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Implantable Cardioverter-Defibrillators in
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ABSTRACT. Although the implantable cardioverter-defibrillator (ICD) is now established as safe
and effective for prevention of sudden cardiac death (SCD) in children,1–3 pediatrics accounts for less
than 1% of market share, inhibiting corporate financial incentive for development of a pediatricspecific device. Over the past two decades since the ICD became clinically available, progressive
downsizing of devices and leads has allowed for their use in children. However, the smallest of
children and those with particular forms of congenital heart disease (CHD) often require customized
implant techniques. Children have different implant indications, implant techniques, programming
issues, psychosocial impact, and follow-up care considerations. Compared with the typical adult ICD
patient, most pediatric ICD patients outlive their device by decades. This necessitates proper advance
planning to maximize device and lead longevity, vascular patency, and other chronic management
issues. This paper will briefly review the specific indications and implantation issues unique to
pediatrics and will suggest future innovations to consider for developing a pediatric defibrillator.
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Pediatric-specific indications for
defibrillator therapy
Identifying and selecting appropriate pediatric implantable cardioverter-defibrillator (ICD) candidates involves
considering the cumulative risks of sudden cardiac death
(SCD) from the underlying disease substrate compared
with the procedural risks of ICD implantation and
chronic management issues. This involves an analysis
of the competing risks of malignant arrhythmia with
other causes of mortality, balanced against the complications from ICD therapy, including surgical morbidity,
inappropriate shocks, and multiple system revisions.
Recommendations for secondary prevention in children
are similar to ICD implantation guidelines developed for
adults,4 despite a paucity of pediatric randomized
controlled trials. Several retrospective studies demonstrate efficacy of ICD therapy in young patients.1,5–6
The authors report no conflicts of interest for the published content.
Manuscript received December 5, 2010, final version accepted
February 4, 2011.
Address correspondence to: Charles I. Berul, MD, Chief, Division of
Cardiology, Children’s National Medical Center, Professor of
Pediatrics and Integrative Systems Biology, George Washington
University School of Medicine, 111 Michigan Ave, NW,
Washington, DC 20010. E-mail: cberul@cnmc.org

179

ISSN 2156-3977 (print)
ISSN 2156-3993 (online)
’ 2011 Innovations in Cardiac
Rhythm Management

Class I indications in pediatric patients include
aborted SCD or hemodynamically significant sustained
ventricular tachycardia without a reversible cause. There
are less data on which to base guidelines for pediatric
primary prevention. Expert consensus and extrapolation
from adult studies have guided primary prevention
recommendations based on Class IIb evidence levels.4
In general, ICD therapy may be considered in selected
high-risk children with presumed or documented risk
factors, such as family SCD history, non-invasive
measurements (e.g. QTc, ventricular septal thickness,
etc.), medication intolerance, or specific genetic mutations. Presymptomatic recognition of at-risk patients is
ideal, as SCD may be the sentinel (and sometimes fatal)
event in a previously asymptomatic child. Extrapolation
from adult randomized clinical trials, a limited number
of retrospective pediatric studies, and expert consensus
are only a surrogate for well-designed prospective
pediatric clinical ICD trials. There are clinical scenarios
in pediatrics that do not fall under the typical rubric of
published guidelines. For example, infants with malignant arrhythmias may benefit from ICD therapy but
require more complex implantation procedures. Primary
prevention ICD therapy in infants has not been systematically evaluated.
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Pediatric-specific ICD implantation
Implantation of ICDs in children and congenital heart
disease (CHD) patients requires customized preprocedural planning, with individualized techniques for each
patient. There are important considerations with regards
to size, growth, and anticipated activity. Young patients
are likely to outlive the current-generation devices and
leads, necessitating multiple replacement and complex
extraction procedures.
Pediatric ICD recipients were previously limited to
receiving epicardial systems because of anthropometric
issues, longitudinal growth, ICD size, and transvenous
lead dimensions.7 Technological advances such as
biphasic defibrillation waveform and active generators,
combined with a progressive reduction of generator size
and lead dimensions, allowed transvenous ICD systems
for adolescent pediatric patients. Transvenous leads in
small children carry risks of venous occlusion, infection
and endocarditis, potential embolic events in the
presence of an intracardiac shunt, and lead damage.
Epicardial ICD systems are inherently a more invasive
procedure, have a higher incidence of lead/patch failure,
and a possibility of developing constrictive pericarditis
with scarring from the relatively large defibrillation
patches in relationship to smaller heart size. However,
regardless of implant route, defibrillator lead failure
rates remain unacceptably common in pediatric patients.
Implanting an ICD in a child necessitates the consideration of potential quality of life and emotional and
psychosocial development issues.8–10 These issues ideally should be addressed prior to the initial implant in
order to minimize long-term psychosocial impact.

Issues with using off-the-shelf ICD products
designed for adults
The most obvious differences in needs for defibrillator
systems in children relate to size. The relatively large
generator size and lead diameter and length are challenges for implantation in smaller pediatric patients and
also carry substantial concerns for chronic follow-up
issues. Often, these size discrepancies force alternate
procedural strategies, such as abdominal generator
placement or non-transvenous lead placement, particularly in very small children or those with particular forms
of CHD. Besides the size issues, there are important
considerations regarding shock strength, programming
issues, and overlap of tachycardia detection criteria with
normal pediatric heart rates.

Pediatric-specific customized ICD implantation
Limitations with standard transvenous and epicardial
ICD systems in children and CHD patients have
prompted individual clinical investigators to develop
novel implantation techniques. Animal models and
computer modeling studies have shown the feasibility
of functional ICD systems without the need for transvenous shocking coils or epicardial patches.

For example, subcutaneous array and coils were
originally designed for adjunctive use in order to lower
the defibrillation threshold. However, several independent
groups almost simultaneously reported innovative use
of subcutaneous arrays or coils for defibrillation in
children.11–13 These novel subcutaneous ICD systems
negated the requirement for transvenous coils or epicardial
patches, but still utilized epicardial leads for pacing and
sensing (Figure 1, upper right). Subcutaneous ICD systems
have now been reported in pediatric multicenter studies,
with appropriate tachycardia detection and effective
delivered therapies during intermediate-term follow-up.14
There are also completely leadless ICD systems currently in
early clinical use and investigation.15,16 However, current
generation leadless ICDs may not be suitable for small
children, as the generators are relatively large in order to
accommodate the significantly higher (at least twofold)
defibrillation outputs necessary. Furthermore, the currently
available totally subcutaneous ICD system does not have
the capability for chronic antibradycardia pacing (other
than emergent post-shock transcutaneous pacing) or
antitachycardia pacing, which may be indicated in a
substantially higher proportion of pediatric and congenital
ICD recipients. However, the subcutaneous ICD could be
potentially downsized to a smaller pediatric-specific
device, as these patients may require lower defibrillation
energy requirements and therefore need smaller capacitors
and batteries. These exciting concepts will need to be tested
in preclinical and pediatric clinical situations.
Non-standard configurations for pediatric implantable
defibrillator systems have also been designed with the
placement of leads in the pericardial or pleural space.17,18
This approach circumvents the need for epicardial patches
or transvenous hardware while providing defibrillation
capability. Various off-the-shelf transvenous ICD leads,
superior vena cava leads, or subcutaneous coils have been
used for this purpose, placed in the posterior pericardium
(Figure 1, lower right). Additional pacing/sensing leads
can be placed on the epicardium. This procedure may be
performed via a less-invasive videoscopic technique along
with a small subxiphoid incision.
Interestingly, when non-transvenous ICD systems
were retrospectively evaluated, it turned out that they
had poorer longevity than traditional transvenous ICD
systems in children.19 Therefore, non-transvenous ICD
systems are not ready to supplant standard ICDs in the
majority of pediatric patients but still have an important
role for those patients with limited alternatives. Nonstandard systems might be used as the initial device until
the child reaches a larger size and can potentially
accommodate a transvenous standard ICD system.

Moving into the future: What modifications in
the ICD pulse generator or lead would the
pediatric electrophysiologist consider desirable?
ICD generator
Current generation ICD devices, although significantly
smaller in volume than their predecessors, still require
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Figure 1: Examples of four routes of implantable cardioverter-defibrillator (ICD) implantation in children described in the text. The
(a) is a transvenous single-coil ICD system, with the lead looped in the right ventricle in a small 27-kg 7-year-old child with
hypertrophic cardiomyopathy and resuscitated from a ventricular fibrillation arrest. The (b) is an example of epicardial patch ICD
system along with epicardial suture-on dual-chamber pace/sense leads in a young teenager with single ventricle and failing Fontan
physiology. The (c) is an example of a subcutaneous array ICD system in a boy with malignant catecholaminergic polymorphic
ventricular tachycardia, using epicardial dual-chamber suture-on leads for sensing and DDD pacing. The (d) is an example of a
pericardial ICD lead system in a 3.5-year-old with congenital heart disease and dilated cardiomyopathy, using a transvenous-design
ICD lead placed in the posterior pericardium, DDD epicardial pacing leads, as well as a subcutaneous coil in the left lateral chest
wall. The lead that is seen in the right pleural space is the pace/sense portion of the ICD lead, which is capped since the epicardial
pacing leads are used for sensing and pacing in this configuration. (Reprinted from reference 22, with permission from Elsevier.)

the implanting operator to produce significant tissue
injury to implant the device. In infants and very small
children, it still becomes a technical challenge to find
suitable space for the generator. In small and/or thin
children, its resultant cosmetic deformity impacts quality
of life and may have secondary effects on the patient’s
self-image. For the smaller pediatric patients, reduction
in ICD generator size will enable improved cosmetic
results and reduce the potential for pocket erosion and
infection. Many of the cardiac diseases that necessitate
ICD implant in childhood (repaired CHDs, congenital
long QT syndrome, and hypertrophic cardiomyopathy)
are associated with repolarization disorders and ‘‘unusual’’ T waves. T-wave oversensing is a common
problem in this group of patients, with few readily
available options for handling the inappropriate sensing.
Software or filter techniques that reduce device susceptibility to T-wave oversensing should be incorporated
into the ‘‘pediatric-friendly’’ device. The higher max181

imum heart rate of the pediatric patient necessitates
device manufacturers to allow safe and more intelligent
programming of higher bradycardia pacing rates, pacing
upper rate limits, sinus and supraventricular tachycardia
discriminators, and ventricular tachycardia detection
rates. Creative changes in the defibrillation waveform
can allow for lower defibrillation thresholds and smaller
devices.

ICD lead
Currently designed ICD leads, although relatively
effective and robust in the adult patient, are known to
have a high failure rate in the pediatric patient population, regardless of implant route. Pediatric patients
require the design of a significantly different type of
lead than is used for the adult ICD patient. The
‘‘pediatric-friendly’’ ICD lead should incorporate insula-
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Table 1: Implantable defibrillator lead route options in pediatrics

Transvenous
Epicardial patch
Subcutaneous array or
coil
Pericardial coil
Subcutaneous leadless
ICD

Advantages

Disadvantages

Relatively easy implant; common use; approved
indication
Long history, follow-up; approved use; surgeons
familiar; good DFT
No transvenous coil or epicardial patch; minimally
invasive
No need for transvenous access or epicardial
patch; low DFT
No need for transvenous or epicardial access;
minimally invasive

Lead fractures; extractions difficult; vascular
obstruction
Patch failure; buckling; constrictive pericardial
physiology
Limited long-term data; higher DFT
Requires surgeon; adhesions may limit VATS;
limited follow-up data
Limited long-term data; higher DFT; no chronic
pacing or ATP; large can

DFT: defibrillation threshold; VATS: video-assisted thoracoscopic surgery; ATP: antitachycardia pacing; ICD: implantable
cardioverter-defibrillator.
Note: The subcutaneous and pericardial techniques are not FDA-approved indications for these devices.

tion and conductor materials that allow for greater flexinduced distortions, since these leads are implanted in a
more ‘‘active’’ environment, and these enhancements
may also be of value for adult patients. Using engineering imagination, designing leads that stretch for anticipated linear growth and inhibit tissue fibrosis and
binding would be welcome improvements for pediatric
ICD recipients (and their implanters/physicians). These
changes would be anticipated to improve ICD lead
longevity in the pediatric patient. Shorter ICD lead
lengths could also be beneficial by allowing a reduction
in pocket bulk from redundant lead slack, having the
potential to decrease pocket infection rates and improve
cosmetic appearance. Incorporation of novel agents/
materials in the ICD lead insulation that can prevent clot
formation on the lead or fibrous band attachment to the
venous tissue would enhance the ability to handle the
inevitable need to extract the ICD lead in this patient
population. Reduction in the tip to coil setback distance
will allow the implantation of ICD leads in smaller and
younger patients and will help avoid tricuspid valve
injury secondary to the ICD coil resting on the tricuspid
valve and potentially causing interference with normal
valve function.
In summary, there are several methods from which to
choose when implanting devices in pediatric patients. The
advantages and disadvantages of current reported methods for ICD lead placement are summarized in Table 1.
The risks and benefits of each approach need to be
considered for each patient and disease type.
Individualized therapy choices may need creative, customized, non-standard, or hybrid approaches. Although
there are not specific weight or size cutoff criteria, a clinical
practice of limiting placement of transvenous ICD leads in
small children is reasonable due to concerns of venous
patency and lead failure with patient growth, and
potentially more difficulty with lead extraction.3,20,21 This
strategy of using a non-transvenous lead for their initial
system allows the protection of an implantable defibrillator in small children without limiting future vascular
accessibility. The pediatric electrophysiology community
has an imperative to provide the best means of achieving
long-term safe and effective ICD therapy for children.
Although progress in ICD technology has been truly
remarkable over the past two decades, the current

limitations in pediatric patients should be an impetus for
device manufacturers, biomedical engineers, researchers,
and physicians to work together in designing optimal ICD
systems for children. Although market forces may not be
the driver for pediatric ICD research and development, the
unique needs of this patient population, the potential lifeyears saved per patient, and corporate charitable goodwill,
along with anticipated governmental regulations for
pediatric devices, should hopefully be sufficient motivation for moving forward with designing a true pediatric
ICD.
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5. Gradaus R, Wollmann C, Köbe J, et al. Potential benefit
from ICD therapy in children and young adolescents. Heart
2004; 90:328–329.
6. Korte T, Koditz H, Niehaus M, et al. High incidence of
appropriate and inappropriate ICD therapies in children
and adolescents. Pacing Clin Electrophysiol 2004; 27:924–932.
7. Silka MJ, Kron J, Dunnigan A, Dick M, 2nd. Sudden cardiac
death and the use of ICDs in pediatric patients. The Pediatric
Electrophysiology Society. Circulation 1993; 87:800–807.
8. DeMaso DR, Lauretti A, Spieth L, et al. Psychosocial factors
and quality of life in children and adolescents with
implantable cardioverter-defibrillators. Am J Cardiol 2004;
93:582–587.
9. Mahajan T, Dubin AM, Atkins DL, et al. Impact of
manufacturer advisories and FDA recalls of implantable
cardioverter defibrillator generators in pediatric and con-

The Journal of Innovations in Cardiac Rhythm Management, February 2011

182

C I Berul and J P Moak

10.

11.

12.

13.

14.

15.

genital heart disease patients. J Cardiovasc Electrophysiol
2008; 19:1270–1274.
Sears SF, St Amant JB, Zeigler V. Psychosocial considerations for children and young adolescents with implantable cardioverter defibrillators: an update. Pacing Clin
Electrophysiol 2009; S80–S82.
Berul CI, Triedman JK, Forbess J, et al. Minimally invasive
cardioverter defibrillator implantation for children. Pacing
Clin Electrophysiol 2001; 24:1789–1794.
Gradaus R, Hammel D, Kotthoff S, Bocker D.
Nonthoracotomy implantable cardioverter defibrillator placement in children: use of subcutaneous array leads and
abdominally placed implantable cardioverter defibrillators
in children. J Cardiovasc Electrophysiol 2001; 12:356–360.
Thøgersen AM, Helvind M, Jensen T, et al. Implantable
cardioverter defibrillator in a 4-month-old infant with
cardiac arrest associated with a vascular heart tumor.
Pacing Clin Electrophysiol 2001; 24:1699–1700.
Stephenson EA, Batra AS, Knilans TK, et al. A multicenter
experience with novel implantable cardioverter-defibrillator configurations in pediatric and congenital heart disease.
J Cardiovasc Electrophysiol 2006; 17:41–46.
Lieberman R, Havel WJ, Rashba E, et al. Acute defibrillation
performance of a novel, non-transvenous shock pathway in
adult ICD indicated patients. Heart Rhythm 2008; 5:28–34.

183

16. Bardy GH, Smith WM, Hood MA, et al. An entirely
subcutaneous implantable cardioverter-defibrillator. N Engl
J Med 2010; 363:36–44.
17. Cannon BC, Friedman RA, Fenrich AL, et al. Innovative
techniques for placement of implantable cardioverterdefibrillator leads in patients with limited venous access
to the heart. Pacing Clin Electrophysiol 2006; 29:181–187.
18. Bauersfeld U, Tomaske M, Dodge-Khatami A, et al. Initial
experience with implantable cardioverter defibrillator
systems using epicardial and pleural electrodes in pediatric
patients. Ann Thorac Surg 2007; 84:303–305.
19. Radbill AE, Triedman JK, Berul CI, et al. System survival of
non-transvenous implantable cardioverter-defibrillator systems compared to transvenous ICD systems in pediatric
and congenital heart disease patients. Heart Rhythm 2010; 7:
193–198.
20. Moak JP, Freedenberg V, Ramwell C, Skeete A.
Effectiveness of excimer laser-assisted pacing and ICD lead
extraction in children and young adults. Pacing Clin
Electrophysiol 2006; 29:461–466.
21. Cecchin F, Atallah J, Alexander ME, Triedman JK, Walsh EP,
Berul CI. Lead extraction in pediatric and congenital heart
disease patients. Circ Arrhythm Electrophysiol 2010; 3:437–444.
22. Berul CI. Viewpoint: defibrillator indications and implantation in young children. Heart Rhythm 2008; 5:1755–1757.

The Journal of Innovations in Cardiac Rhythm Management, February 2011

