0

0.5

5.4

11.70
4.10
4.80

Reprinted with permission from: Knilans, Carboni, Czosek, and Kanter [256]
NYHA New York Heart Association
a
Defined as ventricular couplets, multiform premature ventricular contractions, or ventricular
tachycardia
b
Upon entry into First Natural History Study
c
Upon entry into Second Natural History Study [17]
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Experience with catheter-delivered device closure of perimembranous VSDs in
adults is promising and does not appear to be associated with late-onset arrhythmias
or conduction defects [28–30]. In infants and children, device closure of VSDs,
either by catheter delivery or as part of a minimally invasive surgical approach, is
associated with permanent second-degree (Mobitz II) or third-degree AV block in
over 2% [31, 32]. A meta-analysis of device closure of perimembranous VSD
reports a pooled incidence of complete AV block of 1.1% (0.5–1.9) [33]. The very
large Chinese experience has identified device size, preexisting arrhythmias, and
distance between VSD rim and tricuspid valve as risk factors [34].

Pulmonic Stenosis
The long-term risk of arrhythmia in patients with pulmonic stenosis was also investigated in the Second Natural History Study. Right ventricular (RV) outflow obstruction creates RV hypertension and hypertrophy. After surgical or balloon valvotomy,
RV volume overload and dilatation from pulmonary insufficiency may occur. The
specific effects of these hemodynamic alterations on arrhythmogenesis in patients
having isolated pulmonic stenosis are largely unexplored, in contrast to the extensive data accrued from the pathophysiology resulting from tetralogy of Fallot
“repair.” We do know that SVT occurred in 18.9% versus 5% of controls in the
Second Natural History Study, and this was not related to prior valvotomy [35].
More frequent PVCs were associated with prior valvotomy. Serious ventricular
arrhythmias, other than VT, also occurred with high incidence (see Table 29.2) and
were associated with certain preexisting hemodynamic alterations (higher NYHA
class, cardiomegaly) but not to degree of stenosis. The incidence of VT was the
same as in controls (2%). More recent single-center experience reports a long-term
(median 36 years) incidence of supraventricular arrhythmias of 8–9% but a negligible incidence of ventricular arrhythmias [36].

Aortic Stenosis
Aortic stenosis results in left ventricular hypertrophy, reduced left ventricular
compliance, and left atrial hypertension. If there is significant associated aortic
insufficiency (before or after palliative valvotomy), subendocardial ischemia
results from increased wall tension and reduced coronary perfusion gradient. The
Second Natural History Study reported a 24.8% incidence of SVT versus 5% of
controls independent of prior valvotomy and 13% incidence of PVCs in patients
who had undergone valvotomy [26]. There was a very high incidence of serious
ventricular arrhythmias (see Table 29.2) with a 13% incidence of VT. Unlike pulmonic stenosis, in aortic stenosis, the risk of ventricular arrhythmias was associated with severity of obstruction. Concomitant aortic regurgitation appeared to
greatly increase the risk of ventricular arrhythmia. These patients have an important incidence of sudden unexplained death (see Table 29.2). In fact, in Silka’s
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analysis of sudden death risk among adults having all forms of congenital heart
disease, aortic stenosis conferred the highest such risk, 5.4/1000 pt. yrs. [37].

 rrhythmias in Children and Adults Following Congenital
A
Heart Surgery
Sinoatrial Node Dysfunction
Although SAND may occur after any surgery involving an atriotomy, it is most
common after the Fontan palliation for patients having a single ventricle and after
atrial redirection operations (the Mustard or Senning repair) previously performed
for d-transposition of the great arteries (d-TGA). Because the Mustard and Senning
procedures were supplanted by the arterial switch operation starting in the mid-late
1980s, most information regarding SAND is from older studies on adults having
undergone these repairs. The Mustard and Senning operations involve creation of
atrial baffles using prosthetic material or pericardium (Mustard) or the atrial wall
itself (Senning) to redirect the systemic venous return to the subpulmonic left ventricle and the pulmonary venous return to the subaortic right ventricle. The extensive atrial suture lines may damage the sinus node, perinodal tissues, or the blood
supply to these structures (see Fig. 29.8).
The Fontan-style operations have undergone multiple iterations, but all are
designed to direct systemic venous return to the pulmonary arteries without an interposed ventricle. The oldest “Fontan patients” had undergone an atriopulmonary
connection, in which the entire right atrium is included in the systemic venous-to-
pulmonary artery circuit (see Fig. 29.9). These atria become massively dilated,
hypertrophic, and fibrotic in response to elevated systemic venous pressure. The
intracardiac lateral tunnel-style operation (ILT) still renders a corridor of right atrial
tissue to be exposed to high systemic venous pressure. In most centers, the current
surgical strategy in children with single ventricle is to circumvent the atrial mass
entirely with an “extracardiac conduit” (ECC) from the inferior vena cava to the
pulmonary arteries and with a bidirectional Glenn procedure (superior vena cava to
pulmonary artery). A meta-analysis comprising over 800 total patients receiving
either the ILT- or ECC-style Fontan showed reduced incidence of SAND and
reduced need for permanent pacing in the ECC group with OR = 0.59 (0.43, 0.78)
and 0.26 (0.16, 0.41), respectively [38]. Among 12 reports from centers performing
the ECC-style Fontan, the incidence of pacemaker requirement ranged from 0% to
17.6% at median follow-up of 2–15 years [39]. A large single-center experience,
however, did not show a difference in pacemaker requirement between ILT and
ECC groups after correcting for duration of follow-up [40].
Sinoatrial node dysfunction may occur after any atrial or right-sided AV valve
surgery, and lifelong follow-up is warranted. Other substrates that have a relatively
high prevalence of postoperative SAND include tetralogy of Fallot, arterial switch
for d-TGA, Ebstein anomaly [41], and AVSD. The latter has a reported incidence of
pacemaker requirement of 3.6–23% later in life [15, 42].
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Fig. 29.8 General anatomic features and anatomic locations of sinoatrial (SAN, black stippled
areas) and AV nodes (AVN, within anterior atrial septal remnant) following Mustard and Senning
operations for d-transposition of the great arteries. Mustard operation: 1-superior vena cava return;
2-inferior vena cava return; 3-pulmonary venous return (white arrow implies direction of flow to
tricuspid valve); 4-tricuspid valve. ///////, systemic venous baffled region which redirects systemic
venous return (black arrows) to mitral valve (MV). Senning operation: a-superior vena cava;
b-inferior vena cava; c-incision rightward of right pulmonary veins (black arrow implies direction
of flow to tricuspid valve); d-tricuspid valve. RAFW, right atrial free wall, representing roof over
intercaval tube. Open arrows represent anterior suture line of right atrial free wall flap to anterior
atrial septal remnant

Patients with SAND may present with fatigue, exercise intolerance, presyncope,
or syncope. Asymptomatic patients with signs of sinus node dysfunction on ECG
should undergo further noninvasive evaluation with 24-h ambulatory ECGs, and all
patients who have had extensive atrial surgery should be monitored with 24-h
Holters every 2–5 years. Exercise testing is indicated in those with exertional or
post-exertional presyncope or syncope. Event recorders and, especially for infrequent but severe symptoms, implantable loop recorders are useful for patients having paroxysmal events. Invasive electrophysiologic (EP) testing is usually not
indicated in patients with isolated signs or symptoms of SAND, but those with
syncope, presyncope, palpitations, or other paroxysmal events that could also be
due to a tachyarrhythmia should undergo formal EP studies to evaluate for VT, SVT,
or atrial tachyarrhythmias (see below).
Management of clinically important SAND is with pacemaker implantation.
Based upon published consensus statements on adults with congenital heart disease,
this includes the following circumstances: (1) SAND with correlation of symptoms
during age-inappropriate bradycardia (Class I indication); (2) patients with sinus or
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Fig. 29.9 Diagrams of older (left) and newer (right) styles of Fontan operations, designed to
direct systemic venous return to the pulmonary arteries without an interposed ventricle

junctional bradycardia to prevent known supraventricular tachyarrhythmias (preferably using a device with antitachycardia pacing capability) (Class IIa); and (3)
patients with complex CHD and a resting sinus or junctional rate less than 40 bpm
or pauses in ventricular rate longer than 3 sec (Class IIa) [41].

Atrial Tachycardias
The prevalence of atrial tachycardias (ATs) continues to increase as does survival
after surgical intervention for congenital heart disease. In Labombarda’s multicenter
report of 482 patients with CHD and atrial tachyarrhythmias, 61.6% had intraatrial
reentry tachycardia (IART), 28.8% AF, and 9.5% focal atrial tachycardia (FAT), and
the incidence was higher in complex CHD versus simple [43]. This is especially
important, because adults with complex CHD now comprise 60% of all patients with
CHD [44]. Overall, the incidence of ATs in adults with CHD is as high as 15%
[44]. In Avila’s multicenter report from 3311 adults with CHD, 4.6% had ATs, but
this incidence was 22.8% in those with single ventricle and 22.1% in those who
had undergone atrial switch operation [45]. In an even longer duration of follow-up,
median of 39.7 years, 51% of 76 atrial switch patients had ATs [46]. The incidence
is highest in univentricular physiology, systemic right ventricle, pulmonary hypertension, pulmonary regurgitation (especially in those with tetralogy of Fallot), and
ventricular dysfunction. Intraatrial reentry tachycardia, in particular, is associated
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Table 29.3 Relative incidences of atrial/supraventricular tachycardia types according to congenital heart defect and associated surgery [44]
Type of congenital
heart defect/
surgery
Atrial septal
defect

Intraatrial
reentry
tachycardia
+++

Ventricular septal
defect
Atrioventricular
septal defect

+

AV nodal
reentrant
Accessory Atrial
pathway
fibrillation tachycardia
++
+

++

+

Aortic stenosis/
coarctation
Tetralogy of Fallot ++
d-transposition of +++
the great arteries;
atrial switch

+

+
+

+
+

++

+++

l-transposition of
the great arteries

+a

++

+

+

(+)

++

+

++
Single ventricle;
intracardiac lateral
tunnel Fontan
Heterotaxy
See Fontan

AV node displaced
inferior/posterior to
CS ostium

++

Ebstein anomaly

++++
Single ventricle;
atriopulmonary/
ventricular Fontan

Specific features
Figure-of-8
intraatrial reentry
common

Ablation often
requires entry to
pulmonary venous
atrium
Accessory
pathway(s) related
to tricuspid annulus
Accessory
pathway(s) related
to tricuspid annulus
Atrioventricular
electrical
connection rarely
after Bjork-style
operation

+
+b

CS coronary sinus
a
Increased after double switch
b
May have twin AV node, potentiating twin node reciprocating tachycardia

with increased mortality and morbidity, including syncope, shock, and electromechanical dissociation. The substrates that favor SVTs, including ATs, involve the universal features of hemodynamic impairment (elevated atrial pressure from diastolic
dysfunction or Fontan physiology and atrial stretch from AV valve regurgitation),
natural conduction barriers (e.g., AV valve annuli, caval orifices, crista terminalis),
surgical scar (related to patches and conduits), and generalized interstitial scar. Many
congenital heart disease types and their surgical procedures have, in addition, specific substrates. The relative incidences of ATs and specific AT and SVT substrates
according to CHD type and surgical intervention appear as Table 29.3.
Beyond these general comments, some additional information related to specific
operations is in order. Although the population of patients having undergone the

688

M. M. Lopez and R. J. Kanter

atrial switch operations (Mustard and Senning) for d-TGA is dwindling since those
operations are now rarely performed, it is estimated that several thousand of those
patients are still alive in North America. Late sudden death related to 1:1 conduction
during IART (“atrial flutter”) is a notorious problem due to a combination of relatively slow IART rate, 1:1 AV conduction, and higher risk of ischemia and degeneration to VT or ventricular fibrillation (VF) in the systemic right (versus left) ventricle.
The presence of atrial flutter is associated with an increased risk of sudden death by
4.7-fold (p < 0.01) [47]. With regard to Fontan operations, studies on arrhythmia
prevalence must be interpreted in the context of each particular style of Fontan procedure. As noted in Table 29.3, the incidence of atrial arrhythmias following the lateral tunnel and extracardiac conduit style of Fontan operations does appear to be
lower (0–26%) compared to the classic atriopulmonary-type Fontan (12–57%) [48–
52]. The degree of right atrial enlargement is clearly a risk factor, as are duration of
follow-up, history of AV valve surgery, and history of immediate postoperative
arrhythmias. The current surgical epoch of the ECC-style Fontan operation partially
evolved in order to avoid atrial dilatation and potentially traumatic atrial suture lines.
This appears to result in lower incidence of ATs and improved hemodynamics.
Thromboprophylaxis for the patient currently in IART is based on known duration of tachycardia and moderate/complex versus simple CHD. Based on a published
consensus statement endorsed by all major North American and European cardiology societies, if IART has been present for <48 h and in presence of simple CHD,
cardioversion may be performed without provision of thromboprophylaxis [41]. In
all other circumstances, cardioversion may only proceed after a negative transesophageal echocardiogram or, alternately, after 3 weeks of anticoagulation. According to
this same document, long-term oral prophylaxis with vitamin K inhibitor or novel
oral anticoagulant is predicated on complexity of CHD, presence of severe valve
disease, and the CHA2DS2-Vasc score [41]. However, a more recent review of 482
patients with CHD showed that thromboembolic events were indeed associated with
CHD complexity but not with either CHADS2 or CHA2DS2-Vasc scores [53]. For
all of the reasons previously set forth, complete suppression of all atrial tachycardias,
especially IART, in patients with CHD is the goal. It is our opinion that, in particular,
all efforts should be made to avoid AV node ablation with bradycardia pacing as a
palliative approach in patients with single ventricle physiology. Catheter ablation of
IART following surgery for all forms of congenital heart disease is a potentially curative procedure with reported acute success rates over the last 20 years of 65–96%
[41]. Long-term success rates of up to 80% [54–56] have also been reported, but this
seems to be substrate-dependent, with patients having ASDs and tetralogy of Fallot
having the best long-term outcomes and those having the Fontan, Mustard, or
Senning operations having recurrences of >50% at 4–7 years follow-up [57–59].
Electroanatomic mapping systems are critical to success for all such procedures [41,
60], and newer mapping and energy delivery technologies (included irrigated tip
radiofrequency energy and contact-force techniques) will hopefully improve these
outcomes. Though very expensive and not readily available, remote magnetic navigation systems are especially efficacious in patients with difficult catheter courses
due to the congenital/surgical anatomy [61]. However, it is clear that in the highest
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complexity group, recurrences are often from different tachycardia substrates than
the original [57, 62], underscoring the dynamic nature of the underlying disease. In
summary, in adult patients with CHD and symptomatic and/or drug-refractory supraventricular tachycardias, including atrial, catheter ablation is a Class I [41].
Antiarrhythmic drugs have limited efficacy in this patient group, although they
may be adjunctive after catheter ablation has modified the substrate. In simple or
moderate CHD in which there is preserved ventricular function and no systemic
ventricular hypertrophy, all standard medications, including class IC agents, are
permissible. In all other instances, only sotalol, amiodarone, and dofetilide are considered safe [41]. Antibradycardia pacing may become necessary due to sinus node
suppression from any of these drugs. Antitachycardia atrial pacing may be efficacious [63], but inadvertent IART acceleration is a particular hazard in all of these
patients. Therefore, in patients at particular risk (single or systemic right ventricle,
or any patient with reduced ventricular function), this strategy should include an ICD.
Atrial fibrillation becomes increasingly prevalent in adults with CHD as they
age, such that it passes IART as the most common tachycardia in patients over
50 years [43]. Catheter ablation of AF in adults with CHD lags behind the experience in adults not having CHD. These patients are usually in the moderate-complex
CHD categories. There is a recurrence rate of over 60% at 1 year, and this does not
improve even after their third procedure [64]. The recurrence rate is associated with
anatomy complexity (HR = 1.98); ASD patients have the best outcomes.
A surgical approach to IART management was originally applied to the difficult
to control Fontan patients and was combined with surgical conversion of the
atriopulmonary-style Fontan to an ECC and right atrial reduction [65–68]. Specific
lines of conduction block using cryoenergy were created, customized to the various
intrinsic anatomies encountered, and must include a left atrial maze (Cox III), if the
patient has a history of AF. The anatomic “conversion” component of this operation
resulted in improved hemodynamics and, eventually, improved functional status.
Antibradycardia pacing is usually required in these patients. In several surgical
series, at 17–43 months follow-up, IART recurrence is still in the 8–30% range. The
operative mortality rate is reported at <10% [65–69]. In a recent series of 137
patients receiving therapeutic maze procedures, the 5-year freedom from recurrence
was 67%, but this cohort was not limited to Fontan patients [70]. There remains
debate among members of the electrophysiology community between transvenous
catheter ablation and surgical maze in many of these patients. In general, patients
having very large right atria and NYHA class worse than I are best served by the
surgical approach.

Ventricular Tachycardia and Sudden Death
Sudden cardiac death (SCD) and VT will be discussed together in this section out of
convenience, although it is well recognized that VT does not always represent risk
for SCD and SCD may occur without prior monomorphic VT. Sudden cardiac death
in patients with CHD represents about 20% of all deaths in this population,
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Table 29.4 Types of congenital heart disease having highest incidences of late sudden cardiac
death. All are postoperative unless otherwise indicated

Author
Silka
[37]
Gallego
[74]
Moore
[78]

Total
patients
3589
3197
2935

Top 5 types of congenital heart disease in rank
order
(incidence/1000 pt. yrs.)
Years of
#1
#2
#3
#4
#5
follow-up
1958–1996 AS (5.4) d-TGA ToF AoCo
AVSD
(4.9)
(1.5) (1.3)
(0.9)
1990–2010 ccTGA
d-TGA SVa
VSD
SVb
(25)
(9.5)
(5.4) (3.6)
(2.8)
2000–2015 EisenS
d-TGA SVb ccTGA AVSD
(2.1) (2.1)
(1.8)
(4.8)
(2.4)

Total
incidence
0.9
2.6
0.4

AoCo coactation of the aorta, AS aortic stenosis, AVSD atrioventricular septal defect, ccTGA congenitally corrected transposition, operated and unoperated, d-TGA dextrotransposition of the great
arteries following atrial switch procedure, EisenS Eisenmenger syndrome in unoperated patients
born with large left-to-right shunts, SV single ventricle physiology (afollowing shunt/Glenn only;
b
following Fontan operation), ToF tetralogy of Fallot

generally peaking in the third and fourth decades [37, 71–77]. After age 40, congestive heart failure accounts for more deaths in CHD patients. The incidence of SCD
varies according to CHD type and/or the surgical procedure, but in general that risk
increases with more complex CHD (Table 29.4) [37, 74, 78]. In a contemporary
experience from Taiwan, freedom from tachycardia at 50 years follow-up was only
57.4% in those having complex CHD compared with 71% in those with simple
CHD [79].
The proximate event to sudden death in these patients is a pathological tachycardia which degenerates to pulseless VT and/or directly to VF. As a generalization,
risk factors include moderate-to-severely reduced systemic or pulmonary ventricular function, a history of supraventricular tachycardia, decreased depolarization
reserve as indicated by prolonged QRS duration, and decreased repolarization
reserve as indicated by increased QT dispersion [75].
Largely due to the high prevalence of tetralogy of Fallot and the very high survival rate following primary repair, our knowledge of sudden death risk is greatest
for this condition. Moreover, due to the similarity in postoperative physiology,
results from this experience can almost certainly be applied to patients having
undergone classic Rastelli operation for d-TGA, PS, and VSD; repair of truncus
arteriosus; and repair of pulmonary atresia and VSD. Older studies identified older
age at repair, prior performance of certain palliative procedures (especially the Potts
anastomosis: descending aorta-to-left pulmonary artery anastomosis), duration
since repair, residual outflow tract obstruction, and spontaneous high-grade ventricular ectopy (especially during exercise) as risk factors for clinically important
sustained ventricular arrhythmias and sudden death. Then, in the mid-1990s, it was
demonstrated that right ventricular dilation combined with right bundle branch
block (RBBB) creates a vulnerable substrate for ventricular tachycardia and fibrillation. They manifest “electromechanical interaction,” with an increased
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cardiothoracic ratio paralleling certain electrocardiographic changes. Hence, such
electrocardiographic features as QRS duration ≥180 msec [80, 81] and rapid rate of
QRS duration increase have good predictive value for sudden death risk. However,
even this is probably an oversimplification. More recent and ongoing experiences
using sophisticated statistical tools have developed scoring systems which take into
account historical, current hemodynamic, and electrophysiological features to estimate risk and drive decisions regarding primary prevention with ICD implantation
[82]. Although no single feature drives decision-making in this disease, it is clear
that prior cardiac arrest and severely reduced left ventricular systolic function are
most associated with reduced freedom from serious events [81]. The contribution of
hemodynamic insults such as severe pulmonary valve insufficiency, right ventricular outflow tract obstruction, and cMRI-identified myocardial fibrosis is also a factor into this risk.
Although the atrial switch operations for d-TGA have been supplanted by the
arterial switch operation over the past 30 years, there are still several thousand
adults living with this surgical arrangement in North America at the time of this
writing. They have among the highest risk of sudden cardiac death among patients
with CHD (Table 29.4), in aggregate, about 5.6% per decade [37, 83]. This risk
is highest among those with symptoms (especially arrhythmic), congestive heart
failure, and documented AFl or AF [84]. The results of programmed ventricular
stimulation are not predictive of future events in these patients, and the use of betablockers seems to be especially protective [85]. There is autopsy evidence that the
immediate cause of death in this group is right ventricular myocardial ischemia
in the absence of primary coronary artery disease [86]. Coronary perfusion of the
systemic right ventricle is especially vulnerable to a rapid ventricular response to
atrial tachyarrhythmias.
There is increasing survival into adulthood of patients with more severe CHD,
but only limited data on long-term outcomes. The 10, 50, and 70 year rates of VT/
VF in a large Mayo Clinic experience with Ebstein anomaly are 0.8, 8.3, and
14.6%, although immortal time and selection biases influence interpretation [13,
87]. Not surprisingly, this risk increases with decreases in left ventricular stroke
volume indices and right ventricular ejection fraction, atrial tachyarrhythmias, and
NYHA class III and IV symptoms [88]. In a recent experience from Japan, from
among 600 adults who had undergone Fontan operation, death was sudden in 24%
of the 33 who had died at median 18 years follow-up [89] – similar to the CHD
group at large.
Treatment principles are generally viewed in terms of primary and secondary
prevention, usually with ICD implantation. For all of the reasons previously mentioned, this issue is as complex as the variety of defects under consideration.
Furthermore, transvenous lead placement may not be possible, as in at-risk Fontan
patients. Subcutaneous ICDs are a promising alternative in those at-risk patients as
long as they will not require bradycardia pacing. The most recent consensus statement on the topic provides the following recommendations for ICD implantation:
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• Class I – (1) Survivors of sudden cardiac arrest due to VF or hemodynamically
unstable VT, (2) a history of sustained ventricular tachycardia (with catheter or
surgical ablation as an alternative option in carefully selected patients), and (3)
adults with CHD and systemic ventricular ejection fraction <35% and NYHA
class II or III symptoms
• Class IIa – (1) Adults with tetralogy of Fallot and multiple risk factors for SCD,
including left ventricular systolic or diastolic dysfunction, nonsustained VT,
QRS duration >180 ms, extensive right ventricular scarring, or inducible sustained ventricular tachycardia during electrophysiologic testing
• Class IIb – (1) Adults with single or systemic right ventricular ejection fraction <35%, especially in the presence of other risk factors (unexplained syncope, complex ventricular ectopy, NYHA class II or III symptoms, QRS
duration >140 ms, or severe systemic AV valve regurgitation), (2) systemic
ventricular ejection fraction <35% in the absence of other risk factors, (3)
syncope of unknown origin and inducible VT during electrophysiologic testing, (4) nonhospitalized adult with CHD awaiting heart transplantation, and
(5) syncope and moderate or complex CHD in which evaluation fails to identify an etiology [41]
Other – more common – scenarios deserve comment: For example, in the absence
of ventricular dysfunction, asymptomatic patients who have high-grade ventricular
ectopy during ambulatory monitoring may simply be followed closely or referred
for surgical correction of any hemodynamic abnormality (such as compensated pulmonary valve insufficiency). Patients with minor symptoms and reasonable hemodynamics may be evaluated with event recorders, 24-h ECG, or exercise tests.
Invasive electrophysiologic testing may be warranted in patients with some combination of impaired hemodynamics, markedly prolonged QRS duration, concerning
paroxysmal palpitations, or syncope. This is especially the case in the tetralogy of
Fallot patient group due to the high negative predictive value of the results from
programmed ventricular stimulation [81].
Antiarrhythmic drugs that have historically demonstrated efficacy such as propranolol, phenytoin, mexiletine, sotalol, and amiodarone are now considered
adjunctive therapy, in order to limit ICD discharges. In general, success of catheter
ablation in the overall CHD population for monomorphic VT is improving,
approaching 85%, though often requiring multiple procedures [90]. This approach
for monomorphic VT is best established in the tetralogy of Fallot population (catheter or surgical, especially during surgical right ventricular outflow tract surgery).
Elegant reports describing primary regions of the right ventricle that serve as conduction zones critical for VT are also a roadmap for successful ablation [91, 92].
The inlet portion of the right ventricle (so-called atrialized) in patients with Ebstein
anomaly may also contain the substrates for monomorphic VTs which seem to be
amenable to successful catheter ablation [93].
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Postoperative AV Block
Irrespective of initial anatomic abnormality, approximately 90% of patients who
undergo right ventricular outflow tract patch or conduit plus VSD repair have residual right bundle branch block. Most data regarding RBBB and future conduction
abnormalities as well as long-term functional consequences from dyssynchronous
ventricular activation are from the cohort of patients with tetralogy of Fallot repair.
This repair involves patch closure of a membranous VSD and right ventricular muscle bundle resection to enlarge the infundibulum. Although modern surgical techniques utilize limited ventriculotomies and even transatrial approaches, older adults
having undergone this repair in childhood had generally received a very generous
ventriculotomy. In this population, 80% have RBBB; 11% have RBBB with left
axis deviation; and 3% have RBBB, left axis deviation, and first-degree AV block.
However, as indicated in Table 29.5, only complete heart block (CHB) lasting for
Table 29.5 Indications for pacemaker implantation in children, adolescents, and patients having
congenital heart disease
Class I
 1. Permanent pacemaker implantation is indicated for advanced second- or third-degree AV
block associated with symptomatic bradycardia, ventricular dysfunction, or low cardiac
output (Level of Evidence: C).
 2. Permanent pacemaker implantation is indicated for SND with correlation of symptoms
during age-inappropriate bradycardia. The definition of bradycardia varies with the
patient’s age and expected heart rate (Level of Evidence: B).
 3. Permanent pacemaker implantation is indicated for postoperative advanced second- or
third-degree AV block that is not expected to resolve or that persists at least 7 days after
cardiac surgery (Level of Evidence: B).
 4. Permanent pacemaker implantation is indicated for congenital third-degree AV block
with a wide QRS escape rhythm, complex ventricular ectopy, or ventricular dysfunction
(Level of Evidence: B).
 5. Permanent pacemaker implantation is indicated for congenital third-degree AV block in
the infant with a ventricular rate less than 55 bpm or with congenital heart disease and a
ventricular rate less than 70 bpm (Level of Evidence: C).
Class IIa
 1. Permanent pacemaker implantation is reasonable for patients with congenital heart
disease and sinus bradycardia for the prevention of recurrent episodes of intraatrial
reentrant tachycardia; SND may be intrinsic or secondary to antiarrhythmic treatment
(Level of Evidence: C).
 2. Permanent pacemaker implantation is reasonable for congenital third-degree AV block
beyond the first year of life with an average heart rate less than 50 bpm and abrupt
pauses in ventricular rate that are two or three times the basic cycle length or associated
with symptoms due to chronotropic incompetence (Level of Evidence: B).
 3. Permanent pacemaker implantation is reasonable for sinus bradycardia with complex
congenital heart disease with a resting heart rate less than 40 bpm or pauses in
ventricular rate longer than 3 s (Level of Evidence: C).
(continued)
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Table 29.5 (continued)
Class I
 4. Permanent pacemaker implantation is reasonable for patients with congenital heart
disease and impaired hemodynamics due to sinus bradycardia or loss of AV synchrony
(Level of Evidence: C).
 5. Permanent pacemaker implantation is reasonable for unexplained syncope in the patient
with prior congenital heart surgery complicated by transient complete heart block with
residual fascicular block after a careful evaluation to exclude other causes of syncope
(Level of Evidence: B).
Class IIb
 1. Permanent pacemaker implantation may be considered for transient postoperative
third-degree AV block that reverts to sinus rhythm with residual bifascicular block (Level
of Evidence: C).
 2. Permanent pacemaker implantation may be considered for congenital third-degree AV
block in asymptomatic children or adolescents with an acceptable rate, a narrow QRS
complex, and normal ventricular function (Level of Evidence: B).
 3. Permanent pacemaker implantation may be considered for asymptomatic sinus
bradycardia after biventricular repair of congenital heart disease with a resting heart rate
less than 40 bpm or pauses in ventricular rate longer than 3 s (Level of Evidence: C).
Class III
 1. Permanent pacemaker implantation is not indicated for transient postoperative AV block
with return of normal AV conduction in the otherwise asymptomatic patient (Level of
Evidence: B).
 2. Permanent pacemaker implantation is not indicated for asymptomatic bifascicular block
with or without first-degree AV block after surgery for congenital heart disease in the
absence of prior transient complete AV block (Level of Evidence: C).
 3. Permanent pacemaker implantation is not indicated for asymptomatic type I second-
degree AV block (Level of Evidence: C).
 4. Permanent pacemaker implantation is not indicated for asymptomatic sinus bradycardia
with the longest relative risk interval less than 3 s and a minimum heart rate more than
40 bpm (Level of Evidence: C).
These are adapted from the 2008 American College of Cardiology, American Heart Association,
and Heart Rhythm Society guidelines for device-based therapy of cardiac rhythm abnormalities
[129]. The classification of recommendations and levels of evidence (LOE) are as defined by the
American College of Cardiology/American Heart Association Task Force on Practice Guidelines

greater than 7 days after surgery requires permanent pacemaker implantation.
(Some advocate pacemaker implantation for resolved CHB with residual bi- or trifascicular block.) That said, we are coming to appreciate that a small subset of
patients with dyssynchronous ventricular activation from isolated RBBB progress
to LV dysfunction [94], a higher risk of ventricular arrhythmias, and reduced exercise capacity [95]. Investigations to assess the benefits of right ventricular resynchronization are underway.
The previous comments notwithstanding, lower conduction system disease may
occasionally evolve in some patients not having had transient postoperative CHB;
this may especially occur late following certain types of VSD closure, mitral or tricuspid valve surgery or replacement, or left ventricular outflow tract surgery. Even
in the absence of symptoms, ECG findings of marked first- or second-degree AV
block or left bundle branch block warrant long-term follow-up with serial 24-h
Holter monitoring and exercise testing. Second-degree AV block occurring only at

29

Arrhythmias in Children and Patients with Congenital Heart Disease

695

faster sinus rates should be assumed to indicate His-Purkinje system disease.
Symptoms such as presyncope or syncope merit immediate investigation with an
ambulatory event recorder, implantable loop recorder, and/or exercise testing.
Rarely, invasive electrophysiologic testing is helpful for prognosis and decision-
making. If there is significant HV prolongation or any evidence of block below the
His at atrial paced rates less than 120/min, then a pacemaker may be considered.
In the modern era of congenital heart surgery, the incidence of permanent postoperative CHB (requiring a pacemaker) is reported to be 1%, with specific operations having disproportionate risk: double switch operation (arterial switch plus
atrial switch for CCTGA), 15.6%; tricuspid valve replacement, 7.8%; mitral valve
replacement, 7.4%; atrial switch plus VSD repair; and Rastelli operation, 4.8% [96].
A large single-center experience with VSD repair reported an incidence of 1.9%
with weight < 4 kg and VSD location at the inlet septum being risk factors [97]. The
trend of AV block requiring a pacemaker following the most common operations
(VSD, tetralogy of Fallot, and AVSD repair) has been remarkably stable in the modern era (between 0.9% and 2.3%) [98].

 linical Conditions and Arrhythmias of Specific Concern
C
to Infants, Children, and Teenagers
Fetal Arrhythmias
Fetal arrhythmias occur in approximately 2–3% of all pregnancies, including both
bradycardias and tachycardias. The fetal heart begins to spontaneously depolarize
regularly by 21 days, initially at a fast rate (~170 bpm). It slows as the myocardium
matures, likely related to improved contractility. By the end of gestation, the average heart rate will have decreased to about 130 bpm. The majority of referrals to
pediatric cardiologists related to fetal arrhythmias are for premature beats; however,
approximately 10% are for sustained tachy- or bradyarrhythmia [99].
Fetal ectopic beats are observed in 2% of pregnancies. Premature atrial contractions (PACs) are usually of no clinical consequence; however, if they occur as
blocked PACs in a bigeminal pattern, this will necessarily result in ventricular bradycardia. Rarely, PACs represent reciprocating beats in a fetus who has an accessory AV pathway, thus representing the substrate for SVT. Premature ventricular
contractions are less common than PACs and are also generally benign. However,
consideration should be given to serious etiologies, including long QT syndrome
and myocarditis. Premature ventricular contractions and PACs may be caused by
myocardial tumors, especially rhabdomyomas.
Fetal bradycardia is defined as a sustained (>10 min) fetal heart rate <110 bpm.
Unlike transient fetal heart rate decelerations which are transient and may reflect
abnormalities in the fetal environment such as cord compression, true sinus bradycardia is not common. Cardiac causes include SAND related to atrial isomerism,
some forms of long QT syndrome, and, as previously noted, sustained non-conducted
atrial bigeminy. The most common serious cause of persistent fetal bradycardia is
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CCHB. This first appears at about 18 weeks’ gestation and is discussed later in the
chapter. When it is present in association with complex congenital heart disease, the
fetal mortality rate is very high.
Tachycardia in the fetus is defined by persistent heart rates >160 bpm. Sinus
tachycardia may result from maternal stimulant use or thyrotoxicosis, but the fetal
heart rate rarely exceeds 180 bpm in those cases. The most common cause of sustained fetal tachycardia is SVT, representing 5% of referrals for fetal arrhythmia
[99]. The mechanism is reentry secondary to an accessory AV pathway in the majority of cases, and there will always be a 1:1 ventricular-to-atrial relationship, usually
at a rate of 240–300 bpm. Maternal treatment with digoxin is generally first-line
therapy, followed by flecainide or sotalol [100, 101]. “Long R-P” tachycardias may
be incessant and, in some cases, self-terminating, with immediate reinitiation. They
represent forms of accessory pathway-generated SVT, so-called persistent form of
junctional reciprocating tachycardia (PJRT) (see below) or atrial ectopic tachycardia. Atrial flutter is next most common cause of fetal tachycardia, and it most commonly presents with a variable atrioventricular relationship, usually 2:1. This
typically gives a ventricular rate of about 200 bpm. Maternal sotalol has been shown
to be most efficacious. Ventricular tachycardia, chaotic atrial tachycardia, and congenital junctional ectopic tachycardia are less common fetal tachycardias.
Fetal arrhythmias are diagnosed primarily by the mechanical results of depolarization using echocardiography. Fetal echocardiography is used to diagnose
fetal arrhythmias by the relative timing of mechanical atrial and ventricular events,
using the M-mode tracing, or by Doppler recordings of ventricular inflow and outflow. The timing and frequency of these events can then be used to identify ectopic beats, regular bradycardias, second- or third-degree AV block, and tachycardias
(Fig. 29.10). Fetal electrocardiography from the maternal external abdominal wall
has very limited application, because of the much higher amplitude of maternal tissues. Fetal scalp electrodes have also been used, but generally only in fetuses very
near term. Fetal magnetocardiography (fMCG) is a noninvasive method of recording the fetal ECG. The technology uses sensitive recording equipment to collect and
amplify magnetic waves created by the electrical activity of a fetal heartbeat and can
even identify occult conditions such as long QT [102]. The technology in clinical
use is the Superconducting Quantum Interference Device (SQUID). This must be
performed in a room fully insulated from all electromagnetic fields. Due primarily
to cost restrictions, there are only a handful of centers which have this technology.
A promising new fMCG technology on the horizon uses an optically pumped magnetometer in place of the SQUID, is portable, and will be far less expensive [103].

Congenital Complete Heart Block
Congenital complete heart block occurs in 1 in 18,000–22,000 lives births. Maternal
risk factors include transplacental passage of autoantibodies, type 2 maternal diabetes mellitus, medications (anticonvulsants and retinoic acid), and viral infections
[104]. Intrinsic fetal conditions include specific channelopathies (SCN5A, SCN1B,
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Fig. 29.10 Fetal echocardiogram from a 34-week gestation fetus during a long R-P interval
supraventricular tachycardia. Top image shows four-chamber view with m-mode sampling (dashed
line) including the posterior atrial wall and right ventricular apex. Bottom image is the m-mode
showing atrial (A) and ventricular (V) contractions. The tachycardia cycle length is 270 ms, there
is 1:1 atrioventricular association, and the ventriculoatrial interval (VA) is 140 ms, using mechanical events as surrogates for electrical. Also depicted is sudden tachycardia termination (∗) following a ventricular contraction. RA right atrium, RV right ventricle. After birth, the patient was
shown to have atrial ectopic tachycardia

SCN10A, TRPM4, or KCNK17 genes) [105], mutations in transcription factors
(Nk×2.5 and TBX5) [105], mutations in the connexon40 gene [106], and structural
congenital heart defects (especially l-TGA, polysplenia type of heterotaxy, and
AVSD). The latter category accounts for 14–42% of cases, and maternal autoantibodies accounts for 58–86% [107].
Transplacental passage of the anti-ribonucleoprotein antibodies, anti-SSA (Ro)
or anti-SSB(La), results in CCHB in 2–5% of antibody-positive women. After one
affected fetus, this incidence increases to 12–17% in a subsequent pregnancy [108].
Approximately one-third of these women have clinical disease (Sjogren syndrome,
systemic lupus erythematosus, or mixed connective tissue disease) [109]. There are
two current theories regarding the pathophysiology of CCHB in affected fetuses: (1)
autoantibodies bind to l-type calcium channels of the fetal specialized conduction
system → internalization of these channels → dysregulation of cytoplasmic calcium
trafficking → nonphysiologic apoptosis and inflammation [110]; and (2) fetal SSA
and SSB ribonucleoproteins (RNPs) come to the cell surface of the fetal conduction
system resulting in both activation of TLR7/8 pathway → inflammation and opsonization of fetal RNPs by maternal autoantibodies → phagocytosis by fetal macrophages [111]. Though the destructive process starts as early as 11 weeks’ gestation,
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clinical AV block is first detected at 16–24 weeks, resulting in third-degree AV
block (>90%) and/or sinoatrial node dysfunction (10%). A cardiomyopathic clinical
presentation may also occur and likely contributes to mortality. Affected newborns
may also have transient rashes or cytopenias. Rarely, AV block does not occur until
weeks to a few months postpartum.
Fetal monitoring in antibody-positive mothers begins with fetal echocardiography beginning at 14–16 weeks. Mechanical contraction of an atrium and ventricle
using m-mode or simultaneous Doppler flow in the ascending aorta/SVC, across
mitral valve/aortic valve, or in pulmonary artery/pulmonary vein permits identification of progression of lower to higher degrees of AV block. The measurement of
onset of mechanical atrial-to-ventricular events is often used as a crude indication
of AV conduction time. Tissue Doppler analysis of atrial and ventricular contraction
probably provides a more accurate representation of conduction times [112].
Unfortunately, the progression of AV block may be rapid, and even weekly fetal
echocardiograms may be inadequate [113]. Other techniques for monitoring fetal
AV conduction include indirect fetal electrocardiography from the maternal abdominal wall, direct fetal scalp electrocardiography, and fMCG. These techniques are
limited by unreliability/difficulty in interpretation, fetal age > 36 weeks, and equipment cost, respectively. A newer strategy showing promising early results involves
twice-daily home monitoring of fetal heart rate using a handheld Doppler device to
emergently identify progression of degree of AV block in expectation of urgent anti-
inflammatory medical therapy [114].
The emphasis on early detection of mechanical AV delay or, worse, progression
of degree of AV block is based on the repeated observation that CCHB is a morbid
diagnosis. Considering all fetuses with this diagnosis, the mortality rate is 19–31%
and, in the presence of hydrops, 73–100%. Once CCHB is established, the fetus
should be observed closely for signs of heart failure and hydrops fetalis. Early
delivery and immediate post-birth pacing may be indicated and weighed against
the risks of prematurity. Maternal pharmacotherapy using fluorinated glucocorticoids has been used in an effort to prevent progression of degree of AV block or,
once established, to reduce myocardial inflammation and preserve function; results
have been mixed [115–120]. For fetuses with CCHB who have signs of hydrops or
an excessively slow rate (<55 bpm) and in whom early delivery is felt to be highly
undesirable, maternal administration of the beta-adrenergic agent, ritodrine, has
been reported to be helpful [121]. The combination of dexamethasone plus beta-
adrenergic stimulation (for fetal rates <55 bpm) was compared to no treatment in
two separate studies using 1-year survival as the primary endpoint [122, 123]. The
results were contradictory regarding benefit. In a recent meta-analysis of 162
infants in 8 studies, steroid treatment did not reduce mortality or pacemaker
requirement [124].
Heroic therapies to prevent CCHB have focused on maternal immunomodulation. Maternal treatment with q 3-week IVIG in addition to steroids has not been
shown to prevent CCHB [125], but the addition of maternal plasmapheresis may
prevent CCHB (when started before pregnancy [126]) or reverse second-degree
AV block [127]. Maternal treatment with hydroxychloroquine, by virtue of its

29

Arrhythmias in Children and Patients with Congenital Heart Disease

699

inhibitory effect on TLR pathways, is a promising new drug to prevent CCHB,
and a prospective trial, “Preventative approach to congenital heart block with
HCQ (PATCH),” is currently underway for mothers who had a previous fetus with
immune CCHB (http://grantome.com/grant/NIH/R01-HD079951-01A1). Novel
approaches to fetal pacing have been considered over the years, but a current
model using a screw-in electrode, flex lead, and rechargeable lithium cell, measuring 3.5 × 18 mm, is the first to enter human clinical trials [128]. Once an infant
with heart failure is born, aggressive therapy is required for all other aggravating
factors, including pleural and pericardial effusions, lung disease of prematurity,
and coexisting structural heart defects. Duration of temporary transcutaneous pacing is limited by skin fragility, so placement of temporary transvenous or epicardial wires in the intensive care nursery may be necessary. Specific indications for
permanent pacing in newborns and in children with congenital complete heart
block are included in the 2008 guidelines for device-based therapy of cardiac
rhythm abnormalities and appear in Table 29.5 [129]. Even asymptomatic adults
with CCHB have a 5% incidence of sudden death at long-term follow-up [130]. It
has therefore become standard practice to permanently pace all such patients by
their late teenage years.

Supraventricular Tachycardia (SVT) and Preexcitation
The prevalence of SVT subtypes in the pediatric age group changes according to
age. The relative prevalence of SVT subtypes in infants less than 1 year of age for
AVRT, AVNRT, and FAT is 85%, 5%, and 15%, respectively; and in children
1–5 years of age, it is 65–75%, 10–25%, and 10% [131]. By the teenage years,
AVNRT is as frequent as AVRT. Focal atrial tachycardia and atrial ectopic tachycardia seem to have a constant and low combined incidence of 5–10% of SVT across
the entire age spectrum. These data are based upon esophageal EP studies, primarily
using the V–A interval during SVT, as the major diagnostic criterion.
Antegrade dual AV nodal physiology (based on criteria established in adults) is
seen in 50% or fewer pediatric patients with AVNRT [132] and may be almost as
frequently seen in control patients [133]. During diagnostic intracardiac studies, the
observation that the AH interval exceeds the pacing cycle length during incremental
atrial pacing appears to have better functional correlation with the existence of the
typical variety of AVNRT [134].
After the newborn period, the peak age for first occurrence of childhood SVT is
about 8 years. With regard to SVT due to AVRT, age at presentation is an important
natural history factor. In neonates with WPW pattern, 25–35% will have spontaneous disappearance of their delta wave by 1 year of age, though this does not always
predict loss of retrograde accessory pathway function. Indeed, neonates whose SVT
has seemingly spontaneously resolved by 1 year of age may have SVT recurrences
later in one-third of cases. We routinely offer esophageal electrophysiological testing to all 1- to 2-year-old infants whose ECGs have lost preexcitation and who
have had no SVT recurrences. We believe that this helps guide continuation of
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antiarrhythmic drug therapy and prognosis. In contrast, older children with SVT are
very unlikely to have spontaneous resolution of their arrhythmia substrate.
The AVRT subtype known as PJRT deserves special comment, because it presents in early childhood (median age, 3.2 months) and with tachycardia-induced cardiomyopathy in almost 20% of cases [135]. In fact, it is second only to atrial ectopic
tachycardia as the leading cause of tachycardia-induced cardiomyopathy in children
[136]. PJRT is caused by a concealed, slowly conducting accessory pathway, usually – but not always – posteroseptal in location. This results in a tachycardia having
a longer QRS-to-P (“R-P”) interval than P-to-QRS (“PR”) interval. Its slow conduction time enables atrial recovery from the prior depolarization, resulting in the long
R-P interval and enabling even a sinus beat to reinitiate SVT. This at once makes it
incessant but with varying frequency of terminations in the accessory pathway (following the prior QRS). The long R-P interval limits the overall rate (about 200 bpm
in infants; slower in older children), such that infants and young children are often
asymptomatic until they develop signs and symptoms of congestive heart failure.
Class I and class III antiarrhythmic drugs are beneficial in 70% of cases, with betablocker or digoxin alone being least efficacious [135]. Catheter ablation of the
accessory pathway is a highly effective curative approach, although risk to the AV
node must be considered in young children.
Management of children having asymptomatic preexcitation remains controversial. A consensus statement from 2012 considers intermittent preexcitation (spontaneous loss of preexcitation during ambulatory rhythm monitoring or if clearly
demonstrated during exercise testing) as a criterion for outpatient surveillance only
[137]. If preexcitation is persistent, provocative testing to induce AVRT and to measure the shortest interval between consecutive preexcited beats during induced atrial
fibrillation (so-called SPERRI) should be performed. Catheter ablation should then
be considered if AVRT is inducible or if the SPERRI</=250 ms; otherwise, outpatient follow-up is considered reasonable. Unfortunately, in a recent multicenter retrospective review of 96 young subjects (</=21 years) with WPW and a history of a
life-threatening event, fully 25% had neither of the high-risk characteristics (a short
SPERRI or inducible AVRT) during electrophysiologic testing [138]. Furthermore,
there are sporadic instances of children [139] and adults [140] who have intermittent preexcitation and also sudden death or resuscitated sudden death. Sudden and
remarkable autonomic influences on accessory pathway function likely account for
these events [139, 140].

Chaotic Atrial Tachycardia and Atrial Flutter
Chaotic atrial tachycardia (CAT) is usually referred to as multifocal atrial tachycardia in adults, and, among children, it occurs mostly in infants less than 1 year of age.
One-third of patients tend to present with coexisting respiratory infections, and one-
third have structural heart disease [141]. Diagnosis is based on ECG criteria requiring (1) more than three ectopic P wave morphologies, (2) irregular P-P intervals, (3)
isoelectric baseline between P waves, and (4) rapid atrial and ventricular rate. Some
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criteria also include absence of a dominant atrial pacemaker. Atrial rates vary from
250 to 600 beats/min, while ventricular rates are from 110 to 250 beats/min.
Congestive heart failure is not a common presentation, but one-fourth of patients
present with tachycardia-induced cardiomyopathy as evidenced by echocardiographic criteria [141]. Chaotic atrial tachycardia is not responsive to adenosine,
direct current cardioversion, and overdrive pacing suggesting that the mechanism is
not reentry. It is thought to be a triggered mechanism, but calcium channel blockers
have not been shown to be efficacious. Perhaps the best explanation is rapid automaticity with various exit points and multiple reentry wavelets similar to focal atrial
fibrillation in adults. Indeed, case reports of successful catheter ablation of a single
focus have been described in infants with this tachycardia phenotype [142].
Prognosis for infants with CAT as an isolated problem is generally good with
most having complete resolution by 1 year of age. However, this rhythm has a special predilection for infants with the RASopathy, Costello syndrome [143]; in those
cases, the combination with hypertrophic cardiomyopathy, this rhythm is especially
difficult to control and is hemodynamically consequential. Pharmacologic therapy
is aimed at control of the ventricular rate with digoxin or an oral calcium channel
blocker. Beta-blocker therapy may be useful in some patients in whom the ventricular rate cannot be otherwise controlled. Conversion to sinus rhythm may be
attempted with agents such as amiodarone, flecainide, or, as is our preference,
propafenone [144]. Once in sinus rhythm, therapy may be discontinued after 1 year
of age with close follow-up of ambulatory ECGs.
In the absence of structural heart disease, especially postoperative congenital
heart disease, atrial flutter is mostly an entity of late fetal life and the neonate.
Recently, it has been increasingly reported as part of severe channelopathies in newborns, as well. Notwithstanding those rare instances, AFl in the newborn can be
cardioverted with direct current energy or atrial overdrive pacing, and it will almost
never recur. Some clinicians even believe that loading with digoxin will chemically
cardiovert this rhythm, though this has never been rigorously tested.

Congenital Junctional Ectopic Tachycardia
Junctional ectopic tachycardia (JET) that begins in the first year of life is considered
“congenital.” Most cases of congenital JET are sporadic, though a familial predisposition has been demonstrated in some patients [145, 146]. Congenital JET may
also result from anti-Ro or anti-La antibodies (and may even evolve to CHB in those
patients) [147] or from viral myocarditis [148]. Since the ventricular rate varies
from 140 to 370 beats/min in this incessant tachycardia, most infants present with
heart failure due to tachycardia-induced cardiomyopathy. The ECG diagnostic criteria are (1) narrow QRS tachycardia, (2) AV dissociation, and (3) ventricular rate
greater than the atrial rate. JET usually does not terminate with adenosine or cardioversion, and thus the mechanism is enhanced automaticity of the AV junction above
the bundle branches. Therapy is aimed at control of the ventricular rate, generally to
<150 beats/min, which should allow recovery of ventricular function. Pharmacologic

702

M. M. Lopez and R. J. Kanter

therapy with digoxin has been shown to be ineffective, and agents such as sotalol,
flecainide, propranolol, or propafenone have had limited efficacy. Historically, the
most useful medication has been amiodarone, but recent small series have shown
the cardiac pacemaker current (If) blocking agent, ivabradine, to be highly efficacious [149, 150] at doses of 0.1–0.2 mg/kg/day [151]. For intractable cases in which
pharmacologic therapy fails to control the ventricular rate, catheter ablation of the
AV junction with preservation of normal AV conduction has been successfully performed, even in infants [152, 153].

Postoperative Junctional Ectopic Tachycardia
Junctional ectopic tachycardia is the most common postoperative arrhythmia after
congenital heart surgery with an incidence of up to 2.0–8.3% [154], although estimates of incidence are influenced by the definition of JET; in particular, the rate
demarcating an appropriate junctional escape mechanism from a pathologically
accelerated one is not always clear. It is most commonly associated with repair of
tetralogy of Fallot, VSD, or AVSD, though it may be seen after nearly any type of
cardiac surgery [155]. The mechanisms are thought to be related to transient edema
or inflammatory injury to the His bundle from nearby suture lines or to direct traction. When it occurs following Fontan-style operations or repair of total anomalous
pulmonary venous return, it almost certainly occurs due to traction from elevated
cavitary pressures, as might be related to higher filling pressure or pulmonary
hypertension. Younger age, longer cardiopulmonary bypass, longer aortic cross
clamp times [156], and the level of inotropic support [157] are risk factors. Strategies
shown to reduce the occurrence of postoperative JET include intraoperative prophylactic administration of magnesium [158] or amiodarone [159]. Based on a meta-
analysis including 1851 patients from 9 studies, there is strong evidence that the
pre-, intra-, and postoperative use of the sedating agent, dexmedetomidine, an
alpha2 agonist agent [160], mitigates postoperative JET. Postoperative JET usually
occurs within the first 24 h after surgery and can have serious hemodynamic consequences due to loss of AV synchrony and limited diastolic filling time. Previously
reported mortality rates have been as high as 50%, but with early recognition and
improvements in management, the mortality rate can be significantly reduced. The
aim of therapy is to bring the ventricular rate below 180 in infants and less than
150 in older children. The initial steps in management include correction of electrolyte abnormalities, especially hypokalemia, and reduction in inotropic support as
can be tolerated hemodynamically. Moderate hypothermia (32–34 °C) has some
efficacy, but it requires paralytic drugs and often causes metabolic acidosis. Our
institutional policy has been to cool the patient to mild hypothermia (35–36 °C)
when the initial management fails. Historically, the drugs most frequently reported
to be efficacious for postoperative JET are procainamide, propafenone, and amiodarone. Although amiodarone is the most widely used agent for the management of
JET, practitioners must be aware of the risk of significant hypotension with IV
administration. The hypotension can sometimes be managed with administration of
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IV fluids and calcium. In our opinion, the rate of bolus administration should not be
faster than 5 mg/kg over 45 min. Maintenance dosing is then begun. The ultrashort-
acting beta1-specific blocking agent, landiolol, has recently been shown to safely
reduce the rate of postoperative JET [161], and there is current interest in the use of
intravenous sotalol [162] and ivabradine [163] for this purpose. Once the ventricular
rate is reduced to less than 180, atrial pacing at a slightly faster rate may be initiated
for AV synchrony. In order to reestablish intrinsic AV synchrony without having to
lower the JET rate, R-wave synchronized atrial pacing may also be attempted. This
technique may be used with a traditional temporary pacemaker by placing the atrial
wires in the ventricular port (and vice versa) and programming the DDD mode, with
the programmed AV delay acting as the VA interval [164]. To prevent an undesirably
short PR interval, optimization of programmed “AV delay” according to JET rate is
required and is nonintuitive [165]. Novel pacing devices and algorithms have been
introduced for this purpose [164].
The rhythm will gradually slow to less than the ambient sinus rate over 24–96 h,
in most cases. With appropriate management, prognosis is generally good, though
patients with JET do have a higher reported postoperative mortality (13.5%) compared to controls (1.7%) [157]. Intractable JET may require aggressive support with
ECMO or ventricular assist devices and, in some extreme cases, ablation of the AV
node followed by placement of a permanent dual-chamber pacemaker.

 rrhythmias and Conduction Abnormalities Presenting
A
in Childhood and Associated with Neuromuscular, Mitochondrial,
Metabolic, Oncogene, and Transcription Factor Abnormalities
Numerous non-acquired medical conditions that also affect the cardiac rhythm
present in the pediatric age range and are worthy of mention. This section will
not include primary heritable rhythm disorders, including channelopathies, in
which there are no or minimal extra-conduction system abnormalities, nor does
it include primary arrhythmogenic cardiomyopathies, as they are treated elsewhere in this textbook. Table 29.6 lists the diseases of interest and includes the
predominant cardiac arrhythmia and conduction abnormalities, other associated
cardiac defects, predominant noncardiac manifestations, and ages of presentation [143, 166–177].

Therapies for Pediatric Arrhythmias
Pharmacologic Therapies
Drug therapy has an important role in pediatric arrhythmias despite the primary
treatment of catheter ablation for most arrhythmias. Some indications for pharmacologic management include fetal tachyarrhythmias and infant SVT for which catheter ablation carries increased risk and which may eventually resolve spontaneously.

Genetic/molecular Primary conduction
defect
abnormality/arrhythmia
Condition
Neuromuscular disease and muscular dystrophies
Duchenne/Becker’s MD Dystrophin (XL) ECG abnormalities:
sinus tachycardia, short
PR, deep q in left
precordial, dominant R
in V1
Late teen/early
adulthood: AT, AV
block, VT, SCD
SAND->atrial standstill;
Emery-Dreifuss MD
Seven types,
involving emerin AV block; atrial and
ventricular arrhythmias;
(EMD) (XL);
sudden death
lamin A/C
(LMNA) (AD);
nesprin1 and 2
(SYNE-1,
SYNE-2); FHL-1;
TMEM43
LGMD1B (LMNA):
Limb-girdle MD
LGMD1A-1H
PCSD, VT, and SCD
(LGMD)
(eight types,
LGMD2C-2F
multiple genes)
(sarcoglycans): Low
(AD-10% of
risk, but rhythm
cases)
LGMD2A-2Q (17 surveillance justified
LGMD2I (fukutin-
types, multiple
genes, especially related proteinopathy):
AF associated with
sarcoglycans,
2C-2F) (AR-90% DCM
of cases)
DCM (esp.
LMNA)

DCM, not
correlative with
skeletal muscle
involvement

Rhythm treatment
considerations

Classically, pelvic
and shoulder muscle
weakness, but may
involve face,
abdomen
Classically, non-
ambulatory eventually
Great variability in
severity and rate of
progression.

Emerin: ankle, elbow
contractures (first
decade);
scapulohumeral and
peroneal muscle
weakness (second
decade); spine rigidity

In LGMD1B, ICD
implantation at first
signs of conduction
system disease

Pacemaker (or
ICD?) at first signs
of conduction
system
abnormalities

ICD implantation
Skeletal muscle
pseudohypertrophy -> on individualized
fibrosis and atrophy. basis
Becker’s with much
slower progression

Structural cardiac Noncardiac
abnormalities
manifestations

Great variability LGMD1B: DCM
from first decade LGMD2I: DCM
to adulthood;
mostly presents
in teenage years.

ECG
abnormalities in
childhood
<4 years for
skeletal muscle
(Duchenne’s)
Teen and adult
years for SCD
First decade for
skeletal muscle
Second decade
for arrhythmia

Age at
presentation

Table 29.6 Heritable neuromuscular, mitochondrial, metabolic, oncogene-related, and transcription factor-related conditions which present in the pediatric
age range and have associated cardiac arrhythmias or conduction abnormalities [143, 166–177]

704
M. M. Lopez and R. J. Kanter

Mitochondrial
DNA deletion
(ETC proteins)
(maternal
inheritance with
heteroplasmy)

Frataxin (FXN);
caused by GAA
trinucleotide
repeat expansion
(AR)

Friedreich ataxia

Mitochondrial disorders
Kearns-Sayre syndrome

Dystrophia
myotonia type 1
protein kinase
(DMPK) (AD);
caused by CTG
trinucleotide
repeat expansion
and worsens in
subsequent
generations

Myotonic dystrophy,
type 1

Cognitive
abnormalities in
first decade
Neuromuscular
and cardiac
defects in second
decade (except
rare neonatal
form)

PCSD, may be rapid
and unpredictable
QTc prolongation, TdP
VT, and SCD (up to
20%)

Often <10 years

5–15 years
ECG changes: Lateral
precordial T wave
inversions, LAFB
Atrial tachyarrhythmias,
especially AF

Teenage years: PR and
QRS prolongation; may
progress to AFl, AF,
AVB, VT, SCD, but
usually later

Ataxic gait
Multiple cerebellar,
pyramidal, lower
motor, and posterior
column symptoms;
non-ambulatory
during teenage years
Hearing, vision
impairment
DM

Myotonia, progressive
muscle weakness in
facial, axial, and
distal muscle groups
Cognitive
impairment,
hypogonadism, DM,
cataracts, frontal
balding

Occasional DCM External
ophthalmoplegia,
bilateral ptosis,
retinitis pigmentosa
Sensorineural hearing
loss
Skeletal muscle
weakness

Hypertrophic left
ventricle; DCM;
mixed HCM &
DCM
CHF is a leading
cause of death

DCM rare
“Myotonic heart”
(abnormal
diastolic function
reported)

Arrhythmias in Children and Patients with Congenital Heart Disease
(continued)

Aggressive ECG
and rhythm
monitoring
Pacemaker
implantation after
change in QRS axis
or bundle branch
block

EP study for
symptoms, family
history of VT or
VF, LBBB, RBBB
+ axis shift,
PR > 240 ms, or 1°
AVB + LAFB
Pacemaker for
HV>70 ms
ICD for classic
criteria or (+)
VStim
Standard for atrial
tachyarrhythmias
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Danon disease

Metabolic disorders
PRKAG2 syndrome

Condition
MELAS (mitochondrial
encephalopathy, lactic
acidosis, and stroke-like
episodes)

Table 29.6 (continued)

PRKAG2 gene
(γ2 regulatory
subunit of 5’
AMP-activated
protein kinase)
(AD); phenotype
related to specific
variant
LAMP2
(lysosome-
associated
membrane protein
2) gene (XL);
females less
severely affected

Genetic/molecular
defect
MT-TL1
(mitochondrial
specific transfer
RNA, affecting
ETC) in 80%
(maternal
inheritance with
heteroplasmy)

Catheter ablation
(often repeated
procedures for new
substrates)
Pacemaker
implantation when
indicated
Early consideration
of ICD
implantation
Skeletal muscle
weakness (80–90%)
Mild cognitive
impairment
(70–100%)
Retinal changes
Transaminitis

Extreme LVH
due to lysosomal
glycogen storage
in 100% of males
CHF -> OHT

Late childhood
to teenage years
in males;
adulthood in
females

Short PR interval and
pseudopreexcitation;
WPW
AF, VT, SCD

Rhythm treatment
considerations
Standard for WPW
pattern/syndrome

Skeletal myopathy
with elevated CK in
15% of certain
variants
Hypertension in teens
in 50% of certain
variants

Noncardiac
manifestations
Initial: Muscle pain &
weakness, headaches,
anorexia, vomiting,
seizures
Recurrent stroke-like
events leading to
permanent neurologic
defects, dementia

LVH due to
intracytoplasmic
glycogen storage
(28–44%)
CHF (late) ->
OHT

Structural cardiac
abnormalities
Left ventricular
hypertrophy and
diastolic
dysfunction in
adulthood

Childhood to
adulthood

Age at
presentation
WPW is
congenital
Early symptoms
in childhood
after period of
normal
development
Stroke-like
episodes before
40 years

Late childhood: Very
short PR interval,
acquired preexcitation
(AV-AP, FV-AP), SVT
(AVRT, AFib, AFl)
Adulthood: SAND, AV
block, SCD (2.5–9.7%)

Primary conduction
abnormality/arrhythmia
Wolff-Parkinson-White
(WPW) pattern/
syndrome in up to 27%
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Costello
(faciocutaneoskeletal)
syndrome

RASopathies
Noonan syndrome

Infancy,
sometimes
neonatal
AF in adults

HCM presents at
ECG: 50% with LAD
median age
and/or abnormal
6 months
precordial forces
Atrial tachycardias, VT
uncommon
SCD related to HCM in
extreme cases

HRAS gene (AD) Nonreentrant atrial
tachycardia (>50%),
AET, CAT
AF
Sudden death (cardiac?)

60% gene(+):
PTPN11 most
common, SOS1,
RAF1, (KRAS,
SHOC2, BRAF,
NRAS) (AD)

HCM (60%) in
infancy
Valvar PS (20%)
ASD (5–7%)

80% CV abn.:
 Valvar PS
25–35%
 HCM 20%
(esp. RAF1
variants)
 Secundum
ASD
 Partial AVSD

Genotype specific:
 Short stature (abn.
GH physiology?)
 Cryptorchidism;
male infertility
 Cognitive/learning
abn. variable
 Disordered
bleeding (multiple
abnormalities)
 Lymphatic
maldevelopment
 Dysmorphic facies/
oral or dental
issues
Variant specific:
 Large at birth
 Distinctive
cranio-facial
features
 Failure to thrive
 Benign and
malignant tumors
 Neurodevel.
abnormalities
 Ophthalmologic,
dental, endocrine
and urologic abn.

(continued)

Standard
management of
atrial tachycardias;
stable or may
resolve over time
(70%).

HCM should be
managed similar to
HCM patients with
sarcomeric protein
gene mutations
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Genetic/molecular
defect
PTPN11 gene,
rarely RAF1
(AD)

Primary conduction
abnormality/arrhythmia
ECG abnormalities
(75%): left or
biventricular
hypertrophy, superior
QRS axis, prominent q
waves, repolarization
abnormalities including
QTc prolongation
VT (and rarely SCD)
associated with HCM

Age at
presentation
ECG
abnormalities in
childhood
VT in later life,
associated with
HCM
HCM precedes
appearance of
lentigenes

Noncardiac
manifestations
As implied by
acronym, plus:
 Ptosis, thick lips,
low set ears
 Thoracic deform.
 Mild
developmental
delay
 Rare malignancies,
myelodysplasia

Rhythm treatment
considerations
HCM should be
managed similar to
HCM patients with
sarcomeric protein
gene mutations

Associated structural cardiac defects
ASD, VSD
None
None
ASD, VSD, AVSD, (+noncardiac manifestations of Holt-Oram
syndrome)

Structural cardiac
abnormalities
Asymmetric
HCM (50–60%),
often with
obstruction
Valvar PS
(10–20%)

AD autosomal dominant, AET atrial ectopic tachycardia, AF atrial fibrillation, AFl atrial flutter, AR autosomal recessive, ASD atrial septal defect, AT atrial
tachycardia, AV-AP atrioventricular accessory pathway, AVB AV block, AVRT atrioventricular reciprocating tachycardia, AVSD atrioventricular septal defect,
CAT chaotic atrial tachycardia, CHF congestive heart failure, CK creatine phosphokinase, DCM dilated cardiomyopathy, DM diabetes mellitus, ECG electrocardiogram, ETC electron transport chain, FV-AP fasciculoventricular accessory pathway, GH growth hormone, HCM hypertrophic cardiomyopathy, ICD
implantable cardioverter-defibrillator, LAD left axis deviation, LAFB left anterior fascicular block, LBBB left bundle branch block, LVH left ventricular hypertrophy, MD muscular dystrophy, OHT orthotopic heart transplantation, PS pulmonic stenosis, RBBB right bundle branch block, SAND sinoatrial node dysfunction, SCD sudden cardiac death, SVT supraventricular tachycardia, TdP torsades de pointes, VF ventricular fibrillation, VSD ventricular septal defect, VStim
ventricular stimulation protocol, VT ventricular tachycardia, WPW Wolff-Parkinson-White syndrome, XL X-linked

Transcription factor abnormalities
Transcription factor
Associated conduction defects
Nk×2.5
Progressive AV block
Sho×2
Sinus node dysfunction
Tb×2
Accessory AV pathways (WPW pattern)
Tb×5
Globally reduced cardiac conduction; 1° and 2° AV block;
ventricular ectopy

Condition
LEOPARD syndrome
(lentigines, ECG
abnormalities, ocular
hypertelorism, pulmonic
stenosis, abnormal
genitalia, retardation of
growth, and sensorineural
deafness)

Table 29.6 (continued)
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Ventricular arrhythmias in infants and young children with or without congenital
heart disease often require antiarrhythmic medications.
Table 29.7 summarizes the major antiarrhythmic medications and includes information on dosing, pharmacology, and metabolism specific to the pediatric (and in
some cases, fetal) population. As with all medications used in children, the bioavailability must be taken into consideration with an understanding of gastrointestinal
and hepatic physiology in the young. In general, drugs are less bioavailable in children compared to adults due to relative achlorhydria (until 3 years of age), slower
gastric emptying (until 6–8 months of age), and reduced gut motility (until 4 years
of age). Most hepatic enzyme systems are immature until at least 6 months of age.
This causes reduced biotransformation and first-pass elimination of drugs such as
propranolol, lidocaine, amiodarone, and verapamil; thus, their half-lives are longer
than in older children and adults. Most antiarrhythmic medications are renally
excreted, and this system is also immature until 1 year of age. Pathologic processes
in the gut (including mucosal edema), liver, or kidneys due to congestive heart failure, low cardiac output, congenital anomalies, or other causes of organ dysfunction
affect drug metabolism similarly in children and adults.
The drugs in Table 29.7 are organized according to the Vaughan Williams classification which was introduced in 1970 by Miles Vaughan Williams. It is comprised
of four drug categories according to their primary effects: blockade of sodium channels, beta-adrenergic receptors, potassium channels, and calcium channels. Although
still widely used, this classification now lags far behind the burgeoning technologies
in molecular biology, pharmacogenomics, and translational medicine, apropos cardiac arrhythmogenesis. An expanded version of this system was recently published
by Lei and colleagues [178]. This proposed model takes into account the original
drugs, old drugs that were never included in the original system (digoxin, adenosine, atropine, and isoproterenol, among others), newly discovered agents, potential
drug categories that take into account newly discovered drug targets for which drugs
have net yet even been discovered, and drugs whose primary effects do not directly
alter cardiac currents but which may reduce deleterious structural and electrophysiological remodeling. This system includes eight drug classes: 0, HCN channel
blockers; I, voltage-gated sodium channel blockers; II, autonomic inhibitors and
activators; III, voltage-gated potassium channel blockers; IV, calcium handling
modulators; V, mechanosensitive channel blockers; VI, gap junction channel blockers; and VII, upstream target modulators.

Catheter Ablation
In many communities, catheter ablation has become first-line therapy for most
tachyarrhythmia substrates in older children and teenagers. Radiofrequency (RF)
catheter ablation of cardiac tachyarrhythmia substrates in humans has been available for over 30 years, and its efficacy and safety were well defined in children by
the Prospective Assessment of Pediatric Catheter Ablation (PAPCA) project [179].
Cryoablation has been used for over 20 years and has also been shown to be

Procainamide 1.7 h (children);
2.5–4.7 h (adults)
(short acting)
6–7 h (slow
release); shorter in
children; longer in
neonates; oral
form not currently
available in the
USA

10–15 mg/kg over
20 min;
maintenance:
30–80 μg/kg/min

50–100 mg/kg/d; not
currently available in
the USA

C

C

25–100

Not recommended

Quinidine
24–94

Not available

30–90 min
(sulfate);
3.4–4.0 h
(gluconate)

C

39

Intravenous dosing Oral dosing

Half-life
Drug
Class Ia
Disopyramide 4.5–7.8 h
10–30 mg/kg/d
(infants); 10–20 mg/
kg/d (children);
6–15 mg/kg/d
(adolescents);
400–800 mg/d (adults)
q 6 h (regular), q 12 h
(sustained release);
maximum: 1600 mg/d)
30–60 mg/kg/d
(450–900 mg/m2); q
4–6 h; 10 mg/kg/d
(adult); 20% higher if
gluconate

Pregnancy
category/safety
for fetus

Transplacental
passage (%)

Table 29.7 Antiarrhythmic drug use in children and in congenital heart disease

Reported to
occur; safe for
infant

Reported to
occur; safe for
infant

50–90%
maternal blood
level; safe for
infant

BrS; otherwise,
rarely used due
to side-effects
(previously,
PSVT, AFI, AF,
VT in CHD)
Incessant
non-sustained
PSVT, VT,
postoperative
JET

AF in HCM;
rarely, PSVT,
AF1, VT in
CHD with good
ventricular
function

Passage in breast
milk
Indications
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29 h (newborn);
11–12 h (infant);
8 h (children)
12–27 h (adult)

75 ± 64 h
(premature);
21 ± 12 h (term);
8 ± 4 h;
(1 month);
22 ± 7 h
(child–adult)

Phenytoin

Class 1 c
Flecainide

6.3–11.8 h

3.2 h (neonate);
1.5–2 h (children
and adults)

Mexiletine

Class Ib
Lidocaine

1–2 mg/kg over
5–10 min; not
available in US.

10–15 mg/kg over
1h

Not available

1 mg/kg, may
repeat twice;
maintenance:
20–50 μg/kg/min

1–6 mg/kg/d or
50–150 mg/m2/d q
8 h (children) & q 12 h
(newborn, infant and
adult); maximum:
400 mg/d; avoid
administration with
milk-based formulas in
infants

Infants: 8–25 mg/kg/d;
children: 4.5–15 mg/
kg/d; maximum:
600–1200 mg/d; q 8 h
Load: 15 mg/kg/d q 6 h
(day 1), 7.5 mg/kg/d q
6 h (day 2);
maintenance:
0–2 weeks: 4–8 mg/
kg/d q 12 h;
2 weeks–2 years:
8–12 mg/kg/d q 8 h;
3–12 years: 5–6 mg/
kg/d q 12 h; >12 years:
4.5 mg/kg/d q 12 h

Not effective

100 (equivalent C
to maternal
blood level)

Arrhythmias in Children and Patients with Congenital Heart Disease
(continued)

PSVT, AF1, AF,
PJRT, VT, fetal
tachycardias,
infant CAT, JET,
CPVT

VT, some LQTS

Safe for infant

Excellent

Concentrated
(2.3–3.7:1); safe
for infant

VT, some LQTS

100% maternal
blood level; safe
for infant

D
(11% have “fetal
hydantoin
syndrome”; 31%
have lesser
manifestations)

VT, especially
ischemic

40% maternal
blood level; safe
for infant

B
(fetal bradycardia
reported;
generally safe for
fetus)
100 (equivalent C
to maternal
blood level)

50–70

29
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Intravenous dosing
0.2 mg/kg q 10 min
to effect
(max = 2 mg/kg);
maintenance:
4–7 μg/kg/min)

4.5 ± 2.1 min
(children); 9 min
(adults)

20–24 h (adults);
shorter in infants
and children

Nadolol

Load: 500 μg/kg
over 1 min;
maintenance:
50–600 μg/kg/min
Not available

No pediatric data
16–35 h
(newborn);
3.5–7 h (children);
6–9 h (adults)

Half-life
4.7 ± 1.3 h
(extensive
metabolizer);
16.8 ± 10.6 h
(slow = 10%
population); ↑
with time in both
groups

Esmolol

Class II
Atenolol

Drug
Propafenone

Table 29.7 (continued)

1–2 mg/kg/d q day

0.8–1.5 mg/kg/d q
12–24 h; when used for
potentially life-
threatening arrhythmia
(LQTS), q 12 h
recommended
Not applicable

Oral dosing
200–600 mg/m2/d q
6–8 h; maximum:
900 mg/d

Pregnancy
category/safety
for fetus
C

Some passage
occurs

Not known

C
(hypoglycemia;
symptomatic
bradycardia)

C

100 (equivalent D
to maternal
blood level)

Transplacental
passage (%)
Not known

PSVT, rate
control in AF1
and AF
PSVT, rate
control in AF1
and AF, VT in
normal heart,
LQTS, CPVT

Not known

Concentrated
(3:1); fetal
bradycardia

PSVT, rate
Concentrated
(1.5–6:8:1); fetal control in AF1
and AF, VT in
bradycardia
normal heart

Passage in breast
milk
Indications
Not known
PSVT, AF1, AF,
PJRT, VT, infant
CAT, JET
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Dofetilide

Sotalol

Class III
Amiodarone

Propranolol

8–10 h (adult)

8–107 d; biphasic
elimination
(plasma level 50%
after 10 d;
rebounds days
12–21; falls again)
9.5 h (children);
7–18 h (adult);
beta-blocking
effect longer

3.9–6.4 h
(children); 4–6 h
(adults)

1–5 mg/kg/d q 6–8 h
(short acting); q
12–24 h (time release);
when used for
potentially life-
threatening arrhythmia
(LQTS), q 12 h
recommended

C

B
(asymptomatic
bradycardia)

D
(prematurity
12%; IUGR 21%;
hypothyroidism
9%)

100 (equivalent C
(IUGR;
to maternal
hypoglycemia;
blood level)
respiratory
depression)

10–25
Load: 10 mg/kg/d q
8–12 h (up to 60 mg/
kg/d × ≤3 d, if
necessary); then, 5 mg/
kg/d × 2 months; then,
wean to 2.5 mg/kg/d
To be established
2–8 mg/kg/d or
5–100
by ongoing studies 40–250 mg/m2/d q
8–12 h; maximum dose
640 mg/d; usual adult
starting dose: 160 mg/d
Not available in the 125–500 mcg q 12 h
Not known
USA
(adult); in-patient
dosing; dosing based on
ClCr and sequential QTc

Load: 2–5 mg/kg
over 20–45 min
(repeat as needed);
then 0.4–1.0 mg/
kg/h

0.01–0.15 mg/kg
over 5 min

Not known

Concentrated
(5:4:1); may not
be important

Exceeds
maternal plasma
level; safe for
infant

64% maternal
plasma level;
safe for infant

(continued)

Acute
conversion of
AF/AFl, chronic
suppression of
AF/AFl, PSVT

PSVT, AF1, AF,
VT, JET?

PSVT, AF1, AF,
VT, JET, AET

PSVT, rate
control in AFl
and AF, VT in
normal heart,
LQTS, CPVT
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Diltiazem

Class IV
Verapamil

Drug
Ibutilide

IV bolus: 3.4 h;
IV cont. Infusion:
4–5 h; oral:
3–4.5 h; oral,
extended release:
6–9 h

Bolus: 0.25 mg/kg
over 5 min. Up to
20 mg; continuous
infusion: 0.05–
0.15 mg/kg/h up to
15 mg/h

23–100%
maternal blood
level; safe for
infant

Similar to
maternal blood
level; breast-
feeding should
be avoided

C

Similar to
maternal level
in animal
studies

Standard release:
1.5–3.5 mg/kg/d
(divided q 6–8 h);
120–300 mg/d for qd
extended release

Passage in breast
milk
Enters breast
milk;
contraindicated

C

Pregnancy
category/safety
for fetus
C

15–50

Transplacental
passage (%)
Not known

3–10 mg/kg/d q 8 h
(short acting); q day
(time release)

Intravenous dosing Oral dosing
Not applicable
Adults <60 kg:
0.01 mg/kg over
10 min., repeat ×1
prn;
Adults >60 kg:
1 mg over 10 min.,
repeat ×1 prn

2.5–7 h (infancy); 0.1 mg/kg over
2 min (maximum
5–12 h with
10 mg); infusion:
chronic use
5 μ/kg/min; not
<1 year of age

Half-life
2–12 h (adult)

Table 29.7 (continued)

PSVT (not
having WPW),
rate control in
AF1 and AF,
fetal PSVT,
some forms of
VT in normal
heart
Ventricular rate
control during
AF or AFl

Indications
Acute
conversion of
AF/Fl (duration
<30 d)
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<5 sec

61–170 h
(premature);
35–45 h (term);
18–25 h (infant);
35 h (child);
38–48 h (adult)

50–300 μg/kg
rapidly

Oral load (three
doses/16–24 h):
30 μg/kg
(premature), 35
(term), 40–50
(<2 years), 30–40
(>2 years);
maintenance: ¼
load/q 12 h;
intravenous dose:
75–80% oral
Not applicable

Not applicable

Similar to
maternal level

Not applicable

C

Not applicable

Similar to
maternal blood
level; safe for
infant

PSVT, SANRT,
some FAT, some
normal heart VT

PSVT (not
having WPW),
fetal PSVT

AET atrial ectopic tachycardia, AF atrial fibrillation, AFl atrial flutter, BrS Brugada syndrome, CAT chaotic atrial tachycardia, CHD congenital heart
disease, CPVT catecholaminergic polymorphic ventricular tachycardia, FAT focal atrial tachycardia, JET junctional ectopic tachycardia, HCM hypertrophic cardiomyopathy, IUGR intrauterine growth retardation, LQTS long QT syndrome, PJRT permanent form of junctional reciprocating tachycardia,
PSVT paroxysmal supraventricular tachycardia, SANRT sinoatrial nodal reentrant tachycardia, WPW Wolff-Parkinson-White syndrome, VT ventricular
tachycardia

Adenosine
Adenosine

Digoxin
Digoxin
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effective and safe in children with increasing popularity as first-line treatment for
tachyarrhythmia substrates located in the atrial paraseptal region [180]. A 2016 consensus statement on catheter ablation for children and patients having congenital
heart disease provides specific guidance for all tachycardia types [181]. In addition
are specific sections addressing catheter ablation in infants and young children,
ablation in all patients having congenital heart disease, use of cryoenergy, and procedural issues. An abridged version of these recommendations appears as Table 29.8.
Table 29.8 Recommendations for catheter ablation in children and patients with congenital
heart disease
Pediatric patients with narrow (usuala) complex SVT (AVNRT/AVRT/AET/NAFAT/atrial
flutter) without CHD
Class I
 1. Ablation is recommended for documented SVT, recurrentb or persistentc, associated with
ventricular dysfunction in largerd patients. (LOE: C)
 2. Ablation is recommended for documented SVT, recurrentb or persistentc, when medical
therapy is either not effective or is associated with intolerable side effects. (LOE: C)
 3. Ablation is recommended for documented SVT, recurrentb or persistentc, when the family
wishes to avoid antiarrhythmic medications in largerd patients. (LOE: C)
 4. Ablation is recommended for recurrent hemodynamic compromise (hypotension or
syncope) in largerd patients. (LOE: E)
 5. Ablation is effective for recurrentb SVT requiring emergency medical care or electrical
cardioversion in largerd patients. (LOE: C)
Class IIa. Ablation can be useful in the following cases:
 1. Recurrentb clinical symptoms clearly consistent with paroxysmal SVT in largerd patients,
and one of the following: evidence of AV accessory pathway involvement; inducible SVT.
(LOE: C)
 2. Slow pathway modification in largerd patients with a history of documented SVT, when
SVT is not inducible at electrophysiological testing, but evidence for dual AV nodal
physiology with or without single AV nodal echoes is demonstrated (LOE: C).
Cryotherapy should be considered for slow pathway modification. (LOE: B)
Class IIb. Ablation can be reasonable for the following cases:
 1. Slow pathway modification in largerd patients with clinical symptoms clearly consistent
with paroxysmal SVT but not documented, when SVT is not inducible at
electrophysiological testing but evidence for dual AV nodal physiology with or without
single AV nodal echoes is demonstrated (LOC: C). Cryotherapy should be considered for
slow pathway modification. (LOE: B)
 2. Recurrentb clinical symptoms clearly consistent with paroxysmal SVT in smallerd
patients, and one of the following at the electrophysiology study: evidence of AV
accessory pathway involvement; inducible SVT (LOC: C). Medical therapy should be
considered prior to ablation. (LOE: C) Cryotherapy should be considered for slow
pathway modification. (LOE: B)
 3. Recurrent hemodynamic compromise (hypotension or syncope) in smallerd patients.
(LOE: C)
 4. Intermittent symptomatic SVT which is nonsustained (<30 s) in largerd patients. (LOE:C)
Pediatric patients with the Wolff-Parkinson-White pattern
Class I. Ablation is recommended for the following:
 1. WPW pattern following resuscitated cardiac arrest (LOE: B)
 2. WPW pattern with syncope when there are predictors for high risk of cardiac arreste
(LOE: B)
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Table 29.8 (continued)
Class IIa. Ablation can be useful for the following:
 1. WPW pattern with ventricular dysfunction presumed due to dyssynchrony in largerd
patients, or when medical therapy is either not effective or associated with intolerable
adverse effects in smallerd patients (LOE: B)
 2. WPW pattern without symptoms in which there are predictors for high risk of cardiac
arreste in largerd patients (LOE: C)
 3. WPW pattern with syncope, without predictors for high risk of cardiac arreste in largerd
patients (LOE: C)
 4. WPW pattern without symptoms in largerd patients when the absence of WPW pattern is a
prerequisite for participation in personal or professional activities (LOE: E)
Class IIb. Ablation can be reasonable for the following:
 1. WPW pattern without symptoms in largerd patients with predictors of low risk for sudden
cardiac arreste, as a patient or family choice (LOE: E)
Indications for ablation procedures in pediatric patients with AF, with or without CHD
Class IIa. Ablation can be useful for the following:
 1. Any SVT substrate identified as the initiating event for AF, using either ambulatory ECG
monitoring or invasive EP evaluation. Provocative SVT substrates include forms of
paroxysmal SVT, a single ectopic atrial focus unrelated to or within a larger pulmonary
vein, or ectopic focus/foci initiating AF from a single pulmonary vein orifice, requiring
isolation of a single vein. (LOE: C)
Class IIb. Ablation can rarely be considered for the following:
 1. Empiric wide-area circumferential isolation of all pulmonary veins in the absence of a
documented triggering focus or arrhythmia, as is performed in adults with AF, in
adolescent patients when AF is recurrent, requires repeated DC cardioversions, and
medical therapy is either not effective or is associated with intolerable adverse effects.
The procedure should be undertaken by or with the direct assistance of a clinician
experienced in the technique. (LOE: C)
Indications for ablation procedures in pediatric patients with JET
Class I
 1. Ablation is recommended for recurrentb or persistentc idiopathic JET, or congenital JET
associated with ventricular dysfunction, when medical therapy is either not effective or is
associated with intolerable adverse effects. (LOE: C)
 2. When ablation of JET is being performed, cryotherapy is the preferred first choice due to
the high risk of AV block. RF energy should be used with extreme caution, and after a
detailed discussion with, when medical therapy is either not effective or is as the family
and patient concerning the high risk of AV block and the potential need for a permanent
pacemaker. (LOE: C)
Class IIa. Ablation can be useful for the following:
 1. Symptomatic recurrentb or persistentc idiopathic JET, or congenital JET in largerd patients,
when medical therapy is associated with intolerable adverse effects (LOE: C)
Class IIb. Ablation might be reasonable for the following:
 1. Symptomatic recurrentb or persistentc idiopathic JET, or congenital JET in largerd patients,
as an alternative to chronic antiarrhythmic therapy that has been effective in controlling
the arrhythmia (LOE: C)
 2. Symptomatic recurrentb or persistentc idiopathic JET, or congenital JET in smallerd
patients, when medical therapy is associated with intolerable adverse effects
(LOE: C)
Indications for ablation procedures in pediatric patients with ventricular arrhythmias without
CHD
(continued)
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Table 29.8 (continued)
Class I
 1. Ablation is recommended for frequent ventricular ectopy or tachycardia, predominantly
from a single focus thought to causing ventricular dysfunction, when medical therapy is
either not effective or is associated with intolerable adverse effects+, or as an alternative
to medical therapy in largerd patients. (LOE: C)
 2. Ablation is effective for recurrentb or persistentc symptomatic intrafascicular verapamil-
sensitive reentrant VT, idiopathic outflow tract VT, or VT with hemodynamic
compromise, when medical therapy is either not effective or is associated with intolerable
adverse effects, or as an alternative to medical therapy in largerd patients. (LOE: C)
Class IIa. Ablation can be useful for the following:
 1. Frequent ventricular ectopy with correlated symptoms in largerd patients (LOE: C)
Class IIb. Ablation can be reasonable for the following:
 1. Accelerated idioventricular rhythm with correlated symptoms in largerd patients (LOE: C)
 2. Recurrent/frequent polymorphic ventricular arrhythmia when there is a suspected
triggering focus, arrhythmia, or substrate that can be targeted (LOE: C)
Indications for ablation procedures in patients with CHD
Class I
 1. Ablation is recommended for recurrentb or persistentc SVT related to accessory AV
connections or twin AV nodes in patients with CHD when medical therapy is either not
effective or is associated with intolerable adverse effects. Ablation is also recommended
as an alternative to medical therapy in largerd patients. (LOE: B)
 2. Ablation is effective for patients with WPW pattern and high-risk or multiple accessory
pathways, as commonly encountered in Ebstein anomaly, in largerd patients with CHD.
(LOE: C)
 3. Ablation is effective for recurrent symptomatic atrial tachycardia in patients with CHD
occurring outside the early postoperative phase (less than 3–6 months) when medical
therapy is either not effective or is associated with intolerable adverse effects. Ablation is
also recommended as an alternative to medical therapy in largerd patients. (LOE: B)
 4. Ablation is recommended for adjunctive therapy to an ICD in patients with CHD and
recurrent monomorphic VT, a VT storm, or multiple appropriate shocks that are not
manageable by device reprogramming or drug therapy. (LOE: C)
Class IIa. Ablation can be useful for the following:
 1. Sustained monomorphic VT in patients with CHD causing symptoms or hypotension,
when medical therapy is either not effective or is associated with intolerable adverse
effects. Ablation is also recommended as an alternative to medical therapy in largerd
patients. The decision whether to have an ICD as adjunctive therapy should follow the
ACHD guidelines [41]. (LOE: B)
 2. Recurrentb or persistentc AVNRT when medical therapy is either not effective or is
associated with intolerable adverse effects in larger patients with moderate or complex
CHDf. In simple congenital heart diseasef, AVNRT can be managed as described in
patients with normal hearts. (LOE: C)
 3. Substrates that have a reasonable likelihood of contributing to tachyarrhythmias in the
postoperative period, in the absence of other indications, when impending congenital
heart surgery will result in restriction of vascular or chamber access following surgery.
(LOE: C)
 4. Substrates that have a reasonable likelihood of contributing to tachyarrhythmias in the
postoperative period, in the absence of other indications in larger patientsd with Ebstein
anomaly prior to anticipated cardiac surgery. (LOE: C)
 5. Recurrent asymptomatic atrial tachycardia occurring outside the early postoperative phase
(less than 3–6 months) in largerd patients with CHD who are at increased risk of
thromboembolic events or worsening heart failure, or in smallerd patients when medical
therapy is either not effective or is associated with intolerable adverse effects. (LOE: C)
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Table 29.8 (continued)
 6. Frequent ventricular ectopy, predominantly from a single focus, thought to be contributing
to deteriorating ventricular function in largerd patients with CHD, or in smallerd patients
when medical therapy is either not effective or is associated with intolerable adverse
effects. (LOE: C)
Class IIb. Ablation can be reasonable for the following:
 1. SVT with acute hemodynamic compromise in smaller patients with CHD (LOE: E)
 2. Creation of complete AV block with permanent pacing in patients with atrial
tachyarrhythmias refractory to all medications and substrate-targeted catheter ablation,
who are not candidates for surgical therapy (LOE: B)
These are adapted from a 2016 consensus statement developed in partnership with the Pediatric
and Congenital Electrophysiology Society and endorsed by the Heart Rhythm Society, American
Academy of Pediatrics, American Heart Association, and Association for European Pediatric and
Congenital Cardiology [181]. The classification of recommendations and levels of evidence (LOE)
are as defined by the American College of Cardiology/American Heart Association Task Force on
Practice Guidelines
AET atrial ectopic tachycardia, AV atrioventricular, AVNRT AV nodal reentrant tachycardia, AVRT
atrioventricular reciprocating tachycardia, CHD congenital heart disease, ICD implantable
cardioverter-defibrillator, JET junctional ectopic tachycardia, NAFAT non-automatic focal atrial
tachycardia, RF radiofrequency, SVT supraventricular tachycardia, VT ventricular tachycardia,
WPW Wolff-Parkinson-White
a
Usual complex refers to QRS complex in tachycardia identical to that in sinus rhythm
b
Recurrent implies more than one symptomatic or significant paroxysm of tachycardia
c
Persistent implies a tachycardia that is present continuously or non-sustained but incessantly
recurrent
d
Larger implies a weight of approximately 15 kg or greater, and smaller implies a weight less than
approximately 15 kg
e
High risk of cardiac arrest is defined as a shortest preexcited R-R interval during atrial fibrillation
or incremental atrial pacing <250 ms
f
That which constitutes simple, moderate, and complex congenital heart disease is defined in the
ACC/AHA 2008 guidelines for the management of adults with congenital heart disease: Warnes
CA, Williams RG, Bashore TM, Child JS, Connolly HM, Dearani JA. J Am Coll Cardiol
2008;52:e143–e263

There are special considerations when considering catheter ablation in smaller
children, generally defined as being less than 5 years old or weighing less than
15 kg. They are at higher risk of complications from RF ablation than older children
[182], largely due to greater proximity of vital structures to ablation targets. For
example, in the 3-year-old child, the triangle of Koch – which houses the compact
AV node – is 3–5 mm at its base and 3–6 mm in length, which is not much larger
than the lesion size generated by even the smallest available (3 mm tip) radiofrequency ablation catheters. Hence, ablation using RF energy of septal accessory
pathways or AVNRT presents a significant risk in these smaller patients and is generally not electively undertaken. Another anatomic consideration is cardiac wall
thickness at the annulus fibrosis, representing the theoretical distance between the
epicardial coronary arteries and the endocardial ablation catheter tip. Based upon
autopsy specimens, among children less than 7 years of age, this distance is ≤4 mm
for 76% of measured sites and ≤5 mm for 96% [183]. As observed in adults, the
shortest distance is just within the coronary sinus ostium. There are few reports of
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damage to coronary arteries with catheter ablation in children, though it may go
unrecognized more frequently than previously thought [184, 185]. Cryoablation is
safer than radiofrequency ablation with regard to coronary injury [186]. With those
caveats in mind, invasive electrophysiologic testing and catheter ablation can be
safely performed in very small patients including infants, if necessary [187].
Capacity of the femoral, subclavian, and internal jugular veins is usually not a limiting factor, as 4 Fr multipole diagnostic electrode catheters are widely available.
Sensing and pacing may also be performed from the esophagus. Arterial access
requires different considerations but is generally avoided with the use of transseptal
access to the left side of the heart. In small children in whom chamber perforation
could rapidly result in a surgical emergency, it is recommended that pediatric cardiovascular surgical support be available in-house for all catheter ablation procedures (Class I, LOE: E) [181].
With regard to radiofrequency energy delivery, there does not appear to be a correlation between patient size and impedance load. Thus, the applied power is the
same as in adults. Longer duration of radiofrequency lesion application has been
shown to correlate with higher complication rates in smaller patients, and careful
judgment must be employed weighing the risks of ablation and severity of the
arrhythmia [188]. Growing experiences with irrigated-tipped and contact-force
catheters improve the safety profile and are more effective in congenital heart disease patients in whom arrhythmia substrates often involve thickened chamber
walls [189].
Catheter ablation in patients with complex congenital heart disease presents further challenges. Prior to the procedure, review of surgical reports is a prerequisite,
and the anatomy must be clearly defined with imaging modalities such as transthoracic/transesophageal echocardiography, CT, and/or MRI. At the time of the procedure, angiography of the vascular and heart structures may be required prior to
placement of the electrode catheters. Reduced or altered venous access to the heart
should be anticipated due to occluded iliofemoral veins, congenitally interrupted
IVC with azygos continuation, or surgically created venous bypass pathways (e.g.,
bidirectional Glenn procedure, Fontan operation). In patients with inferior vena
caval interruption, successful catheter ablation may be performed via hepatic vein
cannulation or by the azygos vein [190, 191]. Often in collaboration with the interventional cardiologist, access to the target chamber can usually be accomplished
using modern puncture techniques, serial dilations of the puncture site, and steerable long sheaths. Anticipatory knowledge of unusual anatomic locations of important conduction system structures in various congenital heart malformations should
be applied to meticulous electroanatomic mapping (EAM). Intracardiac ultrasound,
image fusion, and noncontact balloon array mapping are useful imaging tools in
patients with congenital heart disease [54]. Three-dimensional electroanatomic
mapping has been demonstrated to improve success rates for ablation of atrial
tachyarrhythmia substrates following congenital heart surgery and is now considered requisite technology [181].
Until recently, ionizing radiation in the form of X-rays was necessary to image
electrode catheters within the heart. Radiation side effects are categorized as
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dose-dependent (deterministic) – with a threshold level of about 2 Gy – and dose-
independent (stochastic). Stochastic effects, namely, teratogenicity in a female’s
offspring and personal malignancy, follow a no threshold model and accrue over
one’s lifetime. It is for that reason that limiting and perhaps even eliminating ionizing radiation during ablation procedures is of greatest importance in children.
Although the lifetime increased risk of a fatal malignancy due to fluoroscopy during
a catheter ablation procedure in children has been estimated to be only 0.02–0.03%
[192], studies from DNA changes in white blood cells in children undergoing diagnostic or interventional cardiac catheterization suggest a fourfold greater risk of
malignancy [193]. The ALARA (As Low As Reasonably Achievable) principle
refers to the minimization of radiation exposure by optimizing all fluoroscopy features (pulsed fluoroscopy, low frame rate, maximize collimation, reduce magnification, eliminate cineangiography, alternate single views versus biplane). Although
ALARA is the standard in all fluoroscopy facilities, EAM techniques over the last
15 years have further reduced radiation exposure dramatically [194, 195] during
electrophysiology studies, especially in children with a structurally normal heart.
The concept of “zero-fluoro” procedures has even been achieved in some centers
[196]. Transesophageal or intracardiac echocardiography is an important adjunctive
tool which assists the operator during transseptal procedures and helps demonstrate
catheter-tissue contact. EAM technologies identify catheter locations and the anatomic sites with which they have made contact by either of the two methods: (1)
localization of sensors mounted within the catheter(s) by a magnetic field created by
sources external to the patient or (2) catheter-generated impedance changes in low-
energy radiofrequency fields from pairs of patches affixed to the body surface. Each
technique has its advantages and drawbacks.
Most catheter ablation procedures in children are performed under general anesthesia. Anesthetic agents such as propofol and isoflurane are commonly used and
generally do not suppress arrhythmia inducibility [197]. There are minor effects on
conduction and refractoriness intervals, which are clinically unimportant [197].
Dexmedetomidine is a relatively new and very popular anesthetic agent. Its alpha2
agonist property reduces sinus and AVN conduction, and it may even help terminate
AVN-dependent SVT [198]. Accordingly, its use during procedures requiring SVT
induction is controversial [199], although the largest study to date did not show
reduction in SVT inducibility in children [200]. Among youngsters having tachycardias using enhanced automaticity as the mechanism (especially AET and some
“normal heart” ventricular arrhythmias), general anesthesia may render the tachycardia uninducible. Of course, the selection of sedation versus anesthesia needs to
be individualized with awareness of coexistent issues such as structural heart disease, other medical issues, and potential airway obstruction. In particular, patients
whose heart conditions are especially preload dependent, such as those having cardiomyopathy or “Fontan physiology,” may be prone to hypotension during general
anesthesia. Primary agents such as ketamine may be useful in those instances. Prior
to the procedure, age-appropriate reading material, play therapy, and opportunities
to network with other children and teenagers who had previously undergone the
procedure may be useful.
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Overall, the results of catheter ablation in pediatric patients are comparable to
results in adult patients. Results from the PAPCA project comprise a large prospective analysis of AVRT and AVNRT in patients aged 0–21 years, excluding patients
with congenital heart disease [201]. The cohort included 481 patients and the acute
success rate was 95.7%. For left free wall and right free wall accessory pathways,
the success rate was 97.8 and 90.8%, respectively. The procedural complication rate
was 4%. Patients were followed for 12 months, and the arrhythmia substrate recurrence rate was 7.0, 9.2, and 10.7% at 2, 6, and 12 months, respectively [202]. For
individual arrhythmia substrates, the recurrence rates were as follows: 24.6% (right
septal pathways), 15.8% (right free wall pathways), 9.3% (left free wall pathways),
4.3% (left septal pathways), and 4.8% (AVNRT). Since the PAPCA study, catheter
ablation using cryoenergy has been used to more safely ablate tachycardia substrates that are very proximate to vital structures, especially the compact AV node
and coronary arteries. According to an online survey in North America, about one-
half of responding pediatric electrophysiologists now use this technique for
AVNRT. Published acute success rates are similar to those following RF ablation
with medium-term recurrence rates that have dropped to less than 5% [203]; recurrence rates approaching 0% have even been reported using a novel voltage mapping
method [204]. A large meta-analysis from adults having septal accessory AV pathways reports acute success rates by cryoablation similar to those of RF energy, with
0% versus 2.7% CHB, but 18.1% versus 9.9% rates of substrate recurrence [205].

Pacemakers in Children and in Congenital Heart Disease
The indications for permanent pacing in pediatric children have been summarized
in Table 29.5 [129]. As with catheter ablation, there are size-, development-, and
disease-related considerations with regard to implantable cardiac rhythm devices
in pediatric patients. Advances in device and lead design have made it possible to
provide rhythm management in the smallest of patients with epicardially placed
systems. Nevertheless, the lead and its interface with myocardium remain the
greatest source of pacing system failure. Several factors have reversed the trend
of transvenous lead placement in favor of epicardial systems in small children: (1)
Steroid-eluting, passive fixation epicardial leads have an excellent long-term track
record; (2) newer surgical techniques, including thoracoscopic approaches, have
made epicardial lead placement less invasive than in the past; and (3) there is now
greater recognition of the long-term adverse impact of failed transvenous leads in
patients who still have decades of pacing ahead of them. Indeed, most pediatric
electrophysiologists now reserve transvenous lead implantation for children weighing at least 20 kg. The Medtronic model 4968 bifurcated, bipolar epicardial lead has
an established freedom from replacement of >90% at 2 years, 74–83% at 5 years,
and 60–72% at 10 years [206, 207]. In all modern devices, battery longevity is
maximized by bipolar energy delivery (with its attendant higher pacing impedance) and the ability to automatically perform “pacing thresholds” by detecting
the evoked potential, thus limiting energy output. As with all procedures, however,
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complications do exist which are unique to epicardial systems, including ventricular
strangulation and epicardial coronary artery compression [208].
Children have benefited from newer transvenous lead design, as well. The
Medtronic model 3830 lead is 4.1 Fr in size, thus reducing the venous burden
of hardware with its attendant risk of long-term venous obstruction. This lead
does require a preformed introducer sheath, which may be more cumbersome
than lumened leads. The shape of the latter is more easily customized by
deformable stylets.
Among patients having repaired or unrepaired congenital heart disease and who
require pacing, historically, safe venous access to the heart has been limited by the
presence of single ventricle physiology, residual potential right-left shunts, and
venous obstruction from prior procedures. For example, following the Mustard
operation, the operator must be certain that there is no superior vena caval baffle
obstruction and that there are no baffle “leaks” (potentiating paradoxical embolization) before placing leads; following the atriopulmonary type of Fontan operation,
the operator must be concerned that a new atrial lead may stimulate thrombus formation due to the potential procoagulant state so common in those patients; and
following a Rastelli type of operation (right ventricle-to-pulmonary artery conduit
and VSD closure as repair of d-TGA, VSD, and pulmonic stenosis; pulmonary atresia and VSD; or truncus arteriosus), even a small residual VSD should make the
operator concerned about paradoxical embolization, as the conduit narrows over
time, resulting in right ventricular hypertension. “Hybrid procedures” may be performed, in which one lead is transvenous and the other epicardial. Although this was
once mostly limited to atriopulmonary-style Fontan patients who had heart block
and required an epicardial ventricular lead, this approach is now performed in an
effort to provide ventricular resynchronization in young patients having ventricular
dysfunction who require a systemic ventricular lead (see Fig. 29.11).
Notwithstanding the previous comments, novel approaches to pacing are becoming almost as numerous as the congenital lesions for which they are intended.
Examples include transvenous access to the pulmonary venous atrium from a subclavian venous-to-left pulmonary artery approach in the Fontan patient [209], retrograde access to the right ventricle in the patient with Ebstein anomaly who had
undergone a bidirectional cavopulmonary connection [210], and transhepatic access
in the single ventricle heterotaxy patient post-cavopulmonary connection [211]. In
some patients, options are so limited that lead placement in the pulmonary venous
side of the circulation is unavoidable, and aggressive long-term anticoagulation
with vitamin K antagonist and aspirin is necessary.
The ideal ventricular pacing site in children is of great interest, since it has been
shown that at least 8% of those having CCHB and who are paced from the right ventricle develop dyssynchrony-induced cardiomyopathy [212]. Based on a large multiinstitution experience [213] and animal studies [214], acute and chronic pacing from
the left ventricular apex or base are superior to all right ventricular sites based on
every metric considered; pacing from the right ventricular outflow tract seems to have
the worst outcomes. This has largely shifted the practice of congenital heart surgeons
who implant epicardial pacing systems, such that left ventricular (or even
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Fig. 29.11 Posteroanterior chest radiograph from an 11-year-old boy with l-transposition of the
great arteries (l-TGA) and acquired complete AV block, who is status-post left-sided tricuspid
valve replacement and who developed severely diminished systemic ventricular dysfunction
6 years after placement of a transvenous dual chamber pacing system. This figure illustrates a
hybrid dual chamber, biventricular pacing system, with an epicardial bipolar lead (black arrows)
attached to the posterolateral base of the left-sided ventricle and tunneled to the left infraclavicular
pacemaker pocket. White arrow represents a “spare” unipolar epicardial lead attached to the left-
sided ventricle; black arrowhead represents the original right atrial lead; and white arrowhead
represents the original right-sided ventricular lead

biventricular) sites are now preferred in an effort to “prosynchronize” the functionally
normal heart. Options are more limited in the otherwise healthy child who receives a
transvenous ventricular lead. The empirical placement of a coronary sinus lead for left
ventricular pacing is countered by the risks associated with the likely lifetime need for
repeated lead replacements and reduced access to the coronary sinus. The increasingly
popular option of selective His bundle pacing in adults is limited in children by the
chronically high pacing threshold and lead movement with growth. The inferior portion of the septal right ventricular outflow tract (just inferior to the crista supraventricularis) is currently the preferred site compared to other right ventricular sites [215].
Cardiac resynchronization therapy is now being applied to certain patients having congenital heart disease and ventricular dysfunction. In the immediate postoperative period (mostly in infants), there is a clear benefit of biventricular pacing
using temporary pacing wires for some children having poor systemic ventricular
function and flagging hemodynamic parameters [216]. Evidence-based indications
for chronic application of this technology are more difficult to establish than in
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adults having two anatomically and positionally normal ventricles. Initial multi-
institution series of patients having heterogeneous congenital heart defects have
shown promising results [217–219]. More refined approaches, including tissue
Doppler techniques, MRI-based methods, and direct measurement of hemodynamics during acute testing, are underway to address several patient groups: (1) the
failing systemic right ventricle post-atrial switch in d-TGA and in l-TGA [220]; (2)
as a means of resynchronization or prosynchronization of the functionally single
right or left ventricle [221, 222]; and (3) the dilated and hypocontractile right ventricle in tetralogy of Fallot with RBBB [223].
Beyond the scope of this chapter, but nonetheless germaine to the subject are the
additional emerging topics of the leadless pacemaker in children [224] and advanced
techniques in transvenous lead extraction for lead removal or replacement in congenital heart disease [225–227].
In general, children and adolescents adapt well to life with an implanted device
and can maintain a healthy self-image given appropriate support from family members and medical professionals. Normalization of lifestyle helps greatly in psychosocial well-being. This includes permission to participate in sports activities as
deemed appropriate for the disease. We allow participation in high-endurance activities such as basketball, soccer, track, and swimming in patients who are not “pacemaker dependent” while keeping the families informed about potential damage to
transvenous leads from excessive shoulder movement. There is general agreement
that these patients should be restricted from contact sports.

Implantable Cardioverter/Defibrillators
Implantable cardioverter-defibrillators (ICDs) have been implanted in children and
teenagers for prevention of sudden cardiac death over the last 30 years. Silka’s original report substantiating the efficacy of ICDs in young patients having cardiomyopathy, primary electrical disease, or congenital heart disease was primarily concerned
with secondary prevention [228]. In some parts of the world, including North
America, progress in sudden death risk identification in the patient groups described
above has shifted the balance toward implantation for primary prevention. This philosophy has been facilitated by downsizing of hardware and creative and less invasive methods in conductor (sense/pace lead, high-voltage conductors) implantation.
However, for children and adults having congenital heart disease, there is no evidence-based reservoir analogous to MADIT or SCD-HeFT from which to “mine”
data. Hence, practitioners largely base decisions upon single- or multi-institution
retro- or ambispective studies [81, 229] or as a “best fit” with adult series of patients
having cardiomyopathy or coronary artery disease. Therefore, implantable cardioverter-defibrillator implantation now appears somewhere in every treatment algorithm for pediatric patients having serious forms of primary electrical disease,
cardiomyopathies, and congenital structural heart disease. The efficacy of ICD
implantation has also been demonstrated as part of a “bridge” to heart transplantation
in some patients with severe cardiac failure and life-threatening arrhythmias [230].
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The above comments notwithstanding, there is a substantial gap between countries
in the use of ICDs in children. For example, between 2006 and 2016, only 20 devices
per year were implanted in the children of Japan [231]. These were implanted for secondary prevention in 85% of cases, far different than the >50% implanted for primary
prevention in the USA. This is due to more than just local economies, distribution of
healthcare resources, and the practice of “defensive medicine”; it also speaks to the
dearth of evidence-based indications for the application of this technology in the young.
The mitigating factors of small patient size and lack of safe vascular access to the
heart mentioned above for pacemakers are amplified for ICDs. Traditional systems
require attachment of a bipolar ventricular lead to the heart for purposes of sensing
(mandatory) and pacing (usually desirable) and one or more conductors capable of
participating in high-voltage energy delivery in a biphasic configuration (with the
ICD). All of these functions are incorporated into the standard transvenous ventricular lead used with ICDs. When this is not possible, subcutaneous, intrapleural, and
intrapericardial placement of one or more conductors (coils, arrays, patches) have
proven effective as a component(s) of the shock vector, with the ICD device as
another (see Fig. 29.12) [232]. ICD placement in the anterior abdominal wall of a

Fig. 29.12 Posteroanterior chest radiograph from an 8-month-old boy having infant Brugada syndrome and presenting with rapid ventricular tachycardia. The superior aspect of an implantable
cardioverter-defibrillator is indicated by the black arrowhead. The black arrow represents a bipolar, epicardial pace/sense lead attached to the right ventricle. The white arrow represents a
transvenous-style ventricle lead with coil, which has been attached by its active fixation screw to
the posterior pericardium. Due to unacceptably elevated defibrillation threshold at implantation, a
pericardial-style patch was placed into the subcutaneous tissue anterior to the heart (asterisk).
Using the patch as a second conductor, an acceptable defibrillation threshold was achieved
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growing child may be associated with changes in the shock vector as the child
grows, resulting in increases in the defibrillation threshold (DFT). Accordingly,
some have advocated annual DFT evaluation in these children [233]. A new popular
hardware arrangement is subcardiac, diaphragmatic placement of the ICD with an
intrapleural/pericardial high-voltage conductor [234]. Devices may even be
implanted in infants weighing as little as 5 kg. Patients weighing more than 25–30 kg
can usually receive transvenous leads and a subclavicular or axillary [235] device.
The most important complications of ICD use in this patient population include
lead or high-voltage conductor failure and inappropriate shocks, especially when
they are not in standard anatomic locations. Hardware fracture results from repetitive body motion by active youngsters, and somatic growth may shift the ICD device
from its original position, potentially altering the shock vector and increasing the
defibrillation threshold or even potentiating electrical “shorts.” Lead failure is more
common in epicardial than transvenous systems [236] and in younger patients, even
for transvenous systems [237]. The rate of appropriate shocks varies according to
the indication for implantation (higher after implantation for secondary versus primary prevention), the duration of follow-up, and the underlying disease process.
Inappropriate shocks are higher in children than in adults, with rates of 20–50% in
older series with mean follow-up of 29–51 months [238–242]. These rates have
decreased to about 10% since adoption of newer programming strategies of longer
detection times and faster detection rates [236, 243]. Inappropriate discharges result
from appropriate sensing of sinus tachycardia or SVT, T wave oversensing, and
conductor damage.
The (completely) subcutaneous ICD system (S-ICD) includes a defibrillator
which is placed in the left lateral chest wall, either subcutaneously or between the
serratus anterior and the latissimus dorsi and a subcutaneous coil which is normally
in a left parasternal location (except in some patients with congenital heart disease,
for whom right parasternal position is preferable) and in a superoinferior orientation. The current device, manufactured by Boston Scientific, is in its second iteration and thus is still very large (83.1 × 69.1 × 12.7 mm; 130 gm), limiting its
application to larger children (>35 kg), according to several small series [244–247].
Patient candidacy must be determined preimplant and is based on the relative surface QRS and T waves in three different vectors and in at least two different body
positions. The percentage of pediatric candidates who failed this ECG screening
evaluation is reported to be 26% and is related to long QTc interval or long QRS
duration [248]. This device has several advantages: (1) It may be used in patients
with intracardiac shunts and single ventricles; (2) it eliminates the long-term vascular complications associated with transvenous systems; and (3) it eliminates the
risks imposed by lead extraction. Unfortunately, because the device has limited pacing capacity, it is not used in patients having a bradycardia pacing requirement,
preventing the capacity for antitachycardia pacing. In addition, after VT/VF detection, it has a long latency period (>14 s), delaying shock delivery. The EFFORTLESS-
ICD Registry for adults reported a very optimistic efficacy and safety profile, with
1-year inappropriate shock rate of only 7% [249]. The pediatric experience has not
been as favorable, with inappropriate shock rates of 20–38% [245, 247] and high
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infection rates due to local skin breakdown. Use of the S-ICD in patients with congenital heart disease often requires novel lead and device positions [250, 251].
Although children having ICDs seem to be generally emotionally resilient
[252], health-related quality of life scores are similar to those of children with
severe forms of congenital heart disease [253]. Pyngottu’s review of 14 studies on
the subject suggests that while anxiety and depression scores are similar between
young patients with bradycardia pacemakers and healthy controls, patients with
ICDs have higher anxiety scores [253]. The incidence of anxiety, depression, and
reduced activity increases with the number of inappropriate shocks [254]. The
decision to implant an ICD in a pediatric patient requires open discussion with the
family with careful consideration of the risks associated with the cardiac disease
versus the risks of inappropriate shocks, device complications, and behavioral factors. With careful patient-specific device programming, pharmacologic therapy,
and appropriate atrial and QRS discrimination algorithms, the rate of inappropriate
discharges due to sinus tachycardia, atrial arrhythmias, or T wave oversensing can
be greatly reduced.
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Introduction
A prominent and distinct J wave is rarely observed in humans. More often it appears
as a J point elevation with much of the J wave buried inside the QRS. The appearance of prominent and distinct J waves is usually associated with hypothermia [1–
3], hypercalcemia [4, 5], or inherited cardiac arrhythmia syndromes, including the
Brugada and early repolarization syndromes [6]. When greatly amplified, the J
wave appears as an ST segment elevation.
The J wave is believed to be inscribed in the ECG as a consequence of a transmural
voltage gradient due to the presence of a transient outward current (Ito)-mediated action
potential (AP) notch in epicardium but not endocardium [7]. Ito is a potassium current
that activates rapidly and inactivates rapidly giving rise to phase 1 and a notched
appearance of the atrial and ventricular action potential. So the J wave is a reflection of
early repolarization in both atria and ventricles and can manifest as a distinct J wave, a
slurring of the terminal part of the QRS, as distinct J wave with an ST segment elevation or a gigantic J wave appearing as a prominent ST segment elevation (Fig. 30.1).
An early repolarization pattern (ERP) in the ECG, consisting of a distinct J wave
or J point elevation, a notch or slur of the terminal part of the QRS, and an ST segment elevation, is generally found in healthy young males and has traditionally been
viewed as benign [8, 9]. In 2000, our team challenged this view on the basis of
experimental data from the coronary-perfused wedge preparation showing that an
ER pattern predisposes to the development of polymorphic ventricular tachycardia
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Fig. 30.1 Electrocardiographic manifestations of early repolarization recapitulated in coronary-
perfused canine ventricular wedge preparations. Each panel shows action potential recordings
from epicardium (Epi) and endocardium (Endo) and a transmural ECG. J waves are a reflection of
early repolarization of ventricular epicardium and can manifest as a J point elevation (a), a distinct
J wave (b), a slurring of the terminal part of the QRS recorded following exposure to flecainide +
acetylcholine (c), a distinct J wave with an ST segment recorded following exposure to pinacidil
(d), and a gigantic J wave appearing as an ST segment elevation recorded following exposure to
the Ito agonist NS5806 (e). It is under these conditions that we observe the development of polymorphic VT (f). (Reprinted from Antzelevitch et al. [206], with permission from Elsevier)

and fibrillation (VT/VF) [6, 10, 11]. Clinical evidence in support of this hypothesis
was provided 8 years later by Haissaguerre et al. [12], Nam et al. [13], and Rosso
et al. [14]. These reports, together with numerous additional case-control and
population-based studies that followed, provided clinical evidence of an increased
prevalence of ER pattern, particularly in inferior and infero-lateral leads, among
patients with a history of idiopathic ventricular fibrillation, thus confirming a link
between ER pattern in the ECG and life-threatening cardiac arrhythmias.
Two major forms of inherited JWS are recognized: early repolarization syndrome (ERS) and Brugada syndrome (BrS). Both are associated with vulnerability
to polymorphic ventricular tachycardia (VT) and ventricular fibrillation (VF) leading to sudden cardiac death [6, 12, 13, 15–17]. JWSs are characterized by J point
and ST elevation in distinct ECG leads. JWSs have also been associated with sudden infant death [18–20]. The ventricular region most affected in BrS is the right
ventricular outflow tract (RVOT) leading to J point or ST segment elevation in right
precordial leads [21, 22]. Consistent with its electrocardiographic manifestations,
the region of the heart most affected in ERS is the inferior left ventricle [23].

Prevalence of JWS and Arrhythmic SCD Risk Assessment
The discovery of a J wave on a routine ECG recording should not be interpreted as
a marker of “high risk” for SCD in that the probabilities for these life-threatening
arrhythmias are approximately 1:10,000 [24]. This notwithstanding, careful attention needs to be paid to subjects with “high-risk” ER or J waves.
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Fig. 30.2 Prevalence and arrhythmic risk associated with the appearance of ECG J waves and
clinical manifestations of Brugada and early repolarization syndromes. The yellow highlighted
region estimates the prevalence of the J wave syndromes. J waves in the lateral ECG leads have a
high prevalence but are associated with a very low arrhythmic risk in a relatively small fraction of
the cohort of individuals displaying J waves. On the other extreme, J waves appearing globally in
the ECG have a very low prevalence but are associated with a very high level of arrhythmic risk in
a large fraction of the cohort presenting with J waves. Likewise, individuals displaying rapidly
ascending ST segment elevation have a high prevalence but low risk, whereas subjects resuscitated
from cardiac arrest have a very low prevalence by the highest level of arrhythmic risk. (Reprinted
from Antzelevitch et al. [17], with permission from John Wiley and Sons)

The appearance of J waves in the lateral ECG leads has a high prevalence but is
known to be associated with a very low arrhythmic risk. Patients displaying a rapidly ascending ST segment elevation also have a high prevalence and low risk. In
contrast, J waves appearing in the inferior leads or infero-lateral leads are associated
with a much higher risk, particularly when they display a descending or flat ST segment [25]. J waves appearing globally in the ECG have a very low prevalence but
are associated with a very high level of arrhythmic risk as are subjects resuscitated
from cardiac arrest [17]. Figure 30.2 summarizes the prevalence and arrhythmic risk
associated with the appearance of J waves and clinical manifestations of both
Brugada and early repolarization syndromes.
The prevalence of BrS with a type 1 ECG in adults is higher in Asian countries,
such as Japan (0.15–0.27%) [26, 27] and the Philippines (0.18%) [28], than in Western
countries, including in Europe (0–0.017%) [29–31] or North America (0.005–0.1%)
[32, 33]. In contrast, the prevalence of an ER pattern in the inferior and/or lateral leads
with a J point (J0) elevation of ≥0.1 mV ranges between 1% and 24% and for J0 elevation of ≥0.2 mV ranges between 0.6% and 6.4% [34–36]. No significant regional
differences have been reported in the prevalence of an ER pattern [37].
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Diagnostic Criteria
BrS and ERS are both associated with vulnerability to arrhythmic SCD (polymorphic VT and VF) [6, 12, 13, 15] principally in young adults with no apparent
structural heart disease and, occasionally, to sudden infant death syndrome
[18–20].
Three distinct forms of ST segment elevation have been described in association
with the J wave syndromes. Consistent with the recommendation of the 2013 consensus statement on inherited cardiac arrhythmias [38], the 2015 guidelines for the
management of patients with ventricular arrhythmias and prevention of SCD [39],
and the most recent 2016 HRS/APHRS/EHRA/SOLAECE Consensus Conference
report [17], the only form diagnostic of BrS is a Type 1 (“coved-type”) ST segment
elevation characterized by an ST segment elevation of ≥2 mm (0.2 mV) in ≥1 right
precordial leads positioned in the fourth intercostal space (V1 and/or V2) or in more
cranial positions (second or third intercostal space). A “saddle-back” configuration
with an ST segment elevation of ≥0.5 mm (commonly ≥2 mm in V2) in ≥1 right
precordial leads (V1–V3) is referred to as a Type 2 ST segment elevation. A Type 3
ST segment elevation is characterized by a “saddle-back or “coved-type” appearance with an ST segment elevation of <1 mm. Neither Type 2 nor Type 3 is diagnostic of BrS unless converted to a Type 1 with fever or sodium drug challenge
(Fig. 30.3). The cardiac region most affected in BrS patients is the anterior part of
Type 1

Type 2

Type 3

V1

V2

V3

Fig. 30.3 Three types of ST segment elevation associated with Brugada syndrome. Only Type 1
is diagnostic of BrS. (Reprinted from Antzelevitch et al. [17], with permission from John Wiley
and Sons)
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the right ventricular outflow tract (RVOT), accounting for why the typical BrS ECG
is observed in the (anterior) right precordial leads.
Early repolarization pattern (ERP) is commonly encountered in seemingly
healthy individuals, particularly in young males, black individuals, and athletes.
When associated with VT/VF in the absence of organic heart disease, ERP is
referred to as early repolarization syndrome (ERS).

Pharmacological Tests
In the absence of a spontaneous Type 1 ST segment elevation, BrS is suspected if
there is documented polymorphic VT or VF, or a family history of SCD at ≤45 years
old (with negative autopsy), or the presence family members with spontaneous
Type 1 ECGs, or nocturnal agonal respiration. In these situations, a provocative
drug test using a sodium channel blocker is recommended in an attempt to unmask
the syndrome. Table 30.1 shows a list of agents used for this purpose (also see
www.brugadadrugs.org). The test is considered positive if a Type 1 ECG pattern is
observed. The test should be discontinued if frequent ventricular extrasystoles or
other arrhythmias occur and/or the QRS widens >130% relative to the baseline
values [40].
Although sodium channel blockers unmask or accentuate the J wave manifestation in patients with BrS, they have been shown to be capable of reducing the amplitude of the J wave in individuals with ERS [41]. This has been suggested to imply
that the pathophysiological basis for ERS and BrS is fundamentally different, but
this is not the case. A study reported by Nakagawa et al. showed the sodium channel
blocker pilsicainide accentuates J waves recorded using unipolar LV epicardial
leads introduced into the left lateral coronary vein but diminishes them in the lateral
precordial leads, thus demonstrating that the J waves in the surface leads are reduced
because they are engulfed by the widening QRS [42]. The hypothesis that the pathophysiological basis for ERS and BrS is closely related is also supported by reports
of cases in which ERS transitions into ERS plus BrS phenotypes [43, 44].
The Shanghai Score System proposed for the diagnosis of BrS and ERS is presented in Tables 30.2 and 30.3 [17]. An initial test of the scoring system was recently
performed by Kawada and coworkers using 393 patients evaluated for BrS. The
authors concluded that the study provides validation for the use of the Shanghai
Score System for both the diagnosis and risk stratification of BrS [45].
Table 30.1 Drugs used to unmask the Brugada electrocardiogram
Drug
Ajmaline
Flecainide
Procainamide
Pilsicainide

Dose
1 mg/kg over 10 min
2 mg/kg over 10 min
200–300 mg
10 mg/kg over 10 min
1 mg/kg over 10 min

Administration
Intravenous
Intravenous
Oral (>1 hour)
Intravenous
Intravenous

Reprinted from Antzelevitch et al. [17], with permission from John Wiley and Sons
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Table 30.2 Shanghai Score System for diagnosis of Brugada syndrome
Points
I. ECG (12-lead/ambulatory)
 A. Spontaneous type 1 Brugada ECG pattern at nominal or high leads
 B. Fever-induced type 1 Brugada ECG pattern at nominal or high leads
 C. Type 2 or 3 Brugada ECG pattern that converts with provocative drug challenge
 
∗Only award points once for highest score within this category. One item from this
category must apply
II. Clinical history∗
 A. Unexplained cardiac arrest or documented VF/polymorphic VT
 B. Nocturnal agonal respirations
 C. Suspected arrhythmic syncope
 D. Syncope of unclear mechanism/unclear etiology
 E. Atrial flutter/fibrillation in patients <30 years without alternative etiology
 
∗Only award points once for highest score within this category
III. Family history
   A. First- or second-degree relative with definite BrS
   B. Suspicious SCD (fever, nocturnal, Brugada aggravating drugs) in a first- or
second-degree relative
  C. Unexplained SCD <45 years in first- or second-degree relative with negative
autopsy
 
∗Only award points once for highest score within this category
IV. Genetic test result
  A. Probable pathogenic mutation in BrS susceptibility gene
Score (requires at least 1 ECG finding)
≥3.5 points: probable/definite Brs
2–3 points: possible BrS
<2 points: nondiagnostic

3.5
3
2

3
2
2
1
0.5
2
1
0.5

0.5

Reprinted from Antzelevitch et al. [17], with permission from John Wiley and Sons
BrS Brugada syndrome, SCD sudden cardiac death, VF ventricular fibrillation, VT ventricular
tachycardia

Differential Diagnosis and Modulating Factors
Before making the diagnosis of BrS, other causes of ST segment elevation must be
excluded, including right bundle branch block (RBBB), pectus excavatum, arrhythmogenic right ventricular cardiomyopathy (ARVC), as well as occlusion of the left
anterior descending coronary artery or the conus branch of the right coronary artery,
which supplies the RVOT (Table 30.4a).
The Brugada ECG, often concealed, can be unmasked with a wide variety of
drugs and conditions, including a febrile state, vagotonic agents and maneuvers,
α-adrenergic agonists, β-adrenergic blockers, Class IC antiarrhythmic drugs, tricyclic or tetracyclic antidepressants, hyperkalemia, hypokalemia, and hypercalcemia,
as well as by alcohol and cocaine toxicity [46–56]. Preexcitation of RV can unmask
the BrS phenotype in cases of RBBB [57]. An up-to-date list of agents known to
unmask the Brugada ECG and that should be avoided by patients with BrS can be
found at www.brugadadrugs.org [58]. Table 30.4b lists factors reported to modulate
the expression of the Brugada phenotype and which should be corrected or avoided
when encountered.
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Table 30.3 Shanghai Score System for diagnosis of early repolarization syndrome
Points
I. Clinical history
 A. Unexplained cardiac arrest, documented VF, or polymorphic VT
 B. Suspected arrhythmic syncope
 C. Syncope of unclear mechanism/unclear etiology
 
Only award points once for highest score within this category
II. Twelve-lead ECG
  A. ER ≥ 0.2 mV in ≥2 inferior and/or lateral ECG leads with horizontal/descending
ST segment
 B. Dynamic changes in J point elevation (≥0.1 mV) in ≥ inferior and/or lateral ECG
leads
  C. ≥0.1 mV J point elevation in at least two inferior and/or lateral ECG leads
  Only award points once for highest score within this category
III. Ambulatory ECG monitoring
  A. Short-coupled PVCs with R on ascending limb or peak of T wave
IV. Family history
  A. Relative with definite ERS
B. ≥2 first-degree relatives with a II.A. ECG pattern
  C. First-degree relative with a II.A. ECG pattern
  D. Unexplained sudden cardiac death <45 years in a first- or second-degree relative
Only award points once for highest score within this category
V. Genetic test result
 A. Probably pathogenic ERS susceptibility mutation
Score (requires at least 1 ECG finding)
≥5 points: probable/definite ERS
3–4.5 points: possible ERS
<3 points: nondiagnostic

3
2
1
2
1.5
1
2
2
2
1
0.5
0.5

Reprinted from Antzelevitch et al. [17], with permission from John Wiley and Sons
ER early repolarization, ERS early repolarization syndrome, PVC premature ventricular contraction, VF ventricular fibrillation, VT ventricular tachycardia

Similarities and Difference Between BrS and ERS
BrS and ERS display many clinical similarities, suggesting similar pathophysiology
[7, 11, 43, 59, 60]. Males predominate in both syndromes [41, 61, 62]. In both BrS
and ERS, patients may be totally asymptomatic until presenting with cardiac arrest;
the highest incidence of VF or SCD occurs in the third decade of life [63]; and the
appearance of accentuated J waves and ST segment elevation is generally associated
with bradycardia or pauses [64, 65], with VF occurring during sleep or at a low level
of physical activities [41, 66]. The QT interval is relatively short in patients with
ERS [12, 67] and BrS who carry mutations in calcium channel genes [68]. ERS and
BrS also share similarities with respect to the response to pharmacological therapy.
In both syndromes, electrical storms can be suppressed using β-adrenergic agonists
[69–72]. Chronic oral pharmacological therapy using quinidine [73–75] and cilostazol [69, 71, 76–80] is reported to suppress the development of VT/VF in both
ERS and BrS secondary to inhibition of Ito, augmentation of ICa, or both [13, 77, 81].
Differences between the two syndromes include the following: (1) the region of
the heart most affected (RVOT in BrS vs. inferior LV in ERS); (2) the presence of
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Table 30.4 Differential diagnosis and modulating factors in Brugada syndrome
A. Differential diagnosis
Atypical right bundle branch block
Ventricular hypertrophy
Early repolarization (especially in athletes)
Acute pericarditis/myocarditis
Acute myocardial ischemia or infarction
(especially of the right ventricle)
Pulmonary thromboembolism
Prinzmetal angina
Dissecting aortic aneurism
Central and autonomic nervous systems
abnormalities
Duchenne’s muscular dystrophy
Friedreich’s ataxia
Spinobulbar muscular atrophy
Myotonic dystrophy
Arrhythmogenic right ventricular dysplasia
Mechanical compression of the right
ventricular outflow tract (e.g., pectus
excavatum, mediastinal tumor,
hemopericardium)
Hypothermia
Post-defibrillation ECG

B. Modulating factors
Electrolyte abnormalities:
 Hyperkalemia
 Hypokalemia
 Hypercalcemia
 Hyponatremia
Temperature: hyperthermia (fever), hypothermia
Hypertestosteronemia
Treatment with:
 Antiarrhythmic drugs: sodium channel blockers
(class IC, class IA), calcium antagonists,
beta-blockers
 Antianginal drugs: calcium antagonists,
nitrates, potassium channel openers
 Psychotropic drugs: tricyclic/tetracyclic
antidepressants, phenothiazines, selective
serotonin reuptake inhibitor, lithium,
benzodiazepines
 Anesthetics/analgesics: propofol, bupivacaine,
procaine
 Others: histamine H1 antagonist, alcohol
intoxication, cocaine, cannabis, ergonovine

Reprinted from Antzelevitch et al. [17], with permission from John Wiley and Sons

subtle structural abnormalities in BrS, which as yet have not been reported in ERS
[82]; (3) the incidence of late potentials in signal-averaged ECGs (SAECG), 60% in
BrS/7% in ERS [41]; (4) greater elevation of JO, JP, or JT (ST segment elevation) in
response to sodium channel blockers in BrS vs. ERS; and (5) higher prevalence of
atrial fibrillation in BrS vs. ERS [83].
Patients with ERS are at greater risk of VT/VF during hypothermia [84–88] as
well as in the event of an acute myocardial infarction [89]. BrS patients are known
to be at greater risk of VF in febrile states [90, 91] as well as when accompanied by
an ER pattern in the infero-lateral leads [92]. Available data suggest that mild therapeutic hypothermia to a temperature of 34 °C can be used safely in cases of Brugada
syndrome [93, 94].
Steep and localized repolarization gradients in the inferior and lateral regions of the
LV have been reported in ERS patients in conjunction with normal ventricular activation [95]. In contrast, fractionated electrogram activity has been recorded in the RVOT
of BrS patients in addition to a steep dispersion of repolarization gradients [96].

Genetics
ERS and BrS have been associated with variants in 8 and 19 genes, respectively
(Table 30.5). SCN5A is the gene most often associated with BrS, accounting for
11–28% of cases depending largely on geographic location. Over 300 BrS-related
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Table 30.5 Gene defects associated with the early repolarization and Brugada syndromes
Genetic defects associated with ERS
Locus
Gene/protein
ERS1
12p11.23
KCNJ8, Kir6.1
ERS2
12p13.3
CACNA1C, Cav1.2
ERS3
10p12.33
CACNB2b, Cavß2b
ERS4
7q21.11
CACNA2D1, Cavα2δ1
ERS5
12p12.1
ABCC9, SUR2A
ERS6
3p21
SCN5A, Nav1.5
ERS7
3p22.2
SCN10A, Nav1.8
ERS8
1p13.2
KCND3, Kv4.3
Genetic defects associated with BrS
Locus
Gene/protein
BrS1
3p21
SCN5A, Nav1.5
BrS2
3p24
GPD1L
BrS3
12p13.3
CACNA1C, Cav1.2
BrS4
10p12.33
CACNB2b, Cavß2b
BrS5
19q13.1
SCN1B, Navß1
BrS6
11q13–14
KCNE3, MiRP2
BrS7
11q23.3
SCN3B, Navß3
BrS8
12p11.23
KCNJ8, Kir6.1
BrS9
7q21.11
CACNA2D1, Cavα2δ1
BrS10
1p13.2
KCND3, Kv4.3
BrS11
17p13.1
RANGRF, MOG1
BrS12
3p21.2-p14.3
SLMAP
BrS13
12p12.1
ABCC9, SUR2A
BrS14
11q23
SCN2B, Navß2
BrS15
12p11
PKP2, Plakophillin-2
BrS16
3q28
FGF12, FHAF1
BrS17
3p22.2
SCN10A, Nav1.8
BrS18
6q
HEY2 (transcriptional factor)
BrS19
1p36.3
KCNAB2, Kvβ2

Ion channel
↑ IK-ATP
↓ ICa
↓ ICa
↓ ICa
↑ IK-ATP
↓ INa
↓ INa
↑ Ito

% of probands
Rare
4.1%
8.3%
4.1%
Rare
Rare
Rare
Rare

Ion channel
↓ INa
↓ INa
↓ ICa
↓ ICa
↓ INa
↑ Ito
↓ INa
↑ IK-ATP
↓ ICa
↑ Ito
↓ INa
↓ INa
↑ IK-ATP
↓ INa
↓ INa
↓ INa
↓ INa
↑ INa
↑ Ito

% of probands
11–28%
Rare
6.6%
4.8%
1.1%
Rare
Rare
2%
1.8%
Rare
Rare
Rare
Rare
Rare
Rare
Rare
5–16.7%
Rare
Rare

Reprinted from Antzelevitch and Patocskai [138], with permission from Elsevier
Listed in chronological order of discovery

variants in SCN5A, the gene encoding the cardiac Na channel, have been described
[60, 97–99]. Loss-of-function mutations in SCN5A contribute to the development of
both BrS and ERS, as well as to various conduction diseases, Lenegre disease and
sick sinus syndrome. Variants in genes encoding the calcium channels including
CACNA1C (Cav1.2), CACNB2b (Cavß2b), and CACNA2D1 (Cavα2δ) have been
reported in up to 13% of probands [100–103].
Mutations in glycerol-3-phophate dehydrogenase 1-like enzyme gene (GPD1L),
SCN1B (β1-subunit of Na channel), KCNE3 (MiRP2), SCN3B (β3-subunit of Na
channel), KCNJ8 (Kir 6.1), KCND3 (Kv4.3), RANGRF (MOG1), SLMAP, ABCC9
(SUR2A), (Navß2), PKP2 (Plakophillin-2), FGF12 (FHAF1), HEY2, SEMA3A
(Semaphorin), and KCNAB2 (Kvβ2) are relatively rare [104–116]. An association of
BrS with SCN10A, a gene encoding a neuronal Na channel, was reported in 2014
[116–118]. There is controversy as to the pathogenicity of many SCN10A mutations
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with yields ranging between 5% and 16.7% [117, 118]. Mutations in all of these
genes lead to loss of function in sodium (INa) and calcium (ICa) channel currents, as
well as to a gain of function in transient outward potassium current (Ito) or ATP-
sensitive potassium current (IK-ATP) [118, 119].
New susceptibility genes proposed and awaiting confirmation include t KCND2
and the Transient Receptor Potential Melastatin Protein 4 gene (TRPM4) [120].
Variants in KCNH2, KCNE5, and SEMA3A although not causative have been identified as capable of modulating the substrate for the development of BrS [121–124].
KCNE4 has recently been identified as a BrS susceptibility gene (unpublished
observation, J. Clatot and C. Antzelevitch). Loss-of-function mutations in HCN4
have been associated with BrS but may be modulatory by acting to unmask BrS by
reducing heart rate [125].
An ER pattern in the ECG is reported to be familial [126–128]. Consistent with
the findings that IK-ATP activation can generate an ER pattern in canine ventricular
wedge preparations, variants in KCNJ8 and ABCC9, responsible for the pore-
forming and ATP-sensing subunits of the IK-ATP channel, have been reported in
patients with ERS [104, 107, 129]. Loss-of-function variations in the α1, β2, and
α2δ subunits of the cardiac L-type calcium channel (CACNA1C, CACNB2, and
CACNA2D1) and the 1subunit of Nav1.5, NaV1.8 (SCN5A and SCN10A), and KV4.3
(KCND3) have also been reported in patients with ERS [67, 100, 117].
Hosseini and colleagues [130] recently performed an exhaustive study of genes
and variants currently catalogued as deleterious and causative of BrS using the
American College of Medical Genetics and Genomics and Association for Molecular
Pathology guidelines. The result was that all but one (SCN5A) of the genes identified as being causative of the disease have been reclassified as disputed with regard
to any assertions of monogenic disease causality. Additional data are deemed necessary before monogenic causality can be ascribed. Recent studies all point to a polygenic basis for BrS. A similar reclassification has not yet been performed for
ERS. These findings suggest that in the individual patient, BrS and the susceptibility
to VF and SCD may not be due to a single mutation but rather to inheritance of
multiple BrS-susceptibility variants (oligogenic) acting in concert through one or
more mechanistic pathways [116]. In addition to the multifactorial nature of the
genetics, expressivity of the syndrome is multifactorial in that phenotypic expression can be importantly modulated by hormonal factors including testosterone [131,
132] and thyroxine [133] as well as by other environmental factors and structural
remodeling involving development of fibrosis [82].

Ionic and Cellular Mechanisms Underlying the JWS
The electrocardiographic J wave is reported to be the expression of a transmural
voltage gradient in Ito-mediated action potential (AP) notch in ventricular epicardium but not endocardium [134–136]. The transmural gradient and associated J
wave is much greater in the right vs. left ventricle, particularly in the region of the
RVOT, because of the more prominent Ito-mediated AP notch in right ventricular
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epicardium [137]. This distinction is the basis for why BrS is a right ventricular
disease. An end of QRS notch, resembling a J wave, has been proposed to be caused
by intramural conduction delays. The distinction can be made on the basis of the
response to heart rate, with the latter showing accentuation at faster rates [138, 139].
The cellular mechanisms underlying J wave syndromes have long been a matter
of controversy [140, 141]. Two principle hypotheses have been advanced in the case
of BrS: (1) The repolarization hypothesis maintains that an outward shift in the balance of currents in the right ventricular epicardium leads to repolarization abnormalities, resulting in the development of phase 2 reentry, which generates closely
coupled premature beats capable of precipitating VT/VF (Fig. 30.4); (2) the depolarization hypothesis maintains that delayed conduction in the RVOT plays a primary role in the development of the electrocardiographic and arrhythmic
manifestations of the syndrome and that the J wave or ST segment elevation is due
to a difference in activation time of RVOT vs. the remainder of RV.
In support of the repolarization hypothesis is the observation that in patients with
BrS, acceleration of heart rate leads to a reduction of the ST segment elevation,
which is due to reduced availability of Ito and smaller AP RV epicardial notches at
the faster rate. In contrast, in the depolarization hypothesis, acceleration of rate is
expected to have the opposite effect (i.e., exacerbation of the ST segment elevation
at fast rates) [16, 140].
Also in support of the repolarization hypothesis is the report of Zhang et al. who
used noninvasive ECG imaging techniques (ECGI) to study 25 BrS and 6 RBBB
patients [96]. The authors concluded that both slow, discontinuous conduction and
steep dispersion of repolarization are present in the RVOT of BrS patients. Unlike
BrS, RBBB showed delayed activation in the entire RV (not just in the RVOT like
in BrS patients), without ST segment elevation, fractionation, or repolarization
abnormalities shown on the electrograms. Increasing the heart rate in six of the BrS
patients led to augmented fractionation of the electrograms but to a reduction of the
ST segment elevation, indicating that the conduction impairment was not the principal cause of the BrS ECG phenotype.
In 2011, Nademanee et al. [142] reported that radiofrequency (RF) ablation of epicardial sites displaying fractionated bipolar electrograms (EGs) and late potentials (LP)
in the RVOT of patients with BrS suppresses the electrocardiographic and arrhythmic
manifestations of BrS. These authors hypothesized that LP and fractionated electrogram activity are due to conduction delays within the RVOT [142]. Similar results and
conclusions were reported by two other groups [143–145]. Szel and coworkers [146]
provided a direct test of this hypothesis and showed, using experimental models of
BrS, that the electrophysiologic and arrhythmic manifestations of BrS are due to repolarization defects rather than depolarization or conduction defects.
Figure 30.5 shows the similarity between the low-voltage fractionated electrical
bipolar electrogram activity recorded by Nademanee and coworkers from the RVOT
epicardium of patients with BrS with low-voltage fractionated electrical activity
recorded by Szel et al. from RV epicardium of a coronary-perfused wedge models
of BrS. The study by Szel et al. clearly shows that such fractionated electrical activity is not due to conduction delay within the RV but rather to temporal
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Fig. 30.4 Cellular basis for electrocardiographic and arrhythmic manifestation of BrS. Each
panel shows transmembrane APs from one endocardial (top) and two epicardial sites together with
a transmural ECG recorded from a canine coronary-perfused right ventricular wedge preparation.
(a) Control (basic cycle length (BCL) 400 msec). (b) Combined sodium and calcium channel
block with terfenadine (5 μM) accentuates the epicardial AP notch creating a transmural voltage
gradient that manifests as an ST segment elevation or exaggerated J wave in the ECG. (c) Continued
exposure to terfenadine results in all-or-none repolarization at the end of phase 1 at some epicardial
sites but not others, creating a local epicardial dispersion of repolarization (EDR) as well as a
transmural dispersion of repolarization (TDR). (d) Phase 2 reentry occurs when the epicardial AP
dome propagates from a site where it is maintained to regions where it has been lost giving rise to
a closely coupled extrasystole. (e) Extrastimulus (S1–S2 = 250 msec) applied to epicardium triggers a polymorphic VT. (f) Phase 2 reentrant extrasystole triggers a brief episode of polymorphic
VT. (Reprinted from Fish and Antzelevitch [207], with permission from Elsevier)
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Fig. 30.5 Heterogeneities in the appearance of the epicardial action potential second upstroke
gives rise to fractionated epicardial electrogram (EG) activity in the setting of Brugada syndrome
(BrS). Left panel: Shown are right precordial lead recordings; unipolar and bipolar EGs recorded
form the right ventricular outflow tract of a BrS patient. (from Nademanee et al. [142], with permission from Wolters Kluwer). Right panel: ECG, action potentials from endocardium (Endo) and
two epicardial (Epi) sites, and a bipolar epicardial EG (bipolar EG) all simultaneously recorded
from a coronary-perfused right ventricular wedge preparation treated with NS5806 (5 μM) and
verapamil (2 μM) to induce the Brugada phenotype. Basic cycle length = 1000 ms. (Reprinted
from Szel and Antzelevitch [146], with permission from Elsevier)

heterogeneities in the appearance of the epicardial action potential dome giving rise
to undulations in the bipolar electrogram appearing as fractionated epicardial electrical activity [146].
In some regions of the wedge model of BrS, Szel et al. recorded late potentials
very similar to those recorded by Nademanee et al. in the RVOT of patients with
BrS (Fig. 30.6). Here again, the late potentials were not due to delayed conduction
but rather to concealed phase 2 reentry.
It remained to be explained why ablation of regions of the RVOT exhibiting
fractionated electrogram activity and LP is effective in suppressing the ECG and
arrhythmic manifestations of BrS. Patocskai et al. [147] demonstrated that ablation
was effective because it eliminated the cells in the surface of the RVOT responsible
for the repolarization defects giving rise to the BrS phenotype (Fig. 30.7).
These findings provide compelling evidence that the electrocardiographic and
arrhythmic manifestations of BrS can be due exclusively to dispersion of repolarization and refractoriness secondary to accentuated repolarization during the early
phases of the RV epicardial action potential. This notwithstanding, it stands to reason that the repolarization and depolarization hypotheses are not necessarily mutually exclusive and may indeed be synergistic.
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Fig. 30.6 (a) Concealed phase 2 reentry gives rise to late potentials and fractionated bipolar electrogram (bipolar EG) activity recorded from epicardium but not endocardium (Endo) in an experimental model of Brugada syndrome. Each panel shows (from top to bottom) a bipolar epicardial
(Epi) EG, action potentials recorded from Endo, and two Epi sites and an ECG all simultaneously
recorded from a coronary-perfused right ventricular (RV) wedge preparation exposed to NS5806
(5 μM) and verapamil (2 μM) to induce the Brugada phenotype. Heterogeneous loss of the dome
at epicardium caused local re-excitation via a concealed phase 2 reentry mechanism, leading to the
development of late potentials and fractionated bipolar epicardial EGs. Basic cycle length = 1000 ms.
(b) Phase 2 reentry-induced ventricular fibrillation. All traces were simultaneously recorded from
a coronary-perfused RV wedge preparation exposed to NS5806 (5 μM) and verapamil (2 μM). The
phase 2 reentrant beat produced a closely coupled extrasystole that precipitated an episode of
polymorphic tachycardia. (Reprinted from Szel and Antzelevitch [146], with permission from
Elsevier)

The mechanism underlying ERS has been shown to be very similar to that of BrS
and also to be amenable to suppression with radiofrequency ablation. Using a canine
ventricular wedge model of ERS, Koncz et al. [23] provided evidence in support of
the hypothesis that in ERS, as in the BrS, accentuation of transmural gradients in the
LV wall is responsible for the repolarization abnormalities underlying the ECG phenotype. Additional evidence for repolarization abnormalities in ERS patients was
provided by Rudy and colleagues who used noninvasive ECGI techniques to demonstrate short activation recovery intervals and marked dispersion of repolarization
in the inferior and lateral regions of the LV in ERS patients [95].

Therapy of JWS
Implantable Cardioverter Defibrillator
The approach to therapy of BrS and ERS as recommended in the 2016 HRS. APHRS,
EHRA, SOLAECE Consensus Report is presented in Figs. 30.8 and 30.9. The most
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Fig. 30.7 Radiofrequency ablation of epicardium (Epi) suppresses the electrocardiographic and
arrhythmic manifestations of Brugada syndrome in coronary-perfused canine RV wedge model
generated using a combination of the Ito blocker NS806 (8 uM) and the calcium channel blocker
verapamil (1 uM). Column 1: Control. 2 Recorded 40 min after the addition of NS5806; 3–4:
Recorded 20 and 40 min after the addition of verapamil. The addition of NS5806 and verapamil to
the coronary-perfused induced pronounced J waves, phase 2 reentry, and polymorphic VT . Bipolar
electrogram recorded from RV epicardium shows late potentials and fractionated electrogram
activity. 5: Recorded following 45 reintroduction of provocative agents following ablation of RV
epicardium. AP recordings were obtained from midmyocardial (Mid) and subepicardial layers due
to inactivation of the epicardium. Ablation of the outermost layer of the RV epicardium totally
suppressed all ECG and arrhythmic manifestations of BrS. Calibrations of bipolar EG and ECG at
1 and 2 mV, respectively. (Unpublished data, Patocskai and Antzelevitch, 2015)

effective therapy for the prevention of SCD in high-risk BrS and ERS patients is an
implantable cardioverter defibrillator (ICD) [148, 149]. In making decisions regarding implantation of an ICD, it is important to consider the fact that ICDs are associated with complications, especially in young active individuals [144, 150], and, over
time, inappropriate shocks and lead failure are not uncommon.
Michowitz et al. [151] recently reported the results of a multicenter international
survey on arrhythmic events in BrS (SABRUS) focusing on 57 young patients with
documented arrhythmic events included in the overall population of 678 patients
with a first-ever documented arrhythmic event. The retrospective study included 26
pediatric (aged <12 years) and 31 adolescent (aged 13–20 years) patients. Pediatric
patients had a greater percentage of females (42% vs. 13%), more frequent spontaneous type 1 ECG (80% vs. 51%), and a greater number of events during fever (53%
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Type 1 Brugada pattern
- Avoid drugs that may induce or aggravate ST segment elevation in right precordial leads (www.Brugadadrugs.org)
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- Immediately treat fever with antipyretic drugs.
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Quinidine (Class IIa)
RVOT ablation (Class IIb)
cilostazol

Fig. 30.8 Indications for therapy of patients with Brugada syndrome. Recommendations with
class designations are taken from the 2013 HRS/EHRA/APHRS expert consensus statement on the
diagnosis and management of patients with inherited primary arrhythmia syndromes [38] and the
2015 ESC guidelines for the management of patients with ventricular arrhythmias and the prevention of sudden cardiac death [39]. Recommendations without class designations are derived from
unanimous consensus of the authors of the 2016 HRS. APHRS, EHRA, SOLAECE J wave syndrome expert consensus report. (Reprinted from Antzelevitch et al. [17], with permission from
John Wiley and Sons). ES extrastimuli at RV apex, ICD implantable cardioverter defibrillator, ILR
implantable loop recorder, NAR nocturnal agonal respiration, VT ventricular tachycardia

vs. 6%). In both groups (84%), aborted cardiac arrest was the initial clinical presentation of the disease, and both groups showed a high recurrence of arrhythmic events
(1-year recurrence rates; 59% and 35% for pediatric and adolescent groups, respectively). However, the median time for recurrence was 9.9 months in the pediatric
population and 27.2 months in adolescents. Among pediatric patients, 15 (68%)
died or had recurrence of ventricular arrhythmias during follow-up. The authors
concluded that young BrS patients presenting with arrhythmic events represent a
very arrhythmogenic group. Current management after first arrhythmia episode is
associated with high recurrence rate and in alternative therapies are indicated in
addition to ICD implantation.
Mazzanti and coworkers [152] recently reported that young children who first
present with syncope and not with documented VF may be at much lower risk.
Considering the fact that clinical manifestations appear predominantly in the third
and fourth decade, they suggested a more conservative approach in this pediatric
population where quinidine treatment with the implantation of a loop recorder could
be an alternative to ICD implantation.
Sacher et al. reported that remote monitoring can identify lead failure and prevent inappropriate shocks [153]. The advent of subcutaneous ICDs is a welcome
innovation associated with fewer complications over a lifetime [154].
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Fig. 30.9 Indications for therapy of patients with early repolarization syndrome. Recommendations
with class designations are taken from the 2013 HRS/EHRA/APHRS expert consensus statement
on the diagnosis and management of patients with inherited primary arrhythmia syndromes. Heart
Rhythm [38] and the 2015 ESC guidelines for the management of patients with ventricular arrhythmias and the prevention of sudden cardiac death [39]. Recommendations without class designations are derived from unanimous consensus of the authors of the 2016 HRS. APHRS, EHRA,
SOLAECE J wave syndrome expert consensus report. (Reprinted from Antzelevitch et al. [17],
with permission from John Wiley and Sons). ER early repolarization, ICD implantable cardioverter defibrillator, ILR implantable loop recorder, NAR nocturnal agonal respiration, VT ventricular tachycardia

Pacemaker Therapy
Although life-threatening arrhythmias and SCD in JWS are generally associated
with slow heart rates, the potential therapeutic benefit for cardiac pacing to avoid
bradycardic episodes remains largely unexplored [155–157].

Radiofrequency Ablation (RFA) Therapy
As discussed above, Nademanee et al. [142] in a seminal study, first reported in 2011,
demonstrated that RFA of epicardial sites displaying late potentials (LP) and fractionated bipolar electrograms (EGs) in the RVOT of patients diagnosed with BrS can
significantly reduce arrhythmic risk, rendering VT/VF non-inducible, and normalize
the Brugada ECG pattern in the majority of patients diagnosed with BrS. Additional
evidence in support of the effectiveness of epicardial RVOT ablation was provided by
Cortez-Diaz et al. [158], as well as by Sacher et al., Shah et al., and Brugada and
coworkers [144, 145, 159]. RF ablation may be considered in BrS patients with
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frequent appropriate ICD shocks due to repeated electrical storms [38]. With regard to
the ERS, no clinical data are available regarding the effectiveness of epicardial RFA,
despite the fact that low-voltage fractionated electrogram activity and high-frequency
LP are observed in the LV in patients with ERS [42]. Endocardial RFA has been
shown to be effective in suppressing arrhythmogenesis in some cases of ERS by eliminating the extrasystoles precipitating VT/VF [12, 160–162]. Of note, in patients in
whom BrS combines with ERS, ablation of the anterior RVOT is not ameliorative.

Pharmacologic Therapy
Because ICD implantation can lead to complications (particularly in children) and
is unaffordable in many regions of the world, a pharmacologic approach to therapy
has long been the focus of basic and clinical research. The presence of a prominent
Ito is believed to be a prerequisite for the development of both BrS and ERS. It there
stands to reason that inhibition of this current should be effective in suppressing
arrhythmogenesis in these syndromes regardless of the underlying ionic or genetic
cause. Unfortunately, cardio-selective and ion channel-specific Ito blockers are not
currently available. The best drug available in the clinic capable of blocking Ito is
quinidine. Quinidine was first recommended as therapy for BrS by our group in
1999 based on experimental evidence acquired using the coronary-perfused RV
wedge models of BrS [11, 146, 163–166]. Clinical evidence for the effectiveness of
quinidine has been reported in numerous studies and case reports [71, 75, 79, 167–
177]. Hermida et al. reported 76% efficacy in prevention of VF induced by PES
[73]. Belhassen, Viskin, and colleagues, who pioneered the use of quinidine in VF
[178], reported 90% efficacy in prevention of VF induction following treatment
with quinidine, despite the use of very aggressive protocols of extra-stimulation [178].
In 1999, experimental data from our group also demonstrated the effectiveness
of agents that augment the L-type calcium channel current, such as β-adrenergic
agents, in suppressing arrhythmogenesis in the setting of the JWS [11]. Numerous
studies have since shown the effectiveness of agents like isoproterenol or orciprenaline [71, 76, 175, 179, 180]. Increasing ICa prevents the arrhythmogenesis associated
with JWS by producing an inward shift in the balance of current in the early phases
of the epicardial action potential, thus opposing the outward shift of current imposed
by the genetic defect underlying BrS [181] and ERS [182]. Isoproterenol, sometimes in combination with quinidine, has been used to successfully control VF
storms and normalize ST elevation [38, 49, 69–72, 168, 169, 173, 183–193].
Another promising pharmacologic approach for BrS is cilostazol, a phosphodiesterase (PDE) III inhibitor [71, 76, 78] which normalizes the ST segment by augmenting ICa as well as by reducing Ito secondary to an increase in cAMP and heart
rate [194]. Of note, failure of cilostazol in the treatment of BrS has been described
in a single case report [195].
Milrinone, another PDE III inhibitor, was recently identified as a more potent
alternative to cilostazol in suppressing ST segment elevation and arrhythmogenesis
in an experimental model of BrS [146, 181] although there are no clinical data
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available as yet. Wenxin Keli, a traditional Chinese medicine, has recently been
shown to inhibit Ito and suppress arrhythmogenesis in experimental models of BrS
when combined with low concentrations of quinidine (5 μM) [165].
Drugs that augment peak and late INa, including bepridil and dimethyl lithospermate B (dmLSB), have also been suggested to be of value in BrS. Bepridil has been
reported to suppress VT/VF in several studies of patients with BrS [71, 196–198].
The drug’s actions are thought to be mediated by (1) inhibition of Ito, (2) augmentation of INa via upregulation of the sodium channels [199], and (3) prolongation of
QT interval at slow rates, thus increasing the QT/RR slope [196, 200]. Dimethyl
lithospermate B, an extract of Danshen, a traditional Chinese medicine, has been
shown to slow inactivation of INa, thus increasing INa during the early phases of the
AP, thereby reducing the AP notch and restoring the epicardial AP dome and, in the
process, suppressing arrhythmogenesis in experimental models of BrS [201].
Acacetin, a natural flavone, has been shown to inhibit Ito in human atrial myocytes in a frequency-dependent manner [202]. The potential ameliorative effect of
this agent in experimental models of BrS and ERS is currently under study by our
group. In preliminary studies, we have shown that acacetin is effective in blocking
Ito in native and canine myocytes and that it more potently blocks Ito that is upregulated by SCN5A and KCND3 mutations known to underlie BrS and ERS. We have
found that because of its inhibition of Ito, acacetin is very effective in suppressing
VT/VF in experimental models of both BrS and ERS.
In view of the fact that the mechanisms underlying BrS and ERS are closely
related, it is no surprise that the approach to therapy is similar. Quinidine, PDE III
inhibitors (cilostazol and milrinone), and isoproterenol have all been shown to suppress arrhythmogenesis associated with ERS and BrS. Isoproterenol is effective in
quieting electrical storms developing in patients with both BrS [71, 187] and ERS
[77, 203]. All of these agents act by correcting the repolarization defects responsible
for development of phase 2 reentry and VT/VF in experimental models of BrS and
ERS [11, 23, 164].
The effectiveness of bepridil in ERS has been reported in several cases as well
[80, 193, 200, 204, 205].
Funding We acknowledge support from NHLBI of the NIH (HL47678 and HL138103).
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Introduction
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a malignant cardiac channelopathy defined by polymorphic ventricular tachyarrhythmias occurring
during exercise or emotion as its key feature [1]. In some patients, the classic bidirectional ventricular tachycardia, characterized by a beat-to-beat 180-degree alternating QRS axis, can be observed (Fig. 31.1).
The prevalence of CPVT is estimated at 1 in 10,000 in the literature [2, 3],
accounting for about 12% of autopsy-negative sudden death and 1.5% of sudden
infant death [4, 5]. The first descriptions of patients with clinical characteristics of
CPVT were published in 1960 [6] and 1975 [7]. Thereafter, two important case
series were published by our group in 1978 [8] and 1995 [9], resulting in the definite
recognition of CPVT as a distinct inherited arrhythmia syndrome (Table 31.1).
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Fig. 31.1 ECG recording during stress test showing bidirectional ventricular premature beats and
polymorphic ventricular salvoes typical of CPVT
Table 31.1 Genes associated with CPVT and CPVT phenocopies
Gene
CPVT
RYR2
CASQ2
TRDN
CALM1, CALM3
TECRL
CPVT phenocopies
ANK2
KCNJ2
SCN5A

Protein

Prevalence

Cardiac ryanodine receptor
Cardiac calsequestrin
Triadin
Calmodulin
Trans-2,3-enoyl-CoA reductase like

60%
<5%
<1%
Unknown
Unknown

Ankyrin-B
Kir 2.1
Nav 1.5

Unknown
Unknown
Unknown

Etiology
CPVT is secondary to cardiomyocyte calcium imbalance which is the substrate of
afterdepolarization. The genetic background of CPVT was discovered in 2001,
when mutations in the cardiac ryanodine receptor gene [RYR2] [10] and cardiac
calsequestrin [CASQ2] [11] were found to underlie the common autosomal-
dominant and rare autosomal-recessive forms of CPVT, respectively. Since then
some other genes have been identified.
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Clinical Presentation
CPVT is considered as a pediatric presentation channelopathy since symptoms typically occur within the first two decades [12, 13]. RyR2 mutation is often associated
with this juvenal form. Recent studies suggest an adult type of CPVT in which
symptoms occur after the third or fourth decade. In this latter, females are more
concern and RyR2 is less likely to be involved [14, 15]. Cerebral anoxia secondary
to ventricular arrhythmia can mimic seizures and often lead to false diagnosis of
epilepsy, causing a mean delay of 2–3 years between initial presentation and diagnosis [16, 17].
Every seizure occurring during exercise or emotional stress has to be considered
as CPVT until proven otherwise, especially if the seizure does not respond to antiepileptic medication or if there is a personal or familial history of syncope or sudden
death before 30 years [18].

Clinical Diagnosis
A definite clinical diagnosis of CPVT requires the presence of reproducible exercise- or emotion-induced polymorphic or bidirectional ventricular tachycardia in
the absence of structural heart disease and resting ECG abnormalities [19, 20]. In
individuals over 40 years of age, the exclusion of [significant] coronary artery disease is required [19]. In addition, CPVT is diagnosed in individuals who carry a
pathogenic CPVT-associated mutation in RYR2 or CASQ2 with or without clinical
signs of the disease [19, 20].
According to the HRS/EHRA/APHRS expert consensus recommendations,
CPVT can also be diagnosed in patients with adrenergically mediated polymorphic
or bidirectional ventricular premature beats, although the minimally required ventricular arrhythmia burden is not further detailed [19, 20]. In patients with possible
CPVT, i.e., not meeting the aforementioned clinical diagnostic criteria, genetic testing is critical to make a definite diagnosis of CPVT.
CPVT patients typically have a normal 12-lead resting electrocardiogram,
including a normal QTc interval. However, sinus bradycardia and prominent
U-waves can be observed [2] as well as supraventricular ectopy or non-sustained
supraventricular tachycardia [2, 21–23].
Provocative testing, preferably by use of exercise testing, is the gold standard to
diagnose CPVT. Typically, a gradual increase of ventricular arrhythmia burden and
complexity is observed. First, isolated late-coupled ventricular premature beats
[VPB] and with a predominant left bundle branch inferior axis or right bundle
branch block superior axis morphology appear at a heart rate of approximately
110–130 beats per minute [14, 24]. Ventricular arrhythmia threshold heart rate and
VPB morphology are usually accurately reproducible in an individual patient,
unless important therapeutic modifications are made. Later, bigeminal VPBs and
polymorphic couplets or non-sustained ventricular tachycardia, including bidirectional ventricular tachycardia, usually appear. When exercise testing is terminated,
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Fig. 31.2 ECG of a 9-year-old girl, referred for syncope while running. Normal ECG at rest (a).
Bidirectional triplet on the Holter monitoring (b) and polymorphic salvoes degenerating into ventricular fibrillation while running (c)

the ventricular arrhythmias usually rapidly recede, and VPBs recorded more than
1 minute into the recovery phase are uncommon [24]. In some patients who reach a
high maximum heart rate, the ventricular arrhythmias are paradoxically suppressed
at maximum heart rates [25], although the exercise test might be stopped before this
point is reached in case of severe ventricular arrhythmias.
Other provocative tests to diagnose CPVT are adrenaline infusion and Holter
monitoring (Fig. 31.2). Adrenaline infusion is initiated at a dose of 0.05 μg per kg
per minute and then titrated at 4 or 5-minute intervals to a maximum dose of
0.2–0.4 μg per kg per minute. One study which compared the diagnostic accuracy
of adrenaline infusion and exercise testing in 36 CPVT patients and 45 unaffected
relatives showed a low sensitivity of adrenaline infusion, probably because maximum heart rate achieved upon adrenaline challenge was markedly lower compared
with exercise testing [26]. Only 7 of 25 CPVT patients with a positive exercise test
had a positive adrenaline test, yielding a poor sensitivity of 28%. The specificity of
adrenaline infusion was 98%.
Holter monitoring, during which a patient should be encouraged to perform exercise, can be used in selected patients, such as very young or old patients who are
unable to undergo exercise testing, but has a lower diagnostic yield as compared
with other provocative tests. Holter monitoring may also help to identify supraventricular dysrhythmias (including intermittent ectopic atrial rhythm and tachyarrhythmias), which have been reported in 16–26% of patients with CPVT [2, 14]
(Fig. 31.3).
Cardiac imaging is mandatory in every patient suspected of CPVT to rule out
structural heart disease. Structural heart disease is, by definition, absent in patients
with CPVT. However, mutations in RYR2 have been linked to fibrofatty myocardial
replacement in the right ventricle, mimicking arrhythmogenic cardiomyopathy
[27], (left ventricular) non-compaction cardiomyopathy [28], and a complex
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Fig. 31.3 Holter monitoring of a 12-year-old patient treated by nadolol and flecainide for
CPVT. Fatigue with β-blockers. Left panel (a) indicates correct β-blocking during exercise (upper
panel) and rest (medium panel), with sinus pause at night (lower panel). Right panel (b) shows
remaining VPBs (upper panel) and supraventricular arrhythmias (medium and lower panel).
Increased dosage of flecainide can be discussed

phenotype including sinoatrial node and atrioventricular node dysfunction, atrial
fibrillation, atrial standstill, and left ventricular dysfunction and dilatation [29], in
addition to the classic CPVT phenotype.

Differential Diagnosis
CPVT manifestation shouldn’t be mistaken with epilepsia as described above. The
differential diagnosis of CPVT often includes congenital long-QT syndrome,
Andersen-Tawil syndrome, and concealed structural heart disease.
In patients with a nondiagnostic resting ECG, exercise testing is helpful in distinguishing CPVT and congenital long-QT syndrome. QTc interval prolongation in
the recovery phase of the exercise test may unmask congenital long-QT syndrome
patients with a normal or borderline QTc interval at rest [30]. The presence of
exercise-induced ventricular ectopy beyond isolated VPBs points toward a diagnosis of CPVT [31].
Andersen-Tawil syndrome is characterized by the classic triad of ventricular
arrhythmias, periodic paralysis, and facial and limb dysmorphism. Mutations in the
gene encoding potassium inwardly rectifying channel Kir2.1 (KCNJ2) are found in
approximately 60% of cases. Common cardiac manifestations include mild QTc
prolongation, prominent U-waves, and ventricular arrhythmias, which include bidirectional or polymorphic ventricular tachycardia. In patients lacking the classic
triad of Andersen-Tawil syndrome, the phenotype may very much mimic CPVT. For
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example, in a series of 24 KCNJ2 mutation carriers, 2 individuals [8%] displayed a
CPVT phenotype [32]. Genetic testing may distinguish Andersen-Tawil syndrome
from CPVT, which is important, because the prognosis in Andersen-Tawil syndrome is more benign.
Initially concealed structural heart diseases that may cause exercise-induced
ventricular arrhythmias include arrhythmogenic or hypertrophic cardiomyopathy,
mitral valve prolapse, or ischemic heart disease. Advanced cardiac imaging and
genetic testing may help making a specific diagnosis, although in some cases the
underlying condition may reveal only during follow-up.

Molecular Diagnostics
DNA Testing
In CPVT, genetic testing has a diagnostic value. The results of genetic testing may
help confirm the diagnosis in patients with a possible clinical diagnosis of
CPVT. Current guidelines recommend comprehensive CPVT genetic testing in probands with a suspicion for CPVT based on examination of the patient’s clinical
history, family history, and expressed electrocardiographic phenotype during provocative stress testing with cycle, treadmill, or catecholamine infusion [33]. In addition, genetic testing may also be considered in cases of adrenergically mediated
idiopathic ventricular fibrillation, which may justify genetic testing in such instances
[33]. This recommendation is based on several case reports that described patients
with idiopathic ventricular fibrillation with no CPVT phenotype in whom RYR2
mutations were identified [34].

CPVT Genes
Mutations in RYR2 show an autosomal dominant inheritance [10] and are identified in approximately 60% of patients with CPVT [35, 36]. RYR2 regulates the
release of calcium from the sarcoplasmic reticulum, which initiates cardiac muscle
contraction. Today, over 170 unique, mostly missense mutations in RYR2 have
been identified [37]. Approximately 20% of the RYR2 mutations are de novo in
origin, and in one study multiple RYR2 mutations were identified in 5.5% of
patients [35]. Mutations in RYR2 tend to cluster in three hotspots: the N-terminal
domain (codons 44–466; ~16% of mutations), the central domain (codons
2246–2534; ~20% of mutations), and the C-terminal channel-forming domain
(codons 3778–4959; ~50% of mutations). Several RYR2 founder mutations have
been identified, including the p.G357S mutation in approximately 180 family
members from the Canary Islands [38] and the p.R420W mutation in over 60 family members from the Netherlands [2].
In one study, rare missense mutations in RYR2 were, however, also identified in
3% of control populations [35]. Another study reported a prevalence of previously
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reported CPVT-associated RYR2 variants of 6.7% in control subjects, yielding a
prevalence of up to 1:150, which is much higher than the estimated prevalence of
clinically diagnosed CPVT [37]. It is therefore likely that a proportion of the RYR2
variants identified are not the major or monogenic cause of CPVT [39]. Therefore
extreme caution needs to be taken before classifying a novel RYR2 variant as pathogenic, in particular when the variant resides outside of the three regional hot spots
or in case of weak clinical diagnosis.
Mutations in CASQ2 cause a malignant autosomal recessive inherited form of
CPVT [11] and are identified in less than 5% of CPVT index cases. CASQ2 is
located within the sarcoplasmic reticulum and also plays an important role in calcium homeostasis. CASQ2 mutations are typically identified in consanguineous
families, but compound heterozygosity in non-consanguineous families has also
been observed.
Mutations in the gene encoding triadin (TRDN) have been identified in autosomal recessive inherited cases of CPVT [40]. In the first report, three TRDN mutations were identified in 2 out of 97 genotype-negative CPVT probands [2%] [40].
Next, three related children carrying two heterozygous TRDN mutations and displaying significant ventricular arrhythmias during isoproterenol infusion testing
were reported [41]. A heterozygous missense mutation in CALM1 (encoding
calmodulin) was identified in a large family with a classic CPVT phenotype [42].
Subsequently, another CALM1 missense mutation was identified in 63 RYR2
mutation-negative individuals [42]. A mutation in CALM3 has been associated with
CPVT, and both CALM1 and CALM3 mutations favor arrhythmogenic Ca disturbances via ryanodine receptor 2 dysregulation [43]. Triadin and calmodulin are also
components of the cardiac calcium release complex. Another autosomal recessive
form of CPVT was previously mapped to a 25-Mb interval on chromosome 7p14-
p22 in a report including four children from an inbred Arabic family [44]. The
causal gene, TECRL, was recently identified [unpublished data].

CPVT Phenocopies
Patients with mutations in other genes may cause adrenergically mediated ventricular arrhythmias, making these CPVT phenocopies.
Loss-of-function mutations in the membrane adaptor protein ankyrin-B [ANK2]
are associated with type 4 congenital long-QT syndrome. However, some patients
have exercise-induced ventricular arrhythmias in the absence of QTc interval prolongation [45].
Mutations in KCNJ2 are generally associated with Andersen-Tawil syndrome
but may also cause a CPVT phenocopy including the classic bidirectional VT (see
differential diagnosis).
A phenotype with polymorphic ventricular ectopy in carriers of gain-of-function
mutations in gene encoding the pore-forming subunit of the cardiac sodium channel, Nav 1.5 (SCN5A), has been reported [46, 47], including families in which these
ventricular arrhythmias were exercise-induced [46].
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Therapy
β-Blockers
β-Blockers are the mainstay of therapy in CPVT. β-Blockers are recommended in
all patients with a clinical diagnosis of CPVT (class I recommendation) and should
be considered in genotype-positive phenotype-negative individuals (class IIa recommendation) [19, 20].
β-Blockers significantly reduce the risk of arrhythmic events, and nadolol seems
superior to other β-blockers [12, 48]. β-Blocker should be titrated to the highest
tolerable dose. In a meta-analysis on the efficacy of β-blockers including 11 CPVT
patient series, the estimated overall 4- and 8-year arrhythmic event rates were 18.0%
[95% confidence interval [CI]: 7.7–28.9] and 35.9% [95% CI: 15.3–56.5], respectively [49]. Four- and 8-year fatal or near-fatal arrhythmic event rates were 7.2%
[95% CI: 3.1–11.3%] and 14.3% [95% CI: 6.1–22.5], respectively.
In a recent large series of 211 children with CPVT, arrhythmic events occurred
in 25% of patients on β-blockers [13]. However, nonoptimal dosing and poor adherence contributed to 40% and 48% of all events, respectively. Among 98 RYR2
mutation-carrying relatives, only two asymptomatic relatives experienced exercise-
induced syncope during a median follow-up of 4.7 years [range: 0.3–19 years],
while no other arrhythmic events occurred [2].
Thus, β-blocker therapy seems sufficiently protective in the majority of CPVT
patients, in particular relatives who are identified through cascade screening and
display a mild phenotype. The presence of side effects (reported in approximately a
quarter of CPVT patients) [2] should be seriously addressed, as these may hamper
medication adherence.

Calcium Channel Blockers
Verapamil along with β-blockers seems to reduce exercise-induced ventricular arrhythmia in small series [12, 50, 51] especially in CPVT2 patient as demonstrated in mice
model [52]. This drug is not included in the actual therapeutic recommendations.

Sodium Channel Blockers
Flecainide (2–3 mg per kg per day) in addition to β-blockers is recommended in
patients who experience an arrhythmic event while on β-blockers (class IIa recommendation) [12, 48]. In addition, flecainide should be considered in addition to
β-blockers and carriers of an implantable cardioverter-defibrillator [ICD] to reduce
the risk of appropriate ICD shocks (class IIa recommendation) [20]. Adding flecainide is effective when patients display couplets or non-sustained ventricular
tachycardia during exercise testing while on β-blockers [53].
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Flecainide has a possible direct RYR2 blocking effect in a CPVT mouse model
[54], although this has been disputed by others [55]. The efficacy of flecainide
was shown in a study including 33 severely affected patients, in whom flecainide
(1.5–4.5 mg per kg body weight) partially or completely suppressed exercise-
induced ventricular arrhythmias in 76% of patients [56]. Arrhythmic events were
prevented during a median follow-up of 20 months (range: 12–40), except for
one patient who received appropriate ICD shocks after nonadherence. A similar
efficacy of flecainide was observed in a series of 12 patients with genotype-negative CPVT [57] and 10 insufficiently controlled CPVT patients carrying CASQ2
mutations [58]. In 51 children treated with flecainide, 8 [16%] experienced an
arrhythmic event. However, seven events occurred on a suboptimal dose, and six
were probably related to nonadherence. A small case series reported favorable
ventricular arrhythmia-suppressing effects of flecainide monotherapy [59], but
at present this is only recommended in patients who are intolerant to β-blocker
therapy.

Left Cardiac Sympathetic Denervation
Left cardiac sympathetic denervation [LCSD], usually by use of video-assisted thoracoscopic surgery, may be considered when ventricular arrhythmias cannot be controlled by medication (class IIb recommendation) [12, 48]. During LCSD, the lower
half of the left stellate ganglion and thoracic ganglia T2–T4 are removed, thereby
inhibiting largely norepinephrine release in the heart. In the largest series on LCSD
in CPVT, the 2-year cumulative event-free survival rate in 63 severely symptomatic
patients who underwent LCSD was 81% [60]. Patients with an incomplete LCSD
were more likely to experience major arrhythmic events. Quality of life of CPVT
patients who underwent LCSD was well, despite minor side effects that were
reported by the majority of patients [61, 62]. The class IIb recommendation for
LSCD was proposed before the publication of this important study and has not been
updated in 2019.

Lifestyle
All patients with CPVT are advised to limit or avoid competitive sports, strenuous
exercise, and exposure to stressful environments (class I recommendation) [19, 20].
However, very recent recommendations state that genotype-positive phenotype-
negative athletes may participate in all competitive sports with appropriate precautionary measures, including acquisition of a personal automatic external defibrillator
and establishment of an emergency action plan [63].
Importantly, patients should thoroughly be educated about the importance of
medication adherence since most of ventricular arrhythmias are secondary to lack
of compliance [49, 64].
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Risk Stratification
Current guidelines recommend β-blocker therapy in all patients with CPVT, including mutation carriers with no ventricular arrhythmias during provocative tests [14,
15]. This is because very little clinical and genetic risk factors for the occurrence of
arrhythmic events in CPVT have been identified. In one large CPVT series, a young
age at diagnosis and a history of aborted cardiac arrest were associated with future
arrhythmic events [8]. Among asymptomatic RYR2 or CASQ2 mutation-carrying
relatives who are identified by cascade screening, the presence of exercise-induced
ventricular arrhythmias seems to increase the risk of arrhythmic events [25]. In one
series, relatives with a RYR2 mutation in the C-terminal channel-forming domain
had increased odds of non-sustained ventricular tachycardia compared with those
carrying a RYR2 N-terminal mutation [12], but whether this translates into an
increased risk of arrhythmic events is unknown. In summary, studies including
larger patient populations and longer follow-up durations are needed to develop a
more detailed risk stratification model.

Implantable Cardioverter-Defibrillator Indications
ICD implantation is indicated in patients who experienced an aborted cardiac arrest
on treatment and in patients with arrhythmic events or polymorphic or bidirectional
ventricular tachycardia despite optimal medical therapy (class 1 recommendation)
[19, 20].
Two early case reports pointed toward the possible proarrhythmic effect of ICD
therapy in CPVT by describing patients in whom appropriate or inappropriate ICD
shocks and its subsequent catecholamine release initiated fatal ventricular arrhythmia storms [65, 66]. Two recent studies demonstrated that ICD shocks delivered to
terminate bidirectional ventricular tachycardia were often unsuccessful, whereas
ventricular fibrillation was frequently terminate [64, 67]. In addition, one study
reported induction of more malignant ventricular arrhythmias by ICD therapy in
36% of patients, including electrical storm in 29%, and 8.5% of total shocks [67].
In 94 children with CPVT, appropriate and inappropriate shocks occurred in 46%
and 22% of cases, respectively [13]. Electrical storm occurred in 18% and ICD-
related complications in 23%. In a meta-analysis on ICD harm in young patients
with inherited cardiac diseases, CPVT patients had the highest annual rate of inappropriate shocks [7.6%] and other ICD-related complications [21.2%] [68].
Thus, among patients who did not have an aborted cardiac arrest, ICD implantation should in our opinion be restricted as much as possible, in particular to CPVT
patients who do not sufficiently respond to an aggressive therapeutic strategy
including β-blockers, flecainide, and LCSD. Unpublished data at this time suggest
that ICD in previously undiagnosed CPVT patients resuscitated from a sudden cardiac arrest is not associated with an improved survival.
If an ICD is implanted, additional therapy with β-blockers, flecainide, and sometimes LCSD should be considered to lower the risk of appropriate and inappropriate
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ICD shocks. Careful ICD programming, i.e., with one ventricular fibrillation zone
with a detection interval of 240 beats per minute and (exceptionally) long detection
intervals, is crucial.

Recommendations During Pregnancy and Delivery
Like in other channelopathy (i.e., LQT syndrome), arrhythmias are thought to be
more prevalent during the second semester of pregnancy [69], secondary to physiological changes and increased myocardial catecholamine’s sensitivity during pregnancy [69–71]. Medication shouldn’t be withdrawn as long as potential benefit
outweighs potential risk. β-Blockers may be responsible of fetal bradycardia and
hypoglycemia but also low birth weight. Human data are not available regarding
flecainide. However, we have observed some pregnancies without any complication
under flecainide.

Family Screening
When a likely pathogenic mutation is identified in an index patient with CPVT,
genetic testing of all first-degree relatives is indicated (Fig. 31.4) [33]. Genetic testing is recommended at young age, usually after age 2 years, because of the young
age of CPVT manifestation [33]. Among RYR2 mutation-carrying relatives identified by cascade screening, approximately 50% have exercise-induced ventricular
arrhythmias [2]. Relatives who are noncarrier of the familial CPVT-causing mutation can be dismissed from further cardiologic evaluation after initial negative clinical investigation.

Patient with CPVT
Pathogenic mutation

No pathogenic mutation

Genetic testing first-degree
relatives > 2 yrs

Cardiac screening firstdegree relatives > 2 yrs

Mutation

Ventricular arrhythmias

Cardiac screening and
therapy
No mutation

No ventricular arrhythmias
No further analysis

Fig. 31.4 Family screening in CPVT

Therapy

Follow-up
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First-degree relatives of a mutation-negative index patient should be screened
clinically, starting at age 2 years, in particular with exercise testing, Holter recording, or pharmacological challenge (Fig. 31.2). Children and young adults should be
followed up regularly, even if the initial clinical screening is normal.
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Introduction
Arrhythmogenic cardiomyopathy (ACM) is a genetically determined heart muscle
disease characterized pathologically by fibrofatty myocardial replacement of both
the right and left ventricle and clinically by ventricular arrhythmias and risk of sudden cardiac death (SCD). Mutations in the genes encoding desmosomal proteins
play a key role in the pathogenesis of ACM. These proteins include desmoplakin
(DSP), plakophilin 2 (PKP2), desmoglein 2(DSG2), and desmocollin 2(DSC2)
[1–3]. Although the classic disease phenotype was characterized by predominant
right ventricular (RV) involvement, clinical variants with early and prevalent LV
involvement, which may parallel (i.e., biventricular ACM) or even exceed (i.e., left-
dominant ACM) the severity of RV involvement, have been increasingly observed
[4]. These findings have led over the past few years to use the broader term of
“arrhythmogenic cardiomyopathy” (ACM), which encompasses all the phenotypic
expressions. This chapter addresses pathogenesis, clinical presentation, diagnosis,
and management strategies in patients with ACM.

Pathogenesis
Histopathological Features
The hallmark lesion of ACM is the replacement of the ventricular myocardium by
fibrofatty tissue [5, 6]. Patchy inflammatory infiltrates (mainly T lymphocytes) are
often observed in association with dying myocytes, both in animal models and
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human patients, suggesting that the pathologic process may be immunologically
mediated [7, 8]. The fibrofatty scar tissue progresses from the epicardium toward
the endocardium and predominantly involves the right ventricular free wall, resulting in wall thinning and aneurysmal dilatation, which are typically localized in the
so-called triangle of dysplasia, that includes the inflow tract (sub-tricuspid region),
the outflow tract (infundibular region), and the apex of the RV [5–7]. Up to 76% of
the ACM hearts studied at postmortem also disclosed involvement of the LV, which
is usually limited to the subepicardial or mid-mural layers of the free wall or
septum [8].

Molecular Genetic Features and Pathogenesis
The disease process is caused by the progressive loss of myocytes because of genetically defective desmosomes, which are cell-to-cell adhesive structures, with subsequent fibrofatty replacement of the ventricular myocardium of both ventricles. The
desmosome contains three major components: desmoplakin, which binds to intermediate filaments (i.e., cardiac desmin); transmembrane proteins (i.e., desmosomal
cadherins), including desmocollin 2 and desmoglein 2; and linker proteins (i.e.,
proteins of the armadillo family), including plakoglobin and plakophilin 2, which
mediate interactions between the desmosomal cadherin tails and desmoplakin
(Fig. 32.1). That ACM is a cell adhesion disorder was first suggested by molecular
genetic study involving patients with Naxos disease, which is an autosomal recessive cardiocutaneous syndrome, characterized by co-segregation of abnormalities of
the heart (ACM), skin (palmoplantar keratosis), and hair (woolly hair), and caused
by mutations in the gene encoding plakoglobin (JUP) [9]. The discovery that ACM
is a cell-to-cell adhesion disease led to research for other related genes. The next
clue on the role of desmosome mutations in ACM arose from South America, where
Luis Carvajal-Huerta recognized a similar constellation of keratoderma, woolly
hair, and ACM with LV predominance. Thus, mutations in genes encoding other
desmosomal proteins were subsequently shown to cause the more common (non-
syndromic) autosomal dominant form of ACM [10]. Desmoplakin (DSP) was the
first defective gene to be associated with autosomal dominant non-syndromic ACM
[11]. Because DSP and JUP are both components of the cardiac desmosome, Gerull
et al. extended this research to another component of the cardiac desmosome and
identified heterozygous mutations in plakophilin-2 (PKP2) in 32 of 120 probands
(27%) [12]. After recognition that PKP2 mutations are a common cause of ACM,
several additional candidate gene analyses facilitated reports of mutations in other
components of the cardiac desmosome. Two groups reported several families with
DSG2 mutations causing classic ACM without abnormalities of the skin or hair [13,
14]. Next, DSC2 mutations were recognized to cause ACM. Predictably, heterozygous mutations in JUP also cause non-syndromic ACM [15]. Although the distribution of mutations among these five genes (PKP2, DSG2, DSP, DSC2, and JUP)
varies among separate cohorts with ACM, large studies consistently demonstrated
that desmosome mutations are the most common cause of ACM. Non-desmosomal
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Fig. 32.1 Histopathological features and pathogenesis of arrhythmogenic cardiomyopathy. The
hallmark histopathological lesion of ACM is the fibrofatty replacement of the ventricular myocardium. Panel A shows a full-thickness histologic section (azan trichrome stain) of the anterior right
ventricular wall in a normal heart; Panel B illustrates an analogous section from the heart of a
patient with ACM who died suddenly. With the azan trichrome stain, myocytes appear red, fibrous
tissue appears blue, and fatty tissue appears white. ACM is caused by genetically defective desmosomes that are composed by three major components: desmoplakin, which binds to intermediate
filaments (i.e., cardiac desmin); transmembrane proteins (i.e., desmosomal cadherins), including
desmocollin 2 and desmoglein 2; and linker proteins (i.e., proteins of the armadillo family), including plakoglobin and plakophilin 2, which mediate interactions between the desmosomal cadherin
tails and desmoplakin, as shown in Panel C. Abnormal desmosomes predispose over time to disruption of the intercellular junction, as shown in Panel D (double-headed arrow). This process
occurs mostly under conditions of increased mechanical stress, such as sports activity. A parallel
pathogenic process involves the Wnt–β-catenin signaling pathway. During canonical Wnt–β-catenin signaling, β-catenin forms complexes with members of the TCF–LEF (T-cell factor–
lymphocyte-
enhancing factor) family of transcription factors in the nucleus to prevent the
differentiation of mesodermal precursors into adipocytes and fibrocytes by suppressing the expression of adipogenic and fibrogenic genes (Panel C). Impairment of desmosomal assembly causes
the translocation of plakoglobin from the sarcolemma to the nucleus (arrows in Panel D), where it
may antagonize the effects of β-catenin, suppressing Wnt–β-catenin signaling and therefore inducing a gene transcriptional switch from myogenesis to adipogenesis and fibrogenesis (Panel D).
(From Corrado et al. [57], © 2017 Massachusetts Medical Society. Reprinted with permission
from Massachusetts Medical Society)

genes have been reported to cause arrhythmogenic cardiomyopathy. They include
genes encoding for the following: (1) the area composita, a mixed type of junctional
structure composed of both desmosomal and adherens junctional proteins, such as
alpha-T-catenin (CTTNA3) [16] and cadherin C (CDH2) [17, 18]; (2) proteins for
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other subcellular structures such as laminin A/C (LMNA) [19, 20]; (3) transmembrane protein 43 (TMEM43) [21, 22]; (4) desmin (DES) [23]; (5) phospholamban
(PLN) [24]; (6) transforming growth factor-3 (TFGB3); and (7) sodium voltage-
gated channel alpha subunit 5 (SC5NA).
The traditional explanation for desmosome mutations causing cardiomyopathy
relies on loss of adhesion between cardiac myocytes, which predisposes them to
detachment and death with replacement by fibrofatty tissue [9]. Physical activity
worsens this adhesion defect, with greater consequences for the thinner-walled RV
as compared with the LV. Other than being specialized structures that supply
mechanical cell attachment, desmosomes are important mediators of intracellular
and intercellular signal transduction. The mutant form of the plakoglobin, also
known as y-catenin, does not integrate into desmosomes and shifts from intercalated disks to cytosol and nuclear pools, where it causes changes in nuclear signaling and transcriptional activity, through pathways regulated by the protein β-catenin.
The inhibition of the established Wnt–β-catenin signaling pathway may increase the
expression of adipogenic and fibrogenic genes and contribute to the development of
fibrofatty myocardial scarring (Fig. 32.1) [25].
The fibrofatty tissue that replaces myocardium contributes to the development of
ventricular arrhythmias in ACM by slowing intraventricular conduction and acting
as a substrate for arrhythmias through a scar-related macroreentry mechanism.
However, life-threatening ventricular arrhythmias in ACM may also be the result of
mechanisms working at the molecular and cellular levels. Desmosomes, sodium
channels, and gap-junction proteins interact synergistically to regulate adhesion,
excitability, and coupling of myocytes; this coordinated network of proteins found
at the intercalated disks has been termed the “connexome” [26]. According to this
view, loss of expression of desmosomal proteins may cause (or contribute to) potentially fatal arrhythmias by inducing gap-junction remodeling, with reduction of total
content and substantial redistribution of the gap-junction protein connexin 43, and
decreasing the amplitude and kinetics of the sodium current [27–29]. Moreover,
there is some evidence that the Brugada syndrome and ACM may share clinical
features and arrhythmic mechanisms because of their common origin from the connexome [30].

Clinical Presentation and Natural History
Epidemiology
The prevalence of ACM has been estimated to range from 1 case in 2000 to 5000
persons in the general population. A familial incidence is present in more than half
the ACM cases. The disease is typically transmitted with an autosomal dominant
pattern of inheritance, although rare autosomal recessive forms have been described
[31]. The disease is more malignant in men than in women, and this finding has
been ascribed either by a direct influence of sex hormones on the pathogenic
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mechanisms involved in the phenotypic expression of the disease [3] or by sexbased difference in the amount or intensity of exercise [32].

Phenotypic Expression
The phenotypic expression of ACM varies considerably, ranging from asymptomatic family members with concealed structural abnormalities and no arrhythmias to
symptomatic patients experiencing arrhythmic cardiac arrest or undergoing cardiac transplantation because of refractory heart failure. The disease usually
becomes clinically overt within the second to the fourth decades of life and is
preceded by a preclinical phase, which is characterized by minimal or no structural
abnormalities (concealed disease). Pathobiological and clinical landmarks which
characterize the different phases of the disease natural history until clinical diagnosis include the following: (1) the time period between birth and the beginning of
the disease process (pre-histologic phase); (2) the development of initial histologic
changes of the myocardium (myocyte death and fibrofatty replacement) which are
clinically concealed (preclinical phase); (3) the period of clinically detectable
electrical (ECG changes and premature ventricular beats) and structural (ventricular remodeling with dilatation and dysfunction, either global or segmental) abnormalities, in the absence of relevant symptoms (presymptomatic phase); and (4)
occurrence of symptoms (symptomatic phase). A sizeable proportion of affected
patients have a silent clinical course and remain asymptomatic for many years, so
delaying the identification of the disease unless they undergo screening programs,
such as cascade screening of family members after identification of a proband or
universal pre-participation athletic screening including an ECG. SCD may be the
first clinical manifestation of the disease. In a study in the Veneto region of Italy,
20% of SCDs in young people and athletes were caused by a previously undiagnosed ACM [6].
SCD is caused by an arrhythmic cardiac arrest that may occur unexpectedly in
previously asymptomatic individuals, mostly young people and competitive athletes, with a previously undiagnosed (and unsuspected) ACM [9]. Patients with
clinically overt disease may experience scar-related monomorphic ventricular
tachycardia (VT), which is caused by a reentrant circuit related to the underlying
fibrofatty ventricular scar [33]. Ventricular arrhythmias are worsened by adrenergic
stimulation and neuroautonomic imbalance occurring during or immediately after
exercise [34]. Abrupt ventricular fibrillation (VF) and SCD may also occur in young
patients during an active phase of disease progression, the so-called “hot phases”, as
a consequence of myocarditis-mediated bouts of acute myocyte death leading to
acute electrical instability [9].
While VF is an arrhythmic complication which usually occurs “early” during the
natural history of ACM, sustained VT is more commonly observed in advanced
disease [35–38]. A pathobiological explanation of these findings is that VT and VF
arise from a myocardial substrate which varies over time in relation to different
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phases of the natural history of ACM. Episodes of VF most often occur as the first
clinical manifestation in young patients because they reflect acute electrical instability of early disease, which progresses through so-called “hot phases” that are
recurrent bouts of acute myocyte death with reactive inflammation, most often characterized by a clinically silent course. Older patients with advanced disease more
often experience symptomatic VT which is monomorphic (left bundle branch block
pattern), hemodynamically well-tolerated and unlikely to degenerate into VF. This
VT is caused by a reentry mechanism around a stable fibrofatty myocardial scar as
the result of a repair process that occurs in a later stage of the disease course. New
insights from molecular biology/genetics studies, genotype-phenotype correlations,
and long-term clinical experience have improved our understanding of the natural
history of ACM, showing that presentation with lethal arrhythmias may occur “earlier” than previously thought. Loss of expression of desmosomal proteins might
“per se” induce electrical myocardial instability, because of the cross talk of genetically defective desmosomal proteins with the voltage-gated sodium channel complex, leading to sodium ion channel dysfunction and reduced sodium current that
predisposes to lethal ventricular arrhythmias even prior to the expression of an overt
structural abnormality [31, 39–41]. However, whether the mechanism leading to VF
during the so-called concealed disease is primarily electrical or triggered by initial
(clinically undetectable) histologic structural changes remains elusive.
The most common clinical presentation is the classic right ventricular phenotype, characterized by ventricular arrhythmias and related symptoms/events, which
include palpitations or effort-induced syncope in an adolescent or young adult,
negative T waves in the anterior precordial leads (V1 through V4) on the ECG, ventricular tachycardia with a left bundle branch block morphology, and right ventricular abnormalities on imaging tests (Fig. 32.2).
• Electrical anomalies secondary to the fibrofatty replacement are the basis for the
typical ECG findings, including repolarization (T-wave inversion in the right precordial leads) and/or depolarization (epsilon waves and/or prolongation of QRS
complex because of delayed S-wave upstroke) abnormalities. These ECG
changes usually involve the right precordial leads (V1 through V3/V4) [42].
• Ventricular arrhythmias with a left bundle branch block morphology and superior axis are another hallmark of ACM [7–10, 43–46]. The spectrum of ventricular arrhythmias ranges from isolated premature ventricular beats to sustained VT,
which may degenerate to VF. Ventricular arrhythmias with a left bundle branch
block morphology and inferior axis are less specific because in most cases they
are benign, non-familial, and not related to an underlying cardiomyopathy (“idiopathic” RV outflow tract ventricular tachycardia) [47].
• Global or regional dysfunction/structural alterations of the right ventricle on imaging are other typical features of ACM and include: global RV dilatation and dysfunction and regional RV wall motion abnormalities such as diastolic bulging,
systolic akinesia, and dyskinesia, typically localized in the “triangle of dysplasia,”
namely, subtricuspidal, apical, and infundibular regions. The left ventricle and the
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Fig. 32.2 Classic right ventricular phenotype. Depolarization (negative T waves in the right precordial leads, a) and repolarization abnormalities (epsilon waves, arrow, and prolongation of QRS
complex because of delayed S-wave upstroke, a and b). Ventricular arrhythmia with left bundle
branch block and inferior axis morphology is shown in C. Parasternal long-axis view (PLAX) by
echocardiography showing dilatation of the right ventricular outflow tract (d). Cardiac MRI illustrating an aneurysm of the RVOT (e, arrowhead) and multiple sacculations of the inferior and
apical regions (e, arrows). (From Corrado et al. [57], © 2017 Massachusetts Medical Society.
Reprinted with permission from Massachusetts Medical Society)

septum are usually involved to a lesser extent, if at all [48–50]. These structural
abnormalities can be detected by imaging techniques such as echocardiography
[51], cardiac magnetic resonance (CMR) [52], and angiography [53]. RV angiography has been long regarded as the gold standard imaging test for the diagnosis.
Angiographic evidence of systolic akinesia, dyskinesia, and diastolic bulging
localized in infundibular, apical, and subtricuspidal regions provides a diagnostic
specificity of >90% [20]. Echocardiography represents a first-line approach to
evaluate patients with suspected ACM or to screen family members; it is also useful for serial examinations during the follow-up. In recent years, CMR has become
the preferred imaging technique, thanks to its capacity to combine the evaluation
of morphofunctional abnormalities with myocardial tissue characterization by the
gadolinium enhancement, which provides information of the presence and amount
of fibrofatty myocardial scarring [21, 54].
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The clinical presentation of ACM may occasionally simulate an acute myocarditis, characterized by chest pain, transient ST segment and T-wave changes, and
increased muscle enzyme levels, with or without ventricular arrhythmias [55].
The diagnosis of biventricular or predominant left ACM may be missed at onset
of symptoms in some patients who present years later with heart failure, with or
without ventricular arrhythmias, and are incorrectly diagnosed as having idiopathic
dilated cardiomyopathy [15, 56]. Left-dominant ACM variants are characterized by
early and predominant LV involvement, often because of specific genetic mutations
(i.e., mutations in genes encoding for desmoplakin, phospholamban, or filamin C
[36, 57]). The phenotype is the counterpart of the classic variant:
• T-wave inversion in the left precordial leads (V4–V6) and low QRS voltages
(<0.5 mV) in the limb leads, which reflect the fibrofatty replacement of the
LV wall.
• Ventricular arrhythmias with a right bundle branch block morphology [58].
• Left ventricular dilatation and dysfunction and late gadolinium enhancement of
the LV wall with a subepicardial or midmyocardial distribution. In contrast with
the classic variant, the diagnostic power of echocardiography is limited because
LV dilatation and systolic dysfunction, either regional or global, may be absent
in patients with predominantly left-sided disease. This is because the fibrofatty
scarring process initially involves the subepicardial myocardial layers of the LV
wall, which contributes marginally to the development of the contractile power
and does not translate into prominent wall motion abnormalities or ejection fraction reduction. Therefore, the left-dominant ACM phenotype in isolation is difficult to diagnose and its incidence is probably underestimated. Contrast-enhanced
CMR increases the diagnostic sensitivity because it allows identification of non-
transmural LV scars (areas of late gadolinium enhancement) at a subepicardial
and/or mid-mural level [59, 60]. The use of CMR has moved the concept of
“triangle of dysplasia” to the concept of “quadrangle of dysplasia”: there is
another important disease-specific site of cardiac involvement that is the left ventricle inferolateral wall in terms of isolated subepicardial scar. Accordingly,
CMR findings of tissue characterization for the detection of fibrofatty myocardial replacement need to be included in the future revision of ITF diagnostic
criteria for ACM.

Differential Diagnosis
Diseases that enter differential diagnosis of ACM include either primary arrhythmic
conditions (i.e., RV outflow tract ventricular tachycardia, Brugada syndrome) or
structural heart muscle disorders affecting the RV, the LV, or both (cardiac sarcoidosis,
myocarditis, neuromuscular diseases). Particularly differential diagnosis between
ACM and cardiac sarcoidosis is challenging because of the overlapping phenotype,
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including ECG abnormalities (right precordial T-wave inversion and epsilon waves)
and imaging features such as nonischemic right and left ventricular scar [61].

Prognosis
The prognosis of ACM is related to either ventricular electric instability, which may
lead to arrhythmic SCD, and progression of ventricular muscle disease resulting in
RV or biventricular systolic dysfunction. The overall mortality rate varies among
different studies, ranging from 0.08% to 3.6% per year [10, 62]. This high variability depends on the different populations considered in the studies, and reflects the
wide spectrum of ACM clinical presentations and the presence of subgroups with
variable degrees of phenotypic expression and different SCD risk. The adverse
prognosis of ACM patients was initially overestimated by early reports of patients
with severe clinical manifestations. Subsequent studies of a broader ACM patient
population, including asymptomatic family members and genetically affected individuals with no phenotypic manifestations, have reported significantly lower SCD
rates [17].

Clinical Diagnosis
To standardize the clinical diagnosis, in 1994 the International Task Force (ITF)
proposed guidelines in the form of a qualitative scoring system with major and
minor criteria [63]. These criteria were designed to diagnose the original right ventricular phenotype and based on the combination of multiple sources of information
obtained by a multiparametric approach including electrocardiographic, arrhythmic, morphofunctional, and histopathologic findings. Based on their diagnostic
accuracy, the criteria were classified as major and minor, and the diagnosis of ARVC
was fulfilled in the presence of two major criteria, one major plus two minor, or four
minor criteria from different categories.
Although the ITF criteria have been useful for differentiating ARVC from dilated
cardiomyopathy or idiopathic right ventricular outflow tract tachycardia, they have
shown a lack of sensitivity for the identification of early/minor phenotypes, particularly in the setting of familial screening. In 2010, a revision of diagnostic guidelines
was proposed with the aim to improve the accuracy of the diagnosis in probands and
first-degree relatives by providing quantitative criteria for diagnosing right ventricular abnormalities and adding molecular genetic criteria [64]. In this regard, molecular genetic information has been added to family history criteria, and the presence
of a disease-causing gene mutation has become a major criterion for the diagnosis
of ACM. The diagnosis is based on a series of criteria including histopathological
manifestations, alterations in cardiac structure and function, electrocardiographic
abnormalities, arrhythmic manifestations, and the identification of disease-causing
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genetic mutations that were elaborated by the International Task Force of experts.
As no single criterion is accurate enough, the diagnosis requires a combination of
criteria (classified as minor or major according to their specificity). Specifically, the
diagnosis is considered to be “definite” in the presence of two major criteria or one
major and two minors or four minor criteria from different categories. The diagnosis
is classified as “borderline,” if the patient meets one major and two minor criteria or
three minor criteria from different categories, and “possible” when one major or two
minor criteria are met.
The real experience with the 2010 diagnostic criteria revealed a high risk of disease misdiagnosis due to both the inherent limitation and the inappropriate use of
the current criteria. This is mostly related to the limited understanding of the genetic
background of the disease, characterized by a large pool of genetic variants of
uncertain significance, and the subsequent risk of misinterpreting non-pathogenetic
DNA variants as pathogenic mutations, which can lead to misdiagnosis of the disease in probands not fulfilling the phenotypic criteria for diagnosis. Therefore,
future ITF diagnostic criteria should be based on phenotypic features of the proband
and genotyping used for cascade family screening and preclinical genetic diagnosis
of family members. An additional limit of the 2010 criteria is that they were developed to diagnose the classic right ventricular phenotype and did not include criteria
for the diagnosis of left-dominant phenotype. Contrast-enhanced CMR has emerged
as the “gold standard” imaging test, because it increases diagnostic accuracy by
identification of nonischemic LV scars/LGE which are the most typical features of
the left ventricular phenotype.

Prognosis and Treatment
Risk Stratification
The clinical course of ACM is characterized by the occurrence of arrhythmic events,
which can cause SCD, and the impairment of biventricular systolic function, which
can lead to death from heart failure. The estimated overall mortality varies among
studies, ranging from 0.08 to 3.6% per year [65]. Risk stratification depends largely
on the evaluation of the severity of ACM phenotypic expression in terms of severity
of arrhythmic manifestations and amount of fibrofatty myocardial replacement as
evaluated by electrocardiographic tests and imaging. History of cardiac arrest
because of VF or sustained VT is the most important predictor of major arrhythmic
events during follow-up. Unexplained syncope, nonsustained VT, and severe systolic dysfunction of the right ventricle, left ventricle, or both are considered major
risk factors. Several minor risk factors have been identified (proband status, male
sex, multiple gene mutations [3, 39], greater extent of negative T waves [66], VT/
VF inducibility by programmed ventricular stimulation [38, 60]), but their
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Fig. 32.3 Prognostic
stratification of patients
with ARVC based on the
clinical presentation. The
risk subgroups are defined
on the estimated
probability of a major
arrhythmic event during
follow-up. The high-risk
group is characterized by
an estimated annual risk of
more than 10%, the
intermediate-risk group by
a risk between 1% and
10%, and the low-risk
group by a risk below 1%.
(From Corrado et al. [57],
© 2017 Massachusetts
Medical Society. Reprinted
with permission from
Massachusetts Medical
Society)
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Major arrhythmic events
Cardiac arrest due to ventricular
fibrillation
Sustained ventricular tachycardia

High risk
>10%/year

Major risk factors
Unexplained syncope
Nonsustained ventricular tachycardia
Severe right or left ventricular
dysfunction

Minor risk factors

Intermediate
risk
1–10%/year

Proband status, male sex
Frequent PVBs (≥1000/24 hour)
Inducibility on electrophysiological
study
Extent of negative T waves
Amount of right ventricular fibrofatty
scarring
Multiple desmosomal gene mutations

No events or risk factors
Healthy gene carriers
Patients with definite ARVC

Low risk
<1%/year

association with an unfavorable outcome is based on either limited scientific evidence or conflicting data (Fig. 32.3) [67].

Therapy
The aims of clinical management of ACM are as follows: (1) to reduce the risk of
sudden cardiac death, (2) to prevent the disease progression, and (3) to improve the
quality of life by alleviating arrhythmic and heart failure symptoms. Current therapeutic options include lifestyle changes, drug therapy, catheter ablation, ICD, and
heart transplantation.

Lifestyle Changes
Physical exercise has been implicated as the most important environmental factor
for the promotion and progression of the ACM phenotypic expression and for triggering life-threatening ventricular arrhythmias in ACM [36, 68–73]. Accordingly,
current guidelines recommend that not only clinically affected individuals but
also healthy gene carriers do not participate in competitive or endurance sport activity [67].
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Drug Therapy
Drug therapy of patients with ACM includes beta-blockers, anti-arrhythmic agents,
and heart failure drug therapy. Adrenergic stimulation promotes ventricular arrhythmias and cardiac arrest that typically occur during or after physical effort. Beta-
blocker therapy should be offered to all patients with a definite diagnosis of ACM,
regardless of symptoms and arrhythmic manifestations. Beta-blocker therapy has
proven efficacy in heart failure management and can prevent effort-induced ventricular arrhythmias; moreover, it offers the potential to lower the myocardial disease progression by lowering the ventricular wall stress. Instead, in genotype-positive
but phenotype-negative individuals, prophylactic use of drugs does not seem justified [67]. Adjunctive anti-arrhythmic drug therapy is indicated to reduce the arrhythmia burden in symptomatic patients with frequent premature ventricular beats and/
or complex ventricular arrhythmias [67]. Sotalol and amiodarone (alone or in combination with beta-blockers) are the most effective drugs with a relatively low proarrhythmic risk. The standard pharmacological treatment (angiotensin-converting
enzyme inhibitors, angiotensin II receptor blockers, and diuretics) is used in patients
who develop right, left, or biventricular heart failure. Oral antithrombotic therapy
should be reserved to patients with atrial fibrillation and/or thromboembolic events.
Catheter Ablation
Catheter ablation is a therapeutic option for patients with sustained monomorphic
ventricular tachycardia. The initial experience with VT catheter ablation resulted in
a high acute success rate followed by a high rate of recurrence [74–76]. The poor
long-term outcome has been attributed to the progressive nature of the disease,
which leads to the development of multiple arrhythmogenic foci over time. In addition, because the lesion wave-front characteristically originates and progresses from
the epicardium to the endocardium, VT reentry circuits appear mostly located in the
subepicardial layer of the RV wall and are unapproachable from the traditional
endocardial approach of catheter ablation. Several studies have shown the feasibility and efficacy of epicardial (through the pericardial space) catheter ablation for
patients in whom one or more endocardial procedures have been unsuccessful
(Fig. 32.4) [77–81].
ICD Therapy
Although randomized trials to guide ICD therapy have not been performed, data
collected from observational studies consistently showed the safety and efficacy of
ICD therapy [37, 48, 82–85]. The indication for ICD therapy should be the result of
a balanced evaluation of the arrhythmic patient’s profile and potential risk of device-
related complication. Patients who benefit most from ICD therapy are those who
had experienced an episode of VF or sustained VT (high-risk category, estimated
event rate >10% per year [64]). It remains uncertain whether defibrillator therapy is
appropriate for primary prevention of SCD among patients with one or more risk
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Fig. 32.4 Catheter ablation of ventricular tachycardia in patients with ARVC. Catheter ablation
uses an endocardial or an epicardial approach depending on the site of the arrhythmia substrate.
For endocardial ablation (Panel A), the catheter is advanced into the right ventricular cavity
through the venous system; the black circular arrow shows a reentry circuit of ventricular tachycardia, and the red X indicates its interruption by endocardial catheter ablation. Epicardial ablation
(Panel B) is based on the introduction of the catheter into the pericardial space by means of pericardial puncture; the black circular arrow shows a reentry circuit, and the red X indicates its interruption by epicardial catheter ablation. Target sites for catheter ablation can be identified with the
use of three-dimensional electroanatomical voltage mapping (Panel C) to reconstruct regions of
right ventricular scarring (i.e., either endocardial or epicardial low-voltage areas showing bipolar
signal amplitude of <0.5 mV, indicated by red color coding), which represent the substrate for the
reentry mechanism of ventricular tachycardia. The reentry circuit is interrupted by delivering
radiofrequency energy through the ablation catheter to create point-by-point linear lesions (red
circles), eliminating intrascar or interscar conducting pathways. On an electrophysiological recording obtained during catheter ablation (Panel D), ventricular tachycardia is interrupted abruptly
after radiofrequency energy application (red arrow). Standard electrocardiographic leads I, III, V1,
and V6 are shown, as well as recordings from the ablation catheter itself at proximal (ABL p) and
distal (ABL d) sites. LAD denotes left-axis deviation, LBBB left bundle branch block, and RF
radiofrequency. (From Corrado et al. [57], © 2017 Massachusetts Medical Society. Reprinted with
permission from Massachusetts Medical Society)
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Fig. 32.4 (continued)

factors and no prior major arrhythmic events (intermediate-risk category, estimated
event rate ranging from 1% to 10% per year [88]). Prophylactic defibrillator implantation is not recommended in asymptomatic patients with no risk factors and in
healthy gene carriers (low-risk category, estimated event rate <1% per year) because
of the low risk of arrhythmias and the concomitant significant risk of device-related
complications over time (Fig. 32.5). Subcutaneous ICD has emerged as a valid
alternative to transvenous device because it reduces or eliminates morbidity and
potentially life-threatening lead-related complications over the time, mostly in the
young population with a long life expectancy. Preliminary data on the use of S-ICD
in patients with ACM demonstrate that the device successfully treats VT/VF in the
absence of electrode and device-related complications with a rate of inappropriate
shock comparable to that of transvenous ICD. At present time, S-ICD is mainly
indicated for the primary prevention of SCD in young patients with ACM and a
high-risk profile [86–90].

Heart Transplant
Heart transplant is the final treatment option for patients with debilitating heart
failure refractory to pharmacological and non-pharmacological therapy or potentially lethal arrhythmias that are uncontrollable with anti-arrhythmic therapy or
catheter ablation. Posttransplant survival rates are reported of 94% and 88% at 1 and
6 years, respectively [91].
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Flow chart for ICD implantation

High risk

- Aborted SCD due to FV
- Sustained VT
- Severe dysfunction of
RV, LV, or both

ICD indicated
(Class I)

Low risk

Intermediate risk

1 or more major
risk factors*:
- Syncope
- NSVT
- Moderate dysfunction
of RV, LV, or both

ICD should be
considered
(Class IIa)

1 or more minor risk
factors*

- No risk factors
- Healthy gene carriers

ICD may be
considered
(Class IIb)

ICD non indicated
(class III)

Fig. 32.5 Flowchart of risk stratification and indications to ICD implantation in ACM. Based on
the available data on the annual mortality rates associated to specific risk factors, the estimated risk
of major arrhythmic events in the high-risk category is >10%/year, in the intermediate-risk category ranges from 1% to 10%/year, and in the low-risk category is <1%/year. The recommendations
for ICD implantation for different categories of arrhythmic risk were determined by consensus
considering not only the statistical risk but also the general health, the socioeconomic factors, the
psychological impact, and the adverse effects of the device. SCD, sudden cardiac death; VF,
ventricular fibrillation; VT, ventricular tachycardia; RV, right ventricle; and LV, left ventricle.
(From Corrado et al. [65]. Reprinted with permission from Wolters Kluwer Health, Inc.).
*See the text for distinction between major and minor risk factors
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Introduction
Long-QT syndrome (LQTS) is an inherited or acquired disorder of cardiac repolarization characterized clinically by (i) prolongation of the heart-rate-corrected QT
interval (QTc) on 12-lead electrocardiogram (ECG) and (ii) an increased risk of
syncope, seizures, and sudden cardiac arrest/death (SCA/SCD). Congenital LQTS
was first described as following two distinct patterns of inheritance: (i) the ultrarare
(1:1,000,000 and 1:4,000,000 individuals), autosomal-recessive Jervell and Lange-
Nielsen syndrome (JLNS) [1], first described in 1957, characterized by congenital
bilateral sensorineural deafness and a malignant cardiac phenotype (extreme QTc
prolongation, high rate of SCA/SCD, etc.), and (ii) the rare (1:2000 individuals),
autosomal-dominant Romano-Ward syndrome (RWS) [2, 3], first described separately in 1963 and 1964, now referred to simply as LQTS. In addition, over the last
six decades, our understanding of LQTS has evolved to include several exceedingly
rare multisystem disorders, including Timothy syndrome (TS) [4] and triadin
knockout syndrome (TKOS) [5], which present clinically with QTc prolongation
and a myriad of extra-cardiac manifestations.
In this chapter, we summarize succinctly our current understanding of the genetic
and cellular underpinnings, clinical manifestations, diagnostic evaluation, risk stratification, and management of patients with congenital LQTS, with a specific focus
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on individuals with pathogenic/likely pathogenic variants in the three canonical
LQTS-susceptibility genes [KCNQ1 (LQT1), KCNH2 (LQT2), and SCN5A (LQT3)]
that account for the majority of LQTS cases.

Electrophysiological and Genetic Underpinnings of LQTS
The electromechanical function of the heart is dependent on the coordinated activation and inactivation of inward depolarizing [sodium (Na+) and calcium (Ca2+)] and
outward repolarizing [potassium (K+)] currents responsible for the five major phases
of the cardiac action potential (Fig. 33.1) [7, 8]. Acquired or genetic defects that
either (i) increase depolarizing Na+ and Ca2+ currents [phase 0 (INa) and phase 2
(ICa,L)] or (ii) diminish repolarizing K+ currents [phase 3 (IKs and IKr) and to a lesser
extent phase 4 (IK1)] (Fig. 33.1a) may result in prolongation of the ventricular cardiac action potential (Fig. 33.1b). In turn, widespread lengthening of ventricular
cardiac action potential duration (APD) manifests as prolongation of the heart-rate-
corrected QT interval (QTc) on surface 12-lead ECG (Fig. 33.1c).
At present, expert consensus guidelines define a prolonged QTc value as >450 ms
in males and > 460 ms in females [9]. However, a baseline QTc value ≥500 ms, in
the absence of one or more QTc-prolonging risk factors (Table 33.1), is highly suspicious for congenital LQTS (LQTS), and an acute QTc increase (i.e., ΔQTc
>60 ms) is indicative of the exaggerated QTc response that accompanies increased
risk of ventricular arrhythmias in drug-induced LQTS [11].
Irrespective of the QTc-prolonging mechanism [i.e., drug-induced blockade of
the rapidly activating component of the delayed rectifier K+ current (IKr) conducted
by KCNH2-encoded hERG/Kv11.1 K+ channels in acquired LQTS (aLQTS) or
genetically mediated reduction in the slowly activating component of the delayed
rectifier K+ current (IKs) conducted by KCNQ1-encoded Kv7.1 K+ channels in
LQTS], lengthening of the ventricular APD generates an electrical substrate that
can give rise to frequent early afterdepolarizations (EADs) mediated by spontaneous reactivation of L-type Ca2+ and sodium-calcium exchange currents during
phase 2 and 3 of the cardiac action potential [12]. Triggered activity from focal
EADs coupled with EAD augmented electrical heterogeneity in adjacent regions
of myocardium likely generates the electrical substrate needed for the initiation,
propagation, and maintenance of torsades de pointes (TdP), the hallmark form of
polymorphic ventricular tachycardia observed in patients with all forms of LQTS
(Fig. 33.1d) [12].
Among individuals with clinically definitive LQTS (i.e., QTc ≥480 ms and
“Schwartz score” ≥3.5) [13], genetic testing is expected to identify a pathogenic/
likely pathogenic variant in one of the three canonical LQTS-susceptibility genes in
70–80% of cases [KCNQ1 (~35%), KCNH2 (~25%), and SCN5A (~10%);
Table 33.2] [34]. In addition, ~5–10% of LQTS cases, including many where QTc
prolongation occurs as a component of distinct multisystem syndromes [5, 31, 32]
such as TS1 (CACNA1C), Andersen-Tawil syndrome (ATS and KCNJ2), and TKOS
(TRDN), are anticipated to test positive for a likely pathogenic/pathogenic variant in
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Fig. 33.1 Current paradigm for the molecular and cellular basis of congenital long-QT syndrome.
(a) Genetic variation in pore-forming α-subunits or accessory β-subunits that results in cardiac
potassium channel (KCNQ1-encoded Kv7.1, KCNH2-encoded Kv11.1, and KCNJ2-encoded
Kir2.1) loss-of-function, cardiac sodium channel (SCN5A-encoded Nav1.5) gain-of-function, or
cardiac L-type calcium channel (CACNA1C-encoded Cav1.2) gain-of-function. (b) A genetically
mediated increase in outward depolarizing currents (purple channels/boxes) and/or inward repolarizing currents (orange channels/boxes) prolongs the action potential duration (APD) generating the
substrate needed for an increased frequency of early after depolarizations (EADs). (c) An increase
in APD manifests as heart-rate-corrected QT (QTc) interval prolongation on 12-lead surface electrocardiogram. (d) EAD-triggered action potentials can precipitate torsades de pointes (TdP)
which may degenerate into ventricular fibrillation. Reprinted from Giudicessi et al. [6] with permission from John Wiley and Sons)

one of the 14 additional “minor” LQTS-susceptibility genes identified thus far
(Table 33.2).
However, many of the non-syndromic minor LQTS-susceptibility genes
(Table 33.2) were discovered in singletons and small pedigrees before large-scale
exome/genome sequencing illuminated the unexpectedly high rate of amino
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Table 33.1 Modifiable and non-modifiable risk factors for acquired long-QT syndrome
Modifiable risk factors
Electrolyte disturbances
Hypocalcemia (<4.65 mg/dL)
Hypokalemia (<3.4 mmol/L)
Hypomagnesemia (<1.7 mg/dL)
QT-prolonging medication polypharmacy
Concurrent use of ≥1 medication from www.crediblemeds.com
Non-modifiable risk factors
Common diagnoses
Acute coronary syndrome
Anorexia nervosa or starvation
Bradyarrhythmias <45 bpm
Cardiac heart failure (EF <40%; uncompensated)
Congenital long-QT syndrome or other genetic susceptibility
Chronic renal failure requiring dialysis
Diabetes mellitus (type 1 and 2)
Hypertrophic cardiomyopathy
Hypoglycemia (documented and in the absence of diabetes)
Pheochromocytoma
Status post cardiac arrest (within 24 hours)
Status post syncope or seizure (within 24 hours)
Stroke, subarachnoid hemorrhage, or other head trauma (within 7 days)
Clinical history
Personal or family history of QT interval prolongation or sudden unexplained death in the
absence of a clinical or genetic diagnosis
Demographic
Elderly (>65 years of age)
Female gender
Reprinted from Haugaa et al. [10], with permission from Elsevier

acid-altering background genetic variation tolerated by many genes. As a result,
legitimate questions have been raised about the strength of the gene-disease associations (GDAs) for many of the minor genes currently associated with LQTS (denoted
by # in Table 33.2) and other cardiac channelopathies [12, 35]. As the formal Clinical
Genome Resource (ClinGen) assessment of minor LQTS GDAs has yet to be published and given that those genes expected to receive limited/disputed evidence
classifications are likely to populate commercial LQTS and pan-arrhythmia genetic
testing panels for the foreseeable future, great care must be exercised when attempting to adjudicate/assign clinical significance to variants, including those classified
previously as likely pathogenic/pathogenic, in minor LQTS-susceptibility genes in
danger of being demoted by ClinGen to limited/disputed evidence status.
In the interim, clinicians should focus their attention on variants in the canonical
[KCNQ1, KCNH2, and SCN5A] and minor LQTS-susceptibility genes with
moderate-to-strong GDAs (CACNA1C, CALM1/2/3, KCNE1, KCNJ2, and TRDN)
and consider referring patients with variants in the remaining minor LQTS to

SNTA1b

CAV3
KCNE1
KCNE2b
KCNJ5b
SCN4Bb

CALM3

CALM2

CALM1

KCNH2
SCN5A
Non-syndromic long-QT
syndrome (minor)
AKAP9b
CACNA1C

Gene
Non-syndromic long-QT
syndrome (major)
KCNQ1

611820 Yotiao
N/A
Cav1.2
616247 Calmodulin 1
616249 Calmodulin 2
114183 Calmodulin 3
611818
613695
613693
613485
611819

LQT2
LQT3
LQT11
LQT8
LQT14
LQT15
LQT16
LQT9
LQT5
LQT6
LQT13
LQT10

LQT2
LQT3

AKAP9-LQTS
CACNA1C-
LQTS
CALM1-
LQTS
CALM2-
LQTS
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LQTS
CAV3-LQTS
KCNE1-LQTS
KCNE2-LQTS
KCNJ5-LQTS
SCN4B-LQTS

SNTA1-LQTS LQT12

192500 Kv7.1

LQT1

LQT1

Caveolin 3
MinK
MiRP1
Kir3.4
Nav1.5
β4-subunit
612955 Syntrophin-α1

613688 Kv11.1
603830 Nav1.5

OMIM Protein

Historical
LQTS subtype conventiona

Table 33.2 Genetic basis of non-syndromic and multisystem LQTS subtypes

Increased INa

Increased ICaL
(defective CDI)
Increased ICaL
(defective CDI)
Likely increased ICaL
(defective CDI)
Increased INa
Reduced IKs
Reduced IKr
Reduced IK,Ach
Increased INa

Reduced IKs
Increased ICa,L

Reduced IKr
Increased INa

Reduced IKs

Functional effect

<1%
<1%
<1%
<1%
<1%
<1%

Sporadic
AD
AD
AD
AD
AD

<1%

~1%

Sporadic

AD

~1–2%

<1%
~1–2%

(continued)

[27]

[22]
[23]
[24]
[25]
[26]

[21]

[20]

[20]

[18]
[19]

~30–35% [14,
15]
~25–30% [16]
~5–10% [17]

Frequency Ref.

Sporadic

AD
AD

AD
AD

AD; AR

Mode of
inheritance
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TKOS

Triadin knockout
syndrome
TRDN
615441 Triadin

601005 Cav1.2

170390 Kir2.1

600919 Ankyrin B

220400 Kv7.1
612347 MinK

Likely increased ICaL
(disruption of CRU)

Increased ICa,L
(slowed VDI)

Reduced IK1

Aberrant ion channel/
transporter localization

Reduced IKs
Reduced IKs

Increased ICa,L

Functional effect

AR; sporadic

Sporadic; AD
mosaicism

AD

AD

AR
AR

AD

Mode of
inheritance

~2%

Very rare

<1%

<1%

Very rare
Very rare

~1%

[5]

[32,
33]

[31]

[30]

[28]
[29]

[4]

Frequency Ref.

Reprinted from Giudicessi et al. [12], with permission from Elsevier
Abbreviations: AD autosomal dominant, AR autosomal recessive, ABS Ankyrin-B syndrome, ATS Andersen-Tawil syndrome, CDI calcium-dependent inactivation, COTS cardiac-only Timothy syndrome, CRU calcium release unit, LQTS long-QT syndrome, TS Timothy syndrome, and VDI voltage-dependent
inactivation
a
Genes that will likely receive limited or disputed evidence gene designations from the Clinical Genome Resource (ClinGen)
b
Due to the potential demotion of some genes previously alleged to be LQTS-causative, the authors strongly recommend limiting the use of historical numerical
conventions to KCNQ1 (LQT1), KCNH2 (LQT2), and SCN5A (LQT3)

N/A

LQT8

TS1

LQT4

ABS

LQT7

JLNS1
JLNS2

JLNS1
JLNS2

ATS1

N/A

N/A

COTS

Cav1.2

OMIM Protein

Historical
LQTS subtype conventiona

Andersen-Tawil
syndrome
KCNJ2
Timothy syndrome
CACNA1C

Gene
Cardiac-only Timothy
syndrome
CACNA1C
Jervell and Lange-
Nielson syndrome
KCNQ1
KCNE1
Ankyrin-B syndrome
ANK2b

Table 33.2 (continued)
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dedicated Cardiovascular Genetics Clinics to help decrease the risk of genetic
testing-related diagnostic miscues as outlined in Fig. 33.2 [12].

Clinical Presentation
Incomplete penetrance (absence of expected clinical/phenotypic features in individuals with the same disease-causative variant; Fig. 33.3b) and variable expressivity (spectrum of clinical phenotypes observed in individuals with the same
disease-causative variant; Fig. 33.3c) are clinical hallmarks of LQTS and most other
genetic heart disorders [37]. As a result of these phenomena, the clinical course
observed in LQTS, even among those with the same disease-causative variant, is
highly variable and can range from lifelong asymptomatic status to premature sudden cardiac death (SCD) in utero, during infancy, or anytime throughout childhood
and adulthood. At least 50% of LQTS patients who have a known LQTS-causative
variant (i.e., genotype-positive LQTS) will never have a symptom attributable to
LQTS. Furthermore, many patients with genetic LQTS will show no evidence of
overt QT prolongation and are referred to as having either “concealed” LQTS. In
fact, 27% of patients with genetically proven LQTS had a resting QTc <440 ms
[38]. Although patients with “concealed” LQTS are at lower risk of cardiac events
compared to patients with a QTc >500 ms [39–43], it is nevertheless possible (albeit
extremely rare) to have SCD as a sentinel event despite serial “low-risk” QTc values.
For the 50% who experience at least one LQTS-triggered cardiac event, the most
common presenting symptoms are TdP-mediated syncope, “seizures,” and SCD
(Fig. 33.4) [44]. Ultimately, the outcome of TdP depends on whether the heart
rhythm spontaneously reverts to normal rhythm or if the patient is defibrillated back
to normal rhythm before death occurs [45, 46]. Most often, TdP is self-terminating
with less than 5% of LQTS patients presenting with SCD or aborted cardiac arrest
as their sentinel event. Among those experiencing LQTS-triggered SCD, approximately half may have had a pre-mortem warning of spontaneously terminating TdP
(i.e., “torsadogenic syncope”).
About 50% of symptomatic probands experience their first cardiac event by
12 years of age, increasing to 90% by 40 years of age [47]. Events are most commonly related to physical activity or emotional stress, with around 50% of patients
presenting with activity- or emotion-related syncope, seizures, or palpitations. A
faint that is triggered by emotion or activity should be considered potentially “torsadogenic” until convinced otherwise, and LQTS needs to be considered during the
evaluation. In fact, among patients with LQTS, an assessment of a history for “torsadogenic syncope” (not vasovagal syncope) is the most significant risk factor from
a SCD primary prevention perspective, exceeding the other traditional risk factors
of QTc, gender, and genotype [42]. Males are more likely to experience their first
cardiac event in childhood, with risk decreasing after puberty, whereas females tend
to have a later onset of symptoms usually beginning in adolescence and adulthood.
Furthermore, approximately 10% of LQTS females experience their first cardiac
event during the postpartum period [48].

Yes

Consider referral to a
dedicated
Cardiovascular
Genetics Clinic for
further evaluation
before acting on a
rare variant identified
in a limited/disputed
evidence gene.

Yes

Benign
VUS

Apply standard
ACMG/AMP
criteria to classify.

Initiate diagnostic LQTS
genetic testing

Yes

LP/P†

Request supplemental
information if common
variants were not reported to
determine if functional risk
allele(s) are present.

Possibility of genotypenegative or oligogenic
disease remains.

No rare variant(s)
reported

Variant of uncertain significance
• Continually re-assess clinical phenotype, degree of co-segregation, in vitro or in vivo evidence and other ACMG/AMP criteria to support pathogenicity.
• Consider referral to a dedicated Cardiovascular Genetics Clinic with expertise in interpreting genetic tests for heritable cardiovascular disorders.

Non-syndromic LQTS genes with
limited/disputed evidence#:
AKAP9, ANK2, KCNE2, KCNJ5,
SCN4B, and SNTA1.

Does variants(s) affect a limitedor disputed-evidence gene(s)?

No

Does variant(s) affect a self-sufficient LQTSsusceptibility gene(s)?
Definitive non-syndromic LQTS-susceptibility genes:
KCNQ1 (LQT1), KCNH2 (LQT2), and SCN5A (LQT3).
Moderate-to-strong non-syndromic LQTS-susceptibility genes:
CACNA1C (CACNA1C-LQTS), CALM1-3 (CALM-LQTS), CAV3
(CAV3-LQTS), and KCNE1 (KCNE1-LQTS).
Multisystem LQTS-susceptibility genes*:
CACNA1C (TS), KCNQ1 (JLNS), KCNE1 (JLNS), and TRDN
(TKOS).

Rare variant(s)
reported

Diagnostic LQTS genetic testing pre-test considerations
• Does the strength of the index case's clinical phenotype/pre-test probability of disease merit diagnostic LQTS genetic testing?
• Are both patient and provider comfortable with the possibility of unearthing a VUS in a canonical or minor LQTS-susceptibility gene?
• Are both patient and provider comfortable with the possibility of unearthing a rare variant in a limited- or disputed-evidence gene?
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Fig. 33.2 A rational tiered approach to LQTS genetic testing initiation, variant interpretation, and
ongoing reassessment of variants of unknown/uncertain significance (VUS). Light gray boxes denote
basic considerations pertaining to the initiation of LQTS genetic testing. Light orange boxes denote a
tiered approach to the assessment of rare variants in LQTS-susceptibility genes with variable genedisease association evidence strength. Gold boxes denote basic considerations pertaining to the identification of a rare VUS in self-sufficient LQTS-susceptibility genes that currently lacks sufficient
evidence to classify as either benign or pathogenic. ∗Due to the lack of a true QT-prolongation phenotype, the authors recommend against the routine inclusion of KCNJ2 on diagnostic LQTS testing
panels. #Although the self-sufficient role of these genes in LQTS pathogenesis requires further investigation, specific rare variants in these genes may still confer arrhythmia-susceptibility and/or contribute to an oligogenic/polygenic form of LQTS. Referral to a dedicated Cardiovascular Genetics Clinic
is recommended. †Current ACMG/AMP guidelines are not equipped to assess or communicate the
strength of likely pathogenic/pathogenic variants. Outside of beta-blocker use, management of lowrisk asymptomatic/concealed individuals should not be made on genetic test results alone.
Abbreviations: ACMG American College of Medical Genetics and Genomics, AMP Association for
Molecular Pathology, JLNS Jervell and Lange-Nielson syndrome, LP likely pathogenic, LQTS longQT syndrome, P pathogenic, TKOS triadin knockout syndrome, TS Timothy syndrome, and VUS
variant of uncertain significance. (Reprinted from Giudicessi JR, et al. [36] with permission from
Wolters Kluwer)

a

Fig. 33.3 Incomplete penetrance and variable expressivity in long-QT syndrome. (a)
Representative multigenerational pedigree displaying complete penetrance (100%) for electrocardiographic hallmarks [i.e., QTc values >99.5th for otherwise healthy males (470 ms) and females
(480 ms)] and disease-related symptomatology (i.e., arrhythmic syncope, seizures, or SCD). (b)
Representative multigenerational pedigree displaying incomplete penetrance (33%) for the electrocardiographic hallmarks and disease-related symptomatology. (c) Representative multigenerational pedigree displaying incomplete penetrance (66%) and variable expressivity as some
individuals display the electrocardiographic hallmarks of the disease without symptomatology.
Abbreviations: SCD sudden cardiac death. (Adapted from Giudicessi, J.R., and Ackerman,
M.J. Determinants of incomplete penetrance and variable expressivity in heritable cardiac arrhythmia syndromes. Reprinted from Giudicessi and Ackerman [37], with permission from Elsevier)
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b

c

Genotype-negative

ECG phenotype

Genotype-positive

ECG + cardiac event

Fig. 33.3 (continued)

The clinical evaluation and genotype-guided management of LQTS has been
aided considerably by the discovery of several key genotype-phenotype relationships as outlined in the following sections.

Type 1 LQTS (LQT1)
The primary genotype-phenotype relationships in LQT1 are (i) the presence of a
broad-based T-wave pattern on 12-lead ECG (Fig. 33.4a) [49, 50] and (ii) a tendency to experience exertion- and emotion-triggered cardiac events [51]. In particular, swimming is viewed as a relatively specific LQT1 trigger, and a personal history
or an extended family history of a near drowning plus documented QT prolongation
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c

Normal

QT

LQT1

QT

LQT2

QT

LQT3

QT

b
TdP

Fig. 33.4 T-wave morphologies associated with the canonical long-QT syndrome genotypes.
(a) Schematic ECGs displaying the broad-based T-wave pattern associated with long-QT syndrome type 1 (LQT1), notched T-wave pattern associated with long-QT syndrome type 2 (LQT2),
and long isoelectric segment with normal symmetrical T-wave pattern associated with long-QT
syndrome type 3 (LQT3) and QT-prolongation observed in LQT1-LQT3 compared to normal.
(b) Triggers such as strenuous exercise (LQT1), sudden noises (LQT2), or sleep/rest (LQT3) can
cause the stable but prolonged myocardial repolarization to degenerate into torsades de pointes
(TdP), the characteristic form of polymorphic ventricular fibrillation observed in long-QT syndrome, depicted in this schematic ECG. (c) The clinical manifestations of TdP in long-QT syndrome are dependent on whether (syncope/seizures) or not (sudden death) order is restored to
cardiac rhythm, either spontaneously or by a defibrillator. (Reprinted from Giudicessi and
Ackerman [13], with permission from Elsevier)

should be viewed as LQT1 until proven otherwise [52]. However, if serial QTc values, both at rest and during exercise/recovery from exercise, remain within normal
limits, an alternative diagnosis of catecholaminergic polymorphic ventricular tachycardia merits careful consideration before labeling the patient as “concealed” LQT1.
Under normal physiological conditions, exercise-induced activation of the sympathetic nervous system is expected to increase the heart rate and shorten the QTc.
This is due, in large part, to the activation of KCNQ1-encoded Kv7.1 potassium
channels resulting in increased IKs current in response to increased sympathetic
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tone. However, in many patients with LQT1 (and presumably KCNE1-LQTS/
LQT5), loss-of-function variants in KCNQ1 blunt this physiological response to
adrenergic stimulation resulting in the paradoxical or maladaptive QTc lengthening
during exercise and early recovery from exercise. This cellular dysregulation is
exploited for diagnostic purposes with exercise stress testing and the epinephrine
QT stress test discussed later.

Type 2 LQTS (LQT2)
In contrast to patients with LQT1, the primary genotype-phenotype relationships in
LQT2 are (i) characteristic bifid T waves in the inferior and lateral leads on 12-lead
ECG (Fig. 33.4a) [49, 50], (ii) increased risk of auditory-triggered cardiac events
(i.e., in response to a ringing telephone or alarm clock) [53], and (iii) an increased
propensity for cardiac events during the postpartum period compared to other LQTS
genotypes [54]. In addition, 15% of LQT2 patients may have events during rest or
sleep, providing some overlap with LQT3. Furthermore, LQT2 patients appear
more likely to have a history of seizure activity, which may or may not be related to
their cardiac phenotype [55]. Lastly, patients with homozygous or compound heterozygous pathogenic/likely pathogenic KCNH2 variants may exhibit 2:1 AV block,
indicating a high-risk phenotype.

Type 3 LQTS (LQT3)
In comparison to LQT1 and LQT2 patients, LQT3 patients tend to have more events
during rest or sleep. While patients have a lower frequency of LQTS-related cardiac
events, they are predisposed to a higher lethality/event rate [56]. Like homozygous
LQT2 patients, LQT3 patients with LQTS may exhibit 2:1 AV block, which also
indicates a high-risk phenotype. The ECG from patients with LQT3 may display
long ST isoelectric segments with normal T waves (Fig. 33.4a) [49, 50]. Although
pre-genetic test predictions based upon careful inspection of the ECG can start the
evaluation, such predictions must be buttressed by the genetic test result as the most
common mimicker of the LQT3-looking ECG is derived from patients with the
most common LQTS genotype (LQT1).

Diagnosis
In 1985, Schwartz et al. proposed the first diagnostic criteria for LQTS [57] with
major criteria including the presence of a QTc >440 ms (a value exceeded by 2.5%
of all infants and by 10–20% of all adolescents and adults), stress-induced syncope,
and family members with LQTS and minor criteria that included the presence of
congenital deafness, episodes of T-wave alternans, bradycardia in children, and
abnormal ventricular repolarization. These criteria were updated in 1993 and again
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Table 33.3 The “Schwartz score” long-QT syndrome diagnostic scorecard
Pointsa
Electrocardiographic findings
QTcc interval
 
≥480 ms
 460–479 ms
 450–459 ms (men)
QTcc ≥480 ms during the 2nd–4th minute of recovery from
exercise stress test
Documented torsades de pointesd
T-wave alternans
Notched T wave in 3 leads
Resting heart rate below second percentile for age
Clinical history
Syncoped
 With stress
 Without stress
Congenital deafness
Family history
Relatives with clinically definitive LQTSe
Unexplained sudden cardiac death in immediate relative
<30 years of agee
b

3
2
1
1
2
1
1
0.5
2
1
0.5
1
0.5

Reprinted from Schwartz and Crotti [58], with permission from Wolters Kluwer
Abbreviations: LQTS long-QT syndrome, QTc heart-rate-corrected QT interval
a
Total score indicates probability of LQTS: ≤1 point (low), 2–3 points (intermediate),
≥3.5 points (high)
b
In the absence of medications, electrolyte abnormalities, or disorders known to influence these
electrocardiographic parameters
c
QTc calculated using Bazett’s formula (QTc = QT/√RR)
d
Mutually exclusive
e
Same family member cannot be counted twice

in 2011 with a point system based on various QTc values (Table 33.3) [59].
The calculated “Schwartz score” (more correctly the “Schwartz-Moss-Vincent-
Crampton score”) designates clinical probability of LQTS with three potential diagnostic outcomes; ≤ 1 point implies a low probability of LQTS, 2 or 3 points gives
an intermediate probability of LQTS, and ≥3.5 points designates a high probability
of LQTS. The positive predictive value of a modified “Schwartz score” ≥3.5 is reasonable, and this diagnostic scorecard provides a useful schematic for the evaluation
of index cases.
As the penetrance of LQTS may be as low as 25% in some families, the LQTS
diagnostic score, however, is not useful in the assessment of relatives/family members who may have genotype-positive/phenotype-negative LQTS (i.e., “concealed”
LQTS). Although the risk of SCD is extremely low for patients with concealed
LQTS, their correct identification enables the implementation of several preventative strategies that are discussed in the treatment section. Here, confirmatory genetic
testing is the only definitive diagnostic test for family members of a patient with a
known LQTS-causative mutation, as the cumulative diagnostic score and 12-lead
ECG will not accurately expose this subpopulation of low-risk, concealed LQTS.
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It is important to understand the currently available clinical tests, in terms of both
diagnostic and prognostic utility, that are often used when LQTS is in the differential diagnosis. These tests are summarized below:

Electrocardiography
Despite the possibility that more diagnostic miscues are associated with the 12-lead
ECG than any other test [60, 61], the ECG remains the cornerstone of the LQTS
evaluation. Central to its assessment of all forms of LQTS is the ability to measure
accurately the QTc. Unfortunately, computer-derived measurements are fraught
with errors, particularly in patients with complex T-U-wave configurations [60, 62].
As such, computer-derived QT/QTc values cannot be relied upon when a diagnosis
of LQTS is in question and must be verified manually. However, it appears that even
experienced cardiologists may have difficulty calculating and interpreting QTc values [61].
The QT interval is defined as the time duration between the onset of the QRS
complex and the end of the T-wave as it returns to baseline (Fig. 33.5). To avoid
inflation of QT/QTc values by atypical T-U-wave configurations, the QT interval
should be measured manually, preferably using lead II or V5, from the onset of the
QRS complex to where the tangent of the steepest T-wave downslope intersects with
the baseline (Fig. 33.5). This so-called “teach the tangent” approach has been shown
to substantially increase the accuracy of manual QT/QTc calculations [62].
Of note, the duration of cardiac repolarization is inversely related to heart rate
(i.e., the QT interval is longer at slower heart rates and shorter with faster heart
rates). As a result, numerous formulas have been proposed to “correct” the QT
RR interval
Tangent

T
P

U

Lead II or V5
Baseline
QRS

QTc = QT / √RR (sec)

QT

Fig. 33.5 Teach the tangent/avoid the tail approach to accurate heart-rate-corrected QT interval
(QTc) calculation. To avoid inflation of QT/QTc values caused by the inclusion of atypical T-Uwave configurations, the QT interval should be manually measured, preferably in lead II or V5,
from the onset of the QRS complex to the point where the tangent of the steepest T-wave downslope
intersects with the baseline. Rate correction is then achieved with Bazett’s formula using the preceding RR interval. (Reprinted from Postema et al. [62], with permission from Elsevier)
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Table 33.4 Commonly encountered QT interval heart-rate correction formulae
Formula
Bazett

Equation
QTcB = QT/RR1/2

Framingham QTcFra = QT + 0.154
(1 − RR)
Fridericia

QTcFri = QT/RR1/3

Hodges

QTcH = QT + 0.00175
([60/RR] − 60)

Type
Advantage(s)
Nonlinear Simple calculation;
widely used in
clinical practice;
preferred method in
children
Linear
Population-derived;
better performance
in adults
Nonlinear More accurate at
slower HRs where
the risk of TdP is
greatest; better
performance in
adults
Linear
–

Disadvantage(s)
Under-corrects at
slower HRs;
overcorrects at
faster HRs
Overcorrects at
faster HRs
Overcorrects at
faster HRs

Overcorrects at
faster HRs

Adapted from Curigliano et al. [63] with permission from Elsevier
Abbreviations: HR heart rate, QTc heart-rate-corrected QT interval, and TdP torsades de pointes

interval for heart rate/RR interval (Table 33.4) [63]. In the pediatric population,
QT
Bazett’s formula ( QTc =
) continues to offer the most reliable means of rate
RR
correction [64]. However, due to a tendency to (i) overcorrect at high heart rates and
(ii) under-correct at low heart rates [65], it comes as little surprise that the Fridericia
and Framingham correction formulas outperformed Bazett’s formula in a recent
study of adults. As a result, the Food and Drug Administration (Fridericia) and the
American Heart Association (Hodges) [66] have recommended alternative rate correction formulas. However, Bazett’s remains the most commonly used formula in
clinical practice/medical literature and under most circumstances provides a simple
and accurate approach to QTc assessment.
Unfortunately, accurate QTc calculation can be complicated further by commonly encountered rhythm (atrial fibrillation and sinus arrhythmia) and conduction
(bundle branch block/wide QRS) issues. In individuals with atrial fibrillation or
marked sinus arrhythmia, dynamic changes in RR interval can result in substantial
beat-to-beat QTc variability. As such, the use of single beats to calculate a QTc may
result in over- or underestimation of the true QTc value. Although quantitative
approaches to RR variability correction have been proposed, the simplest approach
is to take the average of multiple consecutive beats. In addition, when ventricular
depolarization is abnormal or prolonged substantially (i.e., left or right bundle
branch block), the clinical significance of modest QT interval prolongation is
unclear. Although measurement of the JT interval (defined as the QT interval minus
the QRS duration) has been proposed as a mechanism to identify underlying repolarization abnormalities in patients with wide QRS complexes, recalling how to
calculate and interpret the resulting JT interval has proven problematic. As such,
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2500

470 msec, 99th percentile in males

480 msec, 99th percentile in females

Persons (no.)

Normal female
Normal male
LQTS
Overlap zone

Mayo Clinic
LQTS Cohort

280

360

440

520

600

680

780

Corrected QT interval (QTc, ms)

Fig. 33.6 QTc distribution in health and disease. The distribution of QTc values in health was
derived from nearly 80,000 healthy adult males and females. The distribution of QTc values in
LQTS was derived from all patients with genetically proven LQTS evaluated in the Mayo Clinic’s
Long-QT Syndrome Clinic. (Reprinted from Taggart et al. [60], with permission from
Wolters Kluwer)

the use of a simple wide QRS adjustment formula (wide QRS-adjusted QTc = QTc –
[QRS – 100]) provides a simple and straightforward approach.
Once an accurate, manual QTc is obtained, the focus should shift naturally to
proper interpretation. Although current joint expert consensus guidelines define QT
prolongation as a QTc value >450 ms in males and >460 ms in females [9], ~5–10%
of individuals within the general population are expected to have QTc >460 ms on
screening ECG (Fig. 33.6) [60]. As such, sex-specific 99.5th percentile QTc values
(>460 ms for prepubertal males and females, >470 ms for postpubertal males,
and >480 ms for postpubertal females) are used commonly as a cutoff to identify
those with a sufficient pretest probability for LQTS to warrant further testing and
evaluation if obtained as part of a screening, non-symptom-directed effort [67]. That
said, in the setting of suspicious symptoms and family history, a diagnosis of LQTS
can still be rendered despite resting QTc values less than the aforementioned ageand gender-specific thresholds. Furthermore, as QTc values vary in response to a
number of factors (i.e., autonomic tone, diurnal changes, electrolyte imbalances,
etc.), serial ECGs are necessary to confirm the presence of persistent QTc
prolongation.
Practically, a baseline QTc value ≥500 ms on serial ECGs is considered definitely abnormal and when observed in the absence of known QT-prolonging risk
factors (Table 33.1) should raise suspicion for LQTS. However, just as QTc values
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beyond the 99.5th percentile do not necessarily equate to a diagnosis of LQTS,
normal QTc values do not exclude the possibility of LQTS. As mentioned previously, an estimated 10–40% of genotype-positive individuals do not display any
objective evidence of a QT abnormality and are therefore classified as “normal QT
interval” or “concealed” LQTS [38, 68].
Although QT interval prolongation serves as the key electrocardiographic hallmark of LQTS, additional diagnostic information can be gleaned from the careful
analysis of T-wave morphology on both 12-lead ECGs and ambulatory Holter monitors. As mentioned in the previous section, the major/canonical LQTS genotypes
often have discernible ST-T-wave patterns (broad-based T waves in LQT1, low-
amplitude notched T waves in LQT2, and late-onset peaked/biphasic T waves in
LQT3; Fig. 33.4a) that allow the astute clinician to anticipate the possible underlying genotype before the initiation of genetic testing. In addition, macrovoltage or
microvoltage T-wave alternans represents a marker of cardiac electrical instability
and is associated with a high risk of arrhythmic events.

Exercise and Epinephrine Stress Testing
Under normal physiological conditions, activation of the sympathetic nervous system via either exercise or the exogenous administration of catecholamines (i.e., epinephrine) increases both the heart rate and repolarization efficiency resulting in QT/
QTc shortening. As discussed previously, the activation of KCNQ1-encoded Kv7.1
potassium channels in response to increased adrenergic tone is responsible, at least
in part, for this phenomenon. Therefore, the failure of the QTc to shorten during
peak exercise and remain prolonged (≥ 470 ms) during the early (1 minute) and late
(4 minutes) phases of recovery [69, 70] and/or paradoxical QT lengthening (>30 ms)
during continuous intravenous epinephrine infusion [71] are both highly suggestive
of the maladaptive QT/QTc response observed in LQT1 patients with impaired
Kv7.1/IKs function. That said, concurrent β-blocker use has the ability to affect both
the outcome and interpretation of exercise and epinephrine QT stress testing.
In contrast, patients with LQT2, whose Kv7.1/IKs function is preserved, display
marked QTc shortening during peak exercise and exaggerated QTc lengthening
(i.e., >40–50 ms) between the early (1 minute) and late (4 minute) phases of recovery as the contribution of Kv7.1/IKs to cardiac repolarization diminishes at lower
heart rates. At present, no finding(s) on exercise or epinephrine QT stress testing is
pathognomonic for LQT3. Nevertheless, the diagnostic value of detecting paradoxical QTc prolongation (~70% positive predictive value for LQT1) or QT latency
(~70% positive predictive value for LQT2) supports the inclusion of an exercise
stress test (treadmill or bike) as part of the initial clinical evaluation for all patients
with known or suspected LQTS. In individuals, such as infants, young children, and
those with physical disabilities/orthopedic limitations, unable to complete a standard exercise test, the use of intravenous epinephrine infusion at escalating doses of
0.025–0.2 μg/kg/min has similar diagnostic value.
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Lastly, other findings on exercise testing are uncommon in patients with
LQTS. As exercise-induced ventricular ectopy is exceedingly rare in LQTS, the
presence of exercise-induced premature ventricular contractions occurring singly,
in bigeminy, or couplets or rarely bidirectional ventricular tachycardia, is much
more suggestive of CPVT than LQTS [72]. The presence of macro- or microvoltage
TWA at rest or during provocative testing can indicate increased risk in LQTS [73].
Macrovoltage TWA is extremely rare, having been witnessed only twice in the over
1000 treadmill/epinephrine QT stress tests that we have performed. Microvoltage
TWA studies have not been clinically helpful in our experience and are no longer
performed at our LQTS clinic.

Genetic Testing
At present, LQTS represents one of the few disorders where genetic testing, when
utilized appropriately, has the ability to impact the diagnosis, risk stratification, and
clinical management of potentially at-risk individuals. As such, recent guidelines
from the Heart Rhythm Society (HRS)/European Heart Rhythm Association
(EHRA) [67] and American Heart Association (AHA)/American College of
Cardiology (ACC) [74] recommend pursuing clinical LQTS genetic testing in the
following circumstances: (i) any individual in which a diagnosis of LQTS has been
rendered (AHA/ACC; class I recommendation) or strong index of suspicion based
on personal history, family history, and electrocardiographic phenotype on resting
12-lead ECG or stress testing with exercise or catecholamine infusion (i.e., Schwartz
score ≥3.5; HRS/EHRA; class I recommendation); (ii) asymptomatic individuals
without a family history of LQTS that display otherwise idiopathic QTc prolongation on serial ECGs (prepubertal ≥480 ms or postpubertal ≥500 ms; HRS/EHRA;
class I recommendation); and (iii) cascade/mutation-specific screening of appropriate relatives when a disease-causative variant has been identified in an index case
(both HRS/EHRA and AHA/ACC; class I recommendation). In addition, the HRS/
EHRA guidelines state that clinical LQTS genetic testing may be considered in the
following circumstances: (i) any individual with an intermediate index of suspicion
based on personal history, family history, and electrocardiographic phenotype on
resting 12-lead ECG or stress testing with exercise or catecholamine infusion (i.e.,
Schwartz score 1.5–3; class II recommendation) and (ii) asymptomatic patients
without a family history of LQTS that display otherwise idiopathic QTc prolongation on serial ECGs (prepubertal ≥460 ms or postpubertal ≥480 ms; class II
recommendation).
Among those individuals with a high pretest probability of LQTS (i.e., Schwartz
score ≥3.5), a pathogenic/likely pathogenic variant is identified typically in
~80–85% of cases. Importantly, the genetic testing yield is correlated directly with
the veracity of the underlying LQTS phenotype and declines precipitously in individuals with weak/nonexistent LQTS phenotypes. As the rate of background genetic
variation in the canonical LQTS-susceptibility genes is not trivial (4% of whites and
6–8% of non-whites) [75] and rare variants in so-called “limited/disputed” evidence
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minor LQTS-susceptibility genes (Fig. 33.2 and Table 33.2) nearly impossible to
interpret clinically [12], the indiscriminate use of LQTS genetic testing (i.e., for
screening purposes) represents a recipe for unearthing an ambiguous variant(s) of
uncertain significance (VUS) [76]. Unfortunately, the list of diagnostic miscues
related to the misinterpretation/overinterpretation of VUS in cardiac channelopathy
genes, by either the performing laboratory/company or the ordering healthcare provider, grows on a daily basis [76]. Therefore, it is paramount that ordering healthcare providers remember that (i) genetic testing, likely nearly every other clinical
test, is probabilistic rather than deterministic and (ii) consider referral to a dedicated
Cardiovascular Genetics Clinics before altering radically clinical management [i.e.,
implantable cardioverter-defibrillator (ICD) implantation] on the basis of genetic
testing findings alone.
Lastly, it is important to remember that a completely negative genetic test does
not exclude the possibility LQTS. Rather, it serves as an opportunity for the ordering healthcare provider to closely reexamine the veracity of the initial LQTS diagnosis. If the LQTS clinical phenotype remains robust, the patient may have the
so-called “phenotype-positive genotype-negative” LQTS, and referral to a dedicated Cardiovascular Genetics Clinic or research program with the capability to
pursue the so-called diagnostic odysseys with advanced genomic approaches (i.e.,
clinical- or research-based exome/genome sequencing) is appropriate. In contrast, if
the LQTS clinical phenotype is deemed to be weak/nonexistent on reexamination,
then a negative genetic test should have efforts to consider alternative diagnoses and
potentially rescind a previously rendered LQTS diagnosis.

Risk Stratification and Clinical Management
The key in understanding potential management strategies in LQTS rests with
proper interpretation of clinical and genetic testing and in appropriate risk stratification. For the entire population of LQTS, the annual mortality is <1% per year but
may increase to 5–8%/year in the highest-risk subsets of patients.

Risk Stratification
Due to the genetic heterogeneity and marked incomplete penetrance and variable
expressivity observed in LQTS, individual clinical courses can range from a purely
asymptomatic life to premature sudden cardiac death (SCD) despite maximal
LQTS-directed therapy. Primary prevention risk stratification utilizes clinical, electrocardiographic, and genetic findings to identify those LQTS patients who are most
likely to (i) experience potentially life-threatening cardiac events in the future and
(ii) benefit from intensified LQTS-directed treatment programs.
Factors associated with increased risk in LQTS-triggered SCD include individuals with (i) a QTc ≥550 ms regardless of LQTS genotype, (ii) any individual LQT1
or LQT2 (particularly females in the 9-month postpartum period) or males with
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LQT3 and a QTc ≥500 ms, (iii) patients that experienced syncope or a cardiac arrest
during the first year of life, and (iv) individuals who have suffered 2–10 cardiac
events before the age of 18 deemed to be at higher risk (≥50%) of suffering an initial or recurrent LQTS-associated cardiac event(s) before the age of 40 and often
require a combination of medical, surgical, or device-related management [13, 77].
Furthermore, any LQTS patient that experiences a breakthrough event despite the
initiation and compliance with first-line LQTS therapy (i.e., avoidance of
QT-prolonging drugs/electrolyte imbalances and β-blockers) is at higher risk of
recurrent events [77].
Similarly, those patients with JLNS [28], TS [32, 33], non-JLNS patients with
LQTS-causative pathogenic/likely pathogenic variants on >1 major LQTS-
susceptibility allele (e.g., compound heterozygosity or digenic heterozygosity) [14],
calmodulinopathy (i.e., CALM1-3-LQTS) [20, 78], and TKOS [5, 79], which may
overlap clinically with CPVT, represent malignant LQTS genotypes that are frequently refractory to first-line LQTS therapy. As such, these genotypes typically
require more aggressive management strategies, including consideration of early
left cardiac sympathetic denervation (LCSD) and/or use of an implantable
cardioverter-defibrillator (ICD).
In contrast, the so-called “normal QT interval” or “concealed” LQTS individuals
are at modest risk (~10%) of experiencing an initial LQTS-associated cardiac
event(s) prior to age 40. Nevertheless, β-blocker therapy remains a consideration
even for this low-risk subset of LQTS patients.

General Precautions
In general, all patients diagnosed clinically with LQTS should be counseled on the
importance of avoiding of QTc-prolonging medications (commonly encountered
QTc-prolonging medications are listed in Table 33.5 and a complete list available
at www.crediblemeds.com) and maintaining adequate hydration and thereby
Table 33.5 Commonly encountered QT-prolonging medicationsa
Anti-arrhythmics
Amiodaroneb
Dofetilide
Disopyramide
Dronedarone
Ibutilide
Procainamide
Quinidine
Sotalol

Antidepressants
Amitriptyline
Citalopram
Desipramine
Doxepin
Fluoxetine
Imipramine
Sertraline
Venlafaxine

Antimicrobials
Azithromycin
Chloroquine
Clarithromycin
Ciprofloxacin
Fluconazole
Erythromycin
Itraconazole
Fluconazole
Levofloxacin
Moxifloxacin
Pentamidine

Antipsychotics
Droperidol
Haloperidol
Quetiapine
Thioridazine
Ziprasidone

Others
Arsenic trioxide
Donepezil
Methadone
Nilotinib
Ondansetron
Probucol

A complete list of QT-prolonging medications is available at www.crediblemeds.org
Amiodarone rarely causes torsades de pointes

a

b
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reducing the risk of electrolyte abnormalities especially in the setting of emesis,
diarrhea, and other conditions known to predispose to hypokalemia. Furthermore,
in the event use of a known QTc-prolonging medication is under consideration, the
risk and benefits should be reviewed carefully and if initiated appropriate inpatient/
outpatient electrocardiographic monitoring assured. Lastly, as SCA/SCD can be
the sentinel/presenting event, LQTS-directed therapy should be initiated in most, if
not all, LQTS patients with the possible exception of older, lifelong asymptomatic
patients with no electrocardiographic evidence of their underlying LQTS genetic
substrate (i.e., QTc values <460 ms) [80]. Currently, LQTS-directed therapy programs consist of two distinct strategies: (i) reduction in sympathetic/adrenergic
tone and therefore arrhythmia risk through the use of β-adrenergic receptor antagonists (β-blockers) and/or left cardiac sympathetic denervation (LCSD) and (ii) correction/cessation of life-threatening ventricular arrhythmias via ICD therapies
(anti-tachycardia pacing or ICD shock). The pharmacologic, surgical, and devicerelated interventions utilized commonly in LQTS are reviewed in the following
sections.

Pharmacologic Management
β-blockers have served as first-line therapy for the prevention of life-threatening
arrhythmias in LQTS since the 1970s [81] and are recommended (class I recommendation) by the recent HRS/EHRA and AHA/ACC guidelines for all patients
diagnosed clinically with LQTS regardless of the underlying genotype [77, 82]. In
addition, β-blockers should be considered in those with so-called “normal QT interval” or “concealed” LQTS that display no clinical or electrocardiographic hallmarks
of LQTS despite genetic testing positive for a LQTS-causative pathogenic/likely
pathogenic variant on an individualized basis (class IIa recommendation) [77, 82].
Although the efficacy of β-blockers, specifically in LQT1 and LQT2, is indisputable [57, 83], the realization that (i) 20–30% of previously symptomatic LQTS
patients suffer breakthrough cardiac events [84, 85] and (ii) the degree of late/sustained Na+ current blockade varies between β-blockers (propranolol > nadolol
> > metoprolol) [86] has raised the possibility that not all β-blockers are created
equal in the management of LQTS. To this end, several multicenter observation
studies have demonstrated that β1-specific β-blockers (atenolol and metoprolol) are
inferior to nonselective β-blockers (nadolol and propranolol) in preventing LQTS-
associated breakthrough cardiac events [87, 88].
As a result, the majority of LQTS centers of excellence throughout the world use
either propranolol (2–4 mg/kg/day; half-life 4–5 hours) or nadolol (1–2 mg/kg/day;
half-life 14–24 hours) for the initial treatment of all forms of LQTS (Table 33.6).
However, the favorable pharmacokinetic profile of nadolol (elimination half-life of
14–24 hours vs. 4–5 hours for non-extended release propranolol) and resulting ease
of dosing (once daily in patients ≥12 years of age and divided dosing in infants/
children <12 years of age) has led us to consider nadolol as the preferred/first-line
β-blocker in the management of LQTS.
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Table 33.6 Preferred medications and suggested dosages for the management of LQTS
Class
β-blockersa

Medication Dosage
Nadolol
1–2.0 mg/kg/day
Propranolol 3–4 mg/kg/day

Dose frequency
Once daily (twice daily until around
12 years)
Three times daily or twice daily with
long-acting form (Inderal LA)

Sodium channel
blockersb
Mexiletine ~10–15 mg/kg/day
Flecainide 1–6 mg/kg/day
Ranolazine Up to 1000 mg/
dose (adults)

Three times daily
Three times daily
Twice daily

Use of β1-selective β-blockers (atenolol and metoprolol) has been shown to be inferior in the
management of LQTS
b
Typically used as adjunct medications to β-blockers in patients with LQT3. However, emerging
evidence suggests that attenuation of physiologic late/sustained Na + current may also have therapeutic benefits in other forms of LQTS, particularly recalcitrant LQT2
a

Lastly, as LQT3 is caused by a pathologic increase in the late/sustained Na+ current, sodium channel blockers (SCBs; mexiletine, flecainide, or ranolazine) have
proven to be useful in the management of LQT3 patients with a QTc ≥ 500 ms
(class II recommendation; Table 33.6) [77, 82]. However, as SCBs can cause a number of undesirable side effects, including a type 1 Brugada-ECG pattern, and given
that therapeutic efficacy is variable and potentially LQT3 mutation-dependent,
SCBs must be used with great caution. In fact, a one-time oral drug challenge under
continuous ECG monitoring is reasonable to assess both the desired QTc shortening
effect and assure that an unwanted Brugada-ECG reaction is not elicited prior to
initiation. In addition, emerging evidence suggests the physiological late/sustained
Na + current-attenuating effect of mexiletine may shorten the QTc and reduce the
risk of LQTS-associated cardiac events in patients with non-LQT3 forms of LQTS,
particularly recalcitrant cases of LQT2 [89] and TS [90].

Left Cardiac Sympathetic Denervation (LCSD)
Unfortunately, in some cases, particularly those with malignant/multisystem forms
of LQTS such as JLNS and TS, β-blocker monotherapy may not provide an adequate protection against life-threatening ventricular arrhythmias alone resulting in
breakthrough cardiac events. In this subset of patients as well as those with profound β-blocker intolerance, extrapleural [91] or video-assisted thoracoscopic [92,
93] LCSD, which involves the removal of the lower half of the stellate ganglion
(T1) and thoracic ganglia (T2–T4) of the left sympathetic chain with the preservation of the upper half of the stellate ganglion (T1) to avoid iatrogenic Horner’s
syndrome (Fig. 33.7), often provides a strong antifibrillatory and QTc-attenuating
effect via the localized attenuation of norepinephrine release in the left
ventricular myocardium [94, 95]. In a large series of high-risk LQTS patients
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Fig. 33.7 Left cardiac sympathetic denervation. (a) Anatomical drawing depicting the extrapleural exposure of the left cardiac sympathetic chain during video-assisted thoracic surgery left cardiac sympathetic denervation (VATS-LCSD). The stellate ganglion is located under the superior
edge of the incision. The dashed line indicates the resection of the lower half of the left stellate
ganglion occurring just above the major lower branches. (b) Videoscopic stillframe from a VATS-
LCSD depicting the left cardiac sympathetic chain before dissection of the pleura. (c) Videoscopic
stillframe from a VATS-LCSD depicting the left cardiac sympathetic chain after dissection of the
pleura. (Reprinted from Collura et al. [93], with permission from Elsevier)

(average QTc 563 ± 65 ms; 99% symptomatic), Schwartz et al. demonstrated
a >90% overall reduction in cardiac events post-denervation with a mean follow-up
of 8 years [95]. Importantly, the five patients in this larger study who underwent
LCSD secondary to multiple ICD shocks/electrical storms displayed a 95% reduction in the number shocks during a 4-year follow-up [95]. Similar observations have
been seen for patients with medically refractory LQTS and malignant LQTS subtypes such as JLNS [96, 97].
As such, LCSD should be considered for LQTS patients who either (i) experience LQTS-triggered breakthrough cardiac events despite adequate β-blockade, (ii)
cannot tolerate β-blocker therapy secondary to undesirable side effects or absolute
contraindications such as asthma, (iii) experience >1 appropriate ventricular
fibrillation-terminating ICD shock(s) or electrical storms regardless of genotype, or
(iv) require a so-called bridge to ICD due to young age and particularly malignant/
high-risk LQTS genotype/phenotype [93].
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Device-Related Therapies
Most spontaneous ventricular arrhythmias in LQTS are pause dependent, where the
sentinel arrhythmia of TdP is preceded by the sudden increase in cycle length [98].
Furthermore, LQTS patients may have slower resting heart rates, and β-blocker
therapy can worsen bradycardia and potentiate long-short-long sequences. An
intentional or “overdrive” pacing strategy can prevent pause-dependent TdP, especially in LQT2 patients [99]. However, it does not reduce the risk of sudden death
in high-risk patients [99]. As such, an intentional pacing strategy should seldom
serve as stand-alone therapy as it is typically used in conjunction with β-blocker
therapy [100]. Potential indications for pacing in LQTS patients include those with
(i) a preexisting atrioventricular block and (ii) a history/Holter evidence of pause-
dependent arrhythmias. Specific recommendations for device programming and
pacing strategies are well summarized by Viskin et al. [100]. In our clinical practice,
if a pacemaker is considered due to a perceived high patient risk, we typically utilize
a combined implantable defibrillator/pacemaker. Over the past nearly 20 years, no
LQTS patient has received an isolated pacemaker in Mayo’s LQTS Clinic.
Unfortunately, as the awareness and diagnosis of heritable cardiac arrhythmia
syndromes such as LQTS increases, so has the number of young individuals receiving ICDs. As the rate of adverse events associated with and quality of life issues
surrounding ICDs (inappropriate shocks, device-related infections, etc.) are not
trivial, the only definitive indication for ICD implantation in LQTS remains successful resuscitation from cardiac arrest [77, 82]. Interestingly, an examination of
the largest series of LQTS patients with ICDs (n = 233) confirmed the reality that
the majority of LQTS patients receiving an ICD had not suffered a cardiac arrest
and many had not even failed initial β-blocker therapy, suggesting that the practice
of “defensive medicine” influences clinical decision-making [101]. Furthermore,
during an average follow-up of <5 years, 28% of LQTS patients with an ICD
received an appropriate shock, whereas 31% of patients suffered at least one adverse
event including but not limited to device-related infections, lead-related complications, ICD revisions, and inappropriate shocks [101].
Nevertheless, in addition to ICD implantation in those LQTS patients who survived a SCA as secondary prevention, the current HRS/EHRA and AHA/ACC
guidelines recognize several additional clinical circumstances, including recurrent
breakthrough syncopal episodes while on an adequate β-blocker dose and very
high-risk/malignant genotypes (i.e., calmodulinopathy, JLNS, TS, TKOS, certain
asymptomatic LQT2/LQT3 individuals with a QTc ≥500, etc.), where prophylactic
ICD implantation for primary prevention merits consideration, particularly if
β-blockers are contraindicated and LCSD is not available immediately [74, 77].

Genotype-Guided Management
As discussed previously, the elucidation of robust and clinically relevant genotype-
phenotype correlations has allowed for the development of genotype-guided LQTS
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management approaches. As summarized in Fig. 33.8 and discussed succinctly
below, these genotype-phenotype correlations can help clinicians (i) counsel
patients regarding genotype-specific arrhythmia triggers (i.e., emotional/physical
duress in LQT1 and sudden noises, hypokalemia, and the postpartum period in
LQT2) and (ii) select an appropriate first-line and adjunct therapy for those with
canonical LQTS subtypes (LQT1–3) [13].
LQT1 Patients with LQT1 are significantly protected by the use of β-blocker therapy, particularly since many of their cardiac events are typically induced by adrenergic stimulation [102]. LCSD can be used if events including syncope occur despite
β-blocker therapy [95]. A prophylactic ICD should be least frequent among patients
with LQT1.
LQT2 Patients with LQT2 are also protected well by β-blockade but tend to have
more breakthrough events compared to LQT1 patients [83]. Medical augmentation
of potassium channel function using medications including nicorandil is of unclear
significance, and these are not typically used. LCSD can be used in patients with
breakthrough events. In high-risk patients (females, QTc > 500 ms), prophylactic
ICD may be considered, typically with single-lead ICD therapy. Potassium supplementation and/or pharmacological attempts to increase serum potassium (i.e., spironolactone) may enhance cardiac repolarization and have been utilized previously
[103]. However, to date, spironolactone pharmacotherapy has been needed rarely at
our institution.
LQT3 Unfortunately, the management of LQT3 continues to vex LQTS specialists. The combination of its highest lethality/event label and concerns regarding
insufficient protection afforded by β-blocker therapy has compelled a high use of
prophylactic ICD. However, propranolol therapy plus/minus a SCB (mexiletine, flecainide, or ranolazine) may provide a cogent, gene-tailored treatment option for the
low−/moderate-risk LQT3 patient. Propranolol is specifically advocated because in
addition to its nonselective β-blocking properties, it more strongly blocks late/sustained Na + current than nadolol [104]. This may explain why pro-arrhythmias from
β-blocker therapy have not been observed among LQT3 patients despite in vitro
cellular data that suggests β-blocker-mediated LQT3-related cardiac events may be
possible [105]. Historically, the largest LQTS programs treating the largest number
of this subpopulation of LQT3 have utilized propranolol as the preferred β-blocker.
Regarding direct targeting of the late Na+ current, this must be carefully monitored and individualized as not all LQT3-susceptibility mutations are created equal.
For example, those LQT3 mutations that result in isolated accentuation of late
sodium current could conceivably be “medically cured” by blocking the pathological current, thereby restoring repolarization to more normal like conditions which
has been demonstrated for both dogs and humans [106, 107]. That said, although it
makes sense as an effective anti-arrhythmic treatment strategy, there are no studies
to date demonstrating a survival benefit with this approach. In addition, given that

Personal history of
sudden cardiac
arrest

Phenotype-guided
management

Low probability VUS or
genotype-negative

No

Syncope, Seizures,
or Asymptomatic.

LQT1
• Avoid situations associated
with emotional or physical
duress.
• Assess sports participation on
individualized basis.
• β-blocker (preferably nadolol).

No

Consider ICD

(in addition to other interventions)

No

Breakthrough events,
poorly tolerated, or
contraindicated?

Continue current theraphy

Prophylactic b-blockers
(nadolol 1-1.5 mg/kg/day)

Yes

Yes

Multisystem
(JLNS, TKOS, TS, etc.)
• No guidelines.
• High risk of arrhythmic events.
• Manage with combination of
β-blockers, adjuvant antiarrhythmic agents, LCSD, and
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Recurrent
breakthrough events
or non-viable option?
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• AKAP9- and KCNE1-LQTS
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LQT2.
• CAV3-, SCN3B, and SNTA1LQTS manage as LQT3.
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propranolol).
• Consider use of adjuvant
sodium channel blocker.
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breakthrough events.
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sleep/rest.
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postpartum period.
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(For full criteria see table 3)
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Fig. 33.8 An integrated approach to the diagnosis, risk stratification, and genotype- and phenotype-guided management of patients with long-QT syndrome. Blue boxes denote the recommended steps in assessing the index of clinical suspicion for long-QT syndrome based on personal
and family history, cardiac evaluation, and if appropriate clinical long-QT syndrome genetic testing. For those individuals where a pathogenic long-QT syndrome-causative variant is identified,
purple boxes indicate the recommended initial genotype-guided management of specific long-QT
syndrome genetic substrates based in part on established genotype-phenotype correlations and our
current understanding of the pathogenesis/electrophysiological mechanisms of these disorders.
Lastly, orange boxes indicate the recommended phenotype-guided management of individuals
where a specific long-QT syndrome genotype remains elusive or cannot be established as well as
genotype-positive individuals already receiving gene-specific treatment. Importantly, it should be
noted that for genotype-positive individuals that both genotype- and phenotype-guided management strategies are utilized concurrently. Abbreviations: ICD implantable cardioverter-defibrillator,
JLNS Jervell and Lange-Nielsen syndrome, LCSD left cardiac sympathetic denervation, LQTS
long-QT syndrome, QTc heart-rate-corrected QT interval, SCA sudden cardiac arrest, SCD sudden cardiac death, TKOS triadin knockout syndrome, TS Timothy syndrome, and VUS variant of
unknown significance. (Reprinted from Giudicessi and Ackerman [13], with permission from
Elsevier)

some LQT3 mutations exhibit a hybrid, loss- and gain-of-function phenotype, it is
conceivable that SCB therapy could unmask or accentuate the loss-of-function side
of the equation and precipitate a Brugada-like phase 2 reentrant mechanism. This
possibility serves as a clear reminder that management of all LQTS patients and
LQT3 patients specifically must be individualized.

Prevention
As discussed previously, physicians should inform patients and family members of
several key preventative health measures for patients with LQTS, unrelated to the
above pharmacotherapeutic and surgical therapies. Healthy sleep and dietary habits,
as in other disease processes, are important and should not be overlooked.
Hypokalemia can precipitate an LQTS-related cardiac event, and thus a potassium-
enriched diet may be helpful. During gastrointestinal illnesses, hydration and electrolyte replacement is important to avoid hypokalemia and other electrolyte
disturbances. Patients should be cautioned against drinking excessive amounts of
grapefruit juice, especially purple grapefruit juice, as it contains a chemical that
inhibits the IKr potassium channel and can prolong the QT interval in a mechanism
similar to that of drug-induced QT prolongation [108, 109]. Over-the-counter supplements including cesium chloride or amphetamine-like agents should be
avoided [110].
Patients with LQTS, especially those with LQT2, should avoid or at least minimize sources of loud auditory triggers in their home and workplace (i.e., telephones
or alarm clocks), particularly during sleep [51, 111, 112]. This is often forgotten for
patients in the hospital setting, when the recurrent alarms in patients’ rooms can
trigger events. An identification card, necklace, or bracelet is recommended to alert
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emergency responders personnel know of an underlying LQTS diagnosis and allow
for quicker activation of appropriate therapy. All families should consider having an
automatic external defibrillator (AED) at home, and this should accompany the
family whenever possible on vacations, car trips, athletic outings, etc. Appropriate
maintenance and checkups should be performed on the AED to ensure that it will be
ready whenever needed. Most schools now have AEDs in place as the standard
equipment, but this should be assessed by the family during the process of school
enrollment. Family members should be trained in CPR, and all should be taught
how to administer a precordial thump prior to chest compressions. In LQTS, this
“artificial” commotio cordis might restore sinus rhythm in some patients and prevent significant morbidity [113]. Even though we continue to recommend an AED
as part of the comprehensive program for children with LQTS, we have had only 4
of >600 treated children who require and receive an AED rescue shock in the past
20 years.
The issue of competitive athletic participation for the athlete with LQTS remains
complex and controversial. The 36th Bethesda Conference guidelines were published in 2005 [114]. Competitive sports disqualification was advised for any
patient, regardless of the underlying genotype or QTc, with a history of out-of-
hospital cardiac arrest or LQTS-related syncopal episode. Asymptomatic patients
with a QTc over 470 in males or over 480 ms in females were recommended limitation to the class IA sports (billiards, bowling, cricket, curling, golf, riflery).
Loosening of the restrictions was supported (from a guideline perspective) for
asymptomatic LQT3 patients, as well as for asymptomatic genotype-positive LQTS
patients with QTc values in the overlapping/borderline range, except for competitive swimming in athletes with concealed LQT1 [114]. The European Society of
Cardiology (ESC) in 2006 published a similar set of athletic activity guidelines
[115]. Disqualification was advised for LQTS athletes who were symptomatic, had
a prolonged QT interval (over 440–470 ms in men, over 460–480 ms in women), or
were carriers of a known genetic mutation. Patients considered at “low risk” for
cardiac events were allowed participation in light to moderate leisure activity. All
sports involving sudden bursts of activity or genotype-specific triggers were absolutely contraindicated. In contrast to the Bethesda Conference guidelines, the ESC
recommended disqualification even for patients with concealed LQTS (i.e., positive
gene test only) [115].
However, the more recent 2015 AHA/ACC statement on eligibility and disqualification of competitive athletes with cardiovascular abnormalities recognized that
foundational evidence supporting disqualification was disease-dependent and lacking in many circumstances [116]. This statement also recognized the importance of
shared decision-making and emphasized the concept of “return-to-play” after clearance by a genetic heart disease expert and full disclosure of the athlete’s underlying
medical condition to the host institution/organization [116].
All guidelines withstanding, it is important to avoid the temptation to advise
avoidance of activity altogether. The risk of obesity and early-onset diabetes are
higher in sedentary individuals, and we certainly do not want to create a collection
of new diseases by limiting exercise/activity. As such, we support continuation of
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most recreational activity for our LQTS patients, avoiding of course genotype-
specific triggers such as swimming in patients with LQT1. Each patient and family
should have a clear understanding of what is currently known about the risks and
benefits of athletic activity in LQTS. Therefore, in Mayo’s LQTS Clinic, we prefer
the role of “informer/educator” rather than a mere “if in doubt, kick them out”
approach to this very complex issue. Rather than mandating disqualification, we
embrace shared decision-making and believe that each patient/family should have
the autonomy to make an informed decision regarding “return-to-play” even if such
a decision runs contrary to the published guidelines. This approach has guided our
LQTS Clinic for nearly two decades, and notably about 20% of families have chosen disqualification while the majority have chosen continued participation. To date,
the number of competitive sports-precipitated, nonlethal cardiac events in patients
with all forms of genetic heart disease has been minimal (1.6%) [117].

Conclusions
Over the past half century, LQTS has matriculated through several critical milestones including its sentinel clinical description, clinical diagnostic scorecard,
pathogenetic discovery, and the emergence of commercial genetic testing. With all
the diagnostic tools now available, the physician must be not only a wiser user but
also a wiser interpreter of these tests in order to accurately recognize the presence/
absence of LQTS and, if present, to tailor an informed and individualized treatment
strategy.
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Charles Antzelevitch

Introduction
Short QT syndrome (SQTS) is an inherited primary electrical disease of the heart
characterized by abnormally short QT interval on the ECG and increased propensity
to develop atrial and ventricular tachyarrhythmia [1–3]. It is associated with sudden
cardiac death (SCD) in individuals with structurally normal hearts and can manifest
as early as the first year of life, suggesting that it could also contribute to sudden
infant death syndrome (SIDS) [4]. Initially described by Gussak et al. [1] in 2000 as
a new clinical entity, the familial nature and arrhythmic liability of this syndrome
were confirmed by Gaita et al. [5] in 2003. It is noteworthy that SQTS was identified
in the animal kingdom before it was described in humans. Certain species of kangaroo, particularly the eastern gray kangaroo, have been shown to display short QT
intervals in the ECG and to have a high incidence of SCD [6, 7].
This chapter reviews the progress made in refining the diagnosis, clinical presentation, prognosis, risk stratification, genetics, cellular and ionic mechanisms, and
the approach to therapy of patients with SQTS.

Definition
SQTS is defined as a congenital, inherited, primary electrical disorder of the heart
characterized by abnormally short QT interval in surface ECG (<360 ms) and
increased proclivity to develop atrial and/or ventricular tachyarrhythmia due to
abbreviated refractoriness and augmented dispersion of refractoriness [2, 3, 8, 9].
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While the upper limit of normal for the QT interval and what constitutes long QT
syndrome (LQTS) is fairly well defined, the lower limit of normal and the value at
which proarrhythmia is likely to develop has been in a state of evolution in recent
years [10]. Rautaharju et al. [11] investigated the QT interval of 14,379 healthy
individuals and established a formula by which the QT interval can be predicted as
QT predicted (QTp) = 656/(1 + heart rate/100). In this study, the prevalence of QT
interval shorter than 88% of QTp (QT/QTp <88%, which is equivalent to two standard deviations below the mean, was 2.5% and 80% of QTp (QT/QTp < 80%) was
0.03%. Based on these observations, a QT interval less than 88% of QTp (two standard deviations below mean predicted value) at a particular heart rate was suggested
to be considered as a short QT interval. For example, at heart rate of 60 beats per
minute (bmp), per Rautaharju’s formula, QTp is 410 ms; 88% of QTp (410 ms)
would be 360 ms and should be considered as a lower limit of normal QT interval
at this particular heart rate (60 bmp) and values below 360 should be considered
short QT intervals.

Clinical Manifestation
SQTS is a very rare channelopathy, characterized by abbreviated QT intervals and a
high risk of sudden death due to VT/VF. To date, just over 200 patients have been
reported. The arrhythmogenic potential of shorter than normal QT intervals was
first proposed by Algra et al. in 1993. These authors reported that not only long QT
interval but also shorter than normal QT intervals are associated with an increased
risk of SCD [12]. In 2004, Viskin et al. reported shorter than normal QT interval
(QTc < 360 ms in males and <370 ms in females) in their patients with idiopathic
ventricular fibrillation [13]. Short QT intervals before and after runs of VT/VF were
reported as well [14, 15].
Recent studies suggest a prevalence between 0.02 and 0.1% in adults and a prevalence of 0.05% in the pediatric population [16]. Arrhythmogenic events associated
with SQTS have been reported to occur over a wide span of ages ranging from
infants to octogenarians, but the first year of life is the most concerning with a 4%
rate of cardiac arrest [17]. The probability of a first syncope or SCD approaches
40% by 40 years of age. One-third of cases presenting with SCD as the first event
have a family history of SCD [18]. Recent studies suggests that male predominance
may be due to testosterone modulation of K currents [19, 20], as with other channelopathies [21]. El-Battrawy et al. reported that male SQTS patients presented
more often with syncope as compared to female patients (24% versus 7%; p < 0.01)
and that other presenting symptoms such as palpitations as well as SCD were not
significantly different between the sexes [20].
The typical electrocardiographic characteristics of SQTS are illustrated in
Fig. 34.1. Much of the available clinical data derives from two studies that reported
on a total of 126 SQTS patients [22, 23]. Giustetto et al. [22] reported long-term
outcomes of 53 patients from the European Short QT Registry (follow-up period of
64 ± 27 months): 62% of patients were symptomatic at the time of presentation.
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Fig. 34.1 A 12-lead ECG showing characteristic ECG features of SQTS. (Reprinted from Wolpert
et al. [24], with permission from John Wiley and Sons)

The most common presenting symptom was cardiac arrest (33%), Most cardiac
arrhythmia events (>90%) occurred between 14 and 40 years of age in male SQTS
patients. Thirteen patients (24%) had palpitations and 6 of those had atrial fibrillation or flutter and 8 (15%) had syncope. Male predominance was reported in both
studies, but cardiac arrest was similar in males and females. Another common
symptom was atrial fibrillation and/or bradycardia in newborns, atrial fibrillation in
children, or lone atrial fibrillation/flutter in younger subjects.
Mazzanti and co-workers [23] reported outcomes of 73 patients with SQTS
(84% male; age 26 ± 15 years, follow-up 60 ± 41 months): 53% of patients were
symptomatic at presentation, and SCD or nonfatal cardiac arrest (40%) were the
most common presenting symptoms. Peak incidence of cardiac arrest (4%) occurred
in the first year of life and was followed by an annual event rate of 1.3% between 20
and 40 years of age. The second common symptom was syncope (19%). Forty percent of patients with SQTS experienced cardiac arrest by 40 years of age. Cardiac
arrest occurred at rest in 83% of patients.

Diagnosis
The cutoff value of the QT interval for diagnosis of short QT interval has long been
a matter of debate because there is a significant overlap between healthy subjects
and patients with SQTS. In addition, an impaired QT adaptation to heart rate
changes in patients with SQTS makes correction formulas like Bazett’s or
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Fig. 34.2 Figure showing impaired adjustment of QT interval with change in heart rate (rate
independence of QT interval). Note that QT-RR relationship is less linear and slope is less steep in
SQTS patient as compared to normal individual. Treatment with quinidine restores the linear relationship and improves the slope toward the normal range. QTpV3 denotes an interval from the
beginning of QRS complex to the peak of T wave, measured in lead V3. (Reprinted from Wolpert
et al. [24], with permission from John Wiley and Sons)

Fridericia’s unsuitable or of limited value at fast or slow heart rates; at slower heart
rates, these correction formulas lead to overdiagnosis of SQTS, and at faster heart
rates, they lead to underdiagnosis of SQTS (Fig. 34.2). Accordingly, it is recommended that the QT interval be measured at heart rates between 50/min and 70/min.
In addition to an abbreviated QT interval, other ECG patterns are often observed
and may be helpful in establishing a diagnosis of SQTS, including PQ-segment
depression, observed in 81% of patients with SQTS, with tall T waves (both symmetrical and asymmetrical), and with a very short or missing ST segment, and early
repolarization, in 65% of patients with SQTS and U waves, particularly in precordial leads [24–28].
Genetic testing is recommended for the patient suspected of having
SQTS. However, the yield, i.e., finding a causative mutation, is relatively low
(20–30%) (see discussion below).
The 2013 HRS/EHRA/APHRS Expert Consensus Statement and the 2015
European Society of Cardiology Guidelines indicate that a QTc of 330 or 340 ms
alone may be diagnostic of SQTS (class I, level of evidence C) but that SQTS should
be considered in the presence of a QTc of <360 ms when accompanied by a confirmed pathogenic mutation, family history of SQTS, family history of sudden death

849

34 Short QT Syndrome
Table 34.1 Proposed diagnostic criteria for short QT syndrome
Criteria
QTc, milliseconds
<370
<350
<330
Jpoint-Tpeak interval <120 s
Clinical historya
History of sudden cardiac arrest
Documented polymorphic VT or VF
Unexplained syncope
Atrial fibrillation
Family historya
First- or second-degree relative with a high probability of SQTS
First- or second-degree relative with autopsy-negative sudden
cardiac death
Sudden infant death syndrome
Genotypea
Genotype positive
Mutation of undetermined significance in a culprit gene
Total

Points
1
2
3
1
2
2
1
1
2
1
1
2
1

Reprinted from Gollob et al. [10], with permission from Elsevier
High-probability SQTS: ≥4 points
Intermediate probability SQTS: 3 points
Low-probability SQTS: ≤2 points
VF ventricular fibrillation, VT ventricular tachycardia, SQTS short QT syndrome, QT Bazett corrected QT interval
a
A minimum of 1 point must be obtained in the electrocardiographic section in order to obtain
additional points

at age <40 years, or survival from a VT/VF episode in the absence of heart disease
(class IIA, level of evidence C) [29, 30].
Gollob and co-workers performed a comprehensive review of 61 reported cases
of SQTS and proposed diagnostic criteria to facilitate the evaluation of individuals
suspected to have SQTS [10]. A scoring system was developed based on ECG characteristics, clinical presentation, family history, and genetic findings (Table 34.1).
The Joint Steering Committees of UCARE and IVF-US [31] further recommend
a comprehensive battery of tests including a resting ECG, exercise stress testing,
echocardiogram, 24-hour Holter monitoring, and cardiac MRI to rule out the presence of organic heart disease. Diagnosis of SQTS should be strongly suspected in
young individuals with a short QT interval on 12-lead ECG in conjunction with
arrhythmic symptoms, lone atrial fibrillation (AF), primary or resuscitated VF, and/
or strong family history of arrhythmic events including SCD. Presence of short QT
interval on ECG without associated arrhythmogenic complication warrants further
workup to rule of SQTS.
Another common finding on the ECG of SQTS patient is tall, symmetrical, or
asymmetrical peaked T wave in the precordial leads. T waves can be positive or
negative. Another distinctive feature seen on many ECGs is prolonged Tpeak-Tend
intervals indicative of augmented spatial dispersion of repolarization and
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refractoriness, particularly transmural dispersion of repolarization (TDR) [32, 33].
In most cases, ST segment is very brief or absent and the T wave originates from
the S wave.
Tissue Doppler imaging (TDI) and speckle tracking echocardiography (STE)
have been suggested to be of value in the diagnosis and clinical assessment because
dispersion of contraction has been observed in some patients with SQTS [34]. In
contrast, invasive electrophysiological study (EPS) with programmed ventricular
stimulation is not recommended for SCD risk stratification [30]. The results of EP
studies are available from a number of studies [4, 5, 30, 35–37]. SQTS patients
characteristically show extremely short atrial and ventricular effective refractory
period (ERP). The ventricular ERP at the right ventricular apex at cycle length of
500–600 ms varies between 140 and 180 ms and at pacing cycle length of
400–430 ms varies between 130 and 180 ms. Atrial ERP measured in high lateral
right atrium at cycle length of 600 ms varies between 120 and 180 ms. Programmed
electrical stimulation induced VF in 60% of SQTS patients. In a case series presented by Giustetto et al. [4], VF was inducible in only 50% of patients with clinically documented VF, suggesting relatively poor sensitivity of EP study in
identifying patients at risk [4].
A new clinical entity displaying combined ECG phenotypes of Brugada and
short QT syndromes was described in association with calcium channel mutations.
These patients show a Brugada-like ST elevation in right precordial leads at baseline or after the administration of ajmaline (Fig. 34.2) [35].
By definition, secondary causes of short QT interval like hyperkalemia, acidosis,
hypercalcemia, and hyperthermia; effects of drugs like digitalis, acetylcholine, or
catecholamines; as well as abbreviation of QT interval related to the activation of
KATP need to be ruled out before considering the diagnosis of SQTS (Table 34.3). A
rare but interesting paradoxical ECG phenomenon – deceleration dependent shortening of QT interval (DDSQTI) – where QT interval paradoxically abbreviates with
a decrease in heart rate instead of increasing, should also be considered in differential diagnosis [38]. Activation of KACh due to strong parasympathetic stimuli to the
heart is thought to be responsible for this paradoxical ECG phenomenon.

Genetics
SQTS is a genetically heterogeneous disease with mutations in eight different genes
(three gain of function and five loss of function) that encode six different cardiac ion
channels, a carnitine transporter, and a chloride-bicarbonate anion exchanger (AE3)
designated as SQT1 to SQT8 based on the chronology of their discovery (Table 34.2).
SQTS is inherited as autosomal dominant traits. Many of the genes responsible for
SQTS are the same as those causing LQTS with the important distinction that variants in these genes cause an outward shift in the balance of current contributing to
repolarization of the action potential, an effect opposite to that encountered in LQTS.
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Table 34.2 Genetic basis of SQTS

Subtype Inheritance Locus
SQT1
AD
7q35

Ion channel Gene
IKr
KCNH2,
HERG

SQT2

IKs

11p15

SQT3

AD

17q23.1– IK1
24.2

SQT4

AD

12p13.3

SQT5

AD

SQT6

AD

SQT7

AR

SQT8

AD

ICa

KCNQ1,
KvLQT1

KCNJ2,
Kir2.1

Electrophysiologic
characteristic of
mutant current/
channel
+90 mV shift in the
voltage-dependence
of inactivation of IKr,
leading to failure of
rectification at
physiologic range of
potentials
−20 mV shift of the
half-activation
potential and
acceleration of the
activation kinetics of
IKs
Increase in outward
IK1 current at
potentials between
−75 mV
and − 45 mV
Decrease in
amplitude of the
inward calcium
current

CACNA1C,
Cav1.2
10p12.33 ICa
CACNB2b,
Cavβ2b
7q21.11 ICa
CACNA2D1,
Cavα2δ1
5q31.1
Carnitine
Carnitine deficiency
SLC2Α5,
transporter OCTN2
SLC4A3,
Increased pHi
2q35
Chloride-
bicarbonate OCT3
Reduced CLi
anion
exchanger

Net
effect of
mutation
Gain of
function
of IKr

Gain of
function
of IKs

Gain of
function
of IK1
Loss of
function
of ICa

Increase
in IKr

The most common form of SQTS (SQT1) has been linked to mutations in
KCNH2. KCNH2 gene, often referred to as the human ether-a-go-go-related gene
(HERG), encodes the α-subunit of the rapidly activating delayed rectifier potassium channel, IKr. An N588K mutation in KCNH2 was the first to be identified in
three separate families with shorter than normal QT intervals and a high incidence
of ventricular arrhythmias and sudden death [39, 40]. This residue is located at the
S5-P loop region of HERG at the outer mouth of the channel. Voltage clamp studies of N588K showed that this mutation completely removes inactivation over a
physiological range of potentials, resulting in a dramatic increase in IKr [39–41].
Interestingly, the N588K mutation reduced the affinity of the IKr channel for the
traditional class III antiarrhythmic agents such as d-sotalol and dofetilide which
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has a direct implication for the treatment of SQT1 as will be discussed below.
Because the mutant current fails to rectify at the physiological range of potentials,
the availability of the inactivated state of the channel is significantly reduced [41].
The inactivated state of the channel normally stabilizes the interaction of the channel with most IKr blockers. Thus, failure of mutant channel to inactivate leads to
reduced affinity of the N588K-KCNH2 channel to the traditional class III agents
[39, 41, 42].
The second mutation at T618I in KCNH2 has been linked to SQT1 [43–45]. The
T618I-KCNH2 missense mutation was recently designated as a hotspot, having
been identified in 18 members of 7 unrelated families [45].
The second form of SQTS (SQT2) has been associated with mutations in
KCNQ1, the gene that encodes the α-subunit of cardiac potassium channel KvLQT1.
KvLQT1 in association with KCNE1 encodes the slowly activating delayed rectifier
channel Kv7.1 or IKs. A mutation in KCNQ1 was identified by Bellocq et al. [36] in
a 70-year-old man with resuscitated ventricular fibrillation and short QT interval – a
single sporadic case. Candidate gene approach identified a V307L missense mutation in KCNQ1 resulting in the substitution of valine at position 307 by leucine.
Functional expression studies of the V307L mutant channel revealed that the mutation did not alter the current amplitude, but there was a −20 mV shift of the half-
activation voltage and acceleration of activation kinetics leading to the activation of
mutant channels at more negative potentials. The net effect of the mutation was a
marked gain in the function of IKs. It is noteworthy that a similar gain-of-function
mutation in KCNQ1 has been reported previously in the setting of familial atrial
fibrillation [46].
The third form of SQTS (SQT3) has been linked to KCNJ2, the gene that encodes
the inwardly rectifying potassium channel Kir2.1 or IK1. A mutation in KCNJ2 was
identified by Priori et al. [37] in an asymptomatic 5-year-old child and his 35-year-
old father who presented with QT intervals of 315 and 320 ms, respectively. In
contrast to SQT1 and SQT2, which showed symmetrical T waves on the ECG,
SQT3 showed asymmetrical T waves with slow ascending limb and a very rapid
terminal phase. Genetic testing in the proband and his father revealed a D172N
mutation in KCNJ2 resulting in the substitution of aspartic acid by asparagine at
position 172. Whole-cell patch-clamp studies of heterologously expressed D172N
channels showed a large increase in IK1. Thus, the net effect of the mutation was a
marked gain of function of IK1 during terminal repolarization leading to the abbreviation of action potential.
In 2007, Antzelevitch and co-workers reported a new clinical entity with combined ECG phenotypes of Brugada and short QT syndromes [35]. While SQT1-3
are associated with gain-of-function mutations of potassium channels, this new
clinical entity was caused by loss-of-function mutations in the cardiac L-type calcium channel. The cardiac L-type calcium channel is a protein complex formed by
at least three subunits: α1, β, and α2δ. The pore-forming Cav1.2 α1-subunit is encoded
by CACNA1C and the β-subunit is encoded by CACNB2b. Genetic screening in
three probands with the diagnosis of this new clinical entity revealed a missense
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mutation in CACNA1C (A39V and G490R) and CACNB2b (S481L) [35]. Functional
expression studies revealed that these mutations cause a marked decrease in the
amplitude of the inward calcium current (ICa) leading to the abbreviation of the
ventricular action potential [35]. Additionally, confocal microscopy revealed that
the decrease in inward calcium current is due to a defect in trafficking of Cav1.2
channels in the case of the A39V mutation. The ECG in these clinical entities,
SQT4 and SQT5, characteristically shows either a spontaneous or sodium channel
blocker (ajmaline)-induced ST-segment elevation in the right precordial leads V1–
V3. Tall peaked T waves were visible in some of the ECGs, although not as tall and
peaked as in SQT1-3 and the QTc interval was generally in the range of 330–360 ms,
a bit longer than in SQT1-3. The rate-dependence of the QT interval was smaller
as in the other forms of SQTS displaying a lesser slope of the QT-RR relationship [35].
Mutations in the α2δ-subunit of the calcium channel was also associated with
this combined phenotype in 2011 [47]. Patients presenting with CACNA2D1 are
classified as SQT6. Individuals harboring a calcium channel mutation but who display a normal QT interval have been shown to carry secondary genetic variation that
prolongs the QT interval. QT-prolonging variations (p.D601E-CACNB2b, p.K897T-
KNCH2, p.T10M-KCNE2, p.R1047L-KCNH2, p.D76N-KCNE1, p.G643S-
KCNQ1) were found in 12 of the 14 BrS probands presenting with a normal
QTc [48].
In 2016, Roussel and co-workers provided evidence that a disturbance of long-
chain fatty acid metabolism can influence the morphology and the electrical function of the heart, leading to the development of SQTS7 [49]. In this case series, three
patients affected by primary systemic carnitine deficiency presented with SQTS
associated with ventricular fibrillation. Primary carnitine deficiency is a rare
(1:50,000) autosomal recessive disorder caused by defective transport of carnitine
into the cell due to mutations in SLC22A5 [50–52]. Administration of oral
DL-carnitine or L-carnitine (5 g/day) over a period of months abolished the ECG
and arrhythmic manifestations of the syndrome. Roussel and co-workers provided
additional evidence in support of the relationship between carnitine deficiency and
SQTS using a mouse model in which carnitine deficiency was induced by long-term
subcutaneous perfusion of MET88 [49]. Ferro et al. provided evidence that deficiency of long-chain fatty acid like carnitine increases the rapidly activating delayed
rectifier potassium channel current (IKr) [53], which is likely responsible for the
abbreviation of the QT interval in primary carnitine deficiency. This study suggests
that long-chain fatty acids can directly regulate hERG. The effects of class III antiarrhythmic agents have not been tested either in humans with primary carnitine
deficiency or in the mouse model of the syndrome.
In 2017, Thorsen et al. [54] reported loss-of-function mutations in the chloride-
bicarbonate anion exchanger (AE3) encoded by SLC4A3 gene in two unrelated
families with SQTS. The SLC4A3-R370H variant caused reduced surface expression of the anion exchanger and reduced membrane bicarbonate transport, thus giving rise to SQTS8. Additional evidence in support of this as a cause of SQTS derives
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from the demonstration that knockdown of SLC4A3 in zebra fish causes increased
cardiac pHi, abbreviated QTc, and reduced systolic duration, which could be rescued by wild-type SLC4A3. Thorsen et al. also provided experimental data demonstrating that an increase in pHi and decrease in [Cl−]i abbreviate action potential
duration. Cascade screening in the two third- and fourth-generation SQTS8 families
identified a total of 23 carriers of the SLC4A3 variant. Mutation carriers displayed a
mean QTc of 340 ± 18 ms compared to a mean QTc of 402 ± 24 ms in the 19 noncarrier family members (p < 0.001) [54].
Figure 34.3 summarizes the various electrocardiographic manifestations of the
different SQTS genotypes. A genetic cause has thus far been identified in less than
30% of probands.
Campuzano et al. [55] recently performed an exhaustive study of variants currently catalogued as deleterious in SQTS according to the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. They
analyzed 32 variants previously associated with SQTS1-6 and SQTS8 and concluded that only nine variants (28.12%) have a conclusive pathogenic role. All
definitively pathogenic variants were located in KCNQ1, KCNH2, or KCNJ2, three
genes encoding potassium channels. Other variants located in genes encoding calcium or sodium channels were categorized as disputed with respect to causation
until additional data could be forthcoming. The authors recommended caution with
regard to translation of genetic findings to the clinical setting.

Cellular Basis of Arrhythmogenesis in SQTS
QT interval is an electrocardiographic index of ventricular repolarization and
reflects the duration of the ventricular action potential particularly that of the M
cells in the deep subendocardial region of the ventricular wall [56, 57].
An increase in net outward current due to either a reduction in inward depolarizing current such as INa and ICa or augmentation of outward repolarizing current
including IK1, IK-ATP, IK-ACh, IKr, and IKs or combination of these can shift the balance
favoring repolarization, thus leading to the abbreviation of the action potential
and QT interval (Fig. 34.4). Experimental studies indicate that the abbreviation of
the action potential is heterogeneous with preferential abbreviation of either epicardium or endocardium, thereby increasing TDR and hence refractoriness.
Dispersion of repolarization and refractoriness creates the substrate for reentry by
facilitating the development of unidirectional block. In the case of SQTS, marked
abbreviation of wavelength (product of refractory period and conduction velocity)
is an additional factor promoting the maintenance of reentry. This general mechanism has been observed in SQT1-3 secondary to gain-of-function mutations giving rise to an increase in outward K currents [36, 37, 39] as well as in SQT4-6
secondary to loss-of-function mutations causing a decrease in inward calcium
current [35]. The Tpeak–Tend interval, an electrocardiographic index of spatial dispersion of refractoriness, TDR in particular, is significantly augmented in most of
the cases of SQTS.
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ICa

CACNA2D1
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Cav1.2
ICa
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SLC22A5
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SQT8

SLC4A3
(LOF)

OCTN2

OCT3/
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CI-/HCO3Transporter

Carnitine
Transporter

Fig. 34.3 Summary of the SQTS genotypes and their phenotypic ECG manifestations

Evidence in support of a role of augmented TDR in arrhythmogenesis in SQTS
derives from studies involving canine left ventricular wedge preparation in which
the genetic defects contributing to SQTS are pharmacologically mimicked.
Coronary-perfused left ventricular wedge models of SQT1 as well as SQT4-6 have
been developed. Figures 34.5 and 34.6 show examples in which the IKr agonist
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Fig. 34.4 Proposed cellular and ionic basis for the development of the short QT syndrome.
ERP effective refractory period, TDR transmural dispersion of repolarization

PD-118057 was used to generate a model of SQT1 [58]. Augmentation of IKr using
PD-118057 recapitulates all of the ECG and arrhythmic manifestations of SQT1.
The IKr agonist significantly abbreviated the QT interval with a preferential abbreviation of epicardial cell action potential as compared to M cell, thus leading to an
increase in TDR, here again reflected as an increase in Tpeak-Tend interval in the
ECG (Fig. 34.5). A single premature beat introduced to epicardium during this vulnerable period, precipitated an episode of VT, which could be suppressed by the
addition of quinidine (10 uM) to the coronary perfusate (Fig. 34.6).
These observations provide strong evidence at the cellular level in support of a
prominent role of amplified TDR in arrhythmogenesis under conditions of abbreviated repolarization. In addition to augmentation of TDR, the abbreviation of refractoriness contributes to arrhythmogenic milieu in SQTS [58]. While augmented TDR
and abbreviation of refractoriness provide the substrate for the development of
arrhythmia, the mechanism responsible for the PVC that triggers VT has not been
clearly delineated in all cases. In the case of SQT4-6, it is likely that phase 2 reentry,
which is typically encountered in the setting of Brugada syndrome, serves as a trigger [59]. In situations in which calcium transients and mechanical activity outlast
the action potential, which is the case in SQTS, Burashnikov and Antzelevitch introduced the concept of late-phase 3 early afterdepolarizations (late-phase EADs) [60,
61] as a triggering mechanism. Indeed, Tang and co-workers [62] reported that
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Fig. 34.5 SQT1 model of SQTS. The IKr agonist PD-118057 induced an abbreviation of QT interval as well as an increase in transmural dispersion of repolarization (TDR). Preferential abbreviation of epicardial cells as compared to M cells leads to an increase in TDR. Each panel shows
transmembrane action potentials simultaneously recorded from an epicardial (Epi) and a deep
subendocardial M cell in an arterially perfused LV wedge preparation, together with a pseudo-
ECG. Basic cycle length (BCL) = 2000 ms. (Reprinted from Patel et al. [58], with permission from
Elsevier)

late-phase 3 EADs induced triggered activities and VF via intracellular calcium
overload in a short QT rabbit model.
Another distinctive feature of SQTS is the separation of the T and U waves
in the ECG (Figs. 34.1 and 34.7). In a study exploring the cellular basis of the
U wave in SQTS patients, Schimpf and co-workers elegantly demonstrated electromechanical dissociation in SQTS patients [63]. The electrical repolarization
in SQTS patients terminates significantly earlier than the mechanical systole
[63]. Similar striking dissociation of electrical and mechanical systole has been
reported previously in kangaroos [64, 65]. In kangaroos, the occurrence of an
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Fig. 34.6 IKr agonist-induced short QT and polymorphic ventricular tachycardia (pVT).
Programmed electrical stimulation applied to the LV wedge preparation induced pVT when the QT
interval and the effective refractory period were abbreviated with the IKr agonist, but not under
baseline conditions or after the addition of quinidine. BCL = 2000 ms. (Reprinted from Patel et al.
[58], with permission from Elsevier)

extrasystole during the period of electromechanical dissociation has been shown
to re-excite the myocardium despite the fact that the contraction induced by
previous beat is still not complete, thus creating a state of incomplete tetanus
[64, 65]. The role of electromechanical dissociation and possible incomplete
tetanus in arrhythmogenesis in SQTS in human remains an area of further
investigation.
The role of autonomic nervous system in arrhythmogenesis is still unclear, as VF
has been observed during sleep as well as after intense autonomic stimulation [4].

Approach to Therapy of Patients with SQTS
Device Therapy (ICD)
SQTS patients are at high risk for SCD secondary to malignant ventricular arrhythmia. ICD implantation is therefore recommended for all SQTS patients for both primary and secondary prevention of SCD, unless absolutely contraindicated or refused
by the patient. Because ICD implantation is associated with a significant complication rate, especially in relatively young and active individuals, it is critically
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Fig. 34.7 A 12-lead ECG showing characteristic ECG features of the new clinical entity with
combined ECG phenotype of Brugada syndrome in addition to SQTS. Note that ECG shows
Brugada-type ST elevation in V1 and V1 after the administration of ajmaline in addition to short
QT interval. (Reprinted from Antzelevitch et al. [35], with permission from Wolters Kluwer)

Table 34.3 Secondary and acquired causes of SQT interval
Secondary causes of short QT interval on ECG
Tachycardia (physiologic)
Hyperkalemia
Hypercalcemia
Hyperthermia
Acidosis
Effect of catecholamine
Activation of KAch – DDSQTI
Activation of KATP
Effects of drugs like digitalis
Toad poisoning (bufotalinin- antineoplastic drug)

important to discriminate between patients with an isolated short QT interval and
those who meet the criteria for SQTS (Table 34.1). Acquired causes of abbreviated
QT intervals should be excluded before making management decisions (Table 34.3).
Digitalis drugs such as digoxin and antineoplastic medications such as bufotalinin
(toad poison) have been reported to give rise to acquired forms of SQTS [66, 67].
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There are no randomized trials and few observational studies regarding the
assessment of the prognosis of patients with isolated short QT intervals who have
no apparent clinical history, family history, or genetic criteria suggestive of
SQTS [68]. The following recommendations are based on expert opinion consensus statements and guidelines [29, 69]:
1. Patients with a short QT interval only (>330 ms) who have none of the clinical
history, family history, or genotype criteria proposed for the diagnosis of SQTS
are classified as low probability for the diagnosis of SQTS. The 2017 AHA/
ACC/HRS guideline for the management of patients with ventricular arrhythmias and the prevention of SCD recommend no specific pharmacologic or device
therapy [69].
2. Patients with a markedly abbreviated QT interval (<330 ms) only are classified
as intermediate probability for the diagnosis of SQTS despite having no clinical
history, family history, or genotype criteria proposed in Table 34.1 for the diagnosis of SQTS. No specific pharmacologic or device-based therapies are recommended other than comprehensive testing by a qualified electrophysiologist and
genetic screening, if this has not been completed as yet, as well as close follow-up.
3. Patients diagnosed with SQTS especially those with aborted sudden cardiac
death or documented VT/VF are at an increased risk for recurrent arrhythmic
events with an estimated risk of recurrence of 10%/year. ICD implantation is
recommended unless absolutely contraindicated or refused by the patient.
Over-sensing of the T wave is a common clinical problem encountered in patients
with SQTS who receive an ICD [70]. This is most often encountered with genetic
variants causing a gain of function in outward potassium channel current, which
results in tall peaked T waves. The tall, peaked, and closely coupled T waves are
often mistakenly sensed as R waves, leading to inappropriate ICD shocks.
Reprogramming the decay delay, the sensitivity, or both generally prevents such
inappropriate discharges. Caution must be exercised to avoid programming modifications that prevent the detection of lethal ventricular tachyarrhythmia.

Pharmacologic Therapy
Pharmacologic therapy in patients with SQTS is used primarily as an adjunct to an
ICD. It is however used as a primary treatment modality in patients who refuse ICD
placement, patients with an absolute contraindication to ICD placement, or in very
young patients in whom ICD implantation is problematic. For patients with SQTS
who have refused or are not candidates for ICD therapy, or in those with recurrent
ventricular arrhythmias resulting in frequent ICD discharges, adjunctive pharmacologic therapy with a QT-prolonging drug is recommended. Quinidine is the drug of
choice in SQT1. This recommendation is based on the fact that mutations in KCNH2,
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which give rise to SQT1, cause loss of the inactivated state of the IKr channel, making the traditional class III agents (e.g., sotalol and dofetilide) less effective.
Quinidine differs from these other agents by interacting with the activated state of
the channel and also exerts its action by blocking other ion channels in addition to
IKr. Heterologous expression studies have shown that the N588K missense mutation
in KCNH2, responsible for LQT1, significantly reduces the availability of the
mutant channel in the inactivated state and consequently reduces the affinity of IKr
channels to drugs with class III antiarrhythmic activity [39]. The affinity of the
channel for E-4031 and d-sotalol was reduced by 11.5- and 20-fold, respectively,
whereas the affinity for quinidine was reduced by only 3.5–5.8-fold [39, 41, 42, 71].
Consistent with these findings, Gaita et al. [72] compared the effect of flecainide,
sotalol, ibutilide, and hydroquinidine in SQT1 patients and reported that only hydroquinidine prolonged QT interval to the normal limit, increased ventricular ERP, and
rendered VF non-inducible. The class IC and class III antiarrhythmic drugs failed to
do so. In addition, quinidine restored the QT-RR relationship toward the range
found in normal subjects [24].
Long-term treatment with hydroquinidine (584 ± 53 mg/day) was evaluated in a
cohort of 17 patients with SQTS (82 percent male, mean age = 29 years, mean QTc
pretreatment = 331 milliseconds, 6 had aborted SCD), among whom 15 patients
continued treatment for an average of 6 years (two discontinued treatment due to
gastrointestinal intolerance) [73]. The QTc increased by an average of 60 ms with
treatment, and no life-threatening ventricular arrhythmias were seen during the
6 years of treatment. The annual rate of life-threatening arrhythmic events in patients
with a previous cardiac arrest dropped from 12% to 0% on hydroquinidine therapy.
McPate and colleagues [74] also demonstrated that the affinity of the N588K
mutant IKr channel for disopyramide is reduced by only 1.5-fold, suggesting that
disopyramide may be an effective treatment for SQTS. Schimpf et al. subsequently
reported the clinical efficacy of disopyramide in two female patients with SQT1 [75].
Disopyramide proved to be equally effective as quinidine in prolonging the QT interval and restoring the ventricular effective refractory period toward that of normal
subjects [75]. The combination of disopyramide and nifekalant, a class III agent, was
reported in one LQTS patient to increase QTc to >410 ms [76]. Prolongation of QT
interval with quinidine has also been reported in one patient with SQT4 [35].
Unlike SQT1, it is anticipated that the traditional class III antiarrhythmic drugs
should be clinically useful in the other forms of SQTS. Few data are available concerning the effect of class III agents in SQT2-8. Amiodarone has been shown to
prolong the QT interval and prevent the incidence of arrhythmia in one patient with
SQTS [77].
AF is a common clinical problem in SQTS and some patient with SQTS exhibit
only AF [78]. Propafenone has been shown to be effective in preventing frequent
paroxysms of AF with no recurrence of arrhythmia for more than 2 years without
any effect on QT interval [8]. Also, quinidine seems to be effective in prevention of
the first episode in short-term follow-up.
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RF Ablation
The first and only case in which radiofrequency ablation was successfully used to
treat SQTS was recently reported by Morimoto et al. [79]. These authors reported
the case of a female patient with SQTS who experienced nonfatal cardiac arrest and
developed polymorphic VT/ VF after ICD implantation. Treatment with quinidine
and sotalol failed to control the ventricular arrhythmias. RF ablation targeting the
triggering PVCs located in the inferolateral free wall of the right ventricle eliminated the PVCs and the occurrence of polymorphic VTs and VF.

Conclusion
Prompt diagnosis and optimal treatment of SQTS can significantly improve the
overall prognosis of the patient and family. In contrast to its mirror image disorder
LQTS, there are relatively few data concerning clinical presentation, diagnosis,
genotype-phenotype correlation, and even optimal risk stratification and treatment
of SQTS because of the rarity of the syndrome. However, significant progress has
been achieved in terms of defining the molecular genetics and cellular basis of
arrhythmogenesis in SQTS. ICD is recommended as a first-line treatment for both
primary and secondary prevention of SCD in patients diagnosed with
SQTS. Quinidine is the drug of choice for adjunctive pharmacotherapy in the case
of LQT1. While it is also useful in the other forms of SQTS, data are lacking as to
the effectiveness of the traditional class III agents in SQTS2-8.
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