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My work is devoted exclusively to the management and investigation of arrhythmias. We 
have active consultative and invasive Clinical Cardiac Electrophysiology (CCEP) services at 
Parkland I University Hospital and the Dallas Veterans Affairs Medical Center. Our research 
ranges from the development of new therapies (mainly invasive) for the therapy of 
arrhythmias to studies of the autonomic response tachycardia and pacing. 



I. INTRODUCTION. 
It is just 15 years since the first papers on catheter mediated direct current (DC) 

ablation were published, and just 6 years since the first clinical report of radiofrequency 
catheter ablation (RFCA). In this short period, clinical cardiac electrophysiology has evolved 
from a diagnostic to an interventional specialty. In fact, due to RFCA, in many cases cardiac 
disease is not only treated, it is cured. Today's grand rounds examines the basic principles of 
catheter mediated ablation and the clinical application thereof. 

II. BASIC CONCEPTS IN ABLATION. 

A. Direct Current Ablation. 
The first catheter-mediated ablation employed direct current (DC) that was passed 

between the distal electrode of a standard pacing catheter and a larger indifferent skin 
electrode. 1

•
2 A standard defibrillator was used, delivering 200-3 00 Joules. As with trans

thoracic DC shocks, brief general anesthesia was necessary. The DC shock resulted in very 
high voltage (1-3 kV) and currents (20-40 amps) at the electrode surface. During the 5 msec 
current pulse that was typically delivered, a number of electrical and physical phenomena 
occurred. First, current and voltage rose, followed by a rise in impedance and voltage with a 
flash of light due to formation of a plasma arc. This resulted in the explosive formation of a 
bubble of steam surrounding the catheter tip. This bubble would then collapse, causing a 
positive, and then a negative, pressure or shock wave.3 It is believed that the intense electric 
field in proximity to the ablating electrode was primarily responsible for the myocardial 
necrosis produced with the direct currept ablation.4 The pressure transients, on the other 
hand, were responsible for potential side effects. Specifically, the pressure transient was 
believed to be responsible for the risk of myocardial wall rupture, such as in the coronary 
sinus. 5 The negative pressure wave produced by collapse of the vapor glow caused formation 
of cytoplasmic micro-bubbles in the myocardium surrounding the catheter tip. This 
"barotraumatic" effect was thought to result in hypotension and arrhythmias. There were 
efforts to limit the potential for injury by using low energy direct current ablation in the 10-40 
Joule range.6 However, this line of research was halted when radiofrequency ablation became 
available. 7 

B. Radiofrequency Ablation. 
Radiofrequency (RF) refers to the alternating current in the range of 100,000 Hz to 

500,000,000 Hz. When used for cardiac ablation, frequencies of 300-750 kHz (typically 500 
kHz) are employed. Bovie electrocautery, used during surgery, also employs RF current, but 
in a modulated form with higher voltage, which promotes arcing and coagulum formation 
(Figure 1 ). In contrast, the purpose of radiofrequency cardiac ablation is to gradually heat the 
tissue without forming coagulum. 
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Figure 1. Waveform of unmodulated and 
modulated radiofrequency current. (From 
reference 8.) 
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Radiofrequency current for ablation is typically delivered in a unipolar fashion, where 
the energy is passed from a small tip electrode within the heart to a large dispersive electrode 
on the skin. Since the surface area at the electrode tip is much smaller than the skin patch, 
the current density and secondary heating are far greater at the tip. It is in this area of high 
current density that resisted heating occurs. Heating of the underlying tissue is maximal 
within a millimeter of the electrode and then falls at the fourth power of the distance from the 
electrode tip. Therefore, heating from the tip current is very shallow, and the majority of 
heating is due to conductive transfer to the deeper tissues (Figure 2). The contribution of 
direct electrical effect on tissue destruction is not well established, but is not believed to be 
significant. Unlike alternating current from standard plug (which is quite arrhythmogenic), 
the frequencies of 300-1,000 kHz yield effective resistive heating but little or no muscle 
stimulation and rarely cause induction of arrhythmias. 

Figure~. Mechanism of heating with RF. 
Direct heating occurs at only a small shell 
around the catheter tip (A), with 
conductive heating to the surrounding 
tissue (B) . (From reference 7.) 
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It has been shown both in vivo and in vitro that RF lesion size is dependent both on 
temperature and power (Figure 3).9 There is a limitation to the effective heating, however. 
As higher powers are used, boiling can occur at the tip, with serum protein denaturation and 
charring, forming an insulative "coagulum".9 The boiling also causes a sudden rise in 
impedance that prevents current flow. 
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Figure 1. Depth of RF lesions 
versus temperature and power. 
(From reference 9.) 

=· • a. • Q s 

.. 

' • 0.0001 
I • U2 

It 

• • 

.. 71 It .. lH 

TIIIPtltbrt I'Cl 

' • 0.07 
1 • o.at 

0 
0 ~ 

0 

o 08 ." 
0 O~o CillO 0 

··"'~ 0 o ." <~"o' 
0~0 0 0 

c8 & 
8>0 

Ut .... 1Jt 

, •• ., IWl 

I.H 

Radiofrequency lesion size is dependent on the electrode shape. A rounded tip is 
important to deliver consistent current density and heating to create a spherical lesion. The 
diameter of heating around the tip is reduced at the endocardial surface due to convective 
cooling by overlying blood flow. This cooling effect of surrounding blood is dependent on 
catheter tip placement; for example, a site on the ventricular surface just beneath the mitral 
valve will be less affected by the cooling effect of blood flow than a site on the atrial aspect 
of the atrioventricular valve. In dogs, increasing the catheter tip length from 2-4 mm yielded 
a doubling and mean lesion volume from 143-326 mm.10

•
11 Initial studies with even larger 

electrode yielded smaller lesions, most likely due to limitation in power output. Subsequent 
experimental studies have suggested that an 8 mm tip may produce even larger lesion size, 
although such electrodes are not yet approved for ablation in the United States. 

Ut 

The degree of heating necessary to destroy the myocardial tissue has been studied both 
in basic models and clinically. There is irreversible myocardial injury when tissue is heated 
to 48°C. Using an electrode with a thermistor at the tip, a mean temperature of 50 +/- 8°C 
yielded transient block, but 62 +/- 15°C was required for permanent interruption of accessory 
pathway function . Temperatures of 95-100° centigrade were associated with impedance rise 
and desiccation, consistent with boiling at the catheter tip. 7 

The acute and chronic pathologic effect of radiofrequency catheter lesions have been 
studied in some detail. Within hours, there is either pallor or hemorrhage along with volume 
loss on the endocardial surface at the point of catheter contact. Fibrinous or even thrombotic 
material is occasionally seen. Where the temperature exceeds 100° centigrade or an 
impedance rise is observed, charring and thrombus are often seen. 12 Frequently there is a 
"target" effect on gross inspection with central pallor and surrounding hemorrhage. 
Microscopically, there is necrosis and surrounding hemorrhage with acute inflammation and 
presence of mononuclear cells and neutrophils. Within 4-5 days, a well demarcated transition 
between lesion and viable tissue is observed. 13 The inflammatory response surrounding the 
central lesion is thought to play a role in clinical recurrence and "delayed cure" . 14 If the 
inflammation resolves, and the tissue becomes functional again, the apparently ablated 
pathway may resume functioning. On the other hand, if the inflammation progresses and 
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advances to necrosis, this would cause elimination of function where cure was not evident 
acutely in the laboratory . This progression to "late cure" with RF is distinct from the effect 
of DC ablation, where the substantial edema often would result in recurrent function but not 
late progression of the lesion. 

In a dog, we performed a right atrial free wall ablation in order to evaluate the 
sensitivity of MRI in identifying the lesion. With the heart at electrical stand-still, the marked 
area of edema is seen. The gross anatomic dissection demonstrated hemorrhage and edema 
surrounding the somewhat thin, pale central ablation site. On MRI, the edema is clearly seen 
during cardiac stand-still (following sacrifice of the dog with KCl injection). 

Two months following an RF application, there is volume contraction and the lesion is 
replaced by fibrosis, granulation tissue and chronic inflammatory infiltrates. The demarcation 
between scar and functional myocardium is discreet (unlike patchy fibrosis seen at the border 
zone of the scar that results from a myocardial infarction, for example). 15 This abrupt 
transition from viable myocardium to scar may account for the lack of arrhythmogenicity of 
RF lesions. 

When ablation first was performed, there was substantial concern about adverse effects 
on epicardial coronary arteries. In fact, coronary angiography was performed both before and 
after radiofrequency ablation of accessory pathways in several series, without evidence of 
vascular injury. Concern was reasonable, due to the fact that RF lesions were placed at 
accessory pathways located along the atrioventricular rings (where the epicardial vessels are 
located). Most likely due to a heat-sink effect, with high blood flow causing convection and 
cooling of the vessel, there is no evidence of injury to epicardial vessels when the catheter tip 
is placed endocardially.16 The one reported epicardial artery occlusion occurred with a 
catheter accidentally placed into the circumflex artery via the left main coronary artery. In 
that case, acute thrombosis occurred with application of radiofrequency current. 17 

III. ABLATION OF THE ATRIOVENTRICULAR JUNCTION. 

A. Indications. 
Atrial fibrillation is the most common cardiac arrhythmia; for example, 7.2% of 

patients in the Framingham Study developed atrial fibrillation .18 The symptoms associated 
with chronic atrial fibrillation include palpitations, fatigue, light-headedness, and angina. 
When atrial fibrillation persists, atrioventricular nodal blocking drugs are prescribed. 
Although digoxin was previously the most common drug indicated for therapy, it is now 
generally accepted as second-line therapy behind beta-adrenergic blockers and calcium 
channel blockers. In some patients, control of the ventricular response is not achieved in spite 
of therapy with 2 or even 3 A V nodal blocking drugs. Also, some patients are not candidates 
for certain therapy (such as asthmatics for beta blockers and patients with heart failure for 
either beta blockers or calcium channel blockers). Patients with tachycardia-bradycardia 
syndromes (sick sinus syndrome) may have substantial bradycardia at times even though the 
upper ventricular rates are out of control, so nodal blocking drugs cannot be advanced to the 
point where the tachycardia rate is controlled. In addition, some patients experience 
substantial fatigue when they take enough A V nodal blocking agents to control their rate. 
Finally, some patients continue to experience symptoms from the irregular nature of the 
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ventricular response in atrial fibrillation even though the ventricular rate is under control. 
The patients described above would all potentially be candidates for ablation of the 

atrioventricular junction with placement of a ventricular (or dual chamber) pacemaker. Such a 
procedure eliminates the need for nodal blocking drugs and gives total control of the heart 
rhythm. Today's rate-responsive ventricular pacemakers increase their rate in response to 
minute ventilation or movement/acceleration sensed. In addition, newer pacemakers allow 
"mode switching" between dual chamber pacing (tracking the P-waves) and ventricular 
pacing, depending on whether the patient is in sinus rhythm or atrial arrhythmia. Therefore, a 
patient with paroxysmal atrial fibrillation is provided normal atrio-ventricular synchrony 
during sinus rhythm but has a regular ventricular paced rhythm when atrial fibrillation occurs. 

B. Direct current ablation. 
Ablation of the atrioventricular junction using direct current was first reported in 

1991. 1
•
2 Pacing catheters were placed in the atrium and the ventricle and a mapping catheter 

placed across the tricuspid annulus along the septum to record the largest His electrogram that 
was accompanied by a large atrial electrogram (Figure 4). For the direct current shock, 
transient general anesthetic was administered. A number of series were reported, with success 
rates ranging from 41-95%. 19 Up to 20% of patients required a second session to establish 
persistent complete atrioventricular block. 5 The patient would undergo permanent pacemaker 
placement following the ablation. 

The direct current ablation technique is not without complications. In a registry of 
265 patients10 there was a 4.8% incidence of early life-threatening complications, including 
tamponade (1.09%), pulmonary embolus (0.36%), sepsis (1.8%), hemothorax (0.36%), and 
ventricular tachycardia/fibrillation (1.27%). In other series using DC, the risk of sudden death 
has been reported to be between 0% and 5%. Of note, the registry described only 65% 
maintaining complete AV block with DC ablation but 73% had greater rate control and were 
without symptoms even in the absence of A V nodal blocking medication. 10 

C. Radiofrequency ablation. 
Although direct current ablation was overall a successful procedure, its risk, 

requirement for transient general anesthesia, and frequent lack of success (or recurrence) made 
the introduction of radiofrequency ablation a substantial improvement.20

•
21

•
22 One trial 

compared 20 patients treated with either modality.23 The authors found that the likelihood of 
success with a single section was greater with radiofrequency (95% versus 65%) and the 
escape rate was faster with radiofrequency (41.1 versus 28.6 bpm). There was 1 sudden death 
in the DC ablation group. 

The technique for RF ablation is similar to that using DC, although the ability to place 
multiple lesions with the patient awake and comfortable allows a more controlled procedure 
(See Figure 5). Also, the procedure is often performed during atrial fibrillation. When 
radiofrequency ablation is unsuccessful from the right side, the left ventricular approach 
(retrograde across the aortic valve) is both safe and effective.19 From the left ventricle, a 
maximal His bundle deflection is sought (often without an atrial electrogram). Complete 
heart block is usually achieved and the escape rate typically is slower than that seen with 
right-sided radiofrequency ablation. 
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Figure 1_. The catheter placement for A V junction ablation is shown in the left panel (from Reference 19). 
Energy is applied at the septum, just proximal to the site of maximal His deflection measurement (right panel) . 
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Figure .2_. Intracardiac and surface recordings during RF ablation of the A V junction. At baseline, the patient is 
in normal sinus rhythm. After some junctional ectopy, complete heart block (CHB) is seen, followed by 
ventricular pacing. 
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Although the risk of complication is reduced overall with radiofrequency, in 
comparison to direct current, there remains a possibility for sudden cardiac death following 
ablation (up to 3. 7% in 1 study). 5 Generally for both DC and RF ablation sudden cardiac 
deaths have occurred in the setting of a depressed ejection fraction, although at least 1 sudden 
death was reported in a patient with a normal ejection fraction. 19 The risk of life-threatening 
ventricular arrhythmia, along with their apparent relationship to bradycardia (or relative 
bradycardia) has prompted us to pace at a relatively high rate of 80-90 bpm for the first week 
or two following ablation. This policy is also followed elsewhere (Mohamed Hamdan,M.D., 
personal communication). 

D. Selective Modification for Rate Control. 
The "slow" AV nodal pathway generally conducts to shorter cycle lengths than the 

"fast" AV nodal pathway. Therefore, it was postulated that selective ablation of the slow AV 
nodal pathway would yield a slowing of the ventricular response to atrial fibrillation. Our 
group24 and others tested this hypothesis in an attempt to control the ventricular rate response 
in patients with atrial fibrillation. 25

'
26 In several series, satisfactory rate control was achieved 

in most patients following slow pathway ablation. However, in our study we observed 2 
sudden cardiac deaths within 30 days in this series of just 11 patients; both of the deaths 
occurred in patients with severely depressed left ventricular ejection fraction.24 We postulate 
that the risk of sudden death may be even higher following modification of the A V node than 
following A V junction ablation due to the lack of pacing and the potential for significant 
pauses in the rhythm leading to torsades de pointes. As with ablation of the A V node, we 
now recommend (temporary) pacing at a rate of 80-90 bpm or more for at least 48-hours 
following A V junction modification for atrial fibrillation rate control. 

IV. ABLATION FOR ACCESSORY PATHWAYS (WOLFF-PARKINSON-WHITE 
SYNDROME). 

The development of radiofrequency catheter ablation techniques for the cure of the 
Wolff-Parkinson-White syndrome is one of the most dramatic improvements in patient 
management over the last several decades. This is a congenital abnormality of conduction 
where there is persistence of the embryologic electrical connection between the atria and 
ventricles. The syndrome is associated with substantial morbidity and occasional mortality, to 
the degree that just a decade ago even open heart surgery for ablation and cure were 
embraced by physicians and patients alike. 

A. Tachycardia mechanism. 
The Wolff-Parkinson-White syndrome is defined as the typical electrocardiographic 

pattern of short PR, widened QRS and delta wave, associated with palpitations or tachycardia 
(Figure 6). In the absence of symptoms, the electrocardiogram is defined as having the 
Wolff-Parkinson-White pattern as opposed to the syndrome. This pattern is due to accessory 
atrioventricular electrical connection with anterograde conduction. Most pathways also have 
retrograde conduction, which is involved in narrow complex paroxysmal supraventricular 
tachycardia. In fact, many patients with an accessory pathway of the atrioventricular type 
have only retrograde conduction and have an entirely normal surface electrocardiogram. 
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Figure§.. Wolff-Parkinson-White syndrome. Note the typical 12-lead ECG during sinus rhythm in the top 
panel; during paroxysmal supraventricular tachycardia (bottom panel), the QRS is narrow as the ventricle is 
solely activated via the normal conduction system. 
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As mentioned above, paroxysmal supraventricular tachycardia associated with the 
Wolff-Parkinson-White syndrome involve conduction down the AV node and His-Purkinje 
system, yielding a narrow QRS complex. Retrograde activation, completing the 
atrioventricular reentrant circuit, involves the accessory atrioventricular pathway. In some 
patients, the only time a narrow complex is seen is when the accessory pathway is functioning 
retrogradely during tachycardia. The schematic in Figure 7 shows the mechanism of initiation 
of tachycardia with a premature atrial beat. In contrast to the narrow complex 
supraventricular tachycardia described (known as orthodromic reciprocating tachycardia), a 
reversal of this circuit yields a wide complex tachycardia due to activation of the ventricle 
exclusively through the accessory pathway and retrograde activation of the atria via the AV 
node; this is called antidromic reciprocating tachycardia. Antidromic reciprocating 
tachycardia has a maximally pre-excited QRS complex and frequently has a cycle length 
similar to orthodromic reciprocating tachycardia. This uncommon arrhythmia, in our 
experience, is usually somewhat less well tolerated (perhaps due to asynchronous ventricular 
activation). 

Figure 7_. Schematic of the initiation of 
orthodromic reciprocating tachycardia in 
WPW. In A, a premature beat blocks in 
the accessory pathway and gives a narrow 
QRS complex. This allows the impulse to 
activate the atria retrogradely via the 
accessory pathway and initiate tachycardia 
(B and C). On the surface electrogram, 
the delta wave (d) disappears and 
retrograde P-waves are seen. 
(From Reference 27.) 

The most dangerous arrhythmia associated with the Wolff-Parkinson-White syndrome 
is pre-excited atrial fibrillation. This is typically precipitated by an episode of atrioventricular 
reciprocating tachycardia. The rhythm may be very poorly tolerated and may be associated 
with heart rates in excess of 250 bpm. Pre-excited atrial fibrillation is associated with sudden 
cardiac death and syncope. It has been demonstrated that syncope and sudden cardiac death 
only occur when the anterograde function of the accessory pathway is very good, allowing 
coupling of pre-excited beats within 250 msec of each other. 28 Interestingly, after an 
accessory pathway is ablated (either surgically or with radiofrequency catheter ablation) atrial 
fibrillation is both less frequent and less likely to sustain. Figure 8 shows rapid preexcited 
atrial fibrillation induced in the laboratory in the same patient as in Figure 6. 
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Figure ~. Preexcited atrial fibrillation. This patient had a shortest preexcited R-R interval of <200 msec. 

B. Catheter Ablation with Direct Current. 
The first catheter ablation procedures for the Wolff-Parkinson-White syndrome used 

direct current, as described above. There was concern about potential injury to atrial and 
coronary sinus structure/9 due to the potential trauma of the explosive direct current lesion, so 
direct current ablation was only being performed in a relative few centers at the time 
radiofrequency ablation was introduced. Since that time, direct current ablation has been 
abandoned. 

C. Ra .. iofrequency Ablation for Accessory Atrioventricular Pathways. 
The fundamental concept for ablation of accessory pathways is how to locate their 

insertion to the atrium or ventricle. The accessory pathway must be mapped while it is either 
functioning anterograde (as with sinus rhythm or atrial pacing) or retrograde (activating the 
atrium as with orthodromic reciprocating tachycardia or ventricular pacing). With the 
development of deflectable catheters, the distal electrode pair can be placed anywhere along 
the atrioventricular ring, defined by "balance" of the atrial and ventricular activation 
complexes. During anterograde function, the site with earliest ventricular activation, typically 
preceding the onset of the delta wave, is identified. This is often accompanied by a "Kent" 
bundle potential between a very closely coupled atrial and ventricular complex. With 
ablation, the closely coupled atrial and ventricular electrograms separate (as in Figure 9). 
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Figure .2_. RF of a right anteroseptal pathway during normal sinus rhythm. The delta wave disappears after the 
third beat. This is accompanied by a separation of atrial and ventricular activation on mapping channels 6 and 
7 . After ablation, the His bundle deflection is clearly seen, with a normal HV interval (HRA, high right 
atrium; HIS, His recording; MAP, mapping catheter recording; CS, coronary sinus; RV, right ventricle 
recording; DIS, distal; PROX, proximal) . 

For retrograde mapping, the process is just the opposite of anterograde mapping. The catheter 
is placed at a site demonstrating earliest atrial activation, accompanied by a Kent potential 
and/or close coupling of the local ventricular and atrial activation complexes. We typically 
perform ablation of accessory pathways during ventricular pacing. The mapping is performed 
at a pacing rate such that the retrograde atrial activation is "eccentric", meaning that a site 
away from the normal conduction system is activated earlier than the septum. Right-sided 
pathways are mapped either from a femoral venous approach, with or without a long sheath, 
or from the right subclavian vein. Left-sided pathways can be approached either by 
retrograde placement of a catheter from the femoral artery across the aortic valve and then 
deflecting to the mitral ring or through a transseptal approach using a special sheath to place 
the catheter in the region of the left A V ring where the pathway is located. Our preference 
since 1993 has been to use the transseptal approach. When the pathway is ablated, a change 
from "eccentric" activation (coming up the pathway) to "concentric" activation (coming up the 
AV node) is seen, as in Figure 10. 
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Figure lQ. Ablation of an accessory pathway during retrograde pacing. The top 5 tracings are standard surface 
ECG's. Pacing is accomplished from the RV. In the first two beats note the close coupling between local LV 
activation and LA activation (*) on the "map dis" channel, with activation of the atrial septum at the "His prox" 
following (arrow). Ablation is accomplished with the third beat, in that LV and LA are now separated, and LA 
is activated after the "His prox" local atrial electrogram (second arrow). This shows "eccentric" activation 
becoming "concentric" with the third beat. (Abbreviations as in Figure 9.) 

Approximately 30% of all atrioventricular connections are located in the septal area. 
Posteroseptal pathways may be accessed via the right side or may require ablation from 
within the coronary sinus itself. In fact, accessory pathways have been identified in 
conjunction with structural abnormalities of coronary sinus and cardiac veins. Midseptal 
pathways are located between the coronary sinus and the His bundle. Most of these are on 
the right side but occasionally access can only be achieved from the left septum. 
Anteroseptal pathways are defined by the presence of both His bundle recording and 
accessory pathway (Kent) activation on the same electrode pair. Septal pathways are 
associated with an increased risk of complete heart block, although the risk is generally less 
than 5%. 
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Overall, the success rate in radiofrequency ablation of accessory pathways is over 
90%.30

·
31 Up to 5-10% of pathways may regain function post-procedure, typically within the 

first 24-hours but occasionally out a month or more. Repeat ablation is successful in over 
80% of these cases of recurrence. 

D. Ablation for Other Pre-excitation Syndromes. 
The permanent form of junctional reciprocating tachycardia (PJRT) is a syndrome seen 

frequently in children and young adults, characterized by near incessant supraventricular 
tachycardia. It has long been recognized that this typically employed a retrograde-only 
accessory atrioventricular pathway with slowly conducting properties. This is proven to be 
effectively ablated in a manner similar to that for typical accessory A V pathways. The 
pathway typically inserts at the postero-septal atrium and is mapped to its atrial insertion 
during tachycardia. It is ablated at the atrial insertion. 

"Mahaim" fibers, originally thought to connect the AV node to the right ventricle or 
right bundle branch32 have been shown in recent years to represent anterograde-only pathways 
that course from the right atrial free wall to the ventricle or distal components of the right 
bundle branch block (moderator band).33 Ablation has been successful, with mapping directed 
to record an accessory pathway potential at or just below the tricuspid ring. Alternatively, 
ablation at the ventricular or fascicular insertion has been reported.34 

V. ABLATION FOR CURE OF AV NODAL REENTRANT TACHYCARDIA. 

A. Tachycardia mechanism. 
Atrioventricular nodal reentrant tachycardia (A VNRT) is a reentrant rhythm 

responsible for 60% of paroxysmal supraventricular tachycardia. In typical AVNRT, the 
impulse travels down the slow AV nodal pathway and back up the fast pathway. In the 
electrophysiology laboratory, dual AV nodal physiology is demonstrated when the AV nodal 
conduction time (measured by the atria-His interval) prolongs 50 msec in response to moving 
a premature atrial impulse in by 10 msec. This "jump" is often accompanied by an "echo" 
beat (traveling back up the fast AV nodal pathway) and initiation of AVNRT,35 as shown 
schematically in Figure 11 and with electrograms in figure 12. With tachycardia, there is 
often a retrograde P-wave superimposed on the QRS, giving a pseudo R' in lead V1. Until 
recently, however, the anatomic locations of these electrically discreet AV nodal pathways 
were not identified. 
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Figure 11. Schematic of dual A V nodal 
physiology and reentry. During sinus 
rhythm, conduction travels down the slow 
fast pathway (2) . With a premature beat, 
the longer refractory period of the fast 
pathway results in block (3), allowing the 
impulse to reenter back up the fast 
pathway (4), and resulting in AV nodal 
reentrant tachycardia (5). (From Reference 
36.) 
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Figure J1.. Surface and intracardiac electrograms of the initiation of A V nodal reentrant tachycardia with a 
premature atrial beat. During the pacing drive, conduction is down the fast A V node, with A-His interval of 83 
msec . With the premature atrial beat (PAC) the fast pathway blocks and conduction "jumps" to the slow AV 
node (giving a longer A-His interval of 256 msec) . This results in the initiation of typical (slow-fast) A V nodal 

reentry. 
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B. Fast AV Nodal Selective Ablation. 
The first fast pathway ablation was performed using DC shock. 37

·
38 In one study37 

tachycardia was eliminated in 76% of the patients but 10% developed high-grade 
atrioventricular block and required permanent pacing. 

Using radiofrequency, the fast pathway has been successfully ablated for cure of AV 
nodal reentrant tachycardia. With this technique, the "fast" A V nodal pathway is 
approximated by mapping of the earliest retrograde activation during typical A V nodal 
reentry . The site for ablation typically is just proximal and superior to the site of the 
maximal His bundle recording, typically with a substantial atrial to ventricular ratio and a 
small His bundle electrogram. (See Figure 13.) The end point for success is quite clear, 
being prolongation of the PR interval. In addition, retrograde ventriculo-atrial block is 
observed in 40% of patients.39 Complications of fast AV nodal pathway ablation include the 
occurrence of complete AV block with necessity for pacemaker implantation in up to 21% of 
patients in earlier series.40 This effect can be delayed for up to 1-2 days and continuous 
monitoring is recommended. With very careful titration of power, the risk of heart block is 
markedly reduced.39 The frequency of recurrence following fast AV nodal pathway ablation 
is approximately 10-15%.41 

Figure .U. Schematic of the anatomic 
slow and fast A V nodal pathways. The 
arrows show the circuit for typical A V 
nodal reentry. Ablation of the fast 
pathway is accomplished with lesion 
placement in the area of the anterior atrial 
septum (•), while slow pathway ablation is 
performed with energy application in the 
posterior septum ( .. ). (Adapted from 
Reference 42.) 

C. Selective Slow Pathway Ablation. 
An improved technique for cure of A V nodal reentry is selective ablation of the slow 

AV nodal pathway. The location of slow AV nodal insertion in the atrium was identified 
through retrograde atrial mapping during atypical AV nodal reentry (where the impulse travels 
down the fast pathway and back up to the atrium via the slow pathway). The atrial insertion 
mapped to the posterior septum, near the coronary sinus ostium (as in Figure 13).43 Two 
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approaches have been undertaken to ablate the slow A V node. The electrogram mapping 
technique involves searching for a "slow A V nodal pathway potential." This is characterized 
by an atrium to ventricular ratio of less than or equal to 0.5 and a late, discreet potential that 
occurred distinctly following the local atrial electrogram that is not a His bundle potential. 
The marker for success is junctional beats; if these beats are seen to block to the atrium, the 
energy must be immediately discontinued or heart block may ensue. The second technique 
for ablation is anatomically based, with serial radiofrequency lesions placed first in the most 
posterior septal site and then advanced more anteriorly until junctional beats are observed and 
tachycardia is eliminated. A randomized study demonstrated that the anatomic approach was 
successful in 84% and electrogram technique successful in 100%.44 At UT Southwestern, our 
approach is to map for the slow pathway potential, but to move to anatomic approach 
promptly if ablation is not achieved after several lesions. 

With slow A V nodal pathway ablation, the risk of heart block is reported to be less 
than 1%.43 Recurrence is seen in approximately 5% of cases.43'44 Although historical data 
suggest improved success and lower incidence of heart block with slow A V nodal 
modification, a randomized trial of 50 patients failed to demonstrate a significant difference 
between fast and slow A V nodal ablation. It was shown that crossing over from one method 
to the alternate approach was safe and effective.45 Overall, the slow pathway modification 
technique is remarkably effective and relatively free of complications. It represents an 
excellent primary therapy for A V nodal reentrant tachycardia and in fact is calculated to be 
cost effective after 10 years for patients who experience only 1 emergency room visit per 
year.41 

VI. ABLATION FOR ATRIAL TACHYCARDIA AND ATRIAL FLUTTER. 

A. Atrial tachycardia. 
Atrial tachycardia often arises from a single atrial focus, frequently originating in the 

right atrial free wall along the crista terminalis or in the left atrium at the pulmonary veins.46 

Replication of the P-waves by pacing at different sites within the atria (pace mapping) has 
been described.47 However, most investigators have found greater success identifying the 
earliest atrial activation, frequently with two roving mapping catheters that are adjusted 
sequentially to find the earliest site of activation. During successful ablation, there are 
frequently extra atrial beats prior to elimination of the tachycardia. Following placement of a 
lesion at the site of earliest activation, a "rosette" of ablation lesions may be placed around 
the central site. Success in ablation of atrial tachycardia foci has been described as ranging 
from 60-90%.46 

Atrial tachycardias have been described in association with prior surgical interventions. 
Most of these involve reentry using the surgical scar as a partial barrier around which reentry 
can occur.46 In some cases, however, the atrial scar simply facilitates typical atrial flutter that 
has a reentrant circuit that surrounds the normal tricuspid ring. This is consistent with an 
animal model where a right atrial free wall incision consistently allows both clockwise and 
counter clockwise reentry around the tricuspid ring. 48'49 Ablation for typical atrial flutter is 
described below. For intra-atrial reentry otherwise, the reentrant circuit is mapped using 
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multiple atrial catheters with multiple electrodes. Generally there is a component of the 
reentrant circuit that travels between a post-surgical area of block and an anatomic area 
block. 46 The placement of a linear radiofrequency lesion across this part of the reentrant 
circuit will terminate tachycardia and prevent reinduction. 

B. Atrial Flutter. 
Substantial increases in our understanding of atrial flutter have been made over the last 

decade. Atrial flutter was created in a dog model decades ago and in 1983 a similar model 
was mapped to the tricuspid ring. This model was even taken to the tissue bath, where 
reentry in an isolated ring preparation would sustain up to an hour. After transection of the 
ring circuit, reentry was abolished.48

•
49 

In recent years, typical atrial flutter has been mapped and been demonstrated to be due 
to counter clockwise reentry (viewed from a left anterior oblique orientation) encircling the 
tricuspid ring. The most conclusive evidence of the reentrant circuit location has been 
provided by pacing at multiple sites within the tricuspid ring and demonstration of identical 
activation sequence as well as a return cycle of the reentrant wave front that returns with 
timing identical to the tachycardia cycle length. Mapping has demonstrated that the wave 
travels in a corridor between the Eustachian ridge and its continuation to the tendon of Todaro 
and the tricuspid valve ring itself. 

Just as in cutting the tricuspid valve in the dog model, creation of an RF ablation 
lesion across the tricuspid ring has been shown to cure atrial flutter. The lesion is placed 
from the tricuspid valve to the coronary sinus ostium and then to the inferior vena cava, or 
from the tricuspid valve to the inferior vena cava. Success in up to 90% of patients has been 
reported,50

'
51 although recurrence of up to 22% has been seen. 

Recently further proof of successful ablation has been demonstrated with pacing on 
either side of the ablation line of block. By pacing on one side of the lesion and 
demonstrating that activation to the other side of the lesion requires conduction the other way 
around the tricuspid ring, block in that direction is proven. When bidirectional block is 
demonstrated, the chance of recurrence is reduced to less than 10%. 

The ideal patient for atrial flutter ablation suffers from pure flutter and does not 
experience atrial fibrillation. However, there is suggestion that ablation of the flutter may 
reduce atrial fibrillation recurrence and ablation in patients with both arrhythmias may be 
reasonable. 

VII. ABLATION FOR JUNCTIONAL ECTOPIC TACHYCARDIA. 
Junctional ectopic tachycardia (JET) primarily afflicts children (where it has a poor 

prognosis), although it is also seen in adults. The primary therapy has been beta-adrenergic 
blockers or, in severe cases, AV junction ablation with pacemaker placement. Recently there 
has been a report of successful ablation of the tachycardia with preservation of A V nodal 
conduction. Using the site of earliest atrial activation as the site for ablation, cure was 
accomplished in 9 of 11 patients. 52 
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VIII. ABLATION FOR VENTRICULAR TACHYCARDIA. 
The development of radiofrequency catheter ablation techniques has been associated 

with a marked improvement in our care of patients with supraventricular arrhythmias. 
Ventricular arrhythmias, on the other hand, have been less amenable to radiofrequency 
ablation. There is no radiofrequency procedure for ventricular fibrillation due to its chaotic 
nature. Likewise, rapid ventricular tachycardia that are poorly tolerated are not suitable for 
mapping technique which require persistence of the arrhythmia to allow detailed catheter 
manipulation and mapping. Nevertheless, there are several ventricular tachycardias that have 
shown themselves to be quite amenable to cure using radiofrequency catheter ablation. 

A. Right Ventricular Outflow Tract Tachycardia. 
Ventricular tachycardia originating from the right ventricular outflow tract is the most 

common of the "normal heart" ventricular tachycardias. This arrhythmia is frequently 
associated with exercise or high catecholamine states and can be nearly incessant in its 
repetitive salvos, leading to its being named "repetitive monomorphic ventricular 
tachycardia. "53 It is frequently responsive to beta adrenergic blockers or calcium channel 
blockers as well as antiarrhythmic medications such as quinidine and flecainide. Several 
series have described its response to RF ablation. 54

•
55

•
56 Mapping for this arrhythmia is based 

on pacing. A catheter is placed in the right ventricular outflow tract and manipulated such 
that a site that yields a QRS morphology similar or identical to that of tachycardia in all 12 
surface electrocardiographic leads is achieved, as in Figure 14. Such a finding is associated 
with a high likelihood of successful ablation (83% overall).56 Activation mapping aimed at 
identifying the earliest ventricular electrogram has been less successful.56 
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Figure H.. VT originating in the RV outflow tract in a 55 year old woman with exercise-related presyncope and 
palpitations. The top panel shows the outpatient looping event recorder ECG taken at home (non-continuous 
strips). The episode began during treadmill exercise (A) and the monitor was activated after 20 second of VT 
("*" in panel B). VT terminated after 50 seconds (C). In the bottom panel , the pace-map from the EP study is 
shown; note the similarity between the 12 surface ECG during VT (left) and pacing (right) . Ablation at this site 
resulted in cure. 
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We are aware of at least two patients who have experienced life-threatening outflow 
tract laceration during mapping and ablation, so we perform MRI on all such patients prior to 
study. In some cases we have identified thinning at the outflow tract that has caused us to 
avoid attempted ablation. We believe these cases represent a sub-group of arrhythmogenic 
right ventricular dysplasia. 

B. Idiopathic Left Ventricular Tachycardia. 
This arrhythmia is the second most common cause of "normal heart" ventricular 

tachycardia. It has a right bundle branch block/left axis morphology that is consistent with a 
site of origin at or near the posterior papillary muscle of the left ventricle. The arrhythmia is 
thought to be reentrant in nature, likely involving the network of Purkinje fibers in this 
location. The superficial nature of a reentrant circuit was demonstrated in the pre-ablation 
days when a mapping catheter was shown to abolish tachycardia for 2 years just through 
"bump" of the tachycardia circuit. 57 Radiofrequency ablation has been successful as described 
in several series. 56

•
58 Mapping has been based on both local activation (often with a "P" or 

Purkinje fib spike that precedes the onset of QRS complex) or through pace mapping to 
develop an identical 12-lead morphology of pacing in comparison with the tachycardia 
morphology. 59 There is debate as to whether the VT is associated with a free-running 
Purkinje fiber identified on echocardiogram in the region of the tachycardia. 

C. Bundle Branch Reentrant Tachycardia. 
In patients with dilated cardiomyopathy and associated conduction disease (typically 

manifested by bundle branch block or intraventricular conduction delay) a substantial 
percentage of the ventricular tachycardia observed has been found to originate from reentry 
involving the bundle branches (41% in one series).6° For all patients studied for ventricular 
tachycardia, 6% have bundle branch reentry as the etiology. Typically this tachycardia has a 
left bundle branch block morphology due to transseptal activation from the right ventricle to 
the left ventricle, with passage up the left bundle branch to the His bundle and then down to 
the right bundle branch. Direct current ablative techniques of the right bundle branch were 
successful in a high percentage of cases and this has been improved upon with radiofrequency 
techniques. This ablation technique allows the elimination of ventricular tachycardia in some 
patients who have an otherwise high risk due to their associated cardiomyopathy and 
arrhythmias. Of note, efforts should be made to rule out other myocardial VT's since a 
percentage of patients have both forms of VT. 

D. Ventricular Tachycardia Associated with Surgery for Tetralogy of Fallot. 
The Tetralogy of Fallot accounts for 10% of congenital heart abnormalities. Complete 

repair, where the pulmonic valve is expanded in part with the use of a Dacron patch that 
overlies the right ventricle and pulmonary artery, is the standard of care. Patients who are 
otherwise doing well post-operatively have up to a 17% incidence of inducible ventricular 
tachycardia, with presentation 4 to 12 years following surgery. Our group has taken 3 
patients with this form of ventricular tachycardia to the laboratory and identified in each case 
reentrant tachycardia that involved the tissue between the right ventricular patch and the 
tricuspid valve. In 2 of 3 cases we have been successful in applying a linear lesion between 
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the patch and valve to eliminate inducible tachycardia acutely. 61 Furthermore, bi-directional 
block, as reflected by block with pacing on either side of the lesion has been demonstrated (as 
in Figure 15). In the 2 cases where bi-directional block was observed, the patients have 
remained asymptomatic for a year in follow-up. 

•--.........---. 
·~ 
··~ 
··~ 

:~ , __ __,._,___--/-_ 

Figure .U. Mapping and ablation for VT associated with tetralogy of Fallot repair. On the left is shown the 
clockwise reentry mapped between the trans-annular patch and tricuspid ring. The panel on the right 
demonstrates bi-directional block after ablation for VT. Following ablation, pacing (*) at the lateral freewall (L) 
blocked to the pulmonic (P) aspect (left panels), and pacing at the pulmonic aspect blocked to the lateral site 
(right panels). (From Reference 61 .) 

E. Ischemic Ventricular Tachycardia. 
As mentioned above, most ventricular tachycardias associated with ischemic heart 

disease are too rapid to allow detailed mapping. On the other hand, frequently after 
amiodarone therapy, the arrhythmias may be slow enough to map in detail. A number of 
reports have described varied success in ablation of VT associated with heart disease (59% 
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overall). 62 Higher rates of success in ablation of ischemic VT are going to be dependent on 
increasing the size of the "foot print" of the ablation catheter. This ablation may be 
associated with complications more frequently , due to the patients affected and the fact that 
mapping is in the left ventricle. Serious complications range from 7. 5% to 10%. 62 Currently 
ablation of ischemic VT is performed as adjunctive therapy for incessant VT or recurrent VT 
that causes multiple shocks from an implantable cardioverter-defibrillator. 

IX. Ablation of Atrial Fibrillation 
Due to the prevalence of atrial fibrillation, intense investigation is being carried out to 

develop a technique of catheter-mediated stabilization of the fibrillating atrium. There have 
been encouraging data with a surgical "maze" procedure,63 so early efforts were designed to 
reproduce the procedure with linear radiofrequency lesions. Worrisome reports of stroke and 
new secondary atrial arrhythmias have tempered initial enthusiasm. At present, several animal 
and human protocols are underway. 

X. Complications associated with ablation. 
Various complications particular to different f?.rocedures are mentioned above. One 

series of 3966 consecutive EP procedures, including 1442 ablations, showed that ablation and 
age >64 years were independent risk factors for complications.64 The risks of significant 
complications from ablation are shown in Table 1. Overall, the risk is acceptable for first-line 
therapy in most cases. 

TABLE 1: COMPLICATIONS OF RADIOFREQUENCY ABLATION64 

Complication Frequency (%) 

Tamponade 0.21 

AV block 0.5 

Vascular injury 0.16 

Cerebral embolism 0.07 

Myocardial infarction 0.0 

Pneumothorax 0.08 

XI. Selection of candidates for radiofrequency ablation 
In less than a decade, RF ablation has gone from an experimental procedure to 

potential first-line therapy for many arrhythmias. For paroxysmal supraventricular 
tachycardia, even though drug therapy is often effective, ablation should be considered a first
line option (especially for young patients and those who wish to avoid drug therapy). Patients 

22 



with the Wolff-Parkinson-White syndrome should be considered for risk-stratification using 
invasive techniques in any case, but we would advocate ablation in nearly all cases (except 
where the pathway is para-Hisian and ablation risks A V block). 

Atrial flutter should also be considered for primary ablation. Although the rate of 
success is below that of AV nodal reentry and Wolff-Parkinson-White, it has the added 
benefit of potentially eliminating the need for warfarin anticoagulation. 
Atrial fibrillation, on the other hand, is not yet a curable arrhythmia. We hope for the 
development soon of a safe and effective procedure, but in the meantime, ablation of the A V 
node is the best option (and only when drug therapy has been exhausted). 

Most ventricular arrhythmias are not suitable for ablation using present techniques 
because their hemodynamic instability does not allow mapping. Also, since implantable 
defibrillators are so effective, ablation for ischemic VT is primarily adjuvant therapy at this 
institution. On the other hand, the "normal heart" ventricular tachycardias and bundle branch 
reentry are curable with catheter techniques in the majority of cases. 

XII. FUTURE DIRECTIONS. 
In the coming years, both our understanding of arrhythmia ablation and the tools 

available will advance. Higher energy RF generators will become available, and combined 
with larger electrodes, will allow larger lesion formation. In addition, new energy sources, 
such as microwave, may prove to be effective. 
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