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Abstract

Background Implantable cardioverter defibrillators (ICD) are widely accepted therapy in children and adolescents who are
survivors of cardiac arrest or for high-risk patients with inheritable channelopathies, cardiomyopathies, or congenital heart
disease. Initial experience with subcutaneous ICD (S-ICD) systems has shown a high efficacy in adults. However, the use of
S-ICD in children and adolescents implies some specific considerations, as the safety for these patients is unknown and
recommendations among physicians may vary widely.

Methods We reviewed the data and studied the indications for S-ICD in children and adolescents and discuss the preliminary
clinical experience.

Results From a cohort of 297 patients enrolled in the S-ICD “Monaldi care” registry that encompass all the patients implanted in
the Monaldi Hospital of Naples, we considered 21 consecutive children and adolescents (mean age 13.9 years, range 8-18 years,
mean body weight 59.3 kg, range 38-100 kg) who underwent S-ICD implant from April 2014 to June 2020. Mean follow-up was
41.9£21.9 months. Only one patient presented, 6 weeks after implantation, skin erosion at the inferior parasternal incision that
resolved after antibiotic therapy, without the necessity of any system revision. Two patients experienced appropriate shocks and
four inappropriate shocks, due to T wave oversensing or atrial arrhythmia. Only one patient, with arrhythmogenic right ventric-
ular dysplasia, required a system revision after 36 months of the first implantation and then a reintervention with a replacement of
the S-ICD by a conventional ICD system.

Conclusions Our experience suggests that the S-ICD device can be used in some children over the age of 8 as well as adults, with
a similar rate of unwanted side effects, and early evidence of apparent efficacy.

Keywords Subcutaneous implantable cardioverter defibrillator - Transvenous implantable cardioverter defibrillator - Sudden
death - Ventricular arrhythmias - Inappropriate shock

1 Introduction cardiomyopathies, or congenital heart disease [1-5]. However,

placement of traditional transvenous ICD system, especially in

Implantable cardioverter defibrillators (ICD) are widely accept-
ed therapy in children and adolescents who are survivors of
cardiac arrest in the absence of reversible causes or for high-
risk patients with inheritable channelopathies,
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children and adolescents, may be problematic because of the
elevated rate of lead malfunction and failure, children’s growth,
various anatomic constraints, or lack of vascular access [6—8].

Although the subcutaneous implantable cardioverter defi-
brillator (S-ICD) has been advocated to overcome many of
these limitations and seems to be ideally suited especially
for young patients with a life expectancy of more than 10
years [1, 9, 10], there is little clinical experience with this
technology particularly for youngest patients, while it has
showed a high efficacy in adults [11-13]. The present study
from the S-ICD “Monaldi Care” registry, that encompasses all
the patients implanted in the Monaldi Hospital of Naples,
examines the preliminary clinical experience with the S-ICD
in children and adolescents.
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2 Methods

This is an observational, retrospective study on S-ICD im-
plantation and follow-up in children and adolescents. Data
were collected prospectively in the S-ICD “Monaldi care”
registry and analyzed retrospectively. In 2013, we started
our own Monaldi Hospital registry, named S-ICD
“Monaldi Care” registry, which was later incorporated into
the S-ICD Rhythm Detect Registry [14]. We prospectively
entered data from all patients who underwent S-ICD im-
plantation in our Hospital. The S-ICD “Monaldi Care” reg-
istry was developed under the agreement of different EP
teams working in the hospital to perform epidemiological
analyses and publish their results for the population of
patients with implanted S-ICD. The registry was approved
by the local ethics committee, and the study protocol
conformed to the ethical guidelines of the 1975
Declaration of Helsinki and its later amendments.

Informed consent for data storage and analysis was obtain-
ed from the patient’s guardians.

2.1 Selection of the patients

All the patients aged less than 18 years, who underwent S-ICD
implantation between April 2014 and June 2020, were includ-
ed in the study, as they were already enrolled in the “Monaldi
Care” registry including a total of 297 patients.

2.1.1 Inclusion criteria (specific indications for S-ICD
implantation)

International guidelines were followed for ICD implantation
[1,2].

In particular, the indication for S-ICD was considered for
children or adolescents who had no favorable venous access
(occluded veins, congenital anomalies), patients with intracar-
diac shunts or with a history of endocarditis, and when pacing
therapy for bradycardia support, cardiac resynchronization, or
anti-tachycardia pacing was not needed.

2.2 S-ICD screening

All the enrolled patients were eligible for S-ICD suitability as
they had at least one surface ECG lead (sensing vector) con-
sidered acceptable for all postures tested (i.e., supine and
standing position) and during exercise test. In patients already
having pacemakers appropriate S-ICD sensing was also veri-
fied during atrial and/or ventricular pacing.

2.3 Implantation procedure

All procedures were performed in the electrophysiology/
cardiac pacing laboratory by a single team of five
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electrophysiologists of the Adult Congenital Heart Disease
(ACHD) Unit with the support of the manufacturer’s techni-
cians. Implantations were performed under general anesthesia
or, only in the procedures performed in 2019 and 2020,
through ultrasound-guided serratus anterior plane block [15].
At the onset of the experience a complete subcutaneous ap-
proach was performed, thereafter, the inter-muscular approach
was preferred. Antibiotic prophylaxis was given to every pa-
tient. In the 2014-2015 cases, S-ICDs (model Emblem A209,
Boston Scientific, Natick, NA, USA) were implanted via a
standard three-incision approach. Subsequently, S-ICDs
(models Emblem A219, Boston Scientific, Natick, NA,
USA) were implanted applying a three- or two-incision tech-
nique [16].

Acute efficacy of the system was tested by single shock and
was defined as successful conversion of induced ventricular
tachycardia/ventricular fibrillation by an intraoperative defi-
brillation test (DT) to sinus rhythm. If the test was unsuccess-
ful, the shock vector polarity was reversed.

For patients in which the intra-operative DT repeated twice
showed a lack of inducibility, 10 J shocks were delivered
synchronously in sinus rhythm. An impedance of <90 2 was
considered indicative of device system integrity and appropri-
ate system position achieved [17]. All patients received indi-
vidualized dual-zone programming (conditional shock zone
and shock zone).

2.4 Data collection
Following data was collected:

(1). Patient demographics

(2). -Preimplant clinical characteristics (congenital diag-
nosis and details regarding surgical repair/
palliation; a copy of the preimplant 12-lead ECG;
results of S-ICD eligibility screening both at base-
line in supine and standing positions, as well as
with exercise testing, if suitable for the patient,
existing cardiac implantable electronic device de-
tails; drug therapy; ICD indication and reasons
for use of the S-ICD)

(3). Implant characteristics (implant techniques, results of
defibrillation testing, initial S-ICD programming, a copy
of the post-procedural chest x-ray, procedural complica-
tions, and post-procedural length of stay)

Acute complications were defined as those occurring be-
fore discharge from the hospital or within 30 days of implant.

Therapies were classified as appropriate if delivered for
ventricular tachycardia/ventricular fibrillation (VT/VF); oth-
erwise, they were considered inappropriate (IAS = inappropri-
ate shock).
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2.5 Follow-up

Patients were regularly followed between February 2015 and
October 2020 at the Pediatric and Adult CHD Unit in accor-
dance with the following protocol: patients underwent clinical
evaluation, ECG, and device interrogation 1 month after the
implant and every 3—4 months thereafter.

Trans-thoracic echocardiography, Holter monitoring, and,
when possible, exercise testing were performed every 12
months for periodic functional evaluation of the disease.

The outcomes analyzed included patients’ characteristics,
long-term complications, all post-operative VF episodes, time
to the first appropriate shock, first inappropriate shock, and all
appropriate and inappropriate shocks during follow-up.

2.6 Data analysis

Data are presented as mean + standard deviation or median
(interquartile range) for continuous variables as appropriate
and as frequencies and percentages for dichotomous variables.
The study is descriptive, with no inferential statistics
performed.

3 Results

All the patient’s data are reported in Tables 1 and 2.
3.1 Baseline patient characteristics

From a large cohort of 297 patients enrolled in the S-ICD
“Monaldi care” registry, 21 consecutive children and adoles-
cents (mean age 13.9 years; range 8-18 years, 7 females) who
underwent S-ICD implant from February 2015 to June 2020
were included in the study.

Mean weight was 59.3kg (range 38-100 kg), height
158.1cm (range 135-182 cm), body mass index 23 (range
16.8-36.73), and body surface area 1.6 (range 1.14-2.1).
Notably, five patients (patient #2, #4 Fig. 1, #8, #19 Fig. 2,
#21 Fig. 3) underwent cardiac surgery early in the life. Only
one patient (#19, Fig. 2) with a repaired tetralogy of Fallot had
a previously pacemaker device at the time of S-ICD implan-
tation. Primary prevention was the indication in 7 (33% of the
patients). Two patients (patient #9, #17) with dilated cardio-
myopathy following myocarditis and two patients with com-
plex CHD (patient #4, Fig. 1, patient #19, Fig. 2) showed
persistent reduced ejection fraction (<35%) despite maximal
therapy and entered the criteria for S-ICD implantation. One
patient with hypertrophic cardiomyopathy (HCM) (patient #1)
presented 3 major pediatric risk factors for sudden cardiac
death (SCD): severe ventricular hypertrophy with Z score
>6, non-sustained VT, and family history of SCD [18]. The
patient with arrhythmogenic right ventricular dysplasia

(ARVD) (patient #14) presented 2 major risk factors: non-
sustained VT and moderate right ventricle dysfunction [19].
The patient with Brugada syndrome (BrS) (patient #16) had a
spontaneous diagnostic type I ECG pattern, history of synco-
pe, and induced VF during programmed ventricular stimula-
tion [1].

Notably, in the period between April 2014 and June 2020,
no patients who entered the inclusion criteria (specific indica-
tions for S-ICD implantation) were rejected for the S-ICD
implant, as all passed the S-ICD screening.

3.2 Procedural data

Eighteen patients passed the S-ICD eligibility test with the
electrode in the right parasternal position and three in a left
parasternal position. Three patients presented 1 sensing vector
acceptable for all postures tested, 8 patients showed 2 sensing
vectors acceptable, and 10 patients presented all the 3 sensing
vectors. The standard three-incision approach was adopted in
the first 4 patients, and the two-incision technique was used in
the following 17. The generator was positioned in an inter-
muscular pocket in all but 3 patients. In 5 patients, a defibril-
lation test was not performed: in one patient, the test was not
performed due to low ejection fraction, and in four patients, a
test repeated twice intraoperatively showed a lack of induc-
ibility. For these patients, 10 J shocks were delivered synchro-
nously in sinus rhythm. An impedance ranging between 10
and 5552 was found in all, and it was considered highly indic-
ative of device system integrity and appropriate system posi-
tion. In the last implanted patients (pt. #18, 19, 20, 21) in
which was available AP/LL post-procedural chest X-ray,
PRAETORIAN scores [20], adopted since 2019, documented
30 to 60 points representing a low risk of conversion failure.
All patients had dual-zone programming. The conditional
shock zone was programmed between 200 and 220 bpm,
and the shock zone was programmed for all at 250bpm.
Seven patients received the “Latitude system” for remote au-
tomatic, in-home monitoring, most of them implanted in the
period 2018-2020.
No complications were reported during the procedures.

3.3 Follow-up

The post-operative course was uneventful, and all the patients
were discharged between 2 and 3 days after the procedure.
Mean follow-up was 41.9+£21.9 months (range 4-78 months).
No acute (within 30 days of implant) complications (infec-
tions or skin erosions) were reported. Patient #13 presented,
6 weeks after implantation, skin erosion at the inferior
parasternal incision. A culture was positive for staphylococcus
epidermidis. After specific antibiotic therapy, the skin erosion
had no sequelae and the patient did not need any system revi-
sion. Two patients (patient #7 and #14) experienced VF
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Table 1 (continued)

Drugs at discharge

Indication

BSA  Diagnosis

BMI
(kg/m®)  (m?)

Height

(cm)

Sex Age Weight

Pt.

(kg)

Bisoprolol,

Primary

furosemide,

prevention

candesartan

Nadolol

Secondary

150 20 1.37 LQTS

45

11

#0 M

prevention

AAI+VSD+ASD s/p Damus-Kaye-Stansel mod procedure s/p bidirectional Glenn shunt s/p Yasui opera- Secondary

Bisoprolol, lisinopril,

152 22.94 1.48

53

14

#21 M

furosemide

prevention

tion s/p VSD device closure s/p melody valve implantation

BMLI, body mass index; BSA, body surface area; HCM, hypertrophic cardiomyopathy; PA, pulmonary atresia; VSD, ventricular septal defect; LQTS, long QT syndrome; BAV, bicuspid aortic valve; AAI,

aortic arch interruption; DCM, dilated cardiomyopathy; VT, ventricular tachycardia; VF, ventricular fibrillation; BrS, Brugada syndrome; ARVD, arrhythmogenic right ventricular dysplasia; ASD, atrial

septal defect

appropriately detected and treated. Four patients (patient #5,
#14, #15, and #21) experienced IAS. In patients #5 (Fig. 4),
#14, and #21, the IAS was due to T wave oversensing and in
patient #15 was due to atrial arrhythmia. Notably, in one pa-
tient (#14) affected by arrhythmogenic right ventricular dys-
plasia, following repeated inappropriate shocks, due to T
wave oversensing and progressive reduced amplitude of
QRS complexes over the time, a system revision after 36
months, the first implantation was required and then, as the
screening vectors were considered unsatisfactory, a
reintervention with a replacement of the S-ICD by a conven-
tional ICD system.

4 Discussion

This study on children and adolescents with S-ICD includes
the largest population of patients <18 years old analyzed so
far. Most reports have been limited to isolated case reports or
case series on children and adolescents, some include older
patients as well and registry studies evaluating the general S-
ICD population. The results of this study suggest that the S-
ICD device can be used in some children over the age of 8 as
well as adults, with a similar rate of unwanted side effects, and
early evidence of apparent efficacy.

4.1 Potential benefits of S-ICD in young patients

The S-ICD system was developed because of its perceived
benefits over transvenous ICD systems especially for young
patients with a life expectancy of more than 10 years [21]. It is
likely that the eliminated need for transvenous lead placement
substantially reduces the implant-related complications asso-
ciated with transvenous lead insertion, especially in young
physically active patients. The advantages of the S-ICD are
the absence of leads within the heart and the preservation of
central venous circulation other than the extremely low risk of
systemic infections [22, 23]. Furthermore, mechanically in-
duced pro-arrhythmia from the lead [24] and lead-associated
tricuspid regurgitation have also been postulated as possible
adverse consequences of transvenous lead use [25, 26].
Difficulties in achieving venous access [27], which can pro-
long the procedure and occasionally results in failed implant-
able cardioverter defibrillator implantation, can be avoided.
Lead failure, sometimes due to lead fracture remains a major
limitation in the use of transvenous ICD systems over the long
term [6, 7], as lead failure generates inappropriate shocks or
impedes appropriate therapy. The S-ICD with its entirely sub-
cutaneous and more robust lead probably elongates lead lon-
gevity because the lead is less subject to mechanical stress.
The S-ICD also promises to offer advantages for extraction
procedures, which are associated with substantial morbidity
and mortality, when required. These advantages might

@ Springer
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Fig. 1 Post-implant chest x-rays
(AP/LL). Patient #4 (16 years old/
F, 40kg, 1.3m> BSA): Shone
syndrome s/p repair. Mitral valve
replacement

become particularly evident in cases where lead extraction is
indicated because of lead fractures or infections, a condition
quite frequent in the youngest patients.

An important drawback of the S-ICD system may be the
size of the can, especially in children and adolescents with
little subcutaneous tissue. The larger generator might increase
the risk of skin erosion, patient’s discomfort, and infection as
compared with the conventional ICDs. In addition, the heavier
weight could cause device dislodgement and could potentially
lead to a change of the shock configuration, with

Fig. 2 Post-implant chest x-rays
(AP). Patient #19 (13 years old/F,
43kg, 1.41m? BSA): Tetralogy of
Fallot s/p repair s/p PMK

unpredictable consequences on algorithm detection properties
and defibrillation threshold. In our series, the implantation
procedure was absolutely successful and free from complica-
tions. In all the tested patients, S-ICD was effective in termi-
nating induced ventricular fibrillation. In our study, the post-
operative course was uneventful. All the patients were mobi-
lized shortly after the implantation and were discharged be-
tween 2 and 3 days after the procedure. Nevertheless, no acute
complications, infections, or skin erosions were observed.
Notably, only one patient (patient #13) presented, 6 weeks
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Fig. 3 Post-implant chest x-rays
(AP/LL). Patient #21 (14 years
old/M, 53kg, 1.48m> BSA):
Aortic arch interruption +ventric-
ular septal defect + atrial septal
defect s/p Damus-Kaye-Stansel
modified procedure s/p bidirec-
tional Glenn shunt s/p Yasui op-
eration s/p ventricular septal de-
fect device closure s/p melody
valve implantation

after implantation, skin erosion at the inferior parasternal in-
cision. After specific antibiotic therapy, as a culture was pos-
itive for staphylococcus epidermidis, the skin erosion had no
sequelae and the patient did not need any system revision.
This patient was the only one in which the horizontal incision

at the xiphoid process was closed by means of absorbable
sutures, differently from all the others. It is not clear if it can
exist in any association between this type of suture and the
occurrence of the observed late complication. More observa-
tions would clarify this aspect. Although pocket infections can

Fig. 4 Patient #5 (8 years old/M,

38kg, 1.2m* BSA): long QT

6,0 sec

syndrome. Inappropriate shock 0,0 sec

due to multiple cardiac

oversensing (P wave and double

T wave counting)

6,0 sec

12,0 sec

12,0 sec

38,2 sec

38,2 sec

44,2 sec

44,2 sec

50,2 sec

50,2 sec |

56,2 sec

56,2 sec

63,9 sec

63,9 sec

69,9 sec

@ Springer



JInterv Card Electrophysiol (2022) 63:283-293

291

after implantation. Excellent cosmetic outcome

occur with the subcutaneous implantable cardioverter defibril-
lator (5-10%, similar to transvenous devices), infection re-
solves with antibiotics in the majority of cases. Explantation
is rarely necessary; however, explanting a subcutaneous im-
plantable cardioverter defibrillator is much simpler and safer
than endovascular lead extraction. The lack of acute compli-
cations, and the presence of a single late complication, differ-
ently from other studies interesting similar populations [9, 10,
22, 23], could be related in our series to the smaller size of the
can used (Emblem), that has a 20% reduction in device profile
compared to the previous model, and the prevalent use of
inter-muscular approach and two incision techniques. Our ex-
perience with S-ICD shows a high efficacy. Only three pa-
tients showed episodes of IAS due to T-wave oversensing,
with double-counting (in one case the IAS was position-
dependent sitting on the floor in the squatting position) and
only one patient showed IAS due to atrial arrhythmias. All the
IAS disappeared with better strategic programming over the
time and increased operator experience. Changing of the sens-
ing vector, activation of the SMART PASS filter, improved
detection algorithms other than extended use of “latitude sys-
tem” for remote monitoring, and adequate antiarrhythmic
therapy can reduce unwanted inappropriate shocks. Remote
monitoring has been already shown to have an important role
in the timely diagnosis of atrial tachyarrhythmias, device-
related complications, and inappropriate therapies. If these
events could be detected earlier, appropriate measures could
be undertaken to reduce the number of shocks and spare the
device battery [28]. Only one patient required a system revi-
sion after 36 months of the first implantation and then, as the
screen vectors were still considered unsatisfactory, a

reintervention with a replacement of the S-ICD by a conven-
tional ICD system. The patient was affected by familial
ARVD, with a progressive reduction of QRS complexes am-
plitude over the time. Explantation of the S-ICD was uncom-
plicated. This case highlights the need for a strict follow-up
and probably a periodic defibrillation threshold testing during
growth in young children or particularly in the subset of pa-
tients in which a modification of QRS complexes can be sup-
posed. Furthermore, this case underlines some peculiar as-
pects of the ARVD patients that should be taken into account
in the assessment of S-ICD eligibility. Perhaps, those patients
that typically exhibit reduced QRS voltages amplitude [17, 29,
30] and large negative T-waves and/or right atrial enlargement
(peaked P waves) may be more prone to double-counting and
IAS over the time [23, 31]. Consequently, probably for young
patients with ARVD, it may be desirable to have at least two
surface ECG lead (sensing vector at screening) considered
acceptable for all postures tested (i.e., supine and standing
position) and during a treadmill exercise test.

4.2 Potential benefits of S-ICD in primary prevention

In our series, primary prevention was the S-ICD indication in
seven patients (33% of all, aged 14.5+3 years, 1.7+0.3 BSA).
For these young patients, with a supposed long-life expectan-
cy might be preferable for the implantation of a fully S-ICD
device as young patients may expect many ICD changes dur-
ing their life-time and therefore are most likely to undergo
multiple procedures for lead revision or extractions, with a
high risk of infections. In our study, there were no issues
regarding growth and size. The youngest patient implanted
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was 8 years old (patient #5, LQTS, height 138cm, weight
38kg), and the smallest patient had a BMI of 16.8 kg/m2
(patient #19, Fig. 2 repaired tetralogy of Fallot). Moreover,
the two-incision inter-muscular technique [32] used for the
majority of the patients might be safe and useful in reducing
potentially pocket-related complications, providing a better
cosmetic outcome (Fig. 5), condition really important, espe-
cially in thin young individuals.

4.3 Limitations

The main limitations of this study are the small sample size,
the low event rate, the retrospective design of the analysis, and
the relatively limited follow-up period.

5 Conclusions

Our experience suggests that S-ICD device can be used in
some children over the age of 8 as well as adults, with a similar
rate of unwanted side effects and early evidence of apparent
efficacy, especially in high-risk patients with inheritable chan-
nelopathies, cardiomyopathies or CHD, complex anatomy,
and limited venous access to the heart, albeit conditional to
the screening test being positive. In this population, the use of
S-ICD promises to offer advantages and lesser risks than the
classic ICD transvenous system [7, 28, 33]. The S-ICD is no
real option when there is clearly pace-terminable arrhythmia
history, or possibility of resynchronisation via an additional
LV epicardial lead (CRT-ICDs), or pacemaker requirement,
but could certainly be of value in primary prophylaxis pa-
tients. Large prospective comparative trials will be needed to
fully gauge S-ICD potential compared with classical
transvenous ICD system in young high-risk patients.
Ongoing and future studies will help guide our decisions.

Abbreviations ICD, Implantable cardioverter defibrillator; S-ICD,
Subcutaneous implantable cardioverter defibrillator; CHD, Congenital
heart disease; VF, Ventricular fibrillation; VT, Ventricular tachycardia;
IAS, Inappropriate shock; SCD, Sudden cardiac death; HCM,
Hypertrophic cardiomyopathy; ARVD, Arrhythmogenic right ventricular
dysplasia; BrS, Brugada syndrome
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