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�Electrophysiological Basis of the Arrhythmias

Cardiac myocytes are specialized cells responsible for both 
mechanical contraction and conduction of electrical impulses. 
Some myocytes demonstrate automaticity, defined by the 
capability of cardiac cells to undergo spontaneous diastolic 
depolarization and to initiate an electrical impulse in the 
absence of external electrical stimulation [1]. Spontaneously 
originated action potentials (AP) are propagated through 
cardiac myocytes, which are excitable, referring to their abil-
ity to respond to a stimulus with a regenerative AP [2]. 
Propagation of the cardiac impulse is enabled by gap junctions. 
Gap junctions are membrane structures composed of multi-
ple intercellular ion channels that facilitate chemical and 
electrical communication between cells. Cardiac AP are 
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regionally distinct due to each myocyte type expressing dif-
ferent numbers and types of ion channels [3].

Usually, the sinoatrial node is the primary pacemaker of 
the heart, with a resting membrane potential of approxi-
mately-60 mV. If (“funny”) current plays an important role in 
the initiation of diastolic depolarization [4]. The aggregate 
activity of various currents results in a net inward flow of 
sodium (Na+) and thus an increase in the membrane poten-
tial. When it reaches −40 mV, calcium (Ca2+) currents (T-type 
ICa,T- and L-type ICa,L) are activated, and serve as the predomi-
nant ion carriers during the AP upstroke of pacemaker cells 
[4] (Ca2+-dependent). Subsequently, outward potassium (K+) 
currents are activated and Ca2+ currents are inactivated. The 
membrane potential decreases due to the outward flow of K+, 
the major repolarizing ion of the heart. Upon reaching the 
resting membrane potential, the cycle is ready to repeat itself.

The resting membrane potential of muscle cells is 
−90 mV. Inflow of positive charge (Ca2+ and Na+) through the 
gap junction increases the voltage towards threshold (approx-
imately 65 mV) [3] initiating an AP. At this point, Na+ chan-
nels are triggered to open, resulting in a large but transient 
inward Na+ current (phase 0). The Na+ current is quickly 
inactivated, followed by a subsequent outward K+ current 
and thereby initiating repolarization (phase 1).

The ICa,L plays an important role during the AP plateau 
(phase 2), opposing the K+ current. The ICa,L is the main route 
for Ca2+ influx and triggers Ca2+ release from the sarcoplas-
mic reticulum, initiating contraction of the myocyte. Activation 
of delayed rectifier K+ channels and inactivation of Ca2+ 
channels leads to termination of the plateau and initiates late 
repolarization (phase 3). Finally, outward K+ channels medi-
ate the final repolarization (phase 4).

Following activation, the cardiac myocytes must enter a 
relaxation or refractory phase during which they cannot be 
depolarized. The refractory period is defined by the time 
interval following excitation during which the cell remains 
unexcitable. This is due to the lack of availability of depolar-
izing current (Na+ in muscle cells). It is classified as either 
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absolute or relative, depending on whether it is completely 
unexcitable or needs a greater stimulus than normal.

The mechanisms responsible for cardiac arrhythmias may 
be divided into disorders of impulse formation, disorders of 
impulse conduction or a combination of both (Table 1.1).

�Disorders of Impulse Formation

�Normal Automaticity

As previously described, some specialized heart cells (sino-
atrial nodal cells, the atrioventricular (AV) node, the His-
Purkinje system, some cells in both atria) [5], possess the 
property of automaticity. Suppression or enhancement of this 
activity may lead to clinical arrhythmias.

Under normal conditions, the sinoatrial nodal cells have 
the fastest rate of firing and the subsidiary pacemaker cells 
fire at slower rates. The firing rate is determined by the inter-
action of three factors:

–– The maximum diastolic potential,
–– The threshold potential at which the AP is initiated,
–– The rate or slope of phase 4 depolarization.

A change in any of these may alter the rate of impulse 
initiation [6, 7].

Table 1.1  Mechanisms of cardiac arrhythmias

Disorders of impulse  
formation

Disorders of impulse 
conduction

•  Automaticity
 � −  Altered normal automaticity
 � −  Abnormal automaticity
•  Triggered activity
 � − � Delayed afterdepolarization 

(DAD)
 � − � Early afterdepolarization 

(EAD)

•  Reentry
 � −  Anatomic reentry
 � −  Functional reentry

Chapter 1.  Mechanisms of Cardiac Arrhythmias
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Pacemaker activity is controlled by the autonomic system 
and can be modulated by a lot of factors, including metabolic 
alterations or pharmacologic substances.

Parasympathetic activity reduces the rate of the pace-
maker cells by releasing acetylcholine (Ach) and hyperpolar-
izing the cells by increasing conductance of the K+ channels. 
It may also decrease ICa-L and If activity, which further slows 
the rate.

The suppressive effect of Ach is frequently used in practice 
for both diagnostic and therapeutic purposes. Tachycardias 
resulting from enhanced normal automaticity usually respond 
to vagal maneuvers (promoting Ach release) with a transient 
decrease in frequency, and a progressive return towards base-
line after transiently accelerating to a faster rate upon cessa-
tion of the maneuver (this phenomenon is called “post-vagal 
tachycardia”) [8].

Conversely, sympathetic activity increases the sinus rate. 
Catecholamines increase the permeability of ICa-L, increasing 
the inward Ca2+ current. Sympathetic activity also results in 
enhancement of the If current [9], thereby increasing the 
slope of phase 4 repolarization.

Metabolic disorders as hypoxia and hypokalemia can lead 
to enhanced normal automatic activity as a result of Na+/K+ 
pump inhibition, thereby reducing the background repolariz-
ing current and enhancing phase 4 diastolic repolarization [8].

In degenerative diseases that affect the cardiac conduction 
system, suppression of the sinus automaticity cells can be 
seen, resulting in sinus bradycardia or even sinus arrest. A 
subsidiary pacemaker may manifest as a result of suppression 
of sinus automaticity.

An essential property of normal automaticity, so charac-
teristic that constitutes a “trademark” is the phenomenon 
called “overdrive suppression”. Overdriving a latent pace-
maker cell faster than its intrinsic rate decreases the slope of 
phase 4, mediated mostly by enhanced activity of the Na+/K+ 
exchange pump. When overdrive stimulation has ended, there 
is a gradual return to the intrinsic rate called the “warm-up” 
period. The degree of suppression and the recovery time are 
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proportional to the rate and duration of the applied stimula-
tion [8, 9].

This mechanism plays an important role in maintaining 
sinus rhythm because the sinus node continuously inhibits 
the activity of subsidiary pacemaker cells [6]. In patients with 
external pacemakers, the intrinsic rhythm may also be sup-
pressed by this mechanism [10].

The absence of overdrive suppression may indicate that 
the arrhythmia mechanism is different of enhanced normal 
automaticity. However, the reverse is not always true because 
enhanced normal automatic activity may not respond to 
overdrive pacing or faster intrinsic rates due to entrance 
block [3]. Clinical examples: sinus tachycardia during exer-
cise, fever, and thyrotoxicosis; inappropriate sinus tachycar-
dia and AV junctional rhythms.

�Abnomal Automaticity: ICaL

Atrial and ventricular myocardial cells, which in the healthy 
heart do not show spontaneous activity, may exhibit automa-
ticity properties. This can happen under conditions that drive 
the maximum diastolic potential towards the threshold 
potential, which is explained by the interplay of numerous 
currents that together result in a net inward depolarizing cur-
rent associated with a decrease in K+ conductance.

The intrinsic rate of an automatic abnormal focus depends 
on the membrane potential; the less negative the membrane 
potential, the faster the automatic rate [6]. Abnormal auto-
maticity is thought to play a role in cases of elevated extracel-
lular K+, low intracellular pH, and elevated catecholamines.

An important distinction between enhanced normal and 
abnormal induced automaticity is that the latter is less sensi-
tive to overdrive suppression [11]. Under these circumstances, 
an ectopic automatic focus displays characteristics of other 
arrhythmia mechanisms [12]. Clinical examples: some atrial 
tachycardias, premature beats, accelerated idioventricular 
rhythm, some ventricular tachycardia (VT), particularly in 
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the acute phase of myocardial infarction, associated with 
ischemia and reperfusion.

�Triggered Activity

Triggered activity (TA) is defined by impulse initiation 
caused by afterdepolarizations (membrane potential oscilla-
tions that occur during or immediately following a preceding 
AP) [13]. Afterdepolarizations occur only in the presence of 
a previous AP (the trigger), and when they reach the thresh-
old potential, a new AP is generated. This may be the source 
of a new triggered response, leading to self-sustaining TA.

Based on their temporal relationship, two types of afterpo-
larizations are described: early afterdepolarizations (EADs) 
occur during phase 2 or 3 of the AP, and delayed afterdepo-
larizations (DADs) occur after completion of the repolariza-
tion phase.

�DADs

A DAD is an oscillation in membrane voltage that occurs 
after completion of repolarization of the AP (during phase 4). 
These oscillations are caused by a variety of conditions that 
raise the diastolic intracellular Ca2+ concentration, which 
cause Ca2+ mediated oscillations that can trigger a new AP if 
they reach the stimulation threshold [14].

As the cycle length decreases, the amplitude and rate of 
the DADs increases, and therefore DADs are expected to 
initiate arrhythmias when the heart rate increases (either 
spontaneously or during pacing). In fact, the amplitude and 
number of triggered responses are direct functions of both 
the rate and duration of overdrive pacing (easier to induce 
with continued stimulation). When overdrive pacing is per-
formed during an ongoing arrhythmia, the TA can slow until 
it stops, or when it is not rapid enough to terminate the trig-
gered rhythm it can cause overdrive acceleration, in contrast 
to the overdrive suppression seen with automatic rhythms [6].

T. Barrio-Lopez and J. Almendral
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Toxic concentration of digitalis was the first observed 
cause of DAD [15]. This occurs secondary to the inhibition of 
the Na/K pump, which promotes the release of Ca2+ from the 
sarcoplasmic reticulum. Clinically, bidirectional fascicular 
tachycardia due to digitalis toxicity is an example of TA [16].

Catecholamines can cause DADs by causing intracellular 
Ca2+ overload via an increase in ICa-L and the Na+-Ca2+ 
exchange current. Ischemia-induced DADs are thought to be 
mediated by the accumulation of lysophosphoglycerides in 
the ischemic tissue [17], with subsequent elevation in Na+ and 
Ca2+. Abnormal sarcoplasmic reticulum function (e.g. muta-
tions in ryanodine receptor) can also lead to intracellular 
Ca2+ overload, facilitating clinical arrhythmias, such as cate-
cholaminergic polymorphic VT [18] (Fig. 1.1).

An important factor for the development of DADs is the 
duration of the AP.  Longer APs are associated with more 
Ca2+ overload and facilitate DADs. Therefore, drugs that pro-
long AP (eg, Class IA antiarrhythmic agents) can occasion-
ally increase DAD amplitude.

Adenosine can be used as a test for the diagnosis of DADs. 
Adenosine reduces the Ca2+ inward current by inhibiting effects 
on adenylate cyclase and cyclic adenosine monophosphate. 

Cell Membrane

Exchange
Na+/Ca++↑

Inhibition
Na+

Ca++
K+

↑Na+

Transient inward
current

Depolarization
current

DADs

Catecholamines

Ischemia

Lysophosphoglycerides

Hypertrophy

↓K0

↑Ca0

Pump

non specific
Ca++ channel

Figure 1.1  Mechanisms responsible for DAD (modified from 
Jalife et al.) [8]
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Thus, it may abolish DADs induced by catecholamines, but 
does not alter DADs induced by Na+/K+ pump inhibition. The 
interruption of VT by adenosine suggests catecholamine-
induced DADs as the underlying mechanism [19].

Clinical examples: some atrial tachycardias, digitalis 
toxicity-induced tachycardia, accelerated ventricular rhythms 
during ischemia, some forms of repetitive monomorphic VT, 
reperfusion-induced arrhythmias, ventricular outflow tract 
VT, exercise-induced VT (e.g. catecholaminergic polymor-
phic VT).

�EADs

The EADs are oscillatory potentials that occur during the AP 
plateau (phase 2 EADs) or during the late repolarization 
(phase 3 EADs). Both types may appear during similar 
experimental conditions, but they differ morphologically as 
well as in the underlying ionic mechanism. Phase 2 EADs 
appear to be related to ICa-L current [20], while phase 3 EADs 
may be the result of electronic current across repolarization 
or the result of low IK1 [21].

The plateau of the AP is a period of high membrane resis-
tance [3] and little current flow. Therefore, small changes in 
either repolarizing or depolarizing currents can have pro-
found effects on the AP duration and profile. A wide variety 
of agents and conditions can result in a decreased outward 
current or increased inward current and therefore establish 
the conditions necessary for EADs (Table 1.2.).

A fundamental condition underlying the development of 
EADs is AP prolongation, which manifests on the surface 
electrocardiogram (ECG) as QT prolongation. Some antiar-
rhythmic agents, principally class IA and III drugs, may 
become proarrhythmic because of their therapeutic effect of 
prolonging the AP. Many other drugs (Table 1.2.) can predis-
pose to the formation of EADs, particularly when associated 
with ↓K+ and/or bradycardia, additional factors that result in 
prolongation of the AP [8]. Several drugs have been associ-
ated with QT prolongation and torsades de pointes ([22], 
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www.qtdrugs.org]. Catecholamines may enhance EADs by 
an increase in Ca2+ current, however the resultant increase in 
heart rate along with the increase in K+ current effectively 
reduces the APD and thus abolishes EADs [8]. Experimental 
studies have shown that magnesium can eliminate TA of 
these EAD and can provide an effective treatment of certain 
cases of drug induced torsades de pointes [23].

Table 1.2  Agents and manipulations that may lead to early 
afterdepolarizations

−  Slow rate (bradycardia, complete heart block, etc.)

−  Mechanical stretch

−  Hypokalemia

−  Hypoxia

−  Acidosis

−  Low extracellular K+ concentration

−  Low extracellular Ca2+ concentration

−  Low extracellular magnesium (Mg2+) concentration

− � Class IA antiarrhythmic drugs (quinidine, disopyramide, 
procainamide)

− � Class IC antiarrhythmic drugs (flecainide, encainide, 
indecainide)

− � Class III antiarrhythmic drugs (amiodarone, sotalol, 
bretylium)

−  Phenothiazines

−  Tricyclic and tetracyclic antidepressants

−  Erythromycin

−  Antihistamines

−  Cesium

−  Amiloride

−  Barium

Chapter 1.  Mechanisms of Cardiac Arrhythmias
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An EAD-mediated TA appears to be the underlying cause 
of arrhythmias that develop in the setting of long QT syn-
drome (LQTS). The true mechanism of these arrhythmias is 
still debated, but it is accepted that an enhanced dispersion of 
repolarization seen in the syndrome can create a proarrhyth-
mic substrate [24]. There is growing interest in the effects of 
genetic mutations in repolarizing membrane currents in rela-
tion to the congenital LQTS associated with polymorphic 
ventricular tachycardia like torsades de pointes, and repolar-
ization in general [22]. These tachycardias probably begin by 
EAD and TA, although a reentrant mechanism may also be 
involved in its genesis [25]. Patients with LQTS have a greater 
dispersion of refractoriness which could favor the presence of 
unidirectional block and the development of a reentrant 
mechanism. Several genetic mutations responsible for altera-
tions in the flow of K+ and Na+ have been identified 
(Table 1.3) [26, 27].

EAD triggered arrhythmias are rate dependent, and in 
general the EAD amplitude increases at a slow rate. Therefore, 
this type of TA is not expected to follow premature stimula-
tion (which is associated with an acceleration of repolariza-
tion that decreases the EAD amplitude), with the exception 
of a long compensatory pause following a premature stimu-
lus, which can be even more important than bradycardia in 
initiating torsades de pointes [28]. Clinical examples: torsades 
de pointes, that is the characteristic polymorphic VT seen in 
patients with LQTS.

�Disorders of Impulse Conduction

�Block

Conduction delay and block occurs when the propagating 
impulse fails to conduct. Several factors determine the 
conduction velocity of an impulse and whether conduction is 
successful, such as the stimulating efficacy of the impulse and 
the excitability of the tissue into which the impulse is con-

T. Barrio-Lopez and J. Almendral
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ducted [14]. Gap junction coupling plays a crucial role for the 
velocity and safety of impulse propagation [29].

Usually, impulses are blocked at high rates as a result of 
incomplete recovery from refractoriness. When an impulse 
arrives at tissue that is still refractory, it will not be conducted 
or the impulse will be conducted with aberration. This is the 
typical mechanism that explains several phenomena, such as 
block or functional bundle brunch block of a premature beat, 
Ashman’s phenomenon during atrial fibrillation (AF), and 
acceleration-dependent aberration.

Bradycardia or deceleration-dependent block is sug-
gested to be caused by a reduction in  excitability at long 
diastolic intervals with subsequent reduction in the AP 
amplitude.

Many factors can alter conduction, including rate, auto-
nomic tone, drugs (eg, calcium channel blockers, beta block-
ers, digitalis, adenosine/adenosine triphosphate), or 
degenerative processes (by altering the physiology of the tis-
sue and the capacity to conduct impulses).

�Reentry

During normal electrical activity, the cardiac cycle begins in 
the sinoatrial node and continues to propagate until the 
entire heart is activated. This impulse dies out when all 
fibers have been depolarized and are completely refractory. 
However, if a group of isolated fibers is not activated dur-
ing the initial wave of depolarization, they can recover 
excitability in time to be depolarized before the impulse 
dies out. They may then serve as a link to reexcite areas that 
were previously depolarized but have already recovered 
from the initial depolarization [6]. Such a process is com-
monly denoted as reentry, reentrant excitation, circus 
movement, reciprocal or echo beats, or reciprocating tachy-
cardia (RT), referring to a repetitive propagation of the 
wave of activation, returning to its site of origin to reacti-
vate that site [13].

Chapter 1.  Mechanisms of Cardiac Arrhythmias
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Reentry has been divided in 2 main groups (Table 1.4.):

–– Anatomical or classic reentry, where the circuit is deter-
mined by anatomical structures

–– Functional reentry, which in turn includes different mecha-
nisms. It is characterized by a lack of anatomic 
boundaries.

Both forms can coexist in the same setting and share bio-
physical mechanisms [30]. Reentry is the most common 
arrhythmia mechanism seen in clinical arrhythmias, both in 
classical or variant forms.

Prerequisites for reentry include:

•	 A substrate: the presence of myocardial tissue with differ-
ent electrophysiological properties, conduction, and 
refractoriness.

•	 An area of block (anatomical, functional, or both): an area 
of inexcitable tissue around which the wavefront can 
circulate.

•	 A site with unidirectional conduction block.
•	 A path of slowed conduction that allows sufficient delay in 

the conduction of the circulating wavefront to enable the 
recovery of the refractory tissue proximal to the site of 
unidirectional block.

•	 A critical tissue mass to sustain the circulating reentrant 
wavefronts.

•	 An initiating trigger.

Table 1.4  Types of reentry −  Anatomic reentry

−  Functional reentry

−  Leading circle

−  Anisotropic reentry

−  Figure of eight reentry

−  Reflection

− � Spiral wave (rotor) 
reentry

T. Barrio-Lopez and J. Almendral
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�Macroreentry/Anatomical

The classic reentry mechanism is based on an inexcitable ana-
tomical obstacle surrounded by a circular pathway in which the 
wavefront can “reenter”, creating fixed and stable reentrant 
circuits. The anatomic obstacle determines the presence of two 
pathways (Fig.  1.2a). When a premature impulse encounters 
the obstacle, it will block in one pathway (unidirectional block) 
and travel down the other pathway propagating until the point 
of block, thus initiating a reentrant circuit (Fig. 1.2b).

Initiation and maintenance of reentry will depend on the 
conduction velocity and refractory period of each pathway, 
which determines the wavelength (wavelength = conduction 
velocity ∗ refractory period). For reentry to occur, the wave-
length must be shorter than the length of the pathway. 
Conditions that decrease conduction velocity or shorten the 
refractory period will allow the creation of smaller circuits, 
facilitating the initiation and maintenance of reentry.

The excitable gap is a key concept essential to understanding 
the mechanism of reentry. The excitable gap refers to the excit-
able myocardium that exists between the head of the reentrant 
wavefront and the tail of the preceding wavefront (Fig. 1.3) [30]. 
This gap allows the reentrant wavefront to continue propaga-
tion around the circuit. The presence of an excitable gap also 
makes it possible for an external wavefront to enter the reen-
trant circuit. This can be performed using external pacing and 
explains the phenomena of resetting, entrainment, and termina-
tion of the tachycardia with electrical stimulation.

Clinical examples: AV reentrant tachycardia associated 
with a bypass tract, AV nodal reentrant tachycardia, atrial 
flutter (common flutter and many of the atypical flutters), 
bundle branch reentry VT, post-infarction VT.

�Functional Reentry

In functional reentry, the circuit is not determined by ana-
tomic obstacles; it is defined by dynamic heterogeneities in 
the electrophysiologic properties of the involving tissue [2]. 

Chapter 1.  Mechanisms of Cardiac Arrhythmias



16

The size of functional reentrant circuits can vary, but they are 
usually small and unstable. As previously stated, functionally 
determined reentrant circuits can occur due to different 
mechanisms:

–– Leading circle reentry
In 1976, Allesie et al. described a reentrant mechanism 
in the absence of an anatomical boundary. They postu-
lated that the impulse circulates around a central core 
that is maintained in a refractory state because it is 
constantly bombarded by impulses and travels through 
partially refractory tissue [31]. Leading circle was 
defined as “the smallest possible pathway in which the 
impulse can continue to circulate” [32].

αβ β α β α

a b c

Figure 1.2  Schematic representation of classic reentry mechanism: 
(a) An anatomical obstacle (central cicle) causes bifurcation of 
wavefront (upper arrow) in two pathways (β and α). For both path-
ways the wavefront propagates downward if the heart rate is slow 
despite a zone with prolonged refractory period. (b) when a prema-
ture impulse reaches the structure shown in (a), the wavefront is 
blocked in the pathway with long refractory period and it progresses 
through the other route. The impulse accesses the blocked route in 
the opposite direction (retrograde), which could be blocked when 
accessing α occurs again. (c) An area of slow conduction is added to 
the panel (b) (dashed line in β pathway). Now the impulse accesses 
retrogradely through α pathway that is recovered from the refrac-
tory period causing impulse reentry
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This type of reentry is less susceptible to resetting, 
entrainment, and termination by pacing maneuvers 
because there is not a fully excitable gap.

–– Anisotropic reentry
Anisotropic conduction relates to directionally depen-
dent conduction velocity in cardiac muscle [33] and 
depends on the structure and organization of myocytes 
within cardiac tissue. These include the orientation of 
fibers and nonuniform distribution of gap junctions, 
with a larger number of channels poised to propagate 
the impulse longitudinally rather than transversely [4]. 
The heterogeneity in conduction velocities and repolar-
ization properties of the anisotropic tissue can result in 
blocked impulses and slowed conduction that allows 
reentry even in small anatomical circuits [30]. Clinical 
examples: anisotropic reentry in atrial and ventricular 
muscle, which may be responsible in the setting of VT 
originating in surviving myocardial infarction [34].

Excitable gap

Partially
recovered

Wavefront
tail

Wavefront
head

Fully
recovered

Figure 1.3  Schematic representation of an excitable gap

Chapter 1.  Mechanisms of Cardiac Arrhythmias



18

–– Figure of eight reentry
This type of reentry consists of two concomitant wave-
fronts circulating in opposite directions (clockwise and 
counterclockwise) around two functional or fixed arcs 
of block that merge into a central common pathway. 
Clinical example: this type of reentry may be seen in the 
setting of infarction-related VT or atrial flutter in 
patients with prior atriotomy.

–– Reflection
Reflection is a unique subclass of reentry that occurs in 
a linear segment of tissue, where the impulse travels in 
both directions over the same pathway in the presence 
of severely impaired conduction [35].

–– Spiral wave activity (rotor)
Spiral waves occur in a wide variety of excitable 
media [36]. They represent a two-dimensional form of 
rotating wave propagation, which may also occur in 
three dimensions “scroll waves”. Initially the term 
“rotor” described the rotating source and “spiral 
wave” defined the shape of the emerging wave [6]. 
Other terms for this phenomenon could be found in 
the literature, such as “vortices” or “reverberators”. 
Spiral wave activation is organized around a core, 
which remains unstimulated because of the pro-
nounced curvature of the spiral (Fig. 1.4). This curva-
ture also limits the spiral propagation velocity, 
resulting in slow conduction and block [31]. In con-
trast to the leading circle model, there is a fully excit-
able gap. The tip of the wave moves along a complex 
trajectory and can radiate waves into the surrounding 
medium (known as “break-up” of a mother wave). 
Spirals may have completely different dynamics and 
can circulate with different patterns, change one to 
another, become stationary or continuously drift or 
migrate [6]. These characteristics result in both mono-
morphic and polymorphic patterns.

–– Clinical examples: atrial and ventricular fibrillation, 
polymorphic VT.

T. Barrio-Lopez and J. Almendral
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�Relationship to Clinical Arrhythmias

�Bradyarrhythmias

Bradyarrhythmias can be explained by two mechanisms:

–– Failure of impulse generation. Failure of impulse genera-
tion is the failure of pacemaker cells to generate appropri-
ate electrical impulses. In degenerative processes is 
frecuently seen this form of bradyarrhythmia. Although 
any automatic normal foci can be affected, their failure 
may only be seen when the superior pacemaker cell func-
tion is depressed. Thus, the failure of the sinus node will 
cause major or minor pauses, depending on the function of 
the subsidiary pacemaker cells.

Figure 1.4  Schematic representation of a rotor

Chapter 1.  Mechanisms of Cardiac Arrhythmias
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–– Failure of impulse propagation. The failure of impulse 
propagation is the failure of electrical impulses generated 
by pacemaker cells to conduct normally through the con-
duction system.

�Tachyarrhythmias

Sinus Tachycardia
–– Physiologic sinus tachycardia represents an enhancement 

of the sinus node in response to physiologic stress, and is 
characterized by an increased slope of phase 4 depolariza-
tion in sinus node cells.

–– Inappropriate sinus tachycardia refers to a condition in 
which the sinus rate is increased continuously or out of 
proportion to the degree of physiologic stress [37] and is 
caused by enhanced normal automaticity.

Focal Atrial Tachycardia
–– Atrial tachycardias may be due to automaticity, TA, or 

reentrant mechanisms, but most of them correspond to 
automaticity or reentry mechanisms. They can be distin-
guished by their behavior in relation to various 
maneuvers.

Atrial Flutter
–– Atrial flutter may further be categorized into common 

(typical) and atypical atrial flutter.
•	 Common Atrial Flutter: The wavefront in common flut-

ter circulates in the right atrium around the tricuspid 
valve annulus in a counterclockwise or clockwise direc-
tion. Typical atrial flutter is the most common example 
of a macroreentrant circuit.

•	 Atypical Atrial Flutter: In this type of flutter, the obsta-
cle is usually related to previously performed proce-
dures that create large anatomic barriers (atriotomy 
scar, suture line, or radiofrequency ablation) or facilitate 
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a zone of slow conduction such that reentry may occur 
(eg, left atrial flutter related to previous AF ablation).

Atrial Fibrillation
–– AF is the most common sustained arrhythmia. Even 

though its underlying mechanism is still debated, AF likely 
represents a complex interaction between drivers respon-
sible for initiation and the anatomic atrial substrate 
required for perpetuation of the arrhythmia [38].

–– The drivers are located predominantly in the pulmonary 
veins and can represent variable forms of focal abnormal 
automaticity or TA within the vein or microreentrant cir-
cuits around the vein orifices with strong autonomic 
potentiation [39]. Not only do they contribute to the initia-
tion of AF, but they also participate in the maintenance of 
the arrhythmia [40]. Other nonpulmonary triggering foci 
have also been described, such as the coronary sinus, supe-
rior vena cava [41], or ligament of Marshall [42].

–– Maintenance of the arrhythmia lies in a combination of 
electrophysiological and structural factors, which create 
the substrate to perpetuate AF.  Different mechanisms 
have been postulated, including multiple wavelets of reen-
try or a mother rotor circuit, as well as high frequency 
activity in the Atria [42]. Moreover, structural and electri-
cal remodeling of the atria over time contributes to the 
arrhythmogenic substrate.

Atrioventricular Nodal Reentrant Tachycardia
–– This common paroxysmal supraventricular tachycardia is 

caused by a classic reentrant mechanism. The presence 
within the AV node of two pathways with distinct electro-
physiological properties makes this arrhythmia possible.

–– Under normal conditions, a sinus impulse will travel 
through both pathways. In response to a premature stimu-
lation, the stimulus can block in the fast pathway due to a 
longer refractory period and travel through the slow path-
way. If conduction is slow enough, the blocked fast path-
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way can have time to recover, thus setting the stage for a 
reentrant circuit, translating into AV nodal tachycardia 
when perpetuated.

–– An “uncommon” form of AV nodal tachycardia can occur 
when activation of the circuit proceeds in the reverse 
direction.

Atrioventricular Junctional Tachycardia
–– Atrioventricular junctional tachycardias typically occur in 

the setting of increased adrenergic tone or drug effect in 
patients with sinus node dysfunction who have undergone 
a previous procedure or digitalis toxicity. They can be 
related to enhanced normal automaticity, abnormal auto-
maticity or TA [43].

Atrioventricular Reentrant Tachycardia Mediated by an 
Accessory Pathway
–– The typical accessory pathway has rapid conduction and a 

longer refractory period in comparison to the AV node, which 
creates the substrate for reentry. The circuit that involves an 
accessory pathway is usually a large macroreentrant circuit 
consisting of the native conduction system, the accessory 
pathway, and the intervening atrial and ventricular tissue. In 
the orthodromic type, the most common arrhythmia related 
to accessory pathways, the AV node serves as the anterograde 
pathway and the accessory pathway as the retrograde path-
way. Antidromic tachycardia occurs when activation pro-
ceeds in the reverse direction (antegrade over the accessory 
pathway and retrograde over the AV node), thus creating a 
wide QRS complex. Antidromic atrioventricular reentrant 
tachycardia occurs less frequently, and can be precipitated by 
conditions that impair antegrade conduction over the AV 
node with rapid conduction preserved over the AV node in a 
retrograde direction.

–– In patients with the Wolff-Parkinson-White (WPW) syn-
drome and AF, rapid conduction over the accessory path-
way with ventricular preexcitation may occur. Preexcitation 
may lead during AF to ventricular fibrillation and cardiac 
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arrest. The prevalence of AF in patients with WPW syn-
drome is unusually high in the absence of organic heart 
disease. While the precise mechanism remains unclear, the 
presence of the accessory pathway itself and retrograde 
activation of the atria during orthodromic supraventricu-
lar tachycardia have been postulated to play an important 
role in the initiation of AF [44].

Accelerated Idioventricular Rhythm
–– Accelerated idioventricular rhythm is thought to be due to 

abnormal automaticity related to the acute phase of myo-
cardial infarction, as well as cocaine intoxication, acute 
myocarditis, digoxin intoxication, and postoperative car-
diac surgery [45].

Ventricular Tachycardia
–– This arrhythmia has a wealth of different characteristics 

and behaviors. The predominant mechanisms underlying 
most VTs are abnormal automaticity, TA, and reentry. 
Reentry is the most frequent mechanism causing VT in 
patients with ischemic cardiomyopathy [45].

Monomorphic Ventricular Tachycardia
–– In the absence of structural heart disease, most VTs are 

thought to correspond to TA or an automatic mechanism. 
However, most monomorphic VT occur in the presence of 
structural heart disease, with the predominant mechanism 
being reentry. The majority of patients within this group 
demonstrate VT in relation to ischemic cardiomyopathy. 
The postinfarction process results in a scar associated with 
surviving islands of cardiac myocytes. This can result in slow 
and discontinuous conduction and/or block in conduction 
through the viable tissue, likely attributable to disruption in 
gap junction distribution and function and poor cell-to-cell 
coupling [46] These changes create the ideal electrophysio-
logic and anatomic substrate for developing reentrant 
arrhythmias (slow conduction and unidirectional block).
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–– The second most common cause of VTs due to reentry is 
nonischemic cardiomyopathy. In such patients the reen-
trant circuit frequently involves a region of a scar near the 
valvular orifices or in the subepicardium. Occasionally, 
VTs in this setting appear to be mediated by abnormal 
automaticity or triggered mechanisms.

–– Reentry is also the principal mechanism in VT due to 
arrhythmogenic right ventricular cardiomyopathy. In this 
condition, a reentrant circuit is formed around the charac-
teristic fibrofatty tissue that has replaced areas of the right 
ventricle. A similar mechanism of VT can occur in the set-
ting of hypertrophic cardiomyopathy (especially in the 
presence of an apical aneurysm), valvular heart disease, 
surgically repaired congenital heart diseases (large resec-
tions are needed, creating large anatomical barriers), infil-
trative cardiomyopathy (eg, cardiac sarcoidosis) and 
neuromuscular disorders.

–– Idiopathic VT. Idiopathic VT is found in structurally nor-
mal hearts and can be divided into two main groups:
•	 Outflow tract tachycardia. Outflow tract tachycardias 

represent the most frequent idiopathic VTs. Although 
the pathogenesis is not fully understood, their behavior 
suggest that many of them are due to TA as a result of 
delayed afterdepolarizations.

•	 Fascicular ventricular tachycardia. Fascicular VT lies in 
the left ventricular His-Purkinje system and although 
the mechanism is accepted to be a macroreentry circuit 
involving calcium-dependent slow response fibers of 
the ventricular Purkinje network [47], typically termi-
nated by verapamil, some automatic forms of the tachy-
cardia have also been described.

Polymorphic Ventricular Tachycardia and Ventricular 
Fibrillation

–– The initiation and maintenance of these tachyarrhyth-
mias remain unknown; however, previous work supports 
a similar mechanism as that suspected in AF. The initiat-
ing trigger could be mediated by TA, automaticity, or a 
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reentrant mechanism, while maintenance may be due to 
different forms of functional reentries, including rotors, 
migrating scroll waves, or intramural or Purkinje network 
reentry. Elucidation of the underlying mechanism is still 
in its experimental phase. It is also possible that VF may 
be the final common endpoint of a heterogeneous group 
of electrical disturbances and it may not be possible to 
identify a single mechanism that adequately accounts for 
all of them [48].

–– Genetically determined abnormalities predisposing to 
polymorphic VT:
•	 LQTS: both congenital and acquired (especially via 

certain drugs [49]) conditions lead to a long QT interval 
due to lengthening of the AP plateau phase. The onset 
of the arrhythmia occurs due to EADs potentiated by 
intracellular calcium accumulation from a prolonged 
AP Plateau [38].

•	 Brugada syndrome: genetic mutations resulting in 
diminished inward sodium current in the epicardium 
of the right ventricular outflow tract cause this syn-
drome. Because of the ionic alteration, the outward 
potassium current is unopposed at some epicardial 
sites, which gives rise to epicardial dispersion of repo-
larization that creates a vulnerable window during 
which a premature impulse can produce a phase 2 
reentrant arrhythmia [35].

•	 Short QT syndrome: genetic abnormalities that cause 
this syndrome lead to decreased repolarization time 
and decrease myocyte refractoriness, thus promoting 
reentrant arrhythmias [50].

•	 Catecholaminergic polymorphic VT: catecholaminergic 
polymorphic VT is due to genetic disorders of channels 
and proteins (ryanodine and calsequestrin) that regu-
late intracellular calcium [17]. The defects cause an 
accumulation of intracellular calcium, which can facili-
tate the TA mediated by DADs. Precipitants include 
exercise or emotional stress as a result of increasing 
intracellular calcium concentration.
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AVRT	 Atrioventricular reentrant tachycardia
CAD	 Coronary artery disease
CHF	 Congestive heart failure
CPVT	 Catecholaminergic polymorphic ventricular 
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DAD/EAD	 Delayed/early afterdepolarization
ECG	 Electrocardiogram
ERP	 Effective refractory period
ICD	 Implantable cardioverter-defibrillator
LQT3	 Long QT 3 (syndrome)
LV	 Left ventricular
LVH	 Left ventricular hypertrophy
SCD	 Sudden cardiac death
TdP	 Torsades de Pointes
VF	 Ventricular fibrillation
VT	 Ventricular tachycardia

Glossary of Abbreviations

INa	 Sodium current
INa-early	 Early sodium current
INa-late	 Late sodium current
INa/K	 Na/K pump current
INa/Ca	 Na/Ca exchanger current
Ito1	 Voltage-activated Ca2+ outward current
Ito2	 Ca2+ activated transient outward current
IKr	� Rapid component of delayed rectifier potassium 

current
IKur	 Ultra-rapid component of delayed rectifier current
IKs	 Slow component of delayed rectifier current
IK1	 Inward rectifier potassium current

�Introduction

For several decades, sodium channel blockers, the so-called 
“class I antiarrhythmic drugs (AADs)”, have been the frontline 
of antiarrhythmic therapy for the management of a variety of 
cardiac arrhythmias [1, 2]. Among many others, quinidine, pro-
cainamide, and lidocaine have been in use for several decades. 
Progress in understanding the mechanisms of arrhythmias on 
one hand, and understanding the mechanisms of action of 
AADs from the whole heart to the single ion channels on the 
other hand, has improved our management of arrhythmias.
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In this chapter we review the old and new mechanisms of 
sodium channel blockers in their broad spectrum from basic 
to clinical, with focus on the novel indications of theses 
agents. We use “sodium current” and “INa” interchangeably.

There have been several classifications of AADs, based on 
their direct effect on normal and abnormal cardiac electrical 
systems as well as different arrhythmia mechanisms. Although 
each AAD has its own distinct characteristics, classifications 
are generally appealing for clinicians and teaching purposes.

�Vaughan Williams

The Vaughan Williams classification has been used widely for 
several decades and is based on the effect(s) of AADs or 
groups of agents on action potential duration (APD) and 
respective ionic channels [3–5].

Class I AADs constitute agents that exclusively or pre-
dominantly block the fast sodium current, although many of 
them may exhibit other ion channel blocking effects such as 
quinidine’s effect on K+ channels. Table  2.1 illustrates the 
modified Vaughan Williams classification.

�Sicilian Gambit

This classification is based on individual agents, which may 
have multiple effects.

The concept of AAD-specific arrhythmia mechanisms in 
relation to ion channels are well discussed in the Sicilian 
Gambit (Table 2.2) [6].

The electrophysiological effect of AADs may be investi-
gated at several levels:

	1.	 Cell membrane
	2.	 Ion currents and ion channels
	3.	 Gap junctions
	4.	 Receptors
	5.	 Pumps
	6.	 The whole intact-heart

Chapter 2.  Class I Antiarrhythmic Drugs: Na+ Channel…
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Lidocaine

Drug Channels

Na Ca
Fast Med Slow

K M2 P
Na-K

ATPase
LV

funct
Sinus
rate

Extra-
card

PR
Inter

JT
Inter

QRS
widthα βII

Receptors Pumps Clinical Effects ECG Effects

Mexiletine
Tocainide

Moricizine
Procainamide
Disopyramide K

Quinidine
Propafenone

Flecainide
Encainide

Bepridil
Verapamil
Diltiazem

Bretylium
Sotalol

Amiodarone

Alinidine

Nadolol
Propranolol

Atropine

Adenosine

Digoxin

Relative potency of block: Low A = Activated state blocker
I = Inactivated state blocker

HighModerate

= Agonist = Agonist/Antagonist

I

A

A

A

A

A

A

?

?

?

Table 2.2  Sicilian Gambit chart for AADs

This table is based on the mechanisms of antiarrhythmics on ion 
channels and arrhythmia mechanisms. Abbreviations: card cardiac, 
funct function, inter interval. With permission from Circulation 
1991;84:1831–1851 [6]

M. Shenasa et al.



37

�Action Potential

The registration of a sudden movement of sodium ions from 
outside the cell membrane (depolarization), into it (inward cur-
rent), and followed by the slow movement of K+ ions from 
inside the cell membrane (repolarization) to the extracellular 
space (outward current) [7–9]. Fig. 2.1 shows the atrial and ven-
tricular AP with its five phases and respective ion channels.

�The Cardiac Action Potential: Role  
of INa Current

Figure 2.1 shows the typical atrial and ventricular action 
potential duration (APD) as well as the respective ion cur-
rents and genes that control the ion channels. The atrial and 
ventricular myocardial APD as well as Purkinje cells APD 
are somewhat similar and distinctive from those of the sino-
atrial and A-V nodal cells.

Ventricular Atrial

Phase 1 Phase 1

Phase 2

Phase 3

Phase 3

Phase 4 Phase 4

P
ha

se
 0

P
ha

se
 0

100 ms 100 ms Pore-Forming
α-Subunit(s)

SCN5A

CACNA1C

KCND3

KCNA4

KCNA5

KCNN1/2/3
KCNK2/3/?

KCNJ3/5

KCNJ8/11

KCNJ2/4/12

KCNH2

KCNQ1

INa

ICa,L

Ito,f

Ito,s

IKr

IKs

IKur

ISK

Iss

IK(Ach)

IKI

IKATP

Figure 2.1  Illustrates atrial and ventricular AP and its respective 
ion channels involving different phases of APD and respective 
genes. With permission from Card Electrophysiol Clin 8 (2016) 
257–273 [8]
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The sinoatrial node has a fast phase 4 that produces spon-
taneous depolarization. The depolarizing current of the sino-
atrial and A-V node is Ca2+ current and L-type Ca2+ (ICa) 
channel are discussed elsewhere in this book. Likewise, potas-
sium ions and channels are discussed in another section.

Sodium channels are present in sinoatrial node, but for the 
most part, are inactivated under physiological (normal) 
conditions.

�Ion Channels

Channels are segments of the cell membrane that allow 
movement of ions across the cell membrane whether active 
or passive.

Ion channels are from a group of complex glycoproteins 
that make pores and permit the transport of cardiac ions, i.e. 
sodium, potassium, calcium, and chloride across the cell 
membrane (either inward or outward the cell). This transport 
takes place when the channel changes from a “closed state” 
to an “open state”. Opening and closing ion channels are gov-
erned by voltage and voltage-operated gates, simplified as 
“voltage-gated” [10]. Diffusion through these protein chan-
nels is called “gating” [11]. These channels have two impor-
tant features:

	1.	 Selective permeability to certain molecules and ions such 
as selective Na+ channel and selective K+ channels.

	2.	 Many channels can be opened (open state) or closed 
(closed state) under certain conditions such as chemical or 
electrical charges, concentrations, etc. [12]

The anatomy and function of these ion channels deter-
mine the cardiac APD [13]. The ion transport therefore 
depends on several factors such as the electrical and concen-
tration gradient of a specific ion across the membrane or 
other triggers.

These channels further operate at different states such as 
active transport, inactive transport, open state, and closed 
state [11, 14].

M. Shenasa et al.
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�Cardiac Sodium Current (INa) and Channel

Voltage-gated sodium channels made of transmembrane pro-
teins that allow the sodium ion current to travel through these 
channels are responsible for the rapid upstroke (phase 0) of 
the cardiac AP (depolarization). Sodium current is an inward 
current and is the major current that is present in atria, myo-
cardial, and Purkinje cells and is responsible for depolariza-
tion, i.e. phase zero of AP (Fig.  2.1). Therefore, the sodium 
current is responsible for the rapid impulse conduction 
through atrial, His-Purkinje system, and ventricular myocar-
dium. The sodium channel and current is controlled with mul-
tiple genes; however, the most dominant one is 
SCN5A. Therefore, the sodium channels are the main molecu-
lar substrate that are involved in both inherited and acquired 
disorders of channelopathies. The sodium current in the atria, 
ventricular, myocardial, and Purkinje cells are voltage depen-
dent activated channels at −75–90 mV [14]. The main voltage-
gated sodium channel that is expressed in human cardiac 
myocytes is Nav 1.5, which is encoded by the SCN5A gene 
[15–19]. Transport of INa through the channels is determined 
by α-subunits (i.e. proteins that make the channel). The 
α-subunits are comprised of four serially linked homologous 
domains, which make the ion channels pure (Fig. 2.2) [20, 21]. 
These proteins are encoded and regulated by several genes, 
the most dominant one being SCN5A.  The cardiac sodium 
channel gene (SCN5A) resides on the short arm of chromo-
some 3 (3P21) [20]. The most common subunit that controls 
the sodium current is α-subunit that consists of four homoge-
nous domains as shown in Fig. 2.2 [7, 20, 22]. At the same time, 
there exist pathways under regulation of ion channel expres-
sion, i.e. up or down regulation of certain genes [23, 24].

Most of the sodium current transport occurs early during 
phase zero (phase 0) of AP (INa-early or INa fast). There remains 
a small amount of INa that causes the channel to remain open 
during phase 2 and 3 of AP called Late INa, INa-late or INa slow. 
Although INa-late has little contribution under normal (healthy) 
conditions, it plays an important role under pathological (dis-
eased) conditions (see section under INa-late current) [25, 26].
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Sodium channels open fast in response to the onset of 
depolarization phase 0. When the voltage reaches −70 to 
−60 mV (the threshold of activation), the sodium ions move 
very rapidly into the cells. At the same time, depolarization 
triggers fast inactivation and sodium channels close.

�The Biology of Cardiac Sodium Channels

	1.	 Biophysical properties of the voltage-gated sodium cur-
rents [27].

	2.	 Biochemical (proteins that make the channel): The effects 
of different classes of AADs have been investigated using 
the patch clamp (single channel) technique over the past 
two decades or more on the Na+ channels and its modula-
tors [28]. Channel proteins and their genetic structures 
have diverse properties that are divided into two main 
subunits.

P segment

NH2 Voltage
sensor

IFM

COOH

DI DII DIII DIV

E1053K

1795insD

A1924T

SCN5A Gene

LQT3
Brugada Syndrome
Conduction Disease
Overlapping Syndromes
Brugada and LQT3
Brugada and LQT3 and Conduction Disease

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

Figure 2.2  Illustrates the four domains of the sodium channel and 
SCN5A gene that are involved in various mutations and syndromes. 
Modified from: Hund T, Mohler PJ.  Biophysics of Normal and 
Abnormal Cardiac Sodium Channel Function. In: Cardiac 
Electrophysiology: From Cell to Bedside (2014) Elsevier, 
Philadelphia, USA. With permission [20]
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	(a)	 Alpha (α) subunits: The α-subunit is a dominant one and 
determines the formation of ion pores and is sufficient 
to produce a normally functional sodium channel.

So far, nine sodium channel protein structures that 
make the α-subunits have been identified; Na V1.1 to 
Na V1.9 [29–31]. Relevant to cardiac sodium channels 
are Nav I.5 and its gene SCN5A that is involved in 
some of the cardiac channelopathies and related syn-
dromes such as Brugada syndrome, Long QT 3 (LQT3) 
syndrome, idiopathic VF, and J-wave syndrome that 
are discussed later in this chapter (Fig. 2.3).

�Voltage-Gated Sodium Channels

•	 Use-dependence Effect of Sodium Blocking Agents: Most 
sodium channel blocking agents affect membrane excit-
ability and conduction velocity in a use-dependent 
fashion.

Channelopathy Syndromes Related to the SCN5A Gene Mutation

Gain of Function Loss of Function

Overlapping Syndromes

•   Familial AF
•   LQT3
•   Drug-induced LQTS
•   MEPPC
•   SIDS
•   Still birth
•   Idiopathic VF/early
    repolarization
•   Arrhythmic storm
    syndrome during
    acute MI

•   Familial AF
•   SUNDS
•   Brugada syndrome
•   Sick sinus syndrome
•   Progressive cardiac
    conduction disease
•   DCM

•    Brugada syndrome
•    LQT 3
•    Progressive cardiac
     conduction disease

SCN5A

Figure 2.3  Shows the SCN5A mutations related to different chan-
nelopathy syndromes. Abbreviations: AF atrial fibrillation, DCM 
dilated cardiomyopathy, LQTS long QT syndrome, MEPPC multi-
focal ectopic Purkinje-related premature contractions, MI myocar-
dial infarction, SIDS sudden infant death syndrome, SUNDS sudden 
unexplained nocturnal death syndrome
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•	 Frequency Dependence: Most class I AADs demonstrate 
frequency-dependence, i.e. the effect is more pronounced 
at higher rates. However, there exists some differences 
between the three classes of sodium channel blockers in 
their frequency-response effect [32].

•	 Effect of Sodium Blocking Agents: Characterized by 
increase in refractoriness of the cardiac tissue at fast rates 
for sodium channel blockers (class I), whereas slower 
heart rates (lower frequency rates) are mostly observed in 
class III agents such as Sotalol [33].

�Late Na+ Current

The sodium current is composed of two components:

	1.	 Peak or early sodium current (INa-early) occurs during the 
phase zero of AP and is a rapid inward current that takes 
approximately 1–2 msec.

	2.	 The late sodium current (INa-late) takes place in phase 2 and 
early phase 3 of AP and lasts approximately 100–300 msec. 
An increase in the INa-late prolongs APD, and blockade of the 
INa-late shortens APD. Most INa blockers exhibit both early and 
late INa blocking effects, however, at different magnitudes. 
Ranolazine, a late sodium channel blocker, exhibits 5–9 times 
higher late than early Na+ blocking effects. INa-late channel 
blockers dissociate from the channel faster than INa-early, and is 
probably why they exhibit less proarrhythmic effect com-
pared to INa-early blockers [25, 34, 35].

�General Electrophysiological 
and Electropharmacological Effects of Na+ 
Channel Blockers

	1.	 All class I agents have direct membrane effects and exhibit 
local anesthetic effects.

	2.	 Slowing of rapid phase zero APD results in decrease in 
excitability.
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	3.	 Prolongation of conduction velocity (slowing conduction 
time).

	4.	 Sodium channel blockers suppress both voltage-dependent 
and time-dependent recovery of excitability. Effects of 
these agents on voltage-dependent properties (kinetics) 
are more pronounced in ischemic tissue than normal 
tissue.

	5.	 Suppression of time-dependent property by Na-channel 
blockers prolongs tissue refractoriness, and if such effect 
sustains longer than the repolarization phase it will cause 
post-repolarization refractoriness.

	6.	 In cardiac fibers that demonstrate spontaneous automatic-
ity, the sodium channel blockers exhibit increased slowing 
of the spontaneous diastolic depolarization [36, 37].

	7.	 Sodium channel blockers can suppress excitability and 
prolong conduction and refractoriness. Therefore, may be 
effective on a variety of arrhythmias with diverse mecha-
nisms and substrates.

	8.	 Sodium ion channel blockers also eliminate the triggers, 
such as PAC and PVCs. It is also important to realize, as it 
was shown in the CAST trial, that elimination of triggers 
such as PVCs do not always translate to elimination of 
mechanisms of arrhythmias nor substrate modifications; 
risk predictors are not always the same as efficacy predic-
tors. Thus, CAST showed failure of PVC elimination to 
improve outcome.

Effect of Na+ channel blockers on electrocardiographic and 
intracardiac intervals (Table 2.3).

�Class Ia AAD: Quinidine, Procainamide, 
Disopyramide, and Ajmaline

As discussed earlier, according to the Vaughan Williams clas-
sification, Class I AADs are subdivided into three classes: Ia, 
Ib and Ic based on their effect on APD (Table 2.1). Class Ia 
agents mainly affect the phase 0 of APD and thus prolong 
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conduction time, and also prolong repolarization to some 
degree. The prototypes of this class are quinidine, procain-
amide, and disopyramide.

�Quinidine

•	 Effects of quinidine on the ECG (Table 2.3).
•	 Electrophysiologic and antiarrhythmic properties of quini-

dine (Table 2.4). Pharmacokinetic properties of quinidine 
(Table 2.5) [38].

•	 Drug interactions (Table 2.6).
•	 Novel indications of sodium channel blockers of quini-

dine: Recent reports suggest that low dose quinidine 
(<600  mg/day) was effective in preventing ventricular 
arrhythmia recurrences and storm in patients with 
Brugada syndrome [39–43]. Mizusawa, et al. reported on 
the effects of low-dose quinidine in VT in patient with 
Brugada syndrome [44]. High dose quinidine (≥ 1 g/day; 
needed to block the transient rapid outward potassium 
current (Ito)) was also found to be effective in ventricular 
tachyarrhythmias and VT storm in patients with Brugada 
syndrome [39, 45–47]. This effect is only tested in a lim-
ited number of patients with Brugada syndrome who 
have implantable cardioverter-defibrillators (ICDs) [39, 
45, 48–50].

Belhassen, et al. reported that quinidine was effective in 
preventing induction of VF in 22/25 (88%) patients with 
Brugada syndrome [48].

The mechanisms of quinidine’s efficacy in patients with 
Brugada syndrome and ventricular tachyarrhythmias are 
believed (in part) to be due to blockade of rapid inward 
INa. Quinidine, besides its direct effect on INa channel 
blocker, also exhibits Ito inhibition [44].

Interestingly, quinidine selectively blocks Ito current 
more in the epicardial than endocardial region of the right 
ventricle. This may explain, in part, its efficacy against ven-
tricular arrhythmias in Brugada syndrome [40, 51, 52].
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Quinidine is also effective in patients with short QT 
(SQT) syndrome by prolonging the QT interval and pre-
venting ventricular arrhythmias [53–55]. The SQT interval 
is due to the gain of function in IKr and is related to the 
mutation in the HERG gene. The SQT syndrome is often 
seen in combination with familial AF; therefore, quinidine 
is effective for both conditions. In these cases, quinidine 
normalizes the QT interval and renders VF as non-induc-
ible [54]. Similarly, quinidine has been shown to be effec-
tive in patients with J-wave/early repolarization syndrome 
[56–59]. Procainamide, propafenone, flecainide, and diso-
pyramide may induce or unmask ST segment elevation in 
patients with concealed J-wave syndrome [60–62].

•	 Adverse effects of quinidine:

–– Cardiac: Quinidine has long been known to prolong QT 
interval and thus induces TdP known as quinidine syn-
cope (1–3%). The mechanism of quinidine-induced TdP 
is assumed to be due to EAD [63, 64]. The QT prolonga-
tion effect of quinidine is more effective at slower heart 
rates (bradycardia-dependent).

�Procainamide

•	 Effects of procainamide on the ECG (Table 2.3).
•	 Electrophysiogical properties of procainamide (Table 2.4).
•	 Phamacokinetic properties of procainamide (Table 2.5).
•	 Oral dosing (Table 2.5): Due to the short half-life of pro-

cainamide, multiple dosages per 24 h are required. Thus, a 
total dose of 1000–4000 mg per day may be administered. 
Long acting (slow release of procainamide) is also avail-
able and may be administered at twice a day intervals.

•	 Novel indications of procainamide to unmask “concealed” 
Brugada ECG patterns in patients suspected of Brugada 
Syndrome: In Europe, IV ajmaline is used to unmasked 
concealed or suspected Brugada syndrome (1 mg/kg) [65], 
whereas in the United States, IV procainamide is used for 
this purpose [61, 66–68].

M. Shenasa et al.
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�Disopyramide

•	 Effects of disopyramide on the ECG (Table 2.3).
•	 Electrophysiogical properties of disopyramide (Table 2.4).
•	 Phamacokinetic properties and dosage of Disopyramide 

(Table 2.5).
•	 Drug interactions (Table 2.6).
•	 Indication: Disopyramide is effective against atrial and ven-

tricular arrhythmias as well as effective in patients with 
paroxysmal and persistent AF.  It is also effective against 
sinus node reentry tachycardia, atrial flutter, atrial tachycar-
dia, AVNRT, and AVRT. Intravenous disopyramide is effec-
tive in controlling AF in patients with Wolff-Parkinson-White 
Syndrome [69]. Disopyramide has been used in the past to 
control a variety of ventricular arrhythmias such as PVCs, 
couplets, non-sustained and sustained VT; however, it has 
been less frequently used in recent years. Effects of diso-
pyramide in post-infarction phase have been investigated 
and showed that although disopyramide reduced ventricu-
lar extrasystoles, it did not show a significant decrease in VT 
and VF or a reduction in cardiac mortality [70]

•	 Use of disopyramide in patients with HCM and AF: 
Disopyramide, due to its negative inotropic effect as well as 
ventricular relaxation property, is effective in reducing the 
LV outflow tract gradually. As AF is the most common 
arrhythmia in patients with HCM, disopyramide is also 
effective in controlling AF in these patients (300–600 mg 
daily; others have used 250–750  mg daily [71]) [72]. 
However, due to its significant cardiac and non-cardiac side 
effects, long-term use is limited. Sherrid et al., reported on 
a multicenter study of efficacy and safety of disopyramide 
in obstructive HCM and reported in this large cohort (118 
patients) that disopyramide appeared effective in reducing 
the symptoms in 78 (66%) of the patients. In the remaining 
40 (34%) patients, disopyramide did not adequately reduce 
their symptoms [73]. Several reports suggest the use of 
disopyramide for controlling AF in patients with 
HCM. However, due to its vagolytic effect, disopyramide 
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may increase the ventricular rate in these patients. 
Therefore, it should be used concomitantly with A-V nodal 
slowing agents such as beta-blockers or calcium antago-
nists. Interestingly, disopyramide did not increase the risk 
of proarrhythmia in these patients [73]. Needless to say, the 
QT/QTc interval should be monitored during disopyra-
mide therapy in these patients [74]. In summary, disopyra-
mide is effective in selected patients with HCM; however, 
due to its potential proarrhythmic and torsadogenic effect, 
careful monitoring is recommended and should generally 
be used after a beta-blocker trial before considering surgi-
cal or alcohol septal ablation [73, 75].

According to the most recently published guidelines, due 
to disopyramides vagolytic property, should be used in com-
bination with an A-V nodal blocking agent to avoid rapid 
ventricular response [74].

�Ajmaline

Ajmaline is a derivative of the Rauwolfia plant and is not 
approved in the United States

•	 Electrophysiogical properties of ajmaline (Table 2.4).
•	 Phamacokinetic properties and dosage of ajmaline 

(Table 2.5).
•	 Novel Indications of Ajmaline: Aside from its usual indica-

tion for acute termination of supraventricular or ventricu-
lar arrhythmias, ajmaline is used for diagnostic purposes of:

	1.	 Blocking the accessory pathway in patients with Wolff-
Parkinson-White syndrome [76–78]

	2.	 Unmasking the Brugada ECG signs in individuals sus-
pected of this syndrome [79].

	3.	 Unmasking the latent His-Purkinje system disease.

•	 Life-threatening ventricular arrhythmias have been 
reported during ajmaline tests in patients with Brugada 
syndrome. The incidence is about 1.8% of patients in a 
large cohort [80, 81]
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�Class Ib AAD: Lidocaine, Mexiletine

�Lidocaine

•	 Effects of lidocaine on the ECG (Table 2.3).
•	 Electrophysiologic and antiarrhythmic properties of lido-

caine (Table 2.4).
•	 Pharmacokinetic properties of lidocaine (Table 2.5).
•	 Drug interactions (Table 2.6).

�Mexiletine

•	 Effects of mexiletine on the ECG (Table 2.3).
•	 Electrophysiologic and antiarrhythmic properties of mexi-

letine (Table 2.4). Pharmacokinetic properties of mexiletine 
(Table 2.5).

•	 Drug interactions (Table 2.6).
•	 Novel indication of mexiletine: Since mexiletine does 

not prolong repolarization, it has been used safely in 
patients with LQT syndrome; specifically LQT3  in 
which the SCN5A gene involved that controls the INa+ 
current [82–84]. Indeed, mexiletine shortens the QT and 
QTc interval and therefore reduces indices of malignant 
arrhythmic events in patients with LQT syndrome. 
Torsadogenic effects of mexiletine are rare. Another 
interesting finding is the blockade of mexiletine of the 
INa-late and its potential use in patients with Timothy syn-
drome [85].

�Class Ic AAD: Propafenone and Flecainide

�Propafenone (Table 2.1)

•	 Effects of propafenone on the ECG (Table 2.3).
•	 Electrophysiologic and antiarrhythmic properties  

of propafenone (Table 2.4) [43].
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•	 Pharmacokinetic properties of propafenone (Table 2.5).
•	 Drug interactions (Table 2.6).
•	 Efficacy of propafenone in patients with AF: Propafenone’s 

use-dependent property makes it effective against AF and 
atrial flutter [86, 87]. The recommended dose of propafe-
none for AF is 150–300 mg three times daily. The average 
efficacy at 1 year is 40–75% [88]. Propafenone is currently 
approved for use in patients with paroxysmal and persis-
tent AF [63].

Propafenone prolongs anterograde and retrograde A-V 
nodal conduction. Thus, this makes it effective in the pre-
vention and termination of arrhythmias that are A-V 
node-dependent, i.e. AVNRT and AVRT.  Propafenone 
also reduces excitability, spontaneous automaticity, and 
triggered activity. It also has mild IKr blocking effect as 
well as a weak beta-blocker effect; however, it is higher 
than flecainide. Propafenone also prolongs and blocks 
both anterograde and retrograde conduction of the acces-
sory pathways; thus it is effective against patients with 
recurrent AVRT [89, 90].

•	 Efficacy of propafenone in patients with ventricular arrhyth-
mias: Propafenone prolongs ventricular conduction time 
at a greater degree than refractoriness. This imbalance may 
be the mechanism of propafenones proarrhythmia that 
facilitates (promotes) ventricular tachyarrhythmias [89, 
90]. Propafenone is effective in reducing PVCs, couplets, 
and non-sustained VT. Efficacy for sustained VT in chronic 
phase of MI is based on electrophysiological testing and is 
moderate, i.e. 40%.

•	 Proarrhythmic effects of propafenone: Like flecainide and 
other class Ic agents, propafenone poses significant ven-
tricular proarrhythmias, especially in patients with CAD, 
ischemia, presence of myocardial scar, reduced LV sys-
tolic function, as well as LVH. Propafenone may increase 
ventricular response in patients with atrial flutter. This 
effect is due to propafenone slowing atrial flutter rate 
and thus allowing more flutter wave conduction to the 
ventricle [91, 92].
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�Flecainide

•	 Effects of flecainide on the ECG (Table 2.3).
•	 Electrophysiologic and antiarrhythmic properties of fle-

cainide (Table 2.4) [43].
•	 Pharmacokinetic properties of flecainide (Table 2.5).
•	 Drug interactions (Table 2.6) [93, 94].
•	 Dosage (Table 2.7).
•	 Indication: Flecainide is effective in reducing PVCs, ven-

tricular couples, and non-sustained VT. Initial experience 
found flecainide effective against sustained monomorphic 
VT based on Holter and electrophysiological testing; how-
ever, due to its proarrhythmic effect, it is less used (see 
guidelines) [95]. No data supports the reduction of sudden 
cardiac death (SCD) with flecainide or propafenone. 
Flecainide for sustained monomorphic VT in patients with 
CAD based on electrophysiological studies and program 
stimulation is not very effective: the VT often remains 
inducible (Fig. 2.4).

•	 Ventricular arrhythmias: Flecainide is effective in reducing 
PVCs, non-sustained, and sustained VT; however, it carries 
the risk of proarrhythmias. Conceptually, any agent that 
prolongs conduction time changes the balance between 
conduction time and refractoriness and hence may cause 
increased likelihood of facilitating reentry. This was well 
documented in the case of propafenone, and is similar to 
flecainide [89, 90]. Fig. 2.4 shows exercise induced VT in a 
patient with CAD (see Fig.  2.4 legend for explanation). 
Indication for the use of flecainide in patients with VT is 
summarized in Table 2.7 from the 2015 ESC Guidelines.

Almost all class I AADs effects are reversible with iso-
proterenol [96].

•	 Novel indication of flecainide: Interesting data is emerg-
ing on the use and effectiveness of flecainide in patients 
with catecholaminergic polymorphic ventricular tachy-
cardia (CPVT) [97–104]. Although the treatment of 
choice for patients with CPVT is beta-blockers and 
ICDs, only one study has reported flecainide-inhibited 
ryanodine receptor-mediated calcium release in two 
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patients with CPVT [105]. Van der Werf, et al. reported 
that flecainide, with a median dose of 150 mg daily, pre-
vented exercise-induced ventricular arrhythmias in 2/3 
(76%) of the patients with CPVT [100].

Flecainide may be used to unmask SCN5A related 
Brugada syndrome [106]. In a cohort of 22 patients, 
Wolpert, et  al. reported on the intravenous use of fle-
cainide and ajmaline on unmasking Brugada syndrome 
[107]. Flecainide unmasked 15 of the 22 patients and ajma-
line unmasked 100%. Some reports suggest that flecainide 
may be useful in LQT-related SCN5A mutations. 
Interestingly, it was found that flecainide normalized the 
ventricular repolarization [108]. Recent reports suggested 
that flecainide alone or in combination with digoxin, was 
highly effective in converting fetal SVT to sinus rhythm 
[109–113]. The dosage administered was 100  mg 4 times 
daily for the first 2–3 days and then changed to 300 mg/d. 
The median time to conversion was 3 days (1–7 days).

Figure 2.4  Exercise-induced VT in a patient with CAD on 300 mg 
of flecainide. (a) Baseline sinus rhythm with a narrow QRS mor-
phology. (b) Sinus rhythm with a wider QRS duration under fle-
cainide. (c) Progressive prolongation of the QRS duration and 
initiation of sustained monomorphic VT during exercise testing
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•	 Proarrhythmic effect of flecainide:

As flecainide exhibits negligible effect on anterograde 
A-V nodal conduction, when used in patients with atrial 
flutter, the drugs prolong atrial flutter cycle length [114] 
and allow a faster conduction via A-V node with 1:1 and 
2:1 A-V conduction causing rapid ventricular response; 
therefore, flecainide should be used concomitantly with 
slow A-V nodal conduction agents like calcium antago-
nists or beta blockers [115]. Ventricular proarrhythmic 
effects of flecainide include sustained monomorphic VT, 
TdP, and incessant VT. Also, flecainide induces QRS pro-
longation during exercise and exercise-induced VT as 
shown in Fig.  2.4. An increase in the QRS duration by 
15–20% is a recognized pharmacologic effect of fle-
cainide; however, several cases have reported that as the 
QRS duration gets longer during exercise, sustained VT 
emerges, i.e. exercise-induced VT during flecainide ther-
apy [116]. There is an exception that flecainide is effective 
in patients with CPVT and exercise-induced arrhythmias. 
Overall, the use of flecainide worldwide is still low. The 
Euro-Heart survey on AF shows that 17% and 13% of 
patients with paroxysmal and persistent AF respectively 
have been treated with class Ic AAD (flecainide and 
propafenone) [117].

Contraindications of both propafenone and flecainide 
include CAD with and without myocardial ischemia, LV 
systolic dysfunction, and significant evidence of A-V con-
duction system disease.

�Other Drug and Substance Interactions

Grapefruit interacts with many cardiovascular and AADs 
namely quinidine, disopyramide, and propafenone. Since 
grapefruit decreases the activity of CYP3A4, any pharmaco-
logical agent that metabolizes through this enzyme may cause 
the blood levels of the drug to rise, resulting in the risk of 
adverse events [118–121]. For further detail of other sub-
stances, see Table 2.6 [122].
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�Selective Sodium Channel Blockers

The concept of ion-channel selective agents has emerged 
as an interesting and appealing notion in avoiding global 
cardiac effect, potential arrhythmogenesis, and proarrhyth-
mic effects [123, 124]. There exists evidence that atrial 
channel selectivity is expressed in the atria [125]. Among 
the selective INa channel blockers are vernakalant and 
ranolazine. Both have significant atrial-selective blocking 
properties, which are effective against atrial arrhythmias, 
specifically AF and atrial flutter. Both agents also demon-
strate sodium channel blocking effects in experimental 
models of pulmonary veins [126, 127].

Sodium channels are highly selective for sodium ions to 
travel across the cell membrane in a voltage-dependent man-
ner [128]. The sodium channel selectivity is significantly 
higher than the potassium channel selectivity [129]. There are 
several factors that influence their selectivity such as voltage, 
pH, and other modulators and modifiers.

In general, sodium channel blockers have high binding 
affinity to the early (INa-early) phase than late (INa-late) phase. 
Ranolazine predominantly blocks the INa-late phase and thus 
has less proarrhythmic effect. Also, late sodium currents 
exhibit a rapid unbinding to the sodium channel as compared 
to early sodium current [130]. Interestingly, recent data dem-
onstrates that permanent AF increases the number of late 
Na+ currents in the atria; thus, it is conceivable that ranola-
zine, a late sodium current blocker, is effective in patients 
with AF [125, 131–134].

Sodium channel blocking agents have a direct frequency-
dependent effect; therefore, their efficacy will be increased 
during high-rate arrhythmias such as AF.  Furthermore, 
sodium channels demonstrate higher affinity to AADs in 
their activated/inactivated states compared to their closed 
state. Late sodium channel blockers (INa-late) dissociate 
faster from ion channels than early sodium channel block-
ers (INa-early). This may, in part, explain lower proarrhythmic 
effect of these agents [128].
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The limitations of selective ion-channel blockers are as 
follows:

	1.	 At higher concentrations, they lose selectivity properties. 
This selectivity may work in normal tissue; however, 
remodeled tissue may be different.

	2.	 Some agents like ranolazine exhibit differential effect on 
the INa channels of the atria as compared to the ventricle.

	3.	 They still carry the risk of proarrhythmias
	4.	 Studies on selective ion-channel blockers are done on 

healthy tissue preparations in the absence of autonomic, 
hemodynamic, and structural changes.

Interestingly, both amiodarone and ranolazine are multi-
channel blockers; however, they exert an atrial selective 
sodium channel blocking effect [125, 135–137].

�Genetics of Sodium Channel Dysfunction 
and Blockers

�Molecular Genetics of Arrhythmias 
and Channelopathies Related to Sodium  
Channel Blockers and their Mutations

It is quite important to briefly discuss this topic, as more evi-
dence is emerging on the relation of sodium channels and 
channelopathies to many genetic syndromes related to 
sodium channels. These concepts are well discussed in the fol-
lowing references [92, 138–143].

As discussed earlier, it is now well established that ion 
channels operate under genetic control and that certain genes 
encode proteins for healthy sodium channel function. The site 
of each gene on chromosomes is called the locus, and when 
genetic information on the DNA sequence is translated to the 
respective protein(s) via a transcript code with mRNA, it is 
then passed through the next generation (from the parent). 
Many of these genes are gender specific and may be dominant 
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or recessive (Mendelian pattern). Several factors affect and 
determine these mutations including environmental (i.e. radi-
ation, drugs, and chemicals) or other unknown factors. Any 
errors or modification in their process may cause abnormal 
mutations, which may lead to the development of specific dis-
eases. Some mutations in the sodium channels are related to 
Brugada Syndrome, LQT3 Syndrome, dilated cardiomyopa-
thy, AF, and sick sinus syndrome [21, 91, 144].

�Sodium Channel Mutations and Related 
Channelopathies

The term channelopathies refers to a group of genetic abnor-
malities and mutations of ion channels that produce cardiac 
arrhythmias [145–147]. The most common is the SCN5A 
mutation related to sodium channels that produce the 
arrhythmia syndromes listed below and are listed in Table 2.8 
and Fig. 2.3 [149, 153].

These genetic mutations may cause either loss [154] or 
gain of function or both [17] (Fig. 2.3).

Loss of Function
	1.	 Brugada syndrome [154–156]
	2.	 Sudden unexplained nocturnal death syndrome [157]
	3.	 Familial AF.
	4.	 Atrial standstill.
	5.	 Sick sinus syndrome [158]
	6.	 Cardiac conduction disease.
	7.	 Progressive cardiac conduction disease [154, 159–162]
	8.	 Congenital A-V block.
	9.	 Dilated cardiomyopathy [163–166]: 16 mutations have 

been reported.

Gain of Function
	1.	 LQT3 syndrome.
	2.	 Drug-induced LQTs.
	3.	 Familial AF.
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	4.	 Multifocal ectopic Purkinje-related premature contrac-
tions [167]

	5.	 Sudden infant death syndrome [24]
	6.	 Stillbirth.
	7.	 Idiopathic VF/early repolarization [150, 168]
	8.	 Arrhythmic storm syndrome during acute myocardial 

infarction [169]

�Sodium Ion Channelopathies and Related 
Syndromes (Table 2.8 and Fig. 2.3)

Most of these syndromes are related to the SCN5A gene 
mutation. These are divided into two categories, loss of func-
tion, and gain of function [170]. Furthermore, there are a few 
syndromes that have common genetic mutations such as 
LQT3 syndrome, Brugada syndrome, and progressive cardiac 
conduction defect [141, 160, 171–174]. Laurent G, et  al. 
recently reported a new SCN5A-related cardiac channelopa-
thy that presents as multifocal ectopic Purkinje-related pre-
mature contractions [167].

Progressive Cardiac Conduction Disease Syndrome: This 
syndrome is due to the mutation of SCN5A gene of the NaV 
1.5 channel. It is an inherited arrhythmia disorder and is due 
to loss of function [175]. Recent studies suggest that autoim-
mune response may express the sodium channel Nav 1.5 and 
produce AV block [176, 177]. So far, 11 forms of mutations 
have been described. This syndrome overlaps with other 
sodium channelopathies such as Brugada syndrome, LQT3, 
and DCM (Fig. 2.3) [160, 178, 179].

Genetic Forms of AF: There is now compelling evidence 
that a genetic form of AF exists, [180] either as a standalone 
or part of a broader spectrum of other genetic arrhythmia 
syndromes such as Brugada syndrome, LQT syndrome, and 
SQT syndrome [181–185]. Several genes and their mutations 
are associated with genetic forms of AF such as mutations in 
sodium channels related to SCN5A, SCN1B-2B and many 
others [149, 186–188].
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Aside from ventricular tachyarrhythmias and SCD, AF is 
the most common arrhythmia associated with Brugada syn-
drome [189]. The incidence varies from 20–50% according to 
different geographical regions [190]. Besides Brugada syn-
dromes, AF may also exist in other cardiac channelopathies 
such as LQT, SQT and CPVT [191].

LQT3 syndrome: LQT3 syndrome is due to an increased 
function in the late sodium current that prolongs APD [192]. 
The gene responsible in LQT3 syndrome is related to SCN5A 
mutation and is either autosomal dominant or a recessive 
inheritance pattern [179, 193]. Therefore, LQT3-related 
arrhythmia blockade of the late sodium current by ranolazine 
is effective against arrhythmias related to LQT3 [194]. 
Ranolazine, by decreasing INa-late, shortens APD and abolishes 
arrhythmias related to LQT3 [194].

Other genetic-related sodium channel arrhythmias are 
summarized in Table 2.8.

Management of cardiac sodium channelopathies includes 
[195]:

	1.	 Risk stratification of patients and their relatives. This 
depends on the severity of the symptoms, phenotypes 
(ECG findings), and genotypes, i.e. identifying genetic pro-
file and mutations.

	2.	 Pharmacological therapy such as beta-blockers, quinidine, 
ranolazine, and flecainide (see section on novel indication 
of class I agents).

	3.	 ICDs in high-risk patients.
	4.	 Surgical left cardiac sympathetic denervation [196, 197].

�AAD Drug-Induced Arrhythmias: 
Proarrhythmia, Arrhythmogenesis,  
or Arrhythmia Aggravation

Proarrhythmia (Latin) or arrhythmogenesis (Greek) is 
defined as aggravation of an existing arrhythmia or develop-
ment of new arrhythmias that were not present before ther-
apy due to a pharmacological agent (cardiac or non-cardiac) 

M. Shenasa et al.



69

or a non-pharmacological intervention [198]. Proarrhythmia 
has been far recognized [199]; however, this effect has 
become more obvious since the CAST and other respective 
trials [200]. In general, cardiac tissue is anisotropic (non-
uniform), particularly in myocardial disease, ischemia, and 
infarction, which increases anisotropic conduction. The most 
common form and serious proarrhythmia is TdP due to QT 
prolongation [201]. In general, TdP is usually initiated with a 
long-short RR interval sequence [202]. AADs exacerbate the 
occurrence of serious VT in this setting [203]. An important 
complication of pharmacological agents, whether cardiac or 
non-cardiac, is their torsadogenic effect. The mechanisms of 
drug-induced TdP remain controversial. Most studies suggest 
that ventricular arrhythmias due to TdP are related to EAD-
triggered activity, and it may change to reentrant mechanisms. 
Multiple factors play a role including genetics, gender, and 
other mechanisms. Focal or reentry mechanisms are contem-
plated. It is most likely that both are operational [204, 205].

Virtually all class I agents have the risk of proarrhythmia 
and TdP. The incidence varies significantly depending on the 
method that is used for evaluation of proarrhythmia, i.e. inva-
sive vs non-invasive methods and interplay of AADs with 
arrhythmia substrate (Figs. 2.5 and 2.6).

Class Ia and Ic AADs are among the pharmacological 
agents that have a high risk of drug-induced TdP (disopyra-
mide, procainamide, quinidine, propafenone, flecainide). 
Drug-induced LQT Syndrome is also considered an acquired 
form of LQT Syndrome [206]. Genetic predisposition is an 
important factor that promotes drug-induced QT prolonga-
tion [207, 208]. A comprehensive review of this subject is 
published by Camm, et al. [209]

Ventricular proarrhythmic effect of class I agents includes 
increasing the ventricular response in patients with AF and 
flutter as well as sustained monomorphic VT, incessant VT, 
polymorphic VT, VF, TdP, and others.

A recent report has been published by Riad et al. on drug-
induced QT prolongation. Patients were divided into four 
risk profiles: no risk, conditional risk, possible risk and 
known risk [210].
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Polymorphic VT, VF, and TdP

Increased heart rate => alternans
=> multiple rotors 

Ion channel dysfunction (congenital or acquired)

Slowed conduction velocity (CV)
(enhanced IIM and slowed recovery of INa)

Slowed Repolarization
(enhanced late INa, reduced IK)

Disturbed Na and Ca 
homeostasis

CV alternans Repolarization
alternans

Ca alternans 
(SR Ca load and release 

alternans)

Increased 
SR Ca leak

Spatiotemporal differences in 
CV and APD

Unidirectional block

Reentry

Monomorphic VT

APD prolongation
(with Ica reactivation)

EADs DADs

Ectopic activity

Figure 2.5  Interplay of different ion channel dysfunctions related to 
channelopathies, ventricular arrhythmias and SCD. With permission 
from Wagner S, et al. Circ Res 2015;116:1956–1970 [15]. Abbreviations: 
APD action potential duration, Ca alternans Calcium alternans, 
DADs delayed afterdepolaizations, EADs early afterdepolariza-
tions, SR sinus rhythm, TdP torsades de pointes, VF ventricular 
fibrillation, VT ventricular tachycradia

End points

Method of
detection and

evaluation

Arrhythmia
mechanism

Patient
•   Genetics (mutation, etc.)
•   Gender
•   Race
•   Ecology/environmental

AAD

Drug
interaction

Etiology

Structural heart
disease

•  HTN
•  HF (preserved and reduced)
•  CAD
•  Cardiomyopathies
   (i.e. HCM, DCM, ARVD, etc.)

Remodeled
tissue

Interaction of all of the above with arrhythmia substrate at the
channel level, cell membrane, whole heart etc.

Figure 2.6  Relationship of AADs to Clinical Pathophysiology. 
Abbreviations: AAD antiarrhythmic drug, ARVD arrhythmogenic 
right ventricular dysplasia, CAD coronary artery disease, DCM 
dilated cardiomyopathy, etc. etcetera, HCM hypertrophic cardiomy-
opathy, HF heart failure, HTN hypertension
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There are several risk factors for drug-induced proarrhyth-
mias that are determined elsewhere [201, 208, 211–219].

Prevention of Sodium Channel Blocker Proarrhythmia 
[220]:

	1.	 Elimination of the predisposing factors such as bradycar-
dia, electrolyte imbalance, cardiac, and non-cardiac agents 
that promote TdP.

	2.	 Modification of underlying heart disease such as HF, 
impaired renal function, hepatic disease, etc.

	3.	 Appropriate monitoring in patients at risk of proarrhyth-
mia and TdP such as ECG monitoring for QT prolonga-
tion, etc. [221, 222]

	4.	 Appropriate patient teaching and use of digital devices to 
obtain urgent rhythms.

�Sodium Ion Channel Remodeling

There is some evidence, although controversial, about sodium 
channel remodeling. This mostly occurs in patients with HF, 
ischemia and infarction, and AF.  However, in the remodeled 
tissue, more than one ion channel is often involved, particularly 
in patients with persistent and permanent AF [223]. Sodium 
channel remodeling creates abnormalities that favor occur-
rence of reentry and EADs. Reverse remodeling hopefully will 
correct arrhythmias related to sodium channel remodeling 
[224]. Amiodarone, a multichannel blocker which also blocks 
the sodium current, has been reported to be effective against 
AF-induced remodeling [225]. Sodium channels are reduced in 
remodeled atria during atrial tachycardia in experimental mod-
els and in patients with long-standing AF. Under these condi-
tions the sodium channels are down-regulated [226–229].

�The Ideal Antiarrhythmic Agent

A “wish list” of an ideal AAD includes:

	1.	 Being effective in prevention of arrhythmias.
	2.	 Induce reverse-remodeling.
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	3.	 Prevent and reverse inflammation and fibrosis.
	4.	 Exhibit both ion-channel as well as systemic effect (system 

pharmacology).
	5.	 Minimal to no adverse effect including cardiac and sys-

temic, i.e. no proarrhythmic consequences.
	6.	 No drug interaction
	7.	 Affordable

At present, such expectations are far from reality.

�Nontraditional Sodium Channel Blockers

	1.	 Vanoxerine is an oral multichannel blocker that also affects 
the sodium current and has been reported in a randomized 
trial that it is effective in converting patients with recent 
onset of AF and atrial flutter to sinus rhythm. Piccini, et al. 
reported on using a single oral dose of Vanoxerine 
(400  mg). In 18 out of 26 patients (69%) who received 
Vanoxerine for atrial arrhythmias converted to sinus 
rhythm; however, the trial was prematurely terminated due 
to increased risk of TdP [230]

	2.	 Another agent is Relaxin, which has been tested as an anti-
fibrosis agent and was found to improve the sodium cur-
rent in a rat model of AF [231]

	3.	 WenXin KeLi is a traditional Chinese medicine which has 
significant multichannel blocking effects, including late and 
early sodium current [232]

	4.	 There is evidence that suggest that fish oil and n-3 PUFA 
blocks the sodium channels [233, 234]. Furthermore, limited 
evidence suggests that fatal arrhythmias may be prevented 
in high-risk subjects by fish oil n-3 fatty acid intake [235, 236]

	5.	 Conflicting results exist on the efficacy of angiotensin 
converting enzyme (ACE) inhibitors and angiotensin 
receptor blockers (ARBs) in patients with AF. This is in 
part due to the complexity on the mechanisms of AF as 
well as the relation to structural heart disease. For exam-
ple, it may be effective in patients with hypertension-
related AF due to HF and probably not to other etiologies. 
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Previous trials have failed to show significant improve-
ment on the efficacy of these agents in patients with 
AF. The hypothesis is that these agents may have an anti-
fibrotic effect [237, 238]. Two large trials did not show any 
beneficial effects on reducing AF by valsartan and 
Irbesartan [239, 240]. Similarly, ACEs and ARBs did not 
prevent recurrence of AF after catheter ablation [241]. In 
summary, there is conflicting data regarding the use of 
ACEs and ARBs. They only work to prevent angiotensin-
mediated fibrotic remodeling. Treatment, which has to be 
given before remodeling, is so advanced that nothing can 
be done. At the same time, patients have to be at high 
enough risk for fibrosis that an effect is detectable over 
the time frame of observation.

�Guidelines on the Use of Sodium Channel 
Blockers (EHRA/ESC; AHA/ACC/HRS; CCS)

Guidelines for the use of sodium channel blockers by EHRA/
ESC are summarized in Table  2.7 [242–244]. Fig.  2.7 shows 
the algorithms for using AADs in patients with AF.

�Summary

	1.	 The cardiac sodium channels are voltage-dependent chan-
nels that consist of four homologous domains, which are 
regulated mostly by SCN5A genes.

	2.	 AADs that block or modulate the sodium current have a 
diverse effect on atrial, ventricular, and specialized con-
duction system. They also exhibit different effects, normal 
(healthy) and abnormal (pathological substrate) hearts.

	3.	 Abnormalities in cardiac sodium channels, respective 
genes, and their mutations are responsible for a variety of 
“channelopathies” and related syndromes such as Brugada 
Syndrome, LQT3, progressive cardiac conduction defect, 
and many others.
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	4.	 Precaution should be exercised in patients with systemic 
disease such as HF, renal, and hepatic failure.

	5.	 The concept of AF is constantly evolving; therefore, 
response to chronic therapy may change over time [245].

	6.	 Sodium channel blockers or class I AADs, especially class 
Ic agents, remain the most common AAD used for the con-
trol of a variety of arrhythmias; however, caution must be 
used to exercise the potential proarrhythmic events, i.e. TdP.

	7.	 Recent observations suggest that there are novel indica-
tions for several class I agents including quinidine for 
Brugada syndrome and mexiletine for LQT3 and the like.

	8.	 Class I AADs are among the first class of drugs that came 
into clinical practice and remain among the major indica-
tions for cardiac arrhythmias per the current guidelines, 
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Yes Haemodynamic
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Elective

No

Patient choice

Severe HFrEF,
significant

aortic stenosis

Coronary artery disease,
moderate HFrEF or
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Figure 2.7  Algorithm for using AADs in patients with AF. (a) 
Recent onset AF, (b) Initiation
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and more novel indications related to the sodium current 
and channels will emerge.

�Future Directions

	 1.	 Development of novel channel selective agents (sodium 
channel specific targets) [246]. Due to negative impact of 
large randomized trials on AADs on VAs and sudden death, 
the pharmaceutical companies were not interested to invest 
in developing new AADs; however, with the new frontiers 
in drugs, devices, and pharmacogenetics, new agents may be 
developed and expedited by the FDA [247, 248]

	 2.	 Development of screening methods to identify respond-
ers, non-responders, and proarrhythmic effects with 
respect to the channels, substrates, and pharmacological 
agents [249]

	 3.	 Gene therapy for channelopathy-related arrhythmias 
[250]

	 4.	 Identification of genetic modifiers.
	 5.	 Correlation with genotype-phenotype and detection of 

high-risk carriers.
	 6.	 More detailed insight into the gender/racial, geographic, 

socioeconomic, circadian variations, and response to med-
ications should be implemented in drug therapy guide-
lines [251]

	 7.	 Identification of the level of penetrance of all related 
genes and mutations and the role of genetics [252]

	 8.	 Identification of factors that precipitate upregulation or 
down-regulation of genetic function [24]

	 9.	 Genomic medicine, pharmacogenomics, and proteomics 
[253–255]

	10.	 Role of Receptors.
	11.	 Role of MicroRNA [256, 257]
	12.	 Development of substrate-based pharmacological agents 

such as anti-fibrosis and anti-inflammation.
	13.	 Pharmacological agents that modulate the gap junction 

(normalize gap junction conduction) [258].
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	14.	 Identification of genetic factors related to the risk of 
drug-induced arrhythmias (the most common one is TdP) 
[259–261].

	15.	 Stem cell therapy and regenerative medicine relative to 
arrhythmias and antiarrhythmics.

	16.	 Spinal cord stimulation in the management of drug refrac-
tory arrhythmias and storms [262]

	17.	 Personalized and precision medicine [263]
	18.	 Most importantly, considering the effect of AADs on 

patients, specifically system biology and pharmacology.
	19.	 A gene-specific approach should be implemented more 

for both risk stratification and selection of AADs [144]

For further information the readers are referred to the fol-
lowing references [176, 264–266]
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�Introduction

Class III antiarrhythmic drugs (AADs) predominantly block 
outward-repolarizing potassium currents and prolong cardiac 
action potential duration (APD) and refractoriness at concen-
trations at which they do not affect the sodium channels and, 
therefore, intracardiac conduction velocity is not significantly 
affected [1]. The prolongation of the APD and refractoriness, 
combined with the maintenance of normal conduction velocity, 
leads to an increase in the wavelength of the cardiac impulse, 
defined as the distance travelled by the depolarization wave 
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during the functional refractory period, closes the excitable 
gap in the reentrant circuit and suppresses reentry (Fig. 3.1). 
Class III AADs include: amiodarone, dofetilide, dronedarone, 
ibutilide and sotalol.

However, class III AADs present several disadvantages. 
First, some of them exhibit reverse-use dependence, i.e. the 
prolongation of the APD increases at normal or at slower heart 
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Figure 3.1  Class III antiarrhythmic drugs (AADs). (a) Class III 
AADs prolong the cardiac action potential duration (APD) and 
refractoriness (ERP) and under certain circumstances can induce 
early depolarizations that induce a polymorphic ventricular tachycar-
dia (torsades de pointes). (b) Many class III AADs prolong the APD 
at slow but not at normal or fast heart rates, i.e., they exhibit reverse 
use-dependence. (c) Class III AADs prolong the APD/ERP, do not 
modify the conduction velocity (CV) and increase the wavelength of 
the cardiac impulse (WL), defined as the distance travelled by the 
depolarization wave during the functional refractory period. As a 
consequence, they close the excitable gap in the reentrant circuit and 
they can prevent or abolish reentry. Because the APD/ERP is longer 
than the conduction time around a reentrant circuit, class III AADs 
can prevent or abolish impulse reentry
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rates (during bradycardia or after a long diastolic interval) but 
declines as heart rate is increased (i.e., during tachyarrhyth-
mias), which limits their antiarrhythmic efficacy (Fig.  3.1). 
Second, they produce an excessive and sometimes inhomoge-
neous prolongation of the ventricular APD (QT interval), 
which increases the transmural dispersion of cardiac repolariza-
tion and can induce early afterdepolarizations (Fig.  3.1) that 
can trigger the development of polymorphic ventricular tachy-
cardias called torsades de pointes (TdP). The risk of ventricular 
proarrhythmia is a serious limitation of class III AADs. Third, 
these drugs produce an acquired long QT syndrome and they 
should be avoided in combination with other QT-prolonging 
drugs. Table 3.1 summarizes the main QT-prolonging drugs and 
the risk factors that predispose to TdP.

Table 3.1  (A) Risk factors for QT prolongation, and (B) 
QT-prolonging drugs [11]

(A)

�• �Heart diseases: ischemic heart disease, heart failure, 
myocarditis, dilated/hypertrophic cardiomyopathy

�• Age > 65 years

�• Female gender

�• �High plasma concentrations of QT-prolonging drugs 
(excessive doses, decreased metabolism and/or excretion)

�• �Electrolyte abnormalities: hypokalemia, hypomagnesemia, 
hypocalcemia

�• �Cerebrovascular diseases: subarachnoid hemorrhage, ischemic 
stroke, cerebrovascular accidents

�• �Bradyarrhythmias: bradycardia, AV block, recent 
cardioversion of AF

�• Premature complexes leading to short-long-short cycles

�• Baseline QTc prolongation (>500 ms)

�• Coadministration of drugs that prolong the QT interval

�• Genetic polymorphisms (congenital long QT syndrome)

(continued)

Chapter 3.  Class III Antiarrhythmic Drugs



110

(B)

Antiarrhythmic 
drugs

Amiodarone, disopyramide, dofetilide, 
dronedarone, ibutilide, procainamide 
(n-acetylprocainamide), quinidine, sotalol

Antiemetics Dolasetron, domperidone, ganisetron, 
ondansetron

Antimicrobials Azole antifungals (fluconazole, itraconazole, 
ketoconazole), chloroquine, fluoroquinolones 
(ciprofloxacin, levofloxacin, moxifloxacin, 
ofloxacin), macrolides (azithromycin, 
clarithromycin, erythromycin), pentamidine

Psychotropic 
drugs

Citalopram, clozapine, droperidol, escitalopram, 
haloperidol, phenothiazines, quetiapine, 
risperidone, sertindol, thioridazine, tricyclic 
antidepressants, venlafaxine, ziprasidone

Cancer 
chemotherapy 
drugs

Amsacrine, anthracyclines (daunorubicin, 
doxorubicin, epirubicin), arsenic trioxide, 
5-fluorouracil, histone deacetylase inhibitors 
(romidepsin, panobinostat, vorinostat), 
mitoxantrone, paclitaxel, tamoxifen

Tyrosine kinase inhibitors: carbozantinib, 
crizotinib, lapatinib, nilotinib, pazopanib, 
sorafenib, sunitinib, vandetanib, vemurafenib

Others Antihistamines (diphenhydramine, 
terfenadine, hydroxyzine), bepridil, droperidol, 
levomethadyl, methadone, octreotide, probucol, 
protease inhibitors (delavirdine, indinavir, 
nelfinavir, saquinavir, ritonavir), sumatriptan, 
thiazides, zolmitriptan

Table 3.1  (continued)

In this chapter, we review the electrophysiological and 
pharmacological properties, adverse effects and clinical indi-
cations of amiodarone, dofetilide, dronedarone, ibutilide and 
sotalol. Their pharmacokinetic properties, adverse effects, 
doses and clinical indications are summarized in Tables 3.2, 
3.3, 3.4, 3.5, 3.6, 3.7, and 3.8.

J. Tamargo et al.
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�Amiodarone

Amiodarone is a iodinated benzofuran derivative that exhib-
its a “wide-spectrum” of antiarrhythmic properties. It blocks 
inwardly depolarizing Na+ (INa) and L-type Ca2+ (ICaL) currents 
and several outward repolarizing K+ currents, including the 
transient (Ito), the inward rectifier (IK1), the ultrarapid (IKur), 
rapid (IKr), and slow (IKs) components of the delayed rectifier 
and the acetylcholine-activated (IKAch) [2–5]. Amiodarone 
inhibits the INa by blocking the inactivated state of sodium 
channels with a fast diastolic recovery from block. This effect 
is accentuated in depolarized tissues (voltage-dependent 
block) and at fast rates (rate-dependent block), but it is almost 
nonexistent at slow heart rates. In fact, amiodarone reduces 
cardiac excitability and conduction velocity and prolongs the 
QRS and H-V intervals at fast rates. Additionally, amiodarone 
noncompetitively antagonizes α- and β-adrenoceptors (class II 
effect) [2–6], inhibits both the conversion of thyroxine (T4) to 
triiodothyronine (T3) and the entry of T3 and T4 into cells [7], 
and produces a vasodilator effect mediated via the blockade 
of ICaL and β-adrenergic receptors. The blockade of ICaL and 
β-adrenergic receptors explains why amiodarone produces 
bradycardia and atrio-ventricular (AV) block. Thus, amioda-
rone exhibits class I, III and IV antiarrhythmic actions of the 
Vaughan Williams classification.

Electrophysiological Actions  The acute and chronic 
electrophysiological effects of amiodarone in humans are 
very different [2, 5, 6, 8, 9]. After intravenous administration, 
the main effect is the lengthening of AV nodal refractoriness 
and intranodal conduction (with prolongation of the PR and 
A-H intervals) possibly related to the blockade of ICaL and the 
non-competitive β-adrenergic antagonism. However, the drug 
produces minimal effects on the APD and refractoriness of 
the atrial and ventricular muscle, by pass tracts, or His-
Purkinje system and there is almost no effect on the QRS, 
H-V and QTc intervals or the monophasic action potentials 
[1–3, 5, 6]. Thus, the class III action of the drug is not observed.
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However, long-term treatment with oral amiodarone pro-
longs the APD and refractoriness in all cardiac tissues, 
including bypass tracts, without affecting the resting mem-
brane potential. Interestingly, amiodarone lengthens the 
APD preferentially in cardiac tissues with the shortest APD 
(His bundle, atrial muscle and ventricular epicardium and 
endocardium), with lesser effects, or even a shortening at 
slow rates, in Purkinje fibres and M cells [1–3, 5, 6]. Thus, in 
contrast to other class I and III AADs, amiodarone produces 
a homogeneous prolongation of the APD (QT interval) and 
reduces transmural dispersion of repolarization across the 
ventricular wall and the possible re-entry of cardiac impulses. 
Additionally, amiodarone prolongs the APD at all driving 
rates, i.e., it does not produce reverse use-dependence. 
Furthermore, despite amiodarone prolongs the ventricular 
APD, the risk of TdP is less than with other AADs, possibly 
because it blocks both the ICaL and β-adrenoceptors, does not 
produce reverse use-dependence and produces a more 
homogenous recovery of ventricular repolarization reducing 
the transmural dispersion of repolarization. In chronic treat-
ments and at fast driving rates, amiodarone blocks the INa 
(prolongs the QRS complex) and decreases cardiac excit-
ability and conduction velocity and increases the VF thresh-
old. Desethylamiodarone (DEA), the main active metabolite, 
has relatively greater effects on the INa and contributes to the 
antiarrhythmic efficacy of amiodarone [3]. On the ECG, 
amiodarone prolongs the RR, PR, A-H, H-V, QRS, JT and 
QT intervals (occasionally it can produce U waves). Oral 
amiodarone was more effective than IV amiodarone in 
lengthening the anterograde effective refractory period of 
the accessory AV pathway.

In the sinoatrial node and other cardiac pacemaker cells, 
amiodarone decreases the slope of phase 4 depolarization 
(pacemaker potential) and the rate of spontaneous excitation 
and suppresses the slow action potentials (abnormal automa-
ticity) elicited in abnormally depolarized cardiac cells as well 
as the early afterdepolarizations generated in Purkinje fibres 
and M cells [2–5]. In the AV node, amiodarone slows intrano-
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dal conduction and increases refractoriness and, therefore, 
reduces the ventricular rate in patients with supraventirulcar 
arrhythmias. In patients with AF, amiodarone prolongs the 
refractory periods both in the atria and in the pulmonary veins, 
slows AV nodal conduction and, in experimental models, it 
prevents atrial remodelling [10]. The effects of oral amioda-
rone on sinoatrial and AV nodal function are maximal within 
2 weeks, whereas the effects on VT and ventricular refractori-
ness appear gradually, becoming maximal at ≥10 weeks.

Hemodynamic Effects  Amiodarone is a peripheral and 
coronary vasodilator. After oral administration, amiodarone 
slows sinus rate (15–20%) and prolongs the PR and QT 
intervals but does not depress the left ventricular ejection 
fraction (LVEF). Indeed, the LVEF may increase slightly even 
in patients with reduced LVEF, possibly because its vasodilator 
effect reduces LV afterload. However, after IV administration 
amiodarone decreases heart rate, systemic vascular resistances, 
blood pressure and contractile force; thus, it should be given 
cautiously to patients with depressed LVEF because of the 
risk of bradycardia and hypotension [5, 6].

Pharmacokinetics (Table  3.2)  After oral administration, 
amiodarone presents a slow, variable and incomplete 
absorption (bioavailability of 35–65%) and peak plasma 
levels are reached after 3–8  h [11]. Food increases its oral 
bioavailability and reduces gastrointestinal adverse effects 
[12]. The onset of action after oral administration occurs after 
2–3 days (1–2 h after IV administration) [9]. Amiodarone is 
highly protein bound (99%) and extensively distributed (Vd 
70 L/kg). It accumulates in the heart (cardiac levels are 10–50 
times higher than in plasma), adipose tissue, liver, lungs and 
skin, crosses the placenta and is found in breast milk. This 
wide tissular distribution explains why even when the onset 
of drug action occurs after 2–3 days, steady-state plasma levels 
are reached after several months unless large loading doses 
are used, and why the drug effects persist for weeks or months 
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after drug discontinuation [9, 11]. Amiodarone is extensively 
metabolized in the liver by CYP450 3A4 and 2C8, leading to 
various active metabolites. DEA also accumulates in almost 
all tissues and exhibits electrophysiologic effects quite similar 
to those of amiodarone. Both amiodarone and DEA are 
excreted primarily via the hepatic-biliary route undergoing 
some enterohepatic recirculation, so that doses do not need to 
be reduced in patients with renal disease. Amiodarone is 
eliminated very slowly. There is an initial 50% reduction in 
plasma levels 3–10  days after drug discontinuation which 
probably represents drug elimination from well-perfused 
tissues, followed by a terminal elimination half-life (t) of 
53  days (range 26–107  days). The therapeutic plasma levels 
are between 1.0 and 2.5 mg/mL [6]. Amiodarone and DEA 
are not dialyzable.

Adverse Effects (Table 3.3)  They are reported in up to 75% of 
patients treated with amiodarone for more than 2 years, leading 
to drug discontinuation in 18–37% of patients. Some side 
effects may be potentially fatal [9, 13, 14]. Adverse effects are 
more common on chronic therapy and at high doses, but they 
still occur even at dosages ≤200 mg/day. Cardiac side effects 
include symptomatic bradycardia (especially in the elderly), 
AV block, conduction disturbances, worsening heart failure 
(HF) and QT prolongation [9, 13, 14]. However, the risk of TdP 
is very uncommon (<0.5%) [15], probably because of its class II 
and IV properties, but may occur in patients with hypokalemia 
or bradycardia, or those receiving QT-prolonging drugs. 
Phlebitis and hypotension are observed when administered IV.

Adverse extracardiac effects are gastrointestinal (nau-
sea, vomiting, constipation, anorexia), ocular (almost all 
patients develop asymptomatic corneal microdeposits; rare: 
optic neuritis and atrophy with visual loss), neurological 
(proximal muscle weakness, fatigue, peripheral neuropathy, 
headache, ataxia, tremors, impaired memory, sleep distur-
bances), cutaneous (rash, photosensitivity, alopecia, blue-
gray skin discoloration), hyperthyroidism or hypothyroidism 
and hepatotoxicity (elevated transaminase levels, hepatitis, 
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cirrhosis and fatal hepatic necrosis) [6, 9, 13–17].  
Amiodarone can increase creatinine plasma levels due to 
partial inhibition of the tubular organic cationic trans-
porter system, rather than a decline in renal function. In 
fact, the drug does not affect the glomerular filtration rate 
(GFR), renal blood flow, and Na+ or K+ excretion. Most of 
these adverse effects are reversible after dose reduction or 
drug discontinuation, but because of its long half-life, some 
of them may persist for many months (skin discoloration 
slowly reverses after 18  months but may not disappear). 
Neurological and gastrointestinal adverse effects are com-
mon during loading doses and usually improve with lower 
maintenance doses.

Pulmonary toxicity (interstitial pneumonitis, pulmonary 
fibrosis) occurs in 1–15% of patients receiving doses ≥400 mg/
day. Pulmonary function tests show a restrictive pattern with 
reduced forced vital capacity and diffusing capacity, and chest 
computed tomography can reveal evidence of fibrosis and 
diffuse ground glass confluent opacities. Advanced age, high 
cumulative dose (>400  mg/day), duration of therapy 
(>6 months), reduced predrug diffusion capacity and preex-
isting pulmonary disease are risk factors for the development 
of pulmonary toxicity [14, 18, 19]. Pulmonary toxicity can be 
fatal in about 10% of patients [13]. Treatment includes drug 
discontinuation and administration of glucocorticoids [9].

Amiodarone inhibits the peripheral conversion of T4 to 
T3, producing a slight increase in T4, reverse T3 and thyroid-
stimulating hormone (TSH), and a slight decrease in T3 
levels. Hypothyroidism appears in 2–6% during the first 
year of treatment (TSH >10  mU/L) particularly in areas 
with high dietary iodine intake [7, 20]. Drug discontinuation 
and/or levothyroxine are the main treatments for amioda-
rone-induced hypothyroidism. Hyperthyroidism (TSH < 
0.35 mU/L) appears in 0.9% of patients and predominates 
in areas with iodine deficiency [21]. Because it may precipi-
tate cardiac arrhythmias, hyperthyroidism should be 
excluded if recurrence of arrhythmias appears during amio-
darone therapy [7]. Even if amiodarone is discontinued, 
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thyrotoxicosis persists for up to 8 months. Type 1 amioda-
rone-induced thyrotoxicosis (AIT) occurs in patients with 
an underlying thyroid pathology and is treated with high 
doses of thionamides (eg, methimazole or propylthiouracil) 
to block thyroid hormone synthesis, adding potassium per-
chlorate to block iodide uptake by the thyroid and deplete 
intrathyroidal iodine stores. Type 2 AIT is a result of a 
destructive thyroiditis that results in excess release of pre-
formed T4 and T3 into the circulation and is treated with 
glucocorticoids. Total thyroidectomy is the only measure 
that consistently allows continued use of amiodarone. 
Therefore, thyroid function tests should be performed every 
3  months for the first year and every 6–12  months unless 
thyroid dysfunction appeared.

Because adverse effects are usually dose-related their 
incidence can be reduced by using very low doses (100–
200  mg daily) [9, 14]. Additionally, it is recommended to 
examine before and periodically during treatment the ECG, 
chest x-ray, skin, peripheral nerves, thyroid, hepatic, visual 
and pulmonary function (including carbon monoxide diffu-
sion capacity testing) [9].

Amiodarone and DEA cross the placenta and are detected 
in breast milk. Amiodarone is associated with severe adverse 
fetal effects (neurodevelopmental abnormalities, preterm 
birth, fetal growth restriction and fetal neonatal hypo-/hyper-
thyroidism and bradycardia) [22, 23]. Therefore, amiodarone 
is not recommended in women who are, or may become, 
pregnant (Pregnancy category X) and in nursing mothers 
[11]. Oral amiodarone may be considered for ongoing man-
agement in pregnant patients when treatment of highly symp-
tomatic patients is required and other therapies are ineffective 
or contraindicated [24–29].

Drug Interactions  Amiodarone and DEA inhibit CYP450 
isoenzymes (CYP1A1/2, 3A4, 2C9 y 2D6) and some 
transporters [P-glycoprotein (P-gp) and organic cation 
transporter 2 (OCT2)]. Additionally, amiodarone is a substrate 
for CYP3A4 [11]. Therefore, amiodarone has the potential for 
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multiple interactions with other drugs that are summarized in 
Table 3.4.

Contraindications and Cautions  See Table 3.3.

Dosage and Administration  See Table 3.5.

Indications  Amiodarone is indicated for a wide spectrum of 
supraventricular [atrial fibrillation (AF) or flutter (Af), atrial 
tachycardia, AV nodal reentrant tachycardia and AV reentrant 
tachycardia] and ventricular tachyarrhythmias [ventricular 
tachycardia (VT) and fibrillation (VF)] in patients with 
structural heart disease (coronary artery disease, LV 
hypertrophy, HF or LV dysfunction, hypertrophic 
cardiomyopathy), being the drug of choice when other AADs 
are ineffective, not tolerated or contraindicated [24–29].  
Furthermore, because amiodarone produces less negative 
inotropic effects or hypotension than β-blockers, diltiazem or 
verapamil, it is preferred in critically ill patients or in those 
with hemodynamic instability. However, amiodarone presents 
several disadvantages, including its slow onset of action after 
oral administration, so that it should be administered IV or at 
loading doses to achieve effects rapidly, its long half-life, and 
its poor safety profile and multiple drug interactions. Because 
of long-term amiodarone therapy is associated with cardiac 
and extracardiac adverse effects, it remains as a second-line 
treatment in patients who are suitable for other AADs or in 
young patients [9, 24–29].

	1.	 Atrial fibrillation/flutter (Table 3.6). Amiodarone is used 
for the maintenance of sinus rhythm (SR) conversion of 
AF/Af to SR and ventricular rate control. Amiodarone is 
the most effective drug for the maintenance of SR in 
patients with recurrent symptomatic AF/Af [15, 30–33]. It 
is superior to class I AADs and sotalol and the drug of 
choice in patients with structural heart disease and the 
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only AAD recommended in patients with congestive HF 
or significant aortic stenosis [24, 27, 30, 34, 35]. Amiodarone 
is superior to sotalol or propafenone for maintenance of 
SR after cardioversion [30] and in a substudy of the 
AFFIRM trial, amiodarone was superior to both sotalol 
and a mixture of class I drugs. In the SAFE-T trial, amio-
darone was superior to sotalol, but both drugs had similar 
efficacy in the subgroup of patients with ischemic heart 
disease [35].

Amiodarone is also effective for the conversion of AF/Af 
to SR. However, most data derived from use in patients with 
AF, while few data are available for patients with Af [24, 27]. 
Although it has the disadvantage that conversion is often 
delayed beyond 6 h, amiodarone also slows ventricular rates 
and it has no risk of postconversion ventricular arrhythmias. 
For the acute conversion of AF, IV amiodarone is as effective 
as IV propafenone [36] and both amiodarone and flecainide 
appear more effective than sotalol in restoring SR [37–39]. 
Pretreatment with amiodarone can facilitate DC cardiover-
sion and prevent AF recurrences; in relapses to AF after suc-
cessful cardioversion, repeating DC cardioversion after 
prophylactic amiodarone can improve the efficacy of DC 
cardioversion to maintain the SR and prevent the recur-
rences [37, 40]. Furthermore, amiodarone should be consid-
ered to achieve rhythm control and maintain SR in patients 
with hypertrophic cardiomyopathy and recurrent symptom-
atic AF [24, 27, 41].

Short-term oral amiodarone treatment following ablation 
for paroxysmal or persistent AF did not reduce the recurrence 
of AF/Af at the 6-month follow-up but prolonged time to first 
documented recurrence and more than halved arrhythmia-
related hospitalization and cardioversion rates within the 
blanking period [42]. Administered before cardiothoracic 
surgery or postoperatively, amiodarone (alone or in combina-
tion with β-blockers) decreased the incidence of post-opera-
tive AF (POAF) and hospital stay compared to β-blocker 
therapy [43–46] and was effective in converting POAF to SR 
[47, 48].
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Amiodarone can be useful for rate control in patients 
whose heart rate cannot be controlled with combination 
therapy (e.g. β-blockers or verapamil/diltiazem combined 
with digoxin) or when these drugs are contraindicated or 
poorly tolerated [24, 27]. Intravenous amiodarone slows the 
ventricular rate (10–12 bpm after 8–12 h) [34, 49].

Amiodarone prolongs the anterograde refractory period of 
the accessory pathway and can be used both for rate control 
and to achieve conversion in patients with pre-excitation and 
AF, although urgent electrical cardioversion is often necessary. 
IV amiodarone is not recommended in these patients, because 
case reports of accelerated ventricular rhythms and VF [50].

	2.	 Supraventricular tachycardias (SVT) (Table 3.7). Evidence 
for amiodarone for the ongoing management of SVT is 
limited [26, 29]. IV amiodarone may be considered for 
acute treatment in hemodynamically stable patients and 
for ongoing treatment, but because of its safety profile, 
oral amiodarone is a second-line agent recommended 
when catheter ablation or other AADs are ineffective or 
contraindicated (i.e. in patients with structural heart dis-
ease) [26, 29].

	3.	 Ventricular arrhythmias (Table 3.8). Amiodarone is recom-
mended for the treatment and prophylaxis of life-threaten-
ing recurrent ventricular arrhythmias (VT and/or VF) and 
life-threatening recurrent hemodynamically unstable VT 
not responding to other AADs, particularly in patients 
with structural heart disease (i.e. HF, myocardial infarc-
tion-MI, hypertension, or cardiomyopathies) or after car-
diac surgery when other AADs are not tolerated or 
contraindicated [25, 28, 51–53]. However, there is modest 
evidence from randomized controlled trials supporting its 
use and nowadays it has been replaced by the implantable 
cardioverter-defibrillator (ICD) therapy. Doses of amioda-
rone should be as low as possible and restricted to selected 
patients with refractory ventricular arrhythmias and in 
young patients it should be reserved as a bridge to more 
definitive treatment options such as catheter ablation.
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Amiodarone is more effective than sotalol and presents 
a lower risk of ventricular proarrhythmia, but chronic 
therapy (18–24 months) and high doses of amiodarone 
(>400 mg/day) increase the risk of adverse effects that 
require drug discontinuation [9, 51, 54]. Therefore, doses of 
amiodarone should be as low as possible and restricted to 
selected patients with refractory ventricular arrhythmias. 
Chronic treatment in young patients should be reserved as 
a bridge to more definitive treatment options such as cath-
eter ablation [28].

Several studies compared IV amiodarone with other 
AADs (lidocaine, procainamide or bretylium) for the pro-
phylaxis and treatment of VF and recurrent, hemodynami-
cally destabilizing VT when they can no longer be 
controlled by successive electrical cardioversion or defi-
brillation [28, 55–59]. Administered during incessant VT, 
amiodarone produced a gradual slowing of the VT cycle 
length, with eventual termination of the arrhythmia [60]. 
However, these trials showed that IV amiodarone was 
moderately effective during a 24–48  h period against VT 
and VF and the arrhythmia frequently recurred. 
Furthermore, in a retrospective study, IV amiodarone pro-
duced an acute termination of sustained monomorphic VT 
only in 29% of patients [61]. Very recently the PROCAMIO 
study compared for the first time in a randomized design 
IV procainamide and amiodarone for the treatment of the 
acute episode of sustained monomorphic well-tolerated 
VT. Procainamide therapy was associated with less major 
cardiac adverse events and a higher proportion of tachy-
cardia termination within 40 min [62].

In patients with sustained VT or VF and cardiac arrest 
several placebo-controlled trials and meta-analysis found 
that amiodarone decreased the recurrences and improved 
symptoms and survival, but when compared with ICD ther-
apy there was a significant reduction (28%) in the relative 
risk of death with the ICD that was due almost entirely to a 
50% reduction in arrhythmic death [63–66]. Therefore, in 
these patients amiodarone has been replaced by 
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ICD. However, in the ICD era amiodarone (plus β-blockade) 
may still be used in ICD-treated patients to decrease the 
frequency of shocks from VT/VF episodes or to control 
supraventricular tachyarrhythmias elicited by device therapy 
[64, 66]. When amiodarone is added to an ICD, the defibril-
lation threshold is usually increased and reprogramming 
prior to discharge from hospital may be necessary. 
Amiodarone is also indicated to improve symptoms in 
patients with DCM with an ICD who experience recurrent 
appropriate shocks in spite of optimal device programming 
and in patients with arrhythmogenic right ventricular cardio-
myopathy and presenting frequent premature ventricular 
beats (PVBs) or non-sustained VT who are intolerant or 
have contraindications to β-blockers [25, 28].

The ARREST and ALIVE trials, analyzed the effects of 
IV amiodarone in hemodynamically destabilizing refractory 
VT/VF, VT when they can no longer be controlled by succes-
sive electrical cardioversion or defibrillation. In patients with 
out-of-hospital cardiac arrest due to refractory VT or VF 
after 3 direct-current shocks, those who received amiodarone 
were more likely than those who received placebo or lido-
caine to have a return of spontaneous circulation and to sur-
vive to be admitted to the hospital [55, 57]. However, neither 
amiodarone nor lidocaine result in a significantly higher rate 
of survival to hospital discharge or favourable neurologic 
outcome at discharge. Thus, amiodarone may be useful for 
resuscitating some cardiac arrest victims.

A meta-analysis evaluated the effectiveness of amioda-
rone for primary or secondary prevention in sudden cardiac 
death (SCD) compared with placebo, no intervention or any 
other AAD in patients at high risk (primary prevention) or 
who have recovered from a cardiac arrest or a syncope due to 
VT and/or VF (secondary prevention) [51, 67]. There was 
low-to-moderate quality evidence that amiodarone reduced 
SCD, cardiac and all-cause mortality when compared to pla-
cebo or no intervention for primary prevention, but its effects 
were superior to other AADs. However, it was uncertain if 
amiodarone reduced or increased SCD and mortality for sec-
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ondary prevention because the quality of the evidence was 
very low.

The CASCADE study evaluated AAD therapy in survi-
vors of out-of-hospital VF not associated with a Q-wave MI 
who were at especially high-risk of recurrence of VF.  All 
patients received an ICD in addition to randomized therapy 
[68]. The risk of the primary outcome, a composite of cardiac 
death, sustained VT/VF, or syncopal ICD shock, was signifi-
cantly reduced by amiodarone. Patients on amiodarone were 
less likely to receive ICD shocks and syncope followed by a 
shock from a defibrillator was less common in patients 
treated with amiodarone. These results suggested a benefit of 
amiodarone over class I AADs. However, it is uncertain 
whether the observed benefit is due to the harmful effect of 
conventional AAD therapy and/or a beneficial effect of 
amiodarone, or most likely, their combination.

Intravenous amiodarone is the preferred AAD for inces-
sant VT or frequent symptomatic VT episodes and severe LV 
dysfunction because in contrast to many other AADs it does 
not increase mortality. Two placebo-controlled studies ana-
lyzed the effects of amiodarone on the risk of resuscitated VF 
or arrhythmic death among survivors of MI treated with 
β-blockers at baseline reaching contradictory results. In the 
EMIAT trial, amiodarone did not modify all-cause mortality 
and cardiac mortality as compared with placebo [69]. 
Conversely, in the CAMIAT trial, amiodarone reduced the 
incidence of VF or arrhythmic death among survivors of 
acute MI with frequent or repetitive frequent or repetitive 
ventricular premature depolarisations. Similarly, several 
major trials in patients with a history of HF and LV dysfunc-
tion, arrived at conflicting results [70]. The GESICA trial 
suggested low-dose amiodarone improved survival, decreased 
hospital admissions for congestive HF, and improved func-
tional class in patients with HF independently of the presence 
of complex ventricular arrhythmias [71]. However, in the 
STAT-CHF trial recruiting patients with HF (LVEF ≤40%) 
and ≥ 10 PVBs/h, amiodarone as compared to placebo was 
effective in suppressing ventricular arrhythmias, slowed heart 
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rate and increased LVEF by 42% at 2  years, but it did not 
reduce the incidence of SCD or prolong survival among 
patients with HF, except for a trend toward reduced mortality 
among those with nonischemic cardiomyopathy [72]. In the 
SCD-HeFT study, recruiting patients with New York Heart 
Association (NYHA) class II-III (LVEF≤35%), amiodarone 
had no favorable effect on survival, whereas ICD therapy 
reduced overall mortality by 23% [73]. In a meta-analysis of 
13 trials recruiting patients with recent MI or congestive HF, 
prophylactic amiodarone reduced the rate of arrhythmic/sud-
den death (29%), but it only displayed a modest reduction 
(13%) on total mortality [53]. The treatment benefit was 
uniform across the congestive HF and post–MI trial patients 
and was independent of major prognostic variables, such as 
LV function. Furthermore, a contemporary study in patients 
with post-acute MI with HF and/or LV systolic dysfunction 
from VALIANT trial, amiodarone use was associated with an 
excess in early and late all-cause and cardiovascular mortality 
[74]. Thus, further studies are needed to define the role of 
amiodarone in post-MI patients with HF and/or LV systolic 
dysfunction.

�Dofetilide

Dofetilide is a methanesulfonamide drug not available in 
Europe. It selectively blocks the IKr and unlike most other 
AADs has minimal effects on other ion channels [75]. As a 
consequence, dofetilide prolongs dose-dependently the APD 
and refractoriness of atrial and ventricular myocardium (but 
the effect is more prominent in the atria) and accessory path-
ways, without slowing intracardiac conduction. Like ibutilide 
and sotalol, dofetilide exhibits the phenomenon of reverse 
use-dependence, so that the prolongation of APD and refrac-
toriness diminished as the heart rate increases, while at slow 
heart rates the prolongation of the APD and the risk of early 
afterdepolarizations (proarrhythmia) increases [75]. It pro-
longs the QT and JT intervals but has no effect on heart rate, 
intracardiac conduction (no changes in the PR, QRS, A-H 
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and H-V intervals) or significant hemodynamic effects and 
appears to be hemodynamically safe in patients with HF or a 
prior MI. Drug potency is affected by extracellular potassium 
concentration, and hypokalemia and hyperkalemia increases 
and decreases drug potency, respectively [76].

Pharmacokinetics (Table  3.2)  Dofetilide is well absorbed 
(bioavailability 92–95%) and peak plasma levels are reached 
within 2–3 h. It binds to plasma proteins (60–70%) and 80% 
of the dose is excreted in urine (80% as unchanged dofetilide) 
and the remaining 20% as inactive or minimally active 
metabolites. Its t½ is 7–13 hours [11, 75, 77].

Adverse Effects (Table  3.3)  The most significant adverse 
effect of dofetilide is QT prolongation–related TdP. Rates of 
TdP ranged from 1% to ~3% in the DIAMOND trials [78]. 
The risk of TdP is highest at the time of drug initiation (80% 
within the first 3 days of therapy), in women, patients with 
severe HF, recent MI, hypokalemia, prolonged baseline QT 
or after conversion from AF to SR. The risk can be reduced 
maintaining normal serum potassium and magnesium levels, 
and following the manufacturer’s algorithm in patients with 
renal disease, bradycardia, or baseline QT interval. To 
minimize the risk of proarrhythmia, patients initiated or 
re-initiated on dofetilide should be placed for a minimum of 
3 days in a facility that can provide calculations of creatinine 
clearance, continuous ECG monitoring, and cardiac 
resuscitation. Other adverse effects include headache, chest 
pain, dizziness, respiratory tract infection, dyspnea, insomnia, 
rash, flu-like syndrome, nausea and diarrhea. There are no 
well-controlled studies that have been done in pregnant 
women (Pregnancy Category: C).

Drug Interactions  Dofetilide does not inhibit or induce any 
CYP450 enzyme isoforms. Avoid its combinations with drugs 
that prolong the QT interval, other antiarrhythmic agents or 
potent CYP3A4 inhibitors (cimetidine, dolutegravir, grapefruit 
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juice, HIV protease inhibitors, macrolide antibiotics, verapamil, 
prochlorperazine) that increase its plasma levels [11, 77].

Contraindications and Cautions  See Table 3.3.

Dosage and Administration  See Table 3.5.

Dofetilide therapy should be initiated in-hospital under 
continuous ECG monitoring because of the risk of excessive 
QT prolongation, periodic calculation of creatinine clearance 
(CrCl) and expert personnel for the treatment of ventricular 
arrhythmias [24, 26, 28]. Dosage adjustments are determined 
by QTc changes and CrCl. Renal function and QTc should be 
monitored every 3 months. The drug is contraindicated if the 
baseline QTc >440 m or the CrCl <20 mL/min. If 2–3 h after 
the first dose of dofetilide the QTc increased by >15% com-
pared with baseline or the QTc is >500 ms (550 ms in patients 
with ventricular conduction abnormalities), subsequent dos-
ing should be reduced by 50%. At 2–3 h after each subse-
quent dose, determine QTc and if at any time after the 
second dose the QTc is >500 ms (550 ms in patients with 
ventricular conduction abnormalities), dofetilide should be 
discontinued [24, 26, 28].

Indications  Dofetilide is indicated for the acute conversion 
of recent-onset AF/Af (≤7  days) and the maintenance of 
SR (Table  3.6) [24, 27, 79, 80]. Dofetilide can be used in 
patients with structural heart disease or coronary artery 
disease. In the SAFIRE-D study, 70% of the pharmacological 
conversions occurred within 24 h and 91% within 36 h [80]. 
Furthermore, dofetilide appears safe and effective in 
preventing AF in patients refractory to other AADs 
undergoing catheter ablation [81]. Between 40% and 60% 
of patients on dofetilide remained in SR at 1 year (25% on 
placebo). Dofetilide is not associated with an increased 
mortality risk in patients with AF/Af [32].

J. Tamargo et al.



155

Dofetilide restores and maintains SR in patients with con-
gestive heart failure or recent MI and left ventricular dysfunc-
tion [82–84]. In patients with AF/Af and significant LV 
dysfunction, the DIAMOND studies showed that dofetilide 
was superior to placebo for the restoration and maintenance 
of SR and even when it had no effect on all-cause mortality, 
restoration and maintenance of SR was associated with sig-
nificant reduction in mortality. Additionally, dofetilide reduced 
the risk for either all-cause or HF rehospitalization. Thus, 
dofetilide is an alternative to amiodarone in patients with AF/
Af and LV dysfunction. In patients with AF/Af, severe LV 
dysfunction and recent MI, dofetilide did not affect all-cause 
or cardiac mortality, or total arrhythmic deaths. Thus, unlike 
flecainide and propafenone, dofetilide can be used in patients 
with structural heart disease or coronary artery disease.

Oral dofetilide may be reasonable in: (a) patients with 
AVRT and/or pre-excited AF who are not candidates for, or 
prefer not to undergo, catheter ablation [26]. In patients with 
paroxysmal supraventricular tachycardia (PSVT) dofetilide 
and propafenone were equally effective in preventing recur-
rences or decreasing the frequency of PSVT compared with 
placebo [85]. (b) For prevention of recurrent atrial tachycar-
dia or Af in adult congenital heart disease patients, the long-
term efficacy of the drug (defined by either complete 
suppression or partial improvement of symptoms) ranges 
from 70% to 85% [86, 87].

Dofetilide decreases the VF threshold in patients undergo-
ing defibrillation testing prior to ICD implantation, sup-
presses the inducibility of VT and decreases the frequency of 
ICD shocks. It is as effective as sotalol in preventing the 
induction of sustained VT, but is significantly better tolerated 
during the acute phase [88] and in patients with an ICD and 
ventricular arrhythmias, dofetilide decreases the frequency of 
VT/VF and ICD shocks even when other ADDs, including 
amiodarone, are ineffective [89].

However, dofetilide is not frequently used because therapy 
must be started in an inpatient setting for 3 days and the risk 
of proarrhythmia. Thus, it should be reserved under ECG 
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monitoring for highly symptomatic patients, in patients with 
depressed LVEF, who are not candidates for catheter ablation 
and/or when other AADs are ineffective or contraindicated.

�Dronedarone

Dronedarone is a noniodinated benzofuran derivative with a 
structure similar to that of amiodarone. The lack of the iodine 
moiety minimizes the risk of thyroid toxicity, and the addition 
of a methyl-sulfonyl group decreases its lipophilicity and tis-
sular distribution which is expected to reduce organ toxicity 
due to tissular accumulation and to shorten its half-life [90]. 
Like amiodarone, dronedarone blocks Na+, Ca2+ (ICaL) and 
several K+ currents (Ito, IKur, IKr, IKs, IK1 and IKAch) and produces 
a non- competitive inhibition of α- and β-adrenergic recep-
tors and a vasodilator effect mediated via the ICaL blockade 
and activation of the NO pathway [90–93]. Dronedarone and 
amiodarone exhibit similar effects on the ICaL, IKr and IKs, but 
dronedarone is a more potent blocker of INa and IKAch and 
exhibits more potent non-competitive antiadrenergic effects 
than amiodarone.

Electrophysiological Actions  Dronedarone prolongs the 
APD and refractoriness in all cardiac tissues, an effect 
independent of the rate of stimulation, and reduces transmural 
dispersion of repolarization. It slows heart rate and AV nodal 
conduction and prolongs the RR, PR, QT, JT and A-H intervals 
on the ECG with no change in H-V and QRS intervals [91, 92]. 
Dronedarone decreases blood pressure, myocardial 
contractility and slightly increases the defibrillation threshold. 
Dronedarone has little effect on cardiac performance except 
in patients with compromised LVEF and should not be used in 
those with clinical signs of HF.

Pharmacokinetics (Table  3.2)  Dronedarone is rapidly and 
well absorbed after oral administration (70–90%), but it 
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undergoes extensive first-pass metabolism, so that oral 
bioavailability is ~5% (15% when administered with a high-
fat meal) [11, 90]. Dronedarone is extensively metabolized in 
the liver via CYP3A4 (and CYP2D6) to an active N-debutyl 
metabolite. Peak plasma levels of dronedarone and its 
metabolite are reached within 3–6 h and steady-state plasma 
levels within 4–8 days. Dronedarone and its active metabolite 
bind to plasma proteins (>98%) and are widely distributed 
(Vd 20 L/kg), crossing the blood–brain and placental barriers. 
Dronedarone presents a lower Vd (tissular accumulation) 
and a shorter a t½ (13–19 h) than amiodarone and 85% of the 
drug being excreted in feces. Dronedarone and its metabolite 
are completely eliminated from the body within 2  weeks 
after the end of treatment. Drug pharmacokinetics is not 
influenced by age, gender, weight, or renal function, but dose 
adjustments are recommended in patients with severe 
hepatic dysfunction [11, 90].

Adverse Effects (Table  3.3)  The most frequent are 
gastrointestinal (diarrhea, nausea, abdominal pain, vomiting, 
dyspepsia), abnormal liver function tests, asthenia, 
bradycardia, and QT prolongation. Uncommon adverse 
effects include: headache, rash and photosensitivity. 
Dronedarone increases serum creatinine levels due to partial 
inhibition of the tubular organic cationic transporter system, 
but the drug does not affect the GFR [94]. Sinus bradycardia 
is less frequent than with amiodarone and TdP have not been 
reported.

The ANDROMEDA trial which randomized patients with 
LV systolic dysfunction (LVEF 35%) and NYHA class III or 
IV symptoms within the prior month was prematurely dis-
continued because of increased mortality in the dronedarone 
group related to the worsening of HF [95]. In the PALLAS 
trial, dronedarone also increased rates of HF, stroke, and 
death from cardiovascular causes in patients with permanent 
AF who were at risk for major vascular events [96]. Thus, 
dronedarone should not be used in patients with recently 
decompensated HF or with permanent AF.
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Dronedarone may cause fetal harm and it is contraindi-
cated in women who are, or may become, pregnant (Pregnancy 
category X); it is not known whether dronedarone is excreted 
in human milk.

Drug Interactions  Dronedarone is a moderate inhibitor of 
CYP3A4 and CYP2D6, and a potent inhibitor of P-gp and 
is metabolized by CYP3A4, so that it can present many 
drug interactions [11].

Coadministration of dronedarone with β-blockers, vera-
pamil, or diltiazem increases their depressant effects on sino-
atrial and AV nodes. Because diltiazem and verapamil are weak 
CYP3A4 inhibitors, in patients treated with dronedarone, diltia-
zem and verapamil should be initiated at low doses and dose 
uptitration should be done after ECG assessment. Class I or III 
antiarrhythmics increase the risk of proarrhythmia and should 
be discontinued before the administration of dronedarone. 
Dronedarone increases the plasma levels of digoxin (a P-gp 
substrate) and the risk of bradycardia and AV block. In the 
PALLAS trial, the use of digoxin was associated with an 
increased risk of arrhythmia or sudden death in dronedarone-
treated patients [96]. Thus, the dose of digoxin should be halved 
and ECG and digoxin plasma levels carefully monitored.

Dronedarone is primarily metabolized by CYP3A4. 
Potent CYP3A4 inhibitors [azole antifungals (itraconazole, 
pozaconazole, voriconazole), cimetidine, cyclosporine, mac-
rolides (clarithromycin, telithromycin), nefazodone, ritona-
vir, grapefruit juice] and inducers (carbamazepine, 
phenobarbital, phenytoin, rifampin, St John’s Wort) signifi-
cantly increase and decrease, respectively, exposure of drone-
darone and should be administered with caution or avoided 
[90, 92]. Reduce the dose of dronedarone when coadminis-
tered with moderate CYP3A4 inhibitors (diltiazem, erythro-
mycin, verapamil). Dronedarone can increase the exposure 
of statins that are substrates of CYP3A4 and/or P-gp (atorv-
astatin, lovastatin, simvastatin) and the risk of myopathy; 
thus, the dose of lovastatin and simvastatin should be limited 
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to 20 mg/day and 10 mg/day, respectively. Dronedarone may 
increase the plasma levels of immunosupressants (tacroli-
mus, sirolimus, everolimus, cyclosporine); monitor their 
plasma concentrations, and adjust doses as appropriate [11]. 
Unlike amiodarone, dronedarone does not modify the INR, 
but it increases the exposure of dabigatran and this combina-
tion should be avoided. Avoid the combination of dronedar-
one with QT-prolonging drugs.

Contraindications and Cautions  See Table 3.3.

Dosage and Administration  See Table 3.5.

Indications  Dronedarone is approved for the maintenance 
of SR after successful cardioversion in clinically stable adult 
patients with paroxysmal or persistent AF [97–99], but it is 
less effective than amiodarone [32, 100, 101].  In patients with 
paroxysmal or persistent AF or Af with additional risk factors 
for death, the ATHENA trial showed that dronedarone 
significantly reduced the composite outcome of first hospi
talization due to cardiovascular events or death as compared 
with placebo [102]. Additionally, dronedarone decreased the 
mean ventricular rate during the recurrence of AF [98, 99]. In 
a short-term study, amiodarone was significantly more 
effective than dronedarone at preventing recurrence of AF, 
but was associated with significantly more adverse thyroid, 
neurological, ocular, and dermatological adverse effects [103].

�Ibutilide

Ibutilide is a methanesulfonamide derivative that prolongs 
cardiac repolarization through the inhibition of the IKr and 
the activation of the late inward sodium current (INaL) during 
the plateau phase of the cardiac action potential [104].
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Electrophysiologic Actions  Like other class III agents, 
ibutilide prolongs APD and refractoriness of the atrial and 
ventricular myocardium, AV node, His-Purkinje system, and 
accessory pathways, prolongs the QT and JT intervals and 
produces a mild slowing of the sinus rate, but it has no effect 
on the PR, A-H, QRS and H-V intervals [105–107]. The 
prolongation of QT interval is related to the dose, rate of 
infusion and heart rate. Indeed, the prolongation of APD and 
refractoriness becomes less pronounced at higher tachycardia 
rates, i.e. ibutilide exhibits reverse use dependence. Ibutilide 
has no significant hemodynamic effects or negative inotropic 
effects and can be used safely in patients with structural heart 
disease and prior MI.  It can lower the energy threshold 
required for VF.

Pharmacokinetics (Table 3.2)  Ibutilide is administered IV. It 
binds to plasma proteins (40%), presents a large Vd (11 L/kg) 
and is extensively metabolized in the liver; one hydroxy 
metabolite has weak class III effects. Ibutilide is renally 
excreted and its t½ presents a marked interpatient variability 
(2–12  h) [107]. The pharmacokinetics of ibutilide is 
independent of dose, age and LV function.

Adverse Effects (Table 3.3)  The most serious adverse effect 
is a dose-dependent QT prolongation that returns to normal 
values 2–4 h after stopping the IV infusion [104–106]. TdP can 
occur in up to 4% of patients during or shortly after the 
infusion period (within the first 4–6 h of dosing) and the risk 
increases in patients with LVEF <20% [108]. Non-sustained 
monomorphic VT may occur in ~5% and proarrhythmia 
requiring cardioversion occurred in ~2% of treated patients 
[109, 110]. To reduce the risk of proarrhythmia, high doses of 
ibutilide and rapid infusion rates should be avoided; IV 
pretreatment with magnesium sulfate reduces the incidence 
of ventricular arrhythmias, including TdP [111, 112]. Therefore, 
patients receiving ibutilide should undergo continuous ECG 
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monitoring during administration and for at least 4 hours 
after completion of dosing. Other noncardiac adverse effects 
are headache, bradycardia, hypotension, palpitations and 
nausea [11, 109]. The safety of ibutilide during pregnancy has 
not been well studied, and its use during pregnancy should be 
restricted to patients in whom no safer alternative exists 
(pregnancy category: C).

Drug Interactions (Table  3.4)  Class I or class III AADs 
should not be given concurrently with ibutilide (or within 4 h 
after infusion); other antiarrhythmics should be withheld 
prior to conversion with ibutilide.

Contraindications and Cautions  See Table 3.3.

Dosage and Administration  See Table 3.5.

Because of the risk for ventricular proarrhythmia, ibutilide 
should be initiated in-hospital on continuous ECG monitor-
ing by personnel trained in identification and treatment of 
ventricular arrhythmias during the drug administration and 
for 6–8 h thereafter and with resuscitation facilities available. 
The infusion should be stopped if the QTc is >500 ms or con-
version to SR occurs. Although dose adjustment is not neces-
sary in patients with hepatic or renal impairment, patients 
with liver disease may metabolize ibutilide more slowly and 
require longer postinfusion monitoring [107].

Indications  Intravenous ibutilide is indicated for the rapid 
conversion of recent-onset AF/Af (≤ 7 days) to SR, but it is 
more effective for the conversion of Af (Table 3.6) [105–107, 
110, 113–115]. In AF or Af, a single dose of ibutilide successfully 
converted 53% patients; an additional 22% patients is 
converted with the second dose, which resulted in an overall 
conversion rate of 75% [116]. The mean termination time was 
27  min after the start of the infusion. Ibutilide was more 
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effective than amiodarone, procainamide or sotalol in 
converting recent-onset Af to SR; however, ibutilide and 
amiodarone are equally effective in converting recent-onset 
AF to SR [33, 105, 106, 108, 113, 117]. In patients with persistent 
AF/Af the efficacy was 44% and 49%, respectively. Ibutilide is 
safe and effective for the rapid conversion of AF and Af after 
cardiac surgery (conversion rate 57% at the dose of 1  mg) 
[115]. Ibutilide also facilitates electrical cardioversion in 
patients with AF refractory to prior electrical cardioversions 
and prevent recurrent AF [24, 27].  All 50 patients receiving 
ibutilide before electrical cardioversion achieved SR while 
only 36 of 50 who did not receive the drug. The 14 patients who 
did not respond to electrical cardioversion were successfully 
cardioverted when a second attempt was made after ibutilide 
pretreatment [108]. However, because of the risk of 
proarrhythmia, ibutilide should not be used in patients with 
frequent short episodes of paroxysmal AF because even if the 
drug is effective to terminate the arrhythmia it is not useful for 
long-term prevention. The effectiveness of ibutilide for 
treatment of focal AT is unclear [26, 105, 106].

Furthermore, ibutilide prolongs accessory pathway refrac-
toriness and can temporarily slow ventricular rate during 
pre-excited AF and may be used for the pharmacologic car-
dioversion of micro-reentrant AT [118] and AV reentrant 
tachycardia [119].

�Sotalol

Sotalol is a non-selective β1-adrenoceptor blocker without 
intrinsic sympathomimetic activity that, in addition, inhibits 
the K+ current IKr, i.e., it is a mixed class II and class III AAD 
[11, 120, 121].

Electrophysiological Actions  Sotalol is a racemic mixture of 
dextro- and levo-isomers. Both isomers have comparable class 
III activity, but l-sotalol is responsible for the β-blocking activity 
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[121, 122]. The β-blocking effects appear at low oral doses (half-
maximal at 80 mg/day), while the class III effects are observed 
at doses >160 mg/day. Sotalol dose-dependently prolongs atrial 
and ventricular APD and refractoriness, slows heart rate, 
decreases AV nodal conduction, increases AV nodal 
refractoriness and prolongs the RR, PR, A-H and QT intervals 
of the ECG, but does not modify the QRS and H-V intervals. It 
also slows conduction along any bypass tract in both directions. 
The prolongation of the APD is greater at slower rates (reverse 
use-dependence) and under these conditions, sotalol may cause 
early afterdepolarizations triggering TdP. Unlike amiodarone, 
sotalol appears to reduce the defibrillation threshold [26].

Hemodynamics. Sotalol exerts a direct negative inotropic 
effect through its β-blocker activity, but it may indirectly increase 
Ca2+ entry and cardiac contractility by prolonging repolarization, 
particularly at slow heart rates. However, in patients with 
reduced LVEF, sotalol can decrease the cardiac index, increase 
filling pressures and precipitate overt HF [120, 121]. Therefore, 
it must be used cautiously in patients with LV dysfunction or HF 
and should be avoided in patients with LVEF <20%, although is 
well tolerated in those with normal cardiac function. In 415 
patients with AF/Af and PSVT, new or worsening HF occurred 
in 1.2% of patients, but in these studies patients with NYHA 
classes III-IV were excluded.

Pharmacokinetics (Table  3.2)  Sotalol is completely 
absorbed (oral bioavalability 90–100%), reaching peak 
plasma concentrations within 2.5–4  h and steady-sate 
plasma levels in 2–3  days. It does not bind to plasma 
proteins, is not metabolized in the liver and is excreted 
unchanged primarily by the kidneys. Its t½ is 7–18  h. The 
dose must be reduced in the elderly and in patients with 
renal impairment [11, 120].

Adverse Effects (Table 3.3)  They are those commonly seen 
with other β-blockers, including bradycardia and AV block, 
asthenia, fatigue, hypotension, dizziness and cardiac ischemia 
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after abrupt discontinuation. Proarrhythmia is the most 
serious adverse effect. TdP appears in 0.3% of patients treated 
with ≤240 mg/day, in 4.4% of those treated with 480 mg/day, 
in ~1.3% of patients when the QTc <500 ms and in 3.4–5.6% 
when the QTc is between 500–550  ms. In the PAFAC trial 
TdP appear in 1% of patients [123]. Proarrhytmia was 
probably the cause of the increased mortality observed with 
d-sotalol in patients with LV dysfunction post-MI [32, 
124].  The risk of TdP increases in females, at high doses 
(>320 mg/day) and in patients with bradycardia, baseline QTc 
intervals >450 ms, electrolyte disturbances (hypokalemia and 
hypomagnesaemia), severe LV failure, treated with 
QT-prolonging drugs or with congenital long-QT syndrome.

Sotalol crosses the placenta and is present in breast milk 
(Pregnancy category B). β-blockers are commonly used in 
pregnant women with cardiovascular conditions and are asso-
ciated with intrauterine growth retardation [23].

Drug interactions (Table  3.4)  Sotalol should be used with 
caution or avoided in patients treated with QT-prolonging 
drugs and additive effects are expected if co-administered 
with other β-blockers. Class IA, IC and III AADs are not 
recommended as concomitant therapy with sotalol. 
Coadministration with digoxin can increase the risk of 
bradycardia and AVB and coadministration with diltiazem or 
verapamil may increase the risk of hypotension, bradycardia, 
or AVB. In diabetic patients sotalol may mask symptoms of 
hypoglycemia (tachycardia, tremor) or worsen hyperglycemia; 
so, the doses of insulin or antidiabetic drugs may require 
adjustment. β2-receptor agonists should be administered at 
higher dosages in patients treated with sotalol. Antacids 
containing aluminum hydroxide and magnesium hydroxide 
given 2 h or less before sotalol may reduce its bioavailability.

Contraindications and Cautions  See Table 3.3.

Dosage and Administration  See Table 3.5.

Patients initiated or reinitiated on sotalol should be placed 
in a facility that can provide cardiac resuscitation and con-
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tinuous electrocardiographic monitoring for a minimum of 3 
days [24–28]. The starting oral dose is 80 mg bid in patients 
with a QT <450 ms and a CrCl >60 mL/min. Doses may be 
increased in increments of 80 mg/day every 2–3 days to reach 
steady-state levels (maximum dose of 160 mg bid) provided 
the QTc interval <500 ms. Higher doses (480–640 mg/day) are 
used in patients with refractory life-threatening ventricular 
arrhythmias. Because sotalol can cause TdP or severe brady-
cardia, it may be considered to initiate the treatment in-hos-
pital, particularly in patients in whom sinus bradycardia may 
cause syncope or when the conversion of AF/Af to SR pro-
long the QT interval. The use of high doses of sotalol requires 
careful ECG monitoring, especially in patients with impaired 
renal function.

In patients with ventricular arrhythmias and a CrCl 
between 30 and 59 mL/min sotalol must be administered od; 
with a CrCl between 10 and 29 mL/min the dose should be 
administered every 36–48 h, and with a CrCl <10 mL/min the 
dose should be individualized.

In patients with AF/Af and renal impairment (CrCl 
<60 mL/min) sotalol should be administered bid; if the CrCl 
is between 40 and 59 mL/min sotalol should be administered 
od; if the CrCl <40 mL/min sotalol is contraindicated.

Indications

Sotalol is approved for the:

	1.	 Maintenance of SR following cardioversion of recurrent 
AF/Af (Table 3.6). For the maintenance of SR sotalol is as 
effective as flecainide or propafenone, but it can be admin-
istered to patients with structural heart disease or coro-
nary artery disease where class IC drugs are contraindicated 
and without an additional agent to slow AV-nodal conduc-
tion [26, 33]. However, sotalol is less effective than amio-
darone. In patients with persistent AF amiodarone and 
sotalol were equally efficacious in converting AF to SR 
but amiodarone was superior for maintaining SR; how-
ever, both drugs had similar efficacy in patients with isch-
emic heart disease [125]. Furthermore, in the CTAF trial, 
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after a mean of 16 months of follow-up 65% of patients 
treated with amiodarone and 37% of patients treated with 
sotalol or propafanone remained free of AF recurrence 
[30]. Similarly, in a large meta-analysis, efficacy of sotalol is 
similar to that of most AADs other than amiodarone [32]. 
Thus, sotalol can replace amiodarone when adverse effects 
are expected.

Pretreatment with sotalol can facilitate DC cardioversion 
and prevent recurrent AF and in relapses to AF after success-
ful cardioversion, repeating DC cardioversion after sotalol 
facilitates the successful cardioversion (Table 3.6). Sotalol is 
also effective to decrease the incidence of POAF and to con-
trol ventricular rate during AF/Af [43, 126].

	2.	 Supraventricular tachycardias. Sotalol may be reasonable 
for ongoing management in patients with SVT who are not 
candidates for, or prefer not to undergo, catheter ablation 
(Table  3.7) [26, 127]. Additionally, sotalol slows the ven-
tricular response to atrial tachyarrhythmias and offers an 
effective alternative to DC cardioversion in adults and 
adolescents with congenital heart disease and hemody-
namically stable atrial tachyarrhythmias [128]. One study 
randomized patients with reentrant SVT (AVNRT or 
AVRT) or other atrial tachyarrhythmias (eg, AF, Af, AT) to 
sotalol (80–160 mg bid) or placebo and found significant 
reductions in recurrence risk, including for patients with 
reentrant SVT, with no proarrhythmic adverse effects 
[127]. However, because of the potential for proarrhyth-
mia, sotalol should be reserved for patients with SVT who 
are not candidates for, or prefer not to undergo, catheter 
ablation and for whom other AADs are ineffective or can-
not be prescribed.

	3.	 Treatment of life-threatening sustained ventricular arrhyth-
mias and acute conversion of hemodynamically stable mono-
morphic sustained VT (Table  3.8). In patients with 
hemodynamically stable VT, sotalol was superior to lido-
caine for the acute termination of sustained VT [129].  In 
patients with life-threatening arrhythmias (sustained VT/
VF) which were also inducible by programmed electrical 
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stimulation (PES), the ESVEM trial showed that sotalol was 
significantly more efficacious at decreasing death and ven-
tricular arrhythmias than other six class I AADs [130]. In 
patients who had received an ICD for secondary prevention 
of serious malignant ventricular arrhythmias, the combina-
tion of amiodarone with a β-blocker prevented shocks bet-
ter than the β-blocker alone, although sotalol alone tended 
to reduce ICD shocks [131]. However, in another placebo-
controlled study in patients with ICD, sotalol reduced the 
risk of death from any cause or the delivery of a first shock 
for any reason by 48% whether or not ventricular function 
was depressed. Sotalol also prevented the occurrence of 
shocks in response to supraventricular arrhythmias [132]. 
Two studies that compared the efficacy of metoprolol and 
sotalol yielded contradictory results. In one trial, sotalol was 
less effective than metoprolol for reducing recurrence of 
ventricular arrhythmia events; however, this study did not 
include inappropriate shocks that were a prominent feature 
in the previous studies [133]. In another trial, metoprolol 
was as efficacious as sotalol in preventing VT/VF recur-
rences in patients with an ICD [134]. In patients with sus-
tained VT/VF and a ICD, sotalol reduced the recurrences in 
comparison to no AAD treatment and the frequency of 
ICD discharges, but it did not improve survival [135].

Because of its proarrhythmic risk, the use of sotalol is not 
recommended in patients with less severe arrhythmias 
(non-sustained VT or supraventricular tachyarrhythmias), 
even if symptomatic. Sotalol can be used safely in patients 
with coronary artery disease, but it should also be avoided 
in patients with severe HF (NYHA functional class III or 
IV). Although specific studies in treating atrial arrhythmias 
after MI have not been conducted, the administration of 
sotalol started 5–15 days after the MI did not increase rate 
after a 12 month follow-up [136].
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�Cardiac Beta-Adrenergic Receptors 
and Remodeling in Myocardial Infarction 
and Heart Failure

�Autonomic Innervation of the Heart

�Intrinsic and Extrinsic Nervous System

The normal autonomic innervation of the heart consists of 
extrinsic and intrinsic components. The extrinsic innervation 
comprises sympathetic and parasympathetic components. 
The sympathetic fibers originate from the cervical ganglia 
(communicating with nerves C1–C3, and less with C4), cervi-
cothoracic ganglia (communicating with nerves C7–C8 and 
T1–T2), and thoracic ganglia (with T4 being the lowest) [1]. 
The fibers from these ganglia form the superior, middle and 
inferior cardiac nerves that reach the surface of the heart fol-
lowing the carotid, subclavian and brachiocephalic arteries, 
whereas the thoracic cardiac nerve has a more complicated 
trajectory alongside the thoracic vertebrae and intercostal 
arteries [1]. The sympathetic fibers penetrate then the myo-
cardium and end as terminal fibers at the endocardium. 
Despite the throughout distribution of these fibers, there is a 
different density between chambers and cardiac layers and 
between conduction system and working myocardium [2–4]. 
The parasympathetic fibers originate from the medulla and 
are carried via vagus nerve branches: superior, inferior and 
thoracic cardiac branches [1]. The vagal branches converge to 
a distinct fat pad, namely third fat pad, from where the para-
sympathetic fibers are more heterogeneously distributed 
compared to the sympathetic terminals [5]. The sinoatrial 
node (SAN) and atrioventricular node (AVN) are well inner-
vated and to a lesser degree the superior and posterior arias 
of the atria. The ventricles parasympathetic innervation is 
sparse [3, 4, 6].

The intrinsic innervation of the heart consists of a network 
of ganglia organized into ganglionic plexi (GP) which may act 
as integration centers [7, 8]. The parasympathetic fibers syn-
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apse in these cardiac ganglia as well as the preganglionic 
sympathetic fibers. Multiple locations of GPs where identi-
fied: dorsal surface of atria, inferior vena cava, inferior atrial 
and pulmonary vein, left atrium junctions, and the anterior 
surface of the ventricles, primarily at the emerge of major 
vessels [1, 7, 9].

�Effects of Sympathetic/Parasympathetic Activity

The sympathetic response is mediated by the norepineph-
rine, which acts on the adrenergic receptors (AR). They are 
classified by their response to agonists into α and β types, 
which are further divided into subtypes: α1 and α2-AR and 
β1, β2 and β3-AR. The β1-AR is the most represented in the 
heart [10, 11], with a β1/β2 ratio of 1.5:1  in the atria and 
4:1  in the ventricles [12]. Endogenous norepinephrine 
exerts its positive inotropic and chronotropic effects 
through β1-AR stimulation [13]. After binding the receptor, 
a complex intracellular signaling system is activated which 
ultimately ends with the phosphorylation of multiple pro-
teins involved in ion channel and contractile function 
(Fig. 4.1, adapted from [6]).

The global effects of β1-AR stimulation consist in 
increased contractility, increased inward Na+ current and 
pacemaker current, and shortening of action potential dura-
tion (APD) and of the refractory period, which consecu-
tively reflects in the increased of heart rate and the conduction 
velocity [6, 14].

The β2-AR are less well represented in the heart, but 
they are denser in the SAN suggesting they have a role in 
the regulation of heart rate [15]. Nevertheless, the stimula-
tion of β2-AR increases the heart rate to the same degree as 
β1-AR [12].

The parasympathetic response is mediated by acetylcho-
line, activating muscarinic and nicotinic receptors. At the heart 
level, the effects of parasympathetic stimulation are mediated 
by M2 muscarinic receptors (see Fig. 4.1) which are denser in 
atrial and nodal tissues and less in the ventricles [16].  
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The effect of muscarinic receptor activation is different on 
atrial compared to ventricular myocytes. In both, M2- receptor 
activation leads to reduced activity of adenylate cyclase and 
subsequently to a decrease of intracellular Ca2+ and contractil-
ity. On the other hand, on atrial tissue and SAN and AVN, 
there is a supplementary effect consisting in the activation of 
a K+ channel (IAch) which leads to lowering of heart rate and 
slower conduction [17].

�Sympathetic Remodeling

It is widely accepted that many arrhythmias are related to the 
imbalance of the autonomic nervous system, meaning an 
excess of sympathetic stimulation and reduced parasympa-
thetic activity [14]. The cardiac sympathetic remodeling rep-
resents structural and functional modifications as a response 
to different conditions affecting the heart. To the date, there 
are four types of remodeling: hyperinnervation, denervation, 
altered neurotransmitter production and neuronal hyperex-
citability [18].

Noradrenaline Acetylcholine

β1-receptor stimulation

Adenylyl cyclase activation Adenylyl cyclase inhibition

PKA activation Reduced PKA activity

Conformational change of GPRC

↑cAMP ↓cAMP

↑ Ca2+ influx ↓ Ca2+ influx

↑ K+ efflux

K+ channel opening
(atrial and nodal levels)

↑ Intracellular Ca2+ ↓ Intracellular Ca2+ 

↑ Ca2+ release from SR

Phosphorylation of voltage-gated ion channels

M2-receptor stimulation

Gi Gk

Figure 4.1  Cellular effects of sympathetic and parasympathetic 
stimulation. cAMP cyclic adenosine monophosphate, GPCR G 
protein-coupled receptor, Gi,Gk guanine nucleotide binding pro-
teins, PKA protein kinase A, SR sarcoplasmic reticulum
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�Hyperinnervation

An increased density of nerve fibers was demonstrated in 
many conditions like myocardial infarction (MI) or heart 
failure (HF) [19–22]. The neuronal regrowth is related to the 
neurotrophic factors, of which the nerve growth factor (NGF) 
implication is well demonstrated. NGF promotes sympathetic 
differentiation and peripheral axonal growth and its levels 
are increased following a MI [22–25]. Also, the neural growth 
is regulated by several factors, like ephrins and semaphorins, 
and these could be involved in sympathetic remodeling. 
Sema3A is a class 3 secreted semaphorin and a potent neural 
chemorepellent with a negative impact on cardiac sympa-
thetic innervation [26]. The overexpression of sema3A in the 
border zone after MI seems to reduce the sympathetic hyper-
innervation and the vulnerability for arrhythmias [27].

�Denervation and Axon Degeneration

The lack of sympathetic stimulation could also contribute 
to electrical instability. Denervation and reduced sympa-
thetic activation was demonstrated in patients with MI or 
HF [28, 29] and there are multiple factors contributing to 
sympathetic denervation, like increased level of pro-NGF 
(a precursor protein of NGF) [30] or chondroitin sulfate 
proteoglycans [31]. This denervation, alongside hyperinner-
vation previously mentioned, seems to be an important 
factor in the development of arrhythmias [32, 33].

�Altered Neurotransmitter Production

Besides neural density alterations, other factors like modifi-
cations in neurotransmitter or neuropeptides production 
could participate to the arrhythmic substrate [14, 18]. For 
example, after MI there is an increased concentration of neu-
ropeptide Y secondary to sympathetic overdrive, which inhib-
its acetylcholine release and produces vasoconstriction with 
negative consequences on the cardiac substrate [14, 34].
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�Increased Neuronal Excitability

In the territories with adrenergic denervation, an exaggerated 
response to sympathetic stimulation was observed, so-called 
denervation supersensitivity [35, 36]. Loss of postsynaptic 
norepinephrine reuptake and increase of the β-receptors 
number and of adenylate cyclase activity are among the fac-
tors involved in this phenomenon [36]. Nevertheless, the 
superexcitability to adrenergic stimulation seems to play a 
role in the vulnerability to arrhythmias [14, 37].

�Role of Autonomic Nervous Activity 
in Arrhythmias

�Atrial Tachyarrhythmias

Coumel et al. described for first time the role of autonomic ner-
vous system imbalance in atrial fibrillation (AF) development 
[38] and both sympathetic and parasympathetic stimulation 
could lead to this arrhythmia based on cardiac substrate; whereas 
vagal activity is demonstrated to be related to nocturnal AF and 
normal cardiac substrate, the adrenergic stimulation represents 
the trigger for AF related to organic heart disease [39–45]. A 
research done on dogs stated that the acetylcholine-mediated 
AF was facilitated by the isoproterenol, suggesting both compo-
nents of ANS have a role in AF genesis [46]. Also, a study with 
implanted radio-transmitters demonstrated both sympathetic 
and parasympathetic activity preceding AF onset [47, 48].

The abnormal intracellular Ca2+ transient and shortened 
APD determined by adrenergic stimulation and the shorten-
ing of the atrial effective refractory period (ERP) secondary 
to vagal activity seems to generate an inward sodium-calcium 
exchange current and subsequently early afterdepolariza-
tions (EAD) [49].

�Ventricular Tachyarrhythmias

Based on the available evidence, the relationship between 
increased adrenergic stimulation and ventricular arrhythmias 
and sudden cardiac death is widely accepted [19, 50–53].  
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The susceptibility for ventricular arrhythmias is increased in the 
presence of ischemia [54–56] and any factor which elicits an 
increase in sympathetic activity, including exercise or psycho-
logical stress, could be the precipitating factor [57–61]. A study 
of explanted hearts showed marked nerve sprouting around 
diseased myocardium, especially in patients with a history of 
ventricular arrhythmias [19]. Direct electrical stimulation of 
sympathetic nerves increases the level of nerve sprouting and 
decreases the threshold for ventricular fibrillation [55, 62, 63]. 
Also, there is evidence of increased adrenergic activity right 
before the onset of ventricular arrhythmias [64, 65].

�Pharmacologic Properties of Beta-Adrenergic 
Blockers (BB)

�General Considerations

The beta-blockers (BB) represent a heterogeneous class of 
drugs that competitively antagonize the β adrenergic recep-
tors. The differences between the representants of this class 
are based on multiple characteristics like selectivity for the 
subtype of the receptor, presence of intrinsic sympathomi-
metic activity (ISA), concomitant α-blockade, vasodilation 
capacity, and pharmacokinetic properties. A classification of 
BB is provided in Table 4.1.

The first generation of non-selective BB, of which the main 
prototype remains propranolol, is characterized by an affinity 
for both β1 and β2 receptors. The second generation like meto-
prolol or atenolol blocks predominantly the β1 receptors at low 
doses which confers a cardioselectivity for these drugs. Though 
this selectivity is relative as they may block β2 receptors at high 
doses [68]. This is important especially for patients with bron-
chospastic pulmonary diseases. The third generation of BB 
includes both non-selective and β1-selective drugs which have 
additional properties. For example, carvedilol and labetalol have 
α1-blocking properties thus facilitating peripheral vasodilation 
and reduced vascular resistance [69]. Nebivolol also facilitates 
vasodilation mediated by nitric oxide (NO) release. There is 
some evidence carvedilol may favor NO production as well [70]. 
Other BB like pindolol, acebutolol or labetalol have some ISA 
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properties, meaning they may prevent the profound beta-block-
ade effects at rest. Some BB as carvedilol demonstrated antioxi-
dant effects either by protection against reactive oxygen species 
or by increasing NO levels [71, 72]. An overview of these extra 
mechanisms of different BB is shown in Table 4.2.

Table 4.1  Classification of beta-receptor blockers (adapted 
after [66, 67])
Type of beta 
receptor 
antagonist Drug

β1-blockade 
potency β1-selectivity

Non-
selective (first 
generation)

Nadolol 1.0 0

Penbutolol 1.0 0

Pindolol 6.0 0

Propranolol 1.0 0

Timolol 6.0 0

Sotalol 0.3 0

Levobunolol not available 0

Metipranolol not available 0

β1-selective 
(second 
generation)

Acebutolol 0.3 +

Atenolol 1.0 ++

Bisoprolol 10.0 ++

Esmolol 0.02 ++

Metoprolol 1.0 ++

Non-selective 
with ancillary 
properties (third 
generation)

Carteolol 10.0 0

Carvedilol 10.0 0

Bucindolol 1.0 0

Labetalol 0.3 ++

β1-selective 
with ancillary 
properties (third 
generation)

Betaxolol 1.0 ++

Celiprolol 1.0 ++

Nebivolol 10.0 ++
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The major pharmacological effects of BB are exerted on the 
cardiovascular system and they are mainly related to the block-
ade of β1 receptors which is the dominant adrenergic receptor 
in the heart. The potency and selectivity of β1-blockade are 
different among the representants of this class as shown in 
Table  4.1. Through the competitive blocking of β1-AR BB 
drugs reduce the inotropic and chronotropic effects of cate-
cholamines and decrease the NSA rate, the conduction in atria 
and AVN and the automaticity (see Fig.  4.2, adapted from 
[73]). These pharmacological effects are visible when there is a 
high level of adrenergic activity, like during exercise, and they 
are present to a lesser degree at rest.

�Pharmacokinetics

The differences in pharmacokinetic properties of BB (see 
Table 4.3) influence not only the dosage of the drug but also 
the extent of their beneficial and potentially harmful effects.

β-blocker β1

β2

M2

Gs

Gi

AC

ATP

SR

cAMP

-

-

- -

PKA

-

-

-

Ca2+ channel

Ca2+

Ca2+

Ca2+ ↓

↓ SR Ca2+

reuptake

↓ NSA rate
↓ AVN Conduction

↓ Contraction force

↓ Relaxation

↓ Troponin C
    binding

↑ Phase 4 in
pacemaker cells

Figure 4.2  The main mechanism of BB and cardiovascular effects. 
β1,2 beta-adrenergic receptors, M2 muscarinic receptor type 2, Gs 
stimulating G-protein, Gi inhibitory G-protein, ATP adenosine tri-
phosphate, cAMP cyclic adenosine monophosphate, PKA phospho-
kinase A, SR sarcoplasmic reticulum, NSA node sino-atrial, AVN 
atrioventricular node
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�Absorption

Most of BB are orally administrated but their availability dif-
fers because of the first-pass liver effect. Lipophilic BB have 
a higher first-pass metabolism which confers a lower plasma 
half-life. The lipid solubility dictates the capacity to pass the 
blood-brain barrier and the main elimination route. Agents 
with high lipophilic profile, like propranolol, are more able to 
determine the central nervous system (CNS) effects whereas 
BB with low lipid solubility have a low penetration to this 
level. There are also a few BB drugs that may be administered 
intravenously. Currently, propranolol, metoprolol, labetalol, 
and esmolol have approved parenteral formulation. Of par-
ticular interest is esmolol which has an ultra-short half-time 
of 9 min, being converted to inactive metabolites by red cells 
esterase. Its beta-blocking effect disappears in ~30 min which 
promotes esmolol as a candidate of choice in acute settings 
where a rapid β-blockade is desirable but the hemodynamic 
stability of patient is uncertain.

�Distribution

Propranolol, carvedilol or labetalol have a high protein-
binding capacity. This could lead to a higher plasmatic level in 
the case of hypoproteinemia and thus a dose modification 
could be necessary.

�Biotransformation

Plasma half-life time influences the mode of administration 
of BB.  The shortest half-life is seen in the case of esmolol, 
which could be preferred in patients with potential hemody-
namic instability. The drugs with longer half-life like nebivo-
lol, sotalol, carvedilol or metoprolol succinate have better 
trough-to-peak ratios and therefore could be administrated 
once daily. This could be a better option for chronic diseases 
and for improving patient’s adherence to therapy.
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�Elimination

The route of elimination varies greatly among BB drugs. 
Lipid soluble agents as propranolol, labetalol and carvedilol 
are metabolized by the liver. High hydrophilic drugs like 
atenolol or sotalol are excreted by the kidney. Nebivolol and 
bisoprolol are eliminated by both liver and kidney routes. 
Therefore, in patients with severe liver or kidney diseases 
choosing the BB and the dosage according to these pharma-
cokinetic properties is advisable.

�Electrophysiologic Mechanism  
of Beta-Adrenergic Blockers

�General Considerations

Adrenergic stimulation has a major impact on cardiac elec-
trophysiology due to a complex combination of ion currents 
modifications. By blocking sympathetic stimulation on car-
diac cells, BB have an opposing effect, which results mainly in 
the lengthening of the action potential duration (APD), and 
therefore antiarrhythmic properties. As antiarrhythmics, BB 
have an impact on different mechanisms like reentry, automa-
ticity or early and delayed afterdepolarizations (EAD, DAD). 
An overview of electrophysiological (EP) effects of BB and 
their consequences is shown in Fig. 4.3 (adapted from [74]).

�Effects on IKs and IKr

Adrenergic stimulation increases IKs and this seems to pre-
vent the excessive prolongation of APD during the ICa 
increase [75]. In congenital long QT syndromes (LQTS) char-
acterized by a loss-of-function mutation in KCNH2 (LQTS 
type 2) or KCNQ1/ KCNE1 (LQTS type 1/type 5), there is a 
reduction of IKr and, respectively, IKs currents and conse-
quently a higher risk of EAD and ventricular tachycardias 
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↓ Chance of premature beats↓ If

↓ IKs

↓ IKr

↓ IK1

↓ IKur

↓ INCX

↓ ICl-,CTFR

↓ ICa,L

↓ APD

↓ APD

↓ Resting membrane potential

↓ Depolarization of resting
membrane potential

↓ Automaticity

↓ ReentryBeta-
blockers ↓ EAD

↓ DAD

↓ APD
↓ Intracellular Ca2+

↓ APD

↑ ERP

Figure 4.3  Ion currents affected by beta blockers and the effect on 
action potential and arrhythmic mechanisms. APD action potential 
duration, ERP effective refractory period, EAD early afterdepolar-
ization, DAD delayed afterdepolarization, ic intracellular

(VT) during adrenergic stimulation. Downregulation of these 
two currents was in electrical remodeling secondary to heart 
failure [76, 77]. Thus, BB could be useful in such cases.

The ultra-rapid delayed rectifier current (IKur) is expressed 
only in atrial myocardium and is upregulated during AF [78]. 
Its composition consists of Kv1.5 α-subunits and is affected by 
adrenergic stimulation via PKA phosphorylation and conse-
quently could be modulated by BB therapy [79]. An interesting 
finding related to the BB effect on IKur is that the effect seems 
to be different between left and right atria. Whereas pure beta- 
blockers had a stronger effect on left atrium ERP, sotalol 
showed a more pronounced effect on the right atrium [80].

�Effects on IK1

Sympathetic stimulation of cardiomyocytes leads to a dose-
dependent modulation of the inward rectifier current (IK1) 
and this is significantly reduced in the presence of heart 
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failure [81, 82]. Also, in Andersen syndrome characterized by 
mutations in Kir2.1 channels was demonstrated a reduced IK1 
current density which contributes to the prolongation of QT 
(LQTS7) and ventricular arrhythmias [83]. An increased IK1 
density was seen in AF [84, 85]. In a study based on mathe-
matical modeling chronic therapy with BB resulted in pro-
longation of APD and ERP and a positive shifting in 
membrane resting potential in atrial cells as a consequence 
of decreasing IK1 current, alongside Ito current [86].

�Effects on If (funny)

The funny current (If) represents the major determinant of 
the diastolic depolarization and pacemaker activity. It has 
unusual properties like permeability for both Na+ and K+ 
ions, activation by hyperpolarization and slow kinetics [87]. It 
is expressed predominantly in the NSA, but also in other 
regions with pacemaker capabilities like AVN and Purkinje 
cells. By inhibiting adrenergic augmentation of If current BB 
may have beneficial effects on enhanced pacemaker activity, 
especially in situations with a high sympathetic drive.

�Effects on INCX

The cardiac sodium-calcium exchanger (INCX) is responsible 
for the regulation of the intracellular Ca2+. When its activity is 
amplified, like in heart failure, it may contribute to the gen-
eration of DAD and ventricular arrhythmias [88]. BB may 
increase sarcoplasmic reticulum Ca2+ ATPase pump (SERCA) 
expression and decrease the INCX and therefore lowering the 
risk of VT [89].

�Effects on ICTFR

Norepinephrine seems to determine a cAMP-activated 
chloride current (ICl-,CTFR) via a cardiac variant of the cystic 
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fibrosis transmembrane conductance regulator protein 
(CTFR) [90, 91]. The major effect of ICl-,CTFR is represented 
by the shortening of APD and this could facilitate reentrant 
arrhythmias [92], but the role of this current on arrhythmo-
genesis and the potential role of BB therapy is unknown.

BB reduce the Ca2+ influx determined by the sympathetic 
increase of the ICa.L current (see Fig.  4.2) and consequently 
the proarrhythmic effect of intracellular Ca2+ overload [93].

�Effects in Heart Failure

The mechanisms behind the beneficial effect of BB in HF are 
complex and include improving of β-adrenergic signaling, the 
resensitization of the β-receptor, reducing the cytosolic Ca2+ 
overload via bradycardia and normalization of ryanodine 
receptors (see Fig. 4.4) [94–96].

�Beta-Adrenergic Blockers for Clinical 
Arrhythmias

�General Considerations

BB agents are of great value in clinical practice in a plethora 
of arrhythmias, both supraventricular and ventricular 
(Table 4.4) [78, 97, 98]. Because of their heterogeneity in prop-
erties, the clinical benefit may differ significantly in various 
clinical settings. This may be useful for the clinician in order 
to choose the appropriate drug for a specific situation.

�Sinus Tachycardia

Sinus tachycardia usually is determined by physiological 
adaptation. Therefore this condition does not impose a treat-
ment but in the presence of symptoms related to the fast 
heart rate treatment with beta-blockers could be useful [99].
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Inappropriate sinus tachycardia represents a persistently 
increased heart rate at rest unrelated to the level of physical, 

Chronic increased sympathetic activity

BetablockersBetablockers

↑ GRK2 ↑ PKA

Sustained β1-receptor stimulation

Hyperphosphorylation of RyR2β1-receptor phosphorylation

Gs uncoupling

Lysosomal destruction
Downregulation

Internalization of β1-receptor

β-arrestin

↑ Ca2+ influx

↑ I
f

↑ sensitivity to Ca2+ Cytosolic Ca2+ overload

Diastolic SR Ca2+ leak

- -

Figure 4.4  Proposed mechanisms of beneficial action of beta-
blockers in heart failure. GRK2 G protein-coupled receptor kinase, 
PKA protein kinase A, SR sarcoplasmic reticulum, RyR2 ryanodine 
receptor, Gs stimulating G-protein

Table 4.4  Use of beta blockers in arrhythmias
Arrhythmias/clinical settings

Supraventricular arrhythmias
 � Sinus tachycardia
 � Ectopic atrial tachycardia (for cardioversion or prevention)
 � Atrioventricular nodal reciprocating tachycardia
 � Focal junctional tachycardia
 � Non-paroxysmal junctional tachycardia
 � WPW with symptomatic arrhythmias
 � Atrial flutter (rate control)
 � Atrial fibrillation
 �   Prevention (post-conversion, post-AMI, HF, post-surgery)
 �   Conversion to sinus rhythm
 �   Rate control
Ventricular arrhythmias
 � Control of arrhythmias after AMI
 � Prevention of SCD in HF and post-AMI
 � Prevention in inherited cardiac arrhythmias
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emotional or pathological stress. It should be differentiated 
from other atrial tachycardias or postural orthostatic tachy-
cardia syndrome (POTS) and usually is an exclusion diagno-
sis. Patients with this condition may benefit occasionally from 
betablockade, however, this treatment is often ineffective and 
may be accompanied by hypotension [97, 100].

Postural orthostatic tachycardia syndrome (POTS) repre-
sents an excessive increase of heart rate during orthostatic 
posture associated with diverse symptoms like palpitations, 
fatigability, exercise intolerance, lightheadedness but not with 
orthostatic hypotension. The mechanisms underlying POTS 
are not fully understood. A genetic mutation in norepineph-
rine transporter (NET) was identified and its presence 
resulted in increased plasmatic and urine levels and decreased 
reuptake of norepinephrine [101]. Recent researches demon-
strated the involvement of α1, β1 and β2 receptors autoanti-
bodies which may be responsible for the pathophysiological 
manifestations of POTS [102, 103] In some reports of POTS 
cases, a benefit was obtained with propranolol or bisoprolol 
[104, 105]. A beta blocker with α1-blocking properties, like 
labetalol, may be more appropriate in case of patients with 
POTS who develop hypertension in a standing position [106].

�Focal Atrial Tachycardias

Focal atrial tachycardias (AT) is defined by regular atrial activity 
from atrial areas outside of sinus node with centrifugal spread 
and atrial rates ranged from 100 to 250 bpm, rarely 300 bpm [99]. 
The underlying mechanism of this group of arrhythmias consists 
of automatic, triggered or micro-reentry activity [107]. The inci-
dence of focal ATs is <1% in symptomatic patients but increases 
with age [108, 109]. In children focal AT is seen in up to 23% in 
patients with normal heart, but more frequently in those with 
congenital heart disease [110]. The non-sustained focal AT are 
benign and rarely symptomatic, therefore they usually do not 
impose a treatment. The incessant form of focal AT could lead 
to tachycardia-induced cardiomyopathy [111].
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There is limited data regarded the efficacy of BB therapy 
in focal AT and no randomized studies are available. In the 
acute setting intravenous BB may be used for either termi-
nate the arrhythmia, which is rare, or for controlling the ven-
tricular rate through increasing AVN block [97, 99]. For 
long-term management, BB may be used in symptomatic 
patients for prevention of recurrences or controlling the 
heart rate, especially if focal AT are related to the increased 
sympathetic tonus, like perioperative [78, 99, 112].

BB have limited utility in multifocal atrial tachycardia 
(MAT) because of underlying pulmonary condition, usually 
severe. In the absence of bronchospasm or acute decompensa-
tion of respiratory disease, BB may be used both in acute or 
chronic settings for rate control or for conversion to sinus 
rhythm [97]. Regarding the agent of choice, there is limited 
data on the efficacy and safety of beta-selective metoprolol in 
patients with pulmonary disease [113, 114]. For acute rate 
control in selected patients, a dose of 2–3 mg of metoprolol iv. 
may be given every 2–3 min up to a total of 15 mg ([115].). 
Also, there is a case report of successful termination of MAT 
in a patient with a severe chronic obstructive pulmonary dis-
ease using esmolol iv [116].

�Atrioventricular Nodal Reentrant Tachycardia

Atrioventricular nodal reentrant tachycardia (AVNRT) is a 
typical reentrant arrhythmia based on the dual pathway elec-
trophysiology of AVN.  It appears more frequent in women 
and usually is not associated with structural cardiac disease.

BB may be used for acute termination of AVNRT in 
hemodynamically stable patients, but usually is not recom-
mended at first-line therapy unless there are contraindica-
tions or lack of efficacy to adenosine or calcium-channel 
blockers [78, 97, 99]. There is little evidence regarding the 
efficacy of BB in the acute treatment of AVNRT and some of 
the trials demonstrated rather a low rate of success [117]. An 
open study comparing esmolol and propranolol in patients 
with AVNRT showed a conversion rate as low as 14% for 
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esmolol and 16% for propranolol [118]. Also, a randomized 
trial comparing the efficacy of diltiazem and esmolol in the 
acute treatment of AVNRT was stopped prematurely because 
of a clear superiority of calcium blocker [119].

For the prevention of AVNRT, the most successful choice 
is represented by catheter ablation, while the pharmacologi-
cal approach is available for the patients who are not willing 
to perform the ablation. In this regard beta blockers, as drugs 
with impact on AVN conduction, may be a viable choice. 
There are no large randomized trials to reveal the efficacy of 
BB therapy in chronic management of AVNRT but generally, 
the drug efficacy ranged from 30 to 50% [120].

�Atrioventricular Reentrant Tachycardia 
with Accessory Pathways

In patients with accessory pathways, 95% of the occurring 
tachyarrhythmias are represented by atrioventricular reen-
trant tachycardia (AVRT). The ECG expression differs as to 
the conduction through AVN during the tachycardia is ortho-
dromic or antidromic.

The use of BB for acute treatment of AVRT is not recom-
mended because of the risk of enhancing the conduction over 
the accessory pathway if atrial fibrillation occurs [78, 97]. There 
is no trial examining the efficacy and safety of chronic BB 
therapy in patients with preexcitation syndrome. Nevertheless, 
the current guidelines suggest that BB may be used in patients 
in which electrophysiological testing demonstrated that the by-
pass tract is incapable of rapid anterograde conduction [99].

�Atrial Flutter

Atrial flutter (AFL) is the most representative form of macro-
reentrant tachyarrhythmias and accounts for about 15% of 
supraventricular tachyarrhythmias, frequently preceding or 
coexisting with atrial fibrillation (AF) [120]. Male gender, 
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elderly, and the presence of heart failure or chronic obstruc-
tive pulmonary disease are the factors associated with the 
highest risk of developing AFL. Also, 60% of patients devel-
oped AFL in relation to a predisposing acute event, like sur-
gery or exacerbation of pulmonary disease [121].

BB have a role in controlling heart rate both in acute and 
recurrent AFL, but not for conversion to nor for maintain-
ing sinus rhythm. It is generally accepted that rate control of 
AFL is more difficult compared to AF, possibly because of 
slower and regular atrial rate. It is difficult to analyze the 
evidence regarding the efficacy of treatment in AFL because 
most trials included both AFL and AF. For acute rate con-
trol, the preferred BB is esmolol because of the rapid onset 
of effect [122, 123]. The dosage of intravenous BB approved 
for acute rate control in AFL/AF is detailed in Table 4.5.

For chronic treatment, BB are useful for rate control in AFL 
if catheter ablation is not performed, especially in patients with 

Table 4.5  BB commonly used for acute rate control in atrial flutter 
and atrial fibrillation (adapted from [124, 125]
Drug Initial bolus Repeated dosing
Esmolol 500 mcg over 

1–5 min then 
50 mcg/kg/min 
infusion over 4 min

If fails
Repeated loading dose then 
100 mcg/kg/min infusion 
over 4 min
If it fails
Repeat loading dose then 
titrate upward the infusion 
with increments of 50 mcg/
kg/min over 4 min
Maximum dose: 300 mcg/
kg/min

Metoprolol 
tartrate

2.5–5 mg over 
2 min

Repeat at 5 min as needed 
up to a maximum dose of 
15 mg

Propranolol 1 mg over 1 min Repeat at 2 min as needed 
up to a maximum dose of 
3 mg
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chronic heart failure, without a preference for a specific agent. 
BB are not recommended in patients with preexcitation [78, 97].

�Atrial Fibrillation

Atrial fibrillation (AF) is the most common pathologic 
tachyarrhythmia in adults with an estimated prevalence of 
3% in patients aged 20 years or older [125]. It accounts for a 
third of hospitalizations for arrhythmias and it is indepen-
dently associated with increased mortality.

The main strategies in the management of AF are the res-
toration and maintenance of sinus rhythm or rate control. 
The choice of strategy and of the pharmacological drug is 
dependent on multiple factors like symptoms, patient charac-
teristics, and co-morbidities, or left ventricular ejection frac-
tion (LVEF). When restoration of sinus rhythm is considered 
BB have little utility. There are few trials of cardioversion of 
AF after administration of esmolol but the magnitude of the 
effect is small [122, 126]. The current guidelines for the man-
agement of AF do not recommend any BB as a therapy for 
pharmacological cardioversion [125].

When sinus rhythm was restored, and a rhythm control 
strategy is considered BB may be useful in selected patients 
for the prevention of recurrences of AF. In a small random-
ized study, bisoprolol was as effective as sotalol in the preven-
tion of AF with fewer side effects [127]. In a direct comparison, 
carvedilol and bisoprolol had comparable effectiveness in the 
prevention of AF, with a rate of recurrences of 46% and, 
respectively, 32% [128]. However, both studies are based on 
small populations. A recent meta-analysis concluded that 
metoprolol showed a significant reduction of AF relapses 
(OR 0.62, 95% CI 0.44 to 0.88, P = 0.008) based on two stud-
ies encompassing 562 patients [129]. Despite the little evi-
dence regarding the efficacy of BB in the prevention of AF in 
a European survey 76% of centers would use BB as first 
agents due to low risk of adverse reactions [130]. The current 
guidelines, while not excluding BB as recommended therapy 
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for AF prophylaxis, consider this class less effective and 
potentially harmful in case of vagally mediated AF [124, 131]

BB therapy has a special place in the treatment of periop-
erative AF. In the POISE trial, initiation of metoprolol suc-
cinate in patients undergoing non-cardiac surgery was 
associated with a lower rate of postoperative AF, but with the 
cost of the increased rate of stroke and mortality [132]. Some 
explanations of this contradictory effect were related to the 
use of long-acting drug and the initiation of therapy short 
time before surgery. Post-hoc analysis of the POISE trial 
revealed that hypotension, bradycardia and stroke rate were 
the factors determining both higher mortality and sepsis 
rates. The hypotension could favorize the development of 
sepsis and the prevention of tachycardia could delay the rec-
ognition of this complication. These adverse effects could be 
related to the initiation of BB on the day of surgery, to the use 
of long-acting BB and to the lack of titration of dose in order 
to ensure the tolerability and stability of the patient [133]. 
Therefore, in non-cardiac surgery, it is recommended to con-
tinue BB therapy if the patient is already under treatment 
and it is reasonable to initiate BB when the preoperative 
assessment suggests a high risk for developing AF (like the 
presence of myocardial ischemia or high score of Revised 
Cardiac Risk Index), but the initiation should be more than 
1 day before surgery [133]. In the case of newly postoperative 
AF controlling the heart rate with BB represents the main 
recommendation, especially in the presence of underlying 
coronary artery disease or low LVEF [134]. In cardiac sur-
gery, the incidence of postoperative AF varies according to 
the type of procedure and it is estimated at 20–40%, with 
higher values (30–50%) in case of valvular surgery [135]. A 
Cochrane review performed on 33 trials showed a significant 
reduction of postoperative AF with BB therapy, predomi-
nantly propranolol, compared to placebo (16.3% vs 31.7%) 
[136]. Also, the withdrawal of BB was associated with the 
development of postoperative AF [137, 138]. A more recent 
systematic review regarding the role of perioperative BB 
therapy included 88 randomized trials with 19,161 patients 
[139]. Compared to placebo the BB use was associated with a 
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significant lower incidence of postoperative AF and AFL 
both in cardiac surgery (RR 0.48, 95%CI 0.40 to 0.57, 
p < 0.00001) and non-cardiac surgery (RR 0.73, 95%CI 0.56 
to 0.95, p = 0.019).

BB are effective and usually preferred agents for heart rate 
control in AF, both in acute and chronic settings. For acute rate 
control intravenous metoprolol, esmolol, and propranolol have 
been used successfully, especially in conditions of increased 
adrenergic status like postoperative AF or thyrotoxicosis [112, 
125]. Esmolol, with a very short half-time, is the preferred 
agent when there is doubt regarding the hemodynamic stabil-
ity of the patient. Also, BB is the recommended choice in 
patients with low LVEF, since non-dihydropyridine calcium 
blockers are virtually contraindicated in this population.

A recent challenge regarding the treatment of the patients 
with HF and concomitant AF resulted from some meta-analysis 
which showed little if no benefit of BB therapy on mortality. In 
2013 Rienstra et al. performed an analysis on four trials which 
enrolled 8680 patients with HF from which 19% had baseline 
AF. In this subgroup of patients BB therapy had no effect on 
mortality (OR 0.86, 95%CI 0.66 to 1.13, p = 0.28) [140]. Also, 
Kotecha et al. published another meta-analysis of 11 RCTs in 
which BB had no effect on mortality in patients with AF and 
HF (HR: 0.96, 95% CI: 0.81 to 1.12; p  =  0.58) regardless the 
heart rate [141]. Contrary to these data in a propensity-matched 
analyses of a subgroup of patients from AF-CHF (Atrial 
Fibrillation and Congestive Heart Failure) trial with no BB at 
baseline, the BB therapy was associated with a lower all-cause 
mortality (HR: 0.763; 95% CI: 0.562 to 1.037; p = 0.0838) irre-
spective of the type or the burden of AF [142].

�Beta-Adrenergic Blockers and Sudden 
Cardiac Death (SCD) Prevention

�Ventricular Tachycardias

The efficacy of BB therapy in the treatment of VT differs 
based on the presence or absence of structural heart disease. In 

Chapter 4.  Beta-blockers as Antiarrhythmic Agents



206

patients with idiopathic VT (like adenosine-sensitive VT origi-
nating from right ventricle outflow tract, verapamil-sensitive 
VT originating from left posterior fascicle, or papillary muscle 
VT) and normal cardiac substrate BB may be used in reducing 
symptoms and arrhythmic burden, but usually associate a 
higher rate of recurrence comparing to ablation therapy [78, 
98, 143]. In a prospective study performed on a population of 
330 patients with ventricular arrhythmias originating from 
right ventricle outflow tract catheter ablation was superior to 
medical therapy regarding the rate of recurrences [144].

In the settings of acute coronary syndromes early treatment 
with BB may be used for prevention or to reduce the rate of 
recurrences of VT [145, 146]. Also, BB may reduce the risk of 
death in recurrent VT/VF (electrical storm) refractory to amio-
darone and/or lidocaine [78, 143]. In a small study of 49 
patients with electrical storm and acute myocardial infarction, 
the sympathetic blockade with esmolol or propranolol was 
associated with better survival at 1  week compared to lido-
caine and procainamide/bretylium tosylate [147]. In patients 
who received an implantable defibrillator (ICD), the adminis-
tration of BB reduces the need for shocks [148]. The same 
conclusion was demonstrated by a subanalysis of a cohort of 
patients with ischemic cardiomyopathy and ICD from the 
MADIT-II trial in which BB therapy was associated with sig-
nificantly lower mortality and of the risk of VT requiring ICD 
intervention [149].

In a systematic review of RCTs with patients with myocar-
dial infarction, the treatment with BB is associated with a 
23% reduction of risk of death in long-term trials [150]. A 
post-hoc analysis of pooled data from EMIAT (European 
Myocardial Infarct Amiodarone Trial) and CAMIAT 
(Canadian Amiodarone Myocardial Infarction Trial) studies 
demonstrated a clear benefit of adding BB to the amiodarone 
treatment on arrhythmic death in patients postmyocardial 
infarction, compared to amiodarone alone [151]. In stable 
coronary disease, the use of BB is recommended but their 
efficacy on the prevention of VT and SCD is not clear in the 
patients with preserved LVEF [98]. A recent meta-analysis 
showed no benefit on cardiovascular mortality from BB 
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therapy in patients with LVEF ≥50%, but the number of 
patients included in this category was too low to allow a defi-
nite conclusion [152].

In patients with reduced LVEF, the role of BB in the 
prevention of VT/VF and of SCD is clearly demonstrated. 
In the U.S. Carvedilol Heart Failure Study treatment with 
carvedilol was associated with a significantly lower inci-
dence of SCD compared to placebo (1.7% vs 3.8%, 
p  =  0.03) [153]. In the Metoprolol CR/XL Randomised 
Intervention Trial in Congestive Heart Failure (MERIT-HF) 
metoprolol reduced the risk of SCD (OR 0.59, 95%CI 
0.45–0.78, p = 0.0002, compared to placebo) [154]. A simi-
lar beneficial effect on arrhythmic death was demonstrated 
for bisoprolol in CIBIS-II trial [155]. A meta-analysis of 
four large RCTs performed in patients with HF and BB 
treatment showed a risk reduction of the sudden death of 
37% (p  <  0.0001), demonstrating the main role of BB in 
the reduction of fatal ventricular arrhythmias in HF [156]. 
Another large meta-analysis based on 24,779 patients with 
HF the treatment with BB demonstrated a 32% reduction 
in the risk of SCD compared to placebo/control [157]. It 
seems the beneficial role of BB therapy is maintained also 
in patients with nonischemic cardiomyopathy and HF 
[158]. The current guidelines do not prefer a specific BB 
agent (from those accepted in HF) based on the antiar-
rhythmic properties. However, in the COMET trial which 
compared two BB agents approved for the treatment of 
HF the use of carvedilol was associated with a lower inci-
dence of SCD compared to metoprolol tartrate (RR 0.77, 
CI 0.64 to 0.93, p = 0.0073) [159].

�Inherited Arrhythmias

�Arrhythmogenic Right Ventricular Cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) 
represents a myocardial disease, often with an autosomal-
dominant familial transmission, characterized by the 
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replacement of right ventricle myocardium with fibrofatty 
tissue. The VT in ARVC is usually monomorphic and it 
occurs during or immediately after exercise, demonstrating 
a relationship with sympathetic stimulation. Therefore, a 
beta blocker, preferably without nonvasodilating properties, 
is usually recommended in patients with ARVC for reducing 
the burden of ventricular arrhythmias [143, 160]. Though, 
there is no proof of benefit on SCD and some reports 
showed no protective effect of BB against VT [161].

�Hypertrophic Cardiomyopathy

Hypertrophic Cardiomyopathy (HCM) is an autosomal-
dominant genetic disease characterized by an increase of left 
ventricle walls thickness not determined by abnormal loading 
conditions.

BB therapy has no effective role in the prevention of SCD 
in HCM but instead may reduce the number on non-sustained 
VT and consequently the number of ICD interventions [162]. 
BB may be used for controlling ventricular rate in patients 
with HCM who develop AF either in acute if hemodynami-
cally stable, or chronic settings but has no value in the preven-
tion of recurrences of AF [163].

�Long QT Syndromes (LQTS)

There are 13 genetic forms of LQTS, implying mutations in 
genes responsible for coding proteins of sodium-channels, 
potassium-channels, calcium-channels or membrane factors. 
The prevalence among Caucasians is estimated at 1:2000 
[164]. The triggers for arrhythmic events differ among the 
types of LQTS: in LQTS1 they appear during the effort, in 
LQTS2 during emotional stress or rest, and in LQTS 3 dur-
ing sleep. These patterns may explain why BB therapy was 
more efficient in the prevention of VT in patients with 
LQTS1 compared to LQTS2 and LQTS3 [165]. The current 
consensus recommends BB therapy for all patients with 
LQTS with an emphasis on long-acting agents [164]. Also, a 
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recent publication based on 606 patients with different 
LQTS of which 82% were treated with BB demonstrated a 
very low incidence of arrhythmic deaths (0.3% in the entire 
population) which emphasizes the beneficial role of this 
treatment [166]. However, there is data suggesting there is a 
difference in efficacy among BB agents in relation to the 
type of LQTS. A study of 1530 patients with LQTS1 and 2 
compared the efficacy of atenolol, metoprolol, propranolol 
and nadolol regarding the rate of arrhythmic events [167]. 
All agents were similar for the risk reduction of the first 
event in LQTS1, but only nadolol was efficient in LQTS2. 
Also, propranolol was the least efficient drug in those 
patients experiencing an arrhythmic event while under treat-
ment with BB.  A similar study based on 382 patients with 
LQTS1/2 showed a lesser efficacy of metoprolol compared 
to propranolol or nadolol in symptomatic patients [168]. 
However, it should be mentioned that only 27% of patients 
were symptomatic and only 35 patients received 
metoprolol.

�Catecholaminergic Polymorphic Ventricular 
Tachycardia (CPVT)

CPVT is an inherited arrhythmogenic disease characterized 
by polymorphic ventricular tachycardia related to stress. 
CPTV1, the most frequent, it is determined by mutations 
type gain-of-function in the ryanodine receptor 2 genes, 
while CPTV2 is a result of mutation in calsequestrin-2 
(CASQ2) genes [169]. CPVT has a low prevalence of 
1:10.000 but associates a high risk of SCD in young individu-
als. The relationship between CPVT and sympathetic activa-
tion points toward the beneficial role of BB in the 
management of these patients. A meta-analysis of 11 studies 
with a total of 403 patients with CPVT from which 88% were 
treated with BB showed an estimated arrhythmic events rate 
of 18.6% at 4 years of follow-up and of 37.2% at 8 years of 
follow-up [170]. The absence of BB therapy is an indepen-
dent predictor for cardiac events [171]. Among class drugs, it 
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seems nadolol has superior efficacy in the prevention of VT 
in patients with CPVT [171, 172]. The explanation of this 
observed effect is unclear. The hypothesis includes the stron-
ger chronotropic inhibition, a small sodium-blocking effect, 
the long half-life time of 20–24 h which reduces the risk of 
events in the case of nonadherence [172].

�Adverse Reactions and Contraindications

�Adverse Reactions

Side effects of BB could manifest at cardiovascular, pulmo-
nary, peripheral and CNS levels. Also, there are some adverse 
effects on exercise capacity and sexual life.

�Cardiovascular

BB could lead to severe bradyarrhythmias. This could be 
more frequent in patients with preexisting conduction defects 
or sick sinus syndrome, or if associated with other bradyar-
rhythmic drugs. If necessary, BB could be administered in 
such cases when a pacemaker is implanted.

The administration of BB in heart failure needs caution. In 
stable heart failure, the treatment with BB increases both the 
quality of life and life expectancy when dosing is gradual. The 
abrupt dosage could exaggerate heart failure in such patients 
or in patients with a severe cardiac substrate like significant 
aortic stenosis, acute myocardial infarction or cardiomegaly.

In patients chronically treated with BB, the abrupt discon-
tinuation could lead to exacerbation of angina or heart failure 
[173–175]. Also, this negative effect was demonstrated in peri-
operative patients [176, 177]. However, the analysis performed 
by Teichert et al. on a large cohort found an increase of myo-
cardial infarction only after cessation of beta-selective beta- 
blockers but not in other subgroups [178]. The withdrawal 
effect could be determined by the increased sensitivity to 
norepinephrine because of upregulation of beta-receptors.
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�Pulmonary

The blockade of β2 receptors in the bronchial smooth muscle 
could lead to severe bronchospasm and to aggravation of 
bronchospastic pulmonary diseases. This effect could be less 
frequent with the use of beta-selective BB.  A systematic 
review of β1-selective BB in patients with chronic obstructive 
pulmonary disease showed no changes in symptoms or spiro-
metric parameters [179].

�Central Nervous System

The CNS side effects of BB are rare and may manifest as 
depression, nightmares, and visual hallucinations. BB drugs 
with high lipophilic profile, like propranolol, are more prone 
to determine CNS adverse reactions [180]. However, this 
lipophilic hypothesis is not the only explanation. For exam-
ple, pindolol (non-selective and moderate ISA) has a higher 
incidence of CNS side effects compared to metoprolol (selec-
tive, no ISA), both drugs being moderately lipophilic [181].

�Peripheral

BB may provoke an exacerbation of the Raynaud phenome-
non. Also, some patients complain of cold extremities when 
treated with BB which could be alleviated by administering a 
beta-selective drug or a BB with ISA [182]. Regarding the 
peripheral artery disease, a systematic review stated there is 
no evidence that BB adversely affects clinical parameters in 
patients with intermittent claudication [183]. It should be 
mentioned though the data is scarce and data from large ran-
domized trials is necessary.

�Metabolism

BB may determine weight gain and hyperlipemia [184]. Also, 
BB promote hyperglycemia [185], but those which promotes 
nitric oxide formation, like nebivolol and carvedilol, may have 
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a better glycemic profile [186, 187]. Another concern is related 
to the patients prone to hypoglycemia as BB therapy may 
blunt its clinical manifestations.

�Sexual Life

In male patients, chronic treatment with BB could lead to 
erectile dysfunction in an age-dependent manner [188, 189]. 
The erectile dysfunction seems to be more frequent in patients 
with coronary artery disease [190] and in those treated with 
BB which undergone by-pass cardiac surgery [191] reflecting 
atherosclerotic involvement of the narrow penile artery and 
less a selective action. Among BB, nebivolol has some evi-
dence of a better profile regarding this aspect [192, 193].

�Contraindications

BB therapy is contraindicated in case of severe bradycardia, 
high-grade atrioventricular blocks, cardiogenic shock, acute or 
aggravated heart failure, severe bronchospasm, severe depres-
sion, or symptomatic peripheral arterial disease (rest pain, tissue 
loss) [73, 112]. However, all contraindications are relative if the 
benefit of the therapy outweighs the potential risk of adverse 
effects or if the latter may be counteracted (e.g. implantation of 
a pacemaker in case of advanced bradyarrhythmias) [112].

�Conclusions

With a history which started more 50 years ago, the BB class 
remains one of the most useful medication for a wide range 
of cardiovascular diseases, including arrhythmias. An over-
view of the clinical use of BB as antiarrhythmic drugs, shown 
in Fig. 4.5, emphasizes the role of this class as a mainstream 
therapy in a plethora of clinical situations. The multiple BB 
agents currently in use share a common mechanism of 
action, namely β1-receptor blocking, but the differences in 
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pharmacokinetics, adrenergic receptor selectivity, or pres-
ence of additional mechanisms like nitric oxide production 
or intrinsic sympathomimetic activity make this class a het-
erogeneous one. This diversity permitted a more detailed 
knowledge of sympathetic molecular pathophysiology and 
helps the clinician to choose the right beta-blocker for the 
right patient.
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�L-Type Ca2+ Channels: Verapamil 
and Diltiazem

�Electrophysiological Properties. Differences

Several calcium channels (L, N, T, P, Q and R) were identified 
in humans. Of these channels, voltage-sensitive L-type and 
T-type calcium channels are mainly operative in cardiovascular 
system. There are five classes of calcium channel blocking 
drugs: phenylalkylamines, dihydropyridines, benzothiazepines, 
diphenylpiperazines, and a diarylaminopropylamine. Clinically 
available calcium channel blockers are dihydropyridines, ben-
zothiazepines and phenylalkylamines. These calcium channel 

Chapter 5
Modulation of Calcium 
Handling: Calcium-
Channel Modulators
Erol Tülümen and Martin Borggrefe

E. Tülümen (*) · M. Borggrefe 
Department of Medicine, University Medical Center Mannheim, 
Mannheim, Germany 

German Center for Cardiovascular Research (DZHK), Partner Site 
Heidelberg/Mannheim, Mannheim, Germany
e-mail: erol.tueluemen@umm.de

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-34893-9_5&domain=pdf
mailto:erol.tueluemen@umm.de


234

blockers (CCB) are selective and inhibit voltage–sensitive 
L-type slow calcium channels mediated calcium influx in car-
diac myocytes and in smooth muscle by slowing the activation 
of the L-type calcium channel and also delay its recovery from 
inactivation. To show its effect, the drugs travel through the 
slow channel and bind to channel from the inner side of the 
membrane. They bind more effectively when the channels are 
in open and in inactivated state and reduce opening frequency 
of the channels. Verapamil and diltiazem block calcium chan-
nels in use (frequency)-dependent (effect is more apparent at 
faster rates) and in voltage-dependent fashion (more effective 
blockage in depolarized fibers).

Whereas phenylalkilamines are relatively selective for 
myocardial cells, dihydropyridines are relatively selective for 
smooth muscle cells, especially in arterial beds. 
Benzothiazepine CCB (diltiazem) has an intermediate effect 
between phenylalkylamine and dihydropyridines in their 
selectivity for vascular and myocardial cells (Table 5.1).

As sinus node/AV node cells and working myocardial cells 
have different electrophysiological properties, verapamil and 
diltiazem (non-dihydropyridine CCB, ND-CCB) exert differ-
ent effects on nodal cells, fibers and working myocardial cells. 
By blocking calcium current through L-Type channel (ICaL) in 
nodal cells, ND-CCBs reduce maximum diastolic potential, 
the slope of spontaneous diastolic depolarization in phase 4, 
and maximal action potential amplitude of phase 0. Thus, 
ND-CCBs prolong conduction time and refractory periods of 
the AV node (prolonged AH interval and lengthened AV 
nodal anterograde/retrograde refractory periods). 
Nevertheless, ND-CCBs show no effect on atrial and ven-
tricular activation time, i.e. P wave duration, HV interval and 
QRS duration (ND-CCBs do not have a significant effect on 
action potential amplitude, V max of phase 0, resting mem-
brane voltage or refractoriness of atrial, myocardial working 
cells as well as purkinje fibers as these cells have fast-response 
characteristics related to INa) [1].

However, ND-CCBs by blocking ICa in Phase 2 and 3 
reduces the plateau height of the action potential in phase 2, 
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may shorten the action potential slightly in all cardiac fibers, 
and prolong the it slightly in Purkinje fibers. Verapamil sup-
presses triggered activity by reducing diastolic calcium load 
and hence early and late afterdepolarizations [1].

Verapamil is a racemic mixture of d- and l-isomer of vera-
pamil. D-isomer of verapamil shows to some extent INa 
blocking effect, therefore some anaesthetic activity. Clinical 
effect of verapamil is through the l-isomer of verapamil. 
Verapamil may also block the alfa receptors and increase 
the vagal effect on AV node. As verapamil does not block 
beta receptors, reflex sympathetic stimulation that occurs as 
a response to peripheral vasodilation and transient hypoten-
sion (by ICaL blockage of smooth muscle cells) may diminish 
its direct effect on sinus node (slowing the sinus rate).

Similar to working myocardium, ND-CCBs have no 
direct effect on refractoriness of accessory pathways. 
Moreover, via reflex sympathetic stimulation they may 
enhance the conduction over the accessory pathway in 
patients with Wolff-Parkinson-White syndrome (along with 
direct AV-Nodal blocking effect, verapamil may increase 
ventricular response over the accessory pathway during 
atrial fibrillation).

�Pharmacokinetics

ND-CCBs can be administered per os or by the intravenous 
route. Both of the drugs show high first-pass effect, high 
plasma protein binding, and extensive hepatic metabolism. 
Although enteral absorption of these drugs is almost com-
plete, bioavailability of ND-CCBs is substantially reduced 
(~20–35% for verapamil and ~40% for diltiazem) by high 
first pass effect and extensive hepatic metabolism. The 
begin of the effect of these drugs by oral administration 
depends on formulation. Diltiazem and verapamil are avail-
able in a variety of preparations from different manufactur-
ers, and those preparations may have different 
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pharmacokinetics. Therefore, dosing may vary depending on 
type of preparation and manufacturer. The first effect of 
conventional tablets is usually seen in 30–60 min, however 
the beginning of effect and peak effect are delayed in slow 
releasing, long acting forms. The peak effect of intravenous 
administration is within first 15  min. ND-CCBs are exten-
sively bound to plasma proteins (70–85% for diltiazem and 
90% for verapamil). They are metabolized rapidly and 
almost completely in liver into several active and inactive 
metabolites via CYP enzyme system (mainly via CYP3A4). 
Principal metabolite of diltiazem is desacetyldiltiazem (20% 
of the effect of diltiazem), and major metabolite of vera-
pamil is norverapamil (20% of the effect of verapamil). 
Half-life of ND-CCBs is between 2 and 11  h and is pro-
longed in elderly, in patients with hepatic disease, or when 
they are administered repeatedly due to saturation of 
hepatic enzymes. Excretion is for mainly in urine as metabo-
lites (>70%); and approximately 2–4% of a dose is excreted 
unchanged (Table 5.2).

�Adverse Effects, Drug Interactions 
and Contraindications

Most of the adverse effects of ND-CCBs are due to the 
extension of their pharmacological effects.

Cardiac side effects: Excessive inhibition of calcium 
influx in SA node, AV node and myocardial cells can cause 
serious bradycardia, atrioventricular block, cardiac depres-
sion, heart failure and cardiac arrest. Concomitant use of 
other cardiodepressant drugs like β-blocking drugs increase 
the susceptibility to side effects and also the severity of side 
effects.

Extracardiac side effects: Extracardiac side effects are usu-
ally rare. The most commonly reported side effects are consti-
pation, dizziness, and headache.
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Table 5.2  Pharmacokinetics of verapamil and diltiazem
Verapamil Diltiazem

Absorption 
(oral, %)

>90 >90

Bioavailability 
(%)

20–35 40

Onset of actiona, 
oral (min)

90–120 <30

Peak effecta, h 1–6 2–4

Protein binding 
(%)

90 70–85

Plasma half-life, 
hb

4–8 3–4

Distribution 
volume (Lt/kg)

5.0 ± 2.1 3.3 ± 1.2

Metabolism 80% first pass 
effect, active 
metabolites

60% first pass effect

Active 
metabolite

Nor-verapamil Desacetyldiltiazem, 
N-Desmethyldiltiazem

Excretion (%)

 � Renal 70 (3–4% 
unchanged)

35(2–4% unchanged)

 � Fecal 16 65
aOnset of action and peak effect depend on the formulation of drug. 
Diltiazem is available in a range of formulations, including standard 
(onset of action 15 min, peak plasma concentrations after 2–4 h, and 
plasma t1/2 of 3–4 h) and longer-acting (peak plasma concentrations 
approximately 8–11  h after dosing, and average plasma t1/2 of 
6–8 h). With verapamil, the time to maximal concentration is ~80–
90  min with the immediate-release; and ~7–8  h with modified-
release preparations
bPlasma half-life of verapamil increases during long term 
administration
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Verapamil

•	 Very common (10% or more): Headache
•	 Common (1–10%): Dizziness, lethargy, constipation (par-

ticularly in the elderly up to 10%), dyspepsia, nausea, diar-
rhoea, flatulence

•	 Uncommon (0.1–1%): Abdominal discomfort/pain, 
oedema.

•	 Rare: gynecomastia, reversible hepatic impairment, pares-
thesia, gingival hyperplasia, erythromelalgia, 
hyperprolactinemia.

Diltiazem: generally mild side effects.

•	 Common (1–10%): Headache, fatigue, tiredness/malaise, 
accidental injury, pain, scalp irritation, rash

•	 Rare: gingival hyperplasia, exfoliative dermatitis, angio-
neurotic edema, erythema multiforme, vasculitis, transient 
increased liver transaminases

�Drug Interactions

ND-CCBs are frequently administered concomitantly with 
other medications (antihypertensive drugs, vasodilators etc.). 
ND-CCBs may affect absorption, distribution, metabolism, 
and excretion of concomitant drug, and may interact with 
drug transport proteins (Table 5.3).

Concomitant use of CYP3A4 inducers (e.g. carbamaze-
pine, phenytoin, rifampicin) may reduce plasma levels and 
CYP3A4 inhibitors (e.g. ketoconazole, itraconazole, ritonavir, 
erythromycin, fluoxetine, valproic acid, cimetidine, other 
CCBs, HIV protease inhibitors, grapefruit juice) may increase 
verapamil’s plasma levels. Therefore, caution is advised when 
administered concomitantly with such drugs.

Similarly, due to competitive inhibition of CYP3A4 with 
ND-CCBs may lead to an increase of plasma levels of other 
CYP3A4 metabolized drugs (e.g. cyclosporin, tacrolimus, 
ketoconazole, carbamazepine, sildenafil).
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Table 5.3  Drug interactions with verapamil
Mechanism of 
interaction

Tissue 
distribution

Substrates

Drugs absorption 
and elimination via 
MDR1 (ABCB1, 
P-gp1): Verapamil 
inhibits P-gp 
and affects oral 
absorption and 
renal excretion of 
the listed drugsa

Liver
Kidney
Intestine
BBB
BTB
BPB

Amitriptyline, 
Amiodarone, Amprenavir, 
Anticancer agents, 
Apixaban, Atorvastatin, 
Cefoperazone, Chorambucil, 
Chlorpromazine, 
Cimetidine, Ciprofloxacin, 
Cisplatin, Clarithromycin, 
Colchicine, Cyclosporine, 
Dabigatran, Dexamethasone, 
Digoxin, Diltiazem, 
Domperidone, Doxorubicin, 
Erythromycin, Edoxaban, 
Estradiol, Etoposide, 
Fentanyl, Fexofenadine, 
Grepafloxacin, 
Hydrocortisone, Imatinab 
mesylate, Indinavir, 
Itraconazole, Ketoconazole, 
Lansoprazole, Levofloxacin, 
Lidocaine, Loperamide, 
Losartan, Lovastatin, 
Methadone, Methotrexate, 
Methylprednisolone, 
Morphine, Nadolol, 
Nelfinavir, Norfloxacin, 
Nortriptyline, Ondansetron, 
Omeprazole, Pantoprazole, 
Phenytoin, Pravastatin, 
Propranolol, Progesterone, 
Quinidine, Ranitidine, 
Ritonavir, Rivaroxaban, 
Rhodamine 123, Saquinavir, 
Tacrolimus, Testosterone, 
Timolol, Trimethoprim, 
Verapamil, Vincristine
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Table 5.3  (continued)
Mechanism of 
interaction

Tissue 
distribution

Substrates

Metabolism of 
drugs via CYP3A4: 
Verapamil is a 
moderate inhibitor 
of CYP3A4, it 
decreases the 
metabolism of the 
listed drugs and thus 
increases the plasma 
level and clinical 
effecta

Liver Alprazolam, Amiodarone, 
Atorvastatin, Buspirone, 
Carbamazepine, 
Cisapride, Clarithromycin, 
Cyclosporine, Dapsone, 
Dihydropyridine calcium, 
channel blockers, Diltiazem, 
Efavirenz, Erythromycin, 
Ergot alkaloids, Estrogens, 
Fentanyl, Lovastatin, 
Midazolam, Nefazodone, 
Phosphodiesterase, 
inhibitors, Pioglitazone, 
Prednisolone, Progesterone, 
Protease Inhibitors, 
Quinidine, (R)-, Warfarin, 
Rifampin, Sertraline, 
Sirolimus, Simvastatin, 
Tacrolimus, Testosterone, 
Trazadone, Triazolam

Pharmacodynamical 
interactions: 
Verapamil 
potentiates the 
effects of drugs 
with similar 
pharmacodynamics

Heart Beta blockers, Digoksin, 
Amiodarone, Clonidine, 
Alfa Adrenergic 
Blockers, Disopyramide, 
Neuromuscular Blocking 
Agents

P-glycoprotein 1 (permeability glycoprotein, P-gp) also known as 
multidrug resistance protein 1 (MDR1) or ATP-binding cassette 
sub-family B member 1 (ABCB1) or cluster of differentiation 243 
(CD243). It is an important protein of the cell membrane that 
pumps (ATP-dependent efflux pump with broad substrate specific-
ity) many foreign substances out of cells. BBB blood-brain barrier, 
BPB blood-placental barrier, BTB blood-testis-barrier
aThe list does not represent all of the drugs metabolized via CYP3A4
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Combination of ND-CCBs with drugs that exert similar 
effects may potentiate effect of these drugs. This combination 
(e.g. combination of ND-CCBs with beta blockers, antiar-
rhythmic drugs or cardiac glycosides) may pose an increased 
risk of deep bradycardia, heart block, hypotension and/or 
decreased cardiac contractility, congestive heart failure. 
ND-CCBs increase the depression of cardiac contractility, 
conduction and automaticity and the vasodilatation pro-
duced by general anesthetics, or effect of neuromuscular 
blocking agent.

ND-CCBs increase the plasma levels of quinidine, lovas-
tatin, atorvastatin, simvastatin, increase the risk of lithium 
toxicity. Verapamil is also an inhibitor of P-glycoprotein that 
decreases the clearance of digoxin and increases its plasma 
levels (50–75%); thus, the maintenance dose of digoxin 
should be reduced to avoid the risk of bradycardia or AV 
block. Unlike verapamil, diltiazem does not interact with 
digoxin. New oral anticoagulants (dabigatran, rivaroxaban, 
apixaban, edoxaban) are substrates of P- glycoprotein, thus 
concomitant verapamil treatment can affect the bioavailability 
of these drugs (i.e. increase of plasma concentrations). 
Interaction between verapamil and new oral anticoagulants 
can be minimized if NOACs are administered 2  h prior to 
verapamil; or alternatively dose reduction of NOAC (dabiga-
tran and edoxaban) should be considered.

Elevated serum calcium levels due to high doses of vita-
min D and/or high intake of calcium salts may reduce the 
response to diltiazem.

Verapamil may increase blood alcohol concentrations and 
prolong its effects.

�Pregnancy

There are no well controlled studies with ND-CCBs in preg-
nant or in breastfeeding women. In animal studies, CCBs 
were shown to have some teratogenic effects. Therefore, 
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ND-CCBs are classified as pregnancy category C by 
FDA.  Thus, during the pregnancy or breastfeeding period 
ND-CCBs should only be used if the potential benefits to the 
pregnant woman outweigh any possible risks to the foetus.

�Clinical Uses

�Treatment and Prophylaxis of Paroxysmal SVT 
and Control of Ventricular Rate in Atrial Flutter/
Atrial Fibrillation

Intravenous verapamil or diltiazem may be used in hemody-
namically stable supraventricular tachycardias (SVT) either 
for rate control or to terminate the tachycardia (class IIa 
indication, level of evidence B) [2]. ND-CCBs have been 
shown to successfully terminate SVTS in 64–98% of patients 
[2]. These agents are especially helpful in patients who cannot 
tolerate beta blockers or have recurrence after conversion 
with adenosine. Diltiazem and verapamil should not be used 
in patients with suspected systolic heart failure.

In patients with broad complex tachycardias, it is critical to 
distinguish SVT with aberrant conduction (or SVT with pre-
existing bundle brunch block) from ventricular tachycardia 
or pre-excitation. The administration of intravenous vera-
pamil or diltiazem in patients with either VT or a pre-excited 
AF may lead to hemodynamic compromise or may accelerate 
the ventricular rate and lead to ventricular fibrillation.

�Parenteral (in Acute Treatment)

Diltiazem: 0.25  mg/kg over 2  min (under monitoring of 
blood pressure and ECG); may be repeated after 15  min 
(0.25–0.35  mg/kg over 2  min) or maintenance dose: 
5–15 mg/h IV.

Verapamil: 5–10 mg (0.075–0.15 mg/kg) over 2 min; may be 
repeated after 30 min as 10 mg (0.15 mg/kg) over 2 min.
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�Oral

Verapamil (Immediate release tablets): 240–480 mg/day in 3 
or 4 divided doses.

�Treatment of Hypertension

In the contemporary guidelines for the management of 
high blood pressure, calcium channel blockers are referred 
as first line therapy along with ACE inhibitors/Angiotensin 
receptor blockers, diuretics (and beta blockers) [3]. 
However, guidelines essentially refer to long acting dyhi-
dropyridine–CCBs (vasoselective CCBs) rather than vera-
pamil or diltiazem. Verapamil or diltiazem is mostly used as 
an alternative to beta blockers in patients who have contra-
indications to beta blockers or cannot tolerate beta 
blockers.

�Diltiazem

�Extended Release Capsules

–– Initial dose: 120–240 mg orally once a day
–– Maintenance dose: 120–540 mg orally once a day
–– Maximum dose: 540 mg/day

�Extended Release Coated Capsules

–– Initial dose: 180–240 mg orally once a day, increasing the 
dose as needed

–– Maintenance dose: 240–360 mg orally once a day
–– Maximum dose: 480 mg/day

�Extended Release Tablets

–– Initial dose: 180–240 mg orally once a day, increasing the 
dose as needed

–– Maximum dose: 540 mg/day
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�Verapamil

�Immediate Release Tablets

–– Initial dose: 40–80 mg orally three times a day
–– Maintenance dose: If adequate response is not obtained 

with the initial dose, dose may be titrated upward to max. 
dose of 480 mg/day

�Extended Release Capsules

–– Initial dose: 100–200 mg orally once a day (preferentially 
at bedtime)

–– Maintenance dose: If adequate response is not obtained 
with the initial dose, dose may be titrated upward to max. 
dose of 400 mg/day.

�Extended Release Tablets

–– Initial dose: 180  mg orally once a day (preferentially at 
bedtime)

–– Maintenance dose: If adequate response is not obtained 
with the initial dose, dose may be titrated upward to max. 
dose of 480 mg/day

�Sustained Release Capsules

–– Initial dose: 120–240 mg orally once a day (preferentially 
in the morning)

–– Maintenance dose: If adequate response is not obtained 
with the initial dose, dose may be titrated upward to max. 
dose of 480 mg/day

�Sustained Release Tablets

–– Initial dose: 120–180 mg orally once a day (preferentially 
in the morning with food)

–– Maintenance dose: If adequate response is not obtained 
with the initial dose, dose may be titrated upward to max. 
dose of 480 mg/day

Chapter 5.  Modulation of Calcium Handling: Calcium-…



246

Verapamil SR is also available as a fixed combination with 
trandolapril for treatment of arterial hypertension.

�Treatment of Chronic Stable and Vasospastic Angina 
Pectoris

ND-CCBs are effective in patients with angina acting by reliev-
ing coronary vasoconstriction, lowering heart rate, negative 
inotropic effect and peripheral vasodilatation [1]. Verapamil has 
been approved for all kind of anginas (effort, vasospastic, 
unstable). Compared to beta blockers, verapamil has similar 
anti-anginal effect in patients with chronic stable angina, how-
ever with less new diabetes, fewer angina attacks and less psy-
chological depression. Diltiazem has similar effect like verapamil 
with more favorable side-effect profile. There is no study com-
paring the antianginal effect of verapamil with diltiazem.

Combination of ND-CCBs with beta blockers should be 
avoided due to increased risk of heart block, sinus bradycar-
dia, and heart failure. ND-CCBs should not be used in 
patients with stable angina and left ventricular dysfunction. 
Beta blocker may be combined with dyhidropyridine CCBs 
like amlodipine, long acting nifedipine, felodipine, lacidipine 
or lercanidipine.

�Dosis

�Diltiazem

Immediate Release Tablets

–– Initial dose: 30 mg orally four times a day (before meals 
and bedtime), increasing gradually every 1–2 days until the 
optimal response is attained

–– Maintenance dose: 180–360 mg orally per day in divided 
doses (3–4 times a day)

Extended Release Capsules

–– Initial dose: 120–180  mg orally once a day, increase the 
dose every 7–14 days as needed

–– Maximum dose: 540 mg/day
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Extended Release Coated Capsules

–– Initial dose: 120–180  mg orally once a day, increase the 
dose every 7–14 days as needed

–– Maximum dose: 480 mg/day

Extended Release Tablets

–– Initial dose: 180  mg orally once a day, increase the dose 
every 7–14 days as needed

–– Maximum dose: 360 mg/day

�Verapamil

Immediate Release Tablets

–– Initial dose: 40–120 mg orally three times a day
–– Maintenance dose: If adequate clinical response is not 

obtained with the initial dose, dose may be titrated upward 
to max. dose of 480 mg/day

Extended Release Tablets

–– Initial dose: 180  mg orally once a day (preferentially at 
bedtime)

–– Maintenance dose: If adequate response is not obtained 
with the initial dose, dose may be titrated upward to max. 
dose of 480 mg/day

�Contraindications

–– Cardiogenic shock, severe hypotension, HF, AMI with pul-
monary congestion.

–– LV Dysfunction (LVEF <40%), severe aortic stenosis
–– 2nd and 3d-degree AV block, sick sinus syndrome, SA 

block, or severe sinus bradycardia (in patients without 
pacemaker)

–– Atrial fibrillation or atrial flutter associated with an acces-
sory pathway

–– Hypersensitivity to drug
–– Pregnancy and lactation (relative contraindication)
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�Modulation of Abnormal Ca2+ Homeostasis/
Cycling

�Abnormal Ca2+ Homeostasis/Cycling 
and Arrhythmia Risk

Calcium ions are plays important role not only in generation 
of action potential but also in excitation-contraction coupling 
and in various other cellular processes through calcium regu-
lated enzymes or calcium sensitive ion channels. Disorders of 
calcium handling (either due to dysfunction of calcium 
channels or due to dysfunction in regulatory proteins) result 
in disorders in depolarization, in repolarization and also cal-
cium overload in myocardial cells.

Calcium ions play a pivotal role in excitation-contrac-
tion coupling. Cardiac excitation-contraction coupling is 
initiated by opening of voltage dependent Na+ channels, 
which mediates an influx of Na+ ions and depolarizes the 
myocytes membrane. The action potential spreads along 
the membranes of transvers tubules (T-Tubules) to the 
interior of muscle fiber. Depolarization of cell membrane 
activates voltage-gated (slow) L-type Ca2+ channels during 
phase 1 and especially phase 2 of action potential and 
allow inward Ca2+ current which creates plateau in the 
action potential. These “trigger Ca2+” ions bind to ryano-
dine receptor in the sarcoplasmic reticulum (storage organ-
elle of calcium ions) membrane and induce “Ca2+-induced 
Ca2+ release” of the sarcoplasmic reticulum [4]. The 
T-tubules of cardiac muscle, are much more developed and 
have five times greater diameter than that of the skeletal 
muscle T-tubules, however sarcoplasmic reticulum is less 
well developed. Therefore, the strength of contraction 
depends to a great extent on the concentration of calcium 
ions in the T-tubules (i.e. extracellular fluid). Sudden 500-
fold increase of cytosolic Ca2+ concentration induces the 
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contraction of myofilaments by binding of calcium to the 
troponin C.  In heart muscle, calcium pulse lasts longer 
than skeletal muscle and is about 300  ms. At the end of 
phase 2, L-type Ca2+ channels are inactivated and influx of 
calcium ions ends abruptly. Subsequently, calcium ions 
rapidly pumped out of the sarcoplasm back into the sarco-
plasmic reticulum (re-uptake via sarco−/−endoplasmic 
reticulum calcium-ATPase, SERCA) and T-tubule (via 
sodium-calcium exchanger and Na/K-ATPase). The 
removal of calcium ions from sarcoplasm is an energy 
dependent (active) process.

Abnormal calcium homeostasis appears in various cardiac 
diseases like chronic heart failure, myocardial ischemia, left 
ventricular hypertrophy, or channelopathies and plays cru-
cial role in development or arrhythmias. Up- or down regula-
tion of channels, dysfunctions (functional or structural) in 
any of those channels or in regulatory proteins lead to 
“calcium-leak” or “calcium sparks” which triggers early 
(EAD) and delayed afterdepolarizations (DAD). EADs and 
DADs represent a substantial function in triggering of 
arrhythmias [5, 6].

�SERCA2a, NCX, RyR2 Channels

�Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase 
(SERCA2a)

In cardiac muscle, the removal of intracellular calcium from 
sarcoplasm is essential part of the regulation of cardiac con-
tractility. After contraction of myofilaments, calcium ions are 
pumped out from sarcoplasm, and maintaining low cytosolic 
calcium concentration relies upon SERCA (into SR) and 
plasma membrane calcium ATPase and Na+/Ca2+ Exchanger-
NCX (into extracellular fluid) pumps.
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There are three human SERCA genes encoding up to ten 
isoforms of calcium channels. The SERCA1 isoform is spe-
cific for the SR in fast-twitch skeletal muscle. SERCA2 has 
been found in the SR of slow-twitch skeletal muscle and in 
other tissues. The SERCA2a isoform is expressed in the SR 
of cardiac muscle. SERCA2b is the major isoform expressed 
in smooth muscle and non-muscle tissues and also has a 
housekeeping function (essential for most mammalian cells). 
SERCA2a may play a role in the pathogenesis of cardiac 
hypertrophy and failure. SERCA2a activity is regulated by 
phospholamban.

The function of SERCA is controlled by the regulatory 
protein phospholamban (PLB/PLN). PLB operates as a 
subunit and inhibits SERCA. Increased β-adrenergic stimu-
lation via cAMP induced protein kinase A pathway phos-
phorylates the PL and due to increased phosphorylation 
reduces the association between SERCA and 
PLB.  Phosphorylation of PL leads to dissociation of PLB, 
interrupts the inhibition and hence increases the SERCA 
mediated calcium transport. Another regulatory protein is 
calcium binding protein calsequestrin. Calsequestrin is 
located in SR and helps the SR to store an extraordinarily 
high amount of calcium ions by binding 18–50 Ca2+ ions to 
each molecule of calsequestrin. As Calsequestrin binds cal-
cium ions with very low affinity, they can also easily be 
released back to sarcoplasm. Reduction of free calcium 
concentration within the SR enhances the pump function of 
SERCA by decreasing the high concentration gradient 
between sarcoplasm and SR. Phosphorylation of calseques-
trin increases the calcium binding capacity of calsequestrin 
nearly twofold. Under pathological circumstances SERCA2 
can also be regulated by microRNAs (miR-25 suppresses 
SERCA2 in heart failure).

Experimental inhibitor of SERCA is thapsigargin and 
experimental stimulator is istaroxime.

SERCA3 is expressed in many tissues. SERCA3 is associ-
ated with the relaxation of vascular smooth muscle and may 
also play a role in insulin secretion in beta cell through the 
regulation of calcium signalling.
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�Natrium/Calcium Exchanger (NCX)

NCX is a dimeric transporter of ten transmembrane helices. It 
is an antiporter membrane protein that removes calcium from 
sarcoplasm. It uses the energy that is stored in the large concen-
tration gradient of sodium (higher concentrations in extracel-
lular fluid) by allowing sodium to flow down across the plasma 
membrane into sarcoplasm and in exchange counter transport 
calcium ions into extracellular fluid. The NCX removes a single 
calcium ion in exchange for the import of three sodium ions.

NCX may reverse direction of flow along with the changes 
in sodium gradient. Most of the time NCX is in the Ca2+ 
efflux position. Nevertheless, during the upstroke of the car-
diac action potential there is a large influx of Na ions and 
results in a large increase in intracellular sodium for a very 
short of time. This causes the reversal of the flow via NCX 
(pump sodium ions out of the cell and Ca2+ ions into the 
cell). Subsequent activation of L-type calcium channel and 
influx of Ca2+ results in rise of sarcoplasmic calcium concen-
tration and NCX returns to its calcium efflux position.

Na/K-ATPase indirectly contributes to calcium homeosta-
sis. It rectifies the sodium influx by pumping actively sodium 
ions out of sarcoplasm and prevents the increase of sodium 
concentration.

Several pathological conditions may abnormally switch the 
NCX to reverse the flow in Ca2+ influx position. (1) Higher 
internal sodium than usual (when cardiac glycoside blocks 
Na/K -ATPase pump, which results in an increase of sarcoplas-
mic Na+ concentration) (2) the sarcoplasmic reticulum release 
of calcium is inhibited (results in a decrease in sarcoplasmic 
calcium concentration) (3) other calcium influx channels are 
inhibited (results in a decrease in sarcoplasmic Ca2+ concen-
tration) (4) when the action potential duration is prolonged.

�RyR2 Channels

Ryanodine receptors (RyRs) are huge intracellular calcium 
channels [7]. RyR2 is the cardiac ryanodine receptor and con-
sists of high molecular weight homotetramer. Each monomer 
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has at least six transmembrane segments to form the pore 
region of the channel and also a large cytoplasmic regulatory 
domain that serves as a docking platform for multiple regula-
tory proteins and enzymes (including calmodulin, the FK506-
binding protein FKBP12.6/calstabin2, protein kinase A, 
CaM-dependent kinase II, protein phosphatases 1 and 2A, 
phosphodiesterase, junctin, triadin, and calsequestrin).

RyRs take part in different signalling pathways in differ-
ent tissues. In cardiac muscle, cardiac isoform (RyR2) plays 
a crucial role in excitation contraction coupling by mediat-
ing major calcium release from the intracellular calcium 
store, the sarcoplasmic reticulum (other minor source of 
calcium ions is the extracellular fluid largely via ICaL). The 
depolarization of cell membrane activates voltage-gated 
L-type Ca2+ channels and leads inward calcium current 
(ICaL). As calcium ions are primary physiological ligand of 
RyRs, calcium binding to ryanodine receptor triggers the 
opening of RyRs and thus induces enormous “calcium-
induced calcium release”.

RyR2 activity is also modulated by multiple other sub-
unit proteins and enzymes. Caffeine, low concentration of 
ryanodine (<10 μM) or cyclic ADP-ribose activate the chan-
nel. On the contrary, magnesium, ruthenium red, or higher 
concentrations of ryanodine (≥100 μM) inhibit the channel. 
In muscle cells, calcium-free calmodulin (apoCalmodulin) 
activates the RyR channel, and calcium bound calmodulin 
inhibits the channel. Phosphorylation of the RyR by cAMP-
dependent protein kinase and by Calcium/calmodulin-
dependent protein kinase II dissociates FKBP12 or 
FKBP12.6 from the RyR complex. When by FKBP12 or 
FKBP12.6 is dissociated from the FKBP-RyR complex, the 
RyR2 channel is activated.

Furthermore, calcium release from RyR has been shown to 
regulate ATP production in heart and pancreas cells.

The mutations of RyR2 and its regulatory proteins are 
shown to be associated with catecolaminergic polymorphic 
ventricular arrhythmias and sudden cardiac death.
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�Arrhythmogenic Substrate Is Disease-Specific: AF, 
HF, Channelopathies

�Atrial Fibrillation (AF)

AF is a complex, multifactorial arrhythmia. Major arrhythmo-
genic mechanisms are ectopic activity (as a trigger and driver 
of AF) and re-entry (different types of functional and/or struc-
tural re-entries, play role in maintenance of AF). Abnormal 
calcium handling plays critical role not only in promoting the 
ectopic activity, but also facilitating the maintenance of atrial 
fibrillation by enhancing the re-entry [8]. Rapid atrial rate 
during AF causes several progressive structural (increased 
fibrosis, cellular disarray etc.) and functional changes (further 
alterations in calcium handling, abbreviated AP duration and 
wavelength, changes in cellular physiology etc.) as well. 
Abnormal calcium handling is pivotal in AF pathophysiology 
by enhancing AF, and as a mediator which leads to functional 
and structural changes of AF (AF begets AF).

Focal ectopic activities in atria are mostly due to DADs 
(i.e. triggered activity). DADs are oscillations of the mem-
brane potential occurring after phase 3 of action potential. 
DADs are results mainly from spontaneous diastolic SR 
calcium releases through RyR2, which increases cytoplasmic 
calcium levels and hence activates NCX and generates 
depolarizing transient-inward current. When transient-
inward current sufficiently depolarizes the membrane 
potential, voltage-gated sodium channels are activated and 
a triggered action potential is generated. Initially, DADs 
occur as result of increased SR calcium load and higher 
RyR2-protein expression. Thereafter, additionally func-
tional and structural changes occur (like increase in 
CaMKII-dependent RyR2 phosphorylation, reduced activ-
ity of protein phosphatase 1, reduced levels of regulatory 
proteins like sarcolipin and FKBP12.6, and increased cal-
cium sensitivity and expression of NCX) which further 
increase the susceptibility to cellular DADs.
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Re-entry is facilitated by shortening of effective refractory 
period and slowing in atrial conduction. At initial phase of AF, 
high atrial rate related cellular calcium overload reduces inward 
calcium current through L-type calcium channels (LTCC) to 
protect cell from cytotoxic calcium overload which results in 
action potential shortening and wavelength abbreviation. 
Reduction of inward calcium current may result from calcium-
dependent reduction in gene expression, from posttranslational 
modifications like LTCC hypophosphorylation and from cal-
pain-mediated breakdown of channel subunits. Through several 
calcium dependant pathways, density of the inward rectifier 
kalium current IK1 and the acetylcholine-dependent inward-
rectifier kalium current (IKACh) are also increased which in turn 
further shorten action potential duration and cause a more 
negative resting membrane potential, thereby increasing atrial 
excitability and facilitate the formation of rotors.

Moreover, re-entry is also enhanced by fibroblast-to-
myofibroblast transition and myofibroblast proliferation 
which is triggered through several calcium dependant path-
ways as well.

�Heart Failure

Calcium is the pivotal intracellular mediator between sarco-
lemmal action potential and myofilament activation, contrac-
tion and relaxation. Apart from excitation contraction coupling, 
calcium is crucial for physiological stress adaptation. A higher 
diastolo-systolic calcium gradient increases force generation 
and cardiac output. In heart failure, independent from the 
cause of myocardial injury, several compensatory mechanisms 
like myocardial hypertrophy, increasing the filling pressure and 
activation of neuro-hormonal pathways are activated to over-
come the depressed cardiac function. However, a chronic 
hyperactivation of neuro-hormonal pathways contributes to 
progressive maladaptive remodelling of the heart, progressive 
deterioration of pump function, and arrhythmias. These mal-
adaptive responses are associated with abnormal intracellular 
calcium metabolism, and show important similarities beyond 
the reason of heart failure (decreased calcium transients, 
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enhanced diastolic SR calcium leak and diminished SR calcium 
sequestration, that lead to defective excitation contraction cou-
pling i.e. impaired contractility and relaxation) [9]. Despite 
preserved calcium influx current density through L-type cal-
cium channel, the ability of any given calcium current to acti-
vate SR calcium sparks (i.e. impaired calcium induced calcium 
release) was significantly diminished which leads to reduction 
in yield of excitation contraction coupling (ECC). Along with 
reduced SR calcium release via RyR2 and subsequent reduced 
calcium re-uptake and sequestration via SERCA2a, there is an 
increase in open probability of RyR2 and SR diastolic calcium 
leak. Elevated diastolic calcium level further contribute to 
reduced contractile force generation, impaired relaxation, and 
abnormal force–frequency relationship.

In addition, due to chronic hyperadrenergic state, desensiti-
zation of beta-adrenoreceptors and thus reduced global intra-
cellular cAMP synthesis occur. Alterations of second messenger 
system leads to alterations in expression and functions of regu-
latory proteins (like calmodulin-dependent protein kinase II, 
Protein kinase A, protein kinase C, Calcineurin, and S100A1) 
[10]. The ratio of phospholamban to SERCA2 is increased and 
contributes to increased diastolic calcium levels and cardiac 
dysfunction. Furthermore, due to the changes in the expression 
and function of NCX and SERCA2, there is a shift toward 
increased outward calcium current via NCX to the extracellu-
lar space and a net decrease in SR calcium re-uptake.

Beside electrical remodelling, there is a structural remod-
elling (structural changes of the T-tubules, SR storage organ-
elles, and/or the architecture of the dyads) as well which 
contributes to defective EC coupling by altering the geome-
try of the calcium release unit.

�Channelopathies

�Catecholaminergic Polymorphic Ventricular 
Tachycardia (CPVT)

CPVT is an inherited arrhythmia syndrome characterized by 
physical or emotional stress triggered polymorphic ventricular 
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tachycardia in patients with structurally normal hearts. CPVT 
is caused by mutations in RyR2 or CASQ2 which result in 
defective intracellular/sarcoplasmic calcium handling [11, 12]. 
Two forms of CPVT have been described resulting from 
mutations in either the RyR2 or CASQ2. Mutations in RyR2 
(CPVT type 1) are identified in about half of the patients with 
CPVT and are inherited in an autosomal dominant form. 
Mutations in CASQ2 (CPVT type 2) are inherited in autoso-
mal recessive pattern and found only 1–2% of patients with 
CPVT.  Some other rare mutations in other genes (such as 
Ank2, TRDN and CALM1) related to intracellular calcium 
handling have also been identified in patients with clinical 
features similar to CPVT.

Mutations in CPVT-1 cause a gain of function in the RyR, 
and mutations in CASQ2 result in a decreased calcium bind-
ing affinity leading to higher levels of free SR calcium which 
triggers store-overload induced calcium release. As a result, 
mutations in these two genes precipitate diastolic calcium 
leak into sarcoplasma under adrenergic stimulation. Increased 
amount of diastolic calcium leads to an activation of the NCX 
resulting in a depolarizing positive inward current that 
induces delayed afterdepolarizations (DAD), triggered activ-
ity, premature ventricular beats and bidirectional/polymor-
phic VT.  Corresponding to the intensity of exercise, the 
complexity of arrhythmias will increase from single ventricu-
lar extrasystoles (mostly polymorphic) to bidirectional VT or 
to polymorphic VT.

�Brugada Syndrome/Short QT Syndrome

Brugada syndrome is a rare genetic disease, characterized by 
coved type ST-segment elevations in the right precordial 
leads, increased risk of fatal ventricular arrhythmias and sud-
den cardiac death. Short QT syndrome is also rare genetic 
disease characterized by very short QT intervals on ECG, 
increased risk of fatal ventricular arrhythmias and sudden 
cardiac death. In 2007, two missense mutations in the 
CACNA1C (A39V and G490R) and one in the CACNB2 
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(S481L) which are encoding the alpha1- and beta2b-subunits 
of the L-type calcium channel were reported in patients with 
Brugada pattern ECG and short QT interval (QTc < 360 s) 
[13]. Both mutations result in a loss of function of Cav1.2 that 
leads to diminished depolarizing inward calcium in plateau 
phase, shortening of the action potential (short QT pheno-
type) and loss of the action potential dome (Brugada syn-
drome phenotype).

In 2011, a loss-of-function mutation in the CACNA2D1 
(nucleotide c.2264G > C; amino acid p. Ser755Thr), the gene 
encoding Cavα2δ-1 subunit of calcium channel was found in 
a patient with short QT interval and documented VF.

�Long QT Syndrome (LQTS 8, Timothy Syndrome)

Long QT syndrome is rare genetic disease which causes 
abnormal, prolonged repolarization and thus increased risk 
of fatal arrhythmias. The Timothy Syndrome (TS) is a rare, 
autosomal dominant inherited form of the LQTS and is clas-
sified as LQTS type 8. In TS, gain of function mutations of 
the gene CACNA1c (chromosome 12p13.33) which encodes 
the calcium channel Cav1.2 (voltage-dependent L-type cal-
cium channel subunit alpha-1C) is responsible for prolonga-
tion of action potential [14]. The mutations result in reduced 
Cav1.2 channel inactivation, which leads to sustained depo-
larizing inward calcium currents during the plateau phase 
and thus prolonged plateau phase and action potential (pro-
longed QT interval). This prolongation in turn leads to 
increased risk of spontaneous, abnormal secondary depolar-
izations (after-depolarizations), lethal arrhythmias, and sud-
den death. Since the calcium channel Cav1.2 is highly 
expressed in many tissues like brain, patients with TS have 
many cardiac (QT prolongation, congenital heart diseases 
like patent ductus arteriosus, patent foramen ovale, hyper-
trophic or dilated cardiomyopathy, bradycardia, atrioven-
tricular block) and also extracardiac manifestations 
(syndactyly, craniofacial findings like low-set ears, depressed 
nasal bridge, premaxillary underdevelopment, baldness at 
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birth, as well as intermittent hypoglycemia, immune defi-
ciency, autism spectrum disorders and language, motor, and 
generalized developmental delays).

�Modulation of Abnormal Ca2+ Homeostasis

–– Ca2+ channel blockers (diltiazem, verapamil): mechanism 
of action, clinical uses

Mechanism of action and clinical uses of NDCCB are dis-
cussed in details in previous chapter.

–– RyR2 blockers/stabilizers, dantrolene, rycals, CaMKII 
inhibitors, SERCA2a, Flecainide

�RyR2 Blockers/Stabilizers

Dysfunctions or dysregulations of ryanodine receptors in 
heart (RyR2) cause fatal arrhythmias and is involved in heart 
failure, whereas dysfunctions in ryanodine receptors in skel-
etal muscle (RyR1) result in malignant hyperthermia and 
myopathies like central core or minicore myopathy.

Mutations, defective regulation and distorted subunit com-
position of ryanodine channels cause diastolic calcium 
leakage from the sarcoplasmic reticulum, which in turn trig-
gers arrhythmias and weaken cardiac contractility. Hence, 
modulation of RyR2 mediated abnormal calcium homestasis 
have emerged as a potential therapeutic target for arrhyth-
mias. Pharmacological agents known to modulate RyR2 are 
listed in Table 5.4 [15].

Ryanodine is a plant alkaloid, which binds with high affin-
ity and specificity to its receptor in the SR (ryanodine recep-
tor has been named after this alkaloid). RyR2 has both a 
high- and low-affinity binding site for ryanodine, which are 
responsible for the concentration dependent effects of ryano-
dine on the activity of RyR.  At nanomolar concentrations 
ryanodine increases the open probability without affecting 
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rates of ion movement, at submicromolar concentrations 
locks the RyR, and increases open probability to almost 
100%, leads to a long-lasting subconductance (~50% of the 
normal conductance), however at micromolar concentration 
fully closes them and inhibits SR calcium release.

Ruthenium red, is a water-soluble dye that inhibit SR cal-
cium release from both the cytosolic and luminal sides of the 
channel. As ruthenium red is neurotoxic, it is not an ideal 
candidate for drug development.

Charged local anaesthetics (tertiary amines like procaine, 
tetracaine, and lidocaine or quaternary amines like QX572, 
QX314) also inhibit RyR2 channels. Procaine appears to be 
more selective for RyR2 compared to RyR1. They show their 
effects by stabilizing RyR2 in a closed transformational state 
and decrease the open probability of the channels (tetracaine 
and procaine), or by voltage dependent blockade of channels 
and reduce the conductance without an effect on open pro-
bality of channel (lidocaine and quaternary amines).

Table 5.4  RyR2 modulating agents
Agonists Antagonists
Purine derivatives (caffeine)a Ruthenium redb

Digitalis glycosides 
(digoxin)a

Dantrolenea

Suramina Ryanoids (ryanodine)a,b

Volatile anesthetics 
(halothane)a

Local anesthetics (tetracaine)b

4-Chloro-m-cresol (4-CMC)a 1,4-Benzothiazepines (JTV519/
K201)c

Peptide toxins (IpTx)a

Macrocyclic compounds 
(FK506)c

aModulators of channel gating
bModulators of ion translocation
cAllosteric modulator subunit interactions
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�Dantrolene

Dantrolene is a hydantoin derivative used for the treatment 
of malignant hyperthermia and is the only currently approved 
drug for clinical use [16]. In skeletal muscle, 10–100 micromo-
lar dantrolene inhibits abnormal calcium release from the 
SR. The sensitivity to dantrolene to RyR2 is lower than RyR1. 
Dantrolene prevents aberrant calcium release by stabilizing 
interdomain interactions within the RyR2.

�Stabilizers of Calsitabin-RyR2 Complex 
(1,4-Benzothiazepines Derivatives/Rycals)

Rycals are JTV519, S44121/Arm036 and S107. They stabilize 
the interaction between inhibitory subunit calstabin2 (FK506 
binding protein 12.6, FKBP12.6) and hyperphosphorylated 
RyR2 (closed conformational state), reduce the channel-
opening probability, and hence prevent arrhythmgenetic dia-
stolic calcium leak, contractile dysfunction and calcium 
overload [17]. JTV519 prevents triggered ectopic activity 
triggered by a SR calcium leak through FKBP12.6-depleted 
RyR2 in ventricular and in pulmonary vein cardiomyocytes. 
Nonetheless, JTV519 also blocks voltage-gated sodium, volt-
age gated L-type calcium, and kalium channels (Ikr, Ik1, 
IAch) and its effectiveness in treatment of clinical arrhyth-
mias is yet uncertain.

�CaMKII Inhibitors

KN-93 is a potent and specific inhibitor of calcium/calmodulin-
dependent protein kinase II (CaMKII). Dysregulation of 
CaMKII pathway is considered to be associated not only with 
arrhythmias but also with Alzheimer’s disease and Angelman 
syndrome. In hearts, CaMKIIδ enhances calcium current via 
L-type channels by augmentation of peak calcium influx and 
slowed inactivation of the calcium current, thus it may act pro-
arrhythmic by triggering early afterdepolarizations (EADs).
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�SERCA2a Activator (N106)

In heart failure, activity and expression of the cardiac sarco-
plasmic reticulum calcium ATPase (SERCA2a) is 
characteristically decreased. The small ubiquitin-like modi-
fier type 1 (SUMO-1) is a regulator of SERCA2a and 
SUMOylation of SERCA2a improves its function. N106 is a 
small molecule that directly activates the SUMO-activating 
enzyme and consequently increases SUMOylation of 
SERCA2a.

�Flecainide/Propafenone

Flecainide and propafenone are class Ic antiarrhythmics and 
blocks sodium channels. However, both of these drugs also 
block the open state of RyR2, prevent diastolic calcium leak, 
and hence supress DADs and triggered arrhythmias [18]. 
Furthermore, their sodium channel blocking properties also 
contribute to RyR2 blocking effect by preventing DADs 
reaching to threshold potential and trigger premature beats.

�Medical Treatment of Inherited Cardiac 
Arrhythmias Syndromes Associated 
to Mutations in Calcium Handling

�Idiopathic VT

Ventricular tachycardias in structurally normal hearts are 
mostly focal in origin and underlying mechanisms are trig-
gered activity, abnormal automaticity, or rarely re-entry 
within the Purkinje fibers. Idiopathic VTs most commonly 
originate from the RV outflow tract. Other locations of focal 
idiopathic VTs include the LV outflow tract, aortic cusps, 
mitral and tricuspid annuli, papillary muscles. Treatment 
options for idiopathic VTs are catheter ablation and medical 
therapy. Medical therapy may be indicated in patients with 
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mild to moderate symptoms. As the underlying mechanism 
mostly is cAMP-mediated EADs or DADs, medical treat-
ment include beta-blockers, verapamil, diltiazem (rate of 
efficacy of 20 to 50%) that supress cAMP mediated pathways 
and triggered activity. Alternative therapy includes class IA, 
IC and III agents.

�CPVT

CPVT is resulted from mutations in RyR2 or CASQ2 which 
result in stress induced diastolic calcium leak into sarco-
plasma and DADs mediated triggered activity. Medical treat-
ment includes β-blockers, verapamil, or a combination of 
both to reduce diastolic calcium and to prevent DADs. In 
addition, ryanodine channel blocker flecainide and sympa-
thetic denervation may be added to therapy in some patients 
who are refractory to β-blocker/verapamil therapy.

�Brugada/Short QT Overlap Syndrome

Quinidine is the only drug used in long term medical treat-
ment of Brugada/Short QT Syndrome. Although quinidine is 
class I antiarrhythmic agent (blockers of the fast inward 
sodium current), it also displays inhibitory effect on the 
slowly inactivating, tetrodotoxin-sensitive Na current, slow 
inward calcium current (ICa), rapid (IKr) and slow (IKs) com-
ponents of the delayed potassium rectifier current, inward 
potassium rectifier current (IKI), the ATP-sensitive potassium 
channel (IKATP) and Ito.

�Long QT Syndrome Type 8

In long QT syndrome 8, there is a progressive prolongation of 
action potential duration and QT interval, induction of 
DADs, and both DAD and EADs-mediated triggered activi-
ties due to gain of function mutations of the calcium channel 

E. Tülümen and M. Borggrefe
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Cav1.2. Antiarrhythmic treatment includes β-blocker, vera-
pamil, mexilatine, and ranolazine to maintain repolarization 
stability and to prevent DADs and EADs.
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In previous chapters of this book several authors analyze in 
detail the antiarrhythmic drugs (AADs) classified in groups 
I-IV according to the Vaughan-Williams classification. 
However, some old (adenosine, digoxin) and new AADs 
(ivabradine, ranolazine, vernakalant) were not listed in any of 
the original four classes. Therefore, in this chapter, I shall 
review the electrophysiological effects of these drugs 
(Table  6.1). Their electrophysiological and pharmacokinetic 
properties, adverse effects, doses drug interactions, cautions, 
contraindications and clinical indications are summarized in 
Tables 6.2, 6.3, 6.4, 6.5, 6.6, and 6.7.
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�Adenosine

Adenosine is a ubiquitous endogenous purine nucleoside. 
Activation of Gi/o protein–bound cardiac adenosine A1 
receptors present in atrial muscle, sino-atrial (SAN) and 
atrio-ventricular nodal (AVN) cells [1–3]: (a) activates the 
acetylcholine-gated inward rectifying K+ current (IKACh/
IKAdo) that hyperpolarizes the membrane potential, slows 
SAN pacemaker rate and shortens atrial action potential 
duration (APD) and refractoriness. (b) Inhibits the mixed 
Na+-K+ inward pacemaker current (If) generated via non-
selective hyperpolarization-activated cyclic nucleotide-
gated cation (HCN) channels, which regulates the rate of 
the spontaneous depolarization of the SAN cells. (c) 
Reduces adenyl cyclase activity and intracellular cAMP 
levels, which indirectly inhibits the L-type calcium current 

Table 6.1  Other antiarrhythmic drugs
1. Adenosine

  • � Adenosine A1 receptor agonists: Capadenoson (AF, 
angina), Selodenoson (AF, discontinued), Tecadenoson 
(PSVT, AF)

  • � Other: Neladenoson bialanate (HF with reduced ejection 
fraction), Regadenoson (pharmacologic stress testing)

2. Cardiac glycosides: Digoxin, Digitoxin

3. Atrial-selective blocking drugs: Ranolazine, Vernakalant

4. Selective If blockers: Ivabradine

5. Other drugs:

  • � GAP junction modifiers: Rotigaptide (GAP486, ZP123: 
discontinued), Danegaptide (GAP134, ZP1609: AF, 
myocardial reperfusion injury)

 � • � Na+-Ca2+-exchanger inhibitors: KB-R7943, SEA0400, SN-6, 
YM-244769

AF atrial fibrillation, HF heart failure, PSVT paroxysmal supraven-
tricular tachycardia
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Table 6.4  Most common adverse effects
Adenosine �•  >10%: Flushing, shortness of breath/dyspnea

�• � 1–10%: Headache, chest pressure, light-
headedness, nausea, sweating, palpitations, 
hypotension, bronchospasm. Seizures in 
susceptible patients. In patients with asthma or 
COPD adenosine-induced bronchospam may last 
more than 30 min

�• � Sinus pauses, AV block and atrial/ventricular 
extrasystoles immediately after conversion 
that can reinitiate PSVT or degenerate to AF, 
sustained or non-sustained VT

Digoxin
Digitoxin

�• � Gastrointestinal (anorexia, nausea, vomiting, 
abdominal pain), neurological (headache, 
fatigue, dizziness, drowsiness), ocular (blurred 
and colored vision), psychiatric (disorientation, 
mental confusion, depression), rash

�• � Supraventricular or ventricular tachyarrhythmias 
and bradyarrhythmias (bradycardia, heart block), 
coronary steal

�• � At plasma levels >2 ng/mL digoxin is toxic, 
produces proarrhythmia and can aggravate 
HF, particularly with co-existent hypokalemia. 
However, symptoms can appear at lower levels

Ivabradine �• � Phosphenes, diplopia; bradycardia, sinus arrest 
and heart block, palpitations, AF; hypotension. 
Dizziness, fatigue

Ranolazine �• � Dyspepsia, anorexia; tinnitus; bradycardia, 
palpitations, hypotension; hyperhydrosis. Small 
increases in serum creatinine without changing 
the glomerular filtration rate. QTc prolongation 
(6–15 ms) but cases of torsades de pointes are 
very rare

Vernakalant �• � Dysgeusia, sneezing, paresthesias, nausea, cough, 
pruritus, hypotension, bradycardia, complete AV 
block, AF/AFl, PVCs, non-sustained VT

AF atrial fibrillation, AFl atrial flutter, AV atrio-ventricular, COPD 
chronic obstructive pulmonary disease, HF heart failure, PSVT par-
oxysmal supraventricular tachycardia, PVCs premature ventricular 
beats, VT ventricular tachycardia

J. Tamargo
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Table 6.6  Effects of drugs and medical conditions on serum digoxin 
concentrations (SDC)
Decrease SDC (it may be necessary to increase the daily dose of 
digoxin)

Decrease drug 
absorption

• �Acarbose, adrenaline, antiacids, bupropion, 
cholestyramine, high-bran diet, kaolin-
pectin, some bulk laxatives metoclopramide, 
neomycin, salbutamol, sulfasalazine, 
supplemental enteral nutrition

• �Chemotherapy drugs: cyclophosphamide, 
cytarabine, methotrexate, vincristine

• �Other drugs: phenytoin, rifampicin, St John’s 
wort

Increase renal 
excretion

• �Bupropion, hydralazine, nitroprusside, 
sympathomimetic drugs (dopamine, 
dobutamine)

Increase digitalis 
resistance

• �Reduced oral bioavailability, inadequate 
intestinal absorption, increased metabolic 
degradation in the gut

• Neonates and infants
• Hyperthyroidism

Increase SDC (reduce the daily dose of digoxin)

Increase oral 
absorption

• �Antibiotics that inhibit intestinal 
microflora: macrolides (e.g. clarithromycina, 
erythromycin, telithromycina), tetracyclines, 
gentamicin, trimethoprim

• �Anticholinergic drugs (propantheline, 
diphenoxylate), omeprazole

Decreased renal 
and non-renal 
excretion

• �Alprazolam, atorvastatin, epoprostenol, 
lapatinib, potassium-sparing diuretics, 
propafenone, spironolactone

• �Decrease renal blood flow: β-blockers, heart 
failure

• �ARBs, ACEIs, NSAIDs, and COX-2 
inhibitors may modify renal function in some 
patients leading to an indirect increase in 
SDC

• �Decreased glomerular filtration rate: elderly, 
renal impairment

(continued)
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Table 6.6  (continued)

P-glycoprotein 
inhibitorsa

• �Amiodarone, cyclosporine, dronedarone, 
itraconazole, ketoconazole, lapatinib, 
nefazodone, quinidine, quinine, ranolazine, 
telmisartan, ticagrelor, verapamil

• �Antiretroviral HIV-1 protease inhibitors: 
atazanavir, darunavir, indinavir, lopinavir, 
nelfi-navir, ritonavir, saquinavir, telaprevir, 
tipranavir

Increase cardiac 
sensitivity to 
digoxin-induced 
proarrhythmia

• �Advanced age, hypothyroidism, electrolyte 
disturbances (hypokalemia, hypomagnesemia, 
hypercalcemia), IV calcium

• �Sympathomimetic agents: induce cardiac 
arrhythmias and may also lead to 
hypokalaemia

• �Acute myocardial infarction, acute rheumatic 
or viral carditis, severe myocarditis, 
amyloidosis

• Chronic kidney disease
• Hypoxemia due to chronic lung disease
• �Drugs producing hypokalemia: thiazides and 

loop diuretics, amphotericin B, β-adrenergic 
agonists, carbenoxolone, corticosteroids, 
laxatives, lithium salts, NSAIDs (diclofenac, 
indometacin), pancuronium, suxamethonium

• �Amiodarone, beta-blockers, diltiazem, 
verapamil: increase the risk of bradycardia 
and AV block

• �Class IA and IC AADs: increase the risk of 
bradycardia, intracardiac conduction block 
and proarrhythmia

AADs antiarrhythmic drugs, ACEIs angiotensin converting enzyme 
inhibitors, ARBs angiotensin receptor blockers, NSAIDs nonsteroi-
dal anti-inflammatory drugs
aP-glycoprotein inhibitors can enhance digoxin absorption and/or 
reduce its renal clearance

J. Tamargo
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Table 6.7  Clinical recommendations of adenosine, digoxin and ver-
nakalant in clinical guidelines
Adenosine [10, 11] Class Level

Adenosine is recommended for the acute 
treatment of narrow QRS tachycardia in the 
absence of an established diagnosis

I B

Adenosine is recommended for acute treatment 
in patients with regular SVT, with AVNRT due to 
manifest or concealed accessory pathways or with 
orthodromic AVRT

I B

Adenosine is recommended for acute treatment 
in ACHD patients and SVT

I B

Adenosine can terminate some forms of focal AT 
due to a triggered mechanism in ACHD

I B

Adenosine is recommended for acute treatment 
in pregnant patients with SVT

I C

Adenosine is recommended to either restore 
SR or diagnose the tachycardia mechanism in 
patients with suspected focal AT

IIa B

Adenosine is recommended for the acute 
treatment of wide QRS tachycardia if there is no 
pre-excitation on a resting ECG

IIa C

Adenosine in patients with WPW syndrome 
who have pre-excited AF is potentially harmful 
because it accelerates the ventricular rate

III B

Digoxin

In the absence of pre-excitation, IV digoxin is 
recommended to acutely control heart rate in 
patients with HF [13, 27]

I B

Digoxin is recommended to control heart rate in 
AF patients with LVEF ≥40% [13]

I B

Digoxin is recommended to control heart rate in 
AF patients with LVEF <40% [13]

I B
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Table 6.7  (continued)

Digoxin is effective to control resting heart rate in 
patients with HFrEF, with dosage appropriate to 
avoid bradycardia [27]

I C

A combination of digoxin and a β-blocker (or a 
nondihydropyridine calcium channel antagonist 
for patients with HFpEF), is reasonable to  
control resting and exercise heart rate in patients 
with AF [27]

IIa B

Intravenous digoxin in the latest pocket Gls 
version should be considered for rate control of 
AT if beta-blockers fail [13]

IIa C

Digoxin can be effective for ongoing management 
in pregnant patients with highly symptomatic 
SVT [11]

IIa C

Digoxin should be considered for rate control of 
AT if beta-blockers fail in patients without WPW 
syndrome [11]

IIa C

Oral digoxin may be reasonable for treatment of 
AVNRT in patients who are not candidates for, or 
prefer not to undergo, catheter ablation [10]

IIb B

Digoxin may be considered to slow a rapid 
ventricular response in patients with ACS and AF 
associated with severe LV dysfunction and HF or 
hemodynamic instability [27]

IIb C

Oral digoxin may be reasonable for ongoing 
management in patients with symptomatic SVT 
of unknown mechanism without pre-excitation 
who are not candidates for, or prefer not to 
undergo, catheter ablation [10]

IIb C

Oral digoxin may be reasonable for ongoing 
management of orthodromic AVRT in patients 
without pre-excitation on their resting ECG who 
are not candidates for, or prefer not to undergo, 
catheter ablation [10]

IIb C

Digoxin is potentially harmful for ongoing 
management in patients with AVRT or AF and 
pre-excitation on their resting ECG [10, 11, 13]

III C
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Table 6.7  (continued)

Ivabradine

Ivabradine is reasonable for ongoing management 
in patients with symptomatic IST [10, 11]

IIa B

The combination of beta blockers and ivabradine 
may be considered for ongoing management in 
patients with IST [10, 11]

IIb C

Ivabradine may be considered in patients with 
postural orthostatic tachycardia syndrome [11]

IIb C

Ivabradine with a beta-blocker may be considered 
for the chronic treatment of recurrent focal AT 
when other measures fail [11]

IIb C

Ranolazine

Ranolazine may be considered as add-on therapy 
to shorten the QT interval in LQTS3 patients 
with a QTc >500 ms [51]

IIb C

Vernakalant

In patients with no history of ischemic 
or structural heart disease, vernakalant is 
recommended for PCV of recent-onset AF [13]

I A

Intravenous vernakalant is an alternative to 
amiodarone for PCV of AF in patients without 
hypotension, severe HF or severe structural heart 
disease (especially aortic stenosis) [13]

IIb B

Intravenous vernakalant may be considered for 
cardioversion of postoperative AF in patients 
without severe HF, hypotension, or severe structural 
heart disease (especially aortic stenosis) [13]

IIb B

ACHD adult c.ongenital heart disease, ACS acute coronary syn-
dromes, AF atrial fibrillation, AT atrial tachycardia, AVNRT atrio-
ventricular nodal reentrant tachycardia, AVRT atrioventricular 
reentrant tachycardia, GI gastrointestinal, HFrEF heart failure with 
reduced ejection fraction, HF heart failure, IST inappropriate sinus 
tachycardia, LVEF left ventricular ejection fraction, PCV pharmaco-
logical cardioversion, SR sinus rhythm, SVT supraventricular tachy-
cardia, WPW Wolff-Parkinson-White
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(ICa) during sympathetic stimulation. As a consequence, 
adenosine decreases SAN pacemaker activity and in the 
AVN slows conduction velocity and increases refractoriness. 
(d) Activates presynaptic purinergic receptors located on 
sympathetic nerve terminals decreasing the release of nor-
epinephrine. These two later effects explain why adenosine 
terminates some atrial and ventricular arrhythmias and 
abolishes both early (EADs) and delayed (DADs) afterde-
polarizations induced by catecholamines.

Activation of the Gs protein–bound A2 receptors increases 
adenyl cyclase activity and cAMP levels, inhibits Ca2+ entry 
and myosin light chain kinase and stimulates ATP-sensitive 
potassium (KATP) channels which hyperpolarizes vascular 
smooth muscle cells [1–3]. As a result, adenosine decreases 
coronary and peripheral vascular resistances, vasodilates 
coronary microvessels (<150  mm in diameter), adequates 
coronary blood flow to cardiac metabolic demands playing a 
key role in ischemic pre-conditioning and attenuates isch-
emia-reperfusion injury. Because of its coronary vasodilator 
properties, adenosine is indicated for stress radionuclide 
myocardial perfusion imaging in patients unable to undergo 
adequate exercise stress. Adenosine has also been used to 
produce controlled hypotension.

Pharmacodynamics  An intravenous (IV) bolus of 
adenosine, preferable through a large venous or central line, 
rapidly (within 10–30 s) and transiently slows AV conduction 
velocity [due to effects on the atrial-His (AH) interval, but 
not on the H-V interval] and increases AV refractoriness 
(prolongs the PR and A-H intervals) leading to a transient 
AV block that is then responsible for tachycardia termination 
[4, 5]. Thus, adenosine the drug of choice to terminate 
supraventricular tachycardias (SVT) using the AVN as a 
portion of the reentrant circuit, such as AV nodal re-entry 
tachycardias (AVNRT) and AV reentrant tachycardias 
(AVRT). Success rates range from 78% to 96% (similar to 
verapamil) in acute episodes of SVT [3–11]. Adenosine also 
slows sinus rate, may cause sinus exit block and can terminate 
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SAN reentry. The effects of adenosine on the SAN and AVN 
are of greater and longer in patients with recent heart 
transplantation (<1  year). Adenosine is effective in 
terminating some focal atrial tachycardias (AT) due to a 
triggered mechanism in adult congenital heart disease 
patients, but does not interrupt macro-re-entrant ATs  unless 
the reentrant circuit involves the AVN [7, 12]. Adenosine is 
unlikely to terminate atrial fibrillation (AF) or atrial flutter 
(AFl) [13], but it can produce a transient AV block, which 
unmask atrial activity and helps to diagnosis. Adenosine does 
not affect conduction velocity through the His-Purkinje or 
normal accessory pathways, but conduction can be blocked 
in accessory pathways with long conduction times or 
decremental conduction. Ventricular tachycardias (VT) do 
not respond to adenosine, but it can terminate idiopathic 
right outflow tract VT caused by a cAMP-mediated triggered 
activity caused by delayed afterdepolarizations; idiopathic 
left septal VT rarely responds.

Adenosine terminates AVNRT, SVT using an accessory 
pathway, and some forms of focal AT which account for 
<25% of SVT in adults with repaired congenital disease. 
However, evwn when it is unlikely to terminate atrial reen-
try tachycardia or atrial flutter, which represents >70% of 
SVT episodes in this population, adenosine may help to the 
diagnosis by producing transient AV block, which would 
make the atrial activity visible [1, 4, 7, 10–12].

Adenosine can help to the diagnosis of narrow-complex 
tachyarrhythmias [1, 4, 5, 8–12]. The appearance of transient 
AVN block with persistent AT can help to differentiate focal 
AT from AVNRT and AVRT [7]. In wide-QRS tachycardias 
of uncertain origin, adenosine can help to differentiate SVT 
(with aberrant conduction) from VT; adenosine is likely to 
terminate SVT with aberrancy or reveals the underlying 
atrial mechanism, while the VT continues. When an acces-
sory by-pass tract is present, adenosine may increase conduc-
tion down the anomalous pathway revealing latent 
pre-excitation in patients with suspected Wolff-Parkinson-
White (WPW) syndrome. A normal response occurs if tran-
sient high-grade AV block is observed; the presence of an 
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anterograde conduction accessory pathway is inferred if 
adenosine produces a PR shortening-QRS widening without 
interruption of AV conduction. Adenosine can also differen-
tiate conduction over the AVN from that over an accessory 
pathway during ablative procedures of the accessory path-
way, and can provide a diagnosis in VT with retrograde con-
duction by blocking the P wave.

Adenosine may also promote arrhythmogenesis [2, 14]. It 
often produces bradycardia, sinus arrest and several degrees 
of AVN block, and even when prolonged bradycardia is 
unusual, caution is recommended in patients with known 
sinus node disease [2, 5, 15]. The risk of bradycardia 
increases in recipients of denervated orthotropic heart 
transplants, in whom SVT is common [5, 16]. Adenosine may 
induce AF with fast ventricular conduction and even VT by 
several mechanisms as it heterogeneously shortens atrial 
APD and refractoriness, produces transient sympathetic 
stimulation (tachycardia) through baroreflex activation in 
response to hypotension and it can hyperpolarize dormant 
pulmonary vein myocytes increasing their excitability and 
automaticity [17, 18]; the risk of AF appears more commonly 
associated with AVRT than AVNRT [8]. Patients with 
orthodromic AVRT often present atrial or ventricular pre-
mature complexes immediately after conversion that ocas-
sionally may induce further episodes of AVRT. In this 
situation, an antiarrhythmic drug may be required to pre-
vent acute reinitiation of tachycardia [1, 9–11]. Adenosine 
may also occasionally cause or accelerate pre-excited atrial 
arrhythmias [5, 19]. Because of the risk of proarrhythmia, 
adenosine should be used only in-hospital and with full 
resuscitative equipment available.

Pharmacokinetics  After IV administration adenosine is 
rapidly cleared from circulation via cellular uptake by 
erythrocytes and vascular endothelial cells, where it is 
metabolized by the adenosine deaminase to inosine and 
adenosine monophosphate which are excreted by the kidneys. 
Its half-life (t1/2) is <20 s, which explains why adverse effects 
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even when frequent, they rapidly disappear and the repeated 
administration is safe within 1 min of the last dose.

The starting dose required for efficient rhythm correction 
is ~6 mg, given as a rapid bolus (1–2 sec) followed by a rapid 
saline flush. Large, centrally located (e.g. antecubital) veins 
are likely to deliver more effective drug concentrations to the 
heart than smaller distal veins [10, 11]. Another bolus of 12 
mg can be administered after 1–2 min; this 12 mg bolus can be 
repeated in 1–2 min if SVT persist (Table 6.3).

Adverse Effects (Table 6.4)  The most common include 
flushing, dyspnea (most likely secondary to stimulation of 
vagal C fibers in the lungs), chest discomfort, headache, 
dizziness, numbness or nausea, AV block and arrhythmias, but 
serious adverse adverse effects are rare because of the drug’s 
very short half-life [2, 20]. Chest discomfort begins at 
approximately the same time as the delay in AV conduction 
and is immediately preceded by a marked increase in 
coronary-sinus flow, suggesting that the pain has a myocardial 
origin [5, 11]. Adenosine may precipitate or aggravate 
bronchospasm; thus, it may be reasonable to replace adenosine 
by verapamil in asthmatic patients.

Indications  Adenosine is the drug of choice to rapidly 
terminate regular narrow-QRS-complex PSVT using the 
AVN as part of the reentry circuit when vagal manoeuvres 
fail, except for patients with severe asthma or angina pectoris 
[10, 11]. Because of its rapid onset and short duration of 
action, adenosine is preferable to verapamil or diltiazem, 
particularly in patients treated with IV β-adrenergic blockers 
or with history of heart failure (HF) or severe hypotension, 
and in neonates. Adenosine is the drug of choice for 
termination of SVT in pregnant patients when vagal 
manoeuvres fail; adverse effects to the fetus would not be 
expected and maternal side effects are transient given its 
short half-life [10, 11, 21]. Adenosine can also terminate AT, 
sinus node reentry and idiopathic right outflow tract VT 
commonly triggered by sympathetic stimulation.
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Selective A1R Agonists (Table  6.1)  They slow conduction 
velocity and prolong refractoriness in the AVN without 
affecting intraventricular conduction or reducing blood 
pressure or causing bronchospasm, two common side effects 
of adenosine [22]. They are effective for the conversion of 
PSVT to sinus rhythm (SR) and for ventricular rate control in 
AF without the negative inotropic and vasodilator effects of 
β-blockers, verapamil or diltiazem. Tecadenoson dose-
dependently prolongs the AH interval (peak effect within 
1 min, but returned to baseline after 10 min) without an effect 
on the HV interval, presents a longer t1/2 than adenosine (20–
30 min) and converts PSVT to SR in 90% of patients even 
after the first bolus, coincident with anterograde AV 
conduction block. Patients with a history of asthma or chronic 
obstructive pulmonary disease tolerated tecadenoson without 
bronchospasm. Other A1 adenosine receptor-selective full 
agonists and partial agonists are under development for 
multiple clinical indications.

�Cardiac Glycosides

Cardiac glycosides (digoxin and digitoxin) increase cardiac 
contractility and slow AVN conduction and have been used 
for decades to treat patients with symptomatic heart failure 
(HF) or impaired left ventricular (LV) function and for ven-
tricular rate control in patients with supraventricular 
arrhythmias, mainly permanent and persistent AF, respec-
tively. However, their use have declined over the past years 
because of its narrow therapeutic window and multiple inter-
actions (Table 6.7), the increasing number of evidence-based 
therapies for HF and the results of the DIG trial [23], where 
digoxin therapy was shown to reduce all-cause and HF-specific 
hospitalizations but had no effect on survival.

Mechanism of Action  Digoxin inhibits the Na+/K+-ATPase 
(3 Na+ out −  2 K+ in) [24, 25]. This inhibition increases the 
intracellular Na+ concentration ([Na+]i), which in turn, 
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activates the reverse mode of the Ca2+-Na+ exchanger (NCX, 
Na+ efflux/Ca2+ influx) leading to an increase in intracellular 
Ca2+ concentration ([Ca2+]i). This increase in [Ca2+]i at the 
level of contractile proteins might account for the positive 
inotropic effect and the proarrhythmic effects during digitalis 
intoxication. Furthermore, digitalis form calcium-conductance 
pathways and cation-selective Ca2+ channels which may play a 
role in Ca2+-dependent cardiotoxicity [26].

At therapeutic concentrations the electrophysiologic effects 
of digoxin are mediated indirectly by enhancing both central 
and peripheral vagal and inhibiting sympathetic tone, and to 
a lesser extent through a direct cardiac effect [24, 25]. The 
increase in vagal tone: (a) inhibits If and accelerates the inac-
tivation of the ICa due to the higher [Ca2+]i, producing a mild 
resting bradycardia that may increase LV performance; (b) 
activates the IKACh leading to a nonuniform shortening of 
atrial APD and refractoriness; and (c) slows conduction and 
prolongs refractoriness in the AVN (prolongs the PR inter-
val). This latter effect is the basis to use digoxin to control 
ventricular rate in patients with AF, particularly in unstabi-
lized HF patients in whom β-blockers and calcium antago-
nists are contraindicated and to terminate reentrant 
tachyarrhythmias involving the AVN.  However, digoxin 
exerts minimal effects on the His-Purkinje and ventricular 
muscle and the QRS and QT intervals are unaffected. 
Inhibition of Na+/K+-ATPase in the vagal afferent fibers 
restores cardiac baroreceptor sensitivity, leading to a decrease 
in peripheral sympathetic nerve activity; digoxin also reduces 
renin and angiotensin II plasma levels. This neurohumoral 
inactivation may play a key role at these therapeutic 
concentrations.

At toxic concentrations, digoxin directly causes sinus bra-
dycardia and different degrees of AVN block, shortens atrial 
and ventricular APD and refractoriness, but increases 
[Ca2+]i and sympathetic cardiac activity; these later effects 
increase the automaticity of cardiac pacemakers (AVN, His-
Purkinje system) [24, 25]. Additionally, the inhibition of the 
Na+/K+-ATPase depolarizes the resting membrane poten-
tial, partially inactivates Na+ channels and decreases intra-
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cardiac conduction velocity. Additionally, digoxin increases 
[Ca2+]i and induces the spontaneous release of Ca2+ from the 
sarcoplasmic reticulum during the diastole, which, in turn, 
activates the forward mode of the NCX (Na+ influx/Ca2+ 
efflux) leading to a net inward transient depolarizing cur-
rent (ITi) that can generate EADs and DADs. All these 
effects predispose to both bradyarrhythmias and supraven-
tricular and ventricular tachyarrhythmias that may degener-
ate in VT and ventricular fibrillation (VF). The increase in 
[Ca2+]i in vascular smooth muscle cells can cause a direct 
vasoconstriction that may cause mesenteric artery occlusion 
or ischemia.

Electrophysiological Effects  Digoxin effectively slows 
ventricular rate at rest when vagal tone predominates and in 
sedentary elderly patients with persistent/permanent AF [24, 
25]. However, when sympathetic activity increases (i.e., during 
exercise, serious illness, fever, HF, hyperthyroidism, chronic 
lung disease, postoperative) its beneficial effects on AV 
conduction are reduced. Thus, digoxin is rarely used as a single 
agent for ventricular rate control in AF, but a satisfactory rate 
control can be achieved both at rest and during exercise when 
combined with β-blockers, verapamil or diltiazem. The 
ongoing RATE-AF trial is the first randomised clinical trial 
comparing digoxin and beta-blockers in AF.

Digoxin produces a nonuniform shortening of atrial 
APD and refractoriness that may explain why digoxin may 
increase the duration of AF, predisposes to early relapses 
of AF after restoration of SR and can convert the AFl to 
AF [24, 25]. Digoxin is no more effective than placebo to 
terminate AF or facilitate direct current cardioversion and 
may even induce episodes of AF in patients with so-called 
vagal AF [27]. Digoxin is contraindicated in patients with 
pre-excited AF because it slows AVN conduction but can 
accelerate anterograde conduction via the bypass tract 
increasing the ventricular rate during AF and the risk of 
provoking a life-threatening ventricular arrhythmia [13, 
27–29].
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In the ACC/AHA/HRS Guideline for the management of 
adult patients with supraventricular tachycardia oral digoxin 
is recommended for ongoing management in patients with 
symptomatic SVT without pre-excitation or with AVNRT 
who are not candidates for, or prefer not to undergo, catheter 
ablation [10]. However, digoxin should be reserved for 
patients who are unresponsive to, or are not candidates for 
β-blockers, diltiazem, or verapamil or a class IC agents (fle-
cainide or propafenone) and it be used with caution in the 
presence of renal dysfunction. Interestingly, in the 2019 ESC 
Guidelines for the management of patients with SVT digoxin 
is not mentioned [11].

Because of its positive inotropic agent, digoxin is recom-
mended for heart rate control in patients with AF and LVEF 
<40%, particularly in unstabilized patients in whom both 
β-blockers, diltiazem or verapamil are contraindicated. The 
combination of digoxin and carvedilol leads to better ven-
tricular rate control than either agent, reduces symptoms, 
improves exercise tolerance and LV function [30]. In patients 
with AF (25% of the patients in NYHA class III) the IV 
administration of digoxin and esmolol produces a rapid rate 
control and conversion to SR occurs in 25% of patients [31]. 
In the AF-CHF trial [32], including patients with AF and 
LVEF ≤35%, adequate rate control was achieved in 82–88% 
of patients using adjusted doses of β-blockers with digoxin 
and in the CHF-STAT trial [33], amiodarone improved ven-
tricular rate control when added to background therapy with 
digoxin in patients with AF and HF.

Several observational studies and meta-analysis associ-
ated digoxin therapy with excess mortality in patients with 
AF, but this finding was not confirmed in other studies [34–
36]. The association is hampered by selection and prescrip-
tion biases, because digoxin is commonly prescribed in sicker 
patients, with more comorbidities (HF, diabetes) and a 
higher baseline risk of mortality. A recent meta-analysis of 
52 studies including over 600,000 patients with AF and con-
comitant HF, concluded that digoxin had a neutral effect on 
mortality but reduced hospital admission [36]. Thus, until 
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proper randomized controlled trials are available, digoxin 
remains a suitable treatment option for rate control in 
patients with AF and HF.

Digoxin Plasma Levels  Digoxin presents a narrow 
therapeutic window. Routine monitoring of serum digoxin 
concentrations (SDC) is not warranted in AF patients with 
controlled ventricular rate and without symptoms of toxicity, 
but is justified in patients with suspected digoxin intoxication, 
impaired renal excretion, variable cardiac responses, altered 
volume of distribution (Vd), hyperthyroidism, or suspected 
drug interactions, and to monitor compliance with therapy 
(Table 6.7). A retrospective analysis of the DIG trial found 
that low SDC (0.6–0.9 ng/mL) provided hemodynamic benefit 
and a small decrease in all-cause mortality, while at higher 
SDC (≥1.2  ng/mL) digoxin increased mortality (12%) [37]. 
Thus, SDC should be maintained between 0.6 and 1 ng/mL.

Doses should be based on age, gender, lean body mass, 
serum creatinine, serum electrolytes and presence of other 
drugs as digoxin presents multiple pharmacodynamic/phar-
macokinetic interactions (Table 6.6). In elderly patients 
digoxin presents a lower Vd due to a loss of lean muscle mass 
and decline in renal function. Renal impairment decreases 
digoxin clearance and prolongs its t1/2. Thus, doses, clinical 
response and SDC should be carefully titrated in elderly and 
in patients with chronic kidney disease. No dosage adjust-
ments are recommended for patients with hepatic impair-
ment. Digoxin is a substrate of P-glycoprotein (P-gp) and 
P-gp inhibitors can enhance digoxin absorption and/or reduce 
its renal clearance.

Adverse Effects  Digoxin presents a narrow therapeutic 
index and SDC should be maintained between 0.5 and 0.9 ng/
mL (Table 6.7). Cardiac glycosides can produce any type of 
arrhythmia, including bradyarrhythmias related to an increase 
in vagal tone (sinus bradycardia or arrest, AV block) and 
supraventricular (paroxysmal AT with variable AV block, 
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AVN tachycardias) and ventricular tachyarrhythmias 
(ventricular bideminy, VT, VF), particularly when electrolyte 
disorders are present.

If there is suspicion of toxicity, digoxin should be discontin-
ued and ECG and SDC monitored. Electrolyte disorders, 
thyroid dysfunction and drugs/factor increasing SDC should 
be corrected (Table 6.7). Potassium salts should be avoided in 
the presence of bradycardia or conduction disturbances. 
Bradyarrhythmias or AV block respond to atropine but a tem-
porary cardiac pacing may be required if symptomatic; ven-
tricular arrhythmias may respond to lidocaine. Life-threatening 
arrhythmias can be treated with antidigoxin Fab fragments. 
Direct-current cardioversion should only be used if necessary 
using the lowest effective energy because life-threatening VT/
VF can result. For elective electrical cardioversion of AF of a 
patient who is taking digoxin, the drug should be withheld for 
1–2 days before cardioversion is performed.

Indications  Digoxin is no longer a first-line drug for acute or 
long-term rate control during permanent/persistent AF or 
AFl, but because of its low cost and accumulated knowledge 
in prescription during decades, digoxin would remain for rate 
control AF, especially for elderly-sedentary or patients with 
HF or LV dysfunction [13, 27].

For acute heart rate control in patients without evidence 
of reduced LVEF, digoxin can be added to β-blockers, vera-
pamil or diltiazem where required [13, 27]. However, 
β-blockers and diltiazem/verapamil are preferred over 
digoxin because of their rapid onset of action and effective-
ness at rest and/or during exercise. In patients with signs of 
HF or evidence of reduced LVEF, β-blockers and/or digoxin 
should be considered as first-line therapy to improve LV 
function; digoxin is indicated in unstabilized HF patients in 
whom β-blockers and calcium channel blockers are contra-
indicated. For long-term rate control digoxin, alone or in 
combination with other AV blocking drugs (beta-blockers, 
diltiazem, or verapamil) is recommended for long-term rate 
control in patients with persistent/permanent AF with 
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LVEF ≥40%, with dosage appropriate to avoid bradycardia, 
and in AF patients with LVEF <40% [13, 27]. In SVT, 
digoxin has been replaced by adenosine, β-blockers and 
verapamil, drugs with faster onset of action and better 
safety profile. However, in the absence of pre-excitation, 
digoxin may be reasonable in patients with symptomatic 
SVT (including pregnant patients), orthodromic AVRT who 
are not candidates for, or prefer not to undergo, catheter 
ablation, and in AVNRT in patients with SBP <110 mmHg 
in whom β-blockers, verapamil or diltiazem may cause 
symptomatic hypotension or bradycardia [10, 11]. Digoxin 
has no role in ventricular arrhythmias.

�Atrial-Selective Sodium Channel Blockers

A new strategy for suppression of AF/AFl is the development 
of the so-called atrial-selective Na+ channel blockers, drugs 
that predominantly depresses atrial versus ventricular Na+ 
channel-dependent parameters and suppresses AF at concen-
trations producing little to no effect in the ventricles, thus 
reducing the risk of ventricular proarrhythmia. It has been 
hypothesized [38] that drugs like vernakalant and ranolazine 
that preferentially bind to the inactivated state of the Na+ 
channel with fast unbinding kinetics might exhibit atrial selec-
tivity during AF because: (a) atrial cells exhibit a more depo-
larized (~10  mV) resting membrane potential and a more 
negative half-inactivation voltage of Na+ channels. Because 
reactivation depends on membrane potential, fewer Na+ chan-
nels recover from the inactivated state during diastole in atrial 
as compared to ventricular cells and atrial refractoriness per-
sist after the action potential is fully repolarized (postrepolar-
ization refractoriness-PRR). (b) Atrial action potentials 
present a more gradual phase 3 which at rapid atrial rates 
results in a progressive disappearance of the diastolic interval 
in atria but not in ventricles and a less negative take-off poten-
tial further increasing the percentage of inactivated Na+ chan-
nels. During AF, as the atria fail to fully repolarize, the 
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difference in resting membrane potential between the atria 
and ventricles increases and less atrial Na+ channels fully 
recover during diastole and remain in the inactivated state 
leading to the accumulation of Na+-channel block and PRR.

�Vernakalant

Vernakalant is an atrial-selective multichannel blocker that 
inhibits the peak (INa) and late Na+ (INa,L) currents, resulting 
in slow intra-atrial conduction and prolongation of atrial 
refractoriness, and several outward K+ currents that control 
atrial repolarization: the ultra-rapid delayed rectifier current 
(IKur), the transient potassium current (Ito) and the inward 
rectifier currents IKAch and IKATP [39]. However, vernakalant 
has no effect on ICaL or the rapid component of the delayed 
rectifier (IKr). As a consequence, vernakalant blocks INa in a 
rate- and voltage-dependent manner, so that Na+ channel 
blockade increases at depolarized potentials and high heart 
rates, i.e. during AF, and selectively prolongs atrial APD and 
refractoriness with minimal effects on ventricular repolariza-
tion (QT interval) and refractoriness.

Pharmacodynamics  The efficacy and safety of IV 
vernakalant for cardioversion of recent-onset AF was 
evaluated in six clinical trials [40, 41]. Vernakalant selectively 
prolongs atrial APD and refractoriness without affecting 
ventricular repolarization (QT interval) or refractoriness, 
heart rate or blood pressure. Vernakalant was significantly 
more effective than placebo for the conversion of AF to SR; 
the mean time to conversion was 8–14  min and 75–82% of 
patients converted after the first dose. The highest efficacy of 
vernakalant was observed for AF lasting for up to 72 h (51–
79%), but decreased with the duration of the arrhythmia, 
being ineffective for the conversion of AF lasting >7 days or 
AFl. Interestingly, pre-treatment with vernakalant can 
improve the efficacy of electrical cardioversion. In the AVRO 
trial [42], vernakalant was more effective than IV amiodarone 
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but the responder rates were lower, probably because of the 
higher proportion of patients with HF were enrolled in this 
trial. The probability of conversion to SR is independent of 
age, sex, LVEF, left atrial size, prior use of AADs, history of 
coronary artery disease or renal impairment, but there was a 
trend towards decreased efficacy in elderly patients (aged 
≥75 years), those with a history of HF and in patients receiving 
digoxin or class I AADs. However, vernakalant is ineffective 
in patients with AFl [13, 40, 41].

Drug exposure is not influenced by age, gender, race, coro-
nary artery disease, HF, renal or hepatic impairment, CP2D6 
genotype or coadministration of CYP2D6 inhibitors, AVN 
blockers or warfarin.

Indications  Intravenous vernakalant is recommended for 
the rapid termination of recent-onset AF (≤7 days for non-
surgery patients; ≤3 days for post-cardiac surgery patients) to 
SR in adults without structural heart disease or with 
hypertension, CAD, abnormal LV hypertrophy or moderate 
HF (NYHA class I–II) and for cardioversion of postoperative 
AF, provided they do not present severe HF, hypotension, or 
severe aortic stenosis [13]. Vernakalant represents a fast and 
effective alternative to class IC antiarrhythmics and 
amiodarone, presents few proarrhythmic and extracardiac 
effects, eliminates the need for conscious sedation or 
anesthesia and when pharmacological cardioversion has 
failed it does not modify the efficacy of subsequent electric 
cardioversion. However, there are no head-to-head 
comparison with DC cardioversion or class IC AADs.

�Ranolazine

Ranolazine is approved for the treatment of chronic stable 
angina for patients inadequately controlled or intolerant to 
β-blockers and/or calcium channel blockers.
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Mechanism of Action  In atrial and ventricular muscle and 
Purkinje fibres, the rapid upstroke of the action potential is 
due to the activation of the INa. Most cardiac Na+ channels 
open transiently (1–3 ms) during membrane depolarization, 
but rapidly inactivate-close and remain closed during the 
plateau phase of the action potential. However, some Na+ 
channels do not inactivate or inactivate but reopen during the 
plateau generating the late Na+ current (INaL) [43, 44]. An 
enhanced INaL slows the rate of repolarization, prolongs the 
APD (QT interval) and increases transmural dispersion of 
repolarization (TDR) across the ventricular wall. These 
effects facilitate triggered and re-entrant arrhythmias. The 
INaL increases under conditions associated with a high 
incidence of cardiac arrhythmias, including myocardial 
ischemia, LV hypertrophy, HF and arrhythmias associated 
with mutations in the cardiac Na+ channel or their regulatory 
proteins (e.g. long QT and Brugada syndromes) [43, 44]. 
Myocardial ischemia increases the INaL and the [Na+]i which, 
in turn, activates the reverse mode of the NCX, leading to a 
Na+-mediated Ca2+ overload. This increase in Na+ and Ca2+ 
concentrations is a major contributor to the electrical (EADs, 
DADs, arrhythmias), mechanical (increases diastolic wall 
tension and MVO2) and metabolic disturbances (increase 
ATP consumption, decreases ATP formation) in the ischemic 
myocardium [43, 44].

Ranolazine selectively inhibits the INaL, with almost no 
inhibition of the peak INa. Thus, it does not widen the QRS 
complex or slows intracardiac conduction velocity. 
Ranolazine also inhibits the IKr, but the expected prolonga-
tion of the APD and QTc interval secondary to this effect is 
counteracted by the inhibition of INaL. Indeed, ranolazine 
suppresses EADs and torsades de pointes induced by selec-
tive IKr-blockers and QT-prolonging drugs. Ranolazine pro-
longs atrial and ventricular refractoriness, induces PRR and 
reduces TDR.  Ranolazine, however, does not modify car-
diac contractility, AVN conduction or blood pressure.
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Effects on Atrial Fibrillation  In experimental models, 
vernakalant dose-dependently prolongs atrial APD and 
refractoriness, slows intra-atrial conduction, induces PRR, 
suppresses EADs and DADs elicited in pulmonary vein 
sleeves and terminates and/or prevents initiation of AF 
[43]. The combination of ranolazine with dronedarone or 
amiodarone induces potent synergistic use-dependent 
atrial-selective depression of Na+ channel-mediated 
parameters, markedly increases PRR, and prevents the 
induction of AF.

In small uncontrolled trials, ranolazine (500–1000 mg bid) 
was effective to maintain SR in patients with recurrent AF 
despite AF ablation and AAD therapy, facilitates electrical 
cardioversion in cardioversion-resistant patients, prevents 
post-operative AF and at high doses (2 g p.o.) produces the 
conversion of recent-onset AF (<48 h duration) [45, 46]. In 
patients with unstable angina and non-ST-segment elevation 
myocardial infarction, ranolazine tended to reduce the epi-
sodes of AF as compared with placebo [47].

In a meta-analysis of eight trials in patients with pre-
served LVEF and recent-onset AF, ranolazine significantly 
reduces the incidence of AF compared to the control group 
in various clinical settings (i.e., after cardiac surgery, acute 
coronary syndromes, post-electrical cardioversion of AF). In 
the RAFAELLO study, ranolazine (375–750  mg bid) does 
not prolong the time to AF recurrence as compared to pla-
cebo [48], while in the HARMONY trial the combination of 
ranolazine (750  mg bid) and low doses of dronedarone 
(225  mg bid), but not each drug in monotherapy, signifi-
cantly reduces AF burden vs placebo in patients with parox-
ysmal AF [49].

Effects on Ventricular Arrhythmias  Ranolazine suppresses 
experimental ventricular arrhythmias associated with reduced 
repolarization reserve due to an increased INaLand/or reduced 
IKr. In patients with unstable angina and non-ST-segment 
elevation myocardial infarction, ranolazine significantly 
reduces the incidence of non-sustained VT, SVT, bradycardias 
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or pauses as compared with placebo, but not sudden cardiac 
death [47]. In LQT3 patients with the SCN5A-ΔKPQ 
mutation and an increased INaL, I.V. ranolazine shortens the 
QTc interval without changes in PR and QRS intervals, AV 
conduction or blood pressure, and improves diastolic 
dysfunction [50]. Thus, ranolazine may be considered as 
add-on therapy to shorten the QT interval in LQTS3 patients 
with a QTc >500 ms [51].

Drug Interactions  Ranolazine is a moderate/potent inhibitor 
of P-gp and a mild inhibitor of CYP3A4 [20]. Avoid the 
administration of ranolazine with strong CYP3A inhibitors/
inducers; limit the dose to 500 mg bid in patients on moderate 
CYP3A inhibitors (Table  6.5).  Dose adjustment of CYP3A4 
substrates (atorvastatin, lovastatin, simvastatin; limit the dose 
of simvastatin to 20 mg od), particularly of drugs with a narrow 
therapeutic range (e.g. cyclosporin, everolimus, sirolimus, 
tacrolimus), may be required when coadminstred with 
ranolazine. Monitor the plasma levels of the immunosuppressants 
when coadminstred with ranolazine. Ranolazine increases the 
exposure to digoxin. Exposure to CYP2D6 substrates (e.g. 
tricyclic antidepressants, antipsychotics) may be increased by 
ranolazine, and lower doses of these drugs may be required. 
Ranolazine also increases plasma levels of digoxin and 
metformin (metformin dose should not exceed 1700 mg/day 
when ranolazine is administered at 1000 mg bid). There is a 
theoretical risk that concomitant treatment of ranolazine with 
other drugs known to prolong the QTc interval may give rise to 
a pharmacodynamic interaction and increase the possible risk 
of ventricular arrhythmias. There is a theoretical risk that 
concomitant treatment of ranolazine with other drugs known 
to prolong the QTc interval may give rise to a pharmacodynamic 
interaction and increase the possible risk of ventricular 
arrhythmias.

Clinical Indications  Ranolazine is well tolerated, does not 
produce significant hemodynamic, organ toxicity or pro-
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arrhythmic effects and its effects are more pronounced on 
atrial than on ventricular myocardium. Thus, it may represent 
a promising new AAD in patients with paroxysmal and 
persistent AF and structural heart diseases associated with an 
increase in INaL, where most AADs are contraindicated, SVT 
and ventricular arrhythmias. However, long-term RCTs are 
needed that confirm the efficacy and safety of ranolazine for 
the cardioversion of AF and the maintenance of SR in these 
patients.

�Selective If Blockers: Ivabradine

Elevated resting heart rate is an independent risk factor of 
cardiovascular morbidity and mortality in the general popu-
lation and in patients with cardiovascular diseases. Ivabradine 
is an antianginal drug that selectively inhibits the cardiac 
pacemaker current (I) which is responsible for normal auto-
maticity of the sinus node and reduces heart rate in a dose-
dependent manner, without influencing intracardiac 
conduction velocity or refractoriness, myocardial contractility 
and blood pressure [52].

The off-label use of ivabradine in small trials recruiting 
patients with inappropriate sinus tachycardia (IST) in 
response to exercise or orthostatic challenge reduced maxi-
mum/minimum heart rate and symptoms during exercise or 
daily activity and improved exercise tolerance in stress tests 
and quality of life with an efficacy comparable with placebo 
or other therapies, but is better tolerated than metoprolol 
[52–54]. A persistent clinical benefit was observed in some 
patients even after discontinuing the drug. Thus, ivabradine is 
recommended for symptomatic patients with IST [10, 11]. 
However, this is not an FDA/EMA-approved indication of 
ivabradine. Potential mechanisms of the antiarrhythmic 
effects of ivabradine includes If inhibition, reduction of car-
diomyocyte Ca2+ overload and APD prolongation induced by 
heart rate reduction. Ivabradine may also be effective in focal 
AT, but there are limited data of the efficacy of ivabradine in 
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the treatment of postural orthostatic tachycardia syndrome, 
sinus tachycardia after ablation of the AVNRT and refractory 
junction ectopic tachycardia [10, 11, 55]. Thus, larger pro
spective comparative studies are needed to establish the 
antiarrhythmic efficacy and safety of ivabradine. However, by 
breaking the pressure homeostatic loop, the selective block-
ade of If is associated with a reflex increase in the activity of 
sympathetic efferent fibres [56]. Thus, ideally ivabradine 
should be preferably co-administered with a β-blocker when 
possible under close monitoring for the possibility of excess 
bradycardia; this combination may also be more beneficial 
than each drug alone for IST [10, 11].

Drug Interactions  Ivabradine is metabolized via cytochrome 
CYP3A4 and it should be avoided or used with caution with potent 
CYP44A inhibitors/inducers (Table 6.5) [20]. Increased plasma 
concentrations of ivabradine may be associated with excessive 
bradycardia. Ranolazine is partially metabolised by CYP2D6 and 
potent CYP2D6 may increase its plasma concentrations. 
Ranolazine is also a mild inhibitor of CYP2D6 and exposure to 
CYP2D6 substrates (e.g. cyclophosphamide, efavirenz, flecainide, 
metoprolol, propafenone or tricyclic antidepressants and 
antipsychotics) may be increased by ivabradine, so that lower 
doses of these drugs may be required. Ivabradine should not be 
taken during pregnancy or breastfeeding [21].

�Gap-Junction Coupling Enhancers

Coordinated cardiac impulse conduction is a function of 
membrane excitability which depends on Na+ or Ca2+ channel 
activity, intercellular coupling of cardiomyocytes via low 
resistance connections (gap-junctions), and tissue architec-
ture mainly determined by fibrosis [57]. Gap junction chan-
nels are composed of two hemichannels (connexons), formed 
from six connexin molecules, provided by either of the adja-
cent cells. The major connexins (Cx40, Cx43, and Cx45) are 
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expressed in a chamber-specific manner. Cx43 is found in 
ventricles and atria, Cx40 in the atria and specific conduction 
system and Cx45  in the conduction system, SAN and 
ANV. Cellular uncoupling due to changes in Cx expression 
(resulting in irregular activation patterns), location (lateral-
ization) and function occur in many forms of heart disease 
(i.e., ischemia, cardiac hypertrophy, HF and AF) and contrib-
ute to cardiac arrhythmias as they slow intracardiac conduc-
tion, increase repolarization heterogeneity and modulate 
automaticity. Cellular uncoupling together with increased 
fibrosis and decreased expression of Na+ channels, are 
implicated in conduction slowing during ischemia, increasing 
the risk of fatal ventricular arrhythmias [57, 58].

Small-molecules that enhance gap-junction conductance 
have been developed in an attempt to improve conduction, 
eliminate functional block and suppress reentry [59]. The 
hexapepide rotigaptide and its dipeptide analogue danegap-
tide, increase gap-junction conductance (electrical coupling) 
acting via Cx43 and Cx45 gap junctions and may represent a 
novel therapeutic strategy to improve conduction, eliminate 
functional block and abolish reentry. Both drugs improve 
conduction during acidosis, acute metabolic stress or myocar-
dial ischemia without affecting sarcolemmal ion channels or 
cardiac contractility and suppress reentrant ventricular 
tachyarrhythmias during ischemia-reperfusion. However, 
rotigaptide partially reverses the loss of Cx43 and does not 
restore normal conduction or prevent arrhythmias in the 
healing infarct border zone, i.e. after a prolonged period of 
gap-junction remodeling, is ineffective against focal ventricu-
lar tachyarrhythmias and does not suppress triggered arrhyth-
mias. Gap-junction enhancers can also reduce AF vulnerability 
in some models (chronic mitral regurgitation, acute ischemia, 
sterile pericarditis), but not in HF or atrial tachypacing mod-
els, and it is unclear whether they are equally effective in 
chronically remodelled atria. Therefore, gap-junction enhanc-
ers may be only effective when alterations in gap-junctions 
are responsible for conduction slowing, but not when conduc-
tion slowing is mainly due to decreased Na+ channel avail-
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ability or structural remodeling (fibrosis). Furthermore, their 
electrophysiological effects when connexins are re-distributed 
but their expression and function remains unaltered is uncer-
tain and there are concerns about their safety because theo-
retically, pharmacological restoration of intercellular coupling 
may destabilize re-entry and be proarrhythmic.

�Na+/Ca2+ Exchanger (NCX) Inhibitors

The NCX is a bidirectional electrogenic transporter 
(Ca2+:3Na+) producing a net current in the direction of Na+ 
transport [60]. During the upstroke of the action potential 
the large influx of Na+ via the INa increases the [Na+]i and 
the NCX functions in the reverse mode (Na+ out/Ca2+ in), 
generating an outward repolarizing current. During the 
plateau and early diastole, there is a large influx of Ca2+ via 
the ICa, the [Ca2+]i raises and the NCX functions in the for-
ward mode (Ca2+ out/Na+ in) which in conjunction with the 
sarcoplasmic reticulum Ca2+ uptake (via SERCA2a) facili-
tates cardiac relaxation and maintains intracellular Ca2+ 
balance.

The reverse mode is favoured by membrane depolariza-
tion and increased [Na+]i (rapid pacing, sympathetic stimula-
tion, ischemia/reperfusion, digitalis intoxication) promoting 
Ca2+ influx and cellular Ca2+ overload leading to contractile 
failure (abnormally slow relaxation) and triggered arrhyth-
mias. NCX is overexpressed in patients with HF or cardiac 
hypertrophy, which enhances Ca2+ extrusion, compensates 
the reduced removal of Ca2+ from the cytosol due to reduced 
SERCA2a activity, prolongs the APD and contributes to the 
spontaneous release of Ca2+ from the sarcoplasmic reticu-
lum and to the appearance of DADs. DADs arise from 
uncontrolled spontaneous Ca2+ release from the sarcoplas-
mic reticulum under conditions of abnormal Ca2+ overload 
and/or dysfunction of sarcoplasmic reticulum Ca2+ release 
(RYR2) channels (ischemia-reperfusion, HF, LV hypertro-
phy, catecholamine-induced polymorphic VT) [61]. The 
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increase of [Ca2+]i activates the forward mode of the NCX 
and generates a transient inward depolarizing current (ITI) 
that generates DADs and phase 3 EADs.

Inhibition of reverse NCX might be a novel antiarrhythmic 
strategy to reduce intracellular Ca2+ overload and suppress 
triggered activity under pathological conditions, while block-
ade of the forward mode at resting membrane potentials 
reduces Ca2+ extrusion and promotes intracellular Ca2+ over-
load [60, 61]. Therefore, a unique desirable property of NCX 
inhibitors will be the preferential inhibition of the reverse 
NCX based in the asymmetric nature of the cotransporter (i.e. 
different sensitivity for Na+ and Ca2+ at the opposite sides of 
the membrane), but the lack of structural information about 
the mammalian cardiac NCX is a major drawback to achiev-
ing this goal. Currently available NCX inhibitors present lim-
ited selectivity with additional benefit arising from off-target 
effects as they inhibit other cardiac channels, which may 
explain the contradictory results in the treatment of ischemic-
reperfusion injury and triggered activity. Additionally, no 
proof-of-concept clinical studies are not available.
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The prevalence of atrial fibrillation (AF), already the most 
common sustained cardiac arrhythmia encountered in clini-
cal practice, is growing dramatically worldwide [1]. The pres-
ence of the arrhythmia is associated with substantial 
morbidity and mortality, and with significant impairment in 
the quality of life, causing a heavy economic burden on 
health care systems around the globe [2]. This epidemiologi-
cal context has spurred massive interest in developing safe 
and efficient rhythm control strategies. Yet, despite the more 
than 100 years of basic and clinical research, currently avail-
able antiarrhythmic strategies yield disappointing results 
over the long-term, as they are often ineffective and have a 
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high side-effect profile [3]. This is at least partially due to the 
complexity of AF pathophysiology and to a still incomplete 
understanding of the fundamental mechanisms underlying AF.

Mechanistically, AF results from the interaction of three 
main factors (Fig. 7.1): the triggers, most commonly located at 
the junction between the left atrium and the pulmonary 
veins; the substrate, characterized by interstitial fibrosis, myo-
cyte hypertrophy, chamber dilation, and/or ion channel 
remodeling; and modulating factors, such as autonomic dys-
function, inflammation and oxidative stress, or metabolic 
imbalance. The triggers are most commonly acute electrical-
related events that promote AF initiation, whereas the sub-
strate is responsible for maintaining the arrhythmia. 
Meanwhile, modulating factors can promote the triggers, the 
substrate, or both.

Traditionally, antiarrhythmic strategies have focused 
almost exclusively on atrial electrophysiological alterations, 
mainly by blocking cardiac ion channels, either to slow intra-
atrial conduction (i.e., sodium channel blockers) or to pro-
long atrial refractoriness (i.e., potassium channel blockers). 
These interventions have provided very limited success over 
the long-term, with AF recurring in most patients within the 
first year of treatment [4]. This has not lowered enthusiasm, 
however; atrial-specific and/or non-conventional ion channel 
blockers (e.g., ranolazine) have been studied more recently 
and several other agents are underway.

Figure 7.1  The triangle of arrhythmogenesis in atrial fibrillation. In 
the vast majority of cases, atrial fibrillation (middle image) is the 
result of a combination of three factors: triggers, usually located at 
the junction between the left atrium and the pulmonary veins (right 
upper corner); substrate, often characterized by atrial fibrosis (lower 
image); and modulating factors, such as an imbalance in the auto-
nomic nervous system (left upper corner). At its turn, once installed, 
atrial fibrillation promotes its own persistence, by inducing electri-
cal, structural, and autonomic remodeling (red arrows)
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In parallel, a number of ‘non-antiarrhythmic’ drugs (i.e., 
whose main effect is not exerted at ion channel level) have 
gained increasing attention due to their potential to prevent, 
delay, or even reverse AF-related atrial structural remodeling, 
while lacking the undesirable effects of ion channel blockers. 
By modifying the substrate upstream of AF, these new strate-
gies are expected to prevent new-onset AF, to delay AF transi-
tion to more persistent forms, and/or to prevent recurrent 
AF.  Such strategies include renin-angiotensin-aldosterone 
system (RAAS) blockers, 3-hydroxy-3-methyl-glutaryl-coen-
zyme A reductase inhibitors (statins), long-chain n-3 polyun-
saturated fatty acids (PUFAs), steroidal antiinflammatory 
agents, as well as newer antifibrotic strategies such as matrix 
metalloproteinase (MMP) inhibitors, and proof-of-concept 
approaches such as DNA demethylating agents.

�Atrial Structural Remodeling and  
Atrial Fibrillation

Atrial structural remodeling gathers under its umbrella a 
potpourri of morphological abnormalities ranging from myo-
cyte hypertrophy, necrosis, and focal or diffuse atrial myo-
cytes rarefaction, to fibroblast proliferation, increased 
deposition and reduced degradation of collagen, fatty and/or 
inflammatory infiltration of the atria, and chamber dilation. 
Most commonly, this proarrhythmic remodeling is the result 
of long-lasting, pre-existing cardiovascular conditions includ-
ing, but not restricted to arterial hypertension, heart failure, 
ischemic heart disease, or diabetes mellitus. In most cases, 
atrial structural remodeling appears to set in early during the 
progression of these diseases, although it may take several 
weeks for atrial enlargement and secondary electrophysio-
logical changes to become apparent [5]. This emphasizes the 
need for early intervention to prevent atrial proarrhythmic 
remodeling and new-onset AF. More recent data have dem-
onstrated, however, that structural remodeling is, at least to 
some extent, reversible [5], suggesting that anti-substrate 
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strategies may be efficient not only for primary AF prophy-
laxis, but also for preventing AF recurrences in patients with 
already established arrhythmia.

Among atrial proarrhythmic structural changes, fibrosis has 
been incriminated as one of the main contributors to AF. Once 
installed, atrial fibrosis separates physically the myocytes, 
alters intercellular coupling, causes intra-atrial conduction 
heterogeneity, and creates a barrier to rapid impulse propaga-
tion, thus favoring multiple wavelet reentry [6]. At its turn, AF 
is also capable of enhancing atrial fibrosis, thus generating a 
vicious circle in which atrial fibrosis promotes AF persistence, 
and AF further promotes fibrosis. Indeed, atrial fibrosis is a 
common finding in the atria of AF patients [7] and the degree 
of fibrogenic activity has been related with the persistence of 
AF, as well as with the risk of postoperative AF [8, 9].

�Atrial Fibrosis: A Consequence of Inflammation 
and Oxidative Stress

Atrial fibrosis is often the result of inflammation and increased 
oxidative stress via fibroblast activation and consequent col-
lagen synthesis and deposition, in parallel with decreased col-
lagen degradation (Fig.  7.2). Numerous studies have 
documented indeed enhanced oxidative stress and increased 
oxidative damage and reactive oxygen species production in 
the atria of AF patients [10–12], whereas antioxidant agents 
such as glutathione or ascorbic acid have been shown to 
attenuate atrial remodeling and to decrease the AF risk in dif-
ferent experimental models [13, 14]. An inflammatory contri-
bution to AF occurrence is strongly supported by the high AF 
incidence rates seen in settings with increased inflammatory 
status, such as myocarditis and pericarditis, as well as after 
cardiac surgery [15, 16]. Higher levels of inflammatory mark-
ers have been observed in the plasma of AF patients com-
pared with controls, and in patients with persistent AF 
compared with those with paroxysmal AF [17–19]. The role of 
inflammation in atrial fibrosis and AF pathogenesis is further 
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supported by the presence of inflammatory infiltrates, myo-
cyte necrosis, and extensive interstitial fibrosis in atrial biopsy 
specimens from AF patients, but not from sinus rhythm con-
trols [7]. Meanwhile, drugs with known antiinflammatory 
effects, including glucocorticoids, PUFAs, statins, or RAAS 
blockers have been shown to alleviate the AF burden [20, 21], 
with a reduction in AF prevalence seemingly proportional 
with the degree of decline in inflammatory markers levels 
[21]. It has even been suggested that part of the antiarrhyth-
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Figure 7.2  Pathophysiological pathways linking some of the most 
common atrial fibrillation risk factors with the occurrence of the 
arrhythmia. Some of the most common atrial fibrillation risk factors 
(yellow circle) are associated with renin-angiotensin-aldosterone 
system (RAAS) activation, and promote, directly and/or via the 
RAAS, inflammation and oxidative stress (red circle). At their turn, 
RAAS activation, inflammation, and oxidative stress favor atrial 
fibrosis and promote electrical and autonomic remodeling (white 
circle), which stand at the basis of atrial fibrillation occurrence (blue 
circle). The concept of ‘upstream atrial fibrillation therapy’ is based 
on the hypothesis that preventing, halting, and/or reversing one or 
several of these pathophysiological pathways will be able to prevent 
the onset and/or the recurrence of the arrhythmia

A. Scridon and A. Martínez-Rubio



313

mic effect of amiodarone and carvedilol may be due to the 
antiinflammatory effects that these drugs appear to exhibit 
[22, 23].

The role of inflammation and oxidative stress in AF patho-
genesis extends, however, far beyond the development of 
atrial fibrosis (Fig. 7.2). Reactive oxygen species and inflam-
matory cytokines have been shown to promote trigger activ-
ity via a direct effect on atrial electrophysiology and to 
modulate the intrinsic autonomic nervous system of the 
heart, whereas large inflammatory infiltrates may act them-
selves as a physical barrier to intra-atrial impulse propagation 
and increase the dispersion of atrial action potentials dura-
tion, thus creating the optimal substrate for reentry [24]. The 
benefit of targeting inflammation and/or oxidative stress may 
thus extend beyond its antifibrotic effects.

�The Renin-Angiotensin-Aldosterone System: 
A Common Denominator of Atrial Inflammation, 
Oxidative Stress, and Fibrosis

One of the common denominators of these closely interre-
lated proarrhythmic processes (i.e., inflammation, oxidative 
stress, and fibrosis) is the RAAS (Fig.  7.2) [25]. Indeed, the 
atria of patients with chronic AF have been shown to present 
increased expression of angiotensin converting enzyme 
(ACE) and of angiotensin II type 1 and mineralocorticoid 
receptors, as well as enhanced angiotensin II-dependent acti-
vation of fibrogenic pathways [26, 27]. Increased circulating, 
but not atrial, aldosterone levels have been reported in 
patients with persistent AF [27, 28], although some studies 
failed to show an association between AF and aldosterone 
levels when the model was adjusted for diuretic usage [29]. 
Finally, ACE polymorphisms have been associated with 
increased risk of new-onset AF [30] and of post-ablation AF 
recurrence [31], whereas the aldosterone synthase (CYP11B2) 
T-344C gene polymorphism has been linked to an increased 
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risk of AF in patients with symptomatic heart failure [32], 
providing a direct link between RAAS activation and AF.

Angiotensin II has been shown to promote fibrosis via 
numerous inflammatory and oxidative stress pathways includ-
ing stimulation of fibroblast-derived cytokines such as trans-
forming growth factor beta (TGFβ), interleukin (IL) 6, or 
fibroblast growth factor 2, increased fibroblast secretion of 
fibrillar and non-fibrillar collagens [33], stimulation of 
mitogen-activated protein (MAP) kinases [9], and modula-
tion of MMPs [34]. Aldosterone appears to have an even 
more pro-fibrotic role [35], at least partially mediated by 
TGFβ, connective tissue growth factor, IL-6, collagen, MMPs, 
and NADPH oxidase pathways [36, 37], although the exact 
signaling pathways involved in aldosterone-related atrial 
fibrosis remain to date unknown [38].

Meanwhile, ACE inhibitors (ACEIs), angiotensin II recep-
tor blockers (ARBs), and mineralocorticoid receptor block-
ers have been shown to reduce the synthesis of profibrotic 
cytokines, growth factors, adhesion molecules, and type I 
collagen, as well as to increase the degradation of type I col-
lagen, and to attenuate the development of cardiac fibrosis, to 
reduce atrial inflammation and oxidative stress, to limit myo-
cyte apoptosis, and to positively affect intra-atrial conduction 
times [39–46]. Although all RAAS blockers appear to exhibit 
such beneficial effects, in a study comparing spironolactone 
with ACEIs and with a combination of both, only mineralo-
corticoid receptor blockade attenuated atrial fibrosis, sug-
gesting that specific aldosterone antagonization may be more 
useful for reversing atrial fibrosis [47]. In aldosterone-treated 
hypertensive rats, mineralocorticoid receptor blockade also 
suppressed all inflammatory changes, whereas angiotensin II 
receptor blockade was only partially effective [43]. Indeed, as 
both cardiomyocytes and fibroblasts express high-affinity 
mineralocorticoid receptors and studies have provided evi-
dence for local, myocardial aldosterone synthesis, mineralo-
corticoid receptor blockade may be of particular interest [48]. 
The issue of cardiac aldosterone synthesis remains, however, 
controversial. Particularly, the question remains whether 
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aldosterone is synthetized locally in the atrial tissue [27] and 
whether the amount of aldosterone produced in the heart is 
high enough to have a significant impact on cardiac pathol-
ogy [49, 50]. In addition, mineralocorticoid receptor activa-
tion is amongst the most important mechanisms incriminated 
in cardiac oxidative damage [51], whereas eplerenone and 
spironolactone administration has been shown to reduce cir-
culating levels of oxidants, inflammatory, fibrotic, and neuro-
hormonal factors [52–54], and to suppress cardiac fibrosis and 
diastolic dysfunction [55, 56].

In addition to its proinflammatory, prooxidant, and profi-
brotic effects, RAAS activation has also been shown to pro-
mote atrial electrical remodeling by increasing the density of 
cardiac Ca2+ currents and the mRNA expression of cardiac 
Cav1.2 channels subunits [57, 58], decreasing outward potas-
sium channels activity [59], and promoting gap junctions 
uncoupling [60]. Meanwhile, ARBs have been shown to 
modify the cardiac delayed rectifying currents [61]. 
Aldosterone has also been shown to cause dose-dependent 
increase in inward T- and L-type calcium current activity [62], 
to promote sarcoplasmic reticulum calcium overload and to 
increase sarcoplasmic reticulum calcium release via abnor-
mally long ryanodine receptor channels opening [63], to alter 
the density of potassium currents [64], and to inhibit the Na+/
K+-dependent ATPase [65]. Meanwhile, mineralocorticoid 
receptor blockade efficiently reduced potassium channels 
activities [66], decreased the activity and accelerated the inac-
tivation of the L-type calcium current [67]. In a rat model of 
heart failure, spironolactone has also been shown to prevent 
gap junction remodeling, to reverse the down-regulation and 
to induce phosphorylation of connexin-43, as well as to 
reverse the progressive slowing of electrical impulse propaga-
tion [68]. However, in other experimental models of persis-
tent AF, eplerenone failed to prevent electrical remodeling 
during AF progression, suggesting that mineralocorticoid 
receptor blockade might not modify persistent AF-related 
electrical remodeling [69]. In vitro experiments also suggest 
that in addition to favoring atrial fibrosis, fibroblasts also 
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contribute to atrial electrical remodeling (Fig. 7.2) via direct 
physical contact, but also via release of platelet derived 
growth factor and TGFβ [70]. Indeed, TGFβ1 released by 
myofibroblast has been shown to alter sodium channel and 
potassium transient outward current activities, further con-
tributing to atrial proarrhythmic remodeling [71]. Finally, 
accumulating data demonstrate that RAAS activation also 
interferes with cardiac autonomic modulation (Fig.  7.2). 
Meanwhile, ACEIs/ARBs have the ability to inhibit sympa-
thetic nervous system activity [72] and to reduce circulating 
levels of norepinephrine and of angiotensin II, a facilitator of 
adrenergic neurotransmission [73].

�Upstream Therapies for Atrial Fibrillation 
Prevention

�Renin-Angiotensin-Aldosterone System Blockers

Given the critical role that the RAAS plays in atrial struc-
tural, electrophysiological, and autonomic remodeling, it 
seemed highly plausible that targeting the RAAS would be 
an effective additive antiarrhythmic intervention for AF 
prophylaxis. Thus, it is not surprising that RAAS blockers 
were amongst the first studied upstream therapies in AF 
and that the literature on the use of ACEIs, ARBs, and 
mineralocorticoid receptor blockers as antiarrhythmic 
strategies is particularly rich.

Numerous experimental studies, using various animal 
models, have provided extremely promising results; block-
ade of the RAAS has been shown to prevent or delay atrial 
electrical and structural remodeling and to decrease the AF 
burden [59, 61, 74, 75]. In dogs, enalapril and irbesartan both 
prevented atrial action potential shortening, suppressed the 
decrease in potassium channels activity, attenuated atrial 
fibrosis, and reduced AF inducibility and duration [76], 
whereas valsartan administration efficiently prevented 
pacing-induced AF [77]. In sheep, eplerenone administra-
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tion mitigated cardiac structural remodeling during transi-
tion to persistent AF, reduced atrial size, myocyte 
hypertrophy, and atrial fibrosis, significantly reduced AF 
complexity, inducibility, and burden, and delayed the onset 
of persistent AF, although it had little effect on atrial elec-
trophysiology [69]. In Dahl salt-sensitive rats, eplerenone 
reduced AF inducibility [78], whereas in dogs with tachycar-
dia-induced heart failure, it attenuated the inducibility of 
sustained AF [79]. Spironolactone was also showed to 
reduce the duration of AF episodes, although it did not 
result in a complete preventative effect [80].

These promising results have been replicated in several 
clinical studies, secondary analyses of large clinical trials, 
and meta-analyses, which associated ACEIs and/or ARBs 
treatment with an overall 20–30% reduction in AF recur-
rence following cardioversion or pulmonary vein isolation 
[20, 81–83], particularly when co-administered with amioda-
rone [84–87]. A dose- and time-dependent effect of ACEIs 
and ARBs on AF prophylaxis has been suggested by several 
studies [88–91]. Several meta-analyses also support these 
data, indicating RAAS inhibition with either ACEIs or 
ARBs as an efficient approach for both primary and sec-
ondary AF prophylaxis [92, 93]. Spironolactone has also 
been associated with a reduction in AF burden following 
cardioversion [94], whereas eplerenone markedly improved 
sinus rhythm maintenance following catheter ablation for 
long-standing persistent AF [95], and has been shown to 
reduce new-onset and recurrent AF in heart failure patients 
[96]. Data from meta-analyses also indicate that mineralo-
corticoid receptor blockade may protect against new-onset 
and recurrent AF in different clinical settings [97, 98].

However, unlike the experimental studies, which strongly 
support RAAS blockade as a highly effective upstream AF 
therapy, clinical studies have not been so clear-cut. Clinical 
studies have provided conflicting results, with several studies 
showing no benefit of RAAS blockers on AF risk [99–104]. In 
patients with multiple cardiovascular risk factors, neither 
ramipril nor telmisartan were able to reduce the incidence of 
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AF [101, 104]; ACEIs/ARBs also failed to prevent new-onset 
AF in hypertensive patients [20, 92, 105–107]. The same was 
seen for secondary AF prevention with olmesartan in patients 
without structural heart disease [108], and with irbesartan in 
patients with heart failure and preserved ejection fraction 
[109]. In several other studies, RAAS antagonism was not 
effective in preventing AF recurrence following catheter 
ablation [110–112]. In the Candesartan in the Prevention of 
Relapsing Atrial Fibrillation (CAPRAF) trial, candesartan 
also failed to prevent post-cardioversion AF recurrence [113]. 
Several other large-scale prospective trials also failed to dem-
onstrate a benefit from ACEIs and ARBs for AF prophylaxis 
[114, 115]. The results of the Gruppo Italiano per lo Studio 
della Sopravvivenza neII’Infarto Miocardico-Atrial 
Fibrillation (GISSI AF) trial, a rigorously designed, prospec-
tive, large-scale study, were particularly disappointing, show-
ing no significant difference between the active drug (i.e., 
valsartan) and the placebo arms in preventing AF recurrence 
in individuals with cardiovascular disease, diabetes, or left 
atrial enlargement [114]. In the Treatment of Preserved 
Cardiac Function Heart Failure with an Aldosterone 
Antagonist (TOPCAT) trial, spironolactone also failed to 
reduce the risk of AF in patients with heart failure and pre-
served ejection fraction [116].

Although mechanistically RAAS blockade appears as a 
promising tool for AF prevention in the cardiac surgery set-
ting, data on postoperative AF are highly conflicting. Several 
observational studies have even associated RAAS blockade 
with higher AF incidence following coronary artery bypass 
grafting (CABG), probably related to a higher incidence of 
hypotension and of renal dysfunction [117, 118]. In the ran-
domized, double-blind, placebo-controlled study by Pretorius 
et al., ACE inhibition or mineralocorticoid receptors block-
ade had no effect on the risk of postoperative AF [119]. Other 
studies demonstrated, however, a significant reduction in the 
odds of developing postoperative AF in patients receiving 
ACEIs or ARBs prior to surgery [120, 121], with further 
reduction being obtained with combined usage of ACEIs and 
ARBs [121]. Mineralocorticoid receptor blockade failed to 
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reduce postoperative AF in the study by Pretorius et al., as 
well as in subsequent meta-analyses [119].

Taken together, these studies appear to point RAAS inhi-
bition as a potentially valuable strategy for preventing AF in 
patients with hypertension and congestive heart failure that 
exhibit considerable structural and/or functional abnormali-
ties [86, 103, 122, 123], in which ACEIs/ARBs blockade may 
reduce the relative risk of new-onset AF with as much as 40% 
[20, 82, 103]. Meanwhile, the benefit of ACEIs/ARBs in post-
myocardial infarction patients without signs of heart failure 
and in patients with stable coronary artery disease remains 
questionable [20, 124]. Data are also less clear for secondary 
AF prevention [92], as well as in patients without [108] or 
with only mild-to-moderate structural heart disease [20, 84, 
85, 87, 92, 114, 125], and in those with heart failure with pre-
served systolic function [126]. However, even among studies 
restricted to patients with hypertension or heart failure, there 
is substantial heterogeneity [93], with several large studies 
having found no difference in the risk of new-onset AF 
between patients treated with ACEIs/ARBs and control 
patients [99, 100, 127, 128]. This was also the case for the 
GISSI AF trial, although in that study there was a positive 
trend in patients with heart failure [114]. Overall, these data 
appear to highlight the ‘beneficial’ effects of underlying struc-
tural heart disease on patients’ response to ACEIs/ARBs 
blockade; a direct relation has been suggested to exist 
between the extent of cardiac dysfunction and the degree of 
benefit from RAAS blockade [92, 124]. The disappointing 
results in secondary AF prevention suggest, however, that in 
patients with long AF and/or underlying heart disease history, 
atrial remodeling may reach a point of no return.

Studies have also suggested that ARBs may provide 
greater benefit than ACEIs [83–85, 91, 107, 110], at least in 
certain patient categories, although the results are likely to 
have been affected by the overall longer duration of ARBs 
than of ACEIs trials [93]. The opposite has also been sug-
gested by at least two independent studies, in which ACEIs 
appeared to show more benefit than ARBs for new-onset 
AF prophylaxis [93, 107]. Meanwhile, in the only study pro-
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viding a direct comparison between ACEIs and ARBs, the 
risk for new-onset AF was similar in patients who received 
telmisartan, ramipril, or a combination of both, suggesting 
that ACEIs and ARBs are more likely to be equally potent 
in reducing AF risk and that combining them does not offer 
any additional benefit [129]. Data are much scarcer when it 
comes to mineralocorticoid receptor blockers. In one of the 
largest meta-analyses, evaluating over 90,000 patients, 
ARBs were associated with a clear reduction in new-onset 
AF, the benefit of ACEIs was less obvious, and mineralo-
corticoid receptor blockers failed to provide any benefit 
[101]. In the study by Ito et al., eplerenone reduced how-
ever the risk of recurrent AF following catheter ablation, 
whereas both ACEIs and ARBs failed to provide such a 
benefit [95]. In the meta-analysis by Neefs et al. mineralo-
corticoid receptor blockade significantly lowered the risk 
of both new-onset and recurrent AF, particularly in patients 
with heart failure, although it failed to prevent postopera-
tive AF [98]. Finally, it has been suggested that ACEIs and 
ARBs might be more beneficial for primary [130] than for 
secondary [108, 131, 132] AF prevention, while the miner-
alocorticoid receptor blockers may provide more benefit 
for secondary AF prevention [6, 133]. Mechanistically, 
ACEIs, ARBs, and mineralocorticoid receptor blockers 
may indeed provide different benefit in AF prophylaxis. By 
blocking angiotensin II receptors, ARBs are effective on 
both ACE-dependent and ACE-independent pathways, 
whereas ACEIs are obviously not [134, 135]. Moreover, 
selective inhibition of angiotensin II type 1 receptors by the 
ARBs could lead to a reactive increase in angiotensin II 
concentration, which would then bind to angiotensin II 
type 2 receptors [135, 136], whose stimulation has been 
shown to increase nitric oxide synthesis [137]. Since after 
several months of treatment ACEIs/ARBs may increase 
plasma aldosterone levels via an ‘aldosterone escape’ mech-
anism [138], mineralocorticoid receptor blockade could 
theoretically provide even more benefit than the ARBs. 
However, at this point, there is insufficient data to conclude 
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on the superiority of one drug class over the others. Further 
studies will have to address this issue. Future studies will 
also have to assess the potential of other drugs that inter-
fere with the RAAS to positively impact on the risk of 
AF. Downstream RAAS blockers (i.e., ACEIs, ARBs, and 
mineralocorticoid receptor blockers) have been shown to 
cause reflex increase in renin, which may then lead to 
‘RAAS escape’ [139]. Direct renin inhibition may thus 
become particularly appealing for AF prophylaxis. In a dog 
model of pacing-induced AF, the direct renin inhibitor 
aliskiren suppressed atrial electrophysiological and struc-
tural remodeling, reduced atrial fibrosis, and shortened the 
duration of AF [140]. However, this was not the case in a 
rabbit AF model, in which acute aliskiren administration 
was highly proarrhythmic [141]. In patients with permanent 
AF, aliskiren efficiently reduced oxidative stress and 
MMP-2 levels [142]. The ongoing Role of ALiskiren, a 
Direct Renin Inhibitor, in Preventing Atrial Fibrillation in 
Patients with a Pacemaker (RALF) trial is expected to pro-
vide the first data on the potential antiarrhythmic effect of 
aliskiren in clinical settings. Novel ARBs (e.g., azilsartan 
medoxomil), aldosterone synthase blockers, the currently 
in development third- and fourth-generation mineralocor-
ticoid receptor blockers, and angiotensin converting enzyme 
2 (an ACE homolog with protective effects in heart failure 
[143]) stimulators also deserve to be studied in this setting.

In the meantime, based on the currently available data, 
European guidelines recommend the use of ACEIs/ARBs 
inhibitors for primary AF prevention in patients with chronic 
heart failure and reduced ejection fraction (class IIa, level of 
evidence A) or with hypertension, especially with left ven-
tricular hypertrophy (class IIa, level of evidence B), but do 
not recommend these drugs for secondary prevention of par-
oxysmal AF in patients with little or no underlying heart 
disease (class III, level of evidence B). However, ACEIs/
ARBs use might be reasonable in addition to antiarrhythmic 
drugs to reduce AF recurrences after cardioversion (class IIb, 
level of evidence B) [144]. Although promising, data on 
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mineralocorticoid receptor blockade remain rather scarce, 
precluding at this point any definitive conclusion.

�3-Hydroxy-3-Methyl-Glutaryl-Coenzyme 
A Reductase Inhibitors (Statins)

Statins are already widely used in clinical practice for their 
lipid-lowering and anti-atherosclerotic effects. However, the 
‘pleiotropic’ effects of statins extend far beyond their 
impact on lipid metabolism. Statins have been shown to 
modulate the sympathetic activity, to improve endothelial 
function, to prevent neurohormonal activation, to exert 
antiinflammatory, antioxidant, and antifibrotic effects, and 
even to influence atrial electrophysiology by modifying 
membrane fluidity and ion channel conduction [145–150]. In 
experimental settings, simvastatin has also been shown to 
inhibit myocardial Rac1-GTPase activity and thus to regu-
late the NADPH pathway, to decrease myocardial produc-
tion of reactive oxygen species [151], and to reduce atrial 
myofibroblast proliferation [152] and collagen synthesis [9]. 
It has also been suggested that statins may antagonize the 
arrhythmogenic effects of angiotensin II by regulating 
MMPs pathways and modulating the RAAS-induced 
increase in sympathetic activity [153]. Taken together, these 
‘pleiotropic’ effects point statins as a potentially promising 
upstream approach to AF.

Indeed, statins have been shown to decrease AF induc-
ibility in different animal models [151, 154, 155]. Similar 
antiarrhythmic effects have also been reported in several 
clinical studies and meta-analyses. Statin administration has 
been associated with a 61% reduction in the relative risk of 
incident or recurrent AF in different clinical settings [148]. In 
the AdvancedSM registry, statin usage was also associated 
with a 31% relative risk reduction of new-onset AF in 
patients with reduced ejection fraction [156]. The Sudden 
Cardiac Death in Heart Failure Trial (SCD-HeFT) showed a 
similar 28% reduction in the relative risk of AF in heart fail-
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ure patients with statin therapy [157], whereas in the GISSI 
Heart Failure (GISSI-HF) study, rosuvastatin reduced the 
occurrence of new-onset AF in heart failure patients, 
although it did not reduce AF recurrence [149]. Of note, in 
GISSI-HF, the difference between the rosuvastatin and pla-
cebo arms on new-onset AF occurrence was only statistically 
significant after adjusting for a number of clinical and labo-
ratory confounders [149]. Several meta-analyses reported 
however a potential benefit of statin therapy in lowering the 
risk of AF recurrence as well [158–160]. Atorvastatin usage 
has been shown to reduce paroxysmal AF recurrences [161], 
and was also associated with a significant reduction in post-
operative AF occurrence in several randomized controlled 
trials [162–164]. In the Valsartan and Fluvastatin on 
Hypertensive patients with non-permanent Atrial Fibrillation 
(VF-HT-AF) study, fluvastatin was similarly shown to reduce 
the recurrence rate of paroxysmal AF and the incidence of 
persistent AF when added to conventional antiarrhythmic 
therapy. Several studies and meta-analyses have also sug-
gested that statin therapy may be useful for preventing 
recurrences following electrical cardioversion for persistent 
AF [148, 150, 161, 165].

However, the issue of statin therapy for AF prophylaxis is 
far from having reached a consensus. In the Antihypertensive 
and Lipid-Lowering Treatment to Prevent Heart Attack Trial 
(ALLHAT), pravastatin failed to demonstrate a benefit in 
preventing incident AF in hypertensive patients [166], 
whereas in the meta-analysis by Fauchier et  al. patients 
treated with statins displayed only a nonsignificant trend 
towards fewer AF events [148]. In the Sustained Treatment of 
Paroxysmal Atrial Fibrillation (STOP AF) trial, high-dose 
atorvastatin did not reduce AF recurrence following cardio-
version, although it did reduce inflammatory markers levels 
and total cholesterol [150]. In patients with already estab-
lished AF, statin therapy has also failed to lower the risk of 
long-standing persistent AF [167].

One could hypothesize that, as it has already been sug-
gested for the RAAS blockers, the benefit of statin therapy 
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may vary depending on the clinical scenario. Oxidative stress 
is recognized as a major factor in AF occurrence [168] and 
NADPH activity has been shown to be up-regulated in 
patients with postoperative AF, as well as in patients with 
paroxysmal and persistent AF, but not in those with perma-
nent AF [169, 170]. Meanwhile, statins have been shown to 
inhibit reactive oxygen species production by interfering 
with the NADPH pathway [169, 171]. Thus, one may suggest 
that statin therapy may be more efficient in preventing post-
operative AF and for reducing AF recurrences in patients 
with paroxysmal AF or with persistent AF following cardio-
version (i.e., for secondary AF prevention) than for primary 
AF prevention [165]. Although some studies support indeed 
such a hypothesis [148, 172], this is not the case for the vast 
majority of studies, which yielded highly discordant results in 
all clinical settings. It has also been suggested that the inten-
sity of statin treatment may play a role, and that high-dose 
statins may be more efficient in preventing AF than lower 
doses [167]. However, this was also not confirmed by all 
studies [148]. The short duration of clinical studies has also 
been incriminated as a potential cause for the disappointing 
results obtained with statins, particularly in primary AF pre-
vention. However, a meta-analysis that compared studies 
with long versus short follow-up found no additional benefit 
of statins in the trials with longer follow-ups [173]. Finally, 
given that some statins are lipophilic (e.g., atorvastatin) 
while others are hydrophilic (e.g., pravastatin) and may thus 
have different affinity for cardiac cell membranes [174], and 
that different statins may differ in their antiinflammatory 
[175], antioxidant [176], and anti-proliferative [177] potency, 
one cannot exclude that different statins may have different 
antiarrhythmic effects. Indeed, Komatsu et  al. have found 
that atorvastatin was superior to pravastatin in combination 
with antiarrhythmic drug therapy for preventing recurrent 
AF and progression to permanent AF in patients with parox-
ysmal AF and dyslipidemia [174]. In a retrospective study, 
atorvastatin has also been shown to be superior to simvas-
tatin in preventing post-cardioversion recurrences in parox-
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ysmal AF patients [178]. Meanwhile, in the meta-analysis of 
Fang et  al. the authors associated atorvastatin and simvas-
tatin, but not pravastatin and rosuvastatin usage with a 
decreased risk of AF [172]. It has also been suggested that 
males and females may respond differently to different 
statins, male AF patients appearing to benefit more from 
high-potency statins (i.e., rosuvastatin and atorvastatin), 
whereas female AF patients might benefit more from statins 
such as simvastatin or lovastatin [179]. At this point, it 
remains impossible, however, to draw definitive conclusions 
on the role of statins in primary or secondary AF prevention 
and there is insufficient evidence to support their use solely 
to prevent incident or recurrent AF [144].

�Long-Chain n-3 Polyunsaturated Fatty Acids

Long-chain n-3 polyunsaturated fatty acids (PUFAs) are con-
tained in large amounts in fish oil and represent crucial con-
stituents of cells membranes. Two PUFAs, the eicosapentaenoic 
acid (EPA) and the docosahexaenoic acid (DHA), have been 
particularly shown to possess several properties that may 
positively affect the AF substrate. These two PUFAs have 
been shown to exert antiinflammatory, antioxidant, and anti-
fibrotic effects [180, 181], mainly by decreasing the conver-
sion of arachidonic acid into potent inflammatory cytokines 
such as IL-6, IL-1β, and tumor necrosis factor alpha (TNFα) 
[182], but also to modulate connexins [183] and sodium (INa), 
potassium (IKur, IK-Ach, Ito), and calcium (ICa-L) currents, ion 
exchangers and pumps [184–187], to cause hyperpolarization 
and increase the action potential threshold [131, 188], to miti-
gate endothelial dysfunction, and to augment the vagal and 
lower the sympathetic tone [188]. In experimental heart fail-
ure and ischemia-reperfusion models, PUFAs have also been 
shown to attenuate phosphorylation of the MAP kinases [9, 
181, 189, 190], to regulate the profibrotic activity of MMPs 
[191], and to countervail the proarrhythmic effects of atrial 
stretch [192]. PUFAs could further exhibit antiarrhythmic 
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effects by stabilizing atrial myocytes membranes, causing 
vasodilation and reducing the blood pressure, and improving 
myocardial contractility [193] and oxygen use [194]. In human 
studies, fish oil consumption was associated with reduced 
heart rate, longer atrial refractoriness, and less atrial mechan-
ical stunning following cardioversion [195]. Additional data 
supporting the potential antiarrhythmic effects of PUFAs 
emerge from several studies that have associated higher 
plasma PUFA levels with lower AF risk [196, 197]. Although 
the effect of PUFAs in reducing inflammatory and oxidative 
stress markers levels has not been confirmed in all studies 
[198, 199], taken together, these ‘pleiotropic’ effects made 
PUFAs an attractive candidate for AF management.

Studies in animal models of sterile pericarditis have 
indeed associated PUFAs administration with a significant 
reduction in AF inducibility [200]. Fish oil extracts have also 
shown potent antifibrotic effects in experimental heart fail-
ure [181] and significantly decreased AF inducibility in ani-
mal cardiac surgery models [201]. In isolated 
Langendorf-perfused rabbit hearts, PUFAs significantly 
reduced stretch-induced AF vulnerability [192], whereas in 
dogs with pacing-induced heart failure PUFA administration 
reduced the duration of AF [181].

Positive data also emerge from several clinical studies and 
meta-analyses. Administration of PUFAs has been associated 
with reduced AF risk in post-myocardial infarction patients 
[202]. Among elderly individuals, consumption of tuna or 
other broiled or backed fish was also associated with signifi-
cant AF risk reduction [203]. In the study by Biscione et al., 
1  g/day of PUFAs for 4  months reduced paroxysmal AF 
recurrences in several patient categories with implanted 
pacemaker [204]. In that study, AF relapses rapidly raised fol-
lowing withdrawal of PUFA administration, further support-
ing a causal link between PUFAs and decreased AF risk 
[204]. A reduction in arrhythmia recurrence was also seen in 
patients treated with 655  mg/day of PUFAs for at least 
1  month prior to catheter ablation [205]. Similarly, in the 
double-blind, placebo-controlled trial by Nodari et  al., 1 g/
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day of PUFAs significantly reduced AF recurrence following 
electrical or pharmacological cardioversion in persistent AF 
patients who were also treated with amiodarone [206]. In the 
open-label, randomized, prospective study by Kumar et  al., 
diet supplementation with PUFAs has also reduced recurrent 
AF after cardioversion and significantly prolonged the mean 
time to AF recurrence [207].

Despite these positive initial data, the issue of using PUFAs 
as a potential upstream therapy for AF prevention remains 
controversial. Contrary to the study by Mozzafarian et al., sug-
gesting a potential benefit of boiled or baked fish on AF risk, 
fish intake failed to provide a benefit in the Rotterdam study 
[208], whereas in the Danish Diet, Cancer, and Health study, 
fish intake was associated with augmented AF risk [209]. 
Administration of 3 g/day of PUFAs on top of antiarrhythmic 
therapy for at least 1  week prior to electrical cardioversion 
and continued, at a dose of 2 g/day, for up to 6 months follow-
ing cardioversion, also failed to prevent AF recurrences and 
did not facilitate conversion to sinus rhythm in a multicenter 
randomized controlled trial, despite the suitably increased 
EPA and DHA levels obtained in the active group [210]. 
Therapy with 4  g/day of PUFAs also failed to prevent AF 
recurrences in the 663 symptomatic AF patients included in 
the double-blind, placebo-controlled Prescription of OMega-3 
fatty ethyl esters for prevention of recurrent symptomatic 
atrial fibrillation (P-OM3) study. The randomized, double-
blind, placebo-controlled Fish Oil Research With Omega-3 for 
Atrial Fibrillation Recurrence Delaying (FORWARD) trial 
also found no difference between PUFAs supplementation 
and placebo in preventing recurrent AF in patients with par-
oxysmal or persistent AF [211]. Similar results emerge from a 
recent meta-analysis of four randomized controlled trials 
including more than 1200 patients, which also showed no ben-
eficial effect of PUFAs on AF recurrence, regardless if the 
patients have or have not been treated with conventional 
antiarrhythmics [212]. Several other meta-analyses [213–217], 
as well as a number of cohort studies [209, 218] and random-
ized controlled trials [198, 199, 219], some of them with rela-
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tively large sample sizes, reported similarly disappointing 
results.

Similarly to statins, PUFAs also appeared to provide bet-
ter results in the cardiac surgery setting, at least in the early, 
smaller-scale studies. Intravenous administration of PUFAs 
from admission to discharge from the intensive care unit 
reduced the AF risk in patients undergoing CABG [220]. One 
g/day of PUFA administered orally for a median duration of 
5  days was also associated with a significant reduction in 
early, but not in late postoperative AF [221]. A dose of 2 g/day 
of PUFAs started before CABG and continued until hospital 
discharge also reduced the risk of postoperative AF in the 
study by Calò et al. [222, 223]. However, the same PUFA dose 
and time of administration was ineffective in the study by 
Saravanan et al., despite high serum and right atrial append-
age tissue PUFA content [224]. In the large, multinational, 
double-blind, placebo-controlled, randomized Omega-3 Fatty 
Acids for Prevention of Post-operative Atrial Fibrillation 
(OPERA) trial, short-term PUFA supplementation also 
showed no benefit in reducing postoperative AF [225]. These 
results are in line with other placebo-controlled trials and 
meta-analyses, which also failed to show an effect of PUFAs 
on the risk of postoperative AF [213, 220, 226–230].

These highly discordant results obtained with PUFAs 
suggest that, similarly to RAAS blockers and statins, 
patients’ response to PUFAs may be affected by patient 
characteristics, PUFAs doses, or composition of PUFAs. 
Indeed, it has been suggested that the response to PUFAs 
may depend on the age of the studied population, with 
elderly patients being more likely to benefit from PUFAs 
than younger patients, in which PUFAs-related increase in 
parasympathetic tone could theoretically be proarrhythmic 
[231]. The different results obtained in animal models of 
atrial pacing- versus heart failure-induced AF also suggest 
that the underlying AF substrate may cause an impact on 
patients’ response to PUFAs [181]. In addition, PUFA 
inclusion in cell membrane composition may be gender-
dependent, with women requiring higher PUFA doses and 
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combination with multivitamins in order to obtain the same 
increase in PUFA composition as males [232]. The fact that 
PUFAs have also been shown to exhibit anti-ischemic 
properties in certain populations [233] may explain their 
apparently larger benefit reported in patients undergoing 
cardiac surgery or following myocardial infarction. The 
effects of sustained oral dietary PUFA ingestion, which 
leads to increased membrane PUFA content, may also be 
considerably different than those of acute PUFA exposure, 
which produces a higher extracellular-to-membrane PUFA 
ratio [181]. Given the slow kinetics of incorporation of 
PUFAs into the cells membranes and the time it may take 
for PUFAs to affect atrial structural remodeling, it has been 
suggested that a long duration of administration is proba-
bly required for PUFAs to exert antiarrhythmic effects and 
that short-term PUFAs administration is unlikely to bring 
substantial benefits in patients with extensively remodeled 
atria [234, 235]. In patients without severely remodeled 
atria who develop AF in acute settings such as cardiac sur-
gery, acute PUFA exposure may bring more benefit [236]. 
Many of the studies that failed to demonstrate a benefit of 
PUFAs have used formulations containing a 1.24 EPA:DHA 
ratio [225, 226, 228], whereas an EPA:DHA ratio of 1:2 may 
be more beneficial [230, 237]. Indeed, due to its stringer 
effects on INa, DHA may provide better protection from AF 
than EPA [186]. This hypothesis is also supported by sev-
eral clinical studies, which have associated higher DHA, 
but not EPA concentrations with lower AF risk [196, 203, 
238]. Meanwhile, the finding by Metcalf et al. that patients 
within the forth quintile of red blood cell DHA presented 
the lowest incidence of postoperative AF suggested that a 
U-shaped relationship may exist between PUFA intake and 
postoperative AF [239]. Several studies have reported 
indeed a strong trend towards higher AF risk in individuals 
consuming more than five fish meals per week [240, 241], 
suggesting that both low- and high-levels of fatty fish or 
individual PUFAs consumption may be associated with 
increased AF risk. Finally, differences may also exist 
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depending on how the fish is cooked; in the Cardiovascular 
Health Study cohort, although consumption of baked or 
broiled tuna was associated with lower AF incidence, this 
was not the case for fried fish or fish sandwiches [203].

Due to their favorable safety profile, relatively low finan-
cial costs, and wide availability for oral intake, PUFAs remain 
an attractive approach for AF prevention. However, although 
the mechanistic background, experimental evidence, and ini-
tial clinical data have pointed PUFAs as a potential tool for 
AF prophylaxis, to date, there is no compelling argument to 
support the routine use of PUFAs for either primary or sec-
ondary AF prevention [144]. Further studies are needed to 
clearly establish whether there is a place for PUFAs in AF 
prevention. The populations of patients that are most likely 
to benefit from this approach will also have to be identified, 
taking into consideration that individual ability to incorpo-
rate PUFAs, which is likely affected by age, gender, vitamin 
administration, and genetic background, may affect patients’ 
response to PUFAs. Blood measures of the PUFA status, such 
as the omega-3 index (i.e., the combined percentage of EPA 
and DHA of total fatty acids in red blood cell membranes), 
may be useful for assessing the individual response to PUFAs 
intake and for guiding PUFAs usage.

�Glucocorticoids

Glucocorticoids have been shown to exert antiinflammatory 
and antioxidant effects [242–247], to suppress vascular endo-
thelial growth factor expression, to inhibit fibroblast prolif-
eration [248], and to modulate atrial electrophysiology [249], 
and have thus been regarded as a potential upstream therapy 
for AF, particularly in settings associated with high inflamma-
tory burst such as post-cardiac surgery. In addition, although 
the aldosterone/mineralocorticoid receptor complex is con-
siderably more stable and more efficient for transactivation 
than the glucocorticoid/mineralocorticoid receptor complex 
[250], cardiomyocyte mineralocorticoid receptors have been 
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shown to bind mineralo- and glucocorticoids with equal affin-
ity [251], suggesting that, at least in certain conditions, 
glucocorticoids may also exhibit proarrhythmic effects via 
mineralocorticoid receptor activation [252].

In animal models of cardiac surgery, sterile pericarditis, 
and atrial pacing, glucocorticoid administration attenuated 
the inflammatory response, prevented proarrhythmic atrial 
electrical remodeling, and reduced atrial tachyarrhythmias 
inducibility [242, 243, 253]. Similarly to experimental studies, 
several randomized controlled trials showed that preopera-
tive administration of methylprednisolone [254, 255], hydro-
cortisone [256], and dexamethasone [257] significantly 
decreased postoperative AF occurrence. In the meta-analysis 
by Ho and Tan including 50 randomized controlled trials, 
intravenous corticosteroid therapy before and/or after car-
diopulmonary bypass significantly reduced the risk of post-
operative AF [258]. In three other meta-analyses, 
intermediate-dose glucocorticoids reduced the risk of post-
operative AF compared with placebo with as much as 50% 
[259], although corticosteroids use was also associated with 
increased risk of postoperative pneumonia, gastrointestinal 
bleeding, and urinary tract infections [259–261]. In the more 
recent meta-analysis by Liu et  al., both low- and medium-
dose glucocorticoids significantly reduced the incidence of 
postoperative AF, as well as the rate of postoperative infec-
tions, and significantly shortened the length of intensive care 
unit and total hospital stay [262]. Low-dose methylpredniso-
lone (i.e., 16 mg for 4 weeks, tapered to 4 mg for 4 months) 
has also demonstrated benefits in secondary AF prevention 
following cardioversion [263]. Glucocorticoid administration 
during and after catheter ablation has also been associated 
with reduced AF recurrence rates, particularly in the period 
immediately following AF ablation; however, early (i.e., 
1 month) recurrence rates were not different compared with 
placebo [264]. In addition, corticosteroid administration was 
associated with significantly lower late AF recurrences, at 
14 months after ablation, in the absence of any conventional 
antiarrhythmic therapy [264]. The potential benefit of gluco-
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corticoids in patients undergoing AF ablation and their pos-
sible time-dependent antiarrhythmic effect have also been 
suggested by the meta-analysis by Lei et al., which associated 
corticoids usage with a decrease in early (i.e., 3 months) and 
late (i.e., 12–14 months), but not in immediate (i.e., 2–3 days) 
and very late (i.e., 24 months) AF recurrences [265]. Similar 
findings were also reported in the recent meta-analysis by 
Jaiswal et al. [266].

In other clinical studies, however, dexamethasone failed to 
prevent postoperative AF [267–269]. Intravenous and oral 
corticosteroid administration in various doses also failed to 
prevent early and/or late AF recurrence in patients undergo-
ing AF ablation [247, 264, 270, 271], despite inducing a signifi-
cant decrease in inflammatory markers levels [272]. A recent 
meta-analysis including two randomized controlled trials and 
three cohort studies also failed to demonstrate any benefit of 
perioperative corticosteroid administration on the risk of late 
AF recurrence following catheter ablation, although it did 
show a reduction in early AF recurrence [266]. This is in line 
with the results of the prospective, randomized, single-blind 
study by Kim et al., in which methylprednisolone also failed 
to reduce late AF recurrence following ablation [273]. 
Moreover, several case reports, case-control, and cohort stud-
ies suggested that glucocorticoid therapy could even precipi-
tate AF in different clinical settings, particularly when 
administered for the first time [274, 275] and/or at high doses 
[274, 276–283]. In the population-based, case-control study by 
Christiansen et  al., systemic glucocorticoid administration 
almost doubled the risk of atrial tachyarrhythmias; the risk 
was 4 times higher for new users of glucocorticoids compared 
with never users, irrespective of the presence or absence of 
asthma, chronic obstructive pulmonary disease, or cardiovas-
cular disease [274]. A trend towards higher incidence of AF 
recurrence with administration of steroids, likely related to 
higher pulmonary veins reconnection rate and higher preva-
lence of dormant conduction, has also been reported in 
patients undergoing catheter ablation for AF [270, 272]. 
Several hypotheses have been proposed to explain the proar-

A. Scridon and A. Martínez-Rubio



333

rhythmic effects of glucocorticoid pulse therapy, including the 
associated hypertensive effect of high-dose corticosteroids, or 
the severe underlying conditions (e.g., asthma, pulmonary 
inflammation, chronic systemic inflammatory diseases) that 
required high-dose glucocorticoids administration [231]. In 
addition, high-dose corticosteroids could mediate the local 
potassium efflux via a direct effect on cells membranes [284], 
but could also promote AF due to the mineralocorticoid 
effects that high glucocorticoid doses are known to exhibit, 
including sodium and fluid retention, leading to arterial 
hypertension, left atrial dilation, and congestive heart failure, 
in addition to their potential local effects on atrial mineralo-
corticoid receptors. The electrolyte shift across myocardial 
cells membranes and the increased potassium loss at the 
renal level induced by high-dose corticoid therapy could be 
particularly important in patients receiving concomitant 
diuretic therapy, in those who have previously received high-
dose corticoids, as well as in those with liver dysfunction, in 
which the half-life or corticoids may be considerably pro-
longed [285]. Over the long term, glucocorticoid use also 
increases the risk of several well-known AF risk factors, 
including atherosclerosis, diabetes mellitus, arterial hyperten-
sion, ischemic heart disease, and heart failure, which could 
further increase the AF risk in these patients [274].

Glucocorticoid therapy thus appears to exhibit both pro- 
and antiarrhythmic effects, depending on a number of vari-
ables. Different compounds may exert different effects; 
whereas methylprednisolone and hydrocortisone appear to 
be rather antiarrhythmic [254–256], dexamethasone does 
not seem to provide such a benefit [267, 268], at least in the 
perioperative setting. The potential side effects associated 
with the use of corticosteroids with longer half-lives, such 
as dexamethasone, could indeed cancel their potential ben-
eficial effects [231]. The risk of proarrhythmia also appears 
to be higher in new users and in those who have used cor-
ticosteroids before, compared with those with chronic, low-
dose (e.g. inhalation) corticosteroid therapy [275, 277]. 
However, the dose of corticosteroids appears to be amongst 
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the most important factors that dictate the effects of gluco-
corticoid therapy, with high, but not low or intermediate 
doses being associated with potential proarrhythmic effects 
[275, 277]. Oppositely, intermediate doses may be rather 
protective against AF, at least in patients undergoing car-
diac surgery [258–261], whereas low doses may be more 
useful for secondary AF prophylaxis [263]. Other studies, 
however, failed to show any difference between low, 
medium, and high glucocorticoid doses in patients undergo-
ing cardiac surgery [262].

Taken together, the currently available data is insufficient 
to support the use of glucocorticoids for AF prophylaxis. 
Future studies, including in the already heavily studied peri-
operative setting, will have to clarify whether steroids have a 
true merit for AF prophylaxis. If this is the case, further stud-
ies will also have to establish which drug, at which dose, and 
for what duration is most likely to prevent AF occurrence 
and/or recurrence.

�Colchicine

Colchicine, a potentially poisonous natural product and sec-
ondary metabolite, is mainly known for its beneficial effects 
in treating and preventing gouty attacks, and, more recently, 
for primary and secondary prophylaxis of pericarditis [286]. 
In addition, colchicine has been shown to prevent early and 
late arrhythmia recurrences following AF ablation, via its 
antiinflammatory properties [287, 288] including attenuation 
of neutrophil activation, endothelial cell adhesion, and 
inflammatory cells migration [289], in addition to potential 
direct effects on atrial myocytes and on cardiac autonomic 
balance [290]. In patients undergoing cardiac surgery, low-
dose colchicine has also been shown to reduce the incidence 
of postoperative AF [291], although this effect was not con-
firmed in the double-blind, randomized, Colchicine for 
Prevention of Postpericardiotomy Syndrome and 
Postoperative Atrial Fibrillation (COPPS-2) trial [292].
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�Antidiabetic Agents

Although stringent glycemic control does not appear to affect 
the rate of new-onset AF [293] in the diabetic population, 
metformin use has been associated with a decreased risk of 
AF in patients with type 2 diabetes, probably by attenuating 
myolysis and oxidative stress [294]. The antiarrhythmic effect 
of metformin appeared to fade, however, after about three 
years, probably due to the progression of atrial structural 
remodeling with increased duration of diabetes [294]. 
Thiazolidindiones, insulin sensitizing agents with peroxisome 
proliferator-activated receptor γ activation effects, have also 
been shown to prevent atrial electrical and structural remod-
eling via their antioxidant and antiinflammatory properties 
[295–299]. In animal studies, pioglitazone reduced TGFβ, 
TNFα, and MAP kinases, attenuated atrial structural remod-
eling, and decreased AF inducibility [9], whereas in clinical 
settings pioglitazone administration was associated with 
marked improvement in sinus rhythm maintenance and 
reduced reintervention rates following catheter ablation for 
paroxysmal AF [300]. A remarkable improvement of parox-
ysmal AF has been reported in two patients with type 2 dia-
betes mellitus treated with rosiglitazone [301], whereas in the 
study by Chao et  al. thiazolidindione administration was 
associated with a 31% reduction in the relative risk of new-
onset AF [302].

�Other Agents with Antioxidant Properties

In experimental settings, probucol, a lipid-lowering agent 
with potent antioxidant effects, has been shown to favorably 
affect atrial proarrhythmic remodeling [303] by reducing left 
atrial interstitial fibrosis [304] and apoptosis [305], to decrease 
inflammatory markers levels and atrial oxidative stress [306], 
to attenuate atrial nerve sprouting and heterogeneous sym-
pathetic hyperinnervation [306], as well as to reduce AF 
inducibility and duration [304, 306]. Different other 
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antioxidant agents, including vitamins C and E, 
N-acetylcysteine, and xanthine oxidase inhibitors have also 
been proposed as potential therapeutic interventions in AF 
patients [307, 308], but data concerning these agents remain 
insufficient to allow any definitive conclusions.

�Novel Approaches

�Matrix Metalloproteinase Inhibitors

Interstitial fibrosis, resulting from long-term imbalance 
between collagen deposition and degradation is recognized 
as the hallmark of proarrhythmic atrial structural remodeling 
[309]. This observation has encouraged the development of 
direct antifibrotic strategies. Among them, MMP inhibitors 
have gained increasing attention over the past years. Indeed, 
MMP activation, together with down-regulation of tissue 
inhibitors of metalloproteinases (TIMPs), has been incrimi-
nated in the development of extensive atrial fibrosis [310] 
and in AF occurrence [311]. Matrix metalloproteinases, a 
multigene family of proteolytic enzymes, together with their 
tissue inhibitors, regulate the extracellular matrix turnover 
[312, 313]. Although theoretically higher activity of MMPs 
should results in higher extracellular matrix degradation, and 
not in fibrosis, in addition to their role in breaking down the 
extracellular matrix [314], proteases such as MMP-9 and 
MMP-2 have been shown to activate the TGFβ, TNFα, IL-1b, 
angiotensin II, endothelin-1, and vascular endothelial growth 
factor pathways, and thus to stimulate the synthesis of extra-
cellular matrix, as well as to inhibit extracellular matrix deg-
radation by increasing TIMP expression [315–319].

Studies have associated the presence of AF with increased 
MMP-2 [8] and MMP-9 levels [320–322], and a gradual 
increase in plasma and atrial MMP-9 levels has been shown 
with progression from sinus rhythm to paroxysmal, persistent, 
and permanent AF [320, 321, 323]. This latter finding is in 
complete agreement with histology studies showing more 
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extensive atrial fibrosis in persistent versus paroxysmal AF, 
and in permanent versus persistent AF [324–329]. The active 
form of MMP-9, but not of MMP-1, MMP-2, or TIMP-1, was 
also significantly increased in the atria of AF patients com-
pared with sinus rhythm controls [321], although the exact 
mechanisms responsible for these changes remain to date 
unknown. Increased MMP-2 and decreased TIMP-2 activities 
have been reported, however, in association with AF in the 
study by Xu et al. [8]. In a canine model of pacing-induced AF, 
MMP-9 activity in the atrial matrix was 50% higher and TIMP 
levels were 50% lower than in sinus rhythm controls [330]. 
However, no changes in MMP-2, MMP-3, and MMP-7 activi-
ties were observed in that study [330]. Increased MMP activ-
ity, with a predominant increase in MMP-9 expression, was 
also reported in pigs with pacing-induced AF [331]. Oppositely, 
a decreased expression of MMP-1 and MMP-9 has been 
reported in patients with chronic non-rheumatic AF [332] and 
in those with mitral valve disease and AF [333]. These discrep-
ancies have been related to potential time-dependent changes 
in MMP expression [334, 335], as well as to the different fea-
tures of the studied populations, with different cardiac pathol-
ogies leading to different MMPs activation patterns (i.e., heart 
failure has been associated with increased MMP-9 expression, 
whereas MMP-9 was decreased in patients with hypertension) 
[336]. In the Atherosclerosis Risk in Communities (ARIC) 
cohort, elevated MMP-9 levels were also independently asso-
ciated with an increased risk of incident AF [337], whereas in 
patients with persistent AF high baseline MMP-9 levels have 
been associated with increased AF maintenance [322], as well 
as with increased AF recurrence rates following catheter abla-
tion [338]. Elevated MMP-2 levels at baseline have also been 
associated with increased AF recurrence following pharmaco-
logical or electrical cardioversion [339].

Given the accumulating evidence that links MMPs with 
AF, it has been assumed that long-term MMP inhibition 
could suppress atrial fibrosis and exert antiarrhythmic effects 
[340]. In animal models, gene deletion and pharmacological 
inhibition of MMP activity have been shown to reduce myo-

Chapter 7.  Antiarrhythmic Properties of Non-…



338

cyte hypertrophy and atrial fibrosis, and to decrease AF 
inducibility [331, 341], suggesting that MMP inhibition may 
indeed emerge as a promising new tool for AF prophylaxis. 
To date, no clinical trial has tested the use of MMP inhibitors 
for AF therapy and/or prophylaxis. However, in the Early 
short-term doxycycline therapy in patients with acute myo-
cardial infarction and left ventricular dysfunction and the 
ominous progression to adverse remodeling (TIPTOP) trial, 
short-term use of the MMP inhibitor doxycycline signifi-
cantly reduced the infarct size and the severity of left ven-
tricular dilation in patients with acute myocardial infarction 
[342], demonstrating a potential benefit of MMP inhibition in 
patients with established cardiovascular disease.

�Galectin-3 Inhibition

Galectin-3 is a β-galactosidase-binding protein that contains 
a collagenase domain cleavable by MMPs such as MMP-9 
and MMP-2 [343, 344]. In the extracellular space, galectin-3 
can bind to different extracellular matrix glycans and cells 
surfaces, leading to pro-apoptotic effects, whereas in the 
intracellular space galectin-3 favors anti-apoptotic processes 
[345]. Together, these effects contribute to angiogenesis, 
inflammation, fibroblast proliferation, and collagen deposi-
tion, probably mediated by TGFβ pathway activation [346]. 
Recent studies have linked galectin-3 with atrial remodeling 
in AF patients [323]. In a large cohort from the general 
population, higher galectin-3 levels were associated with an 
increased risk of incident AF, although the association was 
lost after accounting for various known AF risk factors [347]. 
Similar results were also reported by van der Velde et  al. 
[348]. However, in the large, prospective, population-based 
ARIC study, high galectin-3 plasma levels were associated 
with an increased risk of AF independently of baseline AF 
risk factors [349]. Galectin-3 levels were also reported to be 
higher in patients with persistent, non-self-terminating AF, 
than in those with paroxysmal AF [350, 351], and were also 
independently correlated with the extent of left atrial fibro-
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sis detected by cardiac magnetic resonance imaging [352]. It 
has also been suggested that paroxysmal AF patients that 
present higher galectin-3 levels may require more extensive 
intervention in addition to pulmonary vein isolation [353]. In 
patients with persistent AF, galectin-3 levels independently 
predicted AF recurrence following catheter ablation [351, 
354, 355], although this was not the case in the study by 
Kornej et al. [356].

Meanwhile, galectin-3 inhibition has been shown to inter-
fere with cardiac fibrogenesis and to reduce the AF burden 
[357]. In a sheep model of persistent AF, inhibition of galectin-
3 using a relatively low intravenous dose of the galactoman-
nan GM-CT-01 (GMCT) attenuated both atrial structural and 
electrical remodeling, significantly reduced the AF burden, 
and increased the probability of spontaneous conversion to 
sinus rhythm, although it did not maintain the sinus rhythm 
over the long term [351]. These promising initial results sug-
gest that one of the several recently described types of galec-
tin-3 inhibitors [358] may be useful for preventing AF 
progression and perpetuation and/or as an adjunctive therapy 
for improving the outcomes of AF catheter ablation.

�Molecular Targets: A New Paradigm in Atrial 
Fibrillation Therapy?

Recent studies have demonstrated that altered regulation of 
gene expression plays major roles in AF initiation and/or 
maintenance [359–364]. Particularly, Pitx2 (paired-like home-
odomain transcription factor 2) has been identified as the 
most altered transcription factor in the left atria of AF 
patients [365, 366], and reduced left atrial Pitx2 expression 
has been proposed as a potential AF diagnostic marker [367], 
although increased [368] and unaltered [369] Pitx2 have also 
been reported in atrial biopsy specimens from AF patients. 
Given that PITX2 regulates the activities of half of the genes 
with left-sided enrichment [370], the impact of altered left 
atrial Pitx2 expression on atrial remodeling is probably 
related to its positioning at the crossroad of several arrhyth-
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mogenic pathways [371], including pathways related to fibro-
sis, Ca2+ handling, gap junctions, and ion channels [372]. 
Animal and human studies have recently demonstrated that 
AF is associated with DNA hypermethylation of the Pitx2 
promoter region [366]. In rats with spontaneous AF, chronic 
administration of decitabine, a DNA methylation inhibitor 
currently used in clinical practice for cancer therapy, reduced 
perivascular myocardial fibrosis, increased superoxid dis-
mutase activity, and significantly decreased the AF burden 
[366], suggesting that hypomethylating agents may emerge as 
a tool for reducing the AF burden.

Abnormal levels of several microARNs have also been 
associated with the presence of AF.  Studies have demon-
strated elevated miR-21 levels in the left atria of AF patients 
and this was associated with decreased expression of Sprouty, 
an endogenous inhibitor of the MAP kinases pathway, with 
increased expression of fibrogenic factors and with increased 
collagen synthesis, as well as with myocardial hypertrophy, 
reduced inotropy, and left atrial enlargement [373, 374]. 
Meanwhile, in experimental models, anti-miR-21 administra-
tion decreased atrial fibrosis, attenuated inhomogeneous 
conduction, and reduced AF duration [374, 375]. However, as 
microARNs are highly dynamic, act collectively on gene 
expression, interact at multiple levels, and regulate many 
overlapping pathways at the same time, it is questionable 
whether selectively targeting unique microRNAs, either by 
up-regulating them using adenovirus transfection or by 
down-regulating them using antagomirs, will be useful for 
treating AF patients [376]. As research in this area continues, 
molecular studies are expected to significantly contribute to 
a better understanding of the AF pathophysiology and to 
identify novel therapeutic targets.

�Gaps in Knowledge and Future Research

Overall, strategies aiming to prevent, halt, and/or reverse 
atrial proarrhythmic structural remodeling have demon-
strated very promising effects in experimental settings. The 

A. Scridon and A. Martínez-Rubio



341

initial clinical results, mainly derived from hypothesis-
generating small clinical trials and retrospective analyses of 
studies that did not have AF as prespecified endpoint, were 
also rather encouraging. However, with the advent of larger, 
randomized controlled trials, human data have proved rather 
unconvincing.

Despite the numerous similarities between laboratory ani-
mals and humans, there are obvious interspecies differences 
that mandate caution when extrapolating data from animal 
studies to human medicine. However, other factors may play 
an even more important role in the discordances observed 
between animal and human studies. Animal studies have 
often used drug doses higher than those used in clinical prac-
tice. The timing of drug administration may have also been 
considerably different in animal versus human studies; the 
tested therapeutic strategies are very likely to be applied in 
healthy animals, prior to AF onset, whereas in clinical prac-
tice upstream therapies are expected to be initiated after the 
first clinical event or, at the earliest, once established AF risk 
factors have been identified. One of the main issues, however, 
is likely to be related to the features of the currently used 
animal AF models, which, with very few exceptions [377], 
have limited ability to mimic the human condition. Whereas 
in clinical practice AF is generally a disease of the elderly 
with numerous concomitant cardiovascular conditions that 
increase propensity to AF (such as hypertension, heart fail-
ure, coronary artery disease, diabetes mellitus, etc.) and who 
are already on numerous other medications that may affect 
the AF risk (including RAAS blockers, statins, beta-blockers, 
etc.), most of the experimental data arises from juvenile, 
healthy animals, without concomitant conditions or drug 
therapies. Additionally, whereas in clinical practice AF arises 
spontaneously, usually on a background of factors that 
modify the structural substrate, in experimental settings AF is 
most often induced by rapid atrial pacing, in otherwise struc-
turally normal hearts. Finally, whereas negative clinical trials 
have a good chance of being published, due to their potential 
immediate clinical impact, negative animal studies are much 
less likely to become visible, thus creating a publication bias. 
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Taken together, these factors may considerably limit the 
translational value of the data obtained in animal models and 
may explain why experimentally promising strategies have 
often failed when applied in clinical settings. Future studies 
will thus have to employ more clinically-relevant AF models, 
also taking into account comorbidities and comedication rel-
evant to the AF population.

In the same time, however, data from clinical studies are 
also far from being concordant, with some studies showing an 
impressive benefit, while others showed no change, or even 
an increased AF risk, even when using similar therapies. 
Discrepancies are probably largely due to different study 
design, inclusion criteria, and study populations, different 
concomitant drugs usage and underlying pathologies, differ-
ent severity of structural atrial remodeling, different duration 
of follow-up, different sample sizes, and different criteria used 
to diagnose AF.  Whereas some strategies might be highly 
efficient in certain patients, they could be futile in many other 
settings. Upstream therapies may be of interest as adjuvant 
therapy in addition to conventional antiarrhythmic therapy, 
but they may be insufficient as unique therapy for secondary 
AF prevention, in patients in whom the atria is already 
severely remodeled. In addition, studies have used different 
agents, with different ‘pleiotropic’ properties, and in various 
doses. Since AF recurrences are known to be highly variable 
[108] and often asymptomatic [378], subjective symptoms 
assessment and non-systematic, intermittent ECG or Holter 
monitoring, which were used in the vast majority of studies 
for detecting AF relapses, may not be the most adequate 
means for assessing the true AF burden or the time to first 
AF recurrence. Also, whereas short-term studies may be 
adequate for assessing the impact of AF occurrence in acute 
settings, such as post-cardiac surgery, in the vast majority of 
studies on secondary AF prevention, follow-ups may have 
been too short to capture the entire benefit of these strate-
gies. Contrary to conventional antiarrhythmic drugs, which 
act on the rapidly reversible electrical AF substrate, agents 
targeting the structural substrate may take a longer time to 
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attain their full antiarrhythmic potential. Even if studies with 
longer-term follow-ups have been made, AF was usually not 
a prespecified endpoint in those studies, and this may have 
led to underestimation of the true AF burden [379].

The reality remains, however, that currently available anti-
arrhythmic strategies, which target the AF-related electro-
physiological changes, are far from being ideal [380]. 
Meanwhile, given the mechanisms underlying AF occurrence 
and persistence, the concept of upstream AF therapy, which 
has moved us out of our well-established way of approaching 
AF, remains, at least theoretically, highly appealing. More 
should be made in the near future to successfully bring this 
concept into clinical practice. A number of novel drugs have 
showed promising results in experimental studies and now 
await confirmation in clinical settings. In parallel, researchers 
will have to continue to elucidate the intimate pathophysio-
logical mechanisms of AF, which are very unlikely to have 
been fully unraveled, and to identify new therapeutic targets, 
including those that may very well deviate from our classical 
concepts of AF pathophysiology.

Despite the highly controversial results, the older, already 
widely tested upstream AF therapies remain of great interest. 
There are strong, at least theoretical, reasons to believe that 
statins, glucocorticoids, PUFAs, and especially RAAS block-
ers [381], may find their place in AF prophylaxis, at least in 
selected categories of patients. Their antiarrhythmic effects 
are likely to depend on the degree of atrial structural remod-
eling, as well as on the dominant underlying mechanisms of 
the arrhythmia. Future larger-scale, prospective, randomized 
controlled studies, specifically designed to assess the impact 
of these drugs on AF occurrence and/or recurrence, using 
newer, more sophisticated methods for detecting AF, such as 
telemonitoring or implantable loop recorders, will have to 
provide a definitive answer regarding the antiarrhythmic 
potential of these ‘non-antiarrhythmic’ drugs. These studies 
will have to confirm the role of each of these agents in AF 
primary and/or secondary prevention, and to identify in 
which patient, what single drug, in which dose, and at which 
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moment could be of benefit against AF. Studies will also have 
to establish the potential impact of the genetic profile on 
patients’ response to upstream therapies. After these goals 
have been reached, it is expected that these data will set the 
basis for a tailored approach for each individual patient.

While awaiting answers to these questions and/or clinical 
confirmation for the newer upstream therapies, the solution 
could reside in a much wider approach, that targets several 
substrate-modifying pathways, rather than in one single type 
of upstream therapy. In the randomized Routine vs. Aggressive 
upstream rhythm Control for prevention of Early persistent 
atrial fibrillation in heart failure (RACE3) study, an aggres-
sive approach including ACEIs and/or ARBs, mineralocorti-
coid receptor antagonists, statins, cardiac rehabilitation 
therapy, and intensive counseling on dietary restrictions, 
exercise maintenance, and drug adherence significantly 
increased sinus rhythm maintenance compared with conven-
tional rhythm control alone in mild-to-moderate heart failure 
patients with early persistent AF [382]. A combination of 
ARB and statin was also more efficient than a calcium chan-
nel blocker or an ARB alone in reducing the recurrence rate 
of non-permanent AF and delaying the progression from 
non-permanent to permanent AF in the hypertensive patients 
included in the VF-HT-AF study [383].

�Conclusions

Currently available antiarrhythmic drugs have obvious limita-
tions with regard to their efficacy and safety. Increasing 
knowledge concerning the major role of atrial structural 
remodeling in AF onset and persistence clarifies, at least 
partially, the failure of conventional antiarrhythmic drugs, and 
opens the way for a different therapeutic approach, upstream 
of AF. If proved efficient, such an approach could prevent or 
at least postpone the need for conventional antiarrhythmic 
drugs, and would considerably lower the adverse effects. To 
date, with the exception of ACEIs/ARBs, which should be 
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considered in certain patient subgroups (i.e., with heart failure 
and reduced ejection fraction or with arterial hypertension, 
especially with left ventricular hypertrophy), there is insuffi-
cient evidence to support the wide use of non-conventional 
antiarrhythmic drugs for AF prophylaxis in clinical practice. It 
still remains to be established whether this approach is truly 
effective, by itself or at least in addition to conventional 
rhythm control strategies. Clarification of the most adequate 
target population, of the most suitable drug, dose, and timing 
to intervene is also required. This endeavor obviously man-
dates sustained, coordinated efforts from basic and clinical 
scientists, and implies considerable financial costs. However, if 
proved efficient, novel and/or already established upstream 
AF therapies are expected to considerably decrease AF-related 
hospitalization rates, morbidity, and mortality, and thus to 
have a major social and economic impact.
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�Introduction

The human normal heart rhythm occurs when a person has a 
regular heart beat originated by depolarization of the sinus 
node, which is normally transmitted through the atria to the 
AV node, and thereafter normally using the His-Purkinje 
system to the myocytes of the ventricles. This normal heart 
beat occurs in a rate which is appropriated to the clinical cir-
cumstances of the individual (e.g. faster during exercise than 
at rest) and is called sinus rhythm. The term arrhythmia com-
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prises a group of heterogeneous conditions with abnormal 
electrical activity of the heart in origin, rate or both (absence 
of sinus rhythm). Arrhythmias may be clinically silent (at 
least during a period) or cause symptoms and signs (palpita-
tions, syncope or even sudden cardiac death). The terms brad-
ycardia and tachycardia refer to a deficit and to an excess of 
heart rate (compared to normal), respectively.

This chapter summarizes the recommendations for diagnosis 
and pharmacological treatment of arrhythmias based in the 
recent recommendations of major international societies [1–9].

�General Recommendations

For properly treating those patients referring at risk of 
arrhythmias, it is crucial a detailed clinical history, physical 
examination and evaluation of the ECG (at rest and during 
arrhythmia if it has been documented). Echocardiographic or 
even more sophisticated image explorations (e.g. magnetic 
resonance tomography) should be performed to exclude sig-
nificant structural heart disease, if the echocardiographic win-
dow is limited. Exercise testing might be useful for detection 
of arrhythmias related to exertion. Ambulatory Holter or 
wearable event monitoring is advisable for patients referring 
frequent transient not documented tachyarrhythmias. 
Implantable loop recorders are helpful for those patients 
with rare and severe symptoms (e.g. with hemodynamic insta-
bility) whom had no inducible arrhythmias after an invasive 
electrophysiological testing.

Thus, the first step for correct treatment is to have the cor-
rect diagnosis. Thereafter, the best strategy for the person can 
be decided based on the confirmed individual characteristics. 
Table 8.1 presents the role of diagnostic tools available for the 
evaluation of patients with arrhythmias who might be candi-
date for antiarrhythmic therapy. In summary, the precise iden-
tification of the arrhythmia type that the patient presents as 
well as the individual characteristics are essential for taking the 
right therapeutic decisions which can be palliative or even 
curative depending on the type of arrhythmia, clinical presen-
tation and patient comorbidities (Fig.  8.1). The suggested  
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algorithm for evaluation of patients referring palpitations 
which is often the first clinical manifestation of arrhythmias is 
presented in Fig. 8.2.

�The Rhythm of the Patient

�Supraventricular Tachyarrhythmias

Supraventricular tachyarrhythmias (SVT) include those 
rhythms originated from the sinus node, from atrial or junc-
tional tissue as well as mediated by accessory pathways. Thus, 

Suspected Non-invasive

Invasive
(if high risk or

very high clinical suspicion)

Try to
document

AF
Some VT (Bradycardias,

VT and VF)

(AVRT, AVNRT, AT,
AFlutter, some VT)

Documented 
arrhythmia

Curative approach Paliative approach

Add necessary therapies for concomitant comorbidities

Patient at risk of arrhythmias

Figure 8.1  General approach for patients at risk of arrhythmias. 
Abbreviations: AF atrial fibrillation, AFlutter atrial flutter, AT atrial 
tachycardia, AVNRT atrioventricular nodal re-entrant tachycardia, 
AVRT atrioventricular reciprocating tachycardia, VF ventricular 
fibrillation, VT ventricular tachycardia
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the term SVT encloses atrioventricular nodal reciprocating 
tachycardia (AVNRT), atrial tachycardia (AT) and 
AV-reciprocating rhythms (AVRT). Atrial fibrillation (AF) 
and atrial flutter (Aflutter) are also from supraventricular 
origin.

Figure 8.3 presents the differential diagnosis for narrow 
(<120 ms) QRS tachycardia, which is the usual morphology 
of QRS during supraventricular tachyarrhythmias in the 
absence of (permanent or rate-dependent) bundle branch 
block or of preexcitation due to an accessory pathway. The 
differential diagnosis of SVT versus ventricular tachycardia 
(VT) is crucial for appropriate treatment (Fig. 8.4). The drugs 
recommended for acute management of hemodynamically 
stable and regular tachycardia with narrow and broad QRS 
complex with the levels of evidence are presented in Table 8.2 
and Fig. 8.5.

Clinical history of palpitations

12-lead ECG

Is the arrhythmia documented
Specific

treatment

Preexcitation
Suspect
AVRT

Assess clinical arrhythmia pattern

History of syncope

Refer to arrhythmia specialist if:

• Wide complex tachycardia
• Drug resistance or intolerance
• Drug therapy is not desired
• Severe symptoms
 (syncope, angor pectoris or
 dyspnea during palpitations)

yes

Sustained regular palpitations

Irregular palpitations

Suspect atrial fibrillation,
atrial flutter with variable AV conduction

or multifocal atrial tachycardia

Holter and/or event
monitor and follow-up

yes

yes

no 

no 

no 

Figure 8.2  Sequential evaluation of patients referring palpitations. 
Abbreviations: AVRT atrioventricular reciprocating tachycardia, 
ECG electrocardiogram
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The sinus node may be involved in diverse arrhythmias. 
The sinus node re-entry tachycardia may respond to vagal 
manoeuvers, adenosine, betablockers, nondihydropyridine 
calcium-channel blockers, amiodarone and to digoxin. In very 
rare cases it might be necessary a catheter ablation. Table 8.3 
presents the recommend strategies for patients presenting 
inappropriate sinus tachycardia and postural orthostatic tachy-
cardia syndrome.

The AVNRT and the AVRT are usually curable with cath-
eter ablation. Thus, it is usually the most recommended 
option for the broad majority of those patients. However, till 
definitive treatment is possible, they may respond to vagal 

Narrow QRS complex tachycardia (QRS duration <120 ms)

Regular Irregular

Atrial fibrillation
Atrial tachycardia/flutter with variable AV conduction

Multifocal atrial tachycardia

Visible P waves ?

Atrial rate > ventricular rate ?

NO 

Atrial flutter or
Atrial tachycardia

Analyze RP interval

Short
(RP < PR)

Long
(RP > PR)

RP <90 ms RP >90 ms

AVNRT
AVRT

AVNRT
Atrial tachycardia

YES 

YES NO 

Atrial tachycardia
PJRT

Atypical AVNRT

Figure 8.3  Differential diagnosis for narrow (<120 ms) QRS tachy-
cardia. Patients with focal junctional tachycardia may mimic the 
pattern of slow-fast AVNRT and may show AV dissociation and/or 
market irregularity in the junctional rate. Abbreviations: AVNRT 
atrioventricular nodal re-entrant tachycardia, AVRT atrioventricu-
lar re-entrant tachycardia, ms miliseconds, PJRT permanent juc-
tional reciprocating tachycardia, QRS ventricular activation on 
electrocardiogram
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Wide QRS-complex tachycardia
(QRS duration >120 ms)

Regular Irregular

1:1 AV relationship ?

YES or unknown

QRS morphology in precordial leads VT

NO 

Vagal maneuvers
or adenosine

If QRS is identical to that during SR consider
SVT and BBB or antidromic AVRT

Atrial tachycardia
Atrial flutter

Atrial fibrillation
Atrial tachycardia/flutter with variable AV conduction and
a. Bundle branch block or 
b. Preexcitation via accessory pathway

Precordial leads:
• Negative concordance
• No R/S pattern
• Onset of R to nadir of S
 >100 ms

RBBB pattern:
* qR, Rs or Rr in V1
* Frontal plane axis
range from +90º to -90º

LBBB pattern:
* R in V1 > 30 ms
• R to nadir of S in
 V1 >60 ms
• qR or qS in V6

“Typical” RBBB
or LBBB

Ventricular fusion beats indicate VT

RBBB >140 ms or LBBB >160 ms
suggest VT

SVT VT VT VT

If previous MI or structural heart disease,
VT is likely

A rate > V rateV rate > A rate

Figure 8.4  Differential diagnosis for wide (>120 ms) QRS complex 
tachycardia. Abbreviations: A auricular, LBBB left budle branch 
block, ms miliseconds, QRS ventricular activation on electrocardio-
gram, RBBB right bundle branch block, SVT supraventricular 
tachycardia, V ventricular, VT ventricular tachycardia

manoeuvres, carotid massage or adenosine which is helpful 
for arrhythmia termination and/or for differential diagnosis 
with other arrhythmias (Fig.  8.6). Importantly, adenosine 
should be used with caution because it may provoke atrial 
fibrillation with a rapid ventricular response in presence of 
preexcitation, and it can also cause myocardial ischemia in 
territories affected of severe coronary stenosis (because of 
vasodilatation of normal territories). Alternative options for 
those patients suffering of AVNRT or of AVRT are presented 
in Tables 8.4 and 8.5, respectively. Importantly, drugs that 
mainly slow the conduction through the AV node (e.g. dig-
oxin, verapamil, betablockers, adenosine, diltiazem) are dis-
couraged in patients with preexcitation because of the risk of 
AV-nodal blockade and acceleration of ventricular rate if 
atrial fibrillation occurs. Class Ic drugs (i.e. flecainide, propafe-
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Table 8.2  Drugs recommended for acute management of hemody-
namically stable and regular tachycardia with the levels of 
evidence

ECG Recommendation Classification
Level of 
evidence

Narrow QRS-
complex 
tachycardia 
(SVT)

Vagal maneuvers
Adenosine
Verapamil/
diltiazem
Betablockers

I
I
IIa

IIa

B
A
B

C

Wide QRS-complex tachycardia

�• �SVT and 
BBB

See above SVT

�• �Preexcited 
SVT

Flecainide∗
Ibutilide∗
Procainamide∗
DC cardioversion

I
I
I
I

B
B
B
C

�• �Of unknown 
origin and 
preserved LV 
function

Procainamide∗
Sotalol∗
Amiodarone
DC cardioversion
Lidocaine
Adenosine∗∗
Betablockers∗∗∗
Verapamil∗∗∗∗

I
I
I
I
IIb
IIa
III
III

B
B
B
B
B
C
C
B

�• �Of unknown 
origin and 
poor LV 
function

Amiodarone
DC cardioversion
Lidocaine

I
I

B
B

BBB bundle branch block, DC direct current, LV left ventricular, 
QRS ventricular activation on ECG, SVT supraventricular tachycar-
dia, ∗ should not be used in patients with depressed left ventricular 
function, ∗∗ adenosine should be used with caution in patients with 
severe coronary artery disease because it may cause vasodilatation of 
normal coronaries causing ischemia in stenotic territories. It should 
only be uses with full resuscitative equipment available, ∗∗∗ beta-
blockers may be used as first-line teherapy for catecholamine-sensi-
tive tachycardia (e.g. right ventricular outflow tract tachycardia), 
∗∗∗∗ verapamil may be used as first-line teherapy for left ventricular 
fascicular tachycardia
All drugs should be administered intravenously
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Acute management of hemodynamically stable and regular tachycardia

Narrow QRS Wide QRS

Definite SVTSVT VT or unknown mechanism

Termination

YES NO 

DC
cardioversion

I.v. procainamide
I.v. sotalol

I.v. lidocaine
I.v. amiodarone if poor LV function

SVT +

BBB *

Termination

YES NO, persistent
tachycardia with

AV block

Or overdrive pacing / DC cardioversion
and/or rate control

I.v. Procainamide
I.v. Flecainide
I.v. Ibutilide ***

Vagal manoeuvers

I.v. adenosine **
I.v. verapamil/diltiazem

I.v. betablocker

Plus AV-nodal-blocking drugs

Pre-excited
SVT *

Figure 8.5  Acute management of haemodynamically stable and 
regular tachycardia. Abbreviations: ∗ a 12-lead ECG during sinus 
rhythm must be available for diagnosis, ∗∗ adenosine should be used 
with caution in patients with severe coronary artery disease and may 
facilitate atrial fibrillation, ∗∗∗ ibutilide is especially effective for 
atrial flutter but should not be used in patients with left ventricular 
ejection fraction <30% due to increased risk of polymorphic VT, 
BBB bundle branch block, DC direct current, ms miliseconds, QRS 
ventricular activation on electrocardiogram, SVT supraventricular 
tachycardia, VT ventricular tachycardia

none) are considered contraindicated in presence of struc-
tural heart disease (especially after myocardial infarction). 
Furthermore, class III drugs are discouraged for the treat-
ment of supraventricular tachyarrhythmias (although they 
might be effective) because of their toxicities and potential of 
proarrhythmia (e.g. torsade de pointes).

Table 8.6 presents the recommended therapeutically 
options for focal and nonparoxysmal junctional tachycardia 
whereas recommendations for treatment of patients with 
focal atrial tachycardia are resumed in Table  8.7. This 
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Table 8.3  Therapies recommended and levels of evidence for man-
agement of inappropriate sinus tachycardia and postural orthostatic 
tachycardia syndrome

Arrhythmia Recommendation Classification
Level of 
evidence

Inappropriate sinus 
tachycardia

Betablockers
Verapamil/diltiazem
Ivabradine
Catheter ablation 
of sinus node 
modification/
elimination

IIa
IIa
IIa
IIb

C
C
C
C

Postural orthostatic tachycardia syndrome

�• Non-pharmacological Increase salt/fluid 
intake

IIb B

Head-up tilt sleep IIa B

Physical maneuvers IIa B

Compression 
stockings

IIa B

Catheter ablation/
surgery

III B

�• Pharmacologic

 � Mineralcorticoids Fludrocortisone∗ IIa B

 � Betablockers Bisoprolol IIa B

 � Betablockers plus Bisoprolol plus IIa B

 � Mineralcorticoids Fludrocortisone

 � Sympatholytic Clonidine IIb B

Midodrine IIb B

Methylphenidate IIb C

Fluoxetine IIb C

 � Serotonin reuptake 
inhibitors

Erythropoietin IIb B

 � Others Ergotamine/
octroetide

IIb B

Phenobarbital∗∗ IIb C

∗ fludrocortisone requires high salt intake and regular monitoring of 
plasma potassium levels, ∗∗ phenobarbital may be useful for the 
hyperadrenergic form but with the potential hazard of dependence

A. Martínez-Rubio and G.-A. Dan



391

arrhythmia may be produced by digitalis excess (usually 
with AV block) and exacerbated by hypokalemia. Very 
rarely it will be terminated by vagal manoeuvers but ade-
nosine-sensitive will. For patients with automatic AT, pac-
ing, adenosine and DC cardioversion seldom terminates 
the arrhythmia. However, they may be successful if the 
mechanism is micro-reentry or triggered automaticity. 
Multifocal atrial tachycardia is usually associated to severe 
pulmonary disease and often requires treatment with cal-
cium-channel blockers without any definitive role for other 
antiarrhythmic drugs, DC cardioversion or ablation.

Atrial flutter is based in a macroreentrant circuit (in the 
broad majority of cases in the right atrium) that usually 
provokes regular RR-intervals (although variable AV node 
conduction might cause irregular RR-intervals mimicking 

Atrial flutter
Atrial tachycardia

AVNRT
AVRT

Sinus node reentry
Focal AT

Sinus tachycardia
Focal AT

Nonparoxysmal
junctional tachycardia

Inadequate dose/
delivery

Consider VT
(fascicular or high

septal origin)

No change
Gradual slowing

then reacceleration
of rate

Sudden
termination

Persistent atrial
tachycardia with
transient high-
grade AV block

Vagal maneuver or carotid massage followed by
i.v. adenosine if the maneuvers have failed

to terminate or modify AV conduction

Regular narrow QRS complex tachyardia

Figure 8.6  Usual response of narrow complex tachycardias to vagal 
maneuvers, carotid massage and adenosine. Abbreviations: AT atrial 
tachycardia, AVNRT atrioventricular nodal re-entrant tachycardia; 
AVRT atrioventricular re-entrant tachycardia, ms miliseconds, QRS 
ventricular activation on electrocardiogram, VT ventricular tachy-
cardia
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Table 8.4  Therapies recommended for long-term treatment of 
patients with AVNRT

AVNRT Recommendation Classification
Level of 
evidence

Poorly tolerated 
with hemodynamic 
intolerance

Catheter ablation I A

Verapamil, 
diltiazem

IIa C

Betablockers IIa C

Sotalol, 
amiodarone

IIa C

Flecainide∗ IIa C

Propafenone∗ IIa C

Recurrent 
symptomatic

Catheter ablation I A

Verapamil I B

Diltiazem I C

Betablockers I C

Digoxin∗∗ IIb C

Recurrent 
unresponsive to 
betablockers or 
calcium-channel 
blockers and patients 
not desiring RF 
ablation

Flecainide∗ IIa B

Propafenone∗ IIa B

Sotalol IIa B

Amiodarone IIb C

Infrequent or single 
episode in patients 
not desiring long-
term drug therapy

Catheter ablation I B

AF) and is usually curable with catheter ablation. However, 
if atrial flutter cannot be ablated, then a “normal” mean ven-
tricular rate is mandatory and can be achieved with AV nodal 
conduction modulating drugs (betablocker, non-
dihydropyridine calcium channel antagonist and/or digitalis). 
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In some patients, electrical cardioversion might be necessary 
for atrial flutter termination. Atrial or transoesophageal pac-
ing might be use for acute termination. In addition, high-rate 
atrial pacing is recommended for termination of atrial flutter 
in the presence of an implanted pacemaker or defibrillator. 
Ibutilide (i.v.) or in-hospital dofetilide administration (oral or 
i.v.) might be use for conversion of atrial flutter. Importantly, 
pharmacological rhythm- controlling, as well as rate- control-
ling, therapies may be far less effective for atrial flutter than 
for AF, especially in the long term. Thus, if feasible usually the 
curative approach with ablation is advisable.

AVNRT Recommendation Classification
Level of 
evidence

Documented SVT 
with only AV-nodal 
dual pathways or 
single echo beats 
demonstrated during 
electrophysiological 
study and no other 
identified cause of 
arrhythmia

Verapamil, 
diltiazem

I C

Betablockers

Flecainide∗

Propafenone∗

Catheter ablation I B

Infrequent, well 
tolerated

No therapy I C

Vagal maneuvers I B

“Pill-in-the-
pocket”

I B

Verapamil, 
diltiazem

I B

Betablockers I B

Catheter ablation I B

AVNRT AV nodal re-entrant tachycardia, SVT supraventricular 
tachycardia, ∗ contraindicated for patients with coronary artery dis-
ease, left ventricular dysfunction, or other significant heart disease, 
∗∗ often ineffective because of enhanced sympathetic tone

Table 8.4  (continued)
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Table 8.5  Therapies recommended for long-term treatment of 
patients with AVRT

AVRT Recommendation Classification
Level of 
evidence

WPW syndrome 
(preexcitation 
and symptomatic 
arrhythmias) well 
tolerared

Catheter ablation I B

Flecainide, 
propafenone

IIa C

Sotalol, 
amiodarone

IIa C

Betablockers IIa C

Verapamil, 
diltiazem

III C

Digoxin III C

WPW syndrome 
with AF and rapid 
conduction or 
poorly tolerated 
AVRT

Catheter ablation I B

AVRT poorly 
tolerated (without 
preexcitation)

Catheter ablation I B

Flecainide, 
propafenone

IIa C

Sotalol, 
amiodarone

IIa C

Betablockers IIb C

Verapamil, 
diltiazem

III C

Digoxin III C

Single or 
infrequent 
AVRT (without 
preexcitation)

Vagal maneuvers I B

“Pill in the 
pocket”

I B

Verapamil, 
diltiazem

Betablockers

Catheter ablation IIa B

Sotalol, 
amiodarone

IIb B

Flecainide, 
propafenone

IIb C

Digoxin III C
Preexcitation 
without symptoms

None I C
Catheter ablation IIa B

AF atrial fibrillation, AVRT atrioventricular re-entrant tachycardia, 
WPW Wolff-Parkinson-White
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Atrial fibrillation occurs when a chaotic atrial activity 
(depolarization and repolarization) causes irregular 
RR-intervals by different rotors in the atria. AF represents a 
common electrical phenotype of several mechanisms and risk 
factors which contribute to modify the atrial substrate. 
Therefore, not only the arrhythmia has to be prevented and 
treated but also those risk factors which facilitate the per-
petuation of the arrhythmia which diminishes the quality of 
life, cognitive and ventricular function and increases stroke 
rate, dementia and mortality. Furthermore, since AF favours 
thromboembolism in diverse situations (e.g. advanced age), 
the evaluation of the particular thromboembolic (stroke and 
peripheral embolism) risk (recommended the use of the 
CHA2DS2- VASc score) has to be evaluated and treated, if 
high in an individual. Furthermore, the bleeding risk has to be 
assessed as it might be necessary to modulate the intensity of 
the anticoagulant treatment.

Table 8.6  Therapies recommended for focal and nonparoxysmal 
junctional tachycardia

Arrhythmia Recommendation Classification
Level of 
evidence

Focal 
junctional 
tachycardia

Betablockers IIa C

Flecainide IIa C

Propafenone∗ IIa C

Sotalol∗ IIa C

Amiodarone∗ IIa C

Catheter ablation IIa C

Non-
paroxysmal 
junctional 
tachycardia

Reverse digitalis toxicity I C

Correct hypokalemia I C

Treat myocardial ischemia I C

Betablockers IIa C

Calcium-channel blockers IIa C

∗ data available only from pediatric patients
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Table 8.7  Recommendations for treatment of focal atrial 
tachycardias

Clinical situation Recommendation Classification
Level of 
evidence

Acute treatment
 � ∗Conversion
 � �  Hemodynamically 

unstable
DC cardioversion I B

 � �  Hemodynamically 
stable

Adenosine IIa C
Betablockers IIa C
Verapamil, 
diltiazem

IIa C

Flecainide, 
propafenone

IIb C

Amiodarone IIb C
 � ∗Rate regulation Betablockers I C

Verapamil, 
diltiazem

I C

Long term treatment
 � �  Recurrent 

symptomatic AT
Catheter ablation I B
Betablockers IIa C
Ca++-channel 
blockers

IIa C

Flecainide∗ IIa C
Propafenone∗ IIa C
Amiodarone IIa C

 �   Any incessant AT Catheter ablation I B
 � �  Nonsustained and 

asymptomatic
No therapy I C
Catheter ablation III C

All drugs for acute treatment are to be given intravenously. Excluded 
are patients with multifocal atrial tachycardia in whom betablockers 
and sotalol are often contraindicated due to severe pulmonary dis-
ease. AT atrial tachycardia, DC direct current, ∗ should not be used 
unless they are combined with an AV-nodal blocking agent

A. Martínez-Rubio and G.-A. Dan



397

Figure 8.7 presents the algorithm for management of an 
episode of recent- onset AF.  Importantly, patients with 
Wolff–Parkinson–White syndrome (manifest atrioventricu-
lar accessory pathway) may present with very high ventricu-
lar rates (often >200 bpm) and a broad QRS complex with 
irregular RR-intervals. In this so-called ‘pre-excited AF’, fle-
cainide is a useful alternative to amiodarone for cardiover-
sion. In contrast, AVN-blocking agents (non- dihydropyridine 
CCBs, adenosine, and digoxin) should not be used in this 
situation, as it may lead to increased ventricular rates via 
uninhibited anterograde accessory pathway conduction. The 
long-term strategy for rhythm control strategy in AF patients 
is presented in Fig. 8.8 whereas Fig. 8.9 presents the recom-
mendations for rate control if this strategy is chosen.

RECENT ONSET AF

Present

Electrical
cardioversion

Hemodynamic stability?

Urgent elective

Coronary artery disease
Moderate HFrEF or

HFmrEF or HFpEF or LVH

Severe HFrEF
Significant aortic stenosis

Amiodarone i.v.

Without structural
heart disease

Flecainide i.v.
Propafenone i.v.
Vernakalant i.v.
Ibutilide i.v.

Pill in the pocket:
Flecainide
Propafenone

Vernakalant i.v.
Amiodarone i.v.

Absent

Figure 8.7  Management of recent-onset atrial fibrillation for 
rhythm restoration with electrical or pharmacological cardioversion. 
The figure indicates for each drug the level of evidence and recom-
mendation. Abbreviations: AF atrial fibrillation, HFmrEF heart 
failure with mid- range ejection fraction, HFpEF heart failure with 
preserved ejection fraction, HFrEF heart failure with reduced ejec-
tion fraction, LVH left ventricular hypertrophy
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First-line line treatment Second-line treatment Third-line treatment

Amiodarone

None or
hypertension or
HFpEF

Beta-blocker or
ND-CCB

Digoxin or
beta-blocker or
ND-CCB

 Consider:
• Three drugs
• Pacemaker
 implantation and
 AVN ablation

Digoxin or
amiodarone

Digoxin

Flecainide or
propafenone or
procainamide

ND-CCB

Ablation

Beta-blockerHFrEF

A
S

S
E

S
S
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M
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R
B

ID
IT

IE
S

C
LN

IC
A
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E
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S
S

E
S
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M

E
N

T

C
LN

IC
A

L 
R

E
A

S
S

E
S

S
M

E
N

T

Severe COPD
or asthma

Pre-excited
A/AFI

Figure 8.9  Recommendation for rate-control strategy. 
Abbreviations: AF/AFl atrial fibrillation/flutter, COPD chronic 
obstructive pulmonary disease, HFpEF heart failure with preserved 
ejection fraction, HFrEF heart failure with reduced ejection frac-
tion, LVH left ventricular hypertrophy, ND-CCB non-dihydropyri-
dine calcium channel antagonist

Long-term rhythm control strategy in atrial fibrillation

Coronary artery disease
Significant valvular disease or

LVH

Severe HFrEF
Significant aortic stenosis

Without significant
structural heart disease

Flecainide
Propafenone
Dronedarone

Sotalol

Catheter
ablation

Catheter
ablation

Catheter
ablation

Dronedarone
 Amiodarone

Sotalol
Amiodarone

Patient choice Patient choice Patient choice

Figure 8.8  Recommendation for long term rhythm-control strategy
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�Ventricular Tachyarrhythmias

Ventricular tachyarrhythmias are abnormal rhythms that 
originate from below the AV node which include premature 
ventricular complexes (PVC), ventricular tachycardia (VT), 
and ventricular fibrillation (VF). VT may be monomorphic 
or polymorphic. In addition, VT is classified as non-sustained 
or sustained (if lasts >30 s and/or causes hemodynamic insta-
bility (intolerance) and needs urgent termination because it 
is life-threatening). VF occurs from disorganized (chaotic) 
electrical activity irregular resulting in uncoordinated ven-
tricular contractions which are ineffective for blood pump-
ing. These arrhythmias may occur in patients with structural 
heart disease (e.g. ischaemic heart disease, cardiomyopathies 
like dilated, hypertrophic or arrhythmogenic right ventricu-
lar cardiomyopathy, etc.) or in patients with structurally 
normal hearts (genetic arrhythmia syndromes like long QT 
syndrome, Brugada syndrome, catecholaminergic polymor-
phic ventricular tachycardia (CPVT), or as idiopathic VTs). 
Symptoms depend on the haemodynamic effects of the 
arrhythmia and they range from asymptomatic to cardiac 
arrest.

�Management of Cardiac Arrest

Cardiac arrest refers to an abrupt loss of cardiac output 
caused by ventricular arrhythmias (VT or VF), pulseless elec-
trical activity (PEA), or asystole. The cardiac arrest algorithm 
(Fig.  8.10) is based on the 2015 European Resuscitation 
Council guidelines [3]. Cardiac arrest due to VT or VF 
requires urgent cardioversion or defibrillation.

Antiarrhythmic drug therapy is recommended in patients 
with cardiac arrest and recurrent shock refractory ventricular 
arrhythmias (VT/VF). Amiodarone is generally recommended 
as first line for shock refractory VT/VF. Lidocaine may be used 
as an alternative, particularly in patients with evidence of under-
lying coronary ischaemia. Recommendations for antiarrhythmic 
drug therapy are summarized in Table 8.8. For management of 
acute ventricular arrhythmias intravenous preparations (IV) of 
antiarrhythmic drugs are generally preferred.
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�Acute Management of Ventricular Tachycardia

Any life-threatening ventricular tachyarrhythmia needs 
immediate termination with cardioversion/defibrillation 
(Fig.  8.11). Furthermore, the options for management of 
hemodynamically stable VT include electrical cardioversion 
with synchronized shock and antiarrhythmic drug therapy 
(Fig. 8.11 and Table 8.8). It is reasonable to perform electrical 
cardioversion at any stage in the management of stable VT.

Advanced Life Support

unresponsive and not
breathing normally?

CPR 30:2
Attach defibrillator/monitor

Minimise interruptions
Focus on good quality CPR

Call Resuscitation Team

Assess rhythm

Shockable
 (VF/Pulseless VT)

Give 1 Shock
Minimise
interruptions

Immediately resume
CPR for 2 min
Minimise interruptions

Immediately resume
CPR for 2 min
Minimise interruptions

DURING CPR
• Ensure high quality chest ompressions
• Minimise interruptions to
   compressions
• Give oxygen
• Use waveform capnography
• Continuous chest compressions when
   advanced airway inplace
• Obtain vascular access (intravenous or
   intraosseous)
• Consider vasopressors and
   antiarrhythmics
• Correct reversible causes

TREAT REVERSIBLE CAUSES
Hypoxia
Hypovolaemia
Hypo-/hyperkalaemia/metabolic
Hypothermia/hyperthermia

CONSIDER
• Ultrasound imaging
• Mechanical chest compressions to
   facilitate transfer/tratment
• Coronary angiography and
   percutaneous coronary intervention
• Extracorporeal CPR

IMMEDIATE POST
CARDIAC ARREST
TREATMENT
• Use ABCEE approach
• Aim for SaO2 of 94-98%
• Aim for normal PaCO2

• I2 Lead ECG
• Treat precipitating cause
• Targeted temperature
   management

Thrombosis — coronary or pulmonary
Tension pneumothorax
Tamponade — cardiac
Toxins

Return of
spontaneous

circulation

Non-shockable
(PEA/Asystole)

Figure 8.10  Algorithm for management of cardiac arrest (based on 
the 2015 European Resuscitation Council guidelines)
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Sustained VT

Hemodynamically estable

Unstable
Direct current Cardioversion

(ACLS if necessary)

12-lead ECG

Monomorphic VT

elective

Procainamide,
Flecainide,
Amiodarone.
If left fascicular VT:
i.v. Verapamil or betablocker

Correct electrolytes
Treat ischemia
Betablockers
Amiodarone, lidocaine

Correct electrolytes
Consider temporary pacing
Magnesium,
Isoprenaline,
Lidocaine

Polymorphic VT

Amiodarone, lidocaine or proceed to electrical cardioversion

Normal ventricular function Depressed ventricular function
or suspected ischaemia

Prolonged baseline QTNormal baseline QT

Cardiac function compromised

Figure 8.11  Treament algorithm guide for the acute management of 
sustained ventricular tachycardia

For patients with haemodynamically stable sustained 
monomorphic VT, the options for antiarrhythmic drug ther-
apy include procainamide and flecainide in absence of severe 
heart failure or acute myocardial infarction. Amiodarone is 
generally considered first line in patients with sustained 
monomorphic VT with poor ejection fraction as well as for 
patients with recurrent shock refractory monomorphic VT 
(with or without pulse). Lidocaine is an alternative, particu-
larly in patients with underlying coronary ischaemia.

In patients with idiopathic left ventricular fascicular VT 
(right bundle branch block morphology with left axis devia-
tion) first-line antiarrhythmic therapy includes iv. verapamil 
or beta-blockers. IV flecainide or amiodarone is alternative 
in patients with idiopathic VTs.

Temporary cardiac pacing and/or sedation/anesthesia may 
be considered in certain circumstances for suppression of 
recurrent VT.
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Polymorphic VT with normal basal QT interval is com-
monly caused by acute coronary ischaemia. IV B-blockers 
are particularly useful in this setting. Urgent coronary angi-
ography and revascularization should be considered if isch-
aemia is the suspected cause of the arrhythmia, and if it 
causes instability urgent cardioversion with high-energy 
shock is mandatory. In situations with recurrent polymorphic 
VT, the options for antiarrhythmic drug therapy include IV 
betablockers, amiodarone and lidocaine. CPVT which is a 
genetic arrhythmia syndrome usually responds well to 
B-blockade.

Torsades de pointes is a type of polymorphic VT in patients 
with LQTS characterized by waxing and waning QRS ampli-
tude, often with twisting image of the QRS and a long-short 
initiating sequence with long coupling interval to the first VT 
beat and may present with non-sustained forms. General mea-
sures include withdrawal of QT-prolonging drugs and correc-
tion of electrolyte abnormalities. Serum potassium should be 
maintained between 4.5 and 5 mEq/L. IV magnesium sulphate 
may be effective for acute suppression of torsades de pointes 
(even when serum magnesium is normal). If torsades de 
pointes are triggered by bradycardia, temporary pacing is rec-
ommended. IV B-blockers may be used in combination with 
temporary pacing. In patients with drug-induced torsades de 
pointes, if temporary pacing is not available, IV isoprenaline 
may be used as an alternative.

�Management of Ventricular Arrhythmias 
in the Chronic Setting

The longer-term treatment goals for patients with ventricular 
arrhythmias are prevention of sudden cardiac death and sup-
pression of symptomatic ventricular arrhythmias. Treatment 
options include implantation of a cardiac defibrillator (ICD), 
pharmacological therapy, and radiofrequency ablation. 
Implantation of an ICD is the main strategy for primary and 
secondary prevention of sudden cardiac death. Indications 
for ICD include:

A. Martínez-Rubio and G.-A. Dan
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•	 aborted cardiac arrest secondary to VF or VT with no 
identifiable cause

•	 spontaneous sustained VT in patients with structural heart 
disease

•	 ischaemic heart disease with impaired LV function (ejec-
tion fraction ≤35%), NYHA class Il or Ill HF on optimal 
medical therapy

•	 dilated cardiomyopathy (non-ischaemic) with severe LV 
dysfunction (ejection fraction ≤35%) and NYHA class Il 
or lII HF on optimal medical therapy ≥3 months of treat-
ment with optimal pharmacological therapy,

•	 inherited conditions associated with life-threatening ven-
tricular arrhythmias (e.g. LQTS, Brugada syndrome, etc.).

Cardiac resynchronization therapy (CRT), which might 
improve left ventricular function, is recommended to reduce 
all-cause mortality in patients with an LVEF ≤35%, left 
bundle branch block (LBBB) and QRS duration >120  ms, 
NYHA class lII or ambulatory IV HF, ≥3  months of treat-
ment with optimal pharmacological therapy who are expected 
to survive at least 1 year with good functional status.

CRT should also be considered to reduce all-cause mortal-
ity in patients with an LVEF ≤35%, non-LBBB and QRS 
duration of 120–150 ms (recommendation IIb with evidence 
B) and with a QRS duration >150 ms (recommendation IIa 
with level of evidence B), NYHA class lII or ambulatory IV 
HF, ≥3  months of treatment with optimal pharmacological 
therapy who are expected to survive at least 1 year with good 
functional status.

Chronic antiarrhythmic drug therapy is aimed mainly at sup-
pression of ventricular arrhythmias in order to reduce the symp-
tom burden. This is because apart from B-blockers, antiarrhythmic 
drugs have not been demonstrated to reduce the incidence of 
sudden cardiac death [8, 9]. Antiarrhythmic drugs can be used in 
isolation or in combination with ICD therapy, or even with cath-
eter ablation in selected cases (e.g. drug resistance or intolerance 
to drugs). In patients with ICDs, antiarrhythmic drug therapy 
may reduce the number of shocks and anti-tachycardia pacing 
episodes delivered by the device.
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�Bradyarrhythmias

Bradycardia is defined as a low (<60 bpm) heart rate caused 
by sinus bradycardia or due to AV conduction block.

Sinus bradycardia may be physiological (i.e. in trained ath-
letes or at night) or pathological due to intrinsic (sinus node 
dysfunction) or extrinsic causes (e.g. drugs, metabolic 
disorders).

Bradycardia due to AV conduction block can be classified 
into first-degree, second-degree, or third-degree heart block, 
according to the part of the conduction system affected and 
the appearance on the surface ECG as follows:

	1.	 first-degree heart block: the majority of cases are due to 
conduction delay at the level of the AV node reflected by a 
prolonged PR interval (PR interval > 200 ms) in the ECG.

	2.	 second-degree heart block there are two types:

	(a)	 Mobitz I (or Wenckebach): majority of cases are due 
to conduction delay at the level of the AV node. The 
ECG shows progressive prolongation of the PR inter-
val followed by failure to conduct a beat.

	(b)	 Mobitz II: majority of cases are due to dysfunction of 
the conduction system distal to the AV node (His–
Purkinje system). The ECG shows a constant PR inter-
val with intermittent failure to conduct beats and 
might progress to third-degree AV block.

	3.	 third-degree heart block: Majority of cases are due to 
dysfunction of the conduction system distal to the AV 
node (His–Purkinje system). The ECG shows a com-
plete AV dissociation and an escape rhythm is generated 
from an accessory pacemaker distal to the AV node. 
Those patients are at risk of developing haemodynamic 
compromise due to severe bradycardia or asystolic car-
diac arrest.

First-degree and Mobitz I (Wenckebach) heart block 
are generally considered to be benign conditions and may 
be physiological (e.g. in patients with high vagal tone) or 
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pathological. Mobitz II second-degree AV block and third-
degree AV block are almost always pathological.

The role of pharmacological agents is restricted to man-
agement of acute bradycardia since chronic bradycardia 
must be treated with permanent pacing (e.g. with pacemak-
ers). The acute management depends on the underlying 
cause, the severity of the bradycardia and the haemody-
namic consequence. Correction of reversible underlying 
causes and, if appropriate, the use of drugs to increase heart 
rate or temporary cardiac pacing are necessary. In addition 
to the drugs listed in Table 8.9, drugs such as isoprenaline 
and glycopyrronium bromide may be used in certain cir-
cumstances for management of acute bradycardias. 
Intravenous isoprenaline has been used as a second-line 
agent for management of acute symptomatic bradycardia; 
however, it has fallen out of favour due to adverse side 
effects such as hypotension and arrhythmias. Glycopyrronium 
bromide is commonly used during anaesthesia to block 
vagal inhibitory reflexes.

In the majority of patients with drug-induced bradycardia, 
the only treatment required is withdrawal of the causing drug. 
However, in cases of bradycardias due to toxic levels of rate-
slowing drugs, in addition to the drugs listed in Table  8.9, 
specific antidotes may be used in certain circumstances (e.g. 
sever bradycardia with evidence of end-organ hypoperfu-
sion) (Table 8.10).

�Individualization of Recommendations 
for Therapy of Arrhythmias Based 
on Patient’s Characteristics

Any therapy in any patient must consider the clinical charac-
teristics of the patient as well as the tolerance and short and 
long-term risk conferred by the arrhythmia. The final deci-
sion is based on a favorable balance to an intervention con-
sidering pros and cons of any decision. Some important 
aspects for individualization of treatment are mentioned.
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Table 8.9  Drugs to increase heart rate
Drug Indications Comments
Atropine First-line drug 

for treatment 
of acute 
symptomatic 
bradycardia  
(level of  
evidence IIa)

Initial dose 0.5 mg IV (repeat to a 
maximum dose of 3 mg)
More useful in patients with:
�• sinus bradycardia
�• �Mobitz I second-degree heart 

block
�• �third-degree heart block with 

high Purkinje or AV nodal 
escape rhythm

Ineffective or less effective in 
patients with:
�• sick sinus syndrome
�• �Mobitz II second-degree heart 

block
�• �third-degree heart block with low 

Purkinje or ventricular escape 
rhythm

Use with caution in patients with 
coronary ischaemia:
�• �can precipitate ventricular 

arrhythmias
�• �in ischaemia-induced conduction 

block atropine may increase 
oxygen demand of AV node and 
worsen block

�• �increase in heart rate may worsen 
ischaemia or increase the zone of 
infarction

Adrenaline Second-line 
agent—May 
be used for 
persistent severe 
bradycardia 
if atropine or 
temporary pacing 
fails (level of 
evidence IIb)

Can be used as a temporary 
measure until definitive pacing 
is instituted or if pacing is not 
available
Particularly useful if hypotension 
is an issue (due to vasoconstricting 
effect)
Infusion 2–10 mcg/min (titrate 
against response)
Use with caution in patients 
with coronary ischaemia—Can 
exacerbate ischaemia
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Table 8.10  Specific treatment options for bradycardias to drug 
toxicity
Drug causing 
bradycardia Treatment Comments
B-blocker Glucagon 1st-line antidote

Inotropic effect not 
mediated by B-receptors; 
2–10 mg bolus followed by 
2–5 mg/h infusion

Inotropes: 
Adrenaline, 
dobutamine, 
isoprenaline

Competitive B-receptor 
agonists
High doses often required 
to overcome the effect of 
B-blockade

Phosphodiesterase 
inhibitors:
Amrinone, 
milrinone

Inotropic; however, causes 
peripheral vasodilatation 
which exacerbates 
hypotension—Therefore 
not commonly used
Can be used in 
combination with 
vasoconstricting inotropes

High-dose insulin Evidence restricted to 
case reports
Infusion in combination 
with dextrose—Monitor 
glucose and potassium

Drug Indications Comments

Dopamine Second-line 
agent—May 
be used for 
persistent severe 
bradycardia 
if atropine or 
temporary  
pacing fails (level 
of evidence IIb

Can be used as temporary measure 
until definitive pacing instituted or 
if pacing is not available
Infusion 5–20 mcg/kg/min (titrate 
against response)
Can be administered alone or 
added to adrenaline
Use with caution in patients 
with coronary ischaemia—Can 
exacerbate ischaemia

Table 8.9  (continued)
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Drug causing 
bradycardia Treatment Comments

CCBs IV calcium 1st-line antidote
Partially overcomes 
calcium blockade
Calcium chloride or 
calcium gluconate can 
be given as boluses or 
infusion—Monitor levels

Glucagon Can be used as bolus or 
infusion: 2–10 mg bolus 
followed by 2–5 mg/h 
infusion

High-dose insulin As with B-blocker, toxicity 
evidence restricted to case 
reports

Digoxin Digoxin-specific 
antibodies 
(digibind)

First-line antidote
Digoxin-specific 
antibodies (fab fragments)
Also indicated for 
haemodynamically 
unstable arrhythmias 
induced by digoxin 
toxicity

Table 8.10  (continued)

�Age

Practically all types of arrhythmias may occur at any age. 
However, age critically modulates the probability of different 
arrhythmic mechanism. Young person with palpitations rarely 
will suffer of atrial fibrillation which is clearly related to age and 
to the presence of structural heart disease (often occurs if long-
standing significant valvular heart disease or heart failure are 
present). Excluding well-trained athletes, clinically significant 
bradyarrhythmias are rare in the young. However, young per-
sons without structural heart disease may suffer not only from 
supraventricular tachyarrhythmias (the most prevalent in the 
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youth) but also (rarely) from ventricular arrhythmias (e.g. in 
presence of genetic disorders). In addition, it must be also con-
sidered that physiologic changes cause by advanced age may 
critically influence the pharmacokinetic of drugs altering their 
absorption, distribution, metabolism or excretion. Therefore, it 
affects plasmatic levels and their effects (even to toxicity) or 
interactions with other concomitant drugs.

�Gender

Some genetic disorders are gender related and also female 
gender is more prone to torsade de pointes with some drugs 
(e.g. Class I and III antiarrhythmic drugs). However, in sev-
eral situations (e.g. after myocardial infarction) both gender 
may similarly benefit from diagnostic and therapeutic meas-
ures if they are evaluated and treated at same evolutive 
stages of their pathology [11].

�Underlying Heart Disease

Patients suffering of any type of structural heart disease (con-
genital, valvular, or significant myopathies of any cause) pres-
ent high risk of arrhythmias (especially ventricular arrhythmias) 
and of proarrhythmia with drugs (e.g. class IC or class III 
antiarrhythmic drugs other than amiodarone). Furthermore, 
actually, only amiodarone is accepted for patients with heart 
failure who present clinically significant arrhythmias that 
which cannot be properly managed with betablockers with/
without an implantable cardioverter-defibrillator (ICD) (e.g. 
sustained monomorphic ventricular tachycardia). For the 
broad majority of patients with structural heart disease, if the 
patient presents sustained ventricular arrhythmias the most 
effective treatment for prevention of sudden cardiac death is 
the ICD [2, 5, 6]. For decreasing the episodes of ventricular 
arrhythmias, antiarrhythmic class III drugs may be used and 
catheter ablation might be considered/useful in patients often 
suffering recurrences or arrhythmic storm.
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Some patients might present bradycardia (e.g. sinus node 
dysfunction) or conduction disturbances and concomitantly 
intermittent tachyarrhythmias (transient or sustained). Thus, 
both situations (if clinically relevant) might deserve therapy 
which typically consist in drugs, ablation or ICD implantation 
for tachycardia treatment, as well as pacemaker implantation 
for avoidance of clinically relevant bradycardia (if an ICD 
has not been used as antitachycardia method). However, if 
patients present non-severe (or tendency to) bradyarrhyth-
mias, these might be aggravated by antitachycardia drug 
treatment. Thus, when negative chronotropic drugs are used 
(e.g. the broad majority of antiarrhythmic drugs), preexisting 
ECG conditions must be reevaluated (e.g. sinus or AV node 
function) and treated if necessary.

Unfrequent ventricular ectopic beats usually do not 
require specific treatment. However, if they cause symptoms 
betablockers or non-dihydropyridinic calcium-channel block-
ers (verapamil/diltiazem) in patients with preserved left ven-
tricular function might be useful.

It is known that a high burden of isolated ventricular beats 
might induce non-previously existing ventricular dysfunction. 
For its prevention/treatment, betablockers as well as antiar-
rhythmic drugs (class IC: flecainide and propafenone; class 
IA: disopyramide) might be used in absence of structural 
heart disease but ablation is usually more effective and 
should be considered if the patient suffers invalidating symp-
toms or a decrease in heart pump function. A similar 
approach is to be undertaken in presence of recurrent non-
sustained ventricular tachycardia, but in this case also amio-
darone might be considered if ablation is not possible or 
unsuccessful.

�Other Underlying Conditions

The kidney function critically regulates the pharmacokinetic 
of several drugs and electrolytes. Therefore, alterations in their 
levels with toxicity may easily develop causing proarrhythmia 
with even lethal brady- or tachyarrhythmias. Thus, renal func-
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tion (glomerular filtration rate) should be regularly assessed 
in all patients treated with drugs (especially with antiarrhyth-
mic drugs) and dosages properly adapted to it [12].

Similarly, hepatic function may alter the metabolism of 
some drugs. In addition, several prodrugs are metabolized in 
the liver to active metabolites. Thus, if liver present dysfunc-
tion is expectable to suffer also changes in drug effects.

Pregnancy modifies the mother metabolism and has been 
traditionally poorly studied with drugs because the terato-
genic potential for mother and fetus. Therefore, drugs will be 
restrictively used when the benefit clearly outweighs the 
potential harm and always in lowest effective doses. In con-
trast, vagal manoeuvres should be the first line therapy for 
supraventricular arrhythmias. If they are unsuccessful for 
sinus rhythm conversion, then adenosine and if it fails then 
metoprolol may be used (in absence of preexcited tachycar-
dia). If the mother has long QT syndrome, betablockers can 
be used and as a second choice sotalol or flecainide can be 
considered [13]. During pregnancy, as in every arrhythmia 
causing hemodynamic compromise, also emergent electrical 
cardioversion should be used. If sustained well tolerated ven-
tricular tachycardia occurs termination with pacing or with 
lidocaine (intravenous) can be used, and if it fails then pro-
cainamide or quinidine can be also considered. Amiodarone 
should not be used during pregnancy because of relevant 
fetal side-effects and either propafenone because it has been 
poorly studied in pregnant period. When drugs fail, catheter 
ablation with minimal (or without) fluoroscopy can be 
considered.

During the post-operative period of cardiac and non-cardiac 
surgery often atrial fibrillation occurs. If it is well tolerated, rate 
control may be sufficient, especially considering that very often 
it will be self-limiting. In this context, betablockers are helpful 
for reducing the hyperadrenergic state whereas digoxin is an 
alternative but usually less effective. The combination of digoxin 
with betablockers or with non-dihydropyridine calcium channel 
blockers is possible. If atrial fibrillation is poorly tolerated, elec-
trical cardioversion should be used (like in every critical situa-
tion). For elective conversion into sinus rhythm amiodarone can 
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be used in the broad majority of clinical situations. Alternatively, 
vernakalant is an alternative to amiodarone in absence of con-
traindications (e.g. severe hypotension, severe systolic left ven-
tricular dysfunction or acute coronary syndrome).

The pre-surgical (>24  h) administration of betablockers, 
sotalol, amiodarone or magnesium sulfate reduces the inci-
dence of post-operative atrial fibrillation but the decision 
should be individualized (e.g. it should be avoided in patients 
prone to bradyarrhythmias).

If poorly tolerated VT or VF occurs then electrical cardio-
version/defibrillation should be immediately done. For pre-
vention of recurrences amiodarone, lidocaine and mexiletine 
can be used. If presence of non-sustained ventricular tachy-
cardia or with ventricular premature beats, a conservative 
approach with betablockers and proper electrolyte balance is 
sufficient in the majority of cases. In addition, antiarrhythmic 
drugs should be avoided if clinically possible.

�Monitoring Drug Effects

Several drugs may facilitate the development of transient 
arrhythmogenic substrates or substantially modify the proper-
ties of chronic substrates facilitating the development of diverse 
arrhythmias. It is necessary to evaluate the rhythm of patient, the 
intervals (PR, QRS, QTc) and spatial or temporal dispersion of 
repolarization as well as comorbidities, concomitant drugs and 
possible side-effects. A pharmacokinetic evaluation of antiar-
rhythmic drugs is meaningful after initiation or dose adjust-
ments, if clinically failures, if non-compliance or toxicity is 
suspected, after clinically relevant changes (e.g. new kidney 
failure) or changes in concomitant potentially interacting drugs.

�Proarrhythmia: Prevention and Monitoring

Proarrhythmia occurs when new or aggravated arrhythmia 
develops during drug therapy at clinically usually non-toxic 
concentration levels. This phenomenon is related to the inter-
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action of drugs with ion-currents that contribute to the action 
potential of the cardiac cells (at any level). Since there are 
differences in ionic current contributions between atrial and 
ventricular action potentials, selective approaches have been 
proposed for avoidance of proarrhythmia, especially at ven-
tricular level [14].

With the exception of betablockers, antiarrhythmic drugs 
have not demonstrated to prevent life-threatening ventricular 
arrhythmias and sudden cardiac death [5, 6, 8, 9]. Controversial 
results have been presented with amiodarone. However, sev-
eral antiarrhythmic drugs might cause proarrhythmia [15, 16]. 
Flecainide, propafenone and quinidine are contraindicated 
because they increase mortality in patients with previous myo-
cardial infarction. Mexiletine and disopyramide should also be 
avoided in postmyocardial infarction patients. Dofetilide may 
provoke TdP in patients with severe heart failure. Amiodarone 
may also cause TdP although is a very rare effect. Digitalis may 
cause diverse arrhythmias (e.g. enhanced atrial and ventricular 
automacity (including sustained ventricular arrhythmias), 
AV-block). In addition, several drugs (e.g. verapamil, diltiazem, 
betablockers and digoxin) cause bradycardia and this situation 
may predispose to severe ventricular arrhythmias in some situ-
ations (e.g. hypokalemia) [6, 8, 9, 17].

Therefore, antiarrhythmic drugs should only be used after 
balancing the risk versus benefits of the treatment. Thus, 
appropriate use of the drugs for treatment of the appropriate 
patients is the more effective preventive measure for avoid-
ing proarrhythmia.

Before deciding to use antiarrhythmic drugs in an individual 
patient the characteristics of the patient (e.g. evaluation of the 
drug-substrate interaction), the concomitant treatments of the 
patient (e.g. evaluation of possible drug-to-drug interactions) 
and the presence of possible proarrhythmia facilitating factors 
should be carefully evaluated (Table  8.11). Since polyphar-
macy is very often necessary, drug-drug interactions and their 
pharmacological consequences (especially QT interval modifi-
cation) might become crucial. Therefore, careful ECG evalua-
tion previous to and after the administration of the drug is 
mandatory [17]. Although acquired long QT syndrome and the 
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resulting potentially lethal polymorphic ventricular tachycar-
dia in form of torsade de pointes (TdP) is the most important 
drug-induced proarrhythmia, other forms as bradycardia might 
occur. Therefore, all ECG curves, morphologies and intervals 
must be evaluated before using antiarrhythmic drugs and 
reevaluated after drug administration for evaluation of electri-
cal tolerability. A full list of drugs implicated in acquired long 
QT syndrome and TdP may be accessed via internet (www.
torsades.org; www.qtdrugs.org; www.longqt.org; www.sads.org).

A drug-induced or facilitated arrhythmia should be sus-
pected in patients treated with drugs that induce electrolyte 
abnormalities or modify the electrical properties of the heart 
(e.g. prolonging the QT interval) and after exclusion or inher-
ited or acquired arrhythmogenic substrates.

Always that is suspected or confirmed that a drug 
induces pro-arrhythmia, the administration of this drug 
should be interrupted. The rhythm must be monitored and 
electrolytes must be maintained in normal ranges. In addi-
tion, despite a possible correctable cause for serious ven-
tricular arrhythmias (e.g. ventricular tachycardia or 
fibrillation), the implantation of a cardioverter-defibrillator 
should be considered based on the individual characteris-
tics of the patient and the future risk of life-threatening 
ventricular tachyarrhythmias [5, 6, 8, 9].

Importantly, in patients suffering torsade de pointes (TdP) 
(e.g. those patients with proarrhythmia after action potential 
prolonging drugs like antiarrhythmic class I or class III drugs) 
intravenous magnesium should be administered since often 
suppresses the arrhythmia, even when serum magnesium is 
normal (Fig.  8.11). In addition, temporary pacing is very 
effective to stop TdP clusters. Isoproterenol can also be used 
to increase the heart rate and shorten ventricular action 
potential duration, to eliminate depolarizations and 
TdP. Obviously, all correctable cause should be treated (e.g. 
correction of electrolyte disturbances). Prolonged ECG-
monitoring till the proarrhythmic drug/situation has been 
eliminated is obviously mandatory.
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Table 8.11  Mechanisms promoting proarrhythmia
Drug-substrate interaction associated with proarrhythmia

• �Left ventricular hypertrophy: Sotalol, flecainide and 
propafenone

• �Myocardial infarction: Sodium channel blocking agents 
(antiarrhythmic drugs but also tricyclic antidepressants)

• Structural heart disease: Sodium channel blockers

• Heart failure: Dronedarone, dofetilide

Drug-drug interaction

• �Inhibitors of potassium channels (e.g. some antibiotics 
(quinolones, azithromycin, erythromycin, clarithromycin); 
inhibitors of renin-angiotensin system combined with 
antibiotics (e.g. cotrimoxazole) and hyperkalemia

• Inhibitors of sodium-channels (e.g. tricyclic antidepressants)

• Cardiotoxics drugs (e.g. anthracycline)

• Toad venom

• Herbal products (e.g. foxglove tea)

Factors facilitating pro-arrhythmia

• Hypokalemia

• Rapid rise in extracellular potassium

• Hypomagnesaemia

• Bradycardia

• Pacing

• Myocardial ischemia

• Congestive heart failure

• Left ventricular hypertrophy

• Digitalis therapy

• Rapid intravenous administration of drugs

• Adquired or congenital QT prolongation

• Certain DNA polymorphisms
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If mild digitalis toxicity occurs, K+ supplement and 
clinical observation might be considered whereas in severe 
intoxications of digitalis, specific antibodies are helpful. 
Those patients suffering sodium channel block-related 
proarrhythmia might response to i.v. sodium or sodium 
bicarbonate, or beta-blockers or other AVN-blocking 
agents.

�Summary

There are several different arrhythmias, based on diverse 
mechanisms. The best treatment option for each individual 
should be evaluated and decided on individual basis which is 
determined by the substrate (acute or chronic) and the pres-
ence of triggers (e.g. extrasistoles) and the modulators (e.g. 
acute ischemia). Drug therapy (isolated or added to other 
therapies (e.g. implanted devides)) might be very useful in 
acute or chronic settings but the potential of proarrhythmia 
must be considered and decisions must be based in a careful 
balance of potential risks and benefits.
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