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Abstract Pediatric pacemaker (PM) implants comprise
less than 1 % of all PM implants. This study aimed to
investigate permanent cardiac pacing among the pediatric
population, identifying different indications and compli-
cations of pediatric cardiac pacing, especially focusing on
the effect of the pacing sites, the PM lead type, and the
indications for pacing. The current work is a cross-sec-
tional study of 103 procedures for permanent PM insertion
in pediatric patients between January 2001 and December
2010. The patients were followed up 1, 3, and 6 months
after implantation, then every 6 months or as needed.
Evaluation included routine clinical examination, electro-
cardiography, chest X-ray, echocardiography, and a full
analysis of the pacing system measurements. The ages of
the patients ranged from 0.09 to 12 years (median,
2.3 years). The most common indication for pacing was
postoperative complete heart bock, noted in 54 patients
(52.4 %). Transvenous endocardial PM insertion was per-
formed in 92 procedures (89.3 %), whereas transthoracic
epicardial insertion was performed in 11 procedures
(10.7 %). The most common site of pacing was the right
ventricular apex (n = 64, 62 %), followed by the right
ventricular outflow tract (n = 25, 24.3 %). Transthoracic
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epicardial PM insertion was associated with a significantly
higher percentage and greater severity of complications. In
this study, 65 % of the patients with left ventricle (LV)
dilation before pacing showed a significant improvement in
LV dimensions and function after pacing. This was noted
only in those with endocardially inserted PM leads in both
the congenital and the postoperative groups regardless of
the pacing site. Endocardial PM insertion in children is a
safe procedure with fewer complications and a lower
ventricular threshold than the epicardial route. Permanent
single-chamber right ventricle pacing is safe and can lead
to significant improvement in LV function and dimensions.
However, long-term follow-up assessment is needed for
further evaluation.

Keywords Endocardial pacemaker insertion -
Epicardial pacemaker insertion - Pediatric pacemaker
implants - Permanent cardiac pacing

Pacemakers (PMs) were introduced into clinical practice
several decades ago and currently are used in a growing
number of patients [12]. Since insertion of the first cardiac
PM in 1958, vast changes have occurred in both the tech-
nology of the devices and their indications. Devices have
evolved from single-lead and fixed-rate systems to multi-
chamber rate-responsive systems with increasingly
sophisticated software [22].

Pediatric PM implants comprise less than 1 % of all PM
implants [13]. The indications for pacing in newborns and
infants are divided predominantly into three groups: con-
genital abnormalities of the conduction system, acquired
heart blocks after cardiac surgery for correction of con-
genital defects, and sinus node diseases [1]. After half a
century of major progress in congenital heart disease
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management, atrioventricular (AV) conduction block con-
tinues to complicate 1-3 % of cardiac surgical procedures
[9].

Chronic right ventricular (RV) apical pacing may have a
detrimental effect on left ventricular (LV) function and
could promote heart failure in adult patients with LV
dysfunction [18]. However, in pediatric patients, with or
without structural heart disease, this does not necessarily
result in a decline of LV function [18]. Unfortunately,
limited clinical pediatric studies have evaluated precise
site-specific lead locations [11].

The implantation of permanent PMs in children and
adolescents is a procedure with a generally favorable out-
come [19]. Continued experience may lead to further
improvements in cardiac pacing for children [4].

The current study aimed to investigate permanent car-
diac pacing in the pediatric population, identifying differ-
ent indications and complications of pediatric cardiac
pacing and focusing especially on the effect of the pacing
sites, the PM lead type, and the indications for pacing.

Patients and Methods

The current work is a cross-sectional study of consecutive
pediatric patients who underwent PM insertion between
January 2001 and December 2010. The following data
were particularly stressed for the patients included in the
current study:

e Preinsertion of the PM: age, sex, weight, height, body
surface area, preinsertion 12-lead electrocardiography
(ECG), Holter monitoring, and echocardiography

e PM insertion procedure details: route of lead insertion,
mode of pacing, and primary pacing settings

e Postinsertion: 12-lead ECG, Holter monitoring, and
echocardiography

e Follow-on pacing settings.

Implantation Procedure

All procedures were performed with the patient under
general anesthesia. The endocardial pacing leads were
inserted in the catheterization laboratory. The ventricular
leads were positioned in the nonsystemic ventricular apex
(LV in congenitally corrected transposition of the great
arteries, levo transposition of the great artery (L-TGA), and
in dextro-transposition of the great arteries after Senning
palliation), from which adequate values of the pacing
threshold (pulse amplitude, <1 V) and impedance (>300
and <1,000 ohms) were achieved.

Epicardial pacing leads were inserted in the operation
theater by positioning the pacing lead in the RV or LV
through sternotomy or thoracotomy (Fig. 1). The pacing
threshold and impedance were evaluated during the
implant procedure until adequate values were achieved.
The voltage stimulation threshold and pacing impedance
were rechecked on the second day, and patients were dis-
charged from the hospital 4 to 6 days after implantation.

The pulse generator most commonly used for our
patients was the Medtronic Sigma (48 patients, 46.6 %)
followed by St. Jude Verity (23 patients, 22.3 %) and St.
Jude Microny (19 patients, 18.4 %). Other types used were
St. Jude Identity (6 patients, 5.8 %), Sorin (3 patients,
2.9 %), Biotronic (3 patients, 2.9 %), and Medtronic IN-
SYNC III (1 patient, 0.97 %).

Pacing Leads

Either endocardial active-fixation steroid-eluting leads
(model: St. Jude Medical, Tendril SDX 1688T/TC) or
steroid-eluting bipolar epicardial pacing leads (model:
Medtronic CapsureEpi 4968) were used in the study.

Fig. 1 The final position of the PM. The lead is seen in place in the right ventricular outflow tract (RVOT). Note the extra loop of the ventricular

lead in the right atrium
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Temporary pacing was used for some patients before per-
manent PM insertion of either the Medtronic single- or
dual-chamber temporary PM.

Follow-up Evaluation

The patients were followed up 1, 3, and 6 months after
implantation, then every 6 months or as needed. Evaluation
included routine clinical examination, electrocardiography,
chest X-ray, echocardiography, and a full analysis of the
pacing system measurements.

Echocardiographic Follow-up Assessment

Echocardiographic evaluation was performed using the
Vivid S5 echocardiograhic machines (GE-Vingmed, Hor-
ten, Norway). Parasternal M-mode images were used to
measure the LV end-diastolic and end-systolic dimensions.
Measurements were taken at the point of peak diastolic LV
free-wall outward motion and peak systolic inward motion,
respectively, and compared with the normal values of body
weight-matched individuals using the z-score method. Left
ventricular fractional shortening was calculated according
to the following formula:

(LV end-diastolic dimension — LV end-systolic dimen-
sion)/LV end-diastolic dimension x 100.

Sinus pause or arrest was defined as absence of sinus P
waves on the ECG for more than 2 s due to a lack of sinus
nodal PM activity [5]. Pacing system implantation was
defined as placement of a new PM generator and a lead.
Replacement of a PM was defined as placement of only the
PM generator without the insertion of new leads. Lead
malfunction requiring a new pacing system implantation
was defined as (1) exit block, (2) abnormal threshold
increase with the need for high output values causing early
battery depletion and/or partial loss of capture, (3) lead
fracture, and (4) insulation break [20].

Statistical Analysis

Data were analyzed using the statistical package for social
sciences version 15 (SPSS Inc., Chicago, IL). Numeric data
are expressed as mean and standard deviation or median
and range as appropriate. Qualitative data are expressed as
frequency and percentage. For quantitative data, compari-
son between two groups was performed using the Mann—
Whitney test (nonparametric ¢ test). Comparison between
three groups was performed using the Kruskal-Wallis test
(nonparametric analysis of variance [ANOVA]) because
the variables are not normally distributed. Comparison of
two repeated measures before and after the procedure was
performed using the Friedman test and the Wilcoxon

signed-ranks test for quantitative variables and the
McNemar test for qualitative variables. A p value lower
than 0.05 was considered significant.

Results

The study involved 103 procedures for permanent PM
insertion in 91 patients, with 10 patients undergoing two
procedures for permanent PM replacement and one patient
undergoing three procedures.

Patient Characteristics

Boys made up 65 % of the study population. Their char-
acteristics are described in Table 1. The youngest patient
was 16 days old and weighed 3.5 kg, whereas the youngest
patient with an endocardial PM inserted was 56 days old
and weighed 3.2 kg. The most common indication for
pacing was postoperative complete heart block, noted in 54
(52.4 %) of the study group. Other indications included
congenital heart block (33.2 %, n = 31), congenital sinus
node dysfunction (3.8 %, n = 4), inappropriate sinus bra-
dycardia (0.9 %, n = 1), and postoperative sinus node
dysfunction (0.9 %, n = 1). The remaining 11 procedures
were PM replacements.

The most common surgical intervention complicated by
complete heart block and hence indicating a permanent PM
implantation was VSD closure (26 patients, 48.15 %) fol-
lowed by repair of Fallot’s tetralogy (11 patients, 20.35 %).
Other surgeries complicated by complete heart block are
shown in Table 2.

Mode of Pacing

The vast majority of our patients were paced using the
VVIR (ventricular pacing, ventricular sensing, inhibition
response and rate adaptive) mode devices (99 patients,
96.18 %). We used DDDR (Dual chamber pacing, Dual
chamber sensing, Dual chamber response, rate response
pacing) in two patients (1.94 %), DDD (Dual chamber
pacing, Dual chamber sensing, Dual chamber response) in
one patient (0.97 %), and multisite AV synchronous pacing
(i.e., cardiac resynchronization therapy (CRT)) in one
patient (0.97 %) with persistent heart failure functional

Table 1 Descriptive characteristics of the study population

Characteristic Median Range
Age (years) 23 0.09-12
Weight (kg) 12 342
Height (cm) 87 48-144
Body surface area (mz) 0.53 0.2-1.26
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Table 2 Different surgeries

. Frequency (n) % From the % From the
complicated by complete heart .
. . whole study postoperative
block or sinus node dysfunction opulation opulation
(SND) pop pop
After subaortic membrane resection & 1 0.9 1.85
VSD closure, complete heart block
After subaortic membrane resection, complete heart block 1 0.9 1.85
After arterial switch, complete heart block 1 0.9 1.85
After AS repair, complete heart block 1 0.9 1.85
After complete AV canal repair, complete heart block 5 4.8 9.25
After HOCM repair, complete heart block 2 1.9 3.72
After LVOT ablation, complete heart block 1 0.9 1.85
After Rastelli operation, complete heart block 1 0.9 1.85
After senning, complete heart block 2 1.9 3.72
VSD ventriculoseptal defect, AV After TOF repair, complete heart block 11 10.6 20.35
atrioventricular, HOCM After VSD closure & PDA ligation, complete heart block 1 0.9 1.85
hypertrophic obstructive
cardiomyopathy, LVOT left After VSD closure, complete heart block 26 25.2 48.15
ventricular outflow tract, TOF After VSD closure, SND 1 0.9 1.85
tetralogy of Fallot, PDA patent Total 54 52.4 100

ductus arteriosis

class 4 after previous VVIR pacing with obvious myocar-
dial impairment. No implantable cardioverter-defibrillators
(ICDs) were included.

Unipolar pacing was used whenever a Microny PM was
placed because it was the only available pacing mode of
this PM. It also was used after high thresholds during
bipolar pacing with other PMs.

Pace Polarity

Unipolar pacing was started in 19 patients (18.4 %) and
bipolar pacing in 84 patients (81.6 %). Three of these
patients (2.9 %) had lead problems (2 had breakage in one
lead limb and 1 had a marked increase in the lead impe-
dence) necessitating the shift to unipolar pacing.

Route of Insertion

Transvenous endocardial PM insertion was performed in
92 procedures (89.3 %), whereas transthoracic epicardial
insertion was performed in 11 procedures (10.7 %).

Preinsertion Echocardiographic Findings

Among those with congenital heart block and congenital
sinus node dysfunction, 81 % had abnormal echocardio-
graphic findings, the most common of which was a dilated
LV noted in 14 patients (37 %). The most common con-
genital heart defect was L-TGA, noted in 5 patients
(13.5 %) (Table 3).

Table 3 Preinsertion

echocardiographic findings in Preinsertion echo abnormality Frequency % Frorp the
. . . congenital group
patients with congenital heart (n = 37)
block and congenital sinus node _
dystunction (CND) Congenital heart block L-TGA 5 13.5
Congenital heart block PDA 4 10.8
Congenital heart block L-TGA, VSD 1 2.7
Congenital heart block L-TGA, VSD, ASD 1 2.7
. Congenital heart block Dextrocardia, single atrium, 1 2.7
L-TGA levo transposition of the PDA. CAVC. VSD. PS
great artery, PDA patent ductus C ital h block Restricti i h 1 27
arteriosis, VSD ventriculoseptal ongenital heart bloc estrictive cardiomyopathy .
defect, ASD atrial septal defect, Inappropriate sinus Bradycardia S/P VSD closure 1 2.7
CAVC common Dextrocardia
arterioventricular .canal, PS SND Single ventricle 1 27
pulmonary stenosis, S/P status
postoperative, HCM SND HCM, PFO 1 27
hypertrophic cardiomyopathy, Congenital heart block Dilated LV 14 37
PFO patent foramen ovale, LF Total 30 81

left ventricle
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Table 4 Arrhythmia events in prepacing Holter recordings

Frequency %
No events 86 83.4
Infrequent isolated PVCs 10 9.7
Ventricular tachycardia 1 0.9
Pauses 6 5.8

PVC premature ventricular contraction

Prepacing Holter Recording

All the patients had prepacing 24-Holter recording. The
slowest recorded heart rate was 35 bpm in a 2-year-old
boy. Pauses defined as more than 2 s were present in six
patients (5.8 %). The longest identified pause was 5 s.
Other events are shown in Table 4.

Site of Pacing as Recorded From Postpacing ECG

The most common site of pacing used for PM lead inser-
tion was the right ventricular apex (RVA) (n = 69, 66 %),
followed by the right ventricular outflow tract (RVOT)
(n = 25, 24.3 %). Left ventricular pacing was performed
for four patients (3.9 %) (2 patients after the Senning
operation with endocardial leads and 2 patients with epi-
cardially inserted PMs). For five patients (4.8 %), L-TGA,
pacing leads were inserted in the morphologic LV (i.e., the
right-sided ventricle).

Combined Procedures

One patient underwent pulmonary artey banding in the
same setting of epicardial permanent PM insertion.
Another patient had a patent ductus arteriosis (PDA) closed
by Amplatzer in the same session as endocardial PM
insertion, and a third patient had his PDA closed by coil
after PM was inserted in the same procedure.

Mortality

Three patients (27 %) died, all of them after an epicardial
PM insertion. The first patient, who died intraoperatively,
had a dilated myopathic heart and complete heart block
associated with long QT syndrome. The second patient
died after a mitral valve repair operation for severe mitral
regurgitation. This patient had undergone previous cor-
rective surgery for complete AV canal. In the same setting,
his second PM had been epicardially inserted, and the
procedure had been complicated by infective endocarditis.
The third patient died shortly after epicardial multisite
pacing (atrio-biventricular pacing) for cardiac resynchro-
nization (to replace her old VVIR PM) because she had a

severely dilated myopathic LV with refractory heart fail-
ure. None of the patients died after endocardial PM
insertion.

Complications

Of the 103 procedures, 74 (72 %) resulted in a noncom-
plicated course. Transthoracic epicardial PM insertion was
associated with a significantly higher percentage and
greater severity of complications (Table 5).

Two procedures were difficult and lengthy, the one due
to a double RV chamber and the other due to tricuspid
regurgitation (TR). Seven patients required PM revision
because of PM-related complications: 1 due to lead mal-
function, 2 due to mediastinitis, 2 due to pocket infection, 1
due to PM malfunction, and 1 due to PM migration and
skin necrosis. Three patients (3/7) with deep PM infections
required system removal, whereas others were adequately
treated with systemic antibiotics.

Three patients with postoperative complete heart block
(5.7 % of postoperative patients with complete heart block)
regained sinus rhythm more than 1 year after PM insertion.
In two patients, congenital complete heart block became
first-degree heart block with pacing independence most of
the time more than 5 years after PM insertion.

LV Dilation

A statistically significant improvement occurred in the LV
dimensions after pacing, with 11 patients experiencing LV
dilation after pacing versus 32 patients before pacing
(p < 0.001).

Improvement in LV dimensions was noted only in those
patients with endocardially inserted PM leads (p < 0.001).
However, the number of patients in the epicardially paced
group was limited.

A statistically significant improvement in LV dimen-
sions was found independently in the congenital complete
heart block group (14 patients with LV dilation before
pacing vs 6 patients after pacing; p < 0.001) and the
postoperative group (18 patients with LV dilation before
pacing vs 5 patients after pacing; p = 0.008), denoting
improvement in LV dimensions after pacing in both
groups.

A statistically significant improvement was found
between the pre- and postpacing LV dimensions in patients
who had RVA pacing (20 patients with LV dilation before
pacing vs 3 patients after pacing; p < 0.001) and those who
had RVOT pacing (10 patients with LV dilation before
pacing vs 4 patients after pacing; p = 0.041), with signif-
icant improvement in LV functions (fractional shortening
and ejection fraction) in both groups.
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Table 5 Complications in

epicardial versus endocardial Complications Frequency % From no.

pacing of procedures
Transthoracic epicardial procedures 11/11 100
Died intraoperatively 1 9
Died postoperatively 2 18
Pocket infection postoperatively 1 9
Dilated myopathic LV 2 11
Infective endocarditis 1 9
Lead malfunction 2 11
Medistinitis postoperatively 2 11
Transvenous endocardial procedures 18/92 19.5
Dilated myopathic LV 1 1.1
Hemothorax during the procedure & failure of PM insertion; 1 1.1

6 days later PM was inserted
Infective endocarditis 1 1.1
PM malfunction 1 1.1
PM migration & overlying skin necrosis 1
Pneumothorax during the procedure 1 1.1
Pocket infection 2 22
Right axillary vena committant thrombosis 1 1.1
Superficial wound infection 5 54
Loop of endocardial lead passed into the RV instead 1 1.1
of the RA so the threshold increased
LV left ventricle, PM Lead malfunction 1.1
pacemaker, RV right ventricle, Difficult & lengthy procedure 2 22

RA right atrium

Postpacing QRS Width Compared in Different Routes
of Insertion

Patients with epicardially inserted PMs showed a signifi-
cantly wider QRS complex (0.13 s) than the endocardial
group (0.10 s) (p = 0.003).

Follow-up Period

The mean follow-up period was 7.16 years. The mean
device longevity was 9-10 years for the St. Jude series and
7-8 years for the Medtronic and Biotronic series. We did
not have to replace any lead due to malfunction (those that
showed complications were switched from bipolar to uni-
polar pacing). The mean time until reoperation was
7.6 years.

Ventricular Output in the Last Programming Session

Comparison of the epicardially and endocardially inserted
PMs in terms of ventricular pacing amplitude (output)
showed higher outputs in the epicardial group than in the
endocardial group (the mean and median outputs were
respectively 3.06 and 2.5 V vs 2.3 and 2.00 V (p = 0.001).

@ Springer

Discussion

This study was a cross-sectional observational study of 103
procedures for permanent PM insertion in children from
January 2001 to December 2010. Pacing in the pediatric
patient is more difficult due to the size of the patient.
Smaller pulse generators and steroid-eluting active fixation
leads are a few of the technological advances that have
made pacing in children easier, safer, and more durable.
Continued experience may lead to further improvements in
endocardial pacing for children [4].

In the current study, 92 procedures (89.3 %) were per-
formed using the endocardial route and 11 (10.7 %) using
the epicardial route. In children, especially in neonates and
infants, the epicardial route was traditionally chosen until
the advent of smaller generators and lead implantation
techniques that allowed growth of the child without lead
displacement.

In our study, the youngest patient with an endocardial
PM inserted was 56 days old and weighed 3.2 kg, whereas
the youngest patient with endocardially inserted PM
reported by Nolasco et al. [14] was 1 month old and
weighed 2.3 kg. Similarly, Kammeraad et al. [10] inserted
an endocardial PM in a 2-day-old patient weighing 2.3 kg.
Previously, the insertion of a transvenous PM in a 1.3-year-
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old patient that weighed 8.5 kg was considered an
achievement [17].

In this study, postoperative complete heart block was the
most common indication for PM implantation (52.4 % of
the patients) followed by congenital heart block (33.2 %).
Similarly, Celiker et al. [4] showed that indications for PM
implantation were more postoperative than congenital.
Welisch et al. [24] reported that high-degree AV block
(Mobitz II or complete AV block) was an indication for
pacing in 65 % of their patients, 55 % of whom were
postsurgery or postintervention cases. However, others
have reported more congenital than postoperative indica-
tions for pacing [10, 21].

During the current study, three patient deaths were recor-
ded. In all three cases, the patients had their PM inserted
epicardially. Similarly, in a study of 148 children with a mean
age of 8.2 years, a higher mortality rate was reported for the
epicardial PM (5.4 %) than for the endocardial PM (0.7 %)
[15]. An 18 % mortality rate was reported in a study including
138 epicardially placed PMs [6].

Three of our patients had lead malfunctions (2 with
breakage of a limb of their epicardial lead and 1 with
marked elevation of the endocardial ventricular lead
impedance). Welisch et al. [24], reported an 18 % inci-
dence of lead complications in their patients with an
endocardial PM. This finding is congruent with several
articles related to lead complications such as that by
Fortescue et al. [7], who reported lead failure in 15 % of
their patients, with significantly higher lead failure in epi-
cardially placed leads. These authors found that epicardial
leads were more likely to fail due to fracture or exit block,
whereas transvenous leads failed more often due to insu-
lation breaks or dislodgements. Also Post et al. [16],
reported a 16 % ventricular lead failure rate.

Late recovery of AV conduction was defined as persis-
tent recovery of AV conduction more than 14 days after
the onset of complete heart block.

Atrioventricular conduction may return in a small but
significant percentage of patients after PM implantation for
complete heart block associated with congenital heart
surgery [2]. In our study, three patients with postoperative
complete heart block (~ 5 % of postoperative patients
with complete heart block) regained sinus rhythm more
than 1 year after PM insertion. The following higher rates
of AV node recovery were reported in other studies: 14 %
[24], 9.6 % [2], and 32 % [3].

When recovery of AV conduction occurs within the first
months after surgery, it appears to be reliable, suggesting
that lifelong cardiac pacing may not be necessary for these
individuals. Although the results are encouraging, contin-
ued follow-up assessment is mandated for patients with late
recovery of AV conduction due to the potential for par-
oxysmal AV block. Thus, they should be followed up like

other PM-dependent patients. The follow-up assessment
should include evaluation with electrocardiograms and
Holter monitoring. The PM may be programmed to the
lowest rate that would provide rate support in the event of
complete heart block recurrence.

Recent studies demonstrating physiologic benefits of
RV septal outflow or bundle of His pacing in deference to
the apical implant site have gained interest for potential
prevention of dysfunction and improvement of paced
myocardial contractility. Unfortunately, clinical pediatric
studies that evaluate precise site-specific lead locations
have been limited [11]. However, chronic RV pacing in
pediatric patients with or without structural heart disease
does not necessarily result in a decline of LV function [18],
as noted in the current study, because a significant
improvement in LV dimensions was noted in 76 % of those
with dilated LV prepacing after single-chamber RV pacing.

In our study, none of the patients who had normal LV
dimensions before pacing developed LV dilation after
pacing. Our results disagree with those reported by Ge-
bauer et al. [8], who showed that the incidence of LV
dilation and dysfunction in patients was found to increase
significantly from 1.3 % before PM implantation to 13.4 %
(11 of 82) patients after implantation at the last follow-up
assessment. However, improvement in LV dimensions was
noted only in those with endocardially inserted PMs.

Our comparison of the epicardially and endocardially
inserted PMs in terms of ventricular pacing amplitude
(output) showed higher outputs in the epicardial group than
in the endocardial group. This is consistent with previous
studies [15, 17, 20, 21, 23].

Conclusions and Recommendations

Endocardial PM insertion in children is a safe procedure
with less complications and a lower ventricular threshold
than epicardial PM insertion. Permanent single-chamber
RYV pacing is safe and can lead to significant improvement
in LV function and dimensions. However, long-term fol-
low-up assessment is needed for further evaluation.
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