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Radiofrequency catheter ablation: a new frontier
in interventional cardiology

Y Bashir, D E Ward

The development of non-pharmacological
approaches for controlling cardiac arrhy-
thmias reflects the many limitations of long-
term antiarrhythmic drug therapy. These
include poor patient compliance, frequent
treatment failures or side effects or both, and
a small but definite risk of life-threatening
toxicity or proarrhythmia. Antiarrhythmic
surgery has proved highly effective in many

arrhythmias but it is expensive, causes con-

siderable discomfort, and is associated with a

definite incidence of morbidity and mortality.
Curative ablation of arrhythmia substrates by
catheter-based techniques avoids many of
these problems and is far more acceptable to
patients and physicians. In 1982, Gallagher
and Scheinman separately described success-

ful closed chest ablation of the atrioven-
tricular junction by transcatheter delivery of
high energy unmodified DC shocks to the His
bundle region for the treatment of patients
with drug-refractory supraventricular arrhyth-
mias."2This comparatively crude approach
committed the patient to a permanent pace-
maker and was associated with significant risk
of barotrauma, but nevertheless its advent
marked the beginning of a new era of inter-
ventional electrophysiology. Since 1982
improvements in catheter design, power

sources, and mapping techniques have trans-
formed catheter ablation from an investiga-
tional procedure into an indispensable
therapeutic tool that has supplanted surgery
and antitachycardia pacing in the manage-
ment of the Wolff-Parkinson-White syndrome
and junctional tachycardias and is also being
applied with increasing success to various
other arrhythmias including atrial flutter,
ectopic atrial tachycardia, and some cases of
ventricular tachycardia.
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Technological developments: power
sources and catheters
The original approach to catheter ablation
used high-energy DC shocks of 150-400 J

from a conventional defibrillator.1 2 These dis-
charges generate high voltages at the catheter
tip (the primary determinant of local tissue
damage) but may also cause electrical arcing
and barotrauma, with the risk of cardiac
rupture, coronary artery spasm, diffuse
myocardial damage, and ventricular arrhyth-
mias.3 In practice, the unacceptable incidence

of procedure related complications and
deaths associated with high-energy DC
ablation has stimulated research into alter-
native, safer modes of energy delivery for
catheter ablation. To date, only two other
power sources have been fully developed and
evaluated in clinical studies. Low energy DC
ablation is achieved with brief time-constant
capacitive discharges, enabling delivery of
high voltages with minimal or no arcing even
within confined spaces such as the coronary
sinus.45 The use of a custom-built elliptical
electrode further increases the arcing thres-
hold.4 This system has an excellent safety
and efficacy record but it requires general
anaesthesia and results in a relatively high
incidence of stunning with early recurrence
(for example, of accessory pathway conduc-
tion).6 The most widely used power source
for catheter ablation at present is radio-
frequency current.78 Systems designed for
intracardiac use deliver continuous, unmodu-
lated sine wave outputs in the range 0-1-1-5
M Hz which cause resistive heating and coag-
ulative necrosis of myocardial tissue around
the electrode tip once the temperature at the
interface reaches approximately 48°C. Power
density falls off exponentially as a function of
distance from the electrode tip and the
process of tissue heating reaches a steady
state within the first 10-40 seconds of current
application, after which there is no further
lesion expansion. These biophysical charac-
teristics allow controlled delivery of discrete
lesions with a high degree of safety and preci-
sion, adequate even for demanding tasks such
as selective atrioventricular nodal modifica-
tion. Furthermore, the lack of neuromuscular
stimulation at high frequencies obviates the
need for general anaesthesia. On the other
hand, lesion generation is critically dependent
on excellent electrode-tissue contact, which
may be difficult to achieve, and current deliv-
ery is not infrequently interrupted by abrupt
rises in system impedance caused by coagu-
lum formation around the electrode tip,
necessitating complete removal and cleansing
of the catheter.78 Because of the small size
and shallow depth of the lesions generated,
radiofrequency ablation requires extremely
precise mapping and may be inadequate for
dealing with substrates such as subendocar-
dial ventricular tachycardia foci caused by
previous myocardial infarction. In view of
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these drawbacks, there is continuing interest
in the development of new power sources
such as microwave energy that may permit
controlled delivery of larger myocardial
lesions than radiofrequency current without
the same dependence on optimal electrode-
tissue contact.9

There have also been important advances
in the design of ablation catheters. Of partic-
ular significance has been the introduction of
catheters with deflectable tips to facilitate
steering and positioning along the mitral/tri-
cuspid annulus. These catheters are now
available with a range of different curves to
accommodate variations in cardiac anatomy.
The use of large 4 mm distal electrodes for
delivery of radiofrequency current in place of
the original 2 mm tips has been shown to
maximise lesion size in vitro8 and to improve
overall success rates in clinical practice.10
Finally, with the recognition that temperature
at the tissue-electrode interface is a key deter-
minant of lesion size and coagulum forma-
tion, there has been interest in the use of
catheters equipped with tip thermistors for
continuous temperature monitoring and feed-
back adjustment of power output to optimise
tissue heating while reducing the chance of a
rise in impedance." The clinical usefulness of
this technology has not yet been established.

Atrioventricular nodal ablation
Catheter ablation of the atrioventricular
junction with implantation of a permanent
pacemaker is no longer regarded as an
appropriate therapy for junctional tachycar-
dias but has an important role in the manage-
ment of patients with drug-refractory
paroxysmal or chronic atrial fibrillation, pro-
vided that their symptoms can be attributed
to rapid ventricular rates, rather than just to
loss of atrial transport. Atrioventricular nodal
ablation may also be indicated in some cases
of atrial flutter and atrial tachycardia when
attempts at curative ablation of the arrhyth-
mia substrate have failed (see below). The
original technique of atrioventricular nodal
ablation with DC shocks was successful in
approximately 70-80% of cases but has been
largely supplanted by the use of radio-
frequency current. Despite its impeccable
safety record, early experience with radio-
frequency catheter ablation was disappointing
because complete atrioventricular block could
only be produced in 50-60% of cases.'2 13
However, with the introduction of 4 mm tip
ablation catheters, the success rate has
increased to around 90% with a reduction in
the number of current applications required
per case.' 014 The standard technique involves
positioning the catheter on the tricuspid
annulus, slightly proximal and inferior to the
site of maximal His deflection and avoiding
the central fibrous body. No electrogram
pattern seems to be universally effective,
though most investigators suggest that a large
atrial potential with a small His deflection is
optimal. Current application at successful
sites frequently produces transient junctional

tachycardias before the onset of complete
atrioventricular block. In the small proportion
of patients (approximately 10%) where this
fails, a highly effective alternative approach is
to introduce the ablating catheter retrogradely
into the left ventricle and deliver lesions from
the mitral annulus at sites where the maxi-
mum His potential can be recorded. In two
recent series, the use of this technique in dif-
ficult cases has boosted the overall success
rate with radiofrequency energy to close to
100%.1' 16 Resumption of atrioventricular
conduction after the first 30-45 minutes
occurs in less than 10% of cases, and repeat
procedures do not seem to be associated with
any additional problems. Low energy DC
shocks produce complete heart block in
approximately 90% of cases and should be
considered if radiofrequency ablation by
both right and left sided approaches proves
ineffective. 17

Accessory atrioventricular pathways
Accessory pathways represent ideal targets for
curative ablation because they generally occur
in the absence of structural heart disease and
can be selectively destroyed without altering
normal atrioventricular conduction or cardiac
function. Surgical division has been success-
fully used as a definitive therapy for more
than 20 years in patients with drug-refractory
atrioventricular reentrant tachycardias or
rapid pre-excited atrial fibrillation. The
earliest transcatheter approach involved
delivery of high energy DC shocks in the
vicinity of the coronary sinus os for ablation
of posteroseptal bypass tracts and achieved a
modest success rate of around 60-70%.18
Subsequently, Warin et al successfully ablated
over 90% of 254 pathways in all locations
with DC shocks using a direct endocardial
approach with scrupulous attention to
mapping, including recording and verification
of accessory pathway potentials.'9 After
Borggrefe et al's initial description of catheter
ablation of an accessory pathway with
radiofrequency energy in 1987,20 several
groups have now published their experience
with this technique in large series of patients
with both pre-excited and concealed bypass
tracts at all locations.21'5 Excellent results
were consistently reported with success rates
of 90% or better, no deaths, and an extremely
low (2-4%) incidence of serious com-
plications; these included rare cases of
pericarditis/tamponade, inadvertent atrioven-
tricular block during ablation of anteroseptal
pathways, cerebral emboli, and vascular
access problems. In the Multicentre
European Radiofrequency Survey of 2211
patients undergoing pathway ablation, the
incidence of serious complications was also
around 3 5%, but there were three deaths
(0 14%)(G Hindricks, personal communi-
cation). Accessory pathway conduction
resumes after up to 10% of successful
ablations,'6 but the procedure can be repeated
with equal efficacy and safety, and there have
been no reports of recurrences after a second
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successful ablation. This remarkably
favourable experience has rendered surgical
division of accessory pathways virtually
obsolescent, and has been a major factor in
the recent emergence and growth of catheter
ablation as a clinical discipline.
The high success rates that are now being

routinely achieved for ablation of accessory

pathways are primarily related to improve-
ments in catheter technology and mapping
techniques rather than specifically to the use

of radiofrequency current as the power

source. Indeed, similar results have been
obtained with both high energy'9 and low
energy DC shocks.6 Two different approaches
have been used for pathway localisation.
Jackman et al advocated delivery of lesions
only at sites where accessory pathway poten-
tials can be recorded and distinguished from
local atrial and ventricular activity by pro-

grammed stimulation techniques.2' Their
approach is intellectually appealing and
highly effective (99% success rate with a

median of three lesions delivered per case)
but is very time-consuming, with procedure
durations averaging more than 8 hours. Many
appropriate target sites are rejected because
the accessory pathway signal cannot be distin-
guished from the local atrial or ventricular
electrogram. Because of these limitations,
most groups have adopted a more pragmatic
approach.2'-25 Lesions are delivered at sites
where the atrioventricular interval is short
and local ventricular activation is early rela-
tive to the onset of the QRS complex on the
surface ECG, and no attempt is made to
verify possible pathway potentials. Although
this method is less precise (typically a median
of 8-10 lesions are required per case to
achieve a 90% success rate), it has the crucial
advantage of shortening average procedure
duration to around 2-5-4 hours.
The major limitation of radiofrequency

catheter ablation at present is the highly vari-
able procedure duration.2'-25 Although abla-
tion of most pathways is straightforward,
average procedure times remain long owing
to a substantial minority of difficult cases.

The associated increase in the exposure of
patients and operators to radiation is a further
drawback.27 With the role of the technique
itself now firmly established in clinical prac-
tice, more attention is being paid to identify-
ing and solving the methodological problems
that cause difficulty in individual cases.

Catheter manipulation and stabilisation of the
tip on the atrioventricular annulus are poten-
tial sources of trouble. Good stability is par-
ticularly hard to obtain when the catheter is
positioned along the tricuspid annulus for
ablation of right sided pathways, and this
often results in transient interruption of path-
way conduction. Possible solutions include

the use of dumb-bell electrode tips and
braided tip catheters, use of a subclavian
rather than a femoral approach, or prolapsing
the catheter into the right ventricle with the
tip retroflexed back onto the annulus to pro-
vide additional support. With left sided path-
ways, stability is usually less of a problem

when the mitral annulus is approached
through the standard retrograde aortic route.
However, manipulation may be extremely
awkward in a few cases, particularly in older
patients with a tortuous aorta, and in this
situation a transseptal approach to the mitral
annulus has proved a highly effective alterna-
tive.28 Posteroseptal pathways account for the
highest proportion of difficult cases and fail-
ures in most series. In this anatomically com-
plex region, there is the additional problem of
accurate localisation: bypass tracts can be
inserted at various sites on the tricuspid or
mitral annuli or along the course of the
coronary sinus and may traverse the
posteroseptal space obliquely to discordant
atrial sites.29 It is not unusual to attempt both
right and left sided approaches to the septal
region in an individual patient before success
is obtained. Where standard methods have
failed, ablation has been achieved by use of a
double-electrode configuration with bipolar
current delivery between sites along the tri-
cuspid annulus and mitral annulus30; the
mechanism is unknown but could involve
interruption of bypass tracts deep within the
posteroseptal space.

Other measures that have been adopted in
an attempt to streamline catheter ablation
procedures include dispensing with a diag-
nostic study in cases of manifest pre-
excitation and the use of a single catheter
technique for mapping/ablation."'2 Because
total procedure duration closely parallels the
number of attempted ablation sites per case,
there has also been interest in maximising the
efficiency of mapping techniques used for
pathway localisation. Several groups have
analysed local electrogram characteristics at
successful and failed sites in an attempt to
identify optimum mapping criteria,'2-'4 but
have reached markedly different conclusions,
probably owing to variations in data selection
and methods. For example, Calkins et al sug-
gested that sites exhibiting stable electro-
grams, early local ventricular activation, and a
possible accessory pathway potential would
be associated with a 57% probability of
success,33 but this figure was achieved by
selective analysis of all the successful sites and
only a proportion of the unsuccessful sites. In
studies that analysed all attempted ablation
sites, the same electrogram criteria yielded
positive predictive accuracies of less than
25%.32 In general, mapping criteria based on
local electrogram characteristics (other than
verified accessory pathway potentials) have
proved to be relatively non-specific for select-
ing appropriate target sites. This remains an
important factor in the long procedure times
required for some cases and reflects inherent
limitations of radiofrequency technology
itself, namely the need for both extremely
precise positioning and excellent tissue-
electrode contact to destroy such a discrete
structure as an accessory pathway.
Monitoring of tip temperature allows incor-
rect positioning and inadequate tissue heating
at unsuccessful target sites to be distinguished
and may lead to a limited improvement in
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efficacy": but a more definitive solution will
probably depend on the development of alter-
native power sources such as microwave
energy that enable controlled delivery of
larger myocardial lesions without the same
critical dependence on electrode-tissue con-
tact.9

Atrioventricular nodal reentrant
tachycardia
Atrioventricular nodal re-entrant tachycardia
(AVNRT) is the other common form of junc-
tional tachycardia. The critical components
of the re-entrant circuit are a fast pathway
(usually the retrograde limb) and a slow path-
way with a longer conduction time. Though
such a model is almost certainly oversimplis-
tic, it has provided the conceptual framework
for the development of ablation techniques
for AVNRT. Detailed mapping at electro-
physiological studies and surgery suggests
that these pathways are anatomically distinct
in most patients, with the fast pathway situ-
ated anteriorly close to the His bundle and
the slow pathway located more posteriorly in
perinodal tissue close to the coronary sinus.35
The high degree of precision attainable with
radiofrequency catheter ablation has for the
first time enabled selective destruction of one
or other limb of the re-entrant circuit with
preservation of antegrade atrioventricular
conduction.

Initial work focused on ablation of fast
pathway conduction.36 The technique essen-
tially resembles that used for atrioventricular
junction ablation, in that the catheter is posi-
tioned just proximal to the His bundle region
and current is delivered until conduction
blocks in the fast pathway as evidenced by
prolongation of the PR and AH intervals. The
therapeutic end points include PR pro-
longation and abolition or prolongation of
retrograde ventriculoatrial conduction. This
approach has proved successful in approxi-
mately 90% of cases and has several
advantages, including simplicity, clearly
defined end points, and the fact that it is not
dependent on inducibility of tachycardia at
baseline. The most serious drawback is the
risk of inducing complete atrioventricular
block, which was 8% and 21% in two series
from major centres.3637 Furthermore, the
observation of high grade atrioventricular
block without any alteration of the reentrant
mechanism in some cases, suggests that the
lower turn-around point of AVNRT may be
located intranodally and may be separated
from the His bundle by a common pathway
that is also part of the atrioventricular node.38
Another problem is that uncommon fast-slow
AVNRT may emerge in some of the cases in
which retrograde ventriculoatrial conduction
is modified but not abolished.3637

Selective slow pathway ablation was first
described in 199039 and now several groups
have published large series with success
rates approaching 100% in both common
(slow-fast) and uncommon (fast-slow)
AVNRT.37404 In contrast to fast pathway

modification, non-inducibility of tachycardia
rather than complete abolition of slow path-
way conduction has been used as the major
therapeutic end point in most studies, and
evidence of residual anterograde slow path-
way conduction and echo beats may be
demonstrable in up to 50% of successfully
treated cases.374' 42 Two different techniques
have been described. Jackman et al identified
and delivered lesions only at sites where slow
pathway activation could be detected.42
Although retrograde slow pathway conduc-
tion was demonstrable in fewer than 50% of
the patients, slow pathway potentials could
usually be recorded during sinus rhythm as
distinct deflections falling after the atrial
potential and dissociated from local atrial
activity by pacing manoeuvres. Inducibility of
AVNRT was abolished in 78/80 cases (98%)
with a median of only two lesions delivered.42
Using a similar technique, Haissaguerre et al
achieved 100% success again with a median
of two lesions per case in a consecutive series
of 64 patients.4' The successful sites were
mostly located along the tricuspid annulus in
the vicinity of the coronary sinus or more
anteriorly in the mid-septal region, but in a
few patients ablation was achieved from
within the coronary sinus os or even more
posteriorly along the tricuspid annulus.
Despite these excellent results, using electro-
physiological mapping to guide slow pathway
modification is laborious and time-consum-
ing, with average procedure durations of 8
hours in one study and 3-7 hours in the
other. The alternative technique for slow
pathway ablation involves a stepwise anatom-
ical approach, delivering a succession of
lesions along the septal leaflet of the tricuspid
valve starting posteriorly, close to the coro-
nary sinus os, and moving gradually anteri-
orly until inducibility ofAVNRT is abolished.
Adopting this approach, Kay et al were suc-
cessful in 30/34 consecutive cases,40 and
Jazayeri et al reported similar results.37
Recording of slow pathway potentials was not
necessary for success. The use of anatomical
landmarks to select the ablation sites requires
delivery of more lesions per case than record-
ing slow pathway potential, but is much less
time-consuming, with average procedure
durations of less than 2-5 hours in two recent
series.3743 Irrespective of which technique is
used the major advantage of modification of
the slow pathway is that the risk of atrio-
ventricular block seems to be extremely low
though not negligible. In the Multicentre
European Radiofrequency Survey (MERFS),
the incidence of complete heart block was
2 1% among 290 patients undergoing modifi-
cation of the slow pathway compared with
6-2% among 240 patients undergoing modifi-
cation of the fast pathway.44 It is now recog-
nised that there can be considerable
anatomical overlap between fast and slow
pathway ablation sites in some patients, and
inadvertent destruction of the fast pathway or
complete interruption of atrioventricular
nodal conduction may occasionally result
from attempted modification of the slow
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pathway, even when lesions are delivered well
posterior to the His bundle region in the mid-
triangle of Koch.40424' For this reason it is
unlikely that the small risk of provoking com-
plete heart block could be totally eliminated.

Recently, Langberg et al prospectively
compared the anterior (fast pathway) and
posterior (slow pathway) approaches to
ablation ofAVNRT in a randomised study of
50 consecutive patients with crossover if the
initial approach proved unsuccessful after 1
hour or application of 10 lesions.45 The
primary success rates of the two techniques
were similar (55% v 68%) and, of particular
note, all patients in whom the initial approach
failed were successfully treated by the alterna-
tive technique without complete heart block
developing. These results do not support the-
oretical concerns that attempts at ablation of
the fast pathway after failure of ablation of
the slow pathway might result in an increased
risk of high-grade atrioventricular block,
though caution is still advised in this situa-
tion.

In summary, slow pathway ablation is now
widely regarded as the best technique because
of its high success rate and low probability
of causing complete acute heart block.
However, because the risk of atrioventricular
block cannot be totally eliminated and little is
as yet known about long-term effects on the
integrity of the conduction system, the
procedure should probably only be offered
to patients with troublesome symptoms
that cannot be controlled medically. Fast
pathway ablation may have a limited role
for treating patients in whom attempts
at destroying the slow pathway have failed
and in those in whom tachycardia is not
reliably inducible at baseline so that slow
pathway modification is not technically
feasible.

Other arrhythmias
Atrial flutter is less common than atrial fibril-
lation but cannot be adequately controlled by
medical therapy in many cases. Recent stud-
ies have shown that the common form or type
1 atrial flutter is caused by a reentrant circuit
in the right atrium, incorporating a zone of
slow conduction that is located in the low
posteroseptal region. There are reports of
successful ablation of atrial flutter in a few
patients by delivery of either high or low-
energy DC shocks in this zone.4647 An
anatomically based approach seems to be as
likely to work as a map-guided one. Recently,
Feld et al reported impressive results with
radiofrequency current in a series of 12
patients with atrial flutter.48 Both activation
and entrainment mapping were performed
and the zone of slow conduction was identi-
fied either posterior or inferior to the os of the
coronary sinus. Delivery of lesions at these
sites resulted in abolition of atrial flutter in
10/12 patients with only two recurrences
(both within the first month). Calkin's et al
obtained similar results.49 Though there are
few data on long-term outcome these prelimi-

nary reports suggest that the role of radiofre-
quency ablation in the management of atrial
flutter may be increasing.

Recently, three groups reported > 90%
success rates with radiofrequency ablation of
ectopic atrial tachycardia at both left and
right atrial foci.5052 Though this is a relatively
uncommon form of supraventricular tachy-
cardia, a significant proportion of the cases
present as incessant arrhythmias in children
or young adults, and may eventually lead to
dilated cardiomyopathy and heart failure.
Accordingly, intensive therapy may be justi-
fied to prevent or reverse the haemodynamic
consequences of uncontrolled chronic tachy-
cardia.
The role of catheter ablation techniques in

ventricular tachycardia (VT) is less well
established. The most suitable patients are
those with incessant or virtually incessant,
haemodynamically stable VT of a single con-
figuration. Success rates of 50-70% were
achieved with direct current ablation com-
bined with detailed endocardial mapping of
the tachycardia exit site and/or the zone of
slow conduction.' There are only limited
data on the use of radiofrequency ablation in
this setting. Borggrefe et al reported a 61%
success rate in 23 patients with refractory
ventricular tachycardia (16 with underlying
coronary artery disease), but in five cases
direct current ablation was needed as well.54
More encouragingly, Morady et al success-
fully ablated 16/20 arrhythmia configurations
(80%) in 15 patients with haemodynamically
stable uniform VT using radiofrequency
energy alone.55 However, the study popula-
tion was carefully selected and represented
fewer than 10% of patients with coronary
artery disease referred to that centre for
management of symptomatic ventricular
arrhythmias. The lesions generated with
radiofrequency current may be too small or
superficial to destroy some subendocardial
arrhythmic foci secondary to prior myocardial
infarction. By contrast, success rates close to
100% were recently reported for radiofre-
quency ablation of ventricular tachycardia in
patients with structurally normal hearts56 and
in patients with a macroreentrant mechanism
where selective destruction of the right
bundle branch was effective.57
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