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Abstract The number of pediatric pacemakers implanted

is still relatively small. Children requiring pacing therapy

have characteristics that are distinct from those of adults,

including physical size, somatic growth, and cardiac

anomalies. Considering these features, long-term follow-up

of pediatric pacemaker implantation is necessary. Selection

of appropriate generators, pacing modes, pacing sites, and

leads is important. Generally, epicardial leads are com-

monly used in small infants. On the other hand, the use of

endocardial leads in children is increasing worldwide

because of their benefits over epicardial leads, such as

minimal invasiveness, lower pacing threshold, and longer

generator longevity. Endocardial leads are not suitable for

patients with intracardiac shunts because of the high risk of

systemic thrombosis. Venous occlusion is another signifi-

cant problem with endocardial leads. With the increase in

the number of pacing device implantations, the incidence

of infection from such devices is also increasing. Complete

device removal is sometimes recommended to treat device

infection, but experience in the removal of endocardial

leads in children is still scarce. This article gives an

overview of pacing therapy in the pediatric population,

including discussions on new pacing systems, such as

remote monitoring systems, magnetic imaging compliant

pacemaker systems, and leadless pacing devices.
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Introduction

Pacing device implantations in young patients comprise

only \1 % of all pacemaker implantations. Complicated

issues are involved in pacing device implantation in chil-

dren, such as their small physical size, somatic growth, and

the presence of cardiac anomalies. Furthermore, pacing

therapy in children requires long-term follow-up, and their

treatment with pacing devices differs from that in adults.

All of these issues should be considered when deciding

whether to treat a child using pacing therapy and when

selecting an appropriate pacing system. Generally, epicar-

dial leads are commonly used in small infants. However,

pacemaker implantation using epicardial leads is invasive

because a thoracotomy is required and sometimes the leads

are problematic. Recently, the use of endocardial leads is

increasing worldwide due to their various benefits over

epicardial leads, such as minimal invasiveness, lower

pacing threshold, and longer generator longevity. Endo-

cardial leads are not suitable for patients with intracardiac

shunts because of the high risk of systemic thrombosis.

Venous occlusion is another significant problem with

endocardial leads in small children, because the diameters

of their vessels are smaller than those of adults. The use of

epicardial leads has the advantage that it avoids the risks of

venous occlusion and systemic thrombosis associated with

the use of endocardial leads. The incidence of pacing

device infection is increasing as the number of pacemaker

implantations in children increases. Complete device
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removal is sometimes recommended to treat pacing device

infection, but there is a paucity of reports on the removal of

endocardial leads in children.

This article provides an overview of pacing therapy in

the pediatric population, including discussions of new

pacing designs such as remote monitoring systems, mag-

netic imaging compliant pacemaker systems, and leadless

pacing devices.

Indications for pacing therapy in children

Children differ from adults in many ways, not only phy-

sique. Pacing therapy in children must take into account

several unique pediatric issues: (1) small physique; (2)

somatic growth; (3) presence of intracardiac shunts; and (4)

a complex anatomical heart structure. It is important to

understand these features when deciding whether pacing is

indicated, as well as when selecting the time to implant and

how to implant.

The 2008 Guidelines of the American College of Car-

diology (ACC)/American Heart Association (AHA)/Heart

Rhythm Society (HRS) summarize indications for pacing

treatment in children (Table 1) [1]. Atrioventricular block

including congenital atrioventricular block associated with

cardiac surgery or a natural history of complex congenital

heart disease such as corrected transposition of the great

arteries are the most important indications for pacemaker

implantation in children [1–6]. In pediatric patients, atrio-

ventricular block that does not recover within 7–10 days

after cardiac surgery is associated with a risk of sudden

cardiac death in the future, so pacemaker implantation is

recommended. However, atrioventricular conduction may

be restored spontaneously in some patients with postoper-

ative heart block; therefore, the patient’s condition and

anatomical features should be considered when deciding

whether implantation is required [7]. Villain and colleagues

[6, 8] searched for predictors of the late occurrence of

advanced atrioventricular block among pediatric patients

who developed transient block after cardiac surgery. They

demonstrated that patients with an extended His to ven-

tricle interval on intracardiac electrocardiogram were at

high risk of atrioventricular block in the future. An infra-

His conduction disturbance observed in a pediatric patient

with postoperative transient atrioventricular block may be

an indication for pacing therapy.

Selection of epicardial leads and endocardial leads

Types of pacing leads

There are two types of pacing leads: epicardial and endo-

cardial. The former is placed on the surface of the heart

through a thoracotomy or sternotomy, whereas the latter is

placed in the endocardial layer via a transvenous approach.

Important factors for selection include body size, venous

diameter, presence of intracardiac shunt, and risk of

thrombosis. In general, endocardial leads are recommended

for bigger children, while epicardial leads are used in small

infants and older children with difficult venous access.

Body size

In Japan, an epicardial lead is currently commonly used in

a child with a small body size (weighing \20 kg) because

of the risks of venous obstruction and thrombus formation

when using an endocardial lead. On the other hand, there is

a global trend towards using endocardial leads in younger

patients. Some institutes actively implant transvenous leads

in children weighing \15 kg [4, 9–11]. Implantation of

pacemakers using a transvenous lead in infants weighing

10 kg or less has been reported [9, 10, 12]. Stojanov et al.

[9] implanted endocardial leads in 105 children (mean age

5.7 years) weighing 15 kg or more, with 25 % of them

\10 kg, and reported no lead trouble, infection, or sensing

failure during a mean follow-up of 6.7 years. Kammeraad

et al. [10] reported endocardial pacing lead implantation in

39 infants with a median weight of 4.6 kg (range

2.3–10 kg) and median age of 3.3 months (range 2 days–

35 months). During a median follow-up period of

4.3 years, 11 lead extractions were attempted in 9 patients

because of venous thrombosis and device infection.

Complications such as symptomatic atrial pacemaker

lead thrombosis, pulmonary thromboembolism, and supe-

rior vena cava syndrome have been reported [13–19]. The

incidence of symptomatic pulmonary thromboembolism is

0.6–3.5 % when an endocardial lead is used in patients

Table 1 Indications for pacemakers in children

1. Advanced second- or third-degree atrioventricular block

associated with symptomatic bradycardia, ventricular

dysfunction, or low cardiac output

2. Sinus node dysfunction and correlation with symptoms during

age-inappropriate bradycardia. The definition of bradycardia

varies with the patient’s age and expected heart rate

3. Postoperative advanced second- or third-degree atrioventricular

(AV) block that is not expected to resolve or that persists at

least seven days after cardiac surgery

4. Congenital third-degree AV block with a wide QRS escape

rhythm, complex ventricular ectopy, or ventricular dysfunction

5. Congenital third-degree AV block in an infant with a ventricular

rate of \55 bpm or with congenital heart disease and a

ventricular rate of \70 bpm

6. Acquired heart block in myopathies

7. Long QT syndrome with conduction disorder
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without intracardiac shunt [20]. However, the risk of sys-

temic thrombosis is high in patients with heart abnormal-

ities and a large intracardiac shunt. In these patients, the

use of an epicardial lead is recommended. Khairy et al. [21]

reported that implantation of transvenous leads in patients

with intracardiac shunts was associated with a lower

threshold and a lower frequency of pacemaker exchange

compared to epicardial leads, while the risk of systemic

thromboembolism was twice as high. They also found that

the use of warfarin and aspirin did not completely prevent

thromboembolism [21]. Systemic thromboembolism has

been reported not only in right-to-left shunt cases but also

in left-to-right shunt cases such as small ventricular septal

defect and atrial septal defect [22, 23]. In patients with an

intracardiac shunt, epicardial leads are indicated, but an

endocardial lead may be selected in a patient at high risk

for thoracotomy, such as those with severe heart failure,

severe cardiac dysfunction, a history of frequent open heart

surgery, and multiple organ failure.

Venous occlusion and tricuspid valve regurgitation

Venous obstruction is a major complication of pacemaker

implantation using an endocardial lead, especially in

infants whose veins have small calibers. After endocardial

lead implantation, venous occlusion occurs in approxi-

mately 15–30 % of adult cases [24–28] and in 20 % of

pediatric cases [29].

Haghjoo et al. [27] reported that a large number of leads

is a risk factor for venous obstruction in adults. Thrombus

formed as a result of lead–endothelial interaction and ne-

ointimal proliferation may culminate in venous obstruction.

Animal experiments have shown that thrombogenicity is

due to the reaction of polyurethane and silicone lead

insulation with the vascular endothelial surface [30]. In

humans, however, no association between thrombogenicity

and lead insulation material has been demonstrated [31].

The few studies that have investigated risk factors for

venous obstruction in children implanted with transvenous

pacing leads have reported controversial results. Bar-

Cohen et al. [32] observed total venous occlusion in 13 %

and partial venous occlusion in 12 % of 85 children and

young adults (median age 15 years). They found that age,

body size, growth, and lead-related factors such as lead

duration, number of leads, number of procedures, history of

lead extraction, and INDEX (lead size divided by the body

surface area) did not significantly predict venous occlusion.

On the other hand, Figa et al. [28] observed venous

obstruction in 21 % of 63 children with transvenous leads,

and demonstrated that patients with obstruction had a sig-

nificantly higher mean INDEX than those with no

obstruction. Nevertheless, choices of pacing system and

vein need to take into account future growth and prevention

of venous obstruction [30]. To estimate vein dimensions in

growing children, Sanjeev and Karpawich [33] reported

that the diameter of the innominate vein and superior vena

cava and the lengths from the innominate vein to the

superior vena cava junction and the superior vena cava to

the right atrium junction were positively correlated with

child height. Moreover, expansion of the venous diameter

is age dependent up to ten years of age [33].

To address the change in venous length as infants grow,

it is necessary to estimate the lead length and make a loop

(Fig. 1) [33–36]. Generally, the loop of endocardial lead is

created in the atrium and inferior vena cava. However, this

strategy does not always solve the problem. A child

developed pacing failure five years after pacemaker

implantation because the ventricular endocardial lead was

firmly attached to the endothelium of the inferior vena

cava. Emergency revision showed that even though a loop

was formed within the inferior vena cava during implan-

tation, the expected lead release had not occurred [34].

Transvenous ventricular pacing leads across the tricuspid

valve may cause or exacerbate tricuspid regurgitation (TR).

Most cases of TR associated with transvenous ventricular

leads are associated with minimal change in and little

impact on hemodynamics [37]. However, cases requiring

tricuspid valve operations for severe symptomatic TR due

to ventricular pacing leads have been reported [38]. Careful

observation of changes in TR should be considered after

inserting transvenous ventricular leads across the tricuspid

valve in growing children or patients with right-side

structural heart disease.

Lead problems and reintervention

Table 2 compares endocardial and epicardial leads. Lead

problems included lead fracture, insulation break, dis-

lodgement, and abnormalities in pacing sensing or pacing.

There is a high incidence of lead troubles in pediatric

pacing patients. The reported incidence has been shown to

be 15 % [39] and 27 % [40] of implanted leads. In younger

patients (\12 years), congenital heart disease and epicar-

dial lead systems are reported to be independent risk fac-

tors of lead problems [39]. Lead fracture is more common

in children than in adults. Many factors, such as lead

stretching due to somatic growth, compression of epicar-

dial leads caused by the small space between ribs or

between the clavicle and ribs for the endocardial lead, and

other factors, contribute to lead fracture susceptibility.

Short durability of pacemaker leads and limited access,

including the small diameter of subclavian veins for the

endocardial lead and a transthoracic or transsternal

approach for the epicardial lead, may cause a serious

problem in the future for children, given their much longer

life expectancies than adult patients.
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Epicardial leads are affected by fibrosis and pericardial

adhesion from prior surgery, and often result in failure due

to an increase in threshold [41–44]. Moreover, because of

the high pacing threshold, frequent generator exchange is

necessary [21, 44]. Epicardial leads consist of stub-in leads,

screw-in leads, and steroid-eluting suture-on leads. Each

type of epicardial lead is unipolar or bipolar. The durability

of stub-in and screw-in leads is considered to be shorter

than that of the suture-on type. Steroid-eluting epicardial

leads prevent threshold increase in the long term, reducing

lead troubles as a result. In newborns and older infants,

steroid-eluting epicardial leads have been used with

excellent long-term outcome [45–49]. Currently, the

suture-on type of endocardial lead (such as Capture Epi,

Medtronic Inc., Minneapolis, MN, USA) is mainstream in

Japan. However, the screw-in type (such as Myodex, St.

Jude Medical Inc., St. Paul, MN, USA) became available in

Japan in June 2012, which increases the range of devices

obtainable. In children and adults with congenital heart

disease, there are increasing reports of selective-site pacing

using the SelectSecure lead (Medtronic Inc.). This system

involves placing a 4.1 Fr lumenless steroid-eluting pacing

lead (SelectSecure lead model 3830, Medtronic Inc.) inside

an 8 Fr changeable delivery catheter (SelectSite model

C304S-59 cm or C304L-69 cm, Medtronic Inc.) and

advancing to the target site. This system allows arbitrary

pacing at the selected site. The lumenless lead has a small

diameter that reduces lead fracture and improves creep

resistance [50–52]. Since the diameter of an 8 Fr deliv-

ery catheter is too large for small children, a 5 Fr delivery

catheter (CheckFlo Performer� Introducer Set with the

Children’s Hospital Boston Modification, Cook Medi-

cal Inc., Bloomington, IN, USA) can be used in an infant

[52].

Fig. 1 Growth and change in a loop of an epicardial lead. A 16-day-

old newborn with congenital atrioventricular block underwent

pacemaker implantation using an epicardial lead. Radiographs at

16 days of age (a), 7 years later (b), and 12 years later (c) are shown.

Note the change in the loop of the lead as the child grows

Table 2 Comparison between epicardial and endocardial leads

Epicardial lead Endocardial lead

Invasiveness Maximum (thoracotomy or sternotomy

is required)

Minimum

Incidence of high

threshold and lead

troubles

Higher than endocardial lead, but steroid-

eluting epicardial lead reduces the risk

of lead troubles

Comparatively few

Systemic thrombosis None, even with intracardiac shunts High risk in a patient with an intracardiac shunt

Venous occlusion None Possible

Lead removal due to

device infection

Thoracotomy or sternotomy is required Transvenous lead extraction, but there is still little experience of this

procedure in children. Open heart surgery with extracorporeal

circulation is sometimes required in cases with difficult lead extraction
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Body size and generator size

For an infant with a small body size, a pacemaker with

minimal thickness and a generator that is as small as pos-

sible should be chosen. Especially for newborns and pre-

mature infants weighing 4–5 kg or less, the smallest

pacemaker generator available should be used. The

smallest pacemaker generator that is currently commer-

cially available is the Microny II 2526T (St. Jude Medical

Inc., St. Paul, MN, USA). This is a single-chamber pace-

maker measuring 33 mm 9 33 mm, with a thickness of

6 mm, a volume of 5.9 cm3, and a weight of 12.8 g. In

comparison, a standard single-chamber pacemaker has a

volume of 8–11 cm3 and a weight of 17–23 g.

The Microny II is a bipolar sensing and single-chamber

pacing device. The basic pacing rate can be adjusted to

40–160 beats/minute (bpm). However, output is limited to

4.5 V [53–55]. It is equipped with an ‘‘autocapture’’

function that automatically measures the pacing threshold.

The pacemaker battery life can be extended by using the

autocapture function with epicardial and endocardial leads

[48, 53].

Pacing mode

Dual-chamber (DDD) pacemakers are often selected for

adult patients with atrioventricular block. DDD pacing

requires two endocardial leads. In infants, this presents a

problem because the venous diameter is small and may

cause venous obstruction. A VDD pacemaker instead of a

dual-chamber pacemaker is a good alternative choice in

children with complete atrioventricular block and normal

sinus node function, because it requires only a single lead

and may reduce the possibility of venous occlusion. When

epicardial leads are used, atrial lead implantation via a

subxiphoid approach is not possible, and either an invasive

median sternotomy or a left thoracotomy must be per-

formed. The high heart rate of infants is another issue. The

mean heart rate of an infant is 100 bpm or faster,

increasing to 180–200 bpm or above when crying. In an

infant with atrioventricular block, the atrial rate becomes

so rapid that it may exceed the maximum programmable

upper tracking rate, which is limited by the postventricular

atrial refractory period and atrioventricular delay. Under

the condition where the atrial heart rate exceeds the max-

imum programmable upper tracking rate, symptomatic 2:1

atrioventricular block may occur. Therefore, in infants with

a small body size and a rapid ventricular rate, single-

chamber ventricular pacing (VVI) or single-chamber ven-

tricular pacing with rate response (VVIR) should be

selected.

Patients on DDD pacing with epicardial leads may lose

the DDD pacing when the amplitude of the atrial wave is

low [56]. Because of dyssynchrony in the ventricles caused

by ventricular pacing, cardiac function may deteriorate in

both children and adults with congenital heart disease [57–

62]. In a Danish study that compared single-chamber

ventricular pacing and single-chamber atrial pacing in

patients with sick sinus syndrome, atrial pacing is associ-

ated with a significantly higher survival, less atrial fibril-

lation, fewer thromboembolic complications, less heart

failure, and a low risk of atrioventricular block [63, 64].

A pacing mode selection trial reported that in patients

with sinus node dysfunction, the lower the ventricular

pacing rate, the lower the rate of atrial fibrillation and

cardiac failure [65, 66]. In patients with sinus node dys-

function, unnecessary right ventricular pacing deteriorates

cardiac function and increases atrial fibrillation, and also

induces electrophysiological remodeling and repolarization

instability, which may lead to proarrhythmia [67]. In

patients with a preserved atrioventricular conduction sys-

tem, such as those with sick sinus syndrome or first-degree

atrioventricular block, algorithms that minimize unneces-

sary ventricular pacing are recommended [1, 68–75]. In

patients with atrioventricular block and a well-maintained

narrow QRS escape rhythm, when the lower pacing rate

interval in ventricular pacing is set at a higher level, the

ventricular pacing ratio increases and cardiac function is

lowered. Therefore, care must be taken when adjusting the

pacemaker.

In patients with high-grade atrioventricular block, ven-

tricular pacing is indispensable, and the pacing site of the

ventricular leads is a critical issue. Right ventricular apical

pacing can worsen cardiac function for both endocardial

and epicardial lead pacing [69, 71, 76–79]. His bundle

pacing or para-Hisian pacing is preferable for endocardial

leads. However, this pacing mode has various issues, such

as technical difficulty with lead placement, a high pacing

threshold, and a high energy requirement. Consequently,

long-term stability cannot be obtained easily. Right ven-

tricular septal pacing is favorable because it is an easy

technique and can maintain a low pacing threshold com-

pared with His bundle or para-Hisian pacing [77, 80, 81].

Left ventricular apical pacing is the best mode for epicar-

dial leads in children, and left ventricular lateral wall

pacing is also useful [82–84]. In children with lowered

cardiac function caused by right ventricular pacing,

changing to biventricular pacing or His bundle pacing is

useful to improve cardiac function and reverse left ventri-

cle remodeling [85–88].

Patients with congenital heart disease after cardiac sur-

gery who have undergone pacemaker implantation due to

sick sinus syndrome are sometimes associated with atrial

flutter and intraatrial reentrant tachycardia. A pacemaker
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with atrial antitachycardia pacing ability is useful for con-

trolling both atrial tachycardia and bradycardia [89–91].

Site of device implantation

In general, when implanting endocardial leads via a

transvenous approach, the generator is placed in the sub-

clavicular region. Infants have thin subcutaneous tissue at

the chest wall, so the leads are often placed above the

posterior sheath of the rectus muscle of the abdomen. Since

some people feel uneasy about implantation scars in the

subclavicular region, the device pocket is made in the

axilla region for cosmetic purposes [92, 93]. For newborns

or infants who have gastrointestinal diseases such as nec-

rotizing enterocolitis or are scheduled for abdominal sur-

gery or peritoneal dialysis, the pacemaker is implanted in

the chest or axilla [4]. Intradiaphragmatic pacemaker

implantation was performed in a premature infant with a

very low birth weight (1.3 kg) [55].

Cardiovascular implantable electronic device infection

The incidence of pacemaker lead infection is high in young

patients [94]. Infection is one of the most severe compli-

cations of pacemaker implantation in children, because

long-term management is required. Deep pacemaker

pocket infections have been reported in 1–2 % of adult

patients, and often require removal of the infected gener-

ator and lead or leads [95–97]. There are only a few reports

on pacemaker lead infections in children, and the reported

incidence was 5 % [10], 2 % [98], and 7.8 % [99]. Cohen

et al. [99] reported a series of 385 pacemaker implantations

(224 epicardial leads, 161 endocardial leads) in 267

patients over 20 years. Device infection occurred in 7.8 %

of the patients (superficial infections 4.9 %, pocket infec-

tion 2.3 %, and isolated positive blood culture 0.5 %).

Trisomy 21 and pacemaker revisions were significant risk

factors for infection after pacemaker implantation. There

was no difference in infection rate between epicardial and

endocardial leads. Treatment of pacemaker lead infections

should follow the 2010 update of the American Heart

Association guidelines [100]. When cardiovascular

implantable electronic device infection is accompanied by

sepsis, infective endocarditis, bacteremia, vegetation, and

device exposure, complete device removal including the

endocardial lead is recommended [100]. The presence of an

epicardial lead necessitates extensive surgical procedures

for complete device removal, including a full or limited

sternotomy or thoracotomy. Therefore, the suspicion of

device component infection must be balanced against the

risk associated with surgical removal [100].

Lead removal

Pacemaker lead removal is strongly recommended in

patients with device infections and lead trouble. Zartner

et al. [101] reported that transvenous leads were success-

fully removed in 89 % (25 of 28) of infected leads in 22

young patients (mean age 12.9 years). Using a laser sheath,

Moak et al. [102] reported successful removal of transve-

nous leads in 91 % (39 of 43) of infected leads in 25 young

patients (median age 13.9 years). However, two patients

had major complications (pericardial tamponade and left

subclavian vein thrombus). Cecchin et al. [103] reported

that lead removal was successful in 80 % (162 of 203) of

all infected leads in 144 pediatric and congenital heart

disease patients, and in 94 % (103 of 109) of the leads

undergoing complex extractions, including a radiofre-

quency-powered sheath [103]. They also found complica-

tions in eight patients (major in four, minor in four) but no

procedural-related death. Open heart surgery with extra-

corporeal circulation is sometimes required to remove

transvenous leads in cases of difficult lead extraction due to

severe adhesion of the lead to the venous system, tricuspid

valve or right ventricle. An increasing number of young

patients have received transvenous pacemaker implanta-

tion. The number of patients who need lead removal is

expected to increase in the future.

Epicardial leads are used in young children. When

device infection occurs, removal of the epicardial lead is

also required. After open heart surgery for congenital heart

disease, complete removal of epicardial leads may be dif-

ficult because of strong adhesion.

Remote monitoring system

In recent years, remote monitoring systems have become

available. Using these systems, physicians can receive

pacemaker information, including battery status, pacing

threshold, lead impedance, and cardiac events, from

patients’ devices while they are at home. The quality of the

data collected by these systems is the same as that collected

by manual interrogation by telemetry in the outpatient

clinic. In Japan, CareLink NetworkTM (Medtronic Inc,

Minneapolis, MN, USA), Home MonitoringTM (Biotronik

GmbH & Co. KG, Berlin, Germany), Merlin.netTM (St.

Jude Medical Inc., St. Paul, MN, USA), and the Latitude�

Patient Management system (Boston Scientific, Natick,

MA, USA) have been launched since February 2012. A

remote monitoring system is beneficial in that it provides

continuous monitoring and detects trouble with leads. As a

result, it is possible to reduce severe lead complications,

increase the patient’s sense of security, and obtain high

satisfaction of the patient [104–107]. When the number of
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patients increases sufficiently, implantation of a pacemaker

with a remote monitoring system should be profitable for

epicardial leads that often have problems, as well as for

detecting atrial arrhythmia that may occur in postoperative

patients with congenital heart disease.

Cardiac resynchronization therapy

Cardiac resynchronization therapy (CRT) is an established

management in adults with heart failure. The role and

effectiveness of CRT remain unclear in children and

patients with congenital heart disease. Pediatric patients

who undergo CRT are a heterogeneous population,

including those with cardiomyopathy, secondary cardiac

dysfunction due to chronic ventricular pacing, and con-

genital heart disease. Heart failure associated with con-

genital heart disease can be divided into three subgroups

according to ventricle anatomy: systemic left ventricle,

systemic right ventricle, and single ventricle failure [108–

110]. In small children, patients with congenital heart

disease and intracardiac shunt, and patients with complex

congenital heart disease after the Glenn procedure or a

Fontan-type operation, epicardial lead placement is

required due to limited transvenous access and the risk of

systemic thrombosis.

Corrected transposition of the great arteries (CTGA) and

a postatrial switch operation for transposition of the great

arteries (Mustard or Senning procedure) are major physi-

ological conditions in which the anatomical right ventricle

functions as the systemic right ventricle. In CTGA, some

variations of right coronary venous anatomy [111] may

pose difficulties when placing a lead on the systemic right

ventricle via a transvenous approach. In patients who

received an atrial switch operation in which the orifice of

the coronary sinus is cut back into the pulmonary venous

chamber, transvenous lead placement on the systemic right

ventricle is also impossible. In these instances, epicardial

lead placement on the systemic right ventricle via a tho-

racotomy is required.

The criteria for CRT in adult populations are: NYHA

functional class III or IV despite optimal pharmacological

therapy, left ventricular ejection fraction\35 %, and QRS

duration [120 ms. However, many pediatric patients

undergoing CRT do not comply with the above criteria. A

large proportion (62–70 %) of the pediatric and congenital

heart disease patients who were enrolled in CRT trials were

NYHA functional class I or II, indicating mild heart failure

[88, 112, 113]. Van der Hulst et al. [110] suggested that a

substantial proportion of pediatric chronic heart failure

patients had concomitant indications for cardiac surgery

(15–32 %), ICD implantation, or antibradycardia pacing

(55–77 %), which may have accelerated the decision-

making of CRT implantation during the same procedure in

patients with only mild heart failure. When response was

defined as an improvement in the ejection fraction of the

systemic ventricle or NYHA functional class, the response

rates after CRT ranged from 65 to 75 % [88, 112, 113]. The

proportion of CRT conducted for systemic right ventricle

or single ventricular failure ranged from 23 to 37 % [88,

112, 113]. Reverse remodeling by CRT seems to be less

severe in systemic right ventricle than in systemic left

ventricle cases [108, 113].

Other systems

Pacemaker system designed for the magnetic resonance

environment

Great advances have been made in the field of imaging

diagnostic technology in recent years. Magnetic resonance

imaging (MRI) of the whole body has become popular. For

patients with an implanted pacing device, it is important to

know whether they can safely undergo an MRI

examination.

Recent reports have indicated that an MRI examination

can be performed without complications in patients with a

pacemaker. Nevertheless, the presence of a pacemaker is

conventionally considered a contraindication to MRI

examination [114–119]. In 2011, the US Food and Drug

Administration approved the Revo MRI SureScan Pacing

System (Medtronic Co. Minneapolis, MN, USA) for MRI

use. This system consists of a generator (Revo MRI

SureScan implantable pulse generator) and a lead (Cap-

SureFix MRI lead: model 5086 MRI lead) that are spe-

cifically engineered for MRI safety. The results of a

clinical trial showed that this system was safe to use with

MRI equipment of up to 1.5 T [119]. MRI is increasingly

being used to examine multiple internal organs in children,

particularly due to a trend for avoiding exposure to

unnecessary radiation doses during computed tomography.

The development of a pediatric pacing device for MRI use

is desirable.

Leadless pacing device

Recent research has progressed to the development of a

‘‘leadless pacing system.’’ A small receiving device is

placed at the target pacing site, and pacing energy is pro-

vided by a stimulating device external to the heart in the

form of either ultrasound-mediated waves or an alternating

magnetic field generated by a transmitter that are/is con-

verted into a voltage pulse by a receiver unit [120–122].

Before clinical application, the following problems must be

solved: the method of placing the electrode, interference
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from external noise, and the effect of electrodes sur-

rounding the myocardium. If these issues can be solved in

the future, this pacing treatment will be beneficial for small

patients with small venous calibers and complex cardiac

anomalies.

Conclusion

Pacing treatment has been given to only a small number of

infant patients, so its use is still limited. Several pediatric

issues with pacing therapy such as small physique, body

growth, and concurrent cardiac anomalies with or without

intracardiac shunt, together with the patient’s pathophysi-

ological conditions, should be taken into consideration in

pacing treatment. Careful long-term management is nec-

essary. Using the latest technology and choosing the opti-

mal pacing method by considering patient-specific factors

and pacemaker features are desirable approaches.

References

1. Epstein AE, DiMarco JP, Ellenbogen KA, Estes NAM 3rd,

Freedman RA, Gettes LS, Gillinov AM, Gregoratos G, Hammill

SC, Hayes DL, Hlatky MA, Newby LK, Page RL, Schoenfeld

MH, Silka MJ, Stevenson LW, Sweeney MO. ACC/AHA/HRS

2008 Guidelines for Device-Based Therapy of Cardiac Rhythm

Abnormalities. A Report of the American College of Cardiol-

ogy/American Heart Association Task Force on Practice

Guidelines (Writing Committee to Revise the ACC/AHA/NA-

SPE 2002 Guideline Update for Implantation of Cardiac Pace-

makers and Antiarrhythmia Devices). J Am Coll Cardiol.

2008;51:e1–62.

2. Karpawich PP. Technical aspects of pacing in adult and pedi-

atric congenital heart disease. Pacing Clin Electrophysiol.

2008;31:S28–31.

3. McLeod CJ, Asirvatham SJ, Warnes CA, Ammash NM. Device

therapy for arrhythmia management in adults with congenital

heart disease. Expert Rev Med Devices. 2010;7:519–27.

4. McLeod KA. Congenital heart disease: cardiac pacing in infants

and children. Heart. 2010;96:1502–8.

5. Silka MJ, Bar-Cohen Y. Pacemakers and implantable cardio-

verter-defibrillators in pediatric patients. Heart Rhythm.

2006;3:1360–6.

6. Villain E. Indications for pacing in patients with congenital

heart disease. Pacing Clin Electrophysiol. 2008;31:S17–20.

7. Cohen MI, Rhodes LA, Spray TL, Gaynor JW. Efficacy of

prophylactic epicardial pacing leads in children and young

adults. Ann Thorac Surg. 2004;78:197–203.

8. Villain E, Ouarda F, Beyler C, Sidi D, Abid F. Predictive factors for

late complete atrio-ventricular block after surgical treatment for

congenital cardiopathy. Arch Mal Coeur Vaiss. 2003;96:495–8.

9. Stojanov PL, Savic DV, Zivkovic MB, Calovic ZR. Permanent

endovenous pediatric pacing: absence of lead failure—20 years

follow-up study. Pacing Clin Electrophysiol. 2008;31:1100–7.

10. Kammeraad JAE, Rosenthal E, Bostock J, Rogers J, Sreeram N.

Endocardial pacemaker implantation in infants weighing B10

kilograms. Pacing Clin Electrophysiol. 2004;27:1466–74.

11. Gillette PC, Zeigler V, Bradham GB, Kinsella P. Pediatric

transvenous pacing: a concern for venous thrombosis? Pacing

Clin Electrophysiol. 1988;11:1935–9.

12. Ward DE, Jones S, Shinebourne EA. Long-term transvenous

pacing in children weighing ten kilograms or less. Int J Cardiol.

1987;15:112–5.

13. Coleman DB, DeBarr DM, Morales DL, Spotnitz HM. Pace-

maker lead thrombosis treated with atrial thrombectomy and

biventricular pacemaker and defibrillator insertion. Ann Thorac

Surg. 2004;78:e83–4.

14. Karavidas A, Lazaros G, Matsakas E, Kouvousis N, Samara C,

Christoforatou E, Zacharoulis A. Early pacemaker lead throm-

bosis leading to massive pulmonary embolism. Echocardiogra-

phy. 2004;21:429–32.

15. Barakat K, Robinson NM, Spurrell RA. Transvenous pacing

lead-induced thrombosis: a series of cases with a review of the

literature. Cardiology. 2000;93:142–8.

16. Perry RA, Clarke DB, Shiu MF. Entanglement of embolised

thrombus with an endocardial lead causing pacemaker mal-

function and subsequent pulmonary embolism. Br Heart J.

1987;57:292–5.

17. Goudevenos JA, Reid PG, Adams PC, Holden MP, Williams

DO. Pacemaker-induced superior vena cava syndrome: report of

four cases and review of the literature. Pacing Clin Electro-

physiol. 1989;12:1890–5.

18. Mazzetti H, Dussaut A, Tentori C, Dussaut E, Lazzari JO.

Superior vena cava occlusion and/or syndrome related to pace-

maker leads. Am Heart J. 1993;125:831–7.

19. Ruge H, Wildhirt SM, Poerner M, Mayr N, Bauernschmitt R,

Martinoff S, Lange R. Severe superior vena cava syndrome after

transvenous pacemaker implantation. Ann Thorac Surg.

2006;82:e41–2.

20. Wierzbowska K, Krzeminska-Pakula M, Marszal-Marciniak M,

Drozdz J, Zaslonka J, Kasprzak JD. Symptomatic atrial pace-

maker lead thrombosis: detection by echocardiography and

successful surgical treatment. Pacing Clin Electrophysiol.

2001;24:391–3.

21. Khairy P, Landzberg MJ, Gatzoulis MA, Mercier LA, Fernandes

SM, Cote JM, Lavoie JP, Fournier A, Guerra PG, Frogoudaki A,

Walsh EP, Dore A. Transvenous pacing leads and systemic

thromboemboli in patients with intracardiac shunts: a multi-

center study. Circulation. 2006;113:2391–7.

22. Silka MJ, Rice MJ. Paradoxic embolism due to altered hemo-

dynamic sequencing following transvenous pacing. Pacing Clin

Electrophysiol. 1991;14:499–503.

23. Johnson C, Galindez L. Multiple systemic emboli complicating

the course of a patient with an atrial septal defect, an atrial septal

aneurysm and an endocardial right atrial pacemaker lead. P R

Health Sci J. 1998;17:281–4.

24. Zuber M, Huber P, Fricker U, Buser P, Jäger K. Assessment of
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50. Cantù F, De Filippo P, Gabbarini F, Borghi A, Brambilla R,

Ferrero P, Comisso J, Marotta T, De Luca A, Gavazzi A.

Selective-site pacing in paediatric patients: a new application of

the Select Secure system. Europace. 2009;11:601–6.

51. Daccarett M, Segerson NM, Bradley DJ, Etheridge SP, Freed-

man RA, Saarel EV. Bipolar lumenless lead performance in

children and adults with congenital heart disease. Congenit

Heart Dis. 2010;5:149–56.

52. Lapage MJ, Rhee EK. Alternative delivery of a 4Fr lumenless

pacing lead in children. Pacing Clin Electrophysiol.

2008;31:543–7.

53. Bauersfeld U, Nowak B, Molinari L, Malm T, Kampmann C,

Schonbeck MH, Schuller H. Low-energy epicardial pacing in

children: the benefit of autocapture. Ann Thorac Surg.

1999;68:1380–3.

54. Welch EM, Hannan RL, DeCampli WM, Rossi AF, Fishberger

SB, Zabinsky JA, Burke RP. Urgent permanent pacemaker

implantation in critically ill preterm infants. Ann Thorac Surg.

2010;90:274–6.

55. Roubertie F, Le Bret E, Thambo JB, Roques X. Intra-dia-

phragmatic pacemaker implantation in very low weight pre-

mature neonate. Interact Cardiovasc Thorac Surg.

2009;9:743–4.

56. Valsangiacomo E, Molinari L, Rahn-Schonbeck M, Bauersfeld

U. DDD pacing mode survival in children with a dual-chamber

pacemaker. Ann Thorac Surg. 2000;70:1931–4.

57. Kim JJ, Friedman RA, Eidem BW, Cannon BC, Arora G, Smith

EO, Fenrich AL, Kertesz NJ. Ventricular function and long-term

pacing in children with congenital complete atrioventricular

block. J Cardiovasc Electrophysiol. 2007;18:373–7.

58. Vatasescu R, Shalganov T, Paprika D, Kornyei L, Prodan Z,

Bodor G, Szatmari A, Szili-Torok T. Evolution of left ventric-

ular function in paediatric patients with permanent right ven-

tricular pacing for isolated congenital heart block: a medium

term follow-up. Europace. 2007;9:228–32.

59. Shalganov TN, Paprika D, Vatasescu R, Kardos A, Mihalcz A,

Kornyei L, Szatmari A, Szili-Torok T. Mid-term echocardio-

graphic follow up of left ventricular function with permanent

right ventricular pacing in pediatric patients with and without

structural heart disease. Cardiovasc Ultrasound. 2007;5:13.

60. Tantengco MV, Thomas RL, Karpawich PP. Left ventricular

dysfunction after long-term right ventricular apical pacing in the

young. J Am Coll Cardiol. 2001;37:2093–100.

61. Walker F, Siu SC, Woods S, Cameron DA, Webb GD, Harris L.
Long-term outcomes of cardiac pacing in adults with congenital

heart disease. J Am Coll Cardiol. 2004;43:1894–901.

62. Rosenqvist M, Bergfeldt L, Haga Y, Ryden J, Ryden L, Owall

A. The effect of ventricular activation sequence on cardiac

performance during pacing. Pacing Clin Electrophysiol.

1996;19:1279–86.

J Artif Organs (2013) 16:23–33 31

123



63. Andersen HR, Nielsen JC, Thomsen PE, Thuesen L, Mortensen

PT, Vesterlund T, Pedersen AK. Long-term follow-up of

patients from a randomised trial of atrial versus ventricular

pacing for sick-sinus syndrome. Lancet. 1997;350:1210–6.

64. Nielsen JC, Kristensen L, Andersen HR, Mortensen PT, Pe-

dersen OL, Pedersen AK. A randomized comparison of atrial

and dual-chamber pacing in 177 consecutive patients with sick

sinus syndrome: echocardiographic and clinical outcome. J Am

Coll Cardiol. 2003;42:614–23.

65. Lamas GA, Lee KL, Sweeney MO, Silverman R, Leon A, Yee

R, Marinchak RA, Flaker G, Schron E, Orav EJ, Hellkamp AS,

Greer S, McAnulty J, Ellenbogen K, Ehlert F, Freedman RA,

Estes NA 3rd, Greenspon A, Goldman L. Ventricular pacing or

dual-chamber pacing for sinus-node dysfunction. N Engl J Med.

2002;346:1854–62.

66. Sweeney MO, Hellkamp AS, Ellenbogen KA, Greenspon AJ,

Freedman RA, Lee KL, Lamas GA. Adverse effect of ventric-

ular pacing on heart failure and atrial fibrillation among patients

with normal baseline QRS duration in a clinical trial of pace-

maker therapy for sinus node dysfunction. Circulation.

2003;107:2932–7.

67. Wecke L, Rubulis A, Lundahl G, Rosen M, Bergfeldt L. Right

ventricular pacing–induced electrophysiological remodeling in

the human heart and its relationship to cardiac memory. Heart

Rhythm. 2007;4:1477–86.

68. Kaltman JR, Ro PS, Zimmerman F, Moak JP, Epstein M, Zeltser

IJ, Shah MJ, Buck K, Vetter VL, Tanel RE. Managed ventricular

pacing in pediatric patients and patients with congenital heart

disease. Am J Cardiol. 2008;102:875–8.

69. Karpawich PP. Chronic right ventricular pacing and cardiac

performance? The pediatric perspective. Pacing Clin Electro-

physiol. 2004;27:844–9.

70. Thambo JB, Bordachar P, Garrigue S, Lafitte S, Sanders P,

Reuter S, Girardot R, Crepin D, Reant P, Roudaut R, Jaı̈s P,

Haı̈ssaguerre M, Clementy J, Jimenez M. Detrimental ventric-

ular remodeling in patients with congenital complete heart block

and chronic right ventricular apical pacing. Circulation.

2004;110:3766–72.

71. Chen CA, Wang JK, Lin MT, Lu CW, Wu KL, Chiu SN, Chiu

HH, Wu ET, Lue HC, Wu MH. Dilated cardiomyopathy after

long-term right ventricular apical pacing in children with com-

plete atrioventricular block: role of setting of ventricular pacing.

J Card Fail. 2009;15:681–8.

72. Leclercq C, Gras D, Le Helloco A, Nicol L, Mabo P, Daubert C.

Hemodynamic importance of preserving the normal sequence of

ventricular activation in permanent cardiac pacing. Am Heart J.

1995;129:1133–41.

73. Matsuda N. Advance in pacing therapy. Jpn J Artif Organs.

2010;39:162–5.

74. Matsumoto K. Advance in pacemaker therapy. Jpn J Artif

Organs. 2006;35:323–6.

75. Toyosmima K. Update of pacemaker therapy. Jpn J Artif

Organs. 2009;38:130–3.

76. Tops LF, Schalij MJ, Bax JJ. The effects of right ventricular

apical pacing on ventricular function and dyssynchrony. J Am

Coll Cardiol. 2009;54:764–76.

77. de Cock CC, Giudici MC, Twisk JW. Comparison of the hae-

modynamic effects of right ventricular outflow-tract pacing with

right ventricular apex pacing: a quantitative review. Europace.

2003;5:275–8.

78. Tops LF, Delgado V, Bax JJ. The role of speckle tracking strain

imaging in cardiac pacing. Echocardiography. 2009;26:315–23.

79. Prinzen FW, Peschar M. Relation between the pacing induced

sequence of activation and left ventricular pump function in

animals. Pacing Clin Electrophysiol. 2002;25:484–98.

80. Deshmukh P, Casavant DA, Romanyshyn M, Anderson K.

Permanent, direct His-bundle pacing: a novel approach to car-

diac pacing in patients with normal His-Purkinje activation.

Circulation. 2000;101:869–77.

81. Peschar M, de Swart H, Michels KJ, Reneman RS, Prinzen FW.

Left ventricular septal and apex pacing for optimal pump

function in canine hearts. J Am Coll Cardiol. 2003;41:1218–26.

82. Vanagt WY, Prinzen FW, Delhaas T. Physiology of cardiac

pacing in children: the importance of the ventricular pacing site.

Pacing Clin Electrophysiol. 2008;31:S24–7.

83. Blanc JJ, Etienne Y, Gilard M, Mansourati J, Munier S, Boschat

J, Benditt DG, Lurie KG. Evaluation of different ventricular

pacing sites in patients with severe heart failure: results of an

acute hemodynamic study. Circulation. 1997;96:3273–7.

84. Geldorp IE, Vanagt WY, Bauersfeld U, Tomaske M, Prinzen

FW, Delhaas T. Chronic left ventricular pacing preserves left

ventricular function in children. Pediatr Cardiol.

2008;30:125–32.

85. Moak JP, Hasbani K, Ramwell C, Freedenberg V, Berger JT,

DiRusso G, Callahan P. Dilated cardiomyopathy following right

ventricular pacing for AV block in young patients: resolution

after upgrading to biventricular pacing systems. J Cardiovasc

Electrophysiol. 2006;17:1068–71.

86. Rehwinkel AE, Müller JG, Vanburen PC, Lustgarten DL.

Ventricular resynchronization by implementation of direct His

bundle pacing in a patient with congenital complete AV block

and newly diagnosed cardiomyopathy. J Cardiovasc Electro-

physiol. 2011;22:818–21.

87. Hollander SA, Rosenthal DN. Cardiac resynchronization therapy

in pediatric heart failure. Prog Pediatr Cardiol. 2011;31:111–7.

88. Dubin AM, Janousek J, Rhee E, Strieper MJ, Cecchin F, Law

IH, Shannon KM, Temple J, Rosenthal E, Zimmerman FJ, Davis

A, Karpawich PP, Al Ahmad A, Vetter VL, Kertesz NJ, Shah M,

Snyder C, Stephenson E, Emmel M, Sanatani S, Kanter R, Batra

A, Collins KK. Resynchronization therapy in pediatric and

congenital heart disease patients: an international multicenter

study. J Am Coll Cardiol. 2005;46:2277–83.

89. Stephenson EA, Casavant D, Tuzi J, Alexander ME, Law I,

Serwer G, Strieper M, Walsh EP, Berul CI. Efficacy of atrial

antitachycardia pacing using the Medtronic AT500 pacemaker

in patients with congenital heart disease. Am J Cardiol.

2003;92:871–6.

90. Drago F, Silvetti MS, Grutter G, De Santis A. Long term

management of atrial arrhythmias in young patients with sick

sinus syndrome undergoing early operation to correct congenital

heart disease. Europace. 2006;8:488–94.

91. Gillette PC, Zeigler VL, Case CL, Harold M, Buckles DS. Atrial

antitachycardia pacing in children and young adults. Am Heart

J. 1991;122:844–9.

92. Dodge-Khatami A, Kadner A, Dave H, Rahn M, Pretre R,

Bauersfeld U. Left heart atrial and ventricular epicardial pacing

through a left lateral thoracotomy in children: a safe approach

with excellent functional and cosmetic results. Eur J Cardio-

thorac Surg. 2005;28:541–5.

93. Rausch CM, Hughes BH, Runciman M, Law IH, Bradley DJ,

Sujeev M, Duke A, Schaffer M, Collins KK. Axillary versus

infraclavicular placement for endocardial heart rhythm devices

in patients with pediatric and congenital heart disease. Am J

Cardiol. 2010;106:1646–51.
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