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Abstract
The implantable cardioverter-defibrillator (ICD) is the most effective therapy to prevent sudden cardiac death (SCD) in high-
risk patients. To overcome infections and failure of transvenous leads, the most frightening complications of conventional 
ICDs, a completely subcutaneous ICD (S-ICD) has been developed and is currently adopted in routine clinical practice. 
In view of their long life-expectancy, low competitive risk of dying from non-arrhythmic causes, and high lifetime risk of 
lead-related complications requiring surgical revisions, young patients with cardiomyopathies and inherited arrhythmia 
syndromes have traditionally been considered ideal candidates for the S-ICD. However, as growing evidence supported 
S-ICD safety and efficacy, initial niche implant indications were abandoned in favor of a widespread use of this technology, 
that is currently adopted in common ICD candidates with severe left ventricular dysfunction. Indeed, guidelines recommend 
S-ICD implantation as an alternative to TV-ICDs in all ICD candidates, unless pacing is required. This review focuses on 
the contemporary experience with the S-ICD and explores future scenarios in which device-to-device communication will 
enable to combine leadless therapies.
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1 Introduction

Sudden cardiac death (SCD), defined as unexpected fatal 
event due to cardiac disease, is the most common cause of 
death, accounting for 20% of all deaths in Europe [1]. In 
young subjects, the predominant causes are channelopa-
thies and cardiomyopathies, while in the adults, coronary 
artery disease (CAD) is more prevalent. The implantable 
cardioverter-defibrillator (ICD) is the most effective ther-
apy to prevent SCD in high-risk patients [2, 3]. However, 
trans-venous ICD (TV-ICD) systems are associated with 
peri-implantation and long-term complications (systemic 
infections or endocarditis, lead failure, venous thrombosis) 

[4]. Particularly, the cumulative incidence of trans-venous 
lead failure reaches 40% eight years after implantation [5]. 
To overcome lead-related complications and morbidity asso-
ciated with conventional ICDs, a non-transvenous ICD has 
been developed: the subcutaneous ICD (S-ICD).

2  Fundamentals of the S‑ICD System

The S-ICD consists of a subcutaneous parasternal defibril-
lation lead and a pulse generator (PG) that is implanted in a 
pocket on the left lateral chest [6]. The S-ICD does not pro-
vide pacing for bradycardia or tachycardia (ATP), except for 
limited post-shock transcutaneous pacing [7]. The device is 
provided with remote monitoring, magnetic resonance com-
patibility and atrial fibrillation monitoring [8].

The S-ICD senses cardiac rhythm through three sub-
cutaneous ECG signals (primary, secondary and alternate 
vectors) recorded by two sensing electrodes and the PG. 
It is crucial that ECG signals are correctly interpreted to 
avoid double QRS counting, T-wave or noise oversens-
ing. Therefore, pre‐implant ECG screening is required to 
select patients with suitable subcutaneous signals. During 
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screening, three electrodes are positioned on the chest in the 
same position of the S‐ICD distal and proximal lead sens-
ing electrodes and the PG. ECG recordings are collected in 
supine and standing postures. In the early days, eligibility 
required manual screening, with QRS-T complexes super-
imposed on a plastic ruler provided with template boxes. 
Either the maximal R or S waves of the QRS complex and 
the T wave had to be contained within the profile of the 
template. More recently, an automated screening tool (AST) 
has been developed that shares digital filters with the sensing 
algorithm of the S-ICD (Fig. 1). AST predicts the actual per-
formance of the sensing algorithm after implantation, facili-
tates screening, and reduces subjectivity associated with the 
manual procedure. When compared to manual screening, 
AST is associated with higher pass rate due to greater toler-
ance to high-amplitude T-waves [9].

Of note, many patients implanted with an S-ICD in whom 
the screening predicts non-eligibility have normally work-
ing defibrillation systems, suggesting that inaccurate predic-
tion of ineligibility may be a specific weakness of screening 
tools.

3  Implantation and Defibrillation Threshold 
Testing

The original S-ICD implantation technique included three 
incisions: one on the left-lateral chest for the PG, and two 
on the left margin of the sternum for lead tunneling. More 
recently, an implantation technique that avoids the third 
superior parasternal incision (so-called “two-incision tech-
nique”) and uses an intermuscular pocket (between the 
serratus anterior and the latissimus dorsi muscles) for PG 
implantation has been developed [10]. The combination 
of these two techniques offers superior cosmetic results 
and likely reduces skin erosion and device infection [11]. 
Of note, intermuscular positioning of the PG prevents fat 
tissue interposition between the ICD and the thorax, thus 
reducing shock impedance and, possibly, defibrillation 
threshold (Fig. 2).

After implantation, defibrillation threshold (DFT) is 
typically determined. VF is induced using 50 Hz cur-
rent delivered by the device itself and a 65J shock is 

Fig. 1  Pre-implantation S-ICD 
screening with the automated 
screening tool (AST) for the pri-
mary, secondary, and alternate 
vectors. AST processes the sig-
nals by applying the digital filter 
that is also embedded in the 
sensing algorithm of the S-ICD. 
T waves from digitally filtered 
signals are lower in amplitude 
and smoothened as compared 
with unfiltered vectors
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delivered. Independent studies have confirmed high rates 
of successful 65J DFT in clinical practice, ranging from 
92 to 97% [12–17]. To predict the outcome of DFT test-
ing, a chest radiograph-based score (the PRAETORIAN 
score) has been developed and validated [18]. With a three 
step approach, the PRAETORIAN score assesses (1) the 
amount of fat tissue between the sternum and the coil on 
the lateral chest X-ray, (2) the position of the S-ICD in 
relation to the mid-line on the lateral chest X-ray and (3) 
the amount of fat between the device and the thoracic wall 
on the postero-anterior chest X-ray. A low PRAETORIAN 
score is associated with a very low risk of conversion fail-
ure. Indeed, in a retrospective validation of two cohorts 
of S-ICD patients, a low PRAETORIAN score resulted 
in a negative predictive value of 99,8%, with sensitivity 
and specificity of 95% and 95%, respectively. A prospec-
tive randomized trial [19] is ongoing and will answer the 
question whether DFT testing should be performed when 
S-ICD implantation is optimized based on the PRAETO-
RIAN score.

4  Clinical Experience with the S‑ICD

4.1  General Considerations

According to current guidelines [20], all ICD candidates 
have a class IIa indication for an S-ICD as an alternative to 
the TV-ICD unless pacing for bradycardia, tachycardia, or 
resynchronization is needed or anticipated. Of note, patients 
who meet criteria for an ICD who have inadequate vascular 
access or are at high risk for infections, and in whom pacing 
is neither needed nor anticipated, have a class I indication 
[20]. The American Heart Association guidelines updated 
the indications for S-ICD implantation based of multiple 
non-randomized large prospective studies.

In the early S-ICD registries patients were younger, had 
a better left ventricular ejection fraction (LVEF) and less 
comorbidities than real-world traditional ICD patients. 
Indeed, in the IDE [21] and the EFFORTLESS [22] regis-
tries, only one third of patients had ischemic cardiomyopa-
thy, mean age was 50 years, and LVEF 40%. The EFFORT-
LESS registry reported an appropriate shock rate of 5.8% 
and 13.5% at 1 and 5 years, respectively, while inappro-
priate shocks occurred in 8.1% at 1 year and 11.7% at 3.1 
years. Overall, defibrillation success rate for spontaneous 
ventricular tachycardia or ventricular fibrillation (VT/VF) 
was 97.4%. In a smaller but long-term study [23], the 6-year 
follow up of a typical early S-ICD population showed 17% 
of appropriate shocks, 21% of inappropriate shocks, and 3% 
per year of complications, with no systemic infections or 
lead failures .

In the early S-ICD experience the rate of inappropriate 
shocks was in the range of 5–25%. The main reasons for 
inappropriate interventions were supraventricular tachycar-
dia (SVT) and T-wave oversensing. Reducing inappropriate 
shocks requires a three steps approach. First, accurate patient 
selection and careful pre-implantation ECG screening. Sec-
ond, programming two zones for arrhythmia detection (a 
conditional zone with discrimination algorithms for SVTs 
and a VF zone with detection based solely on heart rate). 
Third, activating specific algorithms for T wave filtering that 
reduce double sensing.

Routine pre-implantation ECG screening during exercise 
is not recommended. However, it has been reported that 
disease-specific changes in subcutaneous signals may occur 
during exercise, such as in hypertrophic cardiomyopathy [24, 
25]. These patients should therefore always undergo exer-
cise screening. Heart rate-dependent bundle branch block is 
another condition that deserves special consideration. These 
patients can be safely managed by storing the wide QRS as 
the reference S-ICD ECG template.

Fig. 2  Chest radiograph of 
a patient implanted with a 
subcutaneous ICD. On lateral 
view (panel a), the amount of 
sub-coil fat and pulse genera-
tor placement in relation to the 
midline can be appreciated. On 
postero-anterior view (panel b) 
the amount of sub-generator fat 
can be determined. Sub-coil and 
sub-generator fat interposition is 
a well-known predictor of shock 
failure
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As growing evidence supported S-ICD safety and effi-
cacy, niche indications were abandoned in favor of a more 
extensive use of this technology, now adopted in patients 
with traditional ICD indications [3]. The prospective US 
registry S-ICD post-approval study [12] depicts a more 
contemporary scenario of clinical characteristics and acute 
outcomes of real-world patients implanted with an S-ICD, 
mostly affected by ischemic heart disease with low LVEF 
(32±15 %) and multiple comorbidities. In this setting, the 
S-ICD acute successful conversion rate was 98.7%, and the 
30-day complication rate was 3.7%, supporting efficacy and 
safety of the system in the real-world setting.

4.2  Left Ventricular Dysfunction

Primary prevention patients with heart failure (HF) and 
reduced LVEF represent the vast majority of ICD candidates, 
including more than 70% of new ICD implants [13]. Two 
studies retrospectively evaluated the potential suitability for 
an S-ICD in independent cohorts of patients implanted with 
TV-ICDs who did not need bradycardia pacing at the time 
of implantation. At follow-up, 55 to 69% of these patients 
would have been clinically eligible for an S-ICD, with very 
low probability of developing a pacing indication for brady-
cardia or CRT during follow up [26, 27]. Indeed, the number 
of S-ICD recipients with LV dysfunction grew over years: 
as reported by a multicentre italian registry, the proportion 
of S-ICD patients with LVEF ≤35% increased from ≤2014 
(33%) to 2017 (53%) [15]. This paradigm shift prompted 
a registry specifically designed to describe the outcomes 
of a contemporary S-ICD study population with reduced 
LVEF: the Understanding Outcomes with the S-ICD in Pri-
mary Prevention Patients with Low Ejection Fraction Study 
(UNTOUCHED) [28]. In the UNTOUCHED registry, that 
enrolled primary prevention patients with LVEF ≤35% and 
no pacing indication, 1.116 patients were implanted with an 
S-ICD and prospectively followed. S-ICD implantation suc-
cess rate was 99.6%, with 93.5% of patients having a DFT 
≤65 J. The rate of 30-day freedom from complications was 
95.8%. These data reinforced the concept that S-ICD therapy 
has low perioperative complication rates and high conver-
sion efficacy of induced VF also in a large higher-risk cohort 
with low LVEF. The two-year follow up of these patients is 
expected to assess mid-term safety and efficacy.

4.3  Cardiomyopathies

In view of their low competitive risk of dying from non-
arrhythmic causes, young patients with cardiomyopathies 
[29] have traditionally been considered optimal candidates 
for the S-ICD [30]. Indeed, lead failure and infections are 
the most common complications in young patients implanted 
with an ICD [5]. Even excluding inappropriate shocks, the 

rate of transvenous ICD-related complications requiring sur-
gical revision is as high as >2% per year, with an unaccept-
ably high cumulative long-term incidence [31].

Due to the characteristic increase in left ventricular mass 
and profound ECG abnormalities, patients with hypertrophic 
cardiomyopathy (HCM) were initially considered poor can-
didates for the S-ICD. The main concerns were the risk of 
shock failure due to extreme left ventricular hypertrophy and 
of screening failure and/or inappropriate therapies due to T 
wave oversensing.

High DFT in HCM patients has been reported in some 
[32] but not all studies [33]. Concerning S-ICD, in an ini-
tial experience [34] HCM patients had a DFT well below 
the maximal 80J output. Moreover, data collected from a 
large unselected S-ICD population [35] showed that there 
is no association between inadequate ICD energy safety 
margin and HCM. Finally, two independent studies have 
shown that the S-ICD defibrillation success rate is com-
parable to that of TV-ICDs [36, 37]. Taken together, these 
studies suggest that S-ICDs are safe and effective in HCM 
patients (Fig. 3).

S-ICD eligibility on pre-implant ECG screening has 
been reported in the range of 85% to 90% [24, 38]. How-
ever, recent studies that assessed ECG changes occurring 
during exercise reported lower rates of eligibility [25, 
39]. Overall, screening failure in HCM seems to be rela-
tively low, provided that patients with more challenging 
QRS-T morphologies are carefully evaluated both at rest 
and during exercise. Of note, the annual risk of inap-
propriate therapies due to ECG abnormalities in S-ICD 
HCM patients is low [40] and similar to those without 
HCM [37].

The S-ICD is an attractive technology also for patients 
with arrhythmogenic right ventricular cardiomyopathy 
(ARVC). However, the peculiar substrate of ARVC, con-
sisting in progressive loss of myocardium with fibrofatty 
replacement, may pose peculiar eligibility concerns. 
Indeed, loss of R wave voltage due to fibrofatty replace-
ment forces the ICD to operate with higher sensitivity, 
thus entailing the risk of P- or T-wave oversensing and 
inappropriate shocks. Moreover, monomorphic VTs ame-
nable for painless ATP (unavailable on the S-ICD) are 
relatively frequent in ARVC patients with stable myocar-
dial scars. Despite these concerns, the worldwide experi-
ence in ARVC patients with the S-ICD showed relatively 
low rate of inappropriate shocks, appropriate detection 
and treatment of true VT/VF, and no need for ICD extrac-
tion because of the need for bradycardia support or anti-
tachycardia pacing [41]. This latter aspect seems to be of 
utmost importance, as the S-ICD has traditionally been 
considered unsuitable for ARVC patients due to the lack 
of ATP. Recent evidence suggest that older patients with 
advanced disease more often show re-entrant VTs around 
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stable myocardial scars, while young patients commonly 
experience sudden onset of VF, reflecting the acute elec-
trical instability of the early stages of the disease [41, 42]. 
Therefore, in primary prevention patients, the risk of ICD 
shocks triggered by monomorphic VTs should be bal-
anced against the long-term complications of transvenous 
defibrillation leads. Moreover, catheter ablation should be 
considered as a strategy for eliminating frequent mono-
morphic sustained VTs.

4.4  Inherited Arrhythmia Syndromes

Inherited arrhythmia syndromes (IAS), including long QT 
syndrome, Brugada syndrome (BrS) and catecholaminergic 
polymorphic ventricular tachycardia, mostly affect young 
subjects with long life expectancy. Moreover, in patients 
with IAS the index arrhythmia is usually VF or polymor-
phic VT, which is unresponsive to ATP. Therefore, life-
saving non-transvenous technologies have clear advantages 
in these patients. Overall, data from large prospective reg-
istries [22] and smaller study cohorts [43] demonstrated 
that the S‐ICD is safe and effective in terminating VF in 
IAS patients and has similar rates of inappropriate shocks 
as compared to the traditional TV-ICD. However, disease-
specific concerns have been raised for patients with BrS, 
in whom the peculiar QRS-T abnormalities suggest the 
need for accurate pre-implant screening in order to avoid 
post-implant inappropriate shocks. Indeed, spontaneous 
dynamic ST-segment elevation and T wave morphology 
changes have been described during sleep, following meals, 
or after exercise in BrS. In this view, the basal resting 

screening may theoretically be inadequate to predict the 
risk of future T-wave oversensing [44], and repeating the 
test after ajmaline or flecainide drug challenge has been 
suggested to qualify BrS patients for S-ICD [45]. Despite 
these concerns, there is currently no evidence from large 
prospective registries that patients with BrS have an 
increased risk of inappropriate shocks with the S-ICD. This 
might be due to the specific algorithms and digital filters 
for sensing and rhythm discrimination that work actively on 
the device and not on the screening tool. Alternatively, the 
false-positive prediction of ineligibility may be a specific 
weakness of screening tools. Indeed, a substantial fraction 
of S-ICD recipients in whom the AST predicts non-eligi-
bility have perfectly working S-ICDs [46].

4.5  Congenital Heart Disease (CHD)

Patients with CHD represent a minority of ICD candidates. 
Due to limited access to the right ventricle (e.g., extracar-
diac Fontan, anomalous or occluded veins) and intracardiac 
shunts with potential thromboembolic risks, TV-ICDs may 
present specific disadvantages in these patients. Moreover, 
most CHD patients at risk for SD are young. Therefore, the 
long-term risk of device infection or lead failure is unac-
ceptably high.

While these considerations could prompt the use of the 
S-ICD in most CHD patients, it is important to consider the 
potential risk of developing pacing indication during follow-
up and the need for combining S-ICD with conventional 
pacemakers [47].

Fig. 3  Fast ventricular tachycar-
dia (VT) in a 37-year old HCM 
patient with end-stage disease 
implanted with a subcutaneous 
ICD. VT is promptly recognized 
(T marker) and effectively 
treated with a 65 J shock (light-
ening marker)
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4.6  Future Directions

The S-ICD was designed to provide shock-only therapy in 
patients without pacing indications. However, the need for 
bradycardia or anti-tachycardia pacing may occur either at 
first evaluation or during follow-up. This prompted to inves-
tigate a leadless pacemaker provided with communication 
capabilities combined with an S-ICD. The first proof-of-con-
cept study of a leadless pacemaker communicating with an 
S-ICD yielded interesting preliminary results [48]. A second 
pre-clinical study described the acute and chronic perfor-
mance of a modular leadless pacemaker/S-ICD system and 
provided evidence, for first the first time, that an S-ICD can 
consistently command a leadless pacemaker to deliver ATP 
automatically when VT is detected within the programmed 
therapy zone [49]. Clinical trials with a validated modular 
system are planned and will be the first to address the ques-
tion whether combined leadless pacing and defibrillation 
therapy will provide the forthcoming standard of care for 
most ICD candidates.
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