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    Abstract 
 Cardiac arrhythmias can be classi fi ed into brady- and tachyarrhythmias. 
Bradyarrhythmias are related to sinus node dysfunction, higher degree AV 
block, or a combination of these. If reversible causes are ruled out (i.e., myo-
cardial ischemia, concomitant drugs), symptomatic bradyarrhythmias often 
require implantation of a pacemaker. Tachyarrhythmias are divided into 
supraventricular (SVT) and ventricular tachycardias (VT). Regular paroxys-
mal SVTs are mostly related to congenital malformations of the specialized 
conduction system (accessory or dual pathways) and often can be causally 
treated by ablation therapy. The most common irregular SVT in clinical prac-
tice is atrial  fi brillation (AF), which is observed in about 10 % of the elderly 
population. AF may be highly symptomatic (palpitation, heart failure due to 
reduced cardiac output) but especially in elderly patients with comorbidities 
also occurs unnoticed. In patients with AF, the risk for systemic thrombo-
embolism (e.g., stroke) is increased and anticoagulation is mostly warranted. 
VTs carry an increased risk of hemodynamic compromise and sudden car-
diac death. Immediate medical or electrical cardioversion to sinus rhythm is 
often the therapy of choice and implantation of a cardioverter de fi brillator is 
indicated for high-risk patients. Pathophysiologically, tachyarrhythmias are 
based on (1) increased automaticity, (2) triggered activity, and/or (3) electrical 
reentry. Cardiac remodeling is an important predisposing factor for acquired 
arrhythmias. Cardiomyopathies are often characterized by increased apopto-
sis, necrosis, and  fi brous (scar) tissue in fi ltration, leading to conduction abnor-
malities and providing a substrate for reentry as the most common mechanism 
of acquired arrhythmias. Myocardial heterogeneity in cardiac repolarization 
is typical for congenital arrhythmias related to genetic ion channel defects 
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(e.g., long QT syndrome) but is also observed in cardiac remodeling. Ectopic 
(premature) beats do occur in healthy hearts but are more common in dis-
eased hearts where they can trigger sustained arrhythmias based on the patho-
logical myocardial substrate. Cytosolic Ca 2+  and Na +  overload as it occurs 
in cardiomyocytes during ischemia and in heart failure can be aggravated 
by neurohumoral/sympathetic activation and promotes triggered premature 
beats (afterdepolarizations). Current antiarrhythmic therapy is mainly aimed 
to reduce sympathetic activation (beta- blockers), Na +  or Ca 2+  in fl ux (class 
I and IV antiarrhythmics), or prolonged repolarization (class III), with the 
most potent antiarrhythmics acting as multichannel blockers. New therapeu-
tic approaches comprise drugs with (atrial) tissue selectivity and new targets 
(Ca 2+  stabilizers, upstream therapy).  
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4.1         Cardiac Rhythm 

 In the heart, electrical activation of the cardiac myocytes triggers contraction in a 
calcium-dependent process termed excitation contraction coupling. As established 
by Henry Pickering Bowditch in 1871, cardiac (unlike skeletal) muscle follows the 
all-or-nothing principle, indicating that local electrical activation will induce con-
traction of the whole heart. In the healthy heart, activity of the sinus node deter-
mines the rate of electrical activation and thus contraction of the heart. Importantly, 
electrical activation of the heart goes beyond rhythmic impulse generation, as 
timely electrical activation of the atria and synchronous activation of the ventricles 
determine the ef fi cacy of the heart as a pump and depend on the sequential activa-
tion of fast and slow conduction in myocardial tissue. Organized electrical activa-
tion is observed in the embryonic stage long before the heart has differentiated into 
its  fi nal shape emphasizing the role of differential electrical conduction system in 
the heart’s development and function (Van Mierop  1967    ). However, in cardiac 
remodeling, altered electrical conduction in the diseased ventricle is the most com-
mon cause for regional short circuits (reentry tachycardias, see Sect.  4.6.3 ) that 
dominate heart rate. 

 Cardiac arrhythmias represent a transient or persistent disturbance in cardiac 
rhythm. Initiation of arrhythmias is often the result of an individual predisposition 
and an acute triggering event (Fig.  4.1 ).
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4.2        Regular Heart Rate 

 Physiologically, cardiac rhythm originates from specialized cardiac cells located in 
the sinus node (primary pacemaker). As opposed to the vast majority of cardiac 
myocytes (“working myocardium”), these pacemaker cells are able to spontane-
ously generate action potentials. The pacemaking mechanism involves the interplay 
of several sarcolemmal ion channels (including the selectively expressed pacemak-
ing “funny” current,  I  f ) as well as intracellular Ca 2+  cycling (“Ca 2+  clock,” Lakatta 
et al.  2010 ), resulting in a slow depolarization during the resting phase (phase 4) of 
the action potential (Fig.  4.2 ).

   Heart rate during sinus rhythm is in the range of 60–100/min at rest and is 
modulated by the sympathetic and parasympathetic nervous system. In trained 
individuals, sinus rhythm with lower heart rates at rest (between 40 and 60/min) 
may be physiologic. In case of inability of a diseased sinus node to generate an 
electrical pulse (as in sick sinus syndrome), cells from the specialized electrical 
conduction system of the heart, i.e., the atrioventricular junctional cells (second-
ary pacemaker) or His-Purkinje system (tertiary pacemaker), and even working 
myocardium can trigger heartbeats, albeit at successively lower rates (escape 
rhythms). 

 Heart rate is modulated by the autonomic nervous system, with vagal in fl uence 
dominating at rest. Increased heart rate at rest (>80–85/min) is associated with 
increased morbidity and mortality in population-based trials and represents an inde-
pendent risk factor in patients with arterial hypertension, ischemic cardiac remodel-
ing, and also pulmonary disease. Experimentally, increased resting heart rate 
induces maladaptive myocardial as well as vascular remodeling (Custodis et al. 
 2010 ). Lowering resting heart rate to values below 70/min, either by beta- 
adrenoceptor antagonists or by selective blockade of the  I  f  current (ivabradine), 
reduces morbidity and mortality and has evolved to an established therapeutic strat-
egy in patients with heart failure and ischemic cardiomyopathy. 
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 Heart rate variability (HRV), i.e., the circadian variability in the beat-to-beat 
interval, re fl ects the autonomous control of the heart. In cardiac remodeling and 
heart failure, a reduction in HRV is associated with increased mortality and an 
increased incidence of arrhythmias, even though the predictive value of HRV in 
primary prevention of arrhythmogenic events in clinical practice is limited by the 
strong in fl uence of confounding comorbidities.  

4.3     Classi fi cation of Arrhythmias 

 The classi fi cation of arrhythmias in clinical practice is oriented towards the rapid 
assessment of the associated risk of cardiac arrest and identi fi cation of immediate 
treatment strategies to restore compromised cardiac output. Arrhythmias are divided 
by rate into bradyarrhythmias (<60/min) or tachyarrhythmias (>100/min), accord-
ing to the resulting ventricular heart rate. Cardiac arrest de fi nes a state of mechani-
cal inactivity similarly observed during asystole (no ventricular electrical activity) 
or ventricular  fi brillation (chaotic electrical activity). 

 Arrhythmias are further classi fi ed according to their origin: Supraventricular 
arrhythmias involve ventricular activation via the specialized conduction system 
of the heart, are usually better tolerated by the patient, and carry a low risk of car-
diac arrest. Supraventricular arrhythmias are generally more common than ven-
tricular arrhythmias. Ventricular arrhythmias on the other hand often occur in 
patients with underlying structural heart disease and imply an abnormal ventricu-
lar activation pattern further compromising cardiac function. The risk of sudden 
cardiac death in ventricular arrhythmias is increased. Arrhythmia duration ranges 
from single irregular (“premature”) atrial (PAC) or ventricular (PVC) contractions 
to sustained (>30 s) and incessant/persistent arrhythmias. Arrhythmias can com-
promise cardiac output as a result of a reduced heart rate (bradyarrhythmias), 
reduced stroke volume (tachyarrhythmias), and/or a less ef fi cient contraction 
sequence (ectopy).  
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4.4     Clinical Manifestation 

 Patients with arrhythmias usually experience palpitations, often associated with 
anxiety, dizziness, dyspnea, and sometimes retrosternal discomfort even in the 
absence of coronary artery disease. Presyncope and syncope (transient loss of con-
sciousness) may occur, if the arrhythmia is associated with hemodynamic compro-
mitation. Arrhythmias with longer duration may manifest in fatigue, exercise 
intolerance, and overt heart failure. Sudden cardiac death (SCD) is de fi ned as an 
unexpected death attributed to a cardiac cause that occurs within 1 h of the onset of 
symptoms. SCD has an estimated risk of 1–2/1,000 in the general population (Zipes 
 2005 ), is more common in patients with structural heart disease (see Sect.  4.7.2    ), 
and is largely (~80 %) attributed to ventricular arrhythmias. Ventricular arrhythmias 
associated with an increased risk of SCD (most of them are) are often termed malig-
nant arrhythmias. 

4.4.1     Premature Beats 

 PACs and PVCs are the most prevalent arrhythmias and do not necessarily imply an 
increased risk for SCD or disease progression. Forty to seventy percent of an other-
wise healthy population have one or more PVCs in a 24 h Holter (Kostis et al.  1981 ; 
Bjerregaard  1982 ); almost 90 % have PACs. More than 200 PACs or PVCs/24 h or 
complex (i.e., repetitive or multiform) extra beats, however, are rarely seen in oth-
erwise healthy individuals (≤5 % of cases, Bjerregaard  1982 ). Premature beats are 
the initiating event for reentry tachycardias in predisposed individuals. Single ecto-
pic beats are often asymptomatic. However, the perception of palpitations varies 
greatly between individuals and is only weakly associated with objective measures 
of arrhythmia incidence. Thus, as may be expected, patients that tend to somatize 
more report a higher disease burden with arrhythmias (Barsky  2001 ). Premature 
beats may trigger reentry arrhythmias. However, in the CAST trials, an effective 
reduction of PVCs (initially >6/h) with antiarrhythmics of the Vaughan-Williams 
class I (encainide,  fl ecainide, moricizine) in post-MI patients was associated with 
increased mortality. This indicates that the reduction of PVCs has to be weighed 
against potential drug-related proarrhythmic effects, in the case of these class I anti-
arrhythmics, a deceleration of ventricular conduction time probably predisposing 
for macroreentrant arrhythmias.  

4.4.2     Tachyarrhythmias 

 Mechanistically, tachyarrhythmias are classi fi ed as focal (ectopic) tachycardias if 
electrical activation arises from a group of spontaneously depolarizing atrial or ven-
tricular cardiomyocytes. The sinus node itself may also give rise to tachyarrhyth-
mias (as observed in sick sinus syndrome, see Sect.  4.4.3.1 ). In contrast, reentry 
tachycardias are due to myocardial conduction abnormalities leading to circus 
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movement of electrical activation along a de fi ned path. The beat-to-beat interval is 
therefore very regular. Fibrillation (atrial or ventricular) is the most complex form 
of arrhythmia, while seemingly chaotic electrical activity during  fi brillation may be 
sustained by focal and/or reentry mechanisms. 

4.4.2.1      AV and AV Nodal Reentry Tachycardias 
 AV reentry tachycardia (AVRT) and AV nodal reentry tachycardia (AVNRT) belong 
to the group of paroxysmal supraventricular tachycardias (pSVT), characterized by 
a sudden onset and sudden termination. These tachyarrhythmias are based on a 
congenital predisposition and often observed in otherwise healthy hearts. The 
rhythm during tachycardia is usually fast (on average around 180/min, with up to 
260/min). In AVRT, the reentry cycle driving the arrhythmia involves an accessory 
pathway (AP) between the atria and the ventricle, representing a congenital abnor-
mality. During sinus rhythm, electrical activity may be conducted faster by the AP 
than the AV node, leading to preexcitation of ventricular tissue as re fl ected by a 
short PQ interval and a characteristic delta wave in the ECG. During tachycardia, 
circus movement results from antegrade (atrioventricular) conduction via one and 
retrograde (ventriculoatrial) conduction via the other pathway. The combination of 
preexcitation and paroxysmal tachycardias de fi nes the Wolff-Parkinson-White 
(WPW) syndrome. AVRT tachycardias mostly (95 %) have a narrow QRS complex 
(antegrade condition via AV node). While generally benign, WPW syndrome car-
ries an increased risk of SCD (~0.1 %), which is higher in familial WPW. This is 
attributed to an increased incidence of atrial  fi brillation with fast conduction to the 
ventricles via the AP leading to VF. The prevalence of AP is increased in patients 
with congenital heart disease. 

 AVNRT is the most frequent pSVT (~60 %) and often manifests in the fourth 
decade of life. Here, the circus movement involves a fast- and a slow-conducting 
pathway in the atrial tissue feeding into the compact AV node, followed by rapid 
conduction to the ventricles via the His-Purkinje system. AVNRT and AVRT can be 
treated by catheter ablation with a high success rate.  

4.4.2.2     Atrial Fibrillation 
 Atrial  fi brillation (AF) is the most common sustained arrhythmia associated with 
increased morbidity and mortality. The overall prevalence of AF in the Western 
world is 0.4–2 %. As AF is more common in the elderly (see Sect.  4.6.1 ), this 
number is expected to increase (double) in the next 30 years due to the demo-
graphic trend. Lifetime risk at an age of 40 years to develop AF is ~25 %. During 
AF, rapid, seemingly chaotic electrical activity of the atria is sporadically con-
ducted to the ventricles leading to a completely irregular heart rhythm. Ventricular 
rate is often tachyarrhythmic, but may be normocardiac or bradyarrhythmic 
depending on the electrical properties of the AV node and concomitant medical 
therapy. AF leads to the loss of atrial contraction and thus reduced left ventricu-
lar (LV)  fi lling, which can reduce cardiac output, especially in conditions of 
preexisting reduced LV function, and worsen symptoms of heart failure. AF can 
occur sporadically, lasting seconds to days (paroxysmal AF). AF lasting longer 
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than 7 days or requiring immediate cardioversion to SR is de fi ned as persistent 
AF. AF for more than 1 year but with the therapeutic goal to convert to SR has 
been termed long-standing persistent AF. In many patients, episodes of AF tend 
to become more frequent and longer over time, as AF itself induces changes in 
the atrial myocardium that promote and sustain the arrhythmia (“AF begets AF,” 
Wijffels et al.  1995 ; see Sect.  4.5 ). If successful restoration of SR is considered 
unlikely and therapeutic strategy is focused on normalizing heart rate (“rate con-
trol”), AF is considered “permanent.” 

 In patients with AF, slow  fl ow or stasis of blood in the atria together with altered 
properties of the atrial endocardial surface and cytokine-mediated activation of the 
coagulation cascade increases the risk of cardiac thrombi, systemic embolism, and 
stroke. In fact, 25 % of all otherwise unexplained (“cryptogenic”) strokes are attrib-
uted to cardiac thromboembolism related to AF. Strokes caused by AF are more 
often large and fatal, as compared to noncardiac strokes; silent cerebral infarcts can 
be detected by MRI imaging in about 15 % of all AF patients. 

 The risk of stroke is strongly dependent on coexisting patient characteristics and 
comorbidities as summarized by the CHADS-VASc score (Table  4.1 ). The annual 
risk for stroke ranges from 1.3 % with CHADS-VASc score of 1 to 15.2 % with  
CHADS-VASc score of 9 (European Heart Rhythm Association et al.  2010 ). The 
risk of stroke is similarly elevated in patients with paroxysmal and persistent AF. In 
fact, short episodes of AF (>6 min) are suf fi cient to raise the risk of stroke 
signi fi cantly (ASSERT trial, Healey et al.  2012 ). Additional, less established risk 
factors for stroke in AF patients include chronic obstructive lung disease and renal 
failure. In younger patients (<60) with no additional risk factors (“lone” AF), the 

    Table 4.1    Patient characteristics summarized in the CHA2DS2-VASc score as risk factors for 
stroke in the presence of atrial  fi brillation (AF) and as risk factors for manifestation of AF (see 
references)   

 Risk factor for stroke in the 
presence of AF  Score 

 Increase in risk 
factor for AF  References 

 C  Chronic HF  1  6–18× 30–40 % of 
CHF pts 

 Benjamin et al. ( 1994 ) 
 Nabauer et al. ( 2009 ) 

 H  Hypertension  1  1.4–2.1×  Healey and Conolly 
( 2003 ) 

 Benjamin et al. ( 1994 ) 
 A  Age ≥ 65  1  2.6× vs. age > 40 

years 
 Feinberg et al. ( 1995 ) 

 D  Diabetes  1  40 %  Huxley et al. ( 2011 ) 
 S  Stroke or TIA  2  ~25 % of stroke pts 

have AF 
 Marini et al. ( 2005 ) 

 V  Vascular disease (coronary, 
peripheral, cerebral) 

 1  1.4–2×  Benjamin et al. ( 1994 ) 
 Goto et al. ( 2008 ) 
 Bloch Thomsen et al. 

( 2010 ) 
 A  Age ≥ 75  1  2.4× vs. age 

65–74 years 
 Psaty et al. ( 1997 ) 

 Sc  Sex (female gender)  1  No (males)  Michelena et al. ( 2010 ) 
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risk of stroke is low (~1.3 % in 15 years; European Heart Rhythm Association et al. 
 2010 ). Anticoagulation therapy is recommended in patients with CHADS-VASc ≥ 1 
and can signi fi cantly reduce stroke risk.

   In population-based studies and clinical trials, up to 40 % of patients with AF 
episodes are asymptomatic (Oliner and Ballantine  1968 ; Disertori et al.  2011 ) 
indicating a large dark number of patients with undiagnosed AF and increased 
risk of stroke. Interestingly, most of the factors predisposing for stroke in the 
presence of AF are also risk factors for the manifestation of AF (see Table  4.1 ), 
indicating that close rhythm monitoring may be bene fi cial in patients with high 
CHADS-VASc score even in the absence of a history of AF. However, the preva-
lence of AF in patients with manifest cardiovascular disease is higher (~13 %) 
than in patients with cardiovascular risk factors only (6 %, REACH Registry; 
Goto et al.  2008 ).  

4.4.2.3     Atrial Flutter 
 Atrial  fl utter is a supraventricular reentry tachycardia, where the activation path 
circles around an anatomical structure in the atria with a very regular rate of 250–
300/min. In common-type atrial  fl utter (type I atrial  fl utter), the reentry cycle is 
located in the right atrium and involves the cavo-tricuspid isthmus. The electrical 
activation usually proceeds in a counterclockwise direction, leading to the diagnos-
tically relevant negative  P  waves in the inferior ECG leads (II, III, aVF). Type 
I  fl utter with clockwise wave propagation is less common (10 % of patients with 
atrial  fl utter, Bun et al.  2012 ). Other types of atrial  fl utter are located around atrial 
scar tissue, the pulmonary veins, or mitral valve. Atrial  fl utter is most often observed 
in patients with concomitant heart disease (coronary artery disease, cardiomyopa-
thy, hypertensive heart disease, following surgery or catheter ablation) but may also 
occur in otherwise healthy individuals. Also patients with AF receiving class I anti-
arrhythmics are predisposed to develop atrial  fl utter. Similar to AF, atrial  fl utter is 
thrombogenic and requires anticoagulation. Atrial  fl utter occurs in 25–35 % of AF 
patients. Common-type atrial  fl utter can be curatively treated by catheter ablation 
with a high (95 %) success rate.  

4.4.2.4     Focal Atrial Tachycardia 
 Focal AT is de fi ned as a regular AT starting at a small atrial region and spreading 
centrifugally across the atria (Saoudi et al.  2001 ). Non-sustained focal AT is a 
common  fi nding in Holter ECGs and often asymptomatic. Sustained AT is gener-
ally rare in adults but accounts for 10–23 % of supraventricular tachycardias in 
otherwise healthy children and is more common in congenital heart disease. The 
most ef fi cient therapy is catheter ablation of the focus. ATs from three or more 
different atrial regions (multifocal AT, MAT) lead to an irregular arrhythmia 
(foci with different cycle length). MAT is a rare arrhythmia (0.1–0.4 % in hospi-
talized patients, Scher and Arsura  1989 ) and is often associated with pulmonary 
disease, coronary artery disease, or heart failure. Treatment with current antiar-
rhythmic drugs or ablation is not effective and strategies aim to treat the 
comorbidities.  
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4.4.2.5     Monomorphic Ventricular Tachycardia 
 Monomorphic ventricular tachycardia (VT) mostly occurs in patients with struc-
tural heart disease and is then based on electrical reentry around an anatomical 
structure (myocardial scar or aneurysm). VTs present as regular wide/broad QRS 
complex tachycardia in the ECG. Dissociation of atrial ( P  waves) and ventricular 
activity (QRS) and other ECG criteria are used to con fi rm the diagnosis of VT. 
Over 90 % of monomorphic VTs are associated with coronary artery disease. 
Non- sustained VTs (<30 s) are often asymptomatic and then generally do not 
require speci fi c therapy. However, their occurrence should trigger further diag-
nostics to evaluate the patient for disease progression (ischemia). Sustained or 
symptomatic VTs in most cases require implantation of a de fi brillator (ICD) to 
reduce the risk of SCD, as monomorphic as well as polymorphic VT can degener-
ate into VF leading to SCD. In individual patients, the incidence of VT can be 
reduced by pharmacological therapy (mainly beta-blockers and class III antiar-
rhythmics; see below), but in clinical trials current antiarrhythmic therapy has 
been proven less effective than ICD in reducing morbidity and mortality in 
selected patient cohorts.  

4.4.2.6     Polymorphic Ventricular Tachycardia and Ventricular 
Fibrillation 

 Polymorphic VT and VF also most commonly occur in patients with coronary 
artery disease. Polymorphic VT/VF is also seen in patients with hereditary ion 
channel dysfunction (long QT syndrome, short QT syndrome, catecholaminergic 
polymorphic ventricular tachycardia (CPVT), idiopathic VF), drug-induced QT 
prolongation, and otherwise structurally normal hearts or electrolyte imbalance 
(hypokalemia or hypomagnesemia). Torsades-de-pointes tachycardia, a speci fi c 
form of polymorphic VT, is characteristic for conditions of prolonged QT. 
Polymorphic VT often degenerates into VF but may also terminate spontane-
ously. Symptomatic polymorphic VT/VF is an indication for ICD therapy when 
other reversible causes (i.e., acute ischemia due to coronary stenosis) have been 
ruled out.   

4.4.3     Bradyarrhythmias 

 Bradyarrhythmias result from sinus node dysfunction or atrioventricular block 
(AVB). Sinus node dysfunction re fl ects impaired pulse formation in the sinus node 
or failing conduction from the sinus node cells to the atrial myocardium (sinoatrial 
block). 

4.4.3.1      Sick Sinus Syndrome 
 Sick sinus syndrome (SSS) is a unifying term for different forms of sinus node dys-
function leading to sinus bradycardia, sinus arrest, or sinoatrial exit block (Bigger 
and Reiffel  1979 ). SSS mostly affects the elderly patient and is equally distributed 
among men and women (Lamas et al.  2000 ). It may in some cases be related to 
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structural heart disease (ischemia, myocarditis, cardiomyopathies) but is often 
termed “idiopathic.” Generally, SSS is only treated when patients are symptomatic, 
mostly warranting implantation of a pacemaker. SSS is associated with other atrial 
arrhythmias such as sinus tachycardia, atrial  fi brillation, paroxysmal supraventricu-
lar tachycardias, and atrial  fl utter. In 60 % of patients, SSS is associated with 
tachyarrhythmias (Adán and Crown  2003 ), commonly summarized as “tachy-brady 
syndrome.”  

4.4.3.2     AV Block 
 In AV block (AVB), conduction from the atria via the AV node/His-Purkinje system 
to the ventricles is delayed (AVB I), blocked for single beats (AVB II), or blocked 
completely (AVB III). AVB I and AVB II subtype Wenckebach (progressively 
increasing AV conduction times before the block) are usually benign, whereas AVB 
II subtype Mobitz (sudden block of conduction for single beats) and AVB III (both 
termed high-degree AV block, hdAVB) carry an elevated risk for cardiac arrest. 
Electroanatomically, hdAVB is mostly located distal to His bundle (infrahisian 
block). 

 The prevalence of hdAVB is increased in patients with diabetes mellitus (odds 
ratio 3.1, Movahed et al.  2005 ) and hypertensive heart disease. hdAVB is a frequent 
complication of acute myocardial infarction with a reported incidence of up to 
13 %, depending on the location of the infarct. A recent study suggests that the 
incidence has decreased (to ~3 %) with the advent of more effective revasculariza-
tion therapy (Gang et al.  2012 ). However, also recently, hdAVB has been reported 
to occur during later stages (>21 days) after acute myocardial infarction in ~10 % 
of patients, contributing to increased morbidity (Gang et al.  2011 ). hdAVB histori-
cally has been the  fi rst and remains a standard indication for implantable 
pacemakers.  

4.4.3.3     Chronotropic Incompetence 
 Chronotropic incompetence (CI) is not an arrhythmia in the stricter sense, but 
re fl ects the inability of the sinus node to increase heart rate with increased activity 
or demand. While resting heart rate remains stable with aging, the maximal heart 
rate with exercise decreases, largely related to a decrease in exercise tolerance. As 
a reference, the maximal expected heart rate in a patient is often estimated as 
220 bpm – age (in years), yet more elaborated approaches have been described 
(Brubaker and Kitzman  2011 ). The lower limit cutoff for an appropriate rise in 
heart rate with peak exercise is not uniformly de fi ned. Values between 70 % and 
more commonly 80–85 % of the predicted maximal heart rate during exercise test 
have been used (Adán and Crown  2003 ). CI is fairly common in heart failure 
(~30 % of patients according to one study, Witte et al.  2006 ) and may be aggravated 
by concomitant beta-adrenergic receptor blocker therapy. Other proposed 
pathomechanisms include downregulation of the beta-adrenergic signaling cascade 
and responsiveness as well as structural remodeling of the sinus node in HF 
(Sanders et al.  2004 ).   
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4.4.4      Sudden Cardiac Death 

 SCD due to coronary artery disease is the most important cause of death in the adult 
population of the industrialized countries, and VF is the most common  fi rst recorded 
underlying rhythm (in 75–80 % of cases, Hookana et al.  2011 ), whereas bradyarrhyth-
mias and asystole are found in ~15–20 %. The interpretation of the causative rhythm is 
complicated by the fact that VT/VF at some point will convert into asystole, and bra-
dycardia as a result of advanced AV block may trigger VF. The overall incidence of 
SCD is ~1/1,000/year (Priori et al.  2002 ). In the United States, SCD comprised up to 
15 % of total mortality (Podrid and Myerburg  2005 ) and similar values (21 % in men 
and 14.5 % in women) were reported in Europe (Priori et al.  2002 ). As SCD often 
occurs in patients with CAD, the risk factors that evolved for SCD match the risk fac-
tors for atherosclerosis, i.e., age, smoking, diabetes, male gender, hypertension, and 
hyperlipidemia. The risk of SCD is related to the degree of structural heart disease. In 
patients with symptomatic heart failure, chronically severely impaired left ventricular 
ejection fraction (<35 %) is the strongest indicator for increased mortality due to malig-
nant arrhythmias and indicates primary prophylaxis of SCD with an ICD (Zipes et al. 
 2006 ). However, while this group carries the highest risk, in absolute numbers, their 
contribution to the overall incidence of SCD is small (see Fig.  4.3  from Myerburg et al. 
 1997 ), leaving a large group of patients with preserved LV function at risk for SCD.

SUDDEN DEATHS - INCIDENCE AND TOTAL EVENTS
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  Fig. 4.3    Sudden death: incidence overall and in subpopulations at risk. High-risk patients are the 
minority in the overall number of sudden death in the general population (From Myerburg et al. 
 1997 )       
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4.5          Diagnosis 

 Basis for the diagnosis of rhythm abnormalities is the electrocardiogram (ECG). 
The highly ampli fi ed electrical signals recorded from the surface of the skin rep-
resent a summation of electrical  fi eld vectors arising from differences in the 
membrane potential during the cardiac cycle. ECGs allow the differentiation 
between atrial and ventricular arrhythmias in most cases based on the width of the 
QRS complex re fl ecting the ventricular activation sequence. Further analysis of  P  
wave (atrial activation) and QRS morphology in the standard 12-lead surface 
ECG helps to narrow down further the region of ectopic activity. Twenty-four 
hours to 7 days Holter ECGs and surface electrode event recorders (up to 30 days) 
are used to document episodic arrhythmias, whereas subcutaneously implanted 
event monitors allow continuous rhythm monitoring for currently up to 3 years. 
ECG ergometry is useful to document stress-induced tachyarrhythmias or con-
duction de fi cits as well as for risk strati fi cation (in certain cardiomyopathies and 
in patients with accessory pathways). Ultimately, management of patients with 
recurrent symptomatic arrhythmias may necessitate an electrophysiologic study 
with intracardial mapping and stimulation protocols to induce the arrhythmia, 
determine the exact mechanism and location, and potentially ablate myocardial 
structures involved.  

4.6     Pathomechanisms of Arrhythmogeneity 

 Electrophysiological mapping of intracardial spread of electrical activity allows dis-
tinguishing arrhythmias driven by repetitive focal (ectopic) activity from reentry 
tachycardias with circus movement of electrical activation involving larger parts of 
the myocardium. Focal arrhythmias can be explained by enhanced impulse forma-
tion either by automaticity (spontaneous depolarization) or triggered activity (depo-
larization following a regular beat). Some of the arrhythmias classi fi ed as focal in 
origin, however, may not depend on locally enhanced impulse formation but re fl ect 
small, localized reentry cycles (“microreentry”). 

4.6.1      Automaticity 

 Cells from the His-Purkinje system slowly depolarize during phase 4 of the AP 
(Fig.  4.1 ), albeit at a slower rate as sinus node cells. In conditions of ischemia or cell 
injury (e.g., myocardial infarction) as well as during increased beta-adrenergic stim-
ulation, enhanced automaticity may occur in these cells leading to focal arrhyth-
mias, such as accelerated idioventricular or junctional rhythm. In similar conditions, 
working myocardium may regain the capability of periodic depolarizations during 
phase 4, leading to abnormal automaticity, as is observed, e.g., in multifocal atrial 
tachycardias (Carmeliet  1999 ). While most ventricular tachycardias are reentry 
tachycardias, a small subset of monomorphic ventricular tachycardias triggered by 
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enhanced activity in Purkinje cells has recently received greater attention as these 
arrhythmias can be cured by focal ablation of the arrhythmogenic Purkinje cells 
(Nogami  2011 ).  

4.6.2     Triggered Activity 

 Triggered activity comprises transient membrane depolarizations that are linked to 
a normal action potential, which are divided into early (EAD) or delayed (DAD) 
afterdepolarizations. EADs occur during repolarization (phase 2 or phase 3 of the 
action potential) and lead to a deceleration or transient reversal of repolarization. 
DADs occur in phase 4 when repolarization to the resting potential has been com-
pleted (Fig.  4.4 ).

4.6.2.1        Delayed Afterdepolarizations 
 Delayed afterdepolarizations (DAD) in cardiomyocytes occur as a result of high 
intracellular Ca 2+  load. The classical model of intracellular Ca 2+  overload is digitalis 
toxicity (Fig.  4.5 ). Digitalis inhibits the sarcolemmal Na + /K +  ATPase, resulting in 
intracellular Na +  accumulation (1). Na +  is exchanged with Ca 2+  by the sarcolemmal 
Na + /Ca 2+  exchanger (2). Excess Ca 2+  transported into the intracellular store (sarco-
plasmic reticulum, SR) (3) leads to diastolic SR Ca 2+  leak (4). Increased cytosolic 
Ca 2+  triggers transsarcolemmal Na +  in fl ux via the Na + /Ca 2+  exchanger re fl ected by a 
transient inward current ( I  ti ) (5). If the depolarization of the membrane by  I  ti  reaches 
the activation threshold of the fast Na +  channels, an irregular action potential is 
generated.

   Increased SR Ca 2+  leak is also observed in experimental and human chronic heart 
failure, related to alterations in the properties of the SR Ca 2+  release channel, the 
ryanodine receptor (RyR, Fig.  4.5 ). In heart failure, reduction in  I  K1 , a current that 
repolarizes and stabilizes the resting membrane potential during diastole, can facili-
tate Ca 2+ -induced arrhythmias (Pogwizd and Bers  2004 ). Catecholaminergic poly-
morphic ventricular tachycardia (CPVT) is a rare but well-studied hereditary 
arrhythmia, where mutations to the ryanodine receptor (in autosomal dominant 
CPVT type 1) or the SR Ca 2+  binding protein calsequestrin (autosomal recessive 
CPVT 2) lead to increased SR Ca 2+  leak, DADs, bigeminus, and characteristic 

EAD DAD

  Fig. 4.4    Triggered activity: early afterdepolarizations ( EAD ) occur before and delayed afterdepo-
larizations ( DAD ) after repolarization of the regular action potential is completed       
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bidirectional polymorphic ventricular tachycardias, identical to what is observed 
with digitalis. In light of a common pathomechanism in hereditary and acquired 
arrhythmias, decreasing Ca 2+  leak from the SR in cardiac remodeling is currently 
investigated as a potential new therapeutic target (Sacherer et al.  2012 ).  

4.6.2.2     Early Afterdepolarizations 
 EADs result from a transient inward current mainly through (re)activation of sarco-
lemmal L-type Ca 2+  channels (January and Riddle  1989 ) and Na +  channels (Boutjdir 
et al.  1994 ), but there may be a role for NCX-mediated inward current as well 
(Volders et al.  2000 ). EADs occur in the setting of increased AP duration (APD). 
APD prolongation can result from acute changes in electrolytes (hypokalemia, 
hypomagnesemia), from remodeling of transsarcolemmal ion channels (e.g., down-
regulation of rectifying potassium channels, increase in late sodium current), as 
well as from alterations in intracellular Ca 2+  release (longer Ca 2+  transient) (Volders 
et al.  2000 ). APD prolongation facilitating EADs is also induced by an increased 
cycle length (pause) of the preceding beat; this mechanism is called pause-depen-
dent triggered activity; EADs (rather than DADs) are provoked in conditions of 
alpha- and beta- adrenergic stimulation in combination with rapid pacing rate. In the 
surface ECG, EADs may be apparent as  T -wave alterations and  U -waves.  

4.6.2.3      Arrhythmias Initiated by Triggered Activity 
 Atrial tachycardias based on triggered activity rarely occur in clinically stable patients 
but are observed in the presence of acute adrenergic stimuli, either endogenous (acute 
illness) or exogenous (adrenergic agents, caffeine, theophylline; Josephson  2008 ). 
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  Fig. 4.5    Mechanisms of digitalis-induced delayed afterdepolarizations.  SR  sarcoplasmic reticu-
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Triggered atrial arrhythmias are also observed during atrial ischemia (Nishida et al. 
 2011 ) and are thought to contribute to atrial  fi brillation (see Sect.  4.6.5 ). 

 In ischemic cardiomyopathy, ventricular arrhythmias are mostly initiated by 
reentry mechanisms (see Sects.  4.6.3  and  4.7.2 ). In nonischemic cardiomyopathy, 
however, monomorphic focal arrhythmias that arise from triggered activity are more 
often observed (Pogwizd et al.  1998 ). Idiopathic arrhythmias from the ventricular 
out fl ow tract in otherwise structurally normal hearts are also based on triggered 
activity (O’Donnell et al.  2003 ). Torsades-de-pointes tachycardia, which is charac-
teristic for hereditary and acquired long QT syndromes (prolonged APDs), is based 
on EADs, whereas catecholaminergic polymorphic ventricular tachycardias are ini-
tiated by DADs.   

4.6.3       Reentry 

 Reentry tachycardias are the most common regular tachyarrhythmias. The mecha-
nism of reentry has  fi rst been described in detail for AV reentry tachycardias (see 
Sect.  4.4.2.1 ). In these conditions, (congenitally) preformed conduction pathways 
run in parallel to the normal AV nodal activation sequence connecting the atria to 
the ventricle. These pathways possess different conduction velocities (Fig.  4.6 ) and 
refractoriness (i.e., recovery time after activation) than the physiological AV con-
duction. Reentry tachycardias initiate when a unidirectional block prevents activa-
tion of one pathway (Fig.  4.6 , left), allowing conduction along the second pathway 
(2) and retrogradely along the  fi rst pathway (3), thus closing the circle. Initiation 
and maintenance of the reentry arrhythmia strongly depends on the relationship 
between the conduction velocities and recovery times of these antegradely and ret-
rogradely conducting pathways. Often these arrhythmias occur in response to 
changes in autonomous tone (i.e., with exercise or before falling asleep), as this 
affects myocardial conduction velocities. Typically (but not always), these supra-
ventricular reentry tachycardias can be terminated by increasing the parasympa-
thetic tone (vagal nerve stimulation by “Valsalva” maneuvers).
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  Fig. 4.6    Mechanisms of reentry.  Left : reentry requires two differentially conducting pathways that 
are joined at the beginning and end.  Middle  and  right  (Adapted from Stevenson et al. ( 1993 ) and 
El-Sherif et al. ( 1982 )): in diseased ventricular tissue, the substrate for reentry may be more com-
plex, e.g., following a “ fi gure-of-8” pattern. See text for details       
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   Ventricular reentry tachycardias are most commonly seen in structurally dis-
eased hearts. Circus movement of electrical activity occurs around islets of 
 fi brotic tissue (often, infarct scar). According to a common model, rather than 
forming a simple circle, electrical activation is slowed down along a central com-
mon pathway (CP) of viable but dysfunctional myocardium. Upon exiting the 
diseased area, electrical activation returns to the CP entrance in clockwise and 
counterclockwise direction, thus forming two synchronous circuits in a 
“ fi gure-of-8” (Fig.  4.6 , right; El-Sherif et al.  1982 ). Often myocardial scars are 
interwoven with viable tissue leading to a more complex arrangement of con-
ducting and nonconducting tissue forming the arrhythmogenic substrate (Fig.  4.6 , 
middle; Stevenson et al.  1993 ). Other models agree with a more dynamic distri-
bution of reentry circles resulting in rotating 2D vortices of electrical activation. 
Independent of the underlying model, typical features of reentry tachycardias are 
that they are usually regular, monomorphic, and easily inducible by short cou-
pled extra stimuli during programmed electrical stimulation in an electrophysi-
ological study.  

4.6.4     Cellular Heterogeneity in the Arrhythmogenic Substrate 

 Even in the normal heart, epicardial, endocardial, and mid-myocardial cells have 
distinct electrophysiological properties. For instance, the latter, “M-cells,” are char-
acterized by longer AP duration and higher susceptibility to class III (potassium- 
inhibiting) antiarrhythmics (Antzelevitch and Fish  2001 ). Additionally, heterogeneity 
in cardiomyocyte orientation, cell-to-cell coupling (connexin 43 expression), and 
distribution of  fi brous tissue contribute to the spatial transmural dispersion of repo-
larization (Glukhov et al.  2010 ). In LV hypertrophy, epicardial APs are more pro-
longed than endocardial, probably related to alterations in  I  to ,  I  Ca , and NCX density 
(Bryant et al.  1997 ; Shipsey et al.  1997 ; McIntosh et al.  1998 ). Also, in heart failure, 
APD prolongation is more heterogenously distributed. The spatial dispersion of 
repolarization may alter with heart rate. In the inherited long QT syndrome 3 
(increased Na +  channel activity), a very pronounced dispersion of AP duration dur-
ing bradycardia facilitates triggered activity. 

 In addition, temporal dispersion of repolarization is re fl ected in beat-to-beat 
changes in AP duration in the same cell. Electrical alternans describes a periodic 
change between short and long APs from beat to beat. In experimental conditions, 
AP alternans is often observed at higher pacing rates and has been linked to intracel-
lular Ca 2+  overload. In patients, temporal dispersion of cardiomyocyte repolariza-
tion is re fl ected by alterations in the amplitude of the  T -wave in the surface ECG 
( T -wave alternans, TWA). In clinical studies, TWA has been used to predict suscep-
tibility to ventricular arrhythmias and SCD in patients with ischemic and nonisch-
emic cardiomyopathy or inherited arrhythmias (e.g., Brugada syndrome). However, 
further studies are needed to establish the role of TWA in clinical decision making 
(Narayan  2006 ).  
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4.6.5      From Cellular Depolarizations to Arrhythmias 

 Several of the arrhythmogenic mechanisms outlined before are often acting together 
to initiate and sustain arrhythmias. Mostly, arrhythmias are triggered by an ectopic 
beat as a result of triggered activity, which may then induce a monomorphic reentry 
tachycardia around scar tissue or a torsades-de-pointes reentry tachycardia sus-
tained by intramyocardial heterogeneity of repolarization. 

 Cardiomyocytes are connected by gap junctions resulting in electrotonic cou-
pling. In this syncytium, a depolarizing cell acts as a source of electrical charge, 
which will be conducted to neighboring cardiomyocytes acting as a “sink” for this 
charge. Based on the source-sink concept, it can be concluded that a single arrhyth-
mogenic cell may by far not be suf fi cient to trigger a propagating AP throughout the 
myocardium (Xie et al.  2010 ). Recent evidence suggests that arrhythmogenic activ-
ity in neighboring cardiomyocytes can be “synchronized” by adrenergic stimuli to 
create a depolarizing source that can overcome the sink (Myles et al.  2012 ). An 
increase in  fi brous tissue during structural remodeling can additionally passively 
reduce the number of surrounding cardiomyocytes acting as a sink and also forms a 
potential basis for electrotonic interaction between cardiomyocytes and 
myo fi broblasts that may promote depolarizations and thus arrhythmias (Rohr et al. 
 1997 ; Myles et al.  2012 ).   

4.7     Conditions of Increased Arrhythmogeneity 

 A variety of comorbidities and patient characteristics have been associated with 
arrhythmias. In the following, major risk factors for arrhythmias identi fi ed in large 
clinical studies are discussed. 

4.7.1     Endogenous Triggers 

 As outlined above, arrhythmias may be triggered by stress or other alterations in 
autonomous tone. The sympathetic nervous system is a well-known trigger of 
arrhythmias. In cardiomyocytes, beta-adrenergic receptor stimulation increases 
cytosolic cAMP and downstream signaling pathways, such as protein kinase 
A-mediated phosphorylation of the sarcolemmal Ca 2+  channel and an increase in the 
sarcoplasmic reticulum Ca 2+  load. While these effects mediate positive inotropy, 
they also predispose for Ca 2+ -mediated triggered arrhythmias (see Sect.  4.6.2.1 ). In 
chronic heart failure but also in other systemic diseases such as sepsis, sympathetic 
tone is increased predisposing for arrhythmias. 

 The renin-angiotensin-aldosterone system (RAAS) is another important neuro-
humoral axis in cardiac remodeling. Angiotensin II (AT II) is a potent vasoconstric-
tor and has also been implicated in atrial and ventricular arrhythmias. The cellular 
pathomechanisms of ATII-mediated arrhythmogeneity are complex and have not 
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been fully elucidated but likely involve Ca 2+ - and reactive oxygen species (ROS)-
dependent signaling (Zhao et al.  2011 ). While RAAS antagonists (angiotensin 
receptor blockers, angiotensin converting enzyme inhibitors) effectively reduce 
ventricular arrhythmias and SCD in patients with heart failure, their use in the 
absence of heart failure to prevent AF (so-called upstream therapy) has so far proven 
unsuccessful (Savelieva et al.  2011 ).  

4.7.2       Arrhythmias in Structurally Diseased Hearts 

4.7.2.1     Acute and Chronic Myocardial Ischemia 
 Acute ischemia leads to cardiomyocyte depolarization, intracellular Ca 2+  and Na +  
overload, and K +  ef fl ux in cardiomyocytes (Ehlert and Goldberger  1997 ), promoting 
triggered activity (EADs, DADs). Electrical dispersion of repolarization addition-
ally contributes to an increased propensity for arrhythmias (Janse and Wit  1989 ), 
largely reentry tachycardias in the early phase (phase 1a) of ischemia. In the later 
phase (1b, more than 10 min ischemia), endogenous catecholamines further facili-
tate arrhythmias. Clinically, in the acute phase of MI, polymorphic and torsades-de- 
pointes tachycardia is often observed, usually not associated with QT prolongation 
in the surface ECG. 

 Ischemic heart disease (IHD) refers to chronic left ventricular dysfunction related 
to ischemia on the basis of coronary artery disease. The incidence of arrhythmias – 
atrial and ventricular – is increased in IHD. In patients with IHD, an increased 
prevalence of PVCs is related to an increased risk of SCD. Based on this observa-
tion, Lown has introduced a classi fi cation of PVCs based on their frequency and 
morphology (Lown and Wolf  1971 ). However, the positive predictive and discrimi-
native value of PVCs alone to detect SCD is low (5–15 %; Crawford et al.  1999 ), 
and the Lown classi fi cation is no longer used for risk strati fi cation in clinical prac-
tice. To date, the extent of left ventricular dysfunction (ejection fraction) remains 
the strongest predictor of malignant arrhythmias and SCD in clinical practice.  

4.7.2.2     Heart Failure 
 Roughly half of the patients with chronic heart failure die of SCD. Heart failure 
predisposes to ventricular tachyarrhythmias (see Sect.  4.4.4 ). A variety of intracel-
lular signaling cascades related to neurohumoral activation are activated in advanced 
heart failure independent of the origin of cardiac remodeling. Endogenous cate-
cholamines, angiotensin II, endothelin, and other hormones and paracrine media-
tors promote arrhythmias in cardiac myocytes. Independent of these changes in the 
in vivo milieu, cardiomyocyte remodeling in heart failure alters the cellular pheno-
type. At the cellular level, prolonged cytosolic Ca 2+  transients, Ca 2+  leak from the 
sarcoplasmic reticulum, and AP prolongation are commonly observed, the latter 
also attributed to a reduction in repolarizing potassium currents ( I  Ks ,  I  Kr ,  I  K1 ) and 
increase in NCX but also to late sodium in fl ux through the fast sodium channels 
(Aiba and Tomaselli  2010 ). Less selective cation channels (i.e., TRPC channels) 
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and stretch-activated channels promote agonist-induced or mechanical stress-
induced ectopic activity. Structural (scar,  fi brosis) and functional (stretch, ischemia) 
conduction abnormalities contribute to the maintenance of sustained arrhythmias. 
In patients with heart failure, currently, the only clinically widely accepted predic-
tor of ventricular arrhythmias and sudden cardiac death is the extent of LV contrac-
tile impairment as quanti fi ed by the LV ejection fraction (EF). Patients with 
chronically severely reduced LV function (EF < 35 %) should receive an implant-
able cardioverter de fi brillator (ICD) for primary prevention of SCD, as current anti-
arrhythmic pharmacological therapy has proven inferior to ICD therapy in 
improving survival.  

4.7.2.3      Nonischemic Cardiomyopathies 
 In dilative cardiomyopathy (DCM), ventricular tachyarrhythmias are mostly reentry 
tachycardias. However, as opposed to IHD, myocardial  fi brosis is more diffuse. The 
spectrum of arrhythmogenic substrates is more heterogenous and may involve focal 
tachycardias, epicardial reentry circuits, and macroreentry involving the His- 
Purkinje system. Risk strati fi cation for SCD is more challenging in these patients as 
ventricular tachyarrhythmias show a low inducibility during electrophysiological 
studies. 

 In patients with hypertrophic cardiomyopathy (HCM), the annual risk of SCD 
is ~1 %, with large interindividual variation related to patient characteristics 
(such as LV septum thickness). SCD may be the  fi rst disease manifestation (Elliott 
et al.  2006 ). HCM is the most common reason for SCD in competitive athletes. 
Many patients with HCM do not survive the  fi rst arrhythmogenic event, and addi-
tional risk factors have been de fi ned to identify asymptomatic patients at increased 
risk (such as positive family history, unexplained syncope, pathologic exercise 
test, pronounced hypertrophy, and non-sustained VTs). In 50–70 % of patients, 
HCM can be attributed to one of the currently known mutations coding for sarco-
meric genes.   

4.7.3     Genetic Predisposition 

 Genetic predisposition to arrhythmias has been studied best in a group of rare ion 
channel defects with monogenetic inheritance. These channelopathies are charac-
terized by an increased incidence for arrhythmic sudden cardiac death in other-
wise apparently structurally normal hearts. Most common (~1/5,000 individuals, 
Kass and Moss  2003 ) are the long QT (LQT) syndromes, a heterogenous group of 
point mutations with loss-of-function defects of potassium channels (the most 
prevalent types LQT1 and LQT2 but also very rare LQT5-7) or gain-of-function 
defects of the fast sodium channel (LQTS 3) (Zipes et al.  2006 ). However, also 
cytoskeletal anchoring proteins (LQT4) can be involved. LQT syndromes are 
characterized by a prolonged QT interval in the resting ECG and a predisposition 
for torsades-de- pointes-type polymorphic VT and VF. LQT syndrome often mani-
fests already in childhood with unexplained syncope. Recently, rare conditions of 
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arrhythmias associated with an extraordinarily short QT interval (QTc < 350 ms) 
have been identi fi ed (Patel et al.  2010 ). As in LQT, causes for secondary altera-
tions in the QT interval such as alterations in serum electrolytes (potassium), acid–
base status, or catecholamines and other drugs (digitalis) have to be excluded. On 
the cellular level, a reduction in Ca 2+  or Na +  inward current or an increase in K +  
outward current can shorten APD. In accordance, several loss-of-function and 
gain-of-function mutations in these respective ion channel genes have been 
described in affected families. As in LQT, the disparity of repolarization is 
increased in short QT syndrome. Other monogenetically inherited arrhythmias 
include catecholaminergic polymorphic ventricular tachycardia (see Sect.  4.6.2.3 ), 
some forms of the Brugada syndrome, and arrhythmogenic cardiomyopathies 
such as arrhythmogenic right ventricular dysplasia (ARVD) and hypertrophic car-
diomyopathy (see Sect.  4.7.2.3 ). 

 Monogenetically inherited single point mutations to ion channels, however, 
have only been able to explain a minority of arrhythmias with familiar cluster-
ing. Common arrhythmias, e.g., AF, or a predisposition for ventricular tachy-
cardias during ischemia, have been linked with several predisposing genetic 
variations (modi fi er genes) and in most cases are likely polygenetic. Genome-
wide association studies (GWAS) are being used to link abnormalities in heart 
rhythm or ECG morphology with gene polymorphisms, with variable success. 
A more comprehensive systems biology approach may be required to identify 
and manage patients with genetic predisposition for arrhythmias (Grace and 
Roden  2012 ).  

4.7.4     Age 

 The number of ectopic PACs and PVCs increases with age in the healthy population 
(Kostis et al.  1981 ; Bjerregaard  1982 ) as well as in patients following myocardial 
infarction, where age is also associated with a higher prevalence of VTs (Josephson 
et al.  1995 ). Older patients have a higher dispersion of repolarization (Saadeh  2004 ) 
which may promote arrhythmias. Sinus node dysfunction is a typical disease of the 
elderly with an average age at diagnosis of 68 years. The prevalence of AF is 
strongly associated with age (Fig.  4.7 , modi fi ed from Feinberg et al.  1995 ). The inci-
dence of SCD increases with age in parallel with the increase in coronary artery 
disease but is relatively lower in patients above age 70 years due to competing 
causes of death (Zipes et al.  2006 ).

4.7.5        Gender 

 Women have a higher resting heart rate than men and this is independent of dif-
ferences in autonomous tone (Jose and Collison  1970 ; Burke et al.  1996 ). 
Additionally, typical ECG  fi ndings associated with female gender include a 
slightly longer QT interval (~20 ms longer than in men) as described early by 
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Bazett ( 1920 ) and con fi rmed by others (Molnar et al.  1996 ). This difference in 
QT interval may be driven by the higher testosterone levels in men (Zhang et al. 
 2011 ). For AV node reentry tachycardia, the gender ratio is about 2:1 (female to 
male, Rodriguez et al.  1992 ; Liuba et al.  2006 ). The reason for this difference is 
not completely understood but may be related to differences in the refractory 
periods of the fast- and slow- conducting properties of the AV nodal input (Liuba 
et al.  2006 ). Accessory pathways are more commonly seen in men than in 
women, with a 1:2 female to male gender ratio, and this applies to overt as well 
as concealed AP (Rodriguez et al.  1992 ). Men with WPW are more likely to 
develop AF and VF than women with AP, probably related to the overall 
increased incidence of AF in men. The incidence of focal AT is evenly distrib-
uted between men and women (Rodriguez et al.  1992 ). With respect to ventricu-
lar tachycardias, women are more likely to develop TdP tachycardia (Lehmann 
et al.  1996 ; Makkar et al.  1993 ), possibly related to the slightly longer QT inter-
val in women which manifests especially at lower heart rates (Klig fi eld et al. 
 1996 ; Rautaharju et al.  1992 ).  

4.7.6     Arterial Hypertension 

 An acute elevation in arterial blood pressure can trigger PVCs, PACS, as well as 
atrioventricular block (Sideris et al.  1987 ,  1988 ). In chronic arterial hypertension, 
the risk of atrial arrhythmias is increased, even more if hypertension is associated 
with LV hypertrophy (Loaldi et al.  1983 ), indicating a causative role for increased 
LV and consecutively left atrial pressure. Increased LV mass is associated with an 
increased risk for SCD (Haider et al.  1998 ). In patients with arterial hypertension, a 
higher QTc dispersion is observed (Saadeh  2004 ). This is consistent with experi-
mental data, as in hypertrophied myocardium prolongation of the AP, and refracto-
riness is the most commonly observed electrophysiological alteration. However, 
this effect is not uniform to all models, and the underlying ionic mechanisms for AP 
prolongation vary between models and species (Pye and Cobbe  1992 ; Hart  1994 ; 
Boyden and Jeck  1995 ).  
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4.7.7     Diabetes Mellitus and Metabolic Syndrome 

 Diabetes mellitus (DM) increases the risk for SCD roughly twofold (Bergner and 
Goldberger  2010 ). DM is a strong risk factor for coronary artery disease which by 
itself conveys an increased risk for ventricular arrhythmias. Proarrhythmic electro-
physiological changes associated with DM include a prolonged QTc interval 
(>440 ms in about 25 % of diabetics), which has been related to increased mortality 
in type 1 diabetics in one study (Veglio et al.  2000 ). QTc prolongation may be a 
result of increased endogenous catecholamines in response to transient hypoglyce-
mia (Robinson et al.  2003 ). Recent evidence suggests a higher incidence in QT 
prolongation and dispersion in patients with metabolic syndrome even in the 
absence of overt diabetes mellitus (Isik et al.  2012 ). However, current clinical evi-
dence linking DM to increased ventricular arrhythmogeneity remains sparse. A 
large meta-analysis reported a 40 % increased risk for developing AF in diabetic 
patients (Robinson et al.  2003 ).  

4.7.8     Renal Dysfunction 

 In patients with chronic kidney disease, worsening of renal function is linked to 
increased QT duration, QT dispersion, and minor arrhythmias (Stewart et al.  2005 ). 
LV hypertrophy and LV diastolic dysfunction are common  fi ndings in patients with 
advanced renal dysfunction and may contribute to the increased arrhythmogeneity. 
In the presence of dilative cardiomyopathy, renal dysfunction (GFR < 60 ml/
min/1.72 m 2 ) is associated with increased incidence of ventricular arrhythmias 
(Takahashi et al.  2009 ). However, with worsening renal function, the presumed 
effect of arrhythmias on morbidity and mortality is outweighed by the concomitant 
increase in noncardiac mortality so that patients with advanced renal dysfunction 
generally pro fi t less from primary prophylaxis for SCD using ICDs    (Goldenberg 
et al.  2008 ). Renal dysfunction has evolved as a risk factor for AF in recent clinical 
studies (Piccini et al.  2013 ) and also in experimental conditions (Fukunaga et al. 
 2012 ); however, the underlying pathomechanisms are currently unclear. In end- 
stage renal failure patients, arrhythmias often occur during or shortly after hemodi-
alysis, especially in patients with concomitant structural heart disease, and are 
mostly related to acute electrolyte imbalance (Zipes et al.  2006 ).   

4.8     Summary and Perspectives 

 Arrhythmias are common in clinical practice and are not always symptomatic. AF 
and ventricular arrhythmias often occur as a manifestation of structural heart dis-
ease and are associated with increased morbidity and mortality. Genetic predisposi-
tion, acquired comorbidities, and neurohumoral activation are modulators of 
arrhythmogeneity. Especially in patients with structural heart disease, pharmaco-
logical therapy of arrhythmias is limited due to the proarrhythmic potential of 
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current speci fi c antiarrhythmic drugs (Vaughan-Williams class I and III). The degree 
of LV dysfunction currently determines the need for an ICD for primary prophy-
laxis of SCD. Risk scores derived from selective gene pro fi ling and comprehensive 
evaluation of relevant clinical comorbidities could allow for identi fi cation of a num-
ber of patients at risk for SCD that currently do not ful fi ll the criteria for an ICD. 
New therapeutic approaches for the treatment of AF include the relatively atrial-
selective multichannel blocker vernakalant, inhibition of the late Na +  current (rano-
lazine), and early catheter-based ablation of AF in selected patients. Future 
antiarrhythmic strategies that are currently experimentally tested include blockers 
of intracellular Ca 2+  leak and gene therapy.     
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