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O
VER THE LAST FEW YEARS, THERE HAVE BEEN

many advances in the field of non-invasive
and invasive electrophysiology. Those pub-

lishing in this field have addressed a number of
topics pertinent to children and young adults with
congenital and acquired cardiac disease. In addition,
there have been tremendous advances in our under-
standing of genetic testing in children with
channelopathies at risk for sudden cardiac death.
In this review, I discuss various aspects of these
extensive reports.

Arrhythmias

Non-postoperative junctional ectopic tachycardia is
a rare arrhythmia that, historically, has been
difficult to treat, but is known to carry a high
morbidity and mortality, especially in the neonatal
cohort.1 In an effort to ascertain the clinical impact
of newer anti-arrhythmic agents, earlier diagnosis,
and catheter ablative strategies, a large retrospective
international multi-centric study coordinated by the
Pediatric and Congenital Electrophysiology Society
has addressed recent outcomes for 94 children with
the problem.2 While a variety of antiarrhythmic
medications were used, most commonly amiodar-
one, with multiple medications used in over three-
fifths of the cohort, only one-tenth of the patients
had complete suppression of the abnormal rhythm.
Much like incessant ectopic atrial tachycardia,
medications achieved a clinically acceptable degree
of rate-control. and reduced the frequency of
tachycardia. Ablation was undertaken in 44
patients, using radiofrequency energy in 17 and
cryoablation in 26. Both strategies achieved initial
success in from 82 to 85% of the patients,
with reoccurrence of the abnormal rhythm in
13 to 14%. Of those treated with radiofrequency

energy, however, 3 acquired inadvertent complete
atrioventricular dissociation, whereas no patient
undergoing cryoablation developed atrioventricular
block. The advent of cryoablation has undoubtedly
changed the landscape for the paediatric electro-
physiologist. There has been a marked reduction in
morbidity of patients with parahisian accessory
pathways, atrioventricular nodal reentrant tachycar-
dia in the setting of structural heart disease, and
junctional ectopic tachycardia as use of cryo-
technology has become more prevalent. During a
follow-up of 5 years, three-quarters of the patients
with junctional ectopic tachycardia were doing well on
no therapy, including those with spontaneous resolu-
tion as well as those having had an ablation. Of
concern was the death of 4 neonates, all presenting
with the abnormal rhythm below the age of 6 months,
this finding supports the need for an aggressive
pharmacological approach in these young patients.

Asymptomatic children with ventricular pre-
excitation are at a small but real risk of sudden
cardiac death. While ablation of accessory pathways
has become universal in symptomatic children;
controversy exists over the optimal strategy for the
management of asymptomatic patients. In the
largest cohort studied to date, 184 children with
a mean age of 10 years, and a range from 8 to
12 years, were followed up for a median period of
52 months following an electrophysiology study
revealing presence of Wolff-Parkinson-White syn-
drome.3 Of the cohort, 133 had no arrhythmic
events, whereas 51 developed an arrhythmic event.
Atrioventricular re-entrant tachycardia developed in
29 patients, and atrial fibrillation in 22 patients.
Potentially life-threatening arrhythmias were
observed in 19 of the 22 patients presenting with
atrial fibrillation. Perhaps surprisingly, many of
these had minimal or very vague cardiac-related
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symptoms. In 3 asymptomatic patients, ventricular
fibrillation was encountered, predicted by a short
effective refractory period, less than 240 msec, for
the accessory pathway, as well as the presence of
multiple pathways. These findings support a more
aggressive approach to the asymptomatic patient
with Wolff-Parkinson-White syndrome, and pro-
vide strong evidence for consideration for a baseline
electrophysiological study so as to identify the child
with a potentially dangerous pathway.

Ablation Therapy

Ablation for supraventricular arrhythmias is no
longer a novel procedure for children with isolated
accessory pathways. Cryoablation, three-dimen-
sional mapping, and improved catheter technology,
have all facilitated ablation in children, with the
rate of acute success now approaching 95%. Despite
a relative commonality within the paediatric
electrophysiology community to approaches for
routine diagnosis and treatment of supraventricular
tachycardia, advances in specific technology for
ablation must be cautiously evaluated, and scruti-
nized in the context of excellent prior results
achieved with minimal complications.

Cryoablation has undoubtedly become more pre-
valent in anatomic regions where delivery of radio-
frequency energy is deemed to be less efficacious and/or
safe. Cryoablation for paraHisian accessory pathways,
and those residing within the coronary sinus, is
potentially more advantageous than application of
radiofrequency energy, given the proximity to the
coronary arteries or formation of thrombus within the
coronary artery itself. The large retrospective multi-
centric study discussed above2 included 21 patients
with accessory pathways located within the coronary
sinus. Despite an acceptable initial success rate of 71%
for these patients, clinical recurrences were quite high,
occurring within 17 days in two-fifths of the cohort,
with a range from 1 to 20 days.4 A confounding factor
in this study was the fact that many patients had
combined radiofrequency and cryoablative lesions. To
date, no prospective study has evaluated directly
ablation of paraHisian accessory pathways by use of
radiofrequency as opposed to cryoablative technology.
Hopefully, the improved design of cryoablative
catheters, permitting easier maneuverability, a better
understanding of the need to make additional insurance
lesions, knowledge of the required location for these
insurance lesions, and better understanding of the
freeze-thaw-freeze timing cycles, will minimize clinical
recurrences while still achieving a high level of safety.

With an increasing number of children with
congenitally malformed hearts living into adult-
hood, it is inevitable, and somewhat daunting, to

note the complexity of arrhythmias that will
challenge the electrophysiologist caring for these
patients. The ability successfully to map and ablate
these arrhythmias will not only challenge the
electrophysiologist, but force the industry to
improve technology so as to supplant previous
modalities for mapping. While not necessarily
designed for children, stereotaxis allows use of a
floppy catheter that can be navigated into regions
that may be quite difficult with manual, or even
current steerable, catheters. In a limited cohort of
12 patients with atrial tachycardias in the setting of
the congenitally malformed heart, 11 were success-
fully ablated with the Magnetic Navigation System
developed by Stereotaxis Inc., St. Louis, Missouri,
United States of America, although 3 had recur-
rences within 6 months.5

Similarly, the crossing of difficult anatomic
repairs, baffles, and suture lines require a thorough
understanding of the anatomy, surgical repair, and
any residual lesions in order effectively to guide the
ablation catheter to the area of interest. The
imaging used may vary from standard fluoroscopy,
angiography, integrated computerized tomography,
magnetic resonance imaging and three-dimensional
echocardiography, three-dimensional anatomical
mapping, and intracardiac echocardiography. The
latter modality has recently been used in conjunc-
tion with the CARTO system for treatment of 7
patients with either an atriopulmonary Fontan
circuit or an atrial redirection procedure, achieving
a high rate of success.6

Channelopathies

Over the last 15 years, there have been significant
gains in the scientific understanding of the
molecular substrate, and corresponding strategies
for treatment, for patients with long QT syndrome,
Brugada syndrome, arrythmogenic right-ventricular
dysplasia, and catecholamine polymorphic ventri-
cular tachycardia.

Catecholaminergic polymorphic ventricular tachy-
cardia is a genetic disorder caused by a disruption in
the calcium homeostasis of cardiac myocytes. Muta-
tions in either the ryanodine receptor 2 gene or
calsequestrin 2 gene may result in ventricular
fibrillation under adrenergic stress.7–9 Despite appro-
priate usage of b-adrenergic blocking agents, or Ca11

channel-blockers, many patients continue to have
symptoms necessitating implantation of cardioverter
defibrillators. Further compounding the problem is
that such patients may develop storms should the
device discharge, as the shock itself can release
catecholamines. In a recent novel report 3 patients
having arrhythmias recalcitrant to b-adrenergic
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blocking agents were shown to benefit from left
cardiac sympathetic denervation.10 Ablation of the
lower part of the stellate ganglion along with the 2nd
& 3rd thoracic ganglions interferes with the release of
norepinephrine, and appears to be an effective strategy
in conjunction with b-blockers and appropriate
selection of an implantable cardioverter defibrillator.

Congenital Long QT syndrome most commonly
arises from a mutation in a sodium or potassium ion
channel, resulting in prolonged ventricular repolariza-
tion, and potentially leading to seizures, torsades de
pointes, and sudden cardiac death. Patients, none-
theless, may be completely asymptomatic despite
carrying a known channelopathy mutation.11 Identify-
ing risk in affected persons is critical, because it may
alter a clinical decision that ranges from simple
pharmacotherapy to implantation of a cardioverter
defibrillator. In a large multicenter study involving the
International LQT Registry, data was collected from
3,015 children aged from 1 to 12 years, assessing risk
factors leading to either sudden cardiac death, or
aborted cardiac arrest requiring external defibrilla-
tion.12 The risk of both these problems during
childhood was influenced by a QTc interval of greater
than 500 msec, prior syncope, and male gender. Beta-
blockers resulted in a reduction of over half in the risk
of an aborted event or sudden death. Despite the
apparent benefit of beta-blockade, a considerable
proportion of children treated in this fashion continued
to have life-threatening arrhythmias. Boys receiving
beta-blockers who had syncope prior to the age of
6 years had a 12% chance of sudden cardiac death,
or resuscitated from such events, within 7 years. It has
previously been demonstrated13 that male gender, a
QTc interval greater than 500 msec, and syncope are
significant risk factors that should prompt considera-
tion for implantation of a cardioverter defibrillator.

Pacing

With the advent of thinner leads, and improvements
in material used for insulation, transvenous pace-
makers have been used with increasing frequency in
children. Despite these innovations, endocardial leads
may malfunction secondary to fractures, dislodgement,
and breaks in insulation related to a more active life
style and somatic growth. A large retrospective follow-
up study conducted between 1994 and 2005 has now
been reported based on implantation of 264 transve-
nous leads in 184 children.14 Unlike earlier studies15

that reported lead failures directly related to the
presence of congenital cardiac surgery and younger age
at implantation, these workers14 identified lead
fixation as the only multivariate risk causative of lead
fracture. Of 19 fractures occurring in endocardial
leads, 85% involved active-fixation leads. Over the

next 5 years, additional information should reveal
mid-term follow-up studies of the newer thinner
brady-leads currently deployed.

Implantable Loop Recorders

Syncope is a common presentation to the paediatric
cardiologist, and often results in a benign diagnosis that
can be ascertained with a careful history and physical
examination. Elucidating the exact mechanism of
syncope with or without palpitations, nonetheless, can
be difficult and time-consuming, requiring use of many
non-invasive monitors. Implantable loop recorders offer
an alternative investigation that may affirm or negate a
malignant aetiology in a small subset of children with
potentially dangerous recurrent syncope. A recent
multicentric study collated findings from 33 young
patients undergoing implantation of loop recorders for
investigation of recurrent syncope and/or palpitations.16

Their patients were grouped into those with a
structurally normal heart, those undergoing reparative
cardiac surgery, or those with suspected primary
electrical disease. Correlation between symptoms and
abnormal rhythms was observed in approximately half
of the patients, necessitating catheter ablation, pace-
maker implantation, or need for implantation of a
cardioverter defibrillator. In 10 patients, recurrence of
symptoms was correlated with a normal electrocardio-
gram, and no cardiac diagnosis was established beyond
reassurance of the patient and the family. While
additional non-invasive monitors used over an extended
period of time may have yielded similar results, the
timeliness of diagnostic yield was likely expedited, and
in a few cases may have proven invaluable.

Implantable Cardioverter Defibrillators

These devices are extremely effective in preventing
sudden cardiac death in children predisposed to life-
threatening arrhythmias. Their complexity, none-
theless, with enhanced discriminator characteristics,
increases the potential for malfunction compared to
antibradycardic pacemakers. Advisories and recalls
pose a particular challenge to the patient, family,
and physician, who must together weigh the risk of
malfunction and an inability appropriately to
discharge if needed versus the complications related
to explantation. Another retrospective study carried
out on behalf of the Pediatric and Congenital
Electrophysiology Society, in conjunction with local
data, collated data from 236 affected devices.17 Of
these, 147 (62%) were left in place, while 89 (38%)
were extracted, with 1 death and 1 patient requiring
reoperation. Interestingly, none of the original
advisories or recalls were identified, yet 2 patients
were found to have a loose header-generator
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connection. While the incidence of acute peri-
operative complications related to extraction sec-
ondary to recalls and advisories is quite low, at no
more than 2%, note should be taken of the potential
psychological trauma to the patient and the family
should a ‘‘defective’’ device be left in place.

These implantable cardioverter defibrillators have
clearly established a proven benefit in reducing the
risk of sudden cardiac death in patients known to be
at high risk. The performance of the leads, none-
theless, has come under tremendous scrutiny by
patients, physicians, industry and most vociferously
the media. The Medtronic Sprint Fidelis lead was
first reported to have an excessively high rate of
fractures of 2.3% at 30 months,18 with a suspected
higher rate in younger patients.19 This higher
observational rate in children should come as no
surprise to paediatric electrophysiologists. Children
with these devices as a whole are undoubtedly more
active than their adult counterparts, thus exposing
the lead-vessel interaction to greater stress and
strain. In response to the higher fracture rate, the
manufacturer recommended first the adjusting of
the ventricular fibrillation detection/redetection
settings to longer intervals, second the establish-
ment of active patient alerts for pacing and
impedance, and third that physicians should follow
all available diagnostic trends.20 Swerdlow and
colleagues21 subsequently described use of a down-
loadable algorithm using a lead-integrity measure
to reduce inappropriate shocks.

Shortly after the fractures were reported for the
Sprint Fidelis lead, concerns began to plague St. Jude
over the performance of the Riata lead, with one
group reporting an incidence of 1.9% for significant
perforations over a period of 20 months.22 While
other investigators did not corroborate these initial
concerns,23,24 the exposure and concerns already left
the barn door open to the public.

Tremendous demands are placed on leads for
implantable cardioverter defibrillators, and it is
unreasonable to expect 100% reliability. Increased
surveillance with utilization of home-monitoring
will hopefully identify complications and malfunc-
tions of leads before they result in inappropriate
shocks. In addition, as a paediatric cardiologic
community, we should be diligent in our reporting
of such complications so as to be able to distinguish
the anecdotal case report from those leads that are
clearly performing at a suboptimal level.

Cardiac Resynchronization Therapy

Cardiac resynchronization therapy has been exten-
sively studied in adults with cardiac failure and
dysynchrony. Use of the technique in adults with a

cardiomyopathy and ejection fraction of less than
35% have shown marked improvement in ventri-
cular function and measures of quality of life. The
heterogeneous nature of cardiac failure in children
has made it not only difficult to accurately establish
specific guidelines for this treatment, but also to
identify a cohort which is likely to benefit from the
therapy. Studies of resynchronization following
congenital cardiac surgery have shown an acute
haemodynamic benefit in certain cohorts, albeit that
mid-term data is limited.25–29

A retrospective analysis of 60 consecutive
children undergoing resynchronisation between
2002 and 2007 at Children’s Hospital, Boston,
evaluated the functional and clinical outcome of
biventricular pacing at 3 months after implantation
on the basis of an improvement of at least 10% in
ejection fraction, or advancement by one ordinal
point in the classification of the New York Heart
Association.30 Patients were further categorized as
having a systemic left, right, or solitary ventricle. A
variety of transvenous, epicardial, and hybrid
systems were deployed for resynchronisation. Of
the patients, more than three-quarters had structur-
al heart disease, with more than half comprised of
either those with functionally single ventricles or
congenitally corrected transposition. In the patients
with systemic left ventricles, resynchronization
resulted in an increase in the ejection fraction from
35% at baseline to 43% after 3 months. This
positive response was in contrast to those patients
with a systemic right ventricle, of whom only 2 of 9
enjoyed a long-term benefit. Of the 13 patients
with functionally single ventricles, 11 demonstrated
an improvement in their functional classification,
with the ejection fraction increasing from a median
of 37% to 47% within the first year subsequent to
resynchronisation. Interestingly, the group of pa-
tients undergoing treatment at a remote time from
the surgical procedure fared better than those
having therapy as part of a combined surgical
procedure. The lack of response in patients with
systemic right ventricles is out of sequence with
earlier reports showing a hemodynamic benefit. It is
plausible that the older age at which some of the
devices were deployed in the Boston experience may
account for some of the disparity. Additionally, the
absence of uniformity in placement of leads, along
with atrioventricular and V–V optimization, may
account for some of the findings. While the results
of this study represent no more than mid-term
outcomes, and the it suffers from absence of a
control group not undergoing resynchronization,
the results are promising for patients in cardiac
failure with systemic left and functionally single
ventricles. Future understanding of optimal placement
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of leads, with improved understanding of echocardio-
graphic dysynchrony in patients with congenitally
malformed hearts, may help guide appropriate choice
of candidates for resynchronisation.

Congenital Cardiac Surgery and
Electrophysiology

Many patients following surgery for tetralogy of
Fallot are exposed to right ventricular volume
overload as a result of progressive pulmonary valvar
regurgitation. Such chronic right ventricular vo-
lume overload results in exercise intolerance, serves
as an arrythmogenic substrate, and even leads to
mortality. Placement of a valved pulmonary conduit
reverses the ventricular dilation, and reduces the
risk of ventricular arrhythmias.31 The timing of
replacement is often left to the primary cardiologist,
without clear guidelines as to exact recommenda-
tion for such a procedure. In an effort to address
these issues, the group working at Children’s
Hospital, Boston, identified 98 patients with right
ventricular dilation undergoing late replacement of
the pulmonary valve after correction of tetralogy of
Fallot, comparing them with matched controls with
tetralogy and dilated right ventricle who did not
undergo pulmonary valvar replacement.32 Overall,
freedom from death, ventricular tachycardia, or both
after 5 and 10 years was 80% and 41%, respectively.
There was no significance difference in the incidence
of death and/or ventricular tachycardia in the
control group, and no change was observed in the
duration of the QRS complex following pulmonary
valvar replacement. This study is somewhat con-
cerning, in that there is no clear evidence that
replacement of the pulmonary valve for clinically
indicated reasons in patients with pulmonary
regurgitation after repair of tetralogy of Fallot reduces
the risk of death and/or ventricular tachycardia. It is
possible that the protective effect of such an
intervention may not be seen for some time, or that
earlier timing of replacement and earlier ventricular
remodeling may be more beneficial.
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