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   Foreword   

 During the past 40 years, there has been a meaningful 
advancement in our diagnostic understanding of the mecha-
nisms of various bradyarrhythmias, supraventricular and 
ventricular tachyarrhythmias, and pre-excitation syndromes. 
This new knowledge has developed during a proliferation of 
more effective techniques for the management of these 
arrhythmias, with increasing emphasis on radiofrequency 
ablation techniques at a time when the ineffectiveness and 
side effects of antiarrhythmic drugs have become more evi-
dent. The field of clinical electrophysiology has matured 
considerably within the twenty-first century with more 
sophisticated intracardiac mapping techniques that have per-
mitted precise and focused ablative termination of previously 
considered refractory arrhythmias. These improved thera-
peutic approaches are now coupled with innovative technolo-
gies that reconstruct the dynamics of the arrhythmias within 
three-dimensional models of the heart—thus providing a 
unique visualization of the pattern of the disordered electro-
physiological conduction pattern in the heart. 

 I have known Dr. David Huang well as a colleague and 
research investigator during the 16 years he has been at the 
University of Rochester Medical Center. At a personal level, 
he is dedicated to excellence in patient care—at the bedside, 
in the clinic, and in the electrophysiology laboratory. In brief, 
he is the clinician’s clinician. Together with his skills as a clini-
cian, he has created in Rochester an outstanding team of 
electrophysiologists who have provided effective approaches 
to the diagnosis and management of the full spectrum of car-
diac arrhythmias. During this time, he has evaluated and 
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selected for use the latest and most relevant equipment and 
techniques for optimizing interventional electrophysiology. 

 Dr. Huang realized that there is remarkably little that has 
been written about the integrative technical details involved 
in day-to-day electrophysiology procedures, i.e., setting up 
and delivering approaches for arrhythmia mapping, describ-
ing diagnostic catheter maneuvering, highlighting effective 
ablative techniques, and substantiating the antiarrhythmic 
efficacy of what has been done and accomplished before the 
patient leaves the laboratory. This authoritative book empha-
sizes the practical aspects of establishing, delivering, and 
maintaining up-to-date laboratory approaches utilizing vari-
ous technologies that have improved the treatment of 
patients with a spectrum of cardiac arrhythmias. 

  Clinical Cardiac Electrophysiology in Clinical Practice  
focuses on introductory electrophysiology with a comprehen-
sive coverage of practical information that will be useful for 
new and established electrophysiologists, trainees and fel-
lows, and support staff including nurses and physician assis-
tants involved in electrophysiological procedures. The 
information in this book not only emphasizes the proven 
electrophysiological approaches that are currently useful and 
effective in arrhythmia management but it also provides 
insight into how to stay abreast of ongoing new and more 
effective techniques in the field. 

 In his  Aphorisms , Sir William Osler stated that “When you 
have made and recorded the unusual or original observation, 
or when you have accomplished a piece of research in labora-
tory or ward, do not be satisfied with a verbal communication 
at a medical society. Publish it.” We are fortunate that for 
those involved in clinical electrophysiology, this is exactly 
what Dr. David Huang and his associates have done.  

    Arthur     J.     Moss  ,   MD  
   Bradford     C.     Berk  ,   MD, PhD,     

  University of Rochester School of Medicine 
and Dentistry,    Rochester ,  NY ,  USA      

Foreword
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           Sinus Node, Atrioventricular Node, 
His- Purkinje System 

    The normal cardiac impulse originates from the sinoatrial 
(SA) node which is a small spindle shaped structure located 
anteriorly in the subepicardial region near the junction of 
the superior vena cava and the right atrium. The signal trav-
els through the right atrium toward the left atrium and 
simultaneously inferiorly to the atrioventricular (AV) node 
(Figs.  1.1  and  1.2 ). The sinus node is innervated by both sym-
pathetic and parasympathetic fibers that modulate the heart 
rate accordingly.

    The AV node is located at the apex of the triangle of Koch, 
which is represented by the septal tricuspid valve annulus 
anteriorly, the coronary sinus ostium posteriorly, and the ten-
don of Todaro superiorly [ 1 ]. Acting as a gateway, the AV 
node exhibits decremental properties which help protect the 
ventricles from tachyarrhythmias starting from the atria. 
From here propagation continues inferiorly and anteriorly to 

    Chapter 1   
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  Figure 1.1    ( a – e ) Three dimensional reconstruction using CARTO 
(Biosense-Webster) of the RA showing sinus rhythm impulse 
propagation represented by the red wavefront as it spreads across 
the right atrium from the right anterior oblique view         

a b

c d

e
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the bundle of His. Once the depolarizing wavefront exits the 
His bundle, the signal divides into three fascicles, the left 
anterior, the left posterior and the right bundle branch. 
Finally the impulse disseminates throughout the ventricular 
myocardium via smaller purkinje fibers. Conduction velocity 
is most rapid through the above activation sequence. 

 Patients may present in sinus rhythm with some clues to 
conduction disease on the surface ECG which may include 
either a prolonged PR interval, left anterior fascicular block 
(LAFB), left posterior fascicular block (LPFB), right bundle 
branch block (RBBB) or left bundle branch block (LBBB). 
Some patients may have more than one type of block such as 
first-degree AV block, fascicular block (either left anterior or 
left posterior) and RBBB. This combination is more  commonly 
referred to trifascicular block. The remaining conduction to 
the ventricle is dependent on a single fascicle. In those 
patients with a left bundle branch block (both the left 

  Figure 1.2    Three dimensional reconstruction using CARTO 
(Biosense- Webster) of the RA showing electroanatomical activa-
tion map showing site of origination of a sinus rhythm impulse, from 
the right anterior oblique ( left ) and right lateral ( right ) views.  Red  
represents earliest activation and the sinus node’s location.  Yellow , 
 green ,  teal , and  blue  represent respective later activation timing rela-
tive to the sinus node impulse.  SVC  superior vena cava,  CS  coronary 
sinus,  RAA  right atrial appendage       
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 anterior and posterior fascicles are blocked) the conduction 
to the ventricle is through the right bundle. Usually the 
 remaining bundle’s conduction velocity is adequate to 
 prevent symptoms, however, one should be more suspicious 
of a bradyarrhythmia as an etiology if multiple blocks are 
observed on the surface ECG. Of particular concern is alter-
nating RBBB and LBBB as it is clear evidence of infra-nodal 
conduction disease. These patients should undergo pace-
maker placement without the need for invasive electrophysi-
ology testing as they are at high risk for complete heart block. 
Patients with bundle branch block particularly those with 
LBBB have been found to be at higher than normal risk for 
ventricular tachyarrhythmias and therefore it is important 
that such patients be thoroughly evaluated when presenting 
with syncope. 

 Each region of cardiac tissue is capable of generating an 
impulse (automaticity), however, the sinus node generally 
fires more rapidly and captures the remaining cardiac seg-
ments. A hierarchy of automaticity exists from the atria with 
a lower end rate limit of 40 bpm, to the AV node roughly 
30–40 bpm, and the purkinje fibers 20–30 bpm. When there is 
impulse dysfunction in the atria the signal no longer 
 suppresses the AV nodes automaticity and a junctional 
rhythm (usually narrow complex unless known bundle brach 
block) may be evident. If the rhythm originates from the pur-
kinje fibers it is best described as an idioventricular rhythm, 
and will appear very slow with a wide QRS complex.  

    Sinus Node Dysfunction 

 Sinus node dysfunction is an umbrella term that refers to 
abnormalities in SN impulse formation and propagation and 
includes conditions such as sinus bradycardia, sinus pause/
arrest, chronotropic incompetence, sinus exit block, sick sinus 
syndrome and tachy-brady syndrome where rapid periods of 
atrial fibrillation terminate often into symptomatic episodes 
of sinus bradycardia or sinus pauses. Sinus node dysfunction 
is a disease of the elderly and its initial presentation may 

M.K. Aktas and R. Mandell
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include syncope due to inadequate impulse formation and 
propagation resulting in cerebral hypoperfusion and collapse 
[ 2 ]. Sinus node dysfunction is the most common diagnosis in 
patients requiring permanent pacemaker implant. 

 The action potentials of both the SA and AV node are 
dependent on sodium “funny” currents. These channels are 
recognized as funny because they open as the cell repolarizes 
rather than reaching a more positive threshold to evoke an 
action potential. The SA node traditionally depolarizes and 
repolarizes most rapidly and therefore is responsible for set-
ting the heart rate if cardiac conduction is normal. Sympathetic 
(adrenaline) and parasympathetic (vagal) signals from the 
autonomic nervous system have strong influences on heart 
rate due to their primary inputs to the SA and AV node. 
Historically, a “normal” heart rate ranges from 60 to 100 
beats per minute (bpm), however, it is not uncommon for 
those with high vagal tone (well conditioned athletes, or dur-
ing sleep) to have rates as low as 40 bpm [ 3 ]. Electrocardiogram 
(ECG) tracings may reflect either a sinus bradycardia mecha-
nism or a junctional escape rhythm (an impulse originating 
from the AV node.) Bradycardia in and of itself is not 
 problematic unless it is associated with symptoms such as diz-
ziness, fatigue, shortness of breath, chest pain or syncope [ 4 ]. 
On the contrary, patient’s may present with exertional symp-
toms despite resting heart rates in the 60s. Placing these 
patients on a treadmill or on a Holter monitor may reveal 
chronotropic incompetence, or lack of the SA node to 
increase the heart rate appropriately with activity [ 5 ]. It is 
important to make the distinction between physiologic bra-
dycardia and symptomatic pathologic bradycardia to avoid 
unnecessary testing or treatments which may only cause 
harm and or provide little to no benefit. Furthermore, the 
etiology of the arrhythmia must strongly be considered. 
Electrolyte imbalance, ischemia, infection, hypoxia, vagal 
tone, hypothermia, hypothyroidism, post surgical as well as 
other causes may be transient and treating the underlying 
cause may very well resolve the cardiac conduction distur-
bance [ 6 ,  7 ]. Temporary pacemakers may be considered in 
specific emergent situations as deemed necessary.  

Chapter 1. Cardiac Conduction and Bradycardia
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    Atrioventricular Block 

 AV block can be classified as first, second or third degree 
(also known as complete heart block). Although a distinct 
conduction fiber between the sinus node and this His-bundle 
does not exist, first degree AV block refers to a PR interval 
exceeding 0.2 s. A long PR interval in the setting of a normal 
QRS duration usually represents conduction delay in the AV 
node. If the QRS duration is prolonged, the most common 
site of conduction delay is still in the AV node, however the 
possibility of infra-Hisian conduction disease needs to be 
considered, especially in the presence of left bundle branch 
block. It is important however to recognize that a normal PR 
interval does not itself rule out the possibility of more 
advanced and severe conduction disease. In general, first 
degree AV block is clinically well tolerated and is not associ-
ated with an increase in overall mortality. However, in rare 
cases a PR exceeding 0.3 s can produce pacemaker 
 syndrome- like symptoms where atrial activation begins as 
ventricular systole continues, and atrial contraction occurs 
across closed atrio-ventricular valves. 

 Second degree AV block (Fig.  1.3 ) is subdivided into 
Mobitz Type 1 and Mobitz Type 2 block.

   Electrocardiographically, Mobitz type 1 exhibits the 
Wenckebach phenomenon where progressive prolongation 
in the PR interval is seen leading up to a non-conducted P 
wave. Following the non-conducted beat, conduction with a 
normal PR interval is usually seen. The block cycle recurs 
repetitively with a fixed P to QRS ratio. Most commonly 
AV block in Mobitz 1 occurs at the level of the AV node 
less so in the His-Purkinje system. Mobitz Type 1 block is 
common in healthy individuals and in states of high vagal 
innervation such as during sleep. However, Mobitz Type 1 
block that occurs during high sympathetic innervation such 
as with exercise usually denotes infra-Hisian disease pos-
sibly requiring electrophysiologic testing [ 8 ]. Contrary, 
Mobitz Type 2 block demonstrates a fixed PR interval with 
a non-conducted P wave. Maneuvers like carotid sinus 

M.K. Aktas and R. Mandell
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 massage can be useful for differentiating between Mobtiz 
Type 1 and Type 2 block when there is 2:1 conduction. For 
Mobitz Type 1 block the higher vagal input to the AV node 
will increase the amount of blocked p waves. However, for 
Mobitz Type 2 block the higher vagal input to the AV node 

  Figure 1.3    12 lead electrocardiogram demonstrating 2:1 AV block. 
There are 2 p waves for every qrs complex. It is not possible to tell 
where the level of block is without provocative maneuvers such as 
having the patient ambulate, vagal maneuvers or administering 
medications which can inhibit or enhance AV node conduction       

  Figure 1.4    2:1 AV block is present throughout the top telemetry 
strip. During carotid sinus massage (CSM) the increased vagal tone 
creates a 1:1 AV relationship. This is indicative of infranodal disease 
and best treated with a permanent pacemaker       
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will slow conduction enough to let the diseased infrahi-
sian tissue time to recover allowing for a 1:1 relationship 
(Fig.  1.4 ).

   Complete heart block is present when atrial activation 
does not conduct to the ventricles. Complete heart block may 
occur as a result of pathology within the AV node or in infra- 
nodal conducting fibers. In patients with complete heart 
block often an escape rhythm is present, either a narrow 
complex junctional rhythm or a wide complex ventricular 
rhythm. Patients with complete heart block may present with 
dizziness, presyncope and syncope. Patients with complete 
heart are also at risk for ventricular tachycardia and ventricu-
lar fibrillation.  

    Electrophysiologic Testing 

 Occasionally, it may be difficult to correlate if a patient’s 
symptoms are related to a bradyarrhythmia through non- 
invasive testing, and an electrophysiology study (EPS) may 
be required. An EPS allows for an objective measurement of 
the cardiac conduction system. Catheters are placed into the 
heart to evaluate for dysfunction of either impulse formation 
or propagation. A catheter is usually placed in the right 
atrium, the coronary sinus, near the bundle of His, and into 
the right ventricle. The catheters have the ability to both 
sense electrical potentials as well as pace. Spanning the cath-
eters into each of the locations facilitate accurate diagnosis 
and location of potential conduction disease. Baseline mea-
surements which are noted on the surface ECG are recorded 
including the PR interval, QRS duration and QT interval. On 
the intracardiac electrocardiograms, the PR interval is 
reflected by the activation from the A (atria) to the H (His 
bundle) and the V (ventricular) signal. Of particular impor-
tance is the assessment of the HV interval. A measurement 
greater than 100 ms is highly abnormal and warrants 
 pacemaker placement [ 2 ]. First degree AV block, better 

M.K. Aktas and R. Mandell
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 characterized as AV delay, is reflected in prolongation of the 
AH interval with normal conduction once the His bundle is 
activated. 

 Second degree heart block Mobitz Type 1 or Wenkebach is 
demonstrated by continued prolongation of the AH interval 
until there is loss of His bundle activation due to block occur-
ring in the AV node. This type of block is considered physio-
logical and not pathologic. In fact, Wenckebach is commonly 
observed during an EP study due to the decremental proper-
ties of the AV node. 

 Second degree heart block type two arises when the AH 
interval is constant and the block occurs inferior to the His 
bundle. This is considered abnormal and is concerning for 
risk of progression into third degree or complete heart block. 
Complete heart block is evident based on no corresponding 
relationship between the atria and ventricles. Isorhythmic 
dissociation may make the diagnosis of complete heart block 
more difficult as both the atria and ventricles are conducting 
at the same rate. Pacing the atria at a faster rate with intracar-
diac catheters can help make this distinction or a beta agonist 
can accelerate the atrial rate revealing the atria and ventricle 
were coincidently at the same rate and that they are truly 
dissociated. 

 Pacing maneuvers during EPS will provide an objective 
measurement of the sinus and AV node (both antegrade and 
retrograde) function. Sinus node recovery time (SNRT) is 
measured by pacing to atrium at 30 s faster than the intrinsic 
sinus rate to suppress sinus node automaticity. The recovery 
time is measured from the last pacing stimuli to the onset of 
sinus node activity on the intra cardiac electrocardiogram. 
Less than 1,500 milliseconds (ms) is considered normal or 
less than 550 ms for the corrected SNRT (sinus cycle length 
in msec minus the SNRT). Patients may also demonstrate 
sinus node exit block where an electrical impulse is unable to 
penetrate through the perinodal tissue due to prolonged 
refractory periods. This may occur either as a Mobitz one or 
two block. One may see a sinus rate at 600 ms and then the 
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absence of a p wave at half the interval between the two con-
ducted p waves. The remainder of the sinus rhythm will be 
consistent at 600 ms. 

 One can then assess the functional properties of the AV 
node via pacing stimuli including the cycle length at which 
Wenckebach occurs or when atrial activation blocks in the 
AV node and does not conduct into the His bundle. If the 
block occurs after His activation then Mobitz type two 
block is present which is important distinction from 
Wenckebach (Fig.  1.5 ). Wenckebach will show AH interval 
prolongation on the His catheter as the cycle length is 
decreased in a stepwise fashion by 10 ms. This is tradition-
ally done with a pacing train which is several beats at a 
given rate prior to the last beat which is 10 ms less then the 
last beat in the prior pacing train. For example, eight beats 
at 600 ms followed by a 500 ms beat. Then eight beats at 
600 ms followed by a 490 ms beat. A stepwise approach will 
assess for dual AV nodal physiology or a 10 ms decrease in 
cycle length will demonstrate AH prolongation by 50 ms 
suggesting block down the fast pathway and activation of 
the His bundle through an additional AV nodal slow path-
way. A thorough EPS will help rule out all potential arrhyth-
mogenic etiologies for a patient’s clinical presentation. 
Ventricular pacing can assess the presence of VA or retro-
grade conduction (Fig.  1.6 ). Activation should be concentric 
on the CS catheter or activating from proximally to distally. 
An eccentric activation sequence can suggest an accessory 
pathway that may only conduct retrogradely and therefore 
would not show any pre-excitation. Para-hisian pacing or 
near the His bundle can help exclude a paraseptal pathway. 
The electrical output is maximized to capture the His bun-
dle which generates a narrow QRS. The output is gradually 
decreased. An AV nodal response is lack of direct His cap-
ture leading to a wide QRS as well as prolonged VA time if 
present. If the QRS remains narrow even at low outputs a 
paraseptal accessory pathway is most likely present. 
Understanding the normal functioning properties of the AV 
node is essential to help exclude the potential for either 
brady- or tachyarrhythmias.

M.K. Aktas and R. Mandell
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  Figure 1.5    The first sinus beat conducts through the AV node with 
subsequent activation of the His bundle followed by ventricular 
activation. The second sinus beat conducts through the AV node to 
the His bundle and blocks below the His. The 3rd sinus beat con-
ducts similar to the first beat since the infrahisian level of block had 
time to recover from the prior blocked beat. The last beat is a pre-
mature atrial contraction and blocks in the AV node as there is no 
His activation. The second beat is considered pathological and war-
rants placement of a pacemaker.  P  atrial activation on the surface 
electrocardiogram,  A  atrial activation on the intracardiac 
 electrogram,  H  His bundle activation on the intracardiac electro-
gram,  V  ventricular activation on the intracardiac electrogram       
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  Figure 1.6    Ventricular pacing demonstrating intact retrograde 
ventricular- atrial conduction with activation of a His potential prior 
to atrial activation during an EPS.  V  ventricular activation on sur-
face electrocardiogram,  P  inverted p wave consistent with retro-
grade conduction from ventricular pacing,  S  pacing stimulation 
artifact from right ventricular catheter,  H  His bundle activation on 
the intracardiac electrogram,  A  atrial electrogram on the intracar-
diac electrogram which coincides with the P wave on the surface 
electrocardiogram       
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        Concealed Conduction and Incomplete 
Impulse Penetration 

 Concealed conduction refers to incomplete impulse penetra-
tion into the normal AV nodal conduction system producing 
ECG findings that could otherwise not be explained, hence the 
term concealed conduction. Antegrade as well as retrograde 
concealed conduction into the normal AV nodal conduction 
system may occur. A common site of retrograde concealment 
is when a PVC conducts retrogradely into the His-Purkinje 
system causing antegrade AV block of the following sinus beat. 
Another common circumstance where concealed conduction 
is observed is in the development and continuation of aberrant 
conduction during supraventricular tachycardias.  

    Gap Phenomenon 

 A gap in AV conduction is observed when AV conduction 
block is observed with a premature atrial beat, but a subse-
quent atrial beat of greater prematurity successfully conducts 
to the ventricles. The Gap phenomenon occurs as a result of 
functional differences in conduction present in different 
regions of the conduction system, often requiring a distal seg-
ment with a long refractory period and proximal segment 
with a shorter refractory period. As such, a premature beat 
conducts successfully to the distal segment where block 
occurs. However, with increasing prematurity the beat 
encounters delayed conduction in the proximal segment giv-
ing the distal segment time to recover thereby allowing 
conduction.  

    Transient Bundle Branch Block 

 Intermittent bundle branch block can be due to several dif-
ferent mechanisms. In phase 3 block, aberrancy results from 
encroachment of the impulse on the refractory period of the 
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tissue the impulse is conducting through. Rate dependent 
transient bundle branch block occurs when a critical heart 
rate is reached. Phase 4 block, also known as bradycardia 
dependent block, occurs in diseased His-Purkinje system 
where a loss in the resting membrane potential is observed. 
Finally, as mentioned above, retrograde concealment into a 
bundle branch may result in transient bundle branch block.  

    Congenital Heart Block 

 Newborns may present with conduction disease spanning 
from first degree block to complete heart block. Children 
from mother’s who have systemic lupus erythematosus are at 
higher risk of acquiring complete heart block. Antibodies 
cross the placenta during utero and evoke an immune 
response that leads to scarring and fibrosis around the AV 
node [ 9 ]. Some patients may have congenital cardiac struc-
tural anomalies which may require surgery. In these instances 
patients may acquire cardiac conduction disease due to post 
surgical changes. Consideration of a permanent pacemaker 
will depend on the underlying escape mechanism’s rate, and 
the patient’s symptoms.  

    Neuromuscular Diseases 

 Clinicians need to be aware of several neuromuscular condi-
tions which are associated with AV block. Common neuro-
muscular conditions that are associated with cardiac 
conduction disease include progressive familial heart block, 
facioscapulohumeral syndrome, myotonic dystrophy, Kearns- 
Sayre Syndrome, Fredreich’s ataxia, and Erb’s dystrophy 
[ 10 – 12 ]. Progression from normal conduction to high degree 
AV block may occur rapidly and unpredictably in such 
patients and therefore close surveillance is recommended.     
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         Syncope is a diagnostic and therapeutic challenge affecting 
an impressive number of patients. Syncope accounts for 3 % 
of emergency room visit and 6 % of all hospital admissions 
[ 22 ]. The lifetime incidence of syncope is close to 40 % [ 7 ]. 
Syncope has a bimodal distribution of occurrence, the preva-
lence is high between 10 and 30 years, not a common occur-
rence in middle life, and then peaks again after the age of 65 
[ 16 ] (Fig.  2.1 ).

   One of the most interested yet challenging features 
regarding the management of syncope is the diverse range of 
significance of a syncopal episode. Syncope can be a very 
benign, explicable almost anticipated outcome of a predict-
able setting. On the other hand, syncope may the one and 
only presenting symptom of a life threatening disease. Given 
the staggeringly broad causes and consequences of a synco-
pal episode, the treating physician has two goals.

    Chapter 2   
 Syncope, Tilt Testing, 
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    1.    Identify the cause of the syncope in order to guide treat-
ment based on the underlying etiology   

   2.    Identify the specifi c risk to the patient. This includes not 
only the risk of recurrent syncope, but also the risks associ-
ated with the underlying [ 16 ].     

 For the physician managing syncope, risk stratification, 
which is based on the etiology of the syncopal episode, 
becomes perhaps the most important role. 

 Syncope is derived from the Greek word synkopē, which 
means “to cut short” or “to interrupt”. Syncope is defined by 
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transient loss of consciousness due to global cerebral hypo-
perfusion. Syncope is characterized by rapid onset, short 
duration, and spontaneous complete recovery. 

 There are many syndromes that may present as masquer-
ading syncope. These include falls, cataplexy, TIAs, seizures, 
psychogenic pseudosyncope, metabolic disorders, intoxica-
tion, and vertebrobasilar insufficiency. Because of confusion 
in the etiology of these episodes, many of these patients are 
referred to the electrophysiologist for the evaluation of the 
cardiac conduction system. It is important to discern the fea-
tures that suggest a non-syncopal alternation in  consciousness. 
A thorough history should differentiate these other forms of 
altered consciousness from the sudden loss of consciousness 
due to a global, reversible reduction in blood flow (Fig.  2.2 ).

   Testing done in the electrophysiology lab is performed to 
evaluate whether syncope resulted from bradycardia, tachy-
cardia, or a reproducible cardiac reflex or autonomic abnor-
mality. Prior to undergoing testing, a thorough history is 
essential to help correctly classify syncope. The 2009 European 
Society of Cardiology guidelines for the management of syn-
cope provide an excellent framework for the classification of 
syncope based on etiology [ 3 ] (Fig.  2.3 ).

   Insufficient cerebral perfusion is the hallmark of syncope. 
The insults that result in an abrupt reduction of cerebral 

Syncope

Transient loss of consciousness due to 
global cerebral hypoperfusion

Characterized by

Rapid onset

Short duration

Spontaneous complete recovery

  Figure 2.2    Syncope Defined       
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blood flow are many and varied. A fall in systemic blood 
pressure curtails global cerebral blood flow. If blood flow is 
significant diminished for as short as for 6–8 s, syncope may 
ensue. Systemic blood pressure is determined by systemic 
vascular resistance and cardiac output. Cardiac output is the 
product of heart rate and stroke volume. Syncope may result 
from a decrease in peripheral vascular resistance, a reduction 
in heart rate, a reduction in stroke volume, or a reduction in 
a combination of mechanisms [ 16 ] (Fig.  2.4 ).

     Reflex Syncope 

 Reflex syncope, also correctly termed neutrally mediated 
syncope, accounts for more than half of syncope. Determining 
the mechanism of the reflex syncope episodes is paramount 
for effective treatment and prevention. Reflex syncope 
should be thought of as a spectrum of inappropriate reflexes. 
Vasodepressor syncope, characterized by a profound hypo-
tensive response is at one end of the spectrum and cardioin-
hibitory syncope, characterized by asystolic pauses, is at the 
other end of the spectrum. While the etiology is the same, the 

Reflex (neurally
mediated syncope)

Cardiac syncope

Orthostatic
hypotension

Syncope

  Figure 2.3    Relative incidence of syncope by pathophysiological 
classification       

 

S.G. Taylor



21

hemodynamic responses may be markedly different. 
Identifying where on this spectrum the patient lies, guides 
the treating physician to effective therapy. No longer is it 
appropriate to apply across the board treatment to the spec-
trum of neutrally mediated syncope. For patients in whom a 
vasodepressor response is the overriding perturbation, vol-
ume expansion, vasoconstriction and blood pressure aug-
mentation is the mainstay of treatment. Patients that have a 
primary cardioinhibitory response to reflex-provoking stim-
uli may benefit from pacemaker therapy. This has been dem-
onstrated in the Eastbourne Syncope Assessment Study, 
where implantable loop recorders effectively guided syncope 
therapy [ 6 ]. 

 The most common etiology of syncope is a neutrally medi-
ated reflex triggered by different stimuli leading to sudden 
withdrawal of sympathetic activity and to an increase in para-
sympathetic nerve tone. The results are vasodilatation and 
bradycardia. Neurally mediated syncope is classically precipi-
tated extrinsic factors, be it physical or emotional triggers. 
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This includes prolonged standing leading to venous pooling 
as well as emotional triggers such as fear, needle phobia, pain, 
and stage fright (Fig.  2.5 ).

Vasovagal

Reflex syncope
(neurally mediated syncope)

Emotional triggers

Fear

Orthostatic stress

Phlebotomy

Medical instrumentation

Trauma

Stage Fright

  Figure 2.5    Vasovagal Reflex Syncope       
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  Figure 2.6    Situational Reflex Syncope       
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   Another form of neutrally mediated syncope is situational 
syncope. There are specific triggers that elicit abnormal hemo-
dynamic responses leading to the symptomatic global hypo-
perfusion (Fig.  2.6 ).

   Carotid sinus hypersensitivity is another form of reflex 
syncope. While other forms of reflex syncope may occurs 
throughout all stages of life, this typically presents >50 years 
of age. It is more common in men than in women. An abnor-
mal response to carotid sinus massage is defined as a pause 
for more than three seconds or a drop in systolic blood pres-
sure greater than 50 mmHg. Normally a mixed picture of 
vasodepressor and cardioinhibitory response is elicited 
(Fig.  2.7 ).

      Syncope Due to Orthostatic Hypotension 

 An abnormal vasoconstriction response to upright position can 
results in decreased cerebral perfusion. When upright, 10–15 % 
of blood pools in the lower extremities. The baroreceptors are 
activated by the decreased pressure that results from this drop 
in venous return and drop in stroke volume. A normal response 
increased heart rate, increased contractility and restored vascu-
lar tone. However, an abnormal response to these triggers may 
result in orthostatic intolerance if normal stroke volume is not 
restored. An abnormal response to upright posture is defined 
as a decrease in systolic blood pressure >20 mmHg or a 
decrease of symptomatic fall of systolic blood pressure associ-
ated with syncope or pre-syncope (Fig.  2.8 ).

Carotid sinus hypersensitivity

Reflex syncope
(neurally mediated syncope)

Spontaneous

Induced

  Figure 2.7    Carotid Sinus Hypersensitiity Reflex Syncope       
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      Cardiac Syncope 

 Cardiac syncope requires the most accurate diagnosis, as it 
may be the first sign of a life-threatening disorder. The 
absence of a prodrome is a common feature of these high-risk 
syncope scenarios. As a result, the risk of trauma is much 
higher with cardiac syncope. Exertional syncope should initi-
ate a search for a cardiac cause of syncope (Figs.  2.9  and  2.10 ).

    Obstruction to cardiac output is another cause of syncope. 
While this type of cardiac syncope is less common, it carries 
with it a high mortality [ 17 ]. 

 Arrhythmias also impede cardiac output. The sudden 
change in heart rate, wither fast or slow, may drastically 
reduce the cardiac output. In some patients with SVT, the 

Orthostatic hypotension
Volume depletion
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Multiple−system atrophy
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Pure autonomic failure
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Spinal cord injuries

Neuromodulators

Medication

Primary autonomic failure

Secondary autonomic failure

  Figure 2.8    Orthostatic Hypotension Syncope       
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cardiac output is still sufficient to maintain cerebral perfu-
sion, but a mixed picture with a vasodepressor response 
occurs, resulting in syncope [ 12 ]. 

 In patient with a suspicion for arrhythmogenic syncope, but 
yet undocumented rhythm disturbances, lengthy monitoring is 
often required. The implantable loop recorder has proven to 
be very useful in this regard. The ILR provides a cost-efficient 
and timely method to correlate heart rhythm at the time of 
syncope or presyncopal symptoms. This leads to the appropri-
ate intervention, be it pacemaker, defibrillator, electrophysiol-
ogy study with ablation, or medical therapy. Even documenting 
normal sinus rhythm at the time of symptoms can efficiently 
reroute the management in the effective direction (Fig.  2.11 ).   

   Tilt Table Testing 

 Tilt table testing is utilized to help investigate the underlying 
cause of unexplained syncope. Tilt table testing was first used 
to diagnose syncope in 1986 [ 10 ]. The test helps demonstrate 
the hemodynamic response to a passive upright challenge. 
It can help define the mechanism with neutrally mediated 
syncope or orthostatic hypotension syncope is suspected. If 
the detailed clinical history, along with a normal exam, nor-
mal echo, and normal ECG all suggest neutrally mediated 
syncope, a tilt table test may not be necessary to solidify the 
diagnosis [ 5 ]. However, there are times when a formal test is 
useful. Fortunately, tilt table testing is easy, safe, well toler-
ated, and often contributes to the patients understanding of 

“ The only difference between
syncope and sudden death is that
in one you wake up” –George
Engel

  Figure 2.10           
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their clinical situation. It also plays a role in defining dysau-
tonomia syndromes, such as postural orthostatic tachycardia 
syndrome and orthostatic intolerance. 

 Tilt table testing is also utilized to diagnose pseudosyncope, 
recurrent falls, and occasionally for medication guidance. Tilt 
table testing has been useful for initiating and monitoring 
pyridostigmine therapy. Tilt table testing with EEG can be 
useful for differentiating seizures from syncope, as well as for 
diagnosed pseudoseizures or pseudosyncope (Fig.  2.12 ).

   Tilt table testing can be performed safely at all ages [ 8 ,  11 ,  23 ]. 
Well operating equipment is paramount. Attentive staff with 
continuous hemodynamic monitoring is required. The tilt must 
be able to be reliably and quickly reversed. While there are rare 
reports of arrhythmias and myocardial infarction during tilt 
table testing, these risks are typically related to the provocation. 
There are no reports of death from tilt table testing. 

 Ideally, tilt table testing should be carried out in a room 
free of distractions and overstimulation. The environment 

  Figure 2.11    Medtronic Carelink Event Monitor Sample Report [ 25 ]       
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should be at a constant temperature, avoiding excessing heat 
or cold to avoid autonomic triggers. The test should be 
observed continuously as restoring the patient to the supine 
position is integral to restoring cerebral perfusion. 

 Protocols to improve the sensitivity of the tilt table test 
include using provocative agents [ 18 ]. Isoproterenol infusions 
have been used. Nitroglycerin is a provocative agent that is 
better tolerated, especially in elderly patients [ 24 ]. The 
“Italian Protocol” for upright tilt test involves a stabilization 
phase of 5 min in the supine position, passive tilt phase of 
20 min at a tilt angle of 60°; and provocation phase of further 
15 min of 60° tilt after sublingual nitroglycerin.. Carotid sinus 
massage during tilt can also increase the diagnostic yield of 
testing for carotid sinus hypersensitivity [ 15 ]. Care must be 
taken to weigh the risk of stroke during carotid massage, as 
the risk is approximately 1:1,000 [ 19 ]. 

 The test should be completed to the end of protocol. Test 
interruption is made when the protocol is completed in the 
absence of symptoms, or there is occurrence of syncope, or 
occurrence of progressive (>5 min) orthostatic hypotension 
[ 2 ]. Transient asystole, and at times prolonged asystole, may 
be precipitated. Rarely are interventions other than returning 
to supine are required (Fig.  2.13 ).

Contraindications for tilt testing
Inability to cooperate

Pregnancy

Critical valvular stenosis

LVOT obstruction

Severe proximal cerebral stenosis

Severe coronary artery disease

Recent MI

Recent CVA

Weight that exceeds safe table
operation

  Figure 2.12    Contraindication to Tilt Testing       
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     Interpreting the Results 

 A positive tilt table test demonstrates an abnormal hemody-
namic response to upright challenge with the symptom repro-
duction. When a patient’s syncope or presyncope symptoms are 
reproduced and accompanied by bradycardia and hypotension, 
a diagnosis of neutrally mediated syncope is suspected. The 
degree of relative bradycardia versus hypotension can help 
elucidate cardioinhibitory versus vasodepressor syncope. When 
hemodynamic changes occur in the absence of symptoms, the 
test is deemed a false positive. Clearly, a limiting feature of tilt 
table test is the false positive response to the test. The test must 
be interpreted in the context of the clinical scenario (Fig.  2.14 ).

       Cardioversion 

 Perhaps the simplest yet most utilized and useful tool in car-
diac electrophysiology is the cardioversion. It is also the most 
historical application of electricity. In fact an animal applica-
tion in poultry to induce and correct arrhythmias was docu-
mented in the eighteenth century [ 1 ]. Karl Ludwig applied 
electrical current to a canine heart in 1850 [ 20 ]. The first 
human intentional application was in 1947 using DC defibril-

Reasons for early termination of tilt table testing

Sycncope

Systolic BP < 70 mmHg or rapid decline

Bradycardia < 50 bpm or rapid decline

Execssive tachycardia (exceeding 220-age)

Significant arrhytnmias

Hyperventilation leading to ETCO2<20 mmHg

Patient distress

Unstable patient positioning

  Figure 2.13    Termination of Tilt Testing       
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lation during cardiac surgery. The first application of cardio-
version to convert atrial fibrillation was in 1962. Lown 
utilized synchronized DC shocks to restore normal sinus 
rhythm [ 13 ,  14 ]. 

 More recent improvements in the technique of cardiover-
sion include using defibrillation electrodes or pads that 
adhere to the patient’s skin rather than using paddles. 
Another advancement that has improved the efficacy of 
energy delivery to the heart while minimizing concurrent 
myocardial damage is the use of biphasic rather than mono-
phasic waveforms. 

 Prior to cardioversion, electrolytes should be evaluated 
and corrected if abnormal. If necessary, digoxin levels should 
be evaluated and acute myocardial infarction excluded. 
Anticoagulation should be administered prior to cardiover-
sion. Documentation of adequate uninterrupted anticoagula-
tion in the weeks prior to cardioversion is necessary to 
minimize the risk of cardioembolic phenomenon. If adequate 
anticoagulation cannot be ensured, TEE-guided cardiover-

Hemodynamic response to upright tilt test

Heart rate exceeds > 130 bpm in the first 10 min of upright
challenge. Significant hypotension is not part of the typical
response.

Decline in blood pressure with the absence of herat rate
decline > 10 %

Heart rate drops to < 40 pm

Asystolic response

Bradycardia with hypotension

Sustained fall in systolic blood pressure > 20 mmHG or diastolic
blood pressure > 10 mmHg in the first 3 min of tilt

Postural orthostatic tachycardia syndrome

Vasodepressor

Cardiolnhibitory

Mixed hemodynamic response

Orthostatic hypotension

  Figure 2.14    Hemodynamic responses to Upright Tilt Testing       
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sion should be employed. While traditionally the duration of 
AF that mandated anticoagulation was thought to be 48 h, 
there is increasing data suggesting that the risk of stroke may 
be associated with much shorter episodes of AF [ 9 ,  21 ]. 

 Adequate monitored anesthesia care or monitored seda-
tion is a critical part of cardioversion. Patient comfort in this 
elective procedure is paramount. Synchronization of the elec-
trical discharge with the QRS complex is what differentiates 
cardioversion from defibrillation. By timing the electrical 
discharge with the QRS, the vulnerable period of the T wave 
is avoided. The risk of inducing ventricular fibrillation exists 
is a shock was delivered during this vulnerable window. 
Defibrillation is an unsynchronized delivery of energy used to 
convert ventricular fibrillation. Care should be taken not to 
try to synchronize the defibrillation to a rhythm of ventricular 
fibrillation as delays in therapy may occur. When an electrical 
current delivered across the myocardium, the cells are simul-
taneously depolarized, reset, and permit restoration of sinus 
node activation. The sinus node takes over as the effective 
pacemaker. Cardioversion is effective for the termination of 
atrial fibrillation, ventricular tachycardia, or reentrant SVTs. 
Some arrhythmias will not terminate with cardioversion, 
notably arrhythmias due to increased automaticity. This 
includes digitalis-induced tachycardia, catecholamine induced 
arrhythmia, and some focal atrial tachycardias. 

 Once the electrodes and defibrillation pads are applies, the 
defibrillator should be synchronized to detect the patients R 
waves. When adequately sedated, the energy level is selected 
and the shock button is pressed and held until discharge. 
There is a momentarily delay until the defibrillator dis-
charges with the next detected R wave, thereby avoiding 
delivering energy in the vulnerable period of the cardiac 
cycle [ 26 ] (Fig.  2.15 ).

Marker indicates each 
detected R wave during 
synchronization

  Figure 2.15    Synchronizing to R Waves       

 

Chapter 2. Syncope, Tilt Testing, and Cardioversion



32

   Care should be taken to avoid exposure to high flow oxy-
gen. In an oxygen risk environment, electrical sparking from 
the paddles could ignite a fire. Fortunately, there are no 
reports of fires occurring when using the adhesive pads.. If 
first shock is not successful, examine the pads for optimal 
location and adherence. If necessary, replace pads. Consider 
repositioning anterior pad to optimize the direction of cur-
rent flow delivered. With proper technique and safety pre-
cautions, cardioversion remains an effective, safe, low risk, 
economical and well-tolerated procedure [ 4 ] (Fig.  2.16 ) [ 26 ] 
(Fig.  2.17 ).

Guide for successful cardioversion
Adequate skin preparation

Dry, clean, and hairless

Optimal electrode placement for optimal current flow

AP placement is preferable

Anterior pad should be on the right lateral border of the sternum 
centered over the fourth intercostal space

Posterior pad should be placed adjacent to the left of the spine with 
the center of the electrode at the level of the T7 vertabra

No air pockets or uneven adhesion of pads

Appropiate selection of energy

For atrial flutter, energy levels between 30−100 J biphasic 
will be effective

For atrial fibrillation, energy levels between 75−200 J biphasic 
will be necessary. In a patient with an excessive thoracic diameter,
200−300 J biphasic may be ncessary

  Figure 2.16    Guide for Succesful Cardioversion       
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         Supraventricular tachycardias are a group of arrhythmias 
that include atrio-ventricular nodal tachycardias (AVNRT), 
atrial tachycardia, and atrio-ventricular reentry tachycardias 
(AVRT) including Wolff-Parkinson-White Syndrome. The 
purpose of this chapter is to provide a basic overview of 
the mechanisms, management and practical considerations in 
the electrophysiology laboratory. 

   Atrioventricular Nodal Reentry 

 The most common type of SVT is atrioventricular nodal 
reentry (AVNRT), accounting for the majority of diagnosed 
SVT in patients under 50 years, with a higher prevalence in 
women compared to men. Quality of life has also been shown 
to be affected in various populations [ 1 ,  2 ]. Clinical ECG 
demonstrates a short RP, narrow complex tachycardia with 
evidence of retrograde conduction seen as a pseudo S wave 
with a superior axis P waves (Fig.  3.1 ).
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   This short RP tachycardia involves a reentry mechanism 
within the AV node and is based on the concept of dual AV 
nodal physiology. The reentrant circuit is dependent on the 
presence of at least two functional pathways with differing 
refractoriness and conduction properties. Typical AVNRT, 
the most frequent form, uses the slow pathway for antegrade 
conduction, and the fast pathway for retrograde limb to com-
plete the circuit and is classically triggered by an APC block-
ing in the fast pathway but conducting slowly down the slow 
pathway allowing retrograde recovery of the fast pathway to 
produce a closed loop (Fig.  3.2 ) [ 3 ,  4 ].

   The two pathways do not seem separable by pathologic 
examination but the characteristics are encoded within the 
cellular distribution, and the characteristics for electrophysi-
ology properties are functional [ 4 – 6 ]. The differentiation of 
function within the AV node was originally discovered from 
analyzing atrial pacing data using progressively shorter atrial 
extrastimuli cycle lengths (A1-A2) and measuring the A-H 
conduction times, during which it was noted that a large 
“jump” of at least 50 ms occurred at a specific 10 ms decre-
ment in A1-A2 cycle length after which the resumption of 
gradual normal decremental conduction would continue on a 
different slope (Fig.  3.3 ). This reproducible finding confirmed 

  Figure 3.1    ECG of AVNRT. Notice retrograde P waves forming a 
pseudo S pattern in several leads       
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Slow conduction
rapid recovery

Rapid conduction
slow recovery
(long refractory period)

Premature beat

  Figure 3.2    Diagram of dual pathway physiology within the AV 
node and initiation via an APC       

  Figure 3.3    Paced atrial extrastimuli with subsequent “jump” in AH 
interval and one beat reentry. This is referred to as an echo       
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the functional presence of dual pathway physiology and pro-
vides the substrate for a reentry based tachycardia such as 
AVNRT. This mechanism also explains the surface ECG find-
ings of an APC with sudden PR prolongation preceding ini-
tiation of a short RP tachycardia with evidence of retrograde 
P wave conduction. The intracardiac findings confirm a jump 
in AH interval meeting the dual pathway criteria with initia-
tion of a short RP tachycardia.

   The atrial electrogram on the His catheter is earliest since 
the return limb in the typical form involves the anterior path-
way located close to the anteroseptal region. 

 The fast and slow pathways are considered to anatomically 
located within the triangle of Koch during which the earliest 
retrograde conduction to the atrium is noted. In typical 
AVNRT, the earliest retrograde atrial activation EGM is 
noted in the apex of the triangle, and in the OS of the coro-
nary sinus during the atypical form. It is important to note 
that not all cases of AVNRT demonstrate clear dual AV 
nodal physiology during baseline EP studies, since the 
“jump” is heavily influenced by timing and autonomic tone. 

   Clinical Presentation 

 Patients with AVNRT often present with a history of parox-
ysmal palpitations, that may be triggered after bending down 
to pickup a heavy object, or preceded by a sensation of single 
“skipped beats”. It is interesting to note that many adolescent 
patients instinctively perform their own vagal maneuvers to 
terminate the SVT including bearing down or less commonly, 
standing on their head terminating the tachycardia via vagal 
like mechanism. Adults may describe a history of palpitations 
during their teenage years, the frequency of which may have 
decreased for many years, only to return later in life. While 
the tachycardia cycle length may decrease in a subgroup of 
patients with age, the ability to tolerate the fast rates may not. 
Common symptoms include sudden onset and termination, 
sensation of racing or palpitations, chest heaviness or unusual 
sensation in neck and throat prompting a cough. While the 
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SVT may last only minutes, it may be prolonged and inces-
sant prompting an emergency room visit. Intravenous ade-
nosine is often used in the pre-hospital and hospital setting 
with excellent success in terminating the tachycardia.  

   Clinical Management 

 There are three decision pathways: Observation, 
Pharmacologic, and Catheter ablation. The individual 
patient’s circumstances need to be included in the process. 
For example, a single episode of SVT and no history of symp-
toms may benefit from observation or event monitoring with 
no pharmacologic or invasive intervention. Catheter ablation 
is generally curative and is the preferred path for patients 
with recurrent episodes that are symptomatic, limited by pos-
sibility of having prolonged episodes requiring emergency 
services, and/or occupation that may increase patient risk for 
injury should he or she develop sustained SVT that is symp-
tomatic. Pharmacologic management primarily rely on drugs 
such as beta receptor and calcium channel antagonists that 
modulate AV node function to reduce the probability of SVT 
events over long periods of time. The next level of pharmaco-
logic intervention would include antiarrhythmics such as fle-
cainide or propafenone, which concomitantly have a higher 
side effect profile.  

   Electrophysiology Study and Ablation 

 Several forms of AVNRT have been described during EP 
studies including slow-fast (typical) and fast-slow (atypical). 
The correct diagnosis is critical to determining if and where 
an RF ablation should be delivered. The goal is to eliminate 
the appropriate limb of the reentry circuit while minimizing 
risk to the normal conduction system. When performing the 
EP study for SVT, it is important to maintain a systematic 
approach to avoid missing key maneuvers and improving 
your diagnostic accuracy. We recommend that physicians 
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 customize and adopt a framework on which to approach all 
EP studies. The following is only an example of possible con-
siderations during an EP study:

    1.    Document baseline sinus rhythm, AH, HV intervals. Any 
preexcitation?, is the AV conduction normal?   

   2.    1:1 A-V conduction   
   3.    AV node function – Effective refractory periods using pro-

grammed stimulation   
   4.    Any evidence of dual AV nodal physiology? (Fig.  3.3 )   
   5.    1:1 V-A conduction: Is it concentric? Is it decremental?   
   6.    Parahisian pacing    (Fig.  3.4 )
       7.    Attempt burst pacing and varying atrial and ventricular 

extrastimuli.   
   8.    Add agents such as isoproterenol or atropine to alter auto-

nomic tone to increase the probability of inducing SVT.     

 In typical AVNRT, the ECG reveals a short RP narrow 
complex regular tachycardia in which the P wave is buried 
within the terminal segment of the QRS complex and not 
clearly visible. Intracardiac electrograms demonstrate that 
the earliest retrograde activation is often seen on the His 

  Figure 3.4    Example of ParaHisian pacing       
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Bundle electrode, though it may be occasionally seen earlier 
along the posterior septum (Fig.  3.5 ). The QA interval is rela-
tively short. One must always consider the less probable pres-
ence of a left sided fast pathway.

   Pacing maneuvers during tachycardia are powerful tools for 
correctly diagnosing the circuit. For example, rapid ventricular 
pacing causing dissociation between the atrium and ventricle 
provides a clue. In this setting, the atrial cycle length remains 
unchanged thus ruling out AVRT as the etiology of the ongo-
ing tachycardia but does not rule out arrhythmias such as atrial 
tachycardia. Another maneuver during 1:1 conduction involves 
introducing single premature ventricular beats at a time during 
His refractoriness and determining if it resets the atrial activa-
tion. Parahisian pacing also aids in determining the presence of 
a concealed septal bypass tract [ 7 ,  8 ]. 

 It is important to recognize that there is a small but real 
risk of damaging the AV node fast pathway causing high 
grade AV block that may be irreversible. Fluoroscopic views 
maximizing the distance between the anteroseptum and the 
posteroseptal region near the coronary sinus where the slow 
pathway is localized reduces risk. Additionally, 3D mapping 
in which the His bundle is carefully marked can reduce risk. 

  Figure 3.5    Atrioventricular nodal reentry tachycardia       
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During RF delivery, monitoring VA conduction during junc-
tional beats as well as the A-H-V conduction during sinus will 
provide clues to unintended conduction system damage.   

   Atrial Tachycardia 

 Atrial tachycardias originate from cells depolarizing within 
the atria and function independently of the AV node conduc-
tion system and ventricle. The anatomic site of origin can be 
anywhere in the left and right atria. An atrial tachycardia may 
originate from one or more foci and presents on ECG as an 
SVT with evidence of p waves that may or may not have a 
fixed relationship to the QRS. The surface ECG usually 
reveals p waves with vectors different from the sinus node 
activation pattern (Figs.  3.6  and  3.7 ). Normal sinus rhythm 
presents with P waves that are positive in I, II, and negative 
in AVR. A tachycardia originating near the sinus node or 
from within the sinus tissue, it would appear similar to sinus 
activation pattern and the possibility of sinus node reentry 
should be considered. The atrial cycle length of atrial tachy-
cardias are generally longer than atrial flutter cycle lengths 
that are often ~200–250 ms. The P wave morphology of atrial 
tachycardias often appear similar to sinus P waves versus 
peaked saw tooth pattern waves seen in atrial flutter. On 
occasion, we find that what appeared to be an atrial tachycar-
dia on surface ECG was found to be an atypical atrial flutter 
during an EP study.

    The mechanism may consist of a focal automaticity, intra- 
atrial reentry, or triggered automaticity. While Focal automa-
ticity is generally resistant to termination by burst pacing, 
reentry or triggered automaticity based tachycardias are 
often induced and terminated by burst pacing. 

 Atrial tachycardias may occur in children for a variety 
of reasons including congenital heart disease, particularly 
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  Figure 3.6    Standard 12 lead ECG example of atrial tachycardia       

  Figure 3.7    Magnified 12 Lead to discern P wave activity       
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in the very young with decreasing prevalence with age. It 
may be seen in adults over time as a lone problem or 
accompanying myocarditis, thyroid disease, both acute and 
chronic pulmonary disease, and in patient with 
cardiomyopathies. 

   Clinical Presentation 

 Patient often present with a chief complaint of palpitations 
or ‘skipping’. Their ECG may reveal rates that may be 
within the range of normal sinus rhythm or sinus tachycar-
dia up to rates around 180 bpm. The intermediate rates 
may make it hard to discern between sinus or atrial tachy-
cardia, though one would expect that the setting in which 
the ECG is obtained will improve the specificity. For 
example, sitting quietly in the office with sudden onset of 
tachycardia at 165 bpm 1:1 AV conduction would be more 
consistent with an atrial tachycardia than sinus tachycar-
dia. However, these tachycardias present as persistent and 
stable rhythms at rates mimicking sinus tachycardia and 
difficult to discern without a 12 lead ECG. The differential 
diagnosis of underlying  etiology requires a detailed patient 
history that may suggest an acute disease process such as 
pulmonary embolus, RV failure, thyroid disease, pulmo-
nary disease.  

   Clinical Management 

 The treatment of underlying cause is naturally a first step for 
those patients in which direct trigger is found. However, the 
vast majority of patients will need to be treated with a tiered 
pharmacologic approach that may start with beta blockade or 
antiarrhythmic to control the frequency, duration, and symp-
toms associated with an atrial tachycardia while minimizing 
side effects from the drugs themselves. If there is a focal atrial 
morphology, then radiofrequency ablation of the site is a pre-
ferred strategy with a high probability of cure.  
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   Electrophysiology Study and Ablation 

 Review of the 12 lead ECG often provides information 
regarding location and cycle length of the tachycardia. The 
consideration of location should be done prior to starting the 
procedure to avoid surprises and determine equipment that 
may be needed. The main consideration is whether the tachy-
cardia is located in the left atrium or pulmonary veins which 
would require transeptal approach and anticoagulation. 3-D 
electro-anatomical and non-contact mapping is critical to 
localizing the circuit or focus while minimizing radiation 
exposure from fluoroscopy. There are several 3D mapping 
systems available which continuously improve their technol-
ogy making mapping more efficient and accurate [ 9 – 11 ]. The 
approach to the EP study for atrial tachycardias assumes that 
single and 12 lead ECGs (Fig.  3.3 ) have been thoroughly 
reviewed with a differential diagnosis in place to help guide 
the strategy. During the EP study, one should consider the 
following:

    1.    Document baseline sinus rhythm, AH, HV intervals. Any 
preexcitation?, is the AV conduction normal?   

   2.    Select best leads to view P wave morphology on the EP 
recording system (Figs.  3.6  and  3.7 )   

   3.    If in AT where does the 12 lead ECG localize the origin 
to?   

   4.    1:1 A-V conduction during tachycardia – Consider ade-
nosine, and review baseline variable conduction or use 
ventricular burst pacing to separate A-V relationship rul-
ing out AVRT (Figs.  3.8  and  3.9 )

        5.    Attempt to determine mechanism : focal, triggered auto-
maticity, or reentry. Use pacing maneuvers to attempt 
entrainment with concealed fusion to determine if a reen-
try mechanism is noted.   

   6.    Characterize AV node function – Effective refractory 
periods using programmed stimulation should be done as 
part of any EP study   

   7.    Any evidence of dual AV nodal physiology or accessory 
pathways?   
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  Figure 3.8    2:1 block during atrial tachycardia confirm A-V dissocia-
tion ruling out AVRT       

  Figure 3.9    Intracardiac recording confirming 12 lead of A-V disso-
ciation during tachycardia. Note that the earliest atrial signal is 
located in the proximal coronary sinus electrode. This only narrows 
down location based on current electrodes. One can only say that 
the earliest atrial activation from the electrodes current in place is 
the proximal CS       
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   8.    1:1 V-A conduction: Is it concentric? Is it decremental?   
   9.    Add agents such as isoproterenol or atropine to alter 

autonomic tone to increase the probability of inducing 
SVT.   

   10.    Where is earliest atrial signal compared to surface P 
wave?   

   11.    Consider phrenic nerve injury and confi rm with pacing 
before ablating [ 12 ]    

  A patient may have an atrial tachycardia but may also 
develop other lab induced tachycardias including AVNRT, 
atrial fibrillation, or atrial flutter that may or may not have 
clinical significance. 

 The mapping of focal atrial tachycardias integrates elec-
trogram analysis, timing, and is best done by utilizing 3D 
electro-anatomical mapping systems to store geospatial 
points and minimize fluoroscopy. In focal atrial tachycar-
dias, we often use a triggered mode screen format which 
provides a visual trigger on each atrial beat and allows us 
to map quickly obtaining the earliest atrial signal on the 
distal electrode of the ablation catheter compared to the 
surface P wave. Choosing the right reference on 3D map-
ping is important. It is important to always consider that an 
early atrial endocardial signal in single chamber mapping, 
for example the right atrium, may be earliest on a 3D map 
of the right atrium but later than the surface P wave if the 
origin is in the left atrium, right superior pulmonary vein. 
The reference electrode chosen determines accuracy of 
origin as well as diagnosis when it comes to optimizing 3D 
mapping. There are various 3D mapping systems available. 
Figures  3.10  and  3.11  demonstrate EGM mapping of an 
atrial tachycardia localized to a site posterior to the coro-
nary sinus os.

        SVT Mapping Considerations 

 Different 3D mapping strategies will be utilized depending 
on the diagnosis of the SVT. 

Chapter 3. A Brief Overview



50

  Figure 3.10    EGM mapping of atrial tachycardia. Successful termi-
nation of the tachycardia was achieved using the earliest atrial signal 
is seen at the distal electrode of the ablation catheter (ABL d) at a 
location posterior to the coronary sinus and 29 ms earlier than the 
onset of the surface P wave. It is directly under the Tricuspid valve – 
far field R waves can be seen       

  Figure 3.11    LAO and PA views of Carto 3D Map of the right 
atrium and earliest EGM. The site of ablation is denoted by dark red 
points marked Abl       
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   AVNRT 

 In most cases, AVNRT 3D mapping will be only anatomical. 
Some operators may prefer to collect an entire right atrial 
anatomical geometry, marking out the tricuspid valve in 
detail. Others may choose to simply mark important ana-
tomical sites with location tags and not collect the actual 
chamber. In either case, the most important anatomical 
marker in AVNRT mapping is a detailed His bundle, to pre-
vent AV block. Marking the CS ostium is also helpful for 
safety. If multiple ablations are required to eliminate the 
slow pathway, it is helpful to use a different color tag to 
mark the site of effective ablation and places where multi-
ple junctional beats were observed. In the event of a recov-
ery of the slow pathway during the post-ablation testing 
phase, the  electrophysiologist will be able to easy navigate 
back to the spot in question. Due to the sensitivity of the 
structures in the triangle of Koch, it is also recommended to 
use respiratory gating technology on the 3D map, and to 
take all anatomical tags consistently at end expiration. 
(Respirations can account for up to 5 mm of inaccuracy in 
3D maps, and 5 mm can make a critical difference when try-
ing to avoid AV block.)  

   AVRT 

 Mapping a pathway can be done in multiple ways. In its sim-
plest form, the 3D mapper can simply use location tags to 
mark areas of interest (AV fusion, AP potentials), so that the 
EP can return to those locations after exploring the entire 
valve. Electroanatomic (EA) mapping can also be beneficial. 
Window of interest choices must be made in order to prop-
erly map. It is usually best to map accessory pathways while 
pacing. If the pathway conducts both antegradely and retro-
gradely, pacing from either chamber will work; if the path-
way only conducts retrogradely, you must pace from the 
ventricle. It is usually best to use the pacing spike of the 
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catheter you are pacing as the “time zero” reference, and 
then map to the distal chamber (e.g., use RV catheter for 
reference while RV pacing, and annotate on atrial electro-
grams). When mapping this way, note that all times will be 
positive (no negative window). Therefore, a window of inter-
est will usually be set at +20 to +150. See Chap.   4     on WPW 
for more on mapping AVRT.  

   Atrial Tachycardia 

 Atrial tachycardias can be surprisingly difficult to map. 
Challenges include previous ablations (AT is often present 
post AF ablation; see AF chapter for more on post-AF LA 
AT), areas of scar, multiple tachycardias (or multifocal AT), 
varying cycle lengths, and difficulty inducing and sustaining 
AT. Sometimes differentiating mechanism (automatic, trig-
ger, microreentry, or macroreentry) can be problematic. 
Mapping reentrant atrial tachycardias is covered in the atrial 
flutter chapter. But because triggered activity and micro-
reentry can mask as macroreentry, and we recommend 
approaching the mapping for AT in the same way as map-
ping a macroreentrant tachycardia. By using the DePonti 
algorithm for calculating the window of interest, focal, 
microreentrant, and macroreentrant possibilities will all be 
taking into account during the EA mapping. If reentry has 
been entirely ruled out by pacing maneuvers, the window 
can simply be set to have the backwards interval timed at 
80–100 ms before p wave onset. If p waves cannot be 
observed, it is best to administer adenosine. The window of 
interest’s relationship to the p wave is critical to accurately 
mapping the AT. 

 It is important to recognize that no matter how high den-
sity and rapid the mapping system may be, 3D mapping will 
be impossible with multifocal AT and extremely difficult with 
rapidly changing ATs.      
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        WPW, in its full form, is the combination of ventricular pre-
excitation on ECG plus palpitations (due to orthodromic 
AVRT). Often the term “Asymptomatic WPW” is used, 
somewhat confusingly, to refer to the finding of a WPW-type 
baseline ECG without any subjective or documented arrhyth-
mia. In either case, the anatomic abnormality is that of an 
accessory AV pathway with antegrade (and almost always 
retrograde) conduction. 

 These pathways can support several arrhythmias (ortho-
dromic AVRT, antidromic AVRT, and pathway-to-pathway 
reentry in patients with multiple pathways), and act as 
bystanders to others (most often atrial arrhythmias, although 
AVNRT with bystander pathway conduction can occur). SVT 
in the form of orthodromic AVRT is by far the most common 
manifestation. However, special attention must be drawn to 
the entity of atrial fibrillation with “bystander” conduction 
down the accessory pathway, because this can lead to sudden 
death, even in previously asymptomatic persons. Finally, there 
is one non-arrhythmic manifestation of WPW, that of left 
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 ventricular systolic dysfunction i.e. dyssynchrony-induced car-
diomyopathy, similar to that induced by chronic right ven-
tricular pacing. 

 Orthodromic AVRT is comparable between WPW and 
concealed accessory pathways, as described elsewhere. 
Antidromic AVRT is an uncommon wide-complex tachycar-
dia using the accessory pathway antegrade and the AV node 
retrograde (see Fig.  4.1e ). It is one of several so-called “pre-
excited tachycardias,” a category that also includes preex-
cited atrial fibrillation (see Fig.  4.1d ) and almost every other 
form of SVT with bystander accessory pathway conduction 
(this can occur with AVNRT, atrial tachycardia, etc.).

   The diagnosis of WPW is generally straightforward from 
the baseline ECG. Occasionally fusion between sinus and 
ventricular beats falsely gives the appearance of preexcita-
tion (for example, late-coupled ventricular bigeminy can look 

a b c d e

  Figure 4.1    Surface ECG morphologies from a patient with WPW in 
different situations. ( a ) Sinus rhythm with subtle preexcitation, 
( b ) Preexcitation maximized by slow atrial pacing plus adenosine, 
( c ) Preexcitation maximized by rapid atrial pacing, ( d ) Irregular 
rhythm with variable degrees of preexcitation due to atrial 
 fibrillation, ( e ) Regular rhythm with maximal preexcitation due to 
antidromic AVRT       
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like preexcitation alternans). Preexcitation can sometime be 
subtle (see Figs.  4.1a  and  4.2 ), due to variable degrees of 
fusion between antegrade nodal and antegrade pathway 
 conduction. Subtle preexcitation is more likely when the 
atrial depolarization reaches the pathway late (i.e. left-sided 
pathways), when nodal conduction is relatively rapid (i.e. 
young patient, elevated sympathetic tone), or when pathway 
conduction velocity is slow (particularly certain types of 
atypical pathways, discussed elsewhere). Antegrade pathway 
conduction can be absent or intermittent above certain atrial 
rates, depending on the effective refractory period of the 
pathway. Antegrade pathway conduction can also be absent 

  Figure 4.2    Series of strips from a single patient at various sinus 
rates, demonstrating variable degrees of fusion (related to auto-
nomic effects on AV node conduction time, with antegrade pathway 
conduction present throughout); it is incorrect to use this type of 
“loss of preexcitation at faster heart rates” as a sign of a low-risk 
pathway       
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  Figure 4.3    ( a ) Apparent “intermittent” preexcitation in a child with 
WPW, with narrow QRS due to repetitive concealed penetration of 
the His-Purkinje wavefront retrograde into the pathway, until a PAC 
disturbs the pattern and allows antegrade pathway conduction at 
the same sinus rate; this patient had “high-risk features” demon-
strated at EP study. ( b ) Truly intermittent preexcitation (on a beat-
by- beat basis) in a different patient with WPW and hypertrophic 
cardiomyopathy; note half-scale voltage for precordial leads       

for reasons unrelated to pathway refractoriness (so-called 
“latent” pathways), including the phenomenon of concealed 
penetration of the His-Purkinje wavefront retrograde into 
the  pathway (see Fig.  4.3a ).
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    Additional rhythm recording (Holter, event recorder) may 
be indicated depending on symptoms. Echocardiography is 
indicated at baseline (to evaluate for comorbid structural 
heart disease, including Ebstein anomaly of the tricuspid 
valve, other forms of congenital heart disease, and hypertro-
phic cardiomyopathy) and perhaps periodically thereafter (to 
evaluate for ventricular dysfunction as mentioned above). 
Family screening is not generally recommended, as the recur-
rence risk in relatives is only modestly elevated (although 
certainly families with multiple affected members do occur). 

 Finally, the possibility of risk for sudden death must be 
considered. The mechanism of sudden death is believed to be 
that of rapidly conducted atrial fibrillation resulting in rapid 
irregular ventricular stimulation and eventually ventricular 
fibrillation. Patients with WPW are at increased risk for atrial 
fibrillation, even in the absence of structural heart disease. 
Therefore the risk of sudden death depends primarily on the 
antegrade conduction characteristics of the pathway. Patients 
with syncope, documented preexcited atrial fibrillation, mul-
tiple preexcited morphologies (since multiple pathways may 
alternate to allow rapid ventricular stimulation), and SVT 
(especially antidromic SVT) are at increased risk. Generally, 
older patients are believed to be at decreased risk, presum-
ably because of survivor bias (i.e. those with rapid antegrade 
conduction would have presented with syncope or sudden 
death already). 

 A consensus statement from PACES (the Pediatric and 
Congenital EP Society) and HRS (the Heart Rhythm Society) 
provides guidance for the management of asymptomatic 
WPW in children and young adults [ 1 ]. Although studies dif-
fer about the exact magnitude of the risk for sudden death 
(e.g. between 0.1 and 5 per 1,000 patient-years), the guideline 
authors provide class IIa recommendations for risk stratifica-
tion (acknowledging that no patient is at zero risk). The first 
step is non-invasive risk stratification, including ECG and if 
necessary exercise stress test, with the goal of identifying 
“abrupt and complete” loss of preexcitation at faster heart 
rates (felt to predict long accessory pathway refractory 
period). It is important to include only abrupt loss (i.e., in a 
single beat, see Figs.  4.3b  and  4.4 ), and not be misled by 
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gradual fusion or day-to-day variation due to concealed ret-
rograde penetration (see Figs.  4.2  and  4.3a ). Only 10–20 % of 
patients will have convincingly reassuring non-invasive eval-
uations; invasive testing is recommended for the remainder. 
Invasive testing consists of diagnostic EP pacing study via 
either trans-esophageal or trans-venous route, with the goal 
being to induce sustained atrial fibrillation and measure the 
SPERRI (Shortest Pre-Excited R-R Interval, see Fig.  4.5 ). 
Assessment of SPERRI during atrial fibrillation is a stronger 
predictor than other pathway characteristics (such as SPERRI 
during rapid atrial pacing, or accessory pathway ERP, see 
Fig.  4.6 ) and should always be sought. Atrial fibrillation can 
be induced, with concerted effort, in well over 90 % of 
patients with WPW; prolonged rapid pacing just above atrial 
refractoriness usually suffices, but ramp pacing protocols and 
administration of adenosine can be helpful in difficult cases. 
SPERRI < 250 ms, and especially <220 ms, is a predictor of 
higher risk for sudden death, and therefore an indication for 
prophylactic ablation (class IIa). The full algorithm (see 
Fig.  4.7 ) and accompanying text [ 1 ] capture additional nuance 
about balancing risks and benefits of ablation vs conservative 
management in various clinical situations.

  Figure 4.4    Strip from a patient with WPW undergoing exercise 
stress test. Preexcitation was present for the majority of the test, up 
through the first 3 beats on this strip. Then there is abrupt loss of 
preexcitation (in a single beat, associated with clear increase in PR) 
in the setting of sinus tachycardia to just over 200 bpm. After 11 
beats of sinus tachycardia with antegrade nodal conduction, SVT 
begins, at a rate of nearly 300 bpm, with rate-related aberrancy for 
the first 4 beats       
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  Figure 4.5    Atrial fibrillation with rapid antegrade pathway conduc-
tion; the shortest preexcited RR interval was 212 ms, suggestive of 
elevated risk for sudden death       

         Pharmacologic Management 

 For patients with WPW, medication is generally reserved for 
management of SVT (orthodromic AVRT) (Fig.  4.8 ) in 
patients felt not to be at risk for sudden death or who decline 
ablation. Because of some evidence that susceptibility to 
AVRT is itself a predictor of elevated risk (perhaps because 
rapid atrial stimulation during SVT can promote atrial fibril-
lation), ablation is used fairly liberally for patients with WPW 
and SVT. It is unknown if the risk stratification criteria for 
asymptomatic patients (see Fig.  4.7 ) can be extrapolated to 
patients symptomatic with palpitations or SVT.

   For management of AVRT, unlike in patients with con-
cealed accessory pathways (see elsewhere), digoxin and 
calcium- channel blockers are considered contraindicated in 
patients with WPW because of an association with sudden 
death (AV node blockade is felt to promote antegrade con-
duction down the pathway). Although the same concern 
theoretically exists for beta-blockers, these medications have 
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  Figure 4.6    Surface and intracardiac electrograms from atrial extra-
stimuli testing showing the accessory pathway effective refractory 
period with drive train S1 cycle length 400 ms and ( a ) S2 = 300 ms 
resulting in simultaneous antegrade pathway and nodal conduction 
with H-V interval < 0, compared to ( b ) S2 = 290 ms resulting in exclu-
sively nodal conduction, with a much longer PR interval, normal 
H-V interval, and narrow QRS       

 

J.M. Vinocur



63

been used extensively in patients with WPW without con-
vincing evidence for untoward effects. However, it is impor-
tant to realize that beta-blockade does not reliably protect 
against rapidly conducted atrial fibrillation and sudden death 
in predisposed patients. Therefore beta-blockers are primarily 

Baseline electrocardiogram

Persistent manifest
preexcitation

Exercise stress test*

Intermittent 
preexcitation

Follow in cardiology-
with counseling

regarding symptom
awareness

Persistent or uncertein loss
of manifest preexcitation

Abrupt and clear loss of
manifest preexcitation

Diagnostic transesophageal or
intracardiac electrophysiology studyΔ

SPERRI in atrial fibrillation > 250
msec and absence of inducible SVT†¶

SPERRI in atrial
fibrillation ≤ 250¶

Follow in cardiologu
with counseling

regarding symptom
awareness
(Class IIA)

May consider ablation
based on pathway

location and/ or patient
characteristics

(Class IIB)

Discuss
risk/benefits or

ablation
(Class IIA)

Discuss
risk/benefits or

ablation
(Class IIB)

Inducible SVT

*  Patients unable to perform an exercise stress test should undergo risk-stratification with an
EP study
Δ Prior to invasive testing, patients and the parents/guardians should be
counseled to discuss the risks and benefits of proceeding with invasive studies, risks of
observation only, and risks of medication strategy.   
   Patients participating at moderate-high
level competitive sports should be counseled with regards to risk-benefit of ablation (Class IIA)
and follow the 36th Bethesda Conference Guidelines6

¶ In the absence of inducible atrial fibrillation, the shortest pre-excited RR interval determined
by rapid atrial pacing is a reasonable surrogate

  Figure 4.7    Flowchart from PACES/HRS guidelines 1  for risk strati-
fication of asymptomatic children and young adults with WPW 
(Reprinted with permission)       
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appropriate for management of SVT in patients felt to be at 
low risk for malignant arrhythmia. 

 Anti-arrhythmic agents with direct pathway activity (class 
I and class III agents) are also effective for treatment of 
AVRT, and are frequently used when beta-blockers are 
unsuccessful (or undesirable because of concern about malig-
nant arrhythmia). Although catheter ablation is first-line for 
patients at high risk of malignant arrhythmia, class I and 
perhaps class III agents can be considered as alternatives 
(when ablation is refused or relatively contraindicated due to 
high-risk pathway location or extreme youth). 

 With regard to acute management, the same principles apply. 
For patients in AVRT, certainly intravenous calcium-channel 
blockers should be avoided. Adenosine and intravenous beta-
blockers are reasonable, although appropriate resuscitation 
equipment should be available with adenosine because of its 
tendency to induce atrial fibrillation that could be rapidly con-

  Figure 4.8    Orthodromic AVRT with LBBB aberrancy and earliest 
atrial activation at the His position, in a patient with an anteroseptal 
pathway       
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ducted. Channel-active intravenous anti-arrhythmics can also 
be used, depending on local availability. When patients present 
in preexcited atrial fibrillation, emergent intervention is 
required, even if the rhythm is hemodynamically well tolerated. 
Immediate sedated cardioversion is prudent. Any delay (while 
awaiting NPO status, pharmacologic cardioversion, or EP lab 
activation) can be considered only in a closely- monitored set-
ting with full resuscitation equipment immediately available.  

    Catheter-Based Management 

    Mapping 

 There are numerous approaches to mapping WPW, which 
offers flexibility to change strategies if one approach is not 
working well, but also can be confusing. It is important to 
understand no one approach will always be optimal; the 
choice should be individualized based on several factors. 

 All of the standard approaches for typical accessory path-
ways involve activation mapping around the tricuspid or mitral 
annulus, ideally with 3D mapping (which has been shown in 
some studies to improve success rates, and can minimize or 
even eliminate radiation exposure from fluoroscopy). Mapping 
can target the earliest atrial activation in any rhythm using the 
pathway retrograde (orthodromic AVRT, ventricular pacing) 
or earliest ventricular activation in any rhythm using the path-
way antegrade (sinus, atrial pacing, antidromic AVRT). Each 
approach has its strengths and weaknesses, particularly because 
generally mapping and ablation should be performed in the 
same rhythm, leading to tradeoffs between facilitating map-
ping and facilitating safe and effective ablation (see Table  4.1 ).

   One of the biggest pitfalls with mapping in WPW is the pos-
sibility of fusion between pathway and nodal conduction, which 
can occur when mapping in sinus, atrial paced, and ventricular 
paced rhythms. This can be partially avoided by carefully 
adjusting the rhythm to promote pathway conduction, for 
example by accelerating the pacing rate, changing the pacing 
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site to be closer to the pathway (best demonstrated by compar-
ing the degree of preexcitation in right vs left atrial pacing at 
the same cycle length), or even administering medication (e.g. 
calcium-channel blocker). Mapping in AVRT completely elimi-
nates this concern. Mapping in orthodromic AVRT provides 
another (smaller) advantage, which is that ventricular electro-
grams can be crisper (because of His- Purkinje activation) 
sometimes resulting in more easily interpreted signals. Of 
course, this assumes that AVRT can be readily induced and 
sustained; isoproterenol is often helpful in this regard. 
(Sometimes isoproterenol can be used briefly for induction of 
AVRT, and then discontinued to reduce cardiac motion while 
still allowing tachycardia to sustain.) The tradeoffs with differ-
ent approaches are discussed further in section “ Ablation ”. 

 Regardless of mapping strategy, it is critical to target the 
absolute earliest electrogram in the targeted chamber relative 
to a fixed reference point such as a coronary sinus bipole (for 
retrograde mapping) or a surface lead with a clearly identifiable 
deflection (for antegrade mapping). Although tempting, it can 
be quite misleading to target sites with short local A-V interval 
(for antegrade mapping) or V-A interval (for retrograde map-
ping); while this local “fusion” is frequently present at success-
ful sites (see Figs.  4.9 ,  4.10c ,  4.11b ,  4.12b ,  4.13a ,  4.14 , and  4.15a ), 
it can also be present at distant sites where both components of 
the local electrogram are delayed by similar amounts.

         Because almost all pathways are direct connections across 
the mitral or tricuspid annulus, interpretation of the maps is usu-
ally straightforward, with the earliest area being a point (or a 
small line running perpendicular to the atrioventricular groove), 
and with progressively later points on either side along the 
annulus (see Figs.  4.10a ,  4.11a , and  4.12a ). A broad early area 
suggests (1) imprecise electrogram interpretation that may ben-
efit from careful manual review or switch to a different strategy, 
(2) fusion between pathway and nodal conduction, if plausible 
in the rhythm being used, (3) rarely, fusion between multiple 
pathways, or (4) that the true earliest area has not been explored, 
for example on the opposite side of the atrial septum, or (rarely) 
within an atrial appendage or coronary sinus.  

Chapter 4. Wolff-Parkinson-White (WPW) Syndrome



68

    Entrainment 

 Although WPW supports SVT via a reentrant mechanism, 
it can be mapped like a focal tachycardia by following the 
activation pattern towards the earliest site (which should cor-
respond to where the pathway crosses the atrioventricular 
groove). Thus, entrainment maneuvers are not critical to map-
ping of WPW. However, they can occasionally be useful 
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  Figure 4.9    Surface and intracardiac electograms at the site of suc-
cessful ablation from mapping earliest ventricular activation in sinus 
rhythm, note the very early ventricular component recorded from 
the ablation catheter. Artifact in CS7,8 and ABLd channels relates 
to onset of RF delivery       
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 diagnostically (e.g. in evaluating whether an SVT is AVRT) or 
when there is uncertainty about whether the pathway is 
 left-sided or right-sided (although usually this is evident from 
the retrograde atrial activation sequencing, see Fig.  4.8 ). 
When performed, the maneuvers are comparable to those 
used for AVRT.  

  Figure 4.10    ( a ) Right atrial activation map (RAO and LAO/cranial 
views) of earliest atrial activation in AVRT of the patient in Fig.  4.8  
with an anteroseptal pathway.  Yellow markers  indicate sites where 
His potential was recorded;  white/pink  coloration indicates the area 
of earliest activation;  blue markers  indicate site of successful cryoab-
lation. ( b ) Corresponding fluoroscopy (RAO and LAO views) of 
catheter positions at the successful site. ( c ) Electrograms from the 
surface ECG, His, coronary sinus, RV, and ablation catheter at the 
successful site         

a

b
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ba

  Figure 4.11    ( a ) Right atrial activation map (LPO and LAO views) 
of earliest atrial activation in ventricular pacing of a patient with a 
right posteroseptal pathway.  White/pink  coloration indicates the 
area of earliest activation;  blue marker  indicates the site of success-
ful cryoablation. ( b ) Electrograms from the surface ECG, coronary 
sinus, and roving/ablation catheter at the site indicated by the small 
 red dot        

c

Figure 4.10 (continued)

     Ablation 

 Correct, precise mapping is the cornerstone of successful 
WPW ablation. Most pathways are delicate and can be easily 
eliminated with energy delivery at the correct location. 
However, there are important considerations with regard to 
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the rhythm in which ablation is performed (see Table  4.1 ). 
Because cardiac filling can vary with heartrate and A-V rela-
tionship, the exact location of the pathway may differ 
between different rhythms and therefore ablation is ideally 
performed in the same rhythm as mapping. 

 Catheter stability can be an issue with abrupt rhythm 
changes at the moment of ablation success, such as when 
AVRT breaks to sinus rhythm. One strategy to minimize this 
is to map in AVRT, and then ablate in V-entrained AVRT. By 
carefully entraining just slightly faster than the tachycardia 
(often achieving sustained fusion in QRS  morphology), the 
map remains accurate, but at the time of pathway success 
there is only a small change in  hemodynamics (from fused 
tachycardia to fully paced tachycardia) and thus less chance 
of catheter dislodgement. However, this precludes the possi-
bility of monitoring AV node function during ablation. 
Conversely, catheter stability is less likely to be an issue when 
ablating in sinus or paced rhythm, except in the situation of 

a b

  Figure 4.12    ( a ) Right ventricular activation map (RAO and AP 
views) of earliest ventricular activation in atrial pacing of a patient 
with WPW and three accessory pathways (one right posteroseptal 
and two right posterolateral). Mapping was quite difficult due to 
multiple pathways and a prominent Eustachian valve, so several 
mapping strategies were needed to achieve success.  White/pink  col-
oration indicates the area of earliest activation during one portion 
of the study; various color markers indicate sites of interest and/or 
different ablation lesion sets. The indentation between the atrial and 
ventricular chambers is somewhat apical of the true annulus. 
( b ) Electrograms from the surface ECG, coronary sinus, and roving/
ablation catheter near the site of successful ablation       
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V paced rhythm with no retrograde nodal conduction, when 
V-A dissociation can result in canon A waves and intermit-
tent sinus capture beats. (In this situation, quickly switching 
to simultaneous V and A pacing can improve stability.) 
Finally, when stability is a persistent issue, cryoablation (with 
its ability to adhere to tissue) can be helpful even if far from 
the normal conduction system. 

 When ablating near the AV node, antegrade properties of 
the normal conduction system should be continuously 
monitored. This is easy in orthodromic AVRT (see Fig.  4.10c ) 
as antegrade conduction is exposed during both SVT and 
sinus rhythm after successful termination. However, it is 
impossible during ventricular pacing (including V-entrained 
AVRT), except by alternating between V pacing and A 
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  Figure 4.13    Surface and intracardiac electrograms ( a ) before and 
( b ) just after successful ablation performed during ventricular pac-
ing in a patient with WPW via a left lateral accessory pathway. Note 
the change from eccentric retrograde conduction (coronary sinus 
activation distal to proximal) to absent retrograde conduction 
exposing V-A dissociated sinus rhythm       
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pacing in an attempt to monitor both antegrade nodal and 
retrograde pathway conduction (a technique that is much 
easier and safer with cryoablation, due to catheter adher-
ence and reversibility of effect). The normal conduction 
system can also usually be assessed during sinus or atrial 
paced rhythm, as elimination of both nodal and pathway 
conduction results in AV block, and elimination of nodal 
conduction alone results in QRS widening (maximal preex-
citation). However, when preexcitation is maximal at base-
line (due to rapid atrial pacing, see Fig.  4.1c , or when nodal 
conduction times are long or the pacing site is much nearer 
to pathway than node), it is possible to injure the normal 
conduction without any outward sign. Unfortunately, this 
results in a tradeoff between optimal mapping (where maxi-
mal preexcitation is helpful) and safest ablation (where 
fused conduction is required). 
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  Figure 4.14    Surface and intracardiac electrograms showing loss of 
preexcitation (between first and second beats) due to ablation per-
formed during atrial pacing in a patient with WPW. Note the very 
early local ventricular activation recorded from the ablation cathe-
ter on the first beat, compared to the well-separated atrial and ven-
tricular electrograms on the later beats       
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 Once a mapping strategy has been chosen and executed, 
an appropriate site identified, and an ablation strategy 
selected, the catheter is carefully positioned and energy deliv-
ered. It is important to anticipate what aspects of the rhythm 
need to be watched during ablation (to assess effect, and if 
necessary to monitor AV node conduction); usually success is 
obvious (see Figs.  4.13  and  4.14 ) but occasionally it can be 

a b

  Figure 4.15    Surface and intracardiac electrograms ( a ) before and 
( b ) just after successful ablation performed during sinus rhythm in a 
patient with WPW. Note again the very early local ventricular acti-
vation recorded from the ablation catheter during preexcitation, 
compared to the well-separated atrial and ventricular electrograms 
during nodal conduction. Unlike the previous figure, this patient has 
relatively subtle preexcitation so the changes in surface PR interval 
and coronary sinus AV interval are less prominent than the local 
change at the ablation site       
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fairly subtle (see Fig.  4.15 ). At an optimal site, pathway con-
duction can frequently be eliminated within a second or two 
of RF delivery. Ongoing ablation (beyond 5 or at most 10 s) 
should be avoided at ineffective sites; although “success” will 
sometimes be achieved late, this is often due to partial heat-
ing from the periphery of the lesion, raising the risk of early 
recurrence (sometimes immediately after energy delivery is 
completed, or even during the lesion). Additionally, these 
lesions can result in tissue edema and local electrogram frag-
mentation, both of which can interfere with subsequent map-
ping and ablation. Usually, careful adjustment of the targeted 
site (with further mapping using the same or a different 
strategy, if necessary) will ultimately result in a rapidly suc-
cessful lesion. For the same reasons, large tip or irrigated RF 

a

b

  Figure 4.16    ( a ) Baseline ECG of a patient with WPW due to a 
middle cardiac vein pathway. Despite the subtle difference in preex-
citation on the first beat, the patient had only one pathway. ( b ) Same 
patient immediately after ablation, demonstrating repolarization 
abnormalities consistent with the “T wave memory” phenomenon       
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should rarely be required, except perhaps when delivered 
power is temperature-limited to only a few watts (a situation 
occasionally encountered with right posteroseptal pathways). 
Most pathways with early coronary sinus activation can be 
more safely ablated from within the left atrium, but occa-
sional pathways are truly best targeted in the coronary 
venous system (particularly the middle cardiac vein), being 
aware of the risk of coronary artery injury in these locations. 

 After ablation, a complete EP study should be repeated to 
document absence of any additional arrhythmia substrate or 
(if relevant) AV node injury. Of note, patients that had preex-
cited atrial fibrillation do not typically require therapy 
beyond accessory pathway ablation (which seems to remove 
the atrial fibrillation substrate). Adenosine bolus can some-
times unmask residual pathway conduction, and is reasonable 
as a routine part of the post-ablation study, but is particularly 
helpful when pathway conduction is absent due to mechani-
cal trauma or edema from an imperfectly targeted ablation 
attempt. Post-ablation repolarization abnormalities, includ-
ing T wave inversion and QT prolongation, are quite com-
mon after WPW ablation and attributed to “T wave memory” 
or “cardiac memory” (see Fig.  4.16 ); frank ST depression or 
elevation is less common and should prompt consideration of 
coronary artery injury. A 30–60 min waiting period is prudent 
because of the chance of early recurrence.
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Atrial flutter is a macroreentrant tachycardia. It is most 
 commonly found in its typical form in which the reentrant 
 circuit travels around the right atrium in a counterclockwise 
and sometimes clockwise fashion. Atrial flutter can also be a 
more complex arrhythmia, traveling around scars or other 
lines of block in either the right or left atrium; these “atypical 
flutters” are also referred to as macrooreentrant atrial 
tachycardias.

Incidence and Etiologies

The incidence of atrial flutter is largely unknown due to a 
lack of organized data in the general population. Most of the 
epidemiologic data on atrial flutter have been grouped 
together with data from patients with atrial fibrillation. The 
estimate for the incidence of new cases of atrial flutter in the 
United States is around 200,000 per year.
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As with atrial fibrillation, atrial flutter occurs more  frequently 
in patients with structural heart disease. Although the causes of 
atrial flutter are not entirely understood, certain conditions 
have been implicated or associated with a higher risk for devel-
oping atrial flutter. These include hypertension, coronary artery 
disease, congestive heart failure and valvular heart disease such 
as those resulting from rheumatic heart disease [1]. It is thought 
that any condition that leads to an increased stretch and load on 
the atria can be a potential cause for any atrial arrhythmia. 
Congenital heart disease, either surgically repaired or not, and 
cardiac surgery, either involving an incision in the atrium or not, 
are also common causes of atrial flutter. Other conditions such 
as an overactive thyroid, fever, lung disease, or even alcohol can 
be associated with atrial flutter. Many of these mechanisms are 
still not well delineated, although it appears that inflammation 
may play a role in the pathogenesis.

Classification

Atrial flutter has been classified several ways. Historically, it has 
been described as “typical” vs. “atypical,” initially based on the 
rate of the flutter in the atrium and with the most commonly 
encountered variant termed as “typical” flutter [2]. In 2001, the 
North American Society of Pacing and Electrophysiology pro-
posed a different classification system based on mechanism of 
the flutter as well as the anatomic circuits involved [3]. “Typical” 
or “Type I” atrial flutter displays a classic pattern of downward 
deflecting “saw-tooth” flutter waves on the inferior leads of 12 
lead EKG and the flutter waves are of a positive polarity 
(upright) in the early precordial leads, V1 and V2 (see Fig. 5.1). 
By convention, “Atypical” or “Type II” atrial flutter are those 
that display any other patterns on the 12 lead EKG.

Mechanisms of Atrial Flutter

Atrial flutter can best be distinguished from atrial tachycar-
dia in that atrial flutter is a reentrant circuit, whereas atrial 
tachycardia is focal. During atrial flutter, the electrical signal 

D.T. Huang and T. Prinzi



81

in the atrium traverses around in a fixed circuit. The circuit 
can involve the entire right or left atrium or just part(s) of the 
atrium. In contrast, an atrial tachycardia originates from a 
focal source in the atrium, i.e., a group of cells firing off 
abnormal electrical activity. Atrial flutter can be distin-
guished from atrial fibrillation (AF) by the organization of 
the flutter circuit within the atria. The circuit leading to atrial 
flutter often is well organized, meaning that the path of the 
circuit is the same with each flutter cycle length, and it 
repeats itself over and over again. Occasionally, atrial flutter 
can involve more than one stable circuit. Atrial flutter is dis-
tinguished from AF in that AF is a much more disorganized 
atrial arrhythmia. There is no stable circuit in fibrillation. In 
AF, the signals in the atria are often crashing into themselves 
or into each other.

In order for a reentering impulse to be continually repet-
itive as in “Typical” or “Type I” atrial flutter, it needs to be 
a stable circuit. The stability of the circuit is attributed to the 
presence of an excitable gap, where the heart tissue trailing 
the traversing impulse has recovered from refractoriness 
and is able to be excited again. In addition, there is an area 
of slow conduction within the circuit. These conditions ful-
fill the two requirements for impulse reentry (1. different 
impulse travel speeds or conduction velocities in two 
 pathways where the electrical signals can go through; 2. 

Figure 5.1 Typical atrial flutter EKG. Notice classic “saw tooth”  
p waves in inferior leads, and positive p waves in V1 and V2
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 differential refractoriness of the tissues in these two 
 pathways). The areas of slow conduction can be a result of 
anatomic variations (variable patterns in cell alignment, the 
so called “anisotropy”, or anatomic structures that are more 
fibrous and less conducting) or as a result of scar from 
inflammation, surgery or stretch. In patients who present 
with the most commonly encountered atrial flutter (“typical 
atrial flutter”), this area of slow conduction coincides with 
the region between the tricuspid valve and the inferior vena 
cava and bordered by the Eustachian ridge (see Fig. 5.2). 
This is often referred to as the “cavo- tricuspid isthmus” 
because it forms a bridge of tissue through which the circuit 
is sustained. These slow conduction areas often become tar-
gets for ablation where if the reentering circuit can be inter-
rupted or cut permanently, then the atrial flutter can be 
considered cured. This can be achieved with ablation 
through the circuit resulting in complete conduction block 
across the isthmus.

Figure 5.2 RA anatomy for typical atrial flutter. IVC inferior vena 
cava, CS coronary sinus, TA tricuspid annulus, His bundle of His
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The traditional classification of “Atypical” or “Type II” 
atrial flutter had involved circuits other than the one travel-
ing through the cavo-tricuspid isthmus. With better mapping 
techniques and improved understanding, these “atypical” 
atrial flutters have now been defined further. Atypical atrial 
flutter can involve either the right or the left atrium. It is now 
well know that ablations in the left atrium, particularly for 
atrial fibrillation, can result in atrial flutter as an unintended 
outcome of the ablation procedure. During an ablation for 
AF, linear ablation lesions create barriers in the left atrium to 
isolate the areas where fibrillation originates. These barriers, 
if not contiguous, can have gaps in the line or create areas of 
slow conduction. This can in turn set up conditions needed for 
flutter circuits in the left atrium. Some of more commonly 
encountered circuits, the “roof-dependent” flutters, involve 
circuits traveling around the right or left pulmonary veins 
(Fig. 5.3). Another commonly occurring atrial flutter travels 
around the mitral annulus using the gap between the left 
inferior pulmonary vein and the mitral annulus (or the so- 
called left atrial isthmus) (Fig. 5.4).

Scarring from inflammation, surgery or ischemia/infarct 
can also create conditions leading to barriers within the atrial 
tissue that, in turn, set up the atrium for flutter circuits. 
Complex circuits have been mapped and reported which lead 
to another variant of “atypical” atrial flutter. Most atrial flut-
ters involve a single circuit, but there may be multiple circuits 
involved. One such two-circuit or “dual-loop” example that 
has been reported involves one circuit that participates in a 
“typical flutter” fashion, going through the cavo-tricuspid 
isthmus, and at the same time a secondary circuit going 
through a scar area on the more lateral aspect of the right 
atrium. These circuits traverse through the atrium together in 
a “figure of 8” pattern, facilitating and sustaining one another 
(Fig. 5.5, Media 3–4). When multiple circuits are involved, 
there often is a coordinated activation around these circuits, 
meaning that the signals travel through these circuits at a 
fixed rate from beat to beat, thus creating a stable flutter. For 
these more complex flutters, ablation may be needed across 
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multiple circuits in order to terminate the atrial flutter and 
convert to normal sinus rhythm, as well as to prevent further 
recurrences of signals traveling around either one of the 
circuits.

Figure 5.3 Roof-dependent left atrial flutter. “Early meets late” on 
the roof near the right veins
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Figure 5.4 Mitral Isthmus flutter. The entire cycle length of the 
tachycardia can be found around the mitral annulus

a b

Figure 5.5 (a) Typical flutter circuit of dual loop flutter, traveling 
around CTI. (b) Secondary circuit of dual loop flutter, traveling 
around RA lateral wall scar
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Management

Many options are available for the treatment of atrial flutter, 
and treatment should be tailored to individual patient needs 
and circumstances. These can range from cautious monitoring 
to invasive therapy with catheter ablation. As atrial flutter is 
a non-life-threatening arrhythmic condition, symptomatic 
control is often the primary goal for therapy. Other important 
reasons for treating atrial flutter also include reducing the 
risk of tachycardia-mediated cardiomyopathy and minimiz-
ing recurrent heart failure exacerbation.

In general, the goals in managing atrial flutter include: con-
trol of ventricular rates during atrial flutter, restoration of 
regular sinus rhythm, and prevention of thromboembolic 
events. A wide variety of drugs can be utilized for medical 
therapy, such as beta blockers or calcium channel blockers that 
control the ventricular response rate, membrane active antiar-
rhythmic drugs such as propafenone, flecainide or ibutilide to 
restore sinus rhythm, and anticoagulants such as warfarin or 
dabigatran to reduce the risks of embolic events such as stroke.

Catheter based therapy has now become accepted as 
another first line treatment for patients with atrial flutter, 
especially ones with “typical” or “type I” variant. It offers a 
potential curative option and much improved long-term 
maintenance of sinus rhythm as compared with medical 
 therapy [4]. The technical aspects of ablation have been 
 discussed in section “Technical considerations”. The primary 
aim in ablation for atrial flutter is to interrupt the reentrant 
circuit permanently. Thus the main strategy in mapping atrial 
flutter is to locate an isthmus (narrow ridge) of tissue where 
the electrical impulse in the atrium travels through two elec-
trically inactive boundary areas, such as anatomical structures 
like the tricuspid valve and the inferior vena cava, or scars. 
The goal of the ablation needs to be more than the restoration 
of sinus mechanism. To achieve electrical conduction block 
across the critical isthmus of the flutter circuit completely is 
regarded as the successful endpoint. It’s important not only 
that the arrhythmia stop, but that it can never come back.

D.T. Huang and T. Prinzi



87

In patients with atypical flutter that is refractory to 
 conventional curative ablation and medical therapy, ablation 
of the atrioventricular node is another strategy that can be 
used to treat patients with atrial flutter. This ablation will 
induce significant bradycardia, and a pacemaker will be 
needed to maintain an adequate heart rate. Pacing usually
involves single right ventricular lead stimulation. Alternatively, 
biventricular pacing devices have been used which may 
improve long term hemodynamic response in patients and 
lower incidence of heart failure.

Prevention of thromboembolic events with anticoagula-
tion therapy is another main objective in the treatment of 
patients with atrial flutter. For patients assessed to be at risk, 
such as those with heart failure, structural heart disease, older 
age, and prior stroke or transient ischemic attacks, therapy 
with anticoagulants is recommended. Warfarin has been a 
mainstay medication traditionally. Newer antithrombin 
agents such as dabigatran and rivaroxaban have been demon-
strated to be effective alternatives.

Technical Considerations

Mapping

The best way to assess atrial flutter and macro-reentrant 
atrial tachyarrhythmias is by careful and thorough 
3- dimensional mapping. The first step is to choose a consis-
tent reference to be “time zero” for the activation map, a 
fixed location of electrical activation. This needs to be from a 
catheter that will reliably stay in the same anatomic position 
recording electrical signals timed consistently with every 
cycle, so that “time zero” never changes. Usually, the best 
catheter to use as a reference is a bipolar electrogram (EGM) 
on the coronary sinus catheter, which should stay in place 
throughout the entire procedure and sits epicardially to the 
LA, so is less prone to movement during the manipulation of 
the mapping catheter. The mapping catheter is manipulated 
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by the operator in the chamber of interest. In atrial flutters, it 
roves around the atria gathering local electrical activation 
(EA) data. Be certain to choose a sharp and reliable 
EGM. Fractionated EGMs can cause a distortion of data, 
because “time zero” shifts to different places along the frac-
tionated EGM (see Figs. 5.5a, b and 5.6a, b, Media 3–4). As 
the catheter is manipulated around the atrium, points are 

Figure 5.6 Note the shifted reference. R7-R8 is fractionated. In the 
first point, the later part of the EGM is tagged. In the second point, 
the earlier component is tagged. This will distort your map, as seen 
in Fig. 5.7
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collected on the mapping system when the physician  confirms 
he or she has contact with the endocardium, and the point is 
annotated to the first sharp deflection on the bipolar EGM 
(confirm with first sharp down stroke of unipolar EGM to 
rule out far field atrial signal).

Once a reliable reference is chosen, the next step is to set 
the window of interest (WOI) for activation mapping. 
Traditionally, local activation time (LAT) mapping for macro- 
reentrant arrhythmias has been done by calculating 90 % of 
the tachycardia cycle length (TCL), and splitting that number 
50/50 on either side of the reference EGM. So if the TCL is 
220 ms, the window will be 199 ms, with 98 ms on either side 
of the reference EGM. So the WOI would be −98 ms to 98 ms. 
This is a quick method of setting the WOI, and mapping 90 % 
will demonstrate, if the operator is mapping a reentrant cir-
cuit and is doing so in the correct chamber, a transition area 

Figure 5.7 The map on the left is confusing, with no clear early-
meets- late, because of a shifting reference throughout procedure. 
The map on the right is the exact same case, corrected, with careful 
attention to the reference being selected on the same part of the 
EGM. There is a clear early-meets-late, and typical atrial flutter is 
confirmed (See Media 5–6 for propagation of these two maps)
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where the earliest measured signal meets up with the latest 
measured signal (“early-meets-late”). This helps to confirm 
that the arrhythmia is indeed originating in the particular 
chamber mapped, and the details of the impulse circuit dem-
onstrate where the reentrant circuit is traveling.

There, however, are cons to using this method. Because 
LAT data is collected in reference to an arbitrary “time 
zero,” the “early-meets-late” is also arbitrary. It shows that 
the arrhythmia is reentrant and where the circuit is traveling, 
but it does not serve as a guide for where to ablate. In other 
words, ablating along the early-meets-late line on the map-
ping system will not necessarily terminate the arrhythmia. 
For typical atrial flutter, this hardly matters. In typical atrial 
flutter, the shortest line between two electrically isolated 
structures is the cavo-tricuspid isthmus (the ridge of tissue 
separated by the boundaries of inferior vena cava and the 
tricuspid valve), and this is what will be regularly targeted for 
ablation (more on this below).

If, however, the tachycardia is somewhere in the left 
atrium, or traveling around a scar in either atrium, deciding 
on a target for curative ablation can be trickier. While the 
standard 90 % TCL, 50/50 window will give the basic data for 
the reentrant circuit, a more advanced but beneficial algo-
rithm for setting the WOI may be used. Robert DePonti has
proposed the following for setting the mapping window: 
Using this method, the early-meets-late line on the 3D map 
will be placed in the circuit’s mid-diastolic isthmus (MDI), 
the zone of slow conduction [5]. In atypical flutters that are 
less clear, mapping the mid-diastolic isthmus provides a more 
helpful picture of the tachycardia circuit and may also guide 
ablation, as the MDI for atypical flutter is usually found in 
low voltage and scar areas.
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To make it less complicated, the basic concept is to put the P
wave in the middle of the window, and to put the “early meets 
late” portion of the cycle length in the middle of atrial dias-
tole (between two P waves).

Entrainment

Pacing during any arrhythmia can also aid in the mapping of
the electrical circuit. In a reentrant circuit, pacing and the 
response of the local activation where pacing is taking place 
can help one locate the critical isthmus of the circuit. The pac-
ing is performed from the selected site at a rate that is slightly 
faster than the native flutter rate (about 10–15 % faster). The 
pacing site will only capture if pacing is occurring at a faster 
rate than the native rate. If pacing takes place within an area 
the circuit traverses through, the first post pacing cycle length 
(“post pacing interval”) should equal to the native flutter 
cycle length (give or take 10 % to permit for conduction 
delay associated with faster pacing rates and measurement 
errors). Furthermore, if this is combined with concealed 
entrainment – if the flutter wave morphology on the surface 
ECG is the identical to the paced p wave or atrial deflection 
on the surface ECG – then one can be assured that the pacing 
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site is a part of the circuit. This circuit should then be the 
target of ablation. If the isthmus comprises a small region, 
a point lesion may suffice in terminating the arrhythmia. On 
the other hand, if the region is relatively larger in size, as in 
most flutters, a linear ablation across boundaries of this area, 
such as the tricuspid valve and the inferior vena cava for 
“typical” atrial flutter, is needed to terminate the arrhythmia 
and to prevent any further arrhythmia recurrence through 
the same circuit and the same isthmus. If the surface ECG 
atrial waves exhibit a different morphology than during the 
native flutter, then the pacing is called a manifest or non- 
concealed entrainment. This site is not part of the circuit and 
ablation in this area will not be successful in terminating the 
arrhythmia.

Ablation

The goal of ablation therapy for an arrhythmia involving a 
reentrant mechanism is to interrupt the circuit permanently so 
that normal sinus rhythm can be restored and the recurrence 
of the same arrhythmia can be prevented. Strategies for abla-
tion often target between two electrically inactive structures 
bordering an area that is critical to the reentrant circuit (called 
a “critical isthmus” part of the circuit) and to create a line of 
electrical block in this region. This can cut through the path of 
the circuit and by taking advantage of the surrounding ana-
tomic structures that do not conduct electrical signals, the bar-
riers to conduction will no longer permit the electrical impulses 
to reenter leading to a recurrence of the same arrhythmia.

In typical atrial flutter, this ablation is performed at the 
cavo-tricuspid isthmus (see Fig. 5.2). It is well known that 
the typical flutter circuit travels through the area between the 
tricuspid valve and the inferior vena cava. By cutting the con-
duction through this isthmus region, the electrical impulse 
cannot travel through this and the surrounding tricuspid 
valve and the inferior vena cava the flutter can be cured. 
Other areas in the right atrium may potentially be targeted 
for ablation but these may be impractical because of the 
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larger areas involved and/or proximity to sensitive functional 
structures such as the sinoatrial or the atrioventricular nodes. 
The cavo-tricuspid isthmus is readily accessible through an 
inferior venous approach from the femoral vein and does not 
contain vital structures to the function of the heart. Therefore, 
it is an ideal region to target for ablation. In “atypical” atrial 
flutter, linear lesions are often created between scars, or 
between a previous ablation line and another electrically 
isolated structure (e.g., lateral wall right atrial scar to inferior 
vena cava, or left inferior pulmonary vein isolation line to 
mitral valve).

Several catheter options and modalities are available for 
the creation of a linear lesion, including longer-tip radiofre-
quency ablation catheters (8 mm or 10 mm), irrigated-tip 
radiofrequency ablation, or cryoablation. Settings (power- 
controlled or temperature-controlled) will depend on cathe-
ter choice and area being treated.

Where to ablate across the cavo-tricuspid isthmus for typi-
cal flutter is an important consideration. The shortest dis-
tance across the isthmus is around 6 o’clock on the tricuspid 
annulus, based on a left anterior oblique projection of the 
heart. The anatomy there is prone, however, to be associated 
with diverticulum, or “pouches”, in the tissue, making it more 
difficult to drag an ablation line. A more medial approach (5 
o’clock on the same projection) may also have pouches, and 
it is closer to sensitive structures like the coronary sinus 
ostium and the atrioventricular node. A lateral approach (7 
o’clock) allows you to avoid pouches, but the atrial muscu-
lature tends to be thicker and pectinate muscles may also 
be located here, leading to a lower likelihood of successful 
transmural ablation lesions. Each patient may have varia-
tions on these issues and anatomic along with electrical volt-
age mapping of the area targeted for ablation can be helpful 
in selecting the best suitable site for ablation therapy.

When dealing with atypical flutters, determining location 
for a line of block can be more difficult. In the case of mitral 
isthmus flutters in the LA, a line is often drawn from a previ-
ous left inferior pulmonary vein circumferential isolation line 
(from an atrial fibrillation ablation) down to the mitral 
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 annulus. This area has now been termed as the “left atrial 
mitral isthmus”. Due to the prominence of post-AF ablation 
atrial flutters observed, electrophysiologists now avoid creat-
ing these ablation lines as part of the atrial fibrillation abla-
tion strategy. Nevertheless, these flutters can be observed and 
is one of the more common atypical atrial flutters that can 
occur after an atrial fibrillation ablation. Once this type of 
flutter has been noted to occur spontaneously, the recurrence 
rate is high and the flutter can often be very persistent lead-
ing to more symptoms than the paroxysmal atrial fibrillation. 
Ablation in the left atrial mitral isthmus region is then 
needed to eliminate the substrate for this flutter. These abla-
tion lines are notoriously difficult to achieve complete con-
duction block endocardially within the left atrium and 
sometimes need to be finished epicardially by ablating within 
the distal coronary sinus. In the case of LA roof-dependent 
flutter, linear ablation across roof is created from the right 
superior pulmonary vein to the left superior pulmonary vein. 
In the case of scar-mediated atrial flutters, ablation is per-
formed either between two dense scars, or a scar and another 
electrically isolated structure (see Fig. 5.5 for a right lateral 
scar to IVC ablation line).

Validation

Successful ablation occurs when bi-directional block is 
 created across a critical isthmus, eliminating the reentering 
 circuit entirely. In typical flutter, this line of block is created 
between the tricuspid valve and the inferior vena cava. If 
ablation is performed during atrial flutter, the first step in 
observing success is the restoration of sinus rhythm. This does 
not necessarily mean it’s time to stop ablating. While the 
atrial flutter has terminated, one must be certain that no 
atrial flutter can ever travel through that isthmus again.

There are a few options for confirming bi-directional block 
across the isthmus. If a Halo catheter has been placed around 
the tricuspid annulus, or any other kind of 10- or 20-pole cath-
eter has been placed on the lateral wall of the RA, pacing 
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from the coronary sinus will show a  proximal-to- distal 
 activation sequence on the Halo (see Fig. 5.8). Pacing in the
other direction (from the distal pole of the Halo) will reveal a 
pattern in which the CS proximal poles will be later than all 
the poles of the Halo catheter. If, during CS pacing, there is a 
curved or “Chevron” activation pattern recorded by the Halo 
catheter (see Fig. 5.9), CTI block is not complete, and more 
ablation must be done.

For physicians who do not prefer to have an extra catheter 
in the heart (Halo or other lateral wall catheter) and would 
rather use a two-catheter approach (CS catheter and ablation), 
conduction time can be measured to demonstrate block by 
placing the ablation catheter on the lateral side of the abla-
tion line. The ablation catheter can be placed on the ablation 
line to look for double potentials while CS pacing. Double 
potentials that are separated by at least 90 ms are suggestive 
of CTI block, and if separation is measured to be >115 ms, it 
can be used to confirm bidirectional block.1

1 Morady paper from JACC.

Figure 5.8 Pacing from CS, Halo activation is proximal to distal.
This means the CTI is blocked
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A 3 dimensional activation map can be used as another 
method to validate CTI block, and it is also valuable for 
assessing the breakthrough point, or conduction gap, if 
block is not complete. Pacing from CS proximal, with the
paced catheter as the “time zero” reference (with a window 
of approximate +20 to +200), an electroanatomic map 
should show a clear block of conduction along the ablation 
line (See Media 7). If block is not present, careful and 
detailed activation mapping along the ablation line should 
show where electrical activity is still sneaking through the 
line of block, and this can serve as a guide to finish ablation. 
The voltage map of the region can be used to observe where 
tissue along the line is still active with a substantial voltage 
mapped and serve as another guide to complete the 
ablation.

Validation can be more complex with atypical flutter abla-
tion lines, but applying the same principle used in the criteria 
for typical flutter ablation can be adopted to demonstrate 
bidirectional block across the associated critical isthmus in 

Figure 5.9 Pacing from CS catheter, activation on Halo is not
 proximal to distal. This means activation is still passing through the 
CTI
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atypical flutter cases. By placing catheters on either side of 
the created line of block and pacing in both directions, 
 bidirectional block across the linear lesion can be confirmed 
with these additional activation maps.
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           Introduction 

 Atrial fibrillation (AF) continues to be the most common car-
diac rhythm disturbance encountered in clinical practice. It is 
estimated that greater than 2.2 million people in the United 
States are affected by AF with a prevalence reaching 0.4–1 % 
of the general population [ 1 – 3 ]. Hospitalizations for AF have 
also significantly increased due to an increase in the prevalence 
of chronic heart disease, an increase in the ageing population, 
and an increase in detection by ambulatory monitoring [ 4 – 6 ]. 
The clinical consequences of AF range from diminished quality 
of life and increase in congestive heart failure, to devastating 
thromboembolic events and increased mortality [ 7 – 10 ]. 

 Treatment of AF has long been achieved with mainte-
nance of sinus rhythm or managing heart rate with pharma-
cologic agents [ 2 ,  11 ]. Over the past decade, radiofrequency 
catheter ablation (RFCA) has been offered as an alternative 

    Chapter 6   
 A Practical Guide 
to Radiofrequency Catheter 
Ablation of Atrial Fibrillation 
           Burr     W.     Hall      and     Travis     Prinzi   

        B.  W.   Hall ,  MD    (�) 
  Department of Cardiology ,  Atrial Fibrillation Clinic, 
University of Rochester Medical Center ,   Rochester ,  NY ,  USA   
 e-mail: Burr_Hall@urmc.rochester.edu   

    T.   Prinzi ,  MD    
  Department of Cardiology ,  University of Rochester 
Medical Center ,   Rochester ,  NY ,  USA    

mailto: Burr_Hall@urmc.rochester.edu


100

or in conjunction with medical therapy in patients either with 
refractory AF or with intolerance to antiarrhythmic medica-
tions. With improvements in technique and skill, RFCA has 
provided an important alternative for specific patient popula-
tions in whom AF is refractory to antiarrhythmic medica-
tions. Despite advances in ablation therapy, AF recurrences 
are common and the number of patients requiring repeat 
procedures is not insignificant. AF ablation success rates have 
varied between centers with reported procedural success 
rates between 68 and 86 % at 1 year [ 12 ,  13 ]. Although AF 
ablation is now performed worldwide, its proper place in the 
treatment algorithms remains subject to debate despite being 
included within the most recent ACC AHA guidelines [ 14 ]. 

 In this chapter we describe how we have been performing 
RFCA of AF over the past decade at the University of 
Rochester Medical Center. While AF ablation technique may 
vary across medical institutions, we share our protocol as we 
have found that the methods that we describe have served us 
very well from both a safety and efficacy standpoint.  

   Patient Selection 

 The primary indication for ablation of AF should be to 
improve arrhythmia related symptoms such as palpitations, 
fatigue, shortness of breath and exercise intolerance. There is 
little to no data to suggest that AF ablation can reduce mortal-
ity and therefore symptom improvement should be the pri-
mary goal of AF ablation. We have seen patients in our practice 
with asymptomatic AF who are interested in proceeding with 
AF ablation as an alternative to long-term systemic anticoagu-
lation. While there is limited data demonstrating that discon-
tinuation of warfarin post AF ablation is safe in the short to 
medium term follow-up in specific patient populations, this has 
not been confirmed by larger randomized clinical trials [ 15 –
 17 ]. It has therefore always been our practice not to discon-
tinue warfarin or equivalent therapies post-ablation in patients 
that have a high risk of stroke as determined by the CHA2Ds2-
VASC score regardless of the presence or absence of AF. 
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 Consensus indications for RFCA of AF have been well 
described in the 2012 HRS/EHRA/ECAS expert consensus 
statement [ 18 ]. While these guidelines are very helpful in 
determining the appropriateness of AF ablation in a specific 
patient cohort, it is also imperative that patient preference be 
carefully considered. AF ablation is a complex procedure 
with procedural risk and the risk benefit ratio of performing 
such a procedure must be carefully considered for each 
patient. There are many clinical and imaging based variables 
that can be used to help define the efficacy and procedural 
risk of AF ablation in an individual patient which are sum-
marized in Table  6.1 .

   In our own experience we have found that left atrial vol-
ume is the predominant predictor of AF ablation success. In 
a subset of 88 patients with both paroxysmal and persistent 

   Table 6.1    Patient selection for AF ablation   
 Patient characteristic  Better candidate  Worse candidate 
 Symptoms  Highly 

symptomatic 
 Asymptomatic 

 Failed Class I or III 
antiarrhythmic drugs 

 >1  0 

 AF classification  Paroxysmal  Long standing 
persistent 

 Age at time of ablation  Younger (<70)  Older (>70) 

 Left atrial size  <80 cc  >120 cc 

 Ejection fraction  Normal  Reduced 

 CHF  No  Yes 

 Concomitant cardiac 
disease 

 No  Yes 

 Pulmonary disease  No  Yes 

 Obstructive sleep apnea  No  Yes 

 Obesity  No  Yes 

 Prior stroke  No  Yes 
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AF at our institution undergoing AF ablation, left atrial vol-
ume measured by CT strongly predicted AF recurrence fol-
lowing ablation. The recurrence rate increased from 10 % in 
patients with left atrial volumes of less than 70 cc and 
increased to over 33 % in patients with left atrial volumes 
between 110 and 129 cc. In patients with a left atrial volume 
of 130 cc or larger the recurrence rate after ablation was 
more than 90 % and appeared to function as a threshold for 
failure [ 19 ] (Fig.  6.1 ).

   As shown in the ROC analysis, the frequency of AF recur-
rence after ablation increases as left atrial volume increases. 
The recurrence rate increase from 10 % in patients with small 
atria with volumes <70 cc and increases to over 33 % in 
patients with left atrial volumes between 110 and 129 cc. 
A left atrial volume of at least 130 cc as measured by CT 
appears to function as a threshold. Failure rate in patients 
with a volume of 130 cc or larger had an AF recurrence rate 
of more than 90 %.  
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  Figure 6.1    Failure rate after AF ablation depending on left atrial 
volume by CT       
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   Complications of AF Ablation and Anatomic 
Considerations 

 Catheter ablation of AF is one of the most complex ablation 
procedures performed by electrophysiologists. It is therefore 
expected that AF ablation is associated with more extensive 
and higher complications rates even in experienced centers. 
The most recent worldwide survey of AF ablation included 
45,115 procedures in 32,569 patients. Thirty two deaths 
occurred resulting in a mortality rate of 0.98 per 1,000 patients. 
The most common causes of death included tamponade, 
stroke, atrioesophageal fistula and massive pneumonia [ 20 ]. It 
should be noted that this data was derived from voluntary 
surveys and quite possibly significantly underestimates the 
true morbidity and mortality associated with AF ablation. 

 Complications associated with AF ablation may be related 
in part to regional differences in left atrial (LA) transmural 
wall thickness. In an effort to investigate this, we measured LA 
wall transmural thickness in 34 human heart specimens using 
calipers in five anatomic areas frequently targeted  during AF 
ablation (anterior wall, septum, mitral isthmus, posterior wall 
and roof). The roof was the thinnest region measuring signifi-
cantly less than each other area. The septum was the thickest 
area [ 21 ]. Significant regional differences exist among the dif-
ferent anatomic areas within the left atrium and lower power 
and temperature should be used in anatomic regions within the 
left atrium known to have thinner transmural wall thickness.  

   Approach to the Left Atrium 

   Transseptal Puncture 

 Transseptal puncture (TSP) is the conventional approach to 
accessing the left atrium. TSP can be challenging even for expe-
rienced physicians. In our laboratory we rely on several fluoro-
scopic and intracardiac images when performing TSP. The 

Chapter 6. Ablation of Atrial Fibrillation



104

intracardiac echo (ICE) catheter is placed in the superior vena 
cava (SVC) viewed from the anterior posterior (AP) fluoro-
scopic view. The ICE catheter is then pulled down inferiorly in 
the AP view until the fossa ovalis is clearly  visualized. At this 
point it is important to view the anatomic relationship of the 
ICE catheter and the os of the coronary sinus identified by the 
coronary sinus catheter. Positioning the ICE catheter too inferi-
orly and thus closer to the coronary sinus os may result in a TSP 
location that is too low which can allow the trans-septal needle 
to fall into the right ventricle when applying forward pressure at 
the time of the puncture. Once a clear image of the fossa ovalis 
is seen, the transseptal needle is advanced into the introducer of 
the guide sheath and pulled down from the SVC in the AP view 
until clear tenting is seen on the ICE image (Fig.  6.2 ). We prefer 
to perform the actual puncture in the left anterior oblique 

  Figure 6.2    ICE image showing clear tenting of the fossa ovalis prior 
to transseptal puncture       
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(LAO) fluoroscopic view and the camera is moved from an AP 
view to 40° LAO at this time. At this point forward pressure is 
applied to the sheath and introducer until further tenting is 
seen. The trans-septal needle is then advanced until the fossa 
ovalis is crossed. It is our preference to use a radiofrequency 
powered transseptal needle as we have found that this results in 
high success rates and lower fluoroscopy times. Confirmation of 
the trans-septal needle location is then assessed by injecting 
contrast dye with the aid of a manifold into the needle hub. The 
transseptal needle is then removed from the body leaving the 
sheath introducer just across the fossa with the tip in the left 
atrium. A 0.32 guide wire is then advanced through the intro-
ducer into the left superior pulmonary vein (Fig.  6.3 ). It is only 

  Figure 6.3    A guide wire is advanced into the left superior pulmo-
nary vein after the introducer enters the left atrium. This serves as a 
guide when advancing the sheath to prevent the sheath/introducer 
combination from forcibly hitting the left atrial free wall       
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after this step that the sheath is advanced into the left atrium by 
pushing the sheath and introducer at the same time over the 
guide wire. At times it can take moderate applied pressure to 
advance the sheath into the left atrium. Advancing the sheath 
across a guide wire placed in the left superior pulmonary vein 
prevents the sheath and introducer from forcibly hitting the free 
wall of the left atrium as it is advanced.

       Catheter Manipulation Within the Left Atrium 
and Pulmonary Veins 

 Once access to the left atrium has been achieved, we rou-
tinely inject contrast into the left and right pulmonary veins 
(Figs.  6.4  and  6.5 ). Despite the fact that we utilize three 

  Figure 6.4    Contrast injection into the right superior pulmonary vein       
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dimensional electroanatomical mapping it is still very useful 
to have a fluoroscopic image of the pulmonary vein ostia and 
the relationship of the ostia to the cardiac border and spine 
which varies significantly between individual patients. This 
serves to increase the safety of the procedure with fluoro-
scopic confirmation that the ablation catheter is well outside 
the pulmonary vein ostia.

    Catheter manipulation within the left atrium can be bro-
ken down into the pulmonary veins and six major anatomic 
regions: right anterior wall, right inferior wall, left anterior/
ridge, left posterior wall, left atrial roof and appendage. If one 
were to draw an imaginary line down the middle of the left 
atrium, it is our preference to use AP or shallow RAO fluo-
roscopic views when manipulating the ablation catheter to 

  Figure 6.5    Contrast injection into the left superior pulmonary vein. 
Also seen is the esophageal temperature probe posterior to the vein       
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the right of that line and LAO for any catheter movement to 
the left of that line. 

 The pulmonary vein ostium are posterior structures with 
in the left atrium. As such posterior torque on the catheter 
and sheath is necessary to access the veins. The left superior 
pulmonary vein (LSPV) can be entered by directly advancing 
the ablation catheter from the trans-septal site with clocking 
the catheter and sheath in a posterior direction. It can be 
virtually impossible to define the left atrial appendage from 
the LSPV on two dimensional fluoroscopy. It is therefore 
imperative that one carefully looks at the local atrial electro-
gram as the catheter is being advanced into the LSPV. If the 
catheter is advanced in too much of an anterior direction, the 
left atrial appendage can be entered inadvertently and this 
would be associated with a large amplitude atrial electrogram 
which should immediately be recognized by the operator. 
This is in contrast to what one would expect when advancing 
the catheter in to the LSPV which reveals a diminishing elec-
trogram amplitude. The left inferior pulmonary vein can be 
entered by maintaining the same posterior torque and 
advancing the catheter slightly in the inferior direction. The 
real time impedance should also be carefully monitored. 
A high impedance (over 110 Ω) would suggest that the cath-
eter is too distal within the pulmonary vein and ablation 
should then be avoided. 

 The right superior pulmonary vein (RSPV) is easily 
accessed by pulling the catheter out of the LSPV and clock-
ing the sheath and catheter across the high posterior wall 
until the catheter falls into the RSPV. After mapping the 
RSPV the catheter can be rotated in a further clockwise 
direction until it falls out of the vein onto the high anterior 
wall of the left atrium. At this point the sheath and the cath-
eter can be pulled down together in an inferior direction to 
the level of the trans-septal puncture to obtain the remainder 
of the anteroseptal wall (Fig.  6.6 ).

   The right inferior pulmonary vein (RIPV) and surround-
ing left atrium can be one of the most difficult anatomic 
regions of the left atrium to reach. This is especially true with 
smaller left atriums where there is very little distance 
between the trans-septal puncture site and the inferior os of 
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a

b

  Figure 6.6    Approach to anterior wall outside the RSPV. 
Corresponding fluoroscopic image ( a ) and location ( green circle ) on 
three dimensional electroanatomical map ( b ). The ablation catheter is 
rotated in a clockwise direction from inside the RSPV until it falls on 
the anterior antrum/wall. The ablation catheter and sheath and then 
pulled sequentially in an inferior direction to map or ablate the 
remainder of the anterior wall to the level of the trans-septal puncture       
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the RIPV. The os of the RIPV is located much more posteri-
orly than any of the other veins which adds to the challenge 
of entering this vein and performing ablation around its’ 
entire circumference. When accessing the RIPV, it is our pref-
erence to point the sheath toward the LSPV. The catheter is 
then deflected more than 180° with posterior (counter 
 clockwise torque) until the RIPV is entered (Fig.  6.7 ). The 

  Figure 6.7    Approach to the right posterior wall and right inferior 
pulmonary vein – Catheter position shown on corresponding AP 
fluoroscopy and three dimensional electro-anatomical map views. 
The sheath is directed toward the left and pulled back into the right 
atrium. The ablation catheter is then positioned in the opposite 
direction of the sheath and moved in an inferiorly and superiorly to 
manipulate the entire right posterior wall. Advancing the catheter in 
this position will access the right inferior pulmonary vein. Also seen 
is the esophageal temperature probe placed at the level of the distal 
tip of the ablation catheter       
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catheter will not leave the fluoroscopic cardiac silhouette as 
it does with the other three veins because of the very poste-
rior direction of the RIPV. The right posterior wall and low 
right anterior wall below the trans-septal puncture site can 
then be mapped from this configuration by counter clockwise 
or clockwise catheter rotation respectively.

   There are two equally effective methods to both map and 
ablate along the left atrial roof. The roof of the left atrium is 
not a flat structure. The roof immediately outside of the 
LSPV is much more superior than the roof anatomy as it 
enters the RSPV. This superior to inferior direction of the 
roof must be taken into account as the catheter is manipu-
lated across the left atrial roof. In an AP fluoroscopic view, 
the tip of the ablation catheter can be placed in the os of the 
RSPV with the sheath pointed toward the left. The curvature 
of the catheter is then relaxed allowing the catheter to fall 
across the roof from right to left (Fig.  6.8 ). Alternatively, the 
catheter can be placed into the os of the LSPV. The catheter 
and sheath are then clocked together in a sequential fashion 
across the posterior aspect of the roof until the os of the 
RSPV is reached. With this method local esophageal tem-
perature must be carefully monitored given the more poste-
rior roof line that is created.

   The ridge of the left atrium is located between the anterior 
os of the LSPV and the left atrial appendage. There is signifi-
cant anatomic variation to this structure between patients. 
Higher power settings are often required to achieve bidirec-
tional electrical block along the ridge. The ridge can be 
ablated from the pulmonary venous or appendage side. It is 
our preference to ablate along the venous side of the ridge. 
The ablation catheter is advanced into the LSPV and the 
sheath is advanced well into the left atrium over the catheter. 
The catheter is then withdrawn as counterclockwise torque is 
applied to the sheath. Ablation is performed when both an 
acceptable electrogram and impedance is obtained. This is 
one area of the left atrium where more sheath support is 
required. Without the sheath support, small anterior or pos-
terior movements of the catheter will cause it to fall into the 
left atrial appendage or LSPV respectively (Fig.  6.9 ).
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a

b

  Figure 6.8    Corresponding catheter position in AP fluoroscopic ( a ) 
and three dimensional electro-anatomical map ( b ) ( green circle ) 
views. To obtain the left atrial roof anatomy the sheath is pointed to 
the left and the ablation catheter is positioned in the opposite direc-
tion with the tip just outside the right superior pulmonary vein. 
From this position, the catheter curve is slowly released, thus allow-
ing the catheter to sweep the roof and ends at the ostium of the left 
superior pulmonary vein       
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b

  Figure 6.9    Catheter manipulation at the left atrial ridge between 
the LSPV and appendage. Corresponding fluoroscopic ( a ) views and 
on three dimensional electroanatomical map ( b ) ( green circle ). The 
ablation catheter is advanced into the LSPV. Counter clockwise 
anterior torque is then applied to the sheath and catheter as the 
catheter is pulled back into the sheath until it lands on the ridge. 
Further counterclockwise rotation will cause the catheter to fall into 
the appendage       
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   The left atrial appendage is usually easily mapped. It is one 
of the most anterior structures within the left atrium. 
Advancing the catheter from the trans-septal site toward the 
LSPV with substantially more anterior torque will allow the 
catheter to fall into the appendage. It is important to pre-
dominately map the base of the appendage because advanc-
ing the catheter too far into the appendage can dramatically 
increase the risk of perforation is unnecessary for the abla-
tion of AF. In some patients the left atrial appendage can 
protrude anteriorly over the mitral annulus rather than in the 
more common anterior superior direction. This anatomic 
variation should be recognized if no clear left atrial append-
age is seen in the usual anatomic location.  

   Remote Magnetic Navigation-Guided 
Pulmonary Vein Isolation 

 Remote magnetic navigation (RMN) catheter ablation has 
recently been shown to be a feasible and safe technique to 
achieve PVI with long-term effectiveness [ 22 ,  23 ]. Potential 
advantages of RMN catheter ablation are catheter contact and 
stability as well as the potential for reduced risk of complica-
tions secondary to the atraumatic design of the RMN ablation 
catheter. We recently described our own experience with 
RMN for the ablation of AF in 30 consecutive patients [ 24 ]. 
Seventy seven percent of this small patient cohort had persis-
tent atrial fibrillation with an average left atrial volume of 
95.4 ± 33.2 ml. These patients were compared to 61 patients 
undergoing AF ablation with a standard PVI ablation proce-
dure. The rates of final PVI for the individual pulmonary veins 
for RMN and standard PVI approaches were similar (86.7 % 
versus 89.8 % respectively, p = 0.67) (Fig.  6.10 ). However, we 
did find that anatomic ablation alone with RMN catheter 
ablation was insufficient to achieve acceptable rates of PVI. In 
other words, even though RMN catheter ablation may offer 
improved catheter stability and endocardial contact during 
radiofrequency application, it is still necessary to utilize an 
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electrogram based approach with a circumferential 20 pole 
catheter (Lasso) within the pulmonary vein ostium to insure 
high rates of electrical isolation. No significant procedural 
complications were noted with either the standard or RMN-
guided PVI.

       Left Atrial Tachycardia Following Left Atrial 
Ablation for Atrial Fibrillation 

 As left atrial circumferential ablation has become a more 
effective and common therapy for atrial fibrillation [ 12 ,  25 ], 
one of the potential complicating features is the development 
of LA macroreentrant and focal tachycardias in the post 
ablation period [ 26 ,  27 ]. 
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  Figure 6.10    Final individual pulmonary vein isolation rates for 
remote magnetic navigation and standard ablation techniques. 
 LSPV  left superior pulmonary vein,  LIPV  left inferior pulmonary 
vein,  RSPV  right superior pulmonary vein,  RIPV  right inferior pul-
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   Prevalence and Incidence of Left Atrial 
Tachycardia Following LA Circumferential 
Ablation 

 The reported prevalence and incidence of left atrial tachycar-
dia following LA ablation varies between medical centers. 
Chugh et al. reported that 20 % of patients in one series of 
349 patients undergoing LA circumferential ablation had 
either spontaneous or induced left atrial tachycardia in the 
electrophysiology lab following the ablation procedure. In 
these patients, 55 % subsequently developed spontaneous 
LA tachycardia during follow-up. Overall, 24 % of patient 
undergoing LA circumferential ablation developed sponta-
neous left atrial tachycardia during an average follow-up of 
394 ± 144 days post ablation. Among the 24 % of patients who 
developed spontaneous left atrial tachycardia during follow-
 up, 53 % of these had not had any left atrial tachycardia dur-
ing the index ablation procedure [ 26 ]. Mesas et al. reported a 
lower incidence of left atrial tachycardia following circumfer-
ential left atrial ablation. In their series of 276 patients under-
going left atrial circumferential ablation, 13 patient developed 
left atrial tachycardia during follow-up for an approximate 
incidence of 4.7 %. It is not known how many patients in this 
series developed acute left atrial tachycardia in the electro-
physiology laboratory. All of these patients underwent abla-
tion for their left atrial tachycardia at a mean duration of 
2.6 ± 1.6 months following the ablation procedure [ 27 ]. 

 Left atrial tachycardia will most commonly occur within 
the first 4 weeks following the ablation procedure. Chugh 
et al. reported that spontaneous atrial tachycardia occurred at 
a mean of 44 ± 62 days following ablation with 58 % of these 
atrial tachycardias occurring within 4 weeks of the procedure 
[ 26 ]. Mesas et al. report a mean time interval between the 
ablation procedure and occurrence of atrial tachycardia of 
2.6 ± 1.6 months [ 27 ]. However, one could assume that these 
patients may have had earlier occurrence of left atrial tachy-
cardia given the fact that all of these patients also underwent 
ablation for left atrial tachycardia at the same time interval of 
2.6 ± 1.6 months post left atrial circumferential ablation. 
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 A significant proportion of patients who develop left atrial 
tachycardia following LA circumferential ablation will have 
spontaneous termination of their arrhythmia. This is likely 
the result of ongoing fibrosis within the left atrium that may 
lead to elimination of gaps over time that where initially pres-
ent in the immediate post ablation period. This should be 
taken into account when making a decision regarding the 
timing of ablation for left atrial tachycardia. Approximately 
one-third of atrial tachycardias following LA circumferential 
ablation will resolve spontaneously within 2–5 months fol-
lowing the ablation procedure. On rare occasion, left atrial 
tachycardia can take up to 6 months for spontaneous resolu-
tion [ 26 ]. Thus, an ablation procedure for left atrial tachycar-
dia following ablation for atrial fibrillation should be deferred 
for 3–4 months to allow for spontaneous resolution.  

   Treatment of LA Tachycardia Following LA 
Circumferential Ablation 

 Treatment of left atrial tachycardia occurring within the first 
3 months following LA circumferential ablation should ini-
tially include direct current cardioversion. If the patient is on 
antiarrhythmic drug therapy, a trial off antiarrhythmic drugs 
can be attempted given the potential proarrhythmic effect of 
these drugs post ablation. In patients who fail cardioversion 
and who are not on antiarrhythmic drugs, initiation of amio-
darone or a class IC drug may prove effective. For patients 
who fail both antiarrhythmic therapy and repeat cardiover-
sion, rate control with beta-blockers and calcium channel 
blockers should be used until either spontaneous resolution 
occurs or an ablation procedure is performed. 

 Patients who fail to have spontaneous resolution of LA 
tachycardia within 4 months following their ablation proce-
dure will require a second ablation procedure to terminate 
their left atrial tachycardia. Ablation of LA tachycardia fol-
lowing LA circumferential ablation can be very challenging. 
There are multiple areas of scar within the left atrium 
 following ablation for atrial fibrillation and many potential 
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gap sites exist in the previous ablation lines. It can also be 
very difficult to capture local myocardium within the left 
atrium in the post ablation state with the mapping/ablation 
catheter. This makes the post pacing interval impossible to 
perform at times and it can be unreliable if very high output 
is required to obtain local atrial capture. The first step in per-
forming an ablation for left atrial tachycardia should be to 
create a very detailed activation map of the left atrium with a 
three dimensional electroanatomic mapping system. This will 
immediately allow for differentiation between a focal vs. a 
macroreentrant arrhythmia. Any site that clearly exhibits a 
very fractionated local electrogram should be tagged as these 
sites may represent local gaps within previous ablation lines. 
Perhaps the most helpful maneuver to perform when attempt-
ing ablation for left atrial tachycardia is the post pacing inter-
val when local capture is possible. Any site where the post 
pacing interval is within 20 ms of the tachycardia cycle length 
is certainly within the reentrant circuit in the case of macro-
reentrant LA tachycardia. Ablation should be performed 
between anatomical obstacles when the intervening tissue 
has a good post pacing interval. Sites with widely split double 
potentials should also be considered for potential ablation 
sites as these may represent local gaps. Given the often inces-
sant nature and symptomatology of left atrial tachycardia, 
aggressive reinduction techniques should be employed after 
initial termination of left atrial tachycardia in the electro-
physiology lab to ensure that the substrate no longer exist for 
the left atrial tachycardia. Rapid atrial pacing should be per-
formed both without and with the addition of isoproterenol. 
Despite the challenges of ablation for LA tachycardia, the 
overall success rate is quite high. Acute success rates of 88 
and 93 % were reported by Chugh et al. and Mesas et al. 
respectively [ 26 ,  27 ].  
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   Origin and Mechanisms of LA Tachycardia 
Following LA Circumferential Ablation 

 Given the extensive ablation that is required for LA circumfer-
ential ablation, there exist a multitude of potential arrhythmo-
genic foci for LA tachycardia. The mitral isthmus is a common 
critical isthmus for left atrial tachycardia following ablation for 
atrial fibrillation. Chugh et al. found that all the left atrial 
tachycardias in their series were macroreentrant in origin and 
that the critical isthmus was localized to the mitral isthmus in 
61 % of patients. In the remainder of patients the critical isth-
mus was localized to the septum (18 %), LA roof (14 %) and 
coronary sinus (7 %) [ 26 ]. Mesas et al. reported a more varied 
location of the left atrial tachycardias seen in that series of 13 
patients undergoing LA tachycardia ablation following LA 
circumferential ablation. Three patients had a focal origin of 
their LA tachycardia originating from the septal aspect of the 
right pulmonary veins in two patients and from the superior 
segment of the lateral LA in the third patient. The remainder 
of the patients had macroreentrant arrhythmias. The critical 
component of the circuit was localized to the mitral isthmus in 
three patients, the septum (both inferior and superior) in six 
patients and the lateral-superior wall in one patient [ 27 ]. 

 It is important to prove electrical block across ablation 
lines created for either mitral isthmus or left atrial roof 
dependent flutter. Mitral isthmus block is best assessed by 
pacing medial to the ablation line from the left atrial append-
age or similar location. When mitral isthmus block is com-
plete, one will see proximal to distal coronary sinus activation 
when pacing medially from the left atrial appendage 
(Fig.  6.11 ). Differential coronary sinus pacing can also be 
utilized. The timing from distal CS pacing to left atrial 
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appendage recording will be longer than proximal coronary 
sinus pacing to the same location when mitral isthmus electri-
cal block is complete.

   Electrical block across the left atrial roof can be assessed 
during normal sinus rhythm without employing pacing 
maneuvers. Atrial activation normally occurs in a superior to 
inferior direction as the atrial wave front emerges from the 
sinus node and then travels across Bachman’s bundle to the 
left atrium. When electrical block across the left atrial roof is 
complete, the left atrial activation will now occur in a inferior 
to superior direction. This can be assessed by placing the 
mapping catheter along the posterior wall of the left atrium 
in an inferior to superior configuration. When electrical block 
across the left atrial roof in achieved, the atrial activation will 
first occur in the distal electrode prior to activating the 

  Figure 6.11    Mitral isthmus block during ablation on the mitral isth-
mus and pacing from the left atrial appendage (“S”). “V” = far field 
ventricular electrogram (Courtesy of Dr. Aman Chugh)       
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proximal electrode consistent with a inferior to superior 
atrial wave front in normal sinus rhythm (Fig.  6.12 ).

   The role of the coronary sinus as a potential origin of LA 
tachycardia following LA circumferential ablation is always a 
potential source. The musculature of the coronary sinus has 
been described as an arrhythmogenic source for both focal and 
 macroreentrant left atrial tachycardias [ 28 ,  29 ]. In a series of 40 
patients who underwent mapping and ablation of left atrial 
tachycardia that developed either during or after LA circum-
ferential ablation, 27 % of these patients were found to have a 
coronary sinus origin of their tachycardia. The coronary sinus 
arrhythmia was macroreentrant in 88 % of patients and focal in 
12 %. Radiofrequency ablation of the coronary sinus arrhyth-
mia with an 8-mm-tip catheter was acutely successful in 94 % 
of cases [ 30 ]. It is reasonable to rule out the coronary sinus 

  Figure 6.12    Roof block. The ablation/mapping catheter is posi-
tioned along the posterior wall of the left atrium in an inferior to 
superior configuration. Distal to proximal atrial activation is seen on 
the mapping catheter consistent with roof block while in normal 
sinus rhythm       
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musculature as a critical component of left atrial tachycardia 
prior to performing a trans-septal catheterization. If the post 
pacing interval from the coronary sinus is accurate, ablation can 
be performed within the coronary sinus to see if the arrhythmia 
can be successful eliminated without the need for trans-septal 
catheterization. It is possible to damage the right coronary artery 
and/or the left circumflex artery when performing ablation 
within the coronary sinus. However, Chugh et al. reported no 
coronary artery complications when ablating within the coro-
nary sinus often at power settings of ≥45 W with a non-irrigated 
tip ablation catheter [ 30 ]. Ablation within the coronary sinus 
should not be attempted if the local impedance is very high as 
this will likely lead to more thrombotic complications (Figs.  6.13  
and  6.14 ).

    LA tachycardia is a relatively common complication 
 following left atrial circumferential ablation for atrial fibrilla-
tion. It can be a challenging arrhythmia to treat both medi-
cally and with catheter ablation. Careful activation mapping 

  Figure 6.13    AF mapping with CartoSound. The  green lines  (con-
tours) in the  right image  create the map in the  left image . This allows 
for creation of anatomical geometry with real-time volume of the LA       
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and performing post pacing intervals when possible can 
greatly increase the success when performing ablation. The 
potential role of the coronary sinus as an arrhythmogenic 
substrate should always be considered. Finally, ablation for 

  Figure 6.14    Combination of mapping strategies with Carto 3 sys-
tem. This highly detailed map began with CartoSound, prior to 
crossing septum. Afterwards, the Sound map was used to guide the 
collection of anatomy with the circular catheter (LA body), and 
then the mapping catheter. The brown structure is the esophagus, 
located and mapped with ultrasound, providing a guide to this sensi-
tive structure during ablation on the posterior wall. Notice complex 
left vein anatomy, and very low, posterior RSPV, which may have 
been missed without additional imaging technology (Map courtesy 
of Dr. Steve Zador, Buffalo General Hospital)       
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LA tachycardia should not be performed for several months 
after the index AF ablation procedure.   

   Mapping Considerations for AF Ablation 

 For mapping LA tachycardias, see mapping sections in Chap. 
  3     on SVT and Chap.   5     on atrial flutter. 

 While electroanatomic mapping for AF continues to be 
explored and researched (CFAE, rotor mapping), for the 
most part AF current remains an anatomical procedure, with 
focus on isolation of the pulmonary veins. A detailed LA 
reconstruction is therefore crucial for AF ablation. There is a 
wide variety of differences in PV anatomy. The simplest form 
of 3D anatomical mapping for AF is to use the ablation cath-
eter to collect the LA anatomy, with no other assistance. The 
advantage if this is the ability to get a good feel for the atrium 
with the ablation catheter while mapping. Disadvantages 
include the possibility of missing veins and the extra time 
required to gather a detailed map with a 4-pole catheter. The 
map can be gathered more rapidly by using multipolar circu-
lar catheters designed for verifying PV isolation. 

 Additional help for mapping comes from technologies 
that utilize various imaging modalities to see the LA anat-
omy in real time through phased-array ultrasound imaging or 
ahead of time through CT or MRI imaging. Regarding the 
latter, currently available 3D mapping systems can import CT 
or MRI studies and then segment out the LA in 3 dimensions. 
This allows for the LA and PVs to be seen ahead of time, tak-
ing away the guesswork of PV anatomy. Regarding the for-
mer, phased array intracardiac echo (ICE) can be used both 
for the transseptal puncture and to visualize the LA, LAA, 
and PVs. The Carto system integrates phased array ICE into 
its system, allowing the 3D map to be built with the ultra-
sound images before crossing the septum. The advantage 
here is limiting the time in the LA by doing a significant 
amount of 3D mapping before crossing the septum. 
CartoSound technology also allows for confirmation of 
catheter-tissue contact by showing the tip of the sensor-based 
catheter on the integrated ICE image. (See Media) 
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   Anticoagulation Strategies for Ablation 
of Atrial Fibrillation 

 The procedural complications associated with AF ablation 
have decreased in recent years due to improved techniques 
and operator experience. However, both bleeding and 
 thromboembolic complications continue to be a major source 
of morbidity for patients undergoing AF ablation. The opti-
mal strategy for periprocedural anticoagulation remains a 
subject of debate amongst electrophysiologist. There is gen-
eral agreement; however, that whatever strategy is chosen by 
the operator should attempt to maximize the appropriate 
balance between bleeding and thrombosis. 

 It is now accepted that uninterrupted periprocedural war-
farin therapy (with a target international ratio between 2 and 
3) is superior to other interrupted anticoagulation strategies 
[ 31 – 35 ]. A recent meta-analysis included a total of 27,402 
patients undergoing AF ablation with either continuous war-
farin therapy or discontinuation of warfarin with periproce-
dural bridging with heparin. In this analysis there were 6,400 
patients undergoing ablation with continuous warfarin ther-
apy. Continuous warfarin therapy was associated with a 
major decrease in thromboembolic complications and minor 
bleeding complications as compared to discontinuing warfa-
rin in the periprocedural period. The primary analysis did not 
show a significant difference in the rates of major bleeding 
between the two strategies. Furthermore, major bleeding 
complications due to pericardial tamponade were not 
increased with the use of continuous warfarin therapy as long 
as monitoring was performed with intracardiac echo [ 32 ]. 

 Over the last few years, more patients with atrial fibrillation 
have been anticoagulated with direct thrombin or factor Xa 
inhibitors. This has complicated the periprocedural anticoagu-
lation management strategy when these patients are referred 
for AF ablation. Recent studies evaluating the safety and effi-
cacy of dabigatran as a periprocedural anticoagulant have 
yielded mixed results [ 36 – 40 ]. Lakkireddy et al. recently 
reported observational data using dabigatran in the periproce-
dural AF ablation period. In this particular study dabigatran 
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was held on the morning of the day of the ablation procedure. 
Dabigatran was associated with an increased risk of bleeding 
and composite of bleeding or embolic complications compared 
with continuous uninterrupted warfarin. There was trend 
toward older age and long standing  persistent AF in the dabi-
gatran patient cohort that may in part explain some of the 
differences in complication rates [ 36 ]. Winkle et al. found con-
trasting results when testing the safety of dabigatran in the post 
AF ablation period in a retrospective study. In this particular 
study dabigatran was stopped at a variable time interval pre-
ablation. There was no difference in the thromboembolic or 
hemorrhagic complication rates between warfarin and dabiga-
tran [ 41 ]. More recently, Maddox et al. published a retrospec-
tive study assessing the efficacy of uninterrupted dabigatran as 
an alternative strategy to continuous warfarin therapy. This 
study included a total of 463 patients (212 in the dabigatran 
and 251 in the warfarin group respectively) which is the largest 
series of patients using uninterrupted dabigatran as a peripro-
cedural anticoagulant published to date. There were no signifi-
cant differences in the risk of bleeding or thromboembolic 
complications between the two strategies [ 42 ]. 

 Rivaroxaban, a direct factor Xa inhibitor, has recently 
been evaluated in a multicenter, observational, prospective 
study of a registry of patients undergoing AF ablation. 
Patients taking uninterrupted periprocedural rivaroxaban 
were matched by age, sex and type of AF with an equal num-
ber of patients prescribed continuous warfarin therapy who 
underwent ablation during the same time period. A total of 
642 patients were included in the study. There were no differ-
ences in major or minor bleeding or embolic complications 
between the rivaroxaban and warfarin groups in the first 30 
days after ablation. The conclusion of this study was that 
uninterrupted rivaroxaban was as safe and efficacious in 
patients undergoing AF ablation as uninterrupted warfarin 
therapy [ 43 ]. A randomized controlled trial comparing unin-
terrupted warfarin with uninterrupted rivaroxaban therapy 
for AF ablation (VENTURE-AF) is currently enrolling 
patients and should help to further clarify the role of rivar-
oxaban as a periprocedural anticoagulant. 
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 Direct thrombin inhibitors and factor Xa inhibitors do not 
have a readily available antidote at this time. This leads to 
valid concerns over managing life threatening bleeding 
 complications during AF ablation with concomitant use of 
these newer anticoagulants. Prothrombin complex concen-
trate can reverse some of the anticoagulant effects of rivar-
oxaban [ 44 ] but this has not been tested in a clinical setting 
during life threatening hemorrhage. 

 An ideal periprocedural anticoagulation strategy for AF 
ablation has not been clearly defined at this point. The initial 
results with factor Xa inhibitors are encouraging but further 
randomized clinical controlled studies evaluating the safety 
and efficacy of the newer anticoagulants during AF ablation 
are needed before firm conclusions can be made.      
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         Ventricular tachyarrhythmias often are associated with 
 different symptoms and variable prognoses, and therapy 
needs to be tailored accordingly. A clear understanding of the 
underlying substrate and how these ventricular tachyarrhyth-
mias develop is critical in the proper treatment of the patients 
with these conditions. 

   How Do Arrhythmias Start? 

    Electrical impulse normally travels through the heart cham-
bers in a very organized and uniform manner. However, dis-
turbances in how electrical signals are initiated or how they 
propagate through the cardiac chamber can lead to the onset 
of arrhythmias. In general, there are three mechanisms of how 
arrhythmias start. A common arrhythmogenesis is impulse 
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reentry. Tissues may intrinsically exhibit multiple pathways (as 
in dual atrioventricular nodal physiology, see “Chap.   3        SVT”) 
or develop multiple pathways in the healing process (as in 
scars post myocardial infarction) through which the electrical 
signal may travel. If these paths are associated with different 
conduction velocities and correspondingly different refrac-
tory periods, the electrical signals can circle around in an 
“endless loop” through these circuit paths. Conditions suit-
able for reentry require the slower conducting pathway to 
have a shorter refractory period and the faster conducting 
pathway to have a longer refractory period. Most VTs, though 
certainly not all, related to post myocardial infarction sub-
strate or cardiomyopathy are due to impulse reentry. 
Monomorphic VT is often due to stable and fixed circuits of 
reentry whereas polymorphic VT can be due to unstable and 
meandering or even multiple circuits of reentry. Another 
mechanism for arrhythmia onset is due to triggered activity. 
Increased intracellular calcium concentration due to height-
ened adrenergic stimulation (such as exercise) initiates a cas-
cade of reaction through activation of stimulatory G proteins, 
resulting in enhanced calcium entry through the cellular cal-
cium channels and calcium induced calcium release in the 
sarcoplasmic reticulum. This increase in the intracellular cal-
cium may then activate the sodium calcium exchanger leading 
to abnormal sodium entry into the cell which may trigger 
depolarization of the heart cell, resulting in premature beats 
or even tachycardia [ 1 ]. Forms of normal heart idiopathic ven-
tricular tachycardia associated with exercise, such as one origi-
nating right ventricular outflow tract, are often resulting from 
triggered activity. A third mechanism for arrhythmogenesis is 
enhanced automaticity, where cardiac muscle tissue develops 
spontaneous electrical activity through abnormal depolariza-
tion during phase 4 of the action potential. These arrhythmias 
are usually referred as “automatic” tachycardia. Some exam-
ples of these include variants of tachycardia related to dis-
eased tissue where the baseline membrane potential may be 
unstable. Typically, sources of tachycardia that are focal are 
due to either triggered activity or enhanced automaticity. 
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 The management of ventricular arrhythmias is thus  complex 
and quite variable, with this variance discussed in the following 
segments. Our initial focus will be scar mediated VT (VT with 
an abnormal left ventricular ejection fraction [LVEF]) fol-
lowed by idiopathic PVC’s and less frequent forms of idio-
pathic ventricular tachycardia (VT with a normal LVEF).  

   Electrocardiographic Evaluation 
of Ventricular Arrhythmias 

 The first and most important diagnostic tool remains the 12 
lead electrocardiogram during a wide QRS complex tachycar-
dia. Often the type of cardiomyopathy, location of scarring, and 
VT exit can be estimated from the appearance of the tachycar-
dia. Multiple algorithms have been developed and studied for 
the electrocardiographic diagnosis of VT including the Brugada 
criteria [ 2 ] and various individual lead (Lead II, AVR) [ 3 ,  4 ] 
analysis techniques, all with good specificity and sensitivity for 
the identification of VT in distinction from supraventricular 
tachyarrhythmias (SVT) with aberrancy. All these algorithms 
take advantage of the initial forces of activation to distinguish 
VT from SVT. Tachycardia of ventricular origin depolarizes the 
myocardial muscles by cell-to-cell contact and thus will have 
slower forces of activation represented by delayed or frag-
mented portions early in the QRS signals. On the other hand, 
during SVT, even with aberrancy, the heart muscles are acti-
vated via engaging the specialized conduction tissues and are 
generally associated with a more smooth and rapid initial QRS 
signals. Of note, all of these algorithms are qualified and should 
be used with caution in patients with manifest preexcitation 
(i.e., Wolff-Parkinson- White syndrome) or on antiarrhythmic 
medical therapy. Updated morphology criteria developed in 
recent years have resulted in more elegant and simplified algo-
rithm to decipher whether a wide complex tachycardia may be 
VT or SVT with aberrancy. Inspecting the morphology of the 
initial QRS  signals in lead aVR can be used to suggest ventricu-
lar origin of a wide complex tachycardia. As illustrated in 
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Fig.  7.1    , QRS with slow or notched initial forces as well as those 
with unusual axis all suggest a diagnosis of VT rather than 
SVT. Similarly, if the duration of the QRS signal from the 
beginning of the onset to the peak of the R wave in lead II 
measures to be greater or equal to 50 ms, then VT can be diag-
nosed with better than 95 % confidence (Figs   .  7.1 ,  7.2 , and  7.3 ).

     Once diagnosis is made that the arrhythmia is VT, the next 
step is to determine the activation vector of the ventricle. As 
a simplistic starting point, the bundle branch block appear-
ance of the QRS complex indicates the culprit chamber where 
the VT is originating from. A left bundle branch block appear-
ance indicates an RV or septal LV VT while a right bundle 
branch appearance indicates an LV VT origin. Taking this 
approach a step further, using the right sided leads (V1, AVR), 
inferior leads (II/III/AVF), lateral leads (1/AVL) and apical 
leads (V5/V6) one can identify where the VT is coming from 

Brugada algorithm

1. Absence of an RS complex in all precordial leads?

2. The longest R to S interval > 100 ms in any precordial lead?

4. Morphology criteria for VT present both in leads V 1-2 and V6?

VT diagnosed

VT diagnosed

VT diagnosed

NoYes

Yes

Yes

Yes

No

No

No

VT diagnosed SVT diagnosed

3. A-V dissociation?

  Figure 7.1    Algorithm to determine VT vs. SVT by Brugada et al. [ 2 ] 
(Used with permission)       
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New aVR algorithm
In lead aVR:

Step 1. Presence of an initial R wave?

No Yes

VT diagnosed

Step 2. Presence of an initial r or q wave > 40 ms?

Yes

VT diagnosed

No

Step 3. Presence of a notch on the descending limb of a
negative onset and predominatly negative QRS?

Yes

VT diagnosed

No

Step 4.

Yes

VT diagnosed

No

SVT diagnosed

Vi/Vt≤1?

  Figure 7.2    Algorithm to determine VT vs SVT with aberrancy by cri-
teria developed in aVR. (a) By aVR QRS morphologies. (b) Algorithm 
decision ladder (Used with permission)       
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(negative QS vector) and going towards (positive RS vector). 
Generally, biphasic QRS vectors mean that the origin is some-
where in the middle of that individual vector, i.e. a biphasic 
QRS vector in 1 and V1 likely indicate that the origin/exit site 
of the VT is in the septum and not on the right (RV, Q wave 
in V1) or left (posterior LV, Q wave in 1). This approach is 
primarily useful in reentrant VT’s and idiopathic PVC’s. 

  Figure 7.3    Algorithm    to determine VT vs. SVT by measuring the 
duration of onset of QRS to the peak of R wave lead II. Signals 
measuring ≥50 ms ( top two panels ) suggest VT whereas <50 ms sug-
gest SVT with aberrancy [ 4 ] (Used with permission)       
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 A close examination of the resting 12 lead ECG can also 
provide significant clues as to the underlying process and 
likely culprit areas of myocardial scarring. The presence of Q 
waves in the distribution of a coronary artery should indicate 
the presence of scarring that will often play a critical role in 
sustaining VT. Fragmentation (extra notching) of the surface 
QRS complex in a similar distribution to a major coronary 
vessel and Q waves often can provide a more sensitive indica-
tor of myocardial scarring and may indicate the presence of 
epicardial scarring in that region. 

 For idiopathic VT’s such as RVOT and LVOT VT, the 
appearance should be consistent with an outflow origin 
(inferior axis, i.e., positive in the inferior leads II/III/AVF) 
with an earlier precordial transition (V3 or less) indicating 
an LV origin and a later transition (V3 or later) indicating an 
RV origin. Transition at V3 could represent either LV or RV 
origin. Idiopathic VT utilizing the conduction system (bun-
dle branch and fasicular reentry VT’s) are quite uncommon 
but do have characteristic features that should set them 
aside from VT associated with structural heart disease. The 
VT is generally slower with a typical bundle branch or 
fasicular block appearance during tachycardia that is usually 
very similar to the appearance of the baseline QRS complex 
at rest Figure  7.12 . Bundle branch and fasicular reentry are 
usually associated with baseline conduction disease, includ-
ing bundle branch block of either right or left and prolonged 
AV or PR interval, with the absence of such on a resting 12 
lead ECG making them very unlikely to be the mechanism 
for the VT.  

   Scar Mediated Ventricular Tachycardia 

 Within westernized cultures the most common underlying 
cause of recurrent VT is remote coronary disease. Secondary to 
a focus on shorter door to balloon times for the acute myocar-
dial infarction patient, more patients are surviving their myo-
cardial infarctions only to eventually experience downstream 
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congestive heart failure and ventricular tachycardia. The 
 ischemic insult of a myocardial infarction results in the forma-
tion of myocardial scarring with variable transmural extent and 
resulting in altered electrical conduction within the infarcted 
myocardial region. Electrical conduction through scar is delayed 
and the resultant zone of slow conduction represents one of the 
critical elements of the reentrant circuit. This along with differ-
ential refractory periods in the surrounding tissue comprise the 
necessary substrate to sustain VT [ 5 ]. Ventricular ectopy is 
often the inciting event that initiates the ventricular tachyar-
rhythmia, either VT or VF. Premature ventricular contractions 
are sent through the slow conduction zone present within the 
ventricular scar with sufficient delay to result in their exit on the 
opposite side of the scarred region, finding the myocardium 
ready for depolarization. The electrical wave propagates around 
the more dense areas of scarring or anatomical barrier, such as 
heart valve annulus, and back into the entrance of the zone of 
slow conduction through the scar, creating a figure of eight pat-
tern with the critical isthmus representing the central portion of 
the figure of eight (Fig.  7.4 ).

   The typical ischemic ventricular tachycardia patient will 
present to medical care with either recurrent defibrillator 
therapies (shocks) or recurrent presyncope. Presyncope VT 
patients are often being treated with antitachycardia pacing 
and thus being prevented from progressing to either shocks or 
actual syncope. Of concern is the patient that presents with 
incessant VT or frequent - defined as >3 episodes of VT 
within 24 hours. This is termed VT storm and often requires 
multiple shocks and acute inpatient admission for manage-
ment, accompanied by a significant rise in both inpatient and 
short term mortality [ 6 ]. The management of all of these 
patients is similar with a few exceptions made for the VT 
storm patient. In general, recurrent antitachycardia pacing or 
lone outpatient ICD shocks should result in the initiation or 
acceleration of antiarrhythmic drug therapy, starting with 
sotalol or amiodarone, followed by the addition of mexiletine 
if necessary. It is also important to make sure that these 
patients are adequately beta blocked since the majority of 
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ischemic VT’s are going to possess an adrenergic component 
and be beneficially treated with beta blockade. Once patients 
experience recurrent ICD therapies for VT while on an 
appropriate antiarrhythmic drug regimen, ventricular tachy-
cardia ablation should be considered. 

 The management of VT storm patients is more difficult and 
varied than the ambulatory ischemic cardiomyopathy patient 
with recurrent ATP or lone ICD shocks for ventricular tachy-
cardia. VT storm patients who present with recurrent ICD 
shocks often are accompanied by hemodynamic instability. The 
first step in their management is to establish control of their 

  Figure 7.4    Figure of eight reentrant ventricular tachycardia circuit 
encircling around a dense inferoposterior left ventricular scar and the 
mitral valve annulus. The central portion of the figure of eight com-
prises the critical isthmus with a zone of slow conduction and the area 
where diastolic potentials may be recorded. This site, following confir-
mation with pacing maneuvers, often is the target of successful ablation       
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 ventricular rhythm. Intravenous antiarrhythmic agents are 
utilized acutely to achieve this with both amiodarone and lido-
caine used commonly. Although limited by toxicity, lidocaine 
can be a useful agent especially if there are concerns for ongo-
ing ischemia. However, a combination of amiodarone (or 
sotalol) and lidocaine is often required to achieve control of 
the malignant ventricular arrhythmias in this situation. In addi-
tion to antiarrhythmic drug therapy and aggressive beta block-
ade, sedation and sometimes intubation are utilized to minimize 
adrenergic contribution to the VT. As an illustrative point to 
the contribution of sympathetic tone to the generation of 
recurrent VT in patients with an abnormal LVEF, bilateral 
sympathectomy has been recently shown to be effective for the 
suppression of acute ICD therapies for VT storm patients and 
has displayed durability over medium term follow up [ 7 ]. 

 Following the initiation of intravenous antiarrhythmic 
drug therapy, ongoing myocardial ischemia should be consid-
ered and evaluated, likely with coronary angiography. If myo-
cardial ischemia is present and is the main substrate of the 
VT, successful treatment with revascularization often sub-
sides the VT. However, it is usually required to accelerate the 
patient’s oral antiarrhythmic drug therapy prior to discharge 
and to establish short term follow up to make sure that the 
treated lesion was indeed the ischemic driver of the VT. 

 For VT storm patients or ambulatory patients with recur-
rent VT despite antiarrhythmic drug therapy, electrophysio-
logic testing and ablation of their VT should be considered. 
VT ablation has evolved since its inception to a well defined 
repeatable process designed to identify electrical scar, the 
culprit ventricular tachycardia and its dependent isthmus.  

   Electrophysiologic Evaluation of VT 
with Structural Heart Disease 

 For patients being evaluated for EP testing and ablation of a 
ventricular arrhythmia it is important to provide the appro-
priate setting. The use of general anesthesia for these 
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 procedures has become standard secondary to the length of 
the procedure and the risk for multiple defibrillations. Three 
dimensional mapping systems have also become standard 
and represent one of the most powerful tools to allow an in 
depth study of the ventricular chamber in question and 
increase the efficacy of VT ablation. 

 Prior to the procedure, the patient should be thoroughly 
assessed regarding the appropriate approach to the chamber 
in question. Generally the right ventricle does not pose much 
of a challenge outside of patients with complex congenital 
heart disease or tricuspid valve surgery. However, the left 
ventricle may prove inaccessible from a retroaortic or trans-
septal approach due to the presence of mechanical aortic or 
mitral valves. The location of culprit scar is also an important 
consideration as posterior, inferior and lateral scars are more 
easily accessible from a transseptal approach while LVOT, 
and anterior and septal scars are via a retroaortic approach. 
Peripheral arterial disease can make a retro aortic approach 
difficult if not impossible, which should prompt the perfor-
mance of a peripheral arterial exam (bruits and pulses) prior 
to procedure onset. In addition, the ability to access the epi-
cardial space (the absence of a prior sternotomy) should also 
be considered at procedure onset to determine if it is an 
option if required. 

 During procedure onset and throughout the duration, con-
trol of the patient’s bradyarrhythmia should be available 
through the implanted device (in the likely event that it is 
present). It is best to leave patients that are not ventricular 
pacing dependent paced in the atrium only to allow intrinsic 
conduction for more accurate endocardial scar mapping. For 
ventricular pacing dependent patients it is often necessary to 
leave biventricular pacing in place to maintain appropriate 
hemodynamic status for the purpose of anesthesia. It may 
also be necessary to review the induced ventricular tachycar-
dia on the far field electrogram through the device, which is 
only possible if the programmer is on and communicating 
with the device. The implanted device can also provide a 
means of intracardiac defibrillation if such a rescue is needed. 
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 Once access to the LV endocardium or epicardium has 
been obtained, electrophysiologic study and ablation of ven-
tricular tachycardia proceeds in five steps: (1) anatomic defi-
nition; (2) endocardial scar mapping; (3) induction and study 
of ventricular tachycardia, including entrainment mapping; 
(4) ablation of ventricular tachycardia, late potentials within 
scar; (5) attempt reinduction of ventricular tachycardia. With 
abolition of the clinical ventricular tachycardia and inability 
to induce anything other than ventricular fibrillation (rate 
>200 bpm) the study is complete. 

 To define the left ventricular anatomy a three dimensional 
map is generated with the aid of either fluoroscopy or ultra-
sound, and often both. Other than the geometry of the left 
ventricle itself, this often includes structures such as the 
mitral annulus, left ventricular outflow tract, left sided His 
bundle, Purkinje potentials and papillary muscles. It is impor-
tant to make sure that the anatomy collected is complete. 
Correspondingly, the right ventricular structures including 
the AV node and the His conduction system, tricuspid valve, 
pulmonic valve, right ventricular outflow tract should be 
noted. Generally the risk of right ventricular perforation is 
higher and thus more care during mapping is needed. As the 
definition of endocardial scarring is dependent upon catheter 
contact with the wall, it is essential to know if contact is 
indeed present; otherwise areas will be labeled as scar inap-
propriately. This has been aided with real time two dimen-
sional intracardiac echocardiography along with the evolution 
of contact force catheters, both of which can be used to 
 provide definitive evidence of endocardial contact. Multi 
electrode mapping catheters are commonly utilized to collect 
a significantly larger amount of data in a shorter period of 
time both regarding anatomy and endocardial voltage. 

 Generally at the same time that anatomic information is 
collected, voltage is collected to provide visual information of 
the distribution of endocardial scarring relative to the anat-
omy collected. The definition of endocardial scar varies 
somewhat but is generally accepted to be any myocardial 
tissue with less than 0.5 mv.    In similar fashion to the necessity 
of complete anatomic collection, it is just as important to 
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generate a complete detailed voltage map. With identification 
of the scar, additional focus should be placed upon the scar 
itself for either fragmented potentials or late potentials most 
recently coined to be late areas of ventricular activation or 
LAVA. LAVA are characterized by high frequency or frag-
mented signals that can be either late relative to the QRS 
complex and local signal or buried completely within the 
local signal (Fig.  7.5 ).

   In addition, areas that LV capture may be generated from 
within the endocardial scar are suspicious for possible VT 
isthmus and should be tagged for eventual ablation. 

 With a complete endocardial scar map, the next step 
within our lab is to induce ventricular tachycardia via pro-
grammed stimulation via a quadripolar pacing catheter in the 
RV. A predominantly substrate based approach does not 
involve induction of VT and ablation is carried out with the 
intention to abolish all LAVA within and around the endo-
cardial scar. At this point it is crucial to reference the tachy-
cardia 12-lead ECG for the rate and appearance of the VT, if 
available. Within the defibrillator population one may not 
ever have a surface electrocardiogram as the majority of their 
events are treated prior to presentation to medical care via 
their device. As a result only the cycle length and far field 
electrogram through the device are available to correlate the 
VT induced during the procedure with the clinical VT. 

  Figure 7.5    Late systolic potentials noted during substrate ventricu-
lar mapping recorded in sinus rhythm       
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 Once VT is induced matching the clinical VT the approach 
to study of the VT can vary from patient to patient. If the VT 
is hemodynamically tolerable (most often seen with slower 
VT’s [<150 bpm] in patients with only moderate LV dysfunc-
tion) then activation and entrainment mapping may be pur-
sued. If not hemodynamically tolerable, then the VT is pace 
terminated or terminated via defibrillation and pace mapping 
to define the VT isthmus based upon the VT morphology fol-
lowed by a LAVA ablation strategy is appropriate. Both situ-
ations will be discussed in the following sections. 

   The Study of Hemodynamically Tolerable VT 

 Hemodynamically tolerable VT has become increasingly 
uncommon within the electrophysiology lab. Most of the 
VT’s that are being mapped currently are fast VT’s in 
patients with more advanced LV dysfunction. It may often be 
necessary to utilize vasopressors or in some cases device 
based hemodynamic support (Intra-aortic balloon pump, per-
cutaneous left ventricular assist device such as Impella or 
ECMO) to provide adequate perfusion pressure in an effort 
to allow mapping. Goal blood pressures should be a mean 
arterial pressure above 50 mmHg. 

 When VT is tolerable it is beneficial to perform activation 
and entrainment mapping to confidently abolish the clinical 
VT. Points are taken and recorded via the mapping system to 
identify early and late EGM’s with the area in the scar con-
necting early to late representing the slow component of the 
VT circuit and the critical isthmus. Within the early meets late 
area entrainment via the mapping catheter is performed by 
pacing 10–20 ms faster than the VT. Capture is maintained for 
sufficient time to overtake the VT circuit (5–10 beats) fol-
lowed by cessation. If the morphology of the tachycardia 
changes during pacing, termed “manifest entrainment”, and 
is associated with a post pacing interval (PPI) longer than the 
tachycardia cycle length then the pacing site is from an area 
outside of the tachycardia circuit. Ablation at these sites will 
not result in termination of VT. Suitable targets for successful 

A. Brenyo et al.



147

ablation should results in “concealed entrainment”. Pacing 
from these sites results in acceleration and exact morphology 
match as the tachycardia. Sites associated with the highest 
short and long term success in eliminating the VT circuit with 
ablation are in the critical isthmus. In addition to concealed 
entrainment, pacing from within the critical isthmus, the dif-
ference between the PPI and the tachycardia cycle length 
(TCL) will be small (likely less than 20 ms), and recording of 
presystolic potentials with an activation time to surface QRS 
similar to stimulus to surface QRS (also less than 20 ms) indi-
cate that the mapping catheter is located within the VT criti-
cal isthmus (Fig.  7.6 ).

   Ablation at this site typically at 30–45 W with an irrigated 
ablation catheter should result in the termination of VT 
promptly (Figs.  7.7 ,  7.8 , and  7.9 ).

     In some cases the isthmus is wide and some catheter 
manipulation is required to completely transect the isthmus. 

  Figure 7.6    Diagram illustrating VT circuit with entrance, exit and 
critical isthmus sites denoted       
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  Figure 7.7    Pacing from the critical isthmus of the VT circuit result-
ing in “concealed entrainment” with 12 out of 12 lead surface ECG 
match in pacing morphology as compared with VT morphology       

  Figure 7.8    Other criteria for pacing within the critical isthmus of 
the VT circuit with pacing stimulus to QRS = EGM to QRS and post 
pacing interval (PPI) roughly equal to VT cycle length       
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Following thorough ablation of the isthmus (noncapture of 
the targeted region with high output pacing via the mapping 
catheter), the culprit VT should be rendered non-inducible. 
Once found to be non-inducible, scar modification via target-
ing of LAVA is usually undertaken to improve the long term 
success of the VT ablation and hopefully prevent subsequent 
VT’s. This approach will be discussed in the third and final 
study/ablation approach.  

   The Study of Hemodynamically Unstable VT 

 Induction of hemodynamically unstable VT should be fol-
lowed by termination of the VT either via pacing or defi-
brillation. The VT is then reviewed with the vector of the 
VT QRS utilized to identify the exit site from the identi-
fied endocardial scar. At this stage, pace mapping to the 
induced VT with a software based approach typically pro-
vided through the 3D mapping system is used to identify 

  Figure 7.9    Ablation at the critical isthmus site results in termina-
tion of VT       
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the exit (best match, generally >90 % in 12 leads, ideally 
>95 % match) and entrance (worst match) with the isth-
mus connecting the two. Entrance and exit are usually 
spatially related as the length of the  typical VT isthmus is 
usually 20–30 mm and with detailed pace mapping can be 
readily identified. This isthmus is transsected with thor-
ough ablation rendering the targeted area not able to be 
captured with pacing and the VT should be rendered non-
inducible. Following abolition of the clinical VT  additional 
scar modification is generally performed similar to that 
following successful entrainment and activation guided VT 
ablation.  

   Scar Modification for VT 

 Scar modification or homogenization has been utilized as a 
primary approach for patients with unstable VT’s or multiple 
VT’s and is often performed after successful abolition of the 
culprit clinical VT. With detailed scar mapping, LAVA are 
targeted with the goal of elimination of the late potential. 
A more diffuse approach can also be taken where the entire 
scar is ablated, or linear transsecting lesions are placed 
through the scar, or the scar is circumscribed with contiguous 
ablation. Areas with the ability to capture the LV within the 
scar are also common targets for scar modification. The major 
downside of this as a primary approach is the uncertainty 
regarding successful treatment of the culprit clinical VT. Of 
the strategies available, LAVA, linear lesions, abolition of 
pacing capture or scar isolation, the selected strategy is often 
dependent upon the location and size of the scar  accompanied 
by the comfort level of the performing physician. Recent data 
supports favorable results following LAVA guided scar 
homogenization; however, it is not always possible to com-
pletely eliminate every LAVA within the scar which may 
make the use of a more diffuse strategy an appropriate 
backup measure.  
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   Epicardial Mapping 

 Often when one is unable to successfully eradicate the culprit 
VT via endocardial mapping and ablation, the consideration 
of epicardial mapping follows. It is important to consider this 
option when discussing the procedure with the patient to 
make sure that the risks of this approach are understood. 
Prior cardiac surgery makes this significantly more difficult 
and should serve as a relative contraindication to this 
approach. 

 Our approach is to obtain epicardial access via a dry peri-
cardial tap; a subxyphoid approach is generally utilized with 
the area prepped and draped as per routine to start. A Tuohy 
needle is utilized and advanced slowly under the sternum 
staying as anterior as possible under fluoroscopy. The glide 
wire present within the needle can be advanced intermit-
tently to see if the needle has found the pericardial space. 
Once the wire enters the pericardial space it should be 
advanced aggressively to wrap the entire outline of the peri-
cardium in multiple loops. Once the wire is in place a short 
steerable epicardial sheath is advanced over the wire into the 
pericardial space. Following this, anatomic and voltage/scar 
mapping using a multi electrode or ablation catheter can 
proceed in the same fashion as endocardial mapping. 
Entrainment and pace mapping can be performed similar to 
the endocardium as well with the major limiting factor being 
the ability to capture the LV due to the presence of epicardial 
fat in areas. It is always important to define coronary anat-
omy via coronary angiography with the ablation catheter in 
the area of desired ablation prior to ablation in an effort to 
not directly ablate a major epicardial vessel. Once the scar 
has been mapped and the isthmus defined to be within a safe 
region, ablation is generally performed at 25–35 W via an 
irrigated ablation catheter. 

 With a complete ablation within the pericardium a pigtail 
drain is exchanged for the steerable sheath over wire with the 
drain left in place overnight. Prior to removal of the drain, 
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our practice is to infuse corticosteroids (either Solumedrol or 
hydrocortisone) within the pericardial space to minimize the 
risk of subsequent pericarditis.   

   Electrophysiologic Evaluation 
of Idiopathic VT 

 There is a well-defined category of VT seen in patients who 
are typically younger without structural or ischemic cardio-
vascular disease. Outflow tract VT’s and high volume PVC’s 
are the predominant arrhythmias encountered within this 
category. These normal heart VT’s may originate from the 
outflow tract and some originate from the inferoposterior 
septal LV, termed as fascicular or “Belhassen” variant VT. It 
is important to have a clinical suspicion for these less com-
mon VT’s as the procedural approach to their electrophysi-
ologic study and treatment is quite different from VT with 
structural cardiovascular disease. VT’s originating from the 
outflow tracts typically have an inferior axis with large R 
wave amplitudes in the inferior leads (Fig.  7.10 ).

   The morphology of the idiopathic inferoposterior septal 
LV VT is consistent with typical right bundle branch block 
pattern with an LAFB axis (Fig.  7.11 ).

   Outflow tract VT’s, especially those originating from the 
right ventricular regions, are well understood to be due to 
triggered activity and are generally responsive to beta block-
ade and calcium channel blockade medical therapy. On the 
other hand, fasicular or “Belhassen VT” has also been coined 
“Verapamil Sensitive VT” because its mechanism is thought 
be due to a small circuit reentry in the inferoposterior septum 
that is calcium dependent. Often invasive electrophysiologic 
study and ablation are reserved for medical treatment 
 failures with these agents. 

 For patients with symptomatic idiopathic PVC’s, the 
majority of the clinical decision making centers around the 
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  Figure 7.10    Twelve lead ECG of a patient with ventricular 
tachycardia originating from the right ventricular outflow tract. 
Note the typical left bundle branch block morphology with 
 inferior QRS axis as well as the large R wave amplitudes in the 
inferior leads       

  Figure 7.11    Twelve lead ECG of a patient with an idiopathic nor-
mal heart ventricular tachycardia originating from the left ventricu-
lar inferoposterior septum. Note the right bundle branch block 
morphology with superior QRS axis       
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burden of PVC’s and their location. A PVC burden of at least 
10 % or greater on ambulatory monitoring is considered high 
volume and at risk for developing subsequent PVC induced 
LV dysfunction. PVC origins within the RVOT are lowest risk 
for PVC cardiomyopathy with any LV location being higher 
risk for downstream LV functional decline. In addition, 
PVC’s with a QRS duration of greater than 150 ms are also 
high risk for LV dyssynchrony and if frequent enough volume 
can cause LV dysfunction. 

 Medical therapy via beta blockade alone often may result 
in some reduction in the PVC burden, but some patients 
may still be left with high volume PVC’s and at risk for car-
diomyopathy even on medical therapy. Antiarrhythmic drug 
therapy via Class 1 (flecainide, propafenone, mexiletine) or 
Class III (sotalol, amiodarone) may result in a further 
reduction in PVC burden which may be utilized as adjunc-
tive therapy for patients with high volume PVC’s. Once on 
medical therapy, PVC burden should be reassessed with 
repeat ambulatory monitoring to make sure that the PVC 
burden on therapy is low enough to preclude the develop-
ment of PVC induced cardiomyopathy. Persistence of high 
volume PVC’s or symptoms despite antiarrhythmic drug 
therapy should prompt consideration for electrophysiologic 
study and ablation of the PVC focus. The presence of multi-
form PVC’s or non-outflow tract locations are risk factors 
for requiring multiple procedures to effectively reduce the 
PVC burden and should be discussed with the patient prior 
to proceeding. 

   Electrophysiologic Testing and Ablation 
of Idiopathic PVC’s and Outflow Tract VT’s 

 After medical treatment failure or in patients unwilling to 
attempt medical therapy, electrophysiologic testing with an 
eye to ablation therapy for those with documented outflow 
tract VT or high volume idiopathic PVC’s is appropriate. Of 
note, these procedures generally do not require general 
 anesthesia and are best approached with as little sedation as 
possible secondary to a reduction in PVC burden associated 
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with aggressive sedation. Without spontaneous PVC’s it is 
difficult to confidently map and eliminate the PVC. Isuprel, 
atropine, aminophylline and programmed stimulation from 
either the RV apex or outflow tract are often utilized. 
Generally outflow tract patients have single outflow tract 
PVC’s that represent the source of their more sustained epi-
sodes of VT. Mapping and ablation of these PVC’s usually 
treats their sustained VT. For PVC patients it is important to 
determine their triggers. If their PVC’s come out when they 
are resting, sedation may be appropriate; in contrast, if they 
are associated with caffeine, aminophylline may be appropri-
ate, etc. 

 The PVC morphology is captured once the patient is on 
the table and logged within the 3D mapping system for com-
parison should pace mapping be utilized. Usually QRS mor-
phology can be used to identify location of the PVC (LVOT 
or RVOT) with the precordial transition being the most use-
ful but imperfect tool. R/S transition prior to V3 can confi-
dently be labeled as LVOT with a transition after V3 labeled 
as RVOT. The use of multielectrode mapping catheters for 
anatomic, pacing and activation mapping can make identifi-
cation of the PVC focus easier. Once in the appropriate loca-
tion anatomy is collected, first with particular attention to 
details such as the His bundle on the RV side and the aortic 
cusp/coronary anatomy on the LV side. Ultrasound can be of 
great use for aortic and LVOT PVC’s/VT to minimize the risk 
of damage to sensitive structures such as the ostium of the 
left or right coronary arteries. 

 With anatomy collected, the preferential modality is acti-
vation mapping of spontaneous PVC’s focusing on only 
including PVC’s that are completely consistent with the clini-
cal PVC and not catheter induced. Once the area of activa-
tion is narrowed down sufficiently the exact area should be 
able to be identified usually with a small pre potential prior 
to the larger local EGM on the mapping or ablation catheter. 
   Favorable ablation sites usually have a pre potential or EGM 
onset of 35 ms or greater ahead of the surface QRS complex. 
When mapping in the RVOT provides no significantly early 
sites of activation, consideration of LV mapping should be 
undertaken prior to ablating. Pace mapping with software 
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guided  matching can be used to successfully locate infrequent 
PVC’s within the EP lab (albeit with a somewhat lower suc-
cess rate) and/or confirm the best site identified via activation 
mapping.  

   Electrophysiologic Study and Ablation 
of Idiopathic LVVT’s 

 Idiopathic reentrant LVVT’s make up less than 5 % of the 
LVVT’s encountered in general electrophysiologic practice 
(with the majority being ischemic, outflow tract or high vol-
ume PVC’s). However, their behavior and treatment differs 
such that they are deserving of special interest. With the elec-
trocardiographic characteristics discussed previously, it is 
important to have a high index of suspicion dependent upon 
the resting and tachycardia ECG going into the invasive elec-
trophysiologic study. During EP study it is important to 
induce the VT with a morphology that is consistent with the 
clinical VT. Entrainment from the inferoposterior septum of 
the left ventricle generally provides a favorable PPI-TCL, 
with entrainment from the atrium remaining possible but 
usually showing a less favorable PPI-TCL. 

 Ablation of this rhythm is usually accomplished through 
targeting of Purkinjie potentials along the distal LV apex via 
a retroaortic (or transseptal) approach. Purkinjie potentials 
are sharp high voltage fragmented signals distal to the 
LBBB. Radiofrequency energy applied at this point with an 
ablation catheter often would terminate the tachycardia and 
render the VT non-inducible. With a loss of tachycardia 
inducibility the procedure is terminated and deemed 
successful.  

   VT of Special Consideration, Bundle 
Branch Reentry 

 Bundle branch reentry VT is a rare but important subtype 
of VT. These are mostly observed in patients with dilated 
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cardiomyopathy with underlying conduction disease. When 
suspicious of BBRVT, it is important to remember that 
BBRVT typically uses the diseased bundle branch (present 
on the resting 12 lead ECG and typically the left bundle 
branch) as the antegrade conducting limb of the circuit 
with the healthy limb as the retrograde limb. An important 
clue to bundle branch reentry VT is presentation of tachy-
cardia that displays the same QRS morphology at baseline 
but with findings of atrio-ventricular dissociation (Figs.  7.12  
and  7.13 ).

    Entrainment from the right ventricular apex usually 
results in a favorable PPI when compared to the tachycardia 
cycle length. It is usually possible to entrain the arrhythmia 
from the atrium given the necessary participation of the His-
Purkinjie system in the tachycardia, but with a long PPI 
 relative to the tachycardia cycle length. As atrial activation is 
usually retrograde and thus dependent upon the reentrant 
circuit distal to the His bundle, changes in atrial cycle length 
are preceded by changes in the ventricular tachycardia cycle 
length. BBRVT typically has a morphology consistent with a 
full bundle branch block either left or more commonly right 
bundle branch block. 

  Figure 7.12    Twelve lead ECG of a patient with Bundle Branch 
Reentry VT. The  arrows  denote p waves with dissociation of atrial 
(p waves) and ventricular (QRS signals) signals       
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 The ablation of this arrhythmia generally surrounds tar-
geting the involved bundle branch with an ablation catheter, 
often during the induced ventricular tachycardia. Termination 
of the VT to sinus rhythm and loss of inducibility are appro-
priate endpoints for deeming the procedure successful and 
result in its termination. The right bundle potential is usually 
found apically to the His bundle on the septum. If the abla-
tion catheter is positioned appropriately the right bundle 
potential can be separated from the His signal with a slight 
additional apical extension required to safely ablate the 
bundle branch and avoid the His bundle.   

   Mapping Considerations 

 When mapping idiopathic VT in 3D, most commonly the 
window of interest will be set to capture the PVCs that spon-
taneously occur throughout the procedure. In some rare 
instances in which the patient can hemodynamically tolerate 
the VT, a faster map can be acquired. Most of the time, how-
ever, a map will be constructed that acquires electroanatomic 
(EA) data only on the spontaneous PVC locations. 

  Figure 7.13    Baseline 12 lead ECG of the same patient with bundle 
branch reentry VT during sinus rhythm. Note with exact same QRS 
morphology in sinus rhythm as during VT       
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 Anatomy is always a concern when mapping PVCs, 
especially in the outflow tracts, due to the way the ventri-
cle contracts on a PVC. Continuous acquisition of anatomy 
during RS can confuse the picture while mapping. While it 
is a slower process, it may be better to take a traditional 
“point by point” map on the 3D mapping system (Biosene 
Webster’s Carto system can take point by point, rather 
than continuous, anatomy). This way, the entire map is 
built as a PVC map, rather than as a mix of NSR and PVCs. 
Another way to acquire a consistent anatomy is to use the 
CartoSound mapping technology. Each ultrasound contour 
can be taken only on PVCs, so that a quick PVC-only 
anatomy can be built; EA data can then be plotted on the 
CartoSound map. 

 The key to setting a window of interest and mapping is to 
make sure only ventricular activation is being annotated. 
Points acquired by the tricuspid or mitral valve will have both 
atrial and ventricular signals. It is also important to be certain 
the points acquired are all in the intrinsic PVC, and not on a 
catheter-induced or clinically irrelevant PVC. This can 
become complicated when a patient presents with multiple 
morphologies of their PVC. It is usually best to try to map 
one PVC at a time, rather than constantly toggling between 
maps and risking missing beats. 

 Another difficulty with mapping and treating PVCs is fre-
quency on the day of procedure. A wide variety of factors, 
including strength of sedation, can play a role in how many 
PVCs a patient has during a procedure. Electrophysiologists 
are often frustrated to see a large PVC burden on a holter 
monitor, only to have the PVCs go silent or occur only rarely 
during a procedure. In these instances, pace-mapping is often 
performed, with varying results. Traditionally this has been 
difficult to map and very time-consuming. Because the 
matching of a paced morphology to the intrinsic PVC is sub-
jective, the best the operator and EA mapper can usually do 
is determine the best matches (usually placed on a scale with 
the 12 leads, e.g., “This is an 11/12 match”) and mark these 
spots anatomically on the 3D map. 
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 More recently, however, 3D mapping technology has 
advanced to make this process faster and more accurate. 
PASO software from Biosense Webster now allows the user 
to store the intrinsic PVC, or store multiple intrinsic PVCs, 
and then automatically tags and colors the map based on a 
percentage match to the various intrinsic PVCs (e.g.,    This is a 
97 % match to the intrinsic PVC). This allows the electro-
physiologist to pace-map multiple morphologies at a time 
(Fig.  7.14 ).

   Mapping ischemic VT has its own unique challenges. Like 
with idiopathic VT, it is rare to map activation during VT, due 
to hemodynamic instability. Because VT that comes from 
ischemia is usually reentrant, in the rare case that activation 
mapping is performed, the window of interest should be set 
at 90 % of the cycle length, with a distinct, sharp peak of a 
body surface ECG lead as the “time zero” reference point. 

  Figure 7.14    Paso Technology (Biosense Webster, Diamond Bar, 
CA). Pacemap points are tagged as  green  or  red  and given a percent-
age match to intrinsic PVC. Ablation strategy is targeted toward 
highest percentage pace map matches when intrinsic PVCs occur 
rarely       
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 Usually, however, substrate mapping will be performed. 
Setting the window of interest for mapping ischemic sub-
strate is not complicated, but it is critical to get it right. 
Rather than collecting timing, the map will collect and repre-
sent bipolar voltage. Usually a scale of 0.5–1.5 mv is set – this 
makes everything below 0.5 mv to be considered dense scar, 
and everything above 1.5 mv to be considered healthy tissue. 
Everything between 0.5 and 1.5 mv is then displayed on a 
color scale representing various levels of tissue health. This 
color scale between 0.5 and 1.5 mv will usually show up on 
the “border zone” of dense scar. With a high density map, 
electrophysiologists will also be able to find channels of via-
ble tissue through the dense scar, which helps locate the 
zones of slow conduction through the scar responsible for the 
reentrant tachycardias. Close attention should be paid to 
fragmented electrograms and late potentials, as these also 
represent zones of slow conduction through scar areas. 
 Pace-map matching software can also be used to identify the 
critical isthmus for ischemic VT. If the VT is induced or 
observed during the procedure, the morphology can be saved 
in Paso, and pacing can be performed through scar areas to 
identify VT match (Figs.  7.15  and  7.16 ).

    Substrate mapping can be problematic when careful atten-
tion is not applied to the acquired points. The points should 
be consistent. Mapping in SR is preferable, but not always 
possible. When mapping in SR, the 3D mapper must be care-
ful only to take sinus points; paced beats or catheter-induced 
PVCs should be discarded. When mapping a paced ventricle, 
the window of interest must be set to exclude the pacing 
spike which will be present on the mapping catheter. If the 
window does not exclude this pacing spike, the map will con-
fuse it with an actual electrogram. The most important, basic 
rule while mapping a substrate: anything inside the window is 
“seen” and measured as voltage by the mapping system! Be 
sure to exclude anything that is not intrinsic EGM. 

 A final difficulty to overcome when substrate mapping is 
the anatomical challenge of the left ventricle. Large papillary 
muscles, chordae tendonae, and trabeculation are all 
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  Figure 7.16    Paso technology in ischemic VT. Apical scar was tar-
geted for extensive ablation. Paso revealed two channels ( small red 
dots  inside of dark blue tags), representing 95 % matches to two dif-
ferent VT morphologies. These VTs were non-inducible post-ablation       

  Figure 7.15    3D substrate map of ischemic VT.  Red areas  are dense 
scar (<0.5 mv).  Purple areas  are healthy tissue (>0.5 mv).  Yellow ,  green  
and  blue  represent damaged “border zone” tissue. Ablation strategy 
here targeted a critical isthmus through the middle of the scar       
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 anatomical challenges that make catheter maneuvering and 
mapping difficult. For this reason, phased array ICE is often 
used. When paired with CartoSound technology, the 3D map 
can actually display internal structures like papillary muscles, 
giving important knowledge for how to navigate and where 
to map (Fig.  7.17 ).

   Additionally, with these internal structures, it can be hard 
to know whether or not the catheter is in good contact with 
the tissue. If the catheter does not have good contact, and a 

  Figure 7.17    Papillary muscle drawn on the CartoSound technology. 
Papillary muscles are then represented in 3D on the map, so the 
catheter navigation and contact assessment can take these into 
account       
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point is acquired, the map will read the lack of electrogram as 
dense scar. This can be misleading, plotting scar on the 3D 
map while the catheter is actually floating off the tissue. 
Contact force sensing technology can solve this problem. By 
measuring the actual contact and force of contact against the 
tissue, operators can know whether they are in contact with 
the tissue and apply consistent force of contact throughout 
the map. The confusion surrounding “internal” versus “real” 
points on a map is virtually eliminated with a contact force 
sensing catheter.  

   Summary 

 Ventricular tachyarrhythmias are an increasingly common 
occurrence with the growing ICD population. Knowledge of 
the electrophysiologic characteristics and treatment of these 
arrhythmias continues to grow. For the majority of these 
patients recurrences downstream are a constant risk and may 
require ongoing antiarrhythmic drug therapy for complete 
suppression. In experienced hands it is possible to study and 
treat these arrhythmias successfully in a safe fashion. 
However, as our knowledge of the benefit of VT ablation 
grows it is becoming increasingly clear that this procedure, 
when performed properly, can further reduce the risk of sub-
sequent ICD shocks and mortality [ 8 ,  9 ].     

   References 

       1.      Farzaneh-Far A, Lerman BB. Idiopathic ventricular outfl ow tract 
tachycardia. Heart. 2005;91(2):136–8.  

     2.    Brugada P, Brugada J, Mont L, et al. A new approach to the dif-
ferential diagnosis of a regular tachycardia with a wide QRS com-
plex. Circulation. 1991;83:1649–59.  

    3.    Vereckei A, Duray G, Szenasi G, et al. New algorithm using only 
lead aVR for differential diagnosis of wide QRS complex tachy-
cardia. Heart Rhythm. 2008;5:89–98.  

A. Brenyo et al.



165

     4.    Pava LR, Perfan P, Badiel M, et al. R-wave peak time at DII: 
a new criterion for differentiating between wide complex QRS 
tachycardias. Heart Rhythm. 2010;7:922.  

    5.      Stevenson WG, Friedman PL, Sager PT, et al. Exploring postinfarc-
tion reentrant ventricular tachycardia with entrainment mapping. 
J Am Coll Cardiol. 1997;29(6):1180–9.  

    6.    Sesselberg HW, et al. Ventricular arrhythmia storms in postin-
farction patients with implantable defi brillators for primary pre-
vention indications: a MADIT-II substudy. Heart Rhythm. 
2007;4(11):1395–402.  

    7.    Vaseghi M, Gima J, Kanaan C, Ajijola OA, Marmureanu A, 
Mahajan A, Shivkumar K. Cardiac sympathetic denervation in 
patients with refractory ventricular arrhythmias or electrical-
storm: intermediate and long-term follow-up. Heart Rhythm. 
2014;11(3):360–6.  

    8.    Reddy VY, et al. Prophylactic catheter ablation for the prevention 
of defi brillator therapy. N Engl J Med. 2007;357(26):2657–65.  

    9.    Kuck KH, Schaumann A, Eckardt L, et al. Catheter ablation of 
stable ventricular tachycardia before defi brillator implantation in 
patients with coronary heart disease (VTACH): a multicentre 
randomised controlled trial. Lancet. 2010;375(9708):31–40.    

Chapter 7. Ventricular Tachyarrhythmias



167D.T. Huang, T. Prinzi (eds.), Clinical Cardiac 
Electrophysiology in Clinical Practice, In Clinical Practice,
DOI 10.1007/978-1-4471-5433-4_8,
© Springer-Verlag London 2015

         Ventricular tachyarrhythmias (ventricular tachycardia [VT] or 
ventricular fibrillation [VF]) are associated with syncope, 
aborted cardiac arrest (ACA) or sudden cardiac death (SCD). 
Patients will experience syncope, ACA, or SCD depending on 
the duration of the VT and whether VT deteriorates into VF. 

 The etiology of these life-threatening hereditary arrhyth-
mias can be classified according to whether structural heart 
disease is present or not. Structural causes of hereditary 
arrhythmias include dilated cardiomyopathy, hypertrophic 
cardiomyopathy, and arrhythmogenic right ventricular 
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cardiomyopathy/dysplasia (ARVC/D). Most of the nonstruc-
tural causes of hereditary arrhythmias are cardiac channelo-
pathies (disorders involving mutations in genes encoding 
cardiac ion channels) that include the congenital long QT 
syndromes (LQTS), Brugada syndrome, catecholaminergic 
polymorphic ventricular tachycardia (CPVT), and short QT 
syndrome. 

 This chapter will focus on the clinical and genetic aspects 
of the LQTS, Brugada syndrome, and ARVC/D. It should be 
noted that these genetic syndromes exhibit incomplete pene-
trance (i.e., the likelihood that a disease-causing mutation will 
have a phenotypic expression in a mutation-positive subject) 
and variable expressivity (i.e., different level of phenotypic 
expression), implicating environmental factors and possibly 
other genetic modifiers in the etiology of these diseases. 

   Long QT Syndrome 

   Incidence and Etiology 

 The long QT syndrome (LQTS) is a hereditary arrhythmia 
syndrome characterized by structurally normal heart and 
delayed ventricular repolarization as manifest on the ECG as 
abnormal QT interval prolongation. 

 Patients with LQTS are at an increased risk for sudden 
death resulting from episodes of VT, particularly torsades de 
point (polymorphic VT with a preceding long QT). 

 The estimated prevalence of LQTS is 1:2,000 of appar-
ently healthy live-births [ 1 ]. About 85 % of the reported cases 
are inherited from one of the parents, with the remaining 
15 % of affected patients having de novo mutations. 

 Two patterns of familial inheritance are predominant: 
autosomal dominant and autosomal recessive. The most com-
mon form is the autosomal dominant form, also called 
Romano-Ward syndrome. 

 The autosomal recessive form, also called Jervell-Lange- 
Nielsen syndrome, is a severe form of LQTS associated with 
congenital deafness. 

 To date, over 600 mutations have been recognized in 16 
LQTS genes. LQT1, LQT2 and LQT3 account for 95 % of 
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genotype-positive LQTS patients and about 75 % of all 
patients with LQTS [ 2 ].  

   Diagnosis and Classification 

 The diagnosis of LQTS is based on measurement of the cor-
rected QT (QTc) on the ECG, clinical history, and/or genetic 
testing. A recent expert consensus statement [ 3 ] suggested that 
a diagnosis of LQTS can be made if one or more of the follow-
ing criteria are fulfilled: (1) In the presence of a very prolonged 
QTc (≥500 ms) in repeated 12-lead ECG and in the absence of 
a secondary cause for QT prolongation; (2) If a prolonged QTc 
is identified after a syncopal event in the absence of acquired 
causes of QT prolongation; (3) In the presence of an LQTS 
risk score (the Schwartz-Moss risk score based on personal and 
family history, symptomatology, and ECG) [ 4 ] ≥3.5; (4) In the 
presence of a pathogenic mutation in one of the LQTS genes. 

 It should be noted that about 25 % of patients with geneti-
cally confirmed LQTS exhibit QTc within normal range [ 5 ]. Four 
major provocative tests have been proposed to unmask LQTS 
patients with normal range QT at rest: (1) change from a supine 
to standing position [ 6 ], (2) during the recovery phase of exercise 
testing [ 7 ], (3) infusion of epinephrine [ 8 ], or (4) Adenosine-
induced, sudden bradycardia and subsequent tachycardia [ 9 ]. 

 LQTS is classified into 16 types according to the identified 
16 LQTS associated genes with LQTS types 1–3 being the most 
common types of LQTS. LQTS type 1 accounts for 30–35 % of 
cases of LQTS and involves a loss of function mutation in the 
alpha subunit of the slow delayed rectifier potassium channel 
KCNQ1; the current through this channel is known as I Ks . 

 LQTS type 2 accounts for 25–30 % of cases of LQTS and 
involves loss of function mutations in the alpha subunit of the 
rapid delayed rectifier potassium channel KCNH2 (or 
hERG); the current through this channel is known as I Kr . 

 LQTS type 3 accounts for 5–10 % of cases of LQTS and 
involves a gain of function mutation in the alpha subunit of 
the sodium channel SCN5A, the current through this channel 
is known as I Na . 

 LQTS types 4 through 14 are rare, each type accounts for 
less than 1 % of cases of LQTS. LQT5 involves a mutation in 

 Chapter 8. Hereditary Arrhythmias



170

the beta subunit KCNE1 (or MinK) which co-assembles with 
KCNQ1. LQT6 involves a mutation in the beta subunit 
KCNE2 (or MiRP1) which co-assembles with KCNH2. 
LQT7 involves a mutation in the potassium channel gene 
KCNJ2; the current through this channel is called I K1 . It leads 
to Andersen-Tawil syndrome, which is associated with peri-
odic paralysis and physical abnormalities including short 
stature, micrognathia, dental abnormalities, low-set ears, 
widely spaced eyes, and unusual curving of the fingers or toes 
(clinodactyly). LQT8 involves a mutation in the L type cal-
cium channel encoded by the gene CACNA1c. It leads to 
Timothy’s syndrome, which is associated with a very poor 
prognosis and also fusion of the fingers or toes (syndactily), 
flattened nose, small teeth, autism, and possible cardiac struc-
tural anomalies. 

 Genetic testing may have an important role in the diagno-
sis, risk stratification, and management of carriers of LQTS 
mutations. Currently, genetic testing is usually performed 
when there is a clinical suspicion of LQTS and for confirma-
tory testing among family members of identified probands.  

   Genotype-Phenotype Correlations 
and Risk Stratification 

 Genotype-phenotype correlation in the LQTS has been the 
most active line of research among the structurally normal 
heart diseases. It has been recognized that there is an associa-
tion between the genetic background and clinical character-
istics of the LQTS including electrocardiographic features, 
triggers for cardiac events, risk stratification and prognosis. 

 Moss et al. [ 10 ] have demonstrated that the ST-T wave 
repolarization pattern on the ECG differs among the 3 com-
mon LQTS genotypes. Patients with LQT1 typically have a 
broad-based T-wave pattern; patients with LQT2 exhibit a 
low amplitude bifid T-wave, whereas in LQT3, T-wave is 
 usually peaked and late onset.  

 Importantly, cardiac events in LQTS were shown to be asso-
ciated with gene-specific triggers. Patients with the LQT1 
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genotype are at a higher risk for arrhythmic events triggered by 
sympathetic activation induced by exercise. Among the differ-
ent types of exercise, swimming was shown to be a specific trig-
ger for LQT1 patients [ 11 ,  12 ]. Patients with the LQT2 genotype 
are at a higher risk for arrhythmic events triggered by emotional 
stress, including anger, fear, startle, or sudden noise during sleep. 
Patients with the LQT3 genotype experience arrhythmic events 
mostly during sleep or at rest without emotional arousal. 

 Risk stratification among non-genotyped LQTS patients 
relies on a combined assessment of clinical and ECG factors. 
Figure  8.1  shows a suggested risk stratification scheme for 
non-genotyped patients with LQTS. Patients may be classi-
fied into three main risk categories: (1) The very high-risk 
group includes patients with a history of ACA and/or sponta-
neous torsades de pointes; these patients require an implant-
able cardioverter defibrillator (ICD) implantation for 
secondary prevention of SCD; (2) The high-risk group 
includes subjects with history of prior syncope or QTc > 500 ms, 
and (3) the low risk group includes those with QTc duration 
of ≤500 ms without prior syncope event [ 2 ]. 

  Figure 8.1    Suggested risk stratification for life threatening cardiac 
events in non- genotyped patients with the long QT syndrome. 
 ACA  aborted cardiac arrest,  KM  Kaplan Meier,  SCD  sudden 
 cardiac death. The figure is taken with permission from reference 2        
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 Risk stratification among genotyped LQTS patients can 
be based on genotype-specific factors found to affect the 
phenotypic expression in patients with LQTS; those risk fac-
tors include age, gender, the post partum time period, meno-
pause, prior syncope, mutation location, type of mutation 
(missense/non-missense), the biophysical function of the 
mutation and response to betablockers [ 13 ,  14 ]. Figures  8.2  
and  8.3  show suggested risk stratification schemes for patients 
with LQT1 and LQT2, respectively. 

 The rare forms of LQTS Jervell-Lange-Nielsen syndrome 
(autosomal recessive inheritance form of LQTS) and 
Andersen-Tawil syndrome (LQTS type 7) are both associ-
ated with very poor prognoses (unless ICD is implanted); 
Patients with these syndromes experience life threatening 
arrhythmic events at an early age. Similarly, patients with 
multiple LQTS-associated mutations, particularly double 
mutations affecting the same gene, have been associated with 
a greater risk for life threatening arrhythmic events than 
patients who harbor a single mutation [ 15 ].    

  Figure 8.2    Proposed risk stratification for aborted cardiac arrest or 
sudden cardiac death in LQT1.  C-loop  mutations in cytoplasmic 
loops of the KCNQ1 channel,  Pt-yrs  patient years,  HR  hazard ratio. 
The figure is taken with permission from reference 47        
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   Management 

 In general, the treatment of LQTS consists of lifestyle 
modifications, medical therapy with beta-blockers, ICD 
and/or surgical therapy. The ACC/AHA/ESC guidelines 
[ 16 ] and a recently published expert consensus statement 
[ 3 ] recommend lifestyle modifications for all patients with a 
diagnosis of LQTS. Beta-blockers are recommended as a 
Class I indication for all patients with a clinical diagnosis of 
LQTS and as a Class IIa indication for patients with a 
genetic diagnosis of LQTS who have a normal QTc dura-
tion. Although there are limited data on the most effective 
dosage of beta-blockers, full dosing adjusted for age and 
weight is recommended. Abrupt discontinuation of beta-
blockers should be avoided as this may cause exacerbation 
[ 3 ]. Implantation of an ICD is recommended for LQTS 
patients who experience an aborted cardiac arrest (class I 

  Figure 8.3    Proposed risk stratification scheme for aborted cardiac 
arrest or sudden cardiac death in LQT2 patients.  Pore-loop  mua-
tions in the pore-loop segments of the KCNH2 (hERG) channel, 
 Pt-yrs  patient years,  HR  hazard ratio. The figure is taken with per-
mission from reference 14        
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indication) or for patients who had syncope and/or VT 
despite beta-blockers therapy (class IIa indication). The 
recently published expert consensus statement [ 3 ] recom-
mends performing left cardiac sympathetic denervation 
(LCSD) in high-risk patients with a diagnosis of LQTS in 
whom ICD therapy is contraindicated or refused and/or 
beta-blockers are either not effective in preventing syn-
cope/arrhythmias, not tolerated, or contraindicated (class I 
indication). In addition, the consensus statement has added 
that sodium channel blockers can be useful, as add-on 
therapy, for LQT3 patients with a QTc >500 ms who shorten 
their QTc by >40 ms following an acute oral sodium channel 
blocker test (class IIa indication) [ 3 ].  

   Lifestyle Modifications 

 The fact that patients with certain genotypes are more 
likely to experience their events under well-defined cir-
cumstances may provide insights into preventive measures. 
Patients with LQT1 have most of their events during exer-
cise. Therefore, they should avoid strenuous exercise activ-
ity (particularly swimming) without supervision, and those 
at intermediate or high risk should not engage into com-
petitive sports [ 3 ,  16 ]. Patients with LQT2 should be 
advised to avoid unexpected auditory stimuli as their car-
diac events are predominantly associated with sudden 
arousal [ 17 ,  18 ]. Removal of loud noise stimuli at home 
and work such as elimination of alarm clocks, door bells 
and telephone ringing is usually recommended. LQT3 
patients mainly experience events during sleep and at rest, 
and should be considered for a special intercom system in 
the bedroom. All patients with LQTS should avoid drugs 
known to prolong QT interval, or affect potassium and 
magnesium level. It is important to identify and correct 
electrolyte abnormalities that may occur during diarrhea, 
vomiting, metabolic conditions, or imbalanced diets for 
weight loss [ 3 ].  
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   Beta-Blockers 

 Beta-blocker therapy is the mainstay treatment of patients with 
LQTS. The efficacy of this therapy in LQTS has been demon-
strated in multiple studies. Moss et al. [ 19 ] have reported the 
efficacy of beta-blockers in 869 LQTS patients. Beta-blocker 
therapy was associated with a significant reduction in the rate 
of cardiac events in probands (0.97 ± 1.42 to 0.31 ± 0.86 events 
per year, p < 0.001) and in affected family members (0.26 ± 0.84 
to 0.15 ± 0.69 events per year, p < 0.001). In another study among 
549 LQT1 and 422 LQT2 patients from the International 
LQTS Registry, we have found that Beta-blocker therapy was 
associated with a prominent risk- reduction in high-risk patients, 
including a 67 % reduction (P = 0.02) in LQT1 males and a 
71 % reduction (P < 0.001) in LQT2 females [ 20 ]. 

 The protective effects of beta-blockers among LQTS 
patients may also depend on mutation location. We have 
shown among 860 patients with genetically confirmed LQT1 
that beta-blocker therapy was associated with a significant 
88 % reduction in the risk of life-threatening cardiac events 
among LQT1 carriers of the cytoplasmic loops (C-loop) 
 missense mutations (p = 0.02), whereas among LQT1 carriers 
of non-C-loop missense mutations there was no significant 
reduction in the risk for life threatening cardiac events (HR 
0.82, p = 0.68) [ 21 ]. It is known that the C-loops play an impor-
tant role in the sympathetic regulation of the KCNQ1 chan-
nel [ 22 ]. Cellular expression studies have suggested that there 
is a combination of decrease in basal function and altered 
adrenergic regulation of the I Ks  channel in patients with 
C-loops missense mutations that may provide a potential 
explanation why beta-blockers are particularly effective in 
patients with this type of mutation [ 21 ]. 

 The benefit associated with the various beta-blocker sub-
types in the management of LQTS may not be equal. Two 
studies [ 20 ,  23 ] may suggest that metoprolol is less effective 
than Atenolol, Nadolol or Propranolol among LQT1 and 
LQT2 patients.  
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   Potassium Supplementation 

 Potassium supplementation and spironolactone were pro-
posed for patients with LQT2 who exhibit mutation of the 
KCNH2 gene. KCNH2 function is highly dependent on the 
extracellular potassium. It has been suggested that potassium 
administration will increase serum potassium level and 
improve repolarization abnormalities. Two small studies have 
shown that potassium supplements and spironolactone are 
associated with a significant shortening of the QTc [ 24 ,  25 ]. 
Unfortunately, there are no data that potassium supplements 
or spironolactone can decrease the risk of cardiac events.  

   Sodium Channel Blockers 

 Over the last decade, sodium channel blockers such as mexili-
tine and flecainide have been investigated as a potential treat-
ment option for patients with LQT3. Both Mexilitine [ 26 ] and 
Flecainide [ 27 – 31 ] administration are associated with signifi-
cant shortening of the QT interval among LQT3 patients.  

   Technical Aspects 

  QTc values   The normal and prolonged QTc values depend 
on age and gender. Suggested QTc values for diagnosing QTc 
prolongation are: QTc >460 ms during childhood (ages 1–15 
years), QTc >450 ms for adult males, and QTc >470 ms for 
adult females [ 32 ].  

  QT and QTc measurement   The QT interval should be deter-
mined as a mean value derived from at least 3–5 cardiac 
cycles, and is measured from the beginning of the QRS com-
plex to the end of the T wave.  

 The QT measurement should be made in leads II and V5 or 
V6, with the longest value being used. The main difficulty lies 
when there are T and U waves that are close together. When 
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T-wave deflections of a near-equal amplitude result in a biphasic 
T wave, the QT interval is measured to the time of final return to 
baseline. If a second low amplitude repolarization wave inter-
rupts the terminal portion of the T wave, it is difficult to deter-
mine whether the second deflection is a biphasic T wave or an 
early-occurring U wave. In such cases, it is best to record both the 
QT (measured at the end of the first deflection) and the QTU 
(measured at the end of the second deflection) intervals [ 32 ]. 

 The Bazett formula is widely used to correct the QT inter-
val for heart rate (QTc); QTc equals QT divided by the 
square root of the R-R interval (all intervals should be mea-
sured in seconds). 

  Epinephrine QT stress test   This provocative test may aid in 
unmasking individuals with concealed LQT1 [ 8 ]. There are 
two available protocols: by bolus infusion (Shimizu protocol) 
or an incremental, escalating infusion (Mayo protocol). 
According to the Mayo protocol [ 8 ], after 10 min of rest, 12 
lead ECG recording speed was set at 50 mm/s, baseline 
parameters were obtained (including QT and QTc), and then 
an infusion of epinephrine was initiated at 0.025 μg/kg/min. 
After 10 min of the infusion, the measurements were repeated. 
The epinephrine infusion was then increased sequentially to 
0.05, and 0.1 μg/kg/min, and the measurements were repeated 
5 min after each dose increase. The epinephrine infusion was 
then discontinued, and measurements were obtained 5 and 
10 min afterwards. A paradoxical response characterized by 
uncorrected QT lengthening (ΔQT ≥30 ms) rather than 
expected shortening appears diagnostic for LQT1 (with a 
sensitivity and specificity of 92 and 86 %, respectively).    

   Brugada Syndrome 

   Incidence and Etiology 

 Brugada syndrome is another familial disorder with structurally 
normal heart that involves mutations in genes encoding myocyte 
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ion channels. Brugada syndrome is characterized by a specific 
ECG pattern of coved-type ST-segment elevation in the right 
precordial leads (V1 through V3) accompanied by a susceptibil-
ity to polymorphic VT and SCD [ 33 ]. Brugada syndrome preva-
lence has been estimated at 1 per 2,000 people worldwide. The 
prevalence is higher in Southeast Asian countries, especially 
Thailand, Philippines and Japan [ 34 ,  35 ]. 

 Brugada syndrome is typically inherited through an autoso-
mal dominant mode of transmission. To date, 12 Brugada syn-
drome-associated genes have been reported [ 35 ], with all 
mutations leading to either a decrease in the inward sodium or 
calcium current or an increase in outward potassium current. 

 Approximately 25 % of cases of Brugada syndrome result 
from mutations in the SCN5A gene that encodes for the α 
subunit of the cardiac sodium channel. Overall, the genetic 
cause has been identified for only 30 % of clinically diag-
nosed Brugada syndrome patients.  

   Diagnosis 

 Three ECG patterns associated with Brugada syndrome were 
described. 

 Type 1 is characterized by a J point elevation ≥2 mm 
(0.2 mV), a coved ST-segment elevation followed by a nega-
tiveT wave. This ECG pattern is diagnostic of Brugada syn-
drome. Type 2 has a J point elevation ≥2 mm, ST-segment 
elevation has a saddleback appearance, and then either a 
positive or biphasic T wave. Type 3 has either a saddleback or 
coved appearance with a J point elevation <2 mm, and an 
ST-segment elevation of <1 mm. 

 Type 2 and type 3 ECG are not diagnostic of the Brugada 
syndrome. 

 According to the recently published expert consensus state-
ment [ 3 ] Brugada syndrome is definitively diagnosed when a 
type 1 ST-segment elevation is observed either spontaneously 
or after intravenous administration of a sodium channel block-
ing agent in at least one of the precordial leads V1 and V2, 
which are placed in the 2nd, 3rd or 4th intercostal space. 
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 Brugada syndrome is diagnosed in patients with type 2 or 
type 3 ST-segment elevation in ≥1 lead among the precordial 
leads V1, V2 positioned in the 2nd, 3rd or 4th intercostal 
space when intravenous administration of a sodium channel 
blocking agent induces a type I ECG pattern. 

 Due to the low diagnostic yield of genetic testing among 
clinically diagnosed Brugada syndrome patients (genetic 
abnormalities are found in about 30 %), genetic testing is not 
recommended in the absence of a diagnostic ECG. Genetic 
testing may be useful for family members of a successfully 
genotyped proband.  

   Prognosis and Risk Stratification 

 Brugada syndrome typically manifests during adulthood, 
with ventricular tachyarrhythmic events occurring at an aver-
age age of 40 years and sudden death typically occurring dur-
ing rest or at sleep [ 34 ]. Brugada syndrome is 8–10 times 
more prevalent in males than in females. At the time of diag-
nosis, males are more likely than females to present with 
previous symptoms, a spontaneous type I ECG pattern, and 
VF during an electrophysiology study (EPS) [ 36 ]. Although 
the basis for this sex-related distinction is unknown, it has 
been suggested that there is some sexual differences in gene 
expression or function and that the more prominent potas-
sium transient outward current (Ito) in males may contribute 
to the male predominance of the syndrome [ 37 ]. 

 Currently, risk stratification in Brugada syndrome relies 
mainly on clinical factors. The most important clinical risk 
factor associated with high risk of life threatening arrhyth-
mias is the presence of syncopal episodes in patients with a 
spontaneous type I ECG. Other risk factors include the pres-
ence of fragmented QRS, spontaneous atrial fibrillation, and 
ventricular effective refractory period <200 ms during an 
EPS [ 38 ]. 

 There is controversy regarding the value of programmed 
electrical stimulation during an EPS in predicting the risk for 
cardiac events. Brugada et al. [ 39 ] have found that inducibility 
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of ventricular arrhythmias is a marker of a poor prognosis by 
multivariate analysis, but in both the PRELUDE 
(Programmed electrical stimulation predictive value) [ 38 ] 
and the FINGER (France, Italy, Netherlands, GERmany) 
[ 40 ] registries, inducibility of sustained ventricular arrhyth-
mias did not predict ventricular arrhythmic events by multi-
variate analysis. Family history of SCD was not found to be 
an independent risk factor for cardiac events. 

 There are limited data on how knowledge of the Brugada 
syndrome specific mutation may assist in risk stratification. 
The presence of an SCN5A mutation has not been proven to 
be a risk marker in Brugada syndrome, but non-missense 
mutations that result in a truncated protein or missense 
mutations with greater than 90 % I Na  reduction have been 
found to predict syncopal episodes [ 41 ].  

   Management 

 The treatment of Brugada syndrome consists of lifestyle 
changes, ICD implantation and possibly medical therapy with 
Quinidine. 

 The expert consensus statement [ 3 ] recommends three 
lifestyle modifications for all patients with a diagnosis of 
Brugada syndrome: (1) avoidance of drugs that may induce 
or aggravate ST-segment elevation in the right precordial 
leads (avoiding some Ia and Ic antiarrhythmic drugs, several 
psychotropic drugs, and several anesthetics/ analgesics includ-
ing Propofol); (2) avoidance of excessive alcohol intake; and 
(3) immediate treatment of fever with antipyretic drugs. 

 ICD implantation is recommended for patients with a his-
tory of aborted cardiac arrest or spontaneous sustained VT 
for secondary prevention of SCD (class I indication). ICD 
can be useful for patients with a spontaneous type I ECG 
who have a history of syncope believed to result from VT. 
(Class IIa indication) 

 ICD implantation may be considered (Class IIb indica-
tion) in patients with Brugada syndrome and inducible VF 
during EPS. 
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 Quinidine can be useful in patients who qualify for an ICD 
but have a contraindication for ICD implantation or refuse 
implantation. (Class IIa) 

 Quinidine may be considered (Class IIb) in asymptomatic 
patients with Brugada syndrome who have spontaneous type 
I ECG. 

 Patients with Brugada syndrome who experience arrhyth-
mic storms (2 or more VT/VF episodes in 24 h) may be 
treated by quinidine, Isopreterenol (class IIa) or by catheter 
ablation targeting fractionated right ventricular electrograms 
(class IIb).  

   Technical Aspects 

  Procaineamide provocative testing   This provocative test may 
aid in unmasking individuals with Brugada syndrome. 
Baseline ECG (including high precordial leads) and vital 
signs should be taken at baseline, than start IV Procainamide 
1 g over 30 min, measure vital signs and perform ECG every 
10 min, stop infusion at 30 min and repeat ECG and vital 
signs at 40, 60, and 90 min. When performing provocative 
testing with a sodium channel blocker, the infusion should 
be terminated when a type-1 ECG develops, premature 
 ventricular beats or other arrhythmias develop, or the QRS 
widens to ≥130 % of baseline [ 42 ].    

   Arrhythmogenic Right Ventricular 
Cardiomyopathy/Dysplasia (ARVC/D) 

   Incidence and Etiology 

 ARVC/D is a genetic heart muscle disease; its true preva-
lence is unknown, with estimates between 1 in 2,000 and 1 in 
5,000. It is characterized pathologically by fibrofatty 
 replacement of the right ventricular (RV) myocardium. The 
resulting disruption of the RV myocardial architecture in 
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ARVC/D can lead to RV dysfunction, ventricular tachyar-
rhythmias, syncope, or SCD [ 34 ]. 

 Several studies have suggested that mutations in various 
components of the cardiac desmosome have important roles 
in the pathogenesis of ARVC/D. Desmosomes are protein 
complexes specialized for cell-to-cell adhesion, supporting 
structural stability and maintaining normal electrical conduc-
tivity through regulation of gap junctions and calcium 
homeostasis. Defects in components of desmosomes may 
predispose to myocyte detachment and death, inflammation, 
repair by fibrofatty tissue, and life threatening ventricular 
arrhythmias [ 35 ]. 

 Eight genes have been identified that are associated with 
ARVC/D: plakoglobin (JUP), desmoplakin (DSP), pla-
kophilin- 2 (PKP2), desmoglein-2 (DSG2), desmocollin-2 
(DSC2), transforming growth factor beta-3 (TGFß3), ryano-
dine receptor 2 (RYR2) and TMEM. Five of these genes 
(plakoglobin, desmoplakin, desmoglein-2, plakophilin-2, and, 
desmocollin-2) encode major components of the cardiac des-
mosome. Currently known mutations in these genes identify 
50 % of patients with ARVC/D with the most common type of 
mutations reported are in the plakophilin-2 encoded gene [ 34 ].  

   Diagnosis 

 The diagnosis of ARVC/D is based on structural, histological, 
ECG, arrhythmic, and familial features of the disease. 
Abnormalities are subdivided into major and minor categories 
according to the specificity of their association with 
ARVC/D. The diagnosis of a definite ARVC/D is fulfilled by 
the presence of 2 major, or 1 major plus 2 minor criteria, or 4 
minor criteria from different groups. According to a proposed 
modification of the International Task Force Criteria [ 34 ] there 
are six groups of criteria: (1) Global or regional  dysfunction 
and structural alterations assessed by echocardiography, MRI 
or RV angiography; (2) Tissue characterization of wall assessed 
by endomyocardial biopsy and histopathology; (3) 
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Repolarization abnormalities on the ECG including inverted 
T waves in right precordial leads; (4) Depolarization/conduc-
tion abnormalities including Epsilon wave ( low- amplitude 
signals between end of QRS complex to onset of the T wave in 
the right precordial leads) and late potentials by signal-aver-
aged ECG; (5) Ventricular arrhythmias including nonsustained 
or sustained VT of left bundle- branch block morphology and 
presence of >500 ventricular extrasystoles per 24 h holter 
monitoring; (6) Identification of a pathological mutation asso-
ciated with ARVC/D or family history including a history of 
ARVC/D in a first-degree relative, or SCD at age <35 years.  

   Genotype-Phenotype Correlations 
and Risk Stratification 

 ARVC/D is inherited primarily in an autosomal dominant 
fashion, although there are recessive forms (e.g., Naxos dis-
ease, Carvajal syndrome) that are associated with a cutane-
ous phenotype. ARVC/D is a progressive heart muscle 
disease that with time may lead to more diffuse right ven-
tricular (RV) involvement and left ventricular abnormalities. 
The severity of heart failure symptoms and the risk for ven-
tricular arrhythmias vary considerably between patients. 

 There is controversy whether mutations in PKP2 (the 
most common implicated gene) are associated with poor 
prognosis and greater risk for arrhythmias [ 43 ,  44 ]. 

 It was suggested that carriers of multiple mutations in 
ARVC/D-associated genes show a greater magnitude of myo-
cardial involvement than carriers of a single mutation [ 45 ]. 

 Genetic testing has an important role in the diagnosis of 
ARVC/D among symptomatic patients (a diagnostic yield of 
about 50 %) and among relatives of genotype-positive 
patients. 

 Patients at increased risk for life threatening arrhythmic 
events include ARVC/D with extensive disease, including left 
ventricular involvement, history of syncope, and affected 
family members with SCD.  
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   Management 

 Strenuous exercise should to be avoided; medical treatment 
with beta-blockers, sotalol, and amiodarone are commonly 
used, but there are no data that drug treatment improves sur-
vival in the absence of sustained ventricular arrhythmias [ 46 ]. 

 Thus, the mainstay of treatment is ICD implantation in 
selected ARVC/D patients. There is consensus that patients 
who had sustained VT or aborted cardiac arrest should have 
an ICD (Class I indication) [ 16 ]. 

 The ACC/AHA/ESC guidelines also state that ARVC/D 
with extensive disease, including left ventricular involvement, 
one or more affected family members with SCD, or syncope 
are at greater risk and should receive an ICD [ 16 ]. 

 Ablation is moderately successful for VT, but combined 
ICD treatment is necessary regardless of outcome. Occasional 
patients will undergo cardiac transplantation either because 
of intractable arrhythmias or severe heart failure.      
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