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Background: The Subcutaneous-ICD (S-ICD) is emerging as a suitable option for most ICD candidates,
however some open issues regarding the sensing algorithm still remain.
Objectives: We aimed to examine the performance of the S-ICD sensing algorithm in patients hospitalized
for ST elevation myocardial infarction (STEMI), non ST elevation acute coronary syndrome (NSTE-ACS) or
chronic coronary syndrome (CCS), before and after revascularization.
Methods: We performed a S-ICD automated screening on 75 patients, 21 hospitalized for STEMI, 23 for
NSTE-ACS and 31 for CCS, before and after percutaneous revascularization, regardless their eligibility
to ICD implantation.
Results: Patients did not differ in clinical, electrocardiographic and echocardiographic parameters. Rates
of screening pass were significantly lower in STEMI patients compared to NSTE-ACS and CCS (5% vs 56.7%
vs 81% respectively, p < .0001). The viability of the primary vector was lower in STEMI patients compared
to NSTE-ACS and CCS (33% vs 56% vs 71%, p .027 respectively). After revascularization, there were no
more significant differences between groups. Pairing subjects at baseline and after revascularization,
STEMI subjects percentages of screening success were respectively 5% and 81% (p < .001) and the rates
of primary vector viability were 33% and 81% (p .002). STEMI was the only independent predictor of
screening failure at multivariate logistic regression analysis (odds ratio 10.68 confidence interval 2.77–
41.38, p = .001)
Conclusion: The performance of the S-ICD and possible malfunction detections in the context of an acute
ischemic event deserve further evaluation. Adequate patient selection and the development of dynamic
device programming are warranted.

� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Since its Introduction in the 1980s, the Implantable cardioverter
defibrillator (ICD) has significantly reduced mortality in patients at
risk for sudden cardiac death (SCD) [1]. Despite several improve-
ments over time, device-related complications and malfunctions
have been reported.

These are mainly related to the intravascular lead: lead failure
rates approach 40% at 5 years [2] and bacteria species are able to
create biofilms in contact with leads, rendering antibiotics ineffec-
tive and prompting extraction.

These complications and the need of specific patient popula-
tions (e.g. pediatric patients and those at high risk for bacteremia)
led to the development of a non-endovascular defibrillator system.
In 2012 the Food and Drug Administration (FDA) approved the first
entirely subcutaneous implantable cardioverter defibrillator (S-
ICD) that has been recommended in the current guidelines of the
European Society of Cardiology (ESC) and of the American Heart
Association/American College of Cardiology/ Heart Rhythm Society
(AHA/ACC/HRS) for the management of patients with ventricular
arrhythmias and the prevention of sudden cardiac death [3,4].

The S-ICD is progressively emerging as a suitable option for
most ICD candidates with a primary prevention indication. In
patients without need for pacing, it has been shown to reduce
the risk of systemic infection and lead failure compared to
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transvenous (TV)-ICD [5]. More recently, the S-ICD was also found
to be non inferior to TV-ICD with regard to device-related compli-
cations and inappropriate shocks [6]. However, it does not acquire
endocardial electrograms but subcutaneous signals that resemble
those of the surface electrocardiogram (ECG), more susceptible to
postural variation. The S-ICD is able to process the waveform to
identify the QRS as distinct from the T wave and P wave. Therefore,
Fig. 1. (a) S-ICD automated screening tool and (b) Surface sk
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patients should always be screened before S-ICD implantation to
ensure adequate QRS and T wave sensing and to avoid both under-
sensing of intrinsic QRS and T wave oversensing (TWOS). Particu-
larly TWOS is the predominant cause of inappropriate shocks in
the S-ICD population [7,8].

We aimed to examine the performance of the S-ICD sensing
algorithm in patients hospitalized for Acute Coronary Syndromes
in electrodes placement to perform the S-ICD screening.
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(ACS), STEMI and NSTE-ACS groups, or Chronic Coronary Syn-
dromes (CCS). These two settings, in fact, have different impacts
on QRS morphology and duration. Our aim was to compare the
rates of S-ICD screening success or failure in these populations,
at baseline and after coronary revascularization procedure.

2. Materials and methods

2.1. Study population

We prospectively enrolled 75 patients fulfilling the following
inclusion criteria: age >18 years, hospitalized for either ACS or
CCS and who underwent percutaneous revascularization, regard-
less their eligibility to ICD implantation. Patients presenting with
left bundle branch block or with a paced rhythm were considered
ineligible. Baseline evaluation included demographics and medical
history, clinical examination, electrocardiographic and echocardio-
graphic variables.

2.2. Study protocol

Patients underwent two S-ICD screening procedures, the first
upon arrival in the department and the latter after revasculariza-
tion, before discharge. Mean time from arrival to first s-ICD screen-
Table 1
General findings in STEMI, NSTEMI and CCS patients.

STEMI (21)

Age (years) 67 ± 12
Males n (%) 16 (76.2%)
BMI (kg/m2) 25 ± 4
Diabetes mellitus n (%) 7 (33.3%)
Arterial Hypertension n (%) 9 (42.9%)
CVD Family History n (%) 10 (47.6%)
COPD n (%) 2 (9.5%)
HR (bpm) 76 ± 16
Atrial Fibrillation n (%) 0 (0.0%)
QRS duration (msec) 101 ± 23
RBBB n (%) 0 (0.0%)
R wave lead I baseline (mV) 0.729 ± 0.259
T wave lead I baseline (mV) 0.186 ± 0.174
R wave lead I after revascularization (mV) 0.534 ± 0.261
T wave lead I after revascularization (mV) 0.133 ± 0.146
R/T ratio lead I baseline 1.92 ± 4.14
R/T ratio lead I after revascularization 2.03 ± 3.52
Troponin I peak (ng/ml) 53.44 ± 87.59
ST elevation site n (%)
Anterior 10 (47.6%)
Lateral 1 (4.8%)
Inferior 10 (47.6%)
Number of diseased vessels n (%)
1 7 (33.3%)
2 6 (28.6%)
3 8 (38.1%)
Culprit lesion n (%)
LAD 11 (52.4%)
LCX 1 (4.8%)
RCA 9 (42.8%)
LVEF < 50% baseline n (%) 12 (57.1%)
LVEF baseline (%) 48 ± 11
LVEDV baseline (ml) 99 ± 30
LVESV baseline (ml) 53 ± 25
LVEF after revascularization (%) 52 ± 10
LVEDV after revascularization (ml) 97 ± 36
LVESV after revascularization (ml) 49 ± 30
Time to reperfusion (min) 65 ± 25
Time to screening at baseline (min) 58 ± 24
Time to screening after revascularization (days) 4.3 ± 1.6

Abbreviations: STEMI: ST elevation myocardial infarction; NSTEMI: non-ST elevation myo
cardiovascular disease; COPD chronic obstructive pulmonary disease; HR: heart rate; RB
RCA: right coronary artery; LVEF: left ventricular ejection fraction; LVEDV: left ventricu
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ing was 130 min in ACS group and 364 min in CCS group; mean
time from coronary revascularization to second screening was
4.4 days in ACS patients and 1.9 days in CCS patients. In STEMI
patients, the screening procedure was done while preparing the
catheterization laboratory and did not delay door-to-balloon times.

The Model 3120 Programmer (Boston Scientific, Natick,MA) was
used to screen the patients, adopting the recently developed auto-
mated screening tool (AST) with the Vector SelectTM algorithm to
reduce subjectivity [9] (Fig. 1).

The surface skin electrodes were placed to match the location of
the implanted S-ICD (Fig. 1b): can (midaxillary line, fifth inter-
costal space), proximal sensing electrode (1 cm left lateral to the
xiphoid process) and distal sensing electrode (14 cm cranial to
the proximal electrode). A ground electrode was placed in the right
lower abdomen. The three resulting vectors were named primary
(proximal to can), secondary (distal to can) and alternate (distal
to proximal).

Before and after coronary revascularization, screening was per-
formed in supine and erect/sitting posture; eligibility of all vectors
was assessed automatically and data regarding QRS amplitude
were obtained. Screening was considered successful if at least
one vector was viable both in supine and erect/sitting posture.

Two operators performed the s-ICD screening, blinded to the
acute or chronic setting of the groups.
NSTEMI (23) CCS (31) P

71 ± 10 70 ± 7 ns
16 (69.6%) 27 (87.1%) ns
28 ± 4 27 ± 5 ns
7 (31.8%) 11 (35.5%) ns
21 (91.3%) 26 (83.9%) <0.0001
7 (31.8%) 15 (48.4%) ns
4 (18.2%) 5 (16.1%) ns
77 ± 17 67 ± 14 ns
2 (9.1%) 2 (6.5%) ns
112 ± 35 98 ± 25 ns
3 (13.6%) 6 (19.4%) ns
0.748 ± 0.351 0.826 ± 0.280 ns
0.128 ± 0.120 0.176 ± 0.168 ns
0.729 ± 0.388 0.595 ± 0.383 ns
0.139 ± 0.170 0.106 ± 0.177 ns
4.55 ± 4.68 3.70 ± 4.33 ns
2.18 ± 5.18 2.93 ± 3.49 ns
9.37 ± 18.59 NA 0.023

NA NA
NA NA
NA NA

ns
9 (39.1%) 14 (45.2%)
6 (26.1%) 10 (32.3%)
8 (34.8%) 7 (22.6%)

ns
11 (47.0%) 12 (38.7%)
8 (34.8%) 7 (22.6%)
4 (18.2%) 12 (38.7%)
11 (47.8%) 9 (29%) ns
49 ± 14 55 ± 13 ns
107 ± 54 99 ± 26 ns
60 ± 45 46 ± 23 ns
57 ± 13 57 ± 12 ns
101 ± 51 103 ± 27 ns
52 ± 43 46 ± 25 ns
236 ± 100 380 ± 156 <0.001
196 ± 86 350 ± 150 <0.001
2.0 ± 1.1 1.6 ± 0.6 <0.001

cardial infarction; CCS: chronic coronary syndromes; BMI: body mass index; CVD:
BB: right bundle branch block; LAD: left anterior descending; LCX: left circumflex;
lar end diastolic volume; LVESV: left ventricular end systolic volume;
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None of the patients were deemed eligible for ICD based on the
present guidelines during hospitalization.

All patients provided written informed consent for their screen-
ing procedure and use of their anonymized medical information for
research. This research was done at a single center and was
approved by the Institutional Review Board.

2.3. Statistical analysis

Differences in proportions were compared by means of chi-
square analysis or Fisher’s exact test, as appropriate. Differences
in proportions for paired data were compared with the McNemar
test.

Continuous variables were compared by means of unpaired Stu-
dent’s t-test or analysis of variance (ANOVA) as appropriate.
Changes pre and post treatment were evaluated with paired Stu-
dent’s t test or repeated measures ANOVA as appropriate. Bonfer-
roni post hoc test was used for multiple comparisons.

The independent association of variables with baseline screen-
ing pass or failure was also assessed by multivariate logistic regres-
sion, in which variables with univariate P value �0.1 were
included.

Descriptive statistics are presented as means ± SD, and categor-
ical variables are reported as percentages.

A P value <.05 was considered significant for all tests. All statis-
tical analyses were performed using IBM SPSS Statistics 23 soft-
ware for Windows.
3. Results

3.1. General findings

A total of 75 consecutive patients were enrolled between July
and October 2019. 44 presented with an ACS, of whom 21 were
diagnosed with STEMI and 23 with NSTE-ACS; 31 patients were
admitted for a CCS. Table 1 reports general and demographic data
in STEMI, NSTE-ACS and CCS patients; there were no significant
differences between clinical, electrocardiographic and echocardio-
Table 2
S-ICD screening and vector variables.

STEMI (21)

Screening pass baseline n (%) 1 (4.8%)
Screening pass after revascularization n (%) 17 (81.0%)
Primary vector baseline n (%) 7 (33.3%)
Primary vector viability after revascularization n (%) 17 (81.0%)
Secondary vector viability baseline n (%) 8 (38.1%)
Secondary vector viability after revascularization n (%) 14 (66.7%)
Viable vectors supine baseline n (%)
0 11 (52.5%)
1 2 (9.5%)
2 4 (19.0%)
3 4 (19.0%)
Viable vectors supine after revascularization n (%)
0 3 (14.2%)
1 0 (0.0%)
2 9 (42.9%)
3 9 (42.9%)
Viable vectors sitting baseline n (%)
0 20 (95.2%)
1 0 (0.0%)
2 0 (0.0%)
3 1 (4.8%)
Viable vectors sitting after revascularization n (%)
0 3 (14.3%)
1 2 (9.5%)
2 8 (38.1%)
3 8 (38.1%)

Abbreviations: STEMI: ST elevation myocardial infarction; NSTEMI: non-ST elevation my
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graphic parameters, apart from significantly higher troponin I peak
levels in STEMI patients compared with the NSTE-ACS group that
reflect infarct size. All the patients were treated with percutaneous
coronary intervention. Mean time from admission to revasculariza-
tion was 65 min for STEMI patients, 236 min for NSTE-ACS and
380 min for CCS.

3.2. S-ICD specific screening variables and vectors

Table 2 summarizes S-ICD screening variables. At baseline, rates
of screening pass were significantly lower in STEMI patients com-
pared to NSTE-ACS and CCS subjects (5% vs 57% vs 81% respec-
tively, p < .0001). In these subgroups, the viability of the primary
vector was lower in STEMI patients compared to NSTEMI and
CCS (33% vs 56% vs 71%, p .027 respectively). Moreover, the abso-
lute number of viable vectors, in both positions, was lower in the
STEMI group compared to the other two groups. After coronary
revascularization, there were no significant differences between
groups in screening pass percentage, vector viability and number
of viable vectors (Fig. 2)

When conducting the analysis on paired subjects at baseline
and after revascularization, we found that in STEMI subjects the
percentages of screening success were respectively 5% and 81%
(p < .001), the rates of primary vector viability were 33% and 81%
(p .002) and the rates of secondary vector viability were 38% and
67% (p .07). No differences were noted in the same variables in
the NSTE-ACS and CCS groups at baseline and after revasculariza-
tion (Fig. 2).

STEMI as clinical presentation was the only independent predic-
tor of screening failure at multivariate logistic regression analysis
(odds ratio 10.68 confidence interval 2.77–41.38, p = .001) (Tables
3 and 4).
4. Discussion

Data from a recent RCT showed that the S-ICD was non inferior
to the TV-ICD with respect to the cumulative incidence of device-
related complications. However, patients with a S-ICD had a higher
NSTEMI (23) CCS (31) P

13 (56.5%) 25 (80.6%) <.0001
19 (82.6%) 30 (96.8%) ns
13 (56.5%) 22 (71.0%) .027
18 (78.3%) 25 (80.6%) ns
14 (60.9%) 19 (61.3%) ns
18 (78.3%) 25 (80.6%) ns

.004
6 (26.1%) 1 (3.2%)
1 (4.3%) 7 (22.6%)
10 (43.5%) 14 (45.2%)
6 (26.1%) 9 (29.0%)

ns
2 (8.7%) 0 (0.0%)
3 (13.0%) 3 (9.7%)
8 (34.8%) 11 (35.5%)
10 (43.5%) 17 (54.8%)

<.0001
9 (39.2%) 6 (19.4%)
1 (4.3%) 3 (9.6%)
8 (34.8%) 15 (48.4%)
5 (21.7%) 7 (22.6%)

ns
4 (17.4%) 1 (3.2%)
4 (17.4%) 4 (12.9%)
8 (34.8%) 15 (48.4%)
7 (30.4%) 11 (35.5%)

ocardial infarction; CCS: chronic coronary syndromes.



Fig. 2. Paired subjects at baseline and after revascularization.

Table 3
Variables associated with screening failure at univariate regression logistic analysis.

OR 95% CI P

Gender 0.58 0.56–1.80 ns
Diabetes mellitus 0.37 0.14–1.01 ns
Arterial Hypertension 0.10 0.03–0.40 .001
CVD Family History 0.60 0.24–1.50 ns
COPD 0.55 0.15–2.08 ns
Sinus Rhythm 0.92 0.14–7.94 ns
Atrial fibrillation 0.25 0.03–2.35 ns
RBBB 2.40 0.55–10.42 ns
LVEF < 50% 3.73 1.38–10.04 .009
ACS 8.00 2.69–23.75 <.0001
STEMI 47.50 5.87–384.64 <.0001
NSTEMI 0.77 0.29–2.07 ns
Anterior ST elevation 2.90 0.16–12.54 ns
Inferior ST elevation 12.67 1.51–105.96 .002
Lateral ST elevation 3.17 0.24–14.57 ns

Abbreviations: OR: odds ratio; CI: confidence interval; CVD: cardiovascular disease;
COPD chronic obstructive pulmonary disease; RBBB: right bundle branch block;
LVEF: left ventricular ejection fraction; ACS: acute coronary syndromes; STEMI: ST
elevation myocardial infarction; NSTEMI: non-ST elevation myocardial infarction.

Table 4
Association of variables with screening failure in multivariable logistic regression
analysis.

OR 95% CI p

LVEF < 50% 1.21 0.43–3.43 ns
STEMI 10.68 2.77–41.38 .001

Abbreviations: OR: odds ratio; CI: confidence interval; LVEF: left ventricular ejection
fraction; ACS: acute coronary syndromes; STEMI: ST elevation myocardial
infarction.
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cumulative incidence of inappropriate shocks, although the trial
was not powered for this comparison [6].

Given the lack of long-term evidence, several questions remain
unanswered with particular regard to the S-ICD safety and efficacy.
The present study is the first to evaluate the performance of the S-
ICD sensing algorithm and the changes of the vectors in an acute
and a stable ischemic setting.

To the best of our knowledge, this is the first demonstration of
S-ICD screening failure in patients with ACS before coronary revas-
cularization. Moreover, at baseline, ACS patients presented with
less viable vectors compared to CCS patients. These results could
be directly related to the S-ICD sensing algorithm, based on vec-
tors’ morphology and QRS/T waves ratio. As reported in literature
[10], these ECG parameters are typically altered in subjects with
ST elevation/depression and hyperacute/inverted T waves. This is
especially evident in patients presenting with ST segment eleva-
tion on ECG and consequently the diagnosis of STEMI was the only
independent predictor of screening failure at multivariate logistic
regression analysis in our study. Interestingly, inferior STEMI was
a predictor of screening failure at univariate analysis; this result
may be related to the position of the three screening vectors that
approximately reflect leads I, II and aVF of the surface ECG,
whereas other infarcted areas such as the anterior and lateral walls
usually produce more pronounced changes in precordial leads.
Similarly to STEMI, patients with Brugada syndrome present a
higher rate of screening failure as compared with other cardiac
channelopaties [11].
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ST modifications in different ischemic settings may be transient
and usually occur over a timespan of roughly two weeks: in our
study, after revascularization and consequent ECG normalization,
ACS patients had significantly higher screening pass rates (increas-
ing from 33% to 82%) and there were no more relevant differences
when comparing them to CCS patients.

Therefore, our study raises the important issue whether the S-
ICD is going to properly sense and treat ventricular arrhythmias
in a high-risk ischemic scenario, when they are most likely to
occur. The two most feared complications could be QRS undersens-
ing, resulting in VT/VF undertreatment, or TWOS leading to inap-
propriate shocks.

According to data from S-ICD registry [12,13], indication for S-
ICD is mainly due to common cardiomyopathies such as ischemic
ones, compared to earlier S-ICD recipients who were younger
and with channelopathies [14,15]. Particularly, in very recent reg-
istries, approximately one third of subjects presented with diagno-
sis of ischemic cardiomyopathy. The setting is changing and other
issues may deserve attention, such as acute ischemic events and
the chance of malfunction during such episodes.

Ventricular tachycardia/fibrillation conversion rate is 90% at
first shock and 98–100% within 5 shocks. Inappropriate shock rates
range from 13% to 21% among literature, TWOS being the main
underlying cause. However, the timing of TWOS (exercise, acute
ischemic event or other), was not reported in the main studies
[12–14]. Dynamism of TWOS has not been explored till now, and
may represent a weakness of the present sensing algorithm in
acute changes of the ST/T segment.

The performance of the S-ICD and possible malfunction detec-
tions in the context of an acute ischemic event warrant further
evaluation. In the meantime, based on the results of our study, it
seems reasonable that patients carriers of an S-ICD and presenting
with an ACS should be carefully monitored in the acute setting,
may have their device checked during the event and after treat-
ment, with sensing vector optimization if necessary.

In the next future, vector sensing refinement will be essential to
broaden S-ICD eligibility. One limit is the variability in real life,
according to different settings, timing and disease. As recently
described, one improvement could come from the reconstruction
of the QRS-T wave morphology of an 8 lead ECG based on the 3
vectors, to obtain a personalized ECG for every patient [16,17].
On top of that, however, it is necessary that vector sensing of the
S-ICD evolve into a dynamic rather than static process, able to
adjust according to the multiple possible changes of the QRS-T
wave complex of patients, in different settings of the
cardiomyopathy.

4.1. Limitations

The main limitation of our study is the relatively small sample
size. Moreover, because none of our patients was actually
implanted with a S-ICD, we can only make assumptions on the pos-
sible behavior of the device during an ACS based on screening data.
In fact, we acknowledge that sensing failure would be a rather
more critical issue in clinical setting than screening failure, but
given the setting of the study and the impossibility to detect sens-
ing failure in patients without a device, we used it as a possible
surrogate for undersensing and/or TWOS.

A recent paper by Bogeholz and colleagues demonstrated that
the AST did not predict the finally selected sensing vector better
than the manual screening tool (MST) [18]; therefore another lim-
itation worth mentioning of our study is that the screening was
only performed automatically and we cannot provide any correla-
tion between the AST and the MST.

We also have to recognize that ECG alterations in STEMI
patients usually evolve over a timespan of roughly two weeks
6

but our patients had a relatively short length of stay (4.3 days
was median time before pre-hospital discharge screening); hence
it is possible that the best moment to screen these ischemic sub-
jects may be after complete ECG evolution an stabilization.

5. Conclusion

In conclusion, the S-ICD appears as a promising alternative to
the TV-ICD, overcoming complications related to the endovascular
lead. Nevertheless, the superficial nature of the sensed signal still
represents the ‘‘Achille’s heel” of the device. While new algorithms
are continuously studied and released, adequate patient’s selection
and dynamic device programming play a paramount role to avoid
complications, especially in high risk vulnerable patients.
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