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Abstract
Background Implantable cardioverter defibrillators (ICD) are
life-saving device therapy, and patients often carry devices for
decades with interim pulse generator exchanges.
Inappropriate shocks are associated with impaired quality of
life and increased mortality, but available data on their inci-
dence and etiology outside of clinical trials is limited and
usually restricted to the lifespan of a singular device. We hy-
pothesized that the incidence in clinical practice is
underestimated and aimed this study to retrospectively assess
the long-term incidence and etiology of inappropriate shocks
in a real-world cohort of patients with multiple ICDs over a
long follow-up period.
Methods Patients with ICDs implanted between 1998 and
2012 in two Swiss cardiology departments and at least one
device exchange in the same department thereafter were in-
cluded in this cohort. Retrospective analysis with follow-up
until 2016 was conducted to assess incidence and etiology of
inappropriate ICD shocks.
Results Two hundred forty-nine ICDs were implanted in 100
patients (mean age: 60.1 ± 11.7; 80% male). Over a mean

follow-up time of 11.2 (± 3.6) years, 555 shocks occurred in
55 patients. One hundred twenty-three (22%) shocks in 23
(23%) patients were inappropriate. Supraventricular arrhyth-
mia and oversensing were the most frequent causes of inap-
propriate shock. Patients with younger age or previous supra-
ventricular arrhythmias were at increased risk of inappropriate
shocks. Patients with inappropriate shocks during the lifespan
of their first ICD were at increased risk for inappropriate
shocks in subsequent devices.
Conclusions Inappropriate shocks are an underestimated and
frequent problem in clinical practice with an incidence that
may exceed numbers of previously reported clinical trials with
shorter follow-up periods. Patients at increased risk for inap-
propriate shocks need careful evaluation of potential therapeu-
tic optimization strategies including pharmacological treat-
ment, device programming, electrophysiological ablation, de-
vice downgrading, and telemonitoring.
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1 Introduction

Cardiovascular diseases are themost common causes of death in
the early twenty-first century, and cardiac arrhythmias are esti-
mated to constitute up to 30%ofworldwide cardiovascularmor-
tality [1]. After the first successful human application of an im-
plantable cardioverter defibrillator (ICD) in 1980, several land-
mark studies confirmed reduced mortality and morbidity after
ICD implantation in patients at high risk for ventricular arrhyth-
mias [2–7]. Currently, 1% of the total population in Europe is
estimated to harbor a potential indication for future ICD implan-
tation [8, 9]. A feared complication of ICD implantation are in-
appropriate shocks, defined as shocksdelivered in the absenceof
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ventricular tachycardia and associated with impaired quality of
life, earlier battery depletion, and increased mortality [10, 11].
With increasing numbers of patients with ICDs and multiple
pulse generator exchanges, estimating long-term incidence and
clinical predictors of inappropriate ICD shocks is becoming cru-
cial in everyday routine clinical practice in order to evaluate risk-
to-benefit ratio of ICD implantation, facilitate patient-informed
decision-making, and identify patients at high risk that might
benefit from potential pharmacological, interventional, or
device-programming interventions to minimize inappropriate
ICDtherapy.However, availabledataon the long-termincidence
of inappropriate ICDshocksoutsideofclinical trials is sparseand
heterogeneouswithin: in ameta-analysis of contemporary trials,
inappropriate ICDtherapywasestimated tooccur in10 to24%of
patients [12]. Furthermore, the follow-up time in clinical studies
is usually restricted to the lifespan of a singular device, hence not
reflecting real-life patients carrying ICD devices for decades.
Additionally, whether patients suffering from an inappropriate
shock during the lifespan of their first ICD are at increased risk
for inappropriate shocks in subsequent devices might seriously
influence risk-to-benefit evaluation at timepoints of pulse gener-
ator exchanges. We hypothesized that the incidence of inappro-
priate shocks in patients with ICDs may be higher in clinical
practice than in previous trials, and aimed this study to retrospec-
tively assess the long-term incidence and etiology of inappropri-
ateshocks ina real-worldcohortofpatientswithICDsandat least
one pulse generator exchange.

2 Methods

2.1 Patient population

Patients with primary transvenous ICD implantations between
1998 and 2012 and at least one pulse generator exchange were
included for analysis in two collaborating Swiss healthcare cen-
ters (UniversityHeartCenterZurich andZurichRegionalHealth
Center Wetzikon). In both departments, systematic data collec-
tionwas started around 1998, and in order to achieve a sufficient
follow-up time exceeding the lifespanof singular ICDdevice for
a minimum of 4 years, patients with primary implantations after
2012 were excluded. Patients were identified and recruited via
the respective clinics informational systemand followedupuntil
January 2016. In all patients, indication for ICD implantation
complied with international guidelines at the timepoint of im-
plantation. Patientswere eligible, if device and patient character-
istics at the timeof first device implantation anddevice exchange
were available. Device settings were programmed according to
current evidence-based guidelines at the timepoint of implanta-
tion andwere changed at the discretion of the responsible attend-
ing physician. At least one documented device interrogation for
every implanted pulse generator was mandatory for patient en-
rollment,withscheduledICDcontrolsbeingperformedin3- to6-

month intervals. Patientswithmissing ICDinterrogationdata for
more than 6months were considered lost to follow-up.

2.2 Data acquisition

Baseline and follow-up data was collected by thorough inves-
tigation of all electronic or paper-based patient history at the
time of the first ICD implantation, and at every follow-up visit
until January 2016. ICD readouts and 12 lead electrocardio-
grams were used for shock classification. An inappropriate
shock (IAS) was defined as a shock delivered by the ICD in
the absence of ventricular tachycardia or ventricular fibrilla-
tion. Since detailed programming parameter settings were not
available for all patients at all follow-up visits, these parame-
ters were not analyzed.

2.3 Statistical analysis

Mean values and standard deviations (SD) were chosen for
continuous variables. Numbers and percentages (%) were giv-
en for categorical variables. For patients, only percentages
were noted, since exactly 100 patients were finally included.
The Kaplan-Meier method and Log-rank tests were performed
to illustrate the time to first appropriate/inappropriate shock
and compare subgroups for cumulative event rates. The Cox
proportional hazards regression analysis was used to deter-
mine clinical variables associated with increased risk of inap-
propriate shocks, with univariate analysis being performed
primarily with all baseline variables. Subsequently, a multi-
variate analysis was performed for variables with a p value <
0.1 in the univariate analysis. For examination of time-
dependent occurrence of inappropriate shocks by ICD implan-
tation date, ICD implantations were divided into two groups
by median calendar implantation date, and a log-rank test was
conducted. The Mann-Whitney U test was used to compare
incidences of inappropriate shocks in subsequent ICDs in pa-
tients with/without inappropriate shock in their first ICD. A p
value of < 0.05 was considered significant. For computed sta-
tistical analysis, the IBM SPSS Statistics version 23 Software
(SPSS, Inc., Chicago, Illinois) was used.

Data availability The datasets analyzed during the current
study are available from the corresponding author on
reasonable request.

3 Results

3.1 Patient population

One hundred eighteen patients underwent an ICD implantation
between 1998 and 2012 and had experienced at least one pulse
generator exchange. Eighteen patients were excluded due to
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missing device interrogation data during follow-up, insufficient
baseline characteristics, or downgrading to a pacemaker at the
timepoint of the first pulse generator exchange.Of the remaining
100patients included in theanalysis,80%weremalewithamean
age of 60.1 (± 11.7) years at the time of first ICD implantation,
61%suffered fromischemicheartdisease, 80%had impaired left
ventricular systolic function, 41% experienced supraventricular
arrhythmias before ICD implantation, and 51%were implanted
with primary prevention indication. Devices were exclusively
implanted in the pectoral region and manufactured by St. Jude
Medical (St. Paul, Minnesota), Boston Scientific (Natick,
Massachusetts), Medtronic (Minneapolis, Minnesota),
Biotronik (Berlin, Germany), Ventritex (Sunnyvale,

California), or Guidant (St. Paul, Minnesota). Baseline patient
characteristics are summarized in Table 1.

3.2 Device implantation and exchanges

Within a cumulative follow-up period of 1123.1 years, 249
ICDs were implanted, of which 149 replaced previously im-
planted aggregates. All patients received one pulse generator
exchange, and 41% received two or more exchanges. Battery
depletion was the indication in 72.5%, and an upgrade to
cardiac resynchronization therapy was the indication in
15.4%, while electrode dysfunction and infection were indi-
cations for a device exchange in less than 10% (9.4%) of

Table 1 Baseline characteristics
of patient population (n = 100) Clinical parameters All patients

(n = 100)
Patients with IAS
(n = 23)

Patients without IAS
(n = 77)

Age at first ICD implantation 60.1 ± 11.7 55.0 ± 11.4 61.6 ± 11.4

Male 80 16 (70) 64 (83)

Diabetes mellitus 22 3 (13) 19 (25)

Renal failure 46 11 (48) 35 (45)

Arterial hypertension 53 9 (39) 44 (57)

Chronic obstructive pulmonary disease 6 0 (0) 6 (8)

Peripheral arterial vascular disease 8 1 (4) 7 (9)

Cardiac parameters

Left ventricular ejection fraction < 50% 80 17 (74) 63 (82)

Left ventricular ejection fraction < 35% 29 6 (26) 23 (30)

Ischemic heart disease 61 10 (43) 51 (66)

Dilated cardiomyopathy 18 7 (30) 11 (14)

Arrhythmogenic right ventricular cardiomyopathy 5 2 (9) 3 (4)

History of supraventricular arrhythmia (SVT)

Any SVT 41 13 (57) 28 (36)

Atrial fibrillation 34 9 (39) 25 (32)

Atrial flutter 3 0 (0) 3 (4)

Atrioventricular-node re-entry tachycardia 5 3 (13) 2 (3)

Atrial tachycardia 1 1 (4) 0 (0)

Bundle branch re-entry tachycardia 1 0 (0) 1 (1)

Indistinct SVT 1 1 (4) 0 (0)

Medication

Beta blocker 87 22 (96) 65 (84)

Digitalis 12 2 (9) 10 (13)

Amiodarone 27 6 (26) 21 (27)

Rhythm disorders preimplantation

Unsustained ventricular tachycardia 15 3 (13) 12 (16)

Sustained ventricular tachycardia 26 4 (17) 22 (29)

Ventricular fibrillation 7 4 (17) 3 (4)

Sudden cardiac death 15 3 (13) 12 (16)

Inducible ventricular tachycardia in
electrophysiological study

8 4 (17) 4 (5)

Unexplained syncope 7 2 (9) 5 (6)

ICD for primary prevention 51 13 (56) 38 (49)

Values are n (%) or mean ± SD
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patients. One hundred sixty-five of the 249 implanted ICDs
were dual chamber ICDs. The most common manufacturers
used were Medtronic (36.9%), Boston Scientific/Guidant
(28.9%), and St. Jude Medical (23.7%). The mean time to
ICD device exchange was 4.4 (± 2.1) years.

3.3 Incidence of inappropriate shocks

During a mean follow-up of 11.2 (± 3.6) years, 555 shocks
occurred in 55 (55%) patients. The amount of inappropriate
shocks was 123 (22.2%) occurring in 23 patients, while the
amount of appropriate shocks was 432 (77.8%) occurring in
45 patients. Cumulative event rates of first inappropriate
shock were 6% at 1 year, 13% at 2 years, 16% at 5 years,
21% at 8 years, and 23% at 10 years (Fig. 1). Of the 23
patients suffering from inappropriate shocks, 19 (83%) pa-
tients experienced more than one inappropriate shock and 12
(52.2%) patients experienced both appropriate and inappropri-
ate shocks. The mean number of years until occurrence of first
shock after the first ICD implantation was 1.8 (± 1.7) years for
inappropriate and 2.2 (± 2.1) years for appropriate shock.
Eighty-seven percent of patients received their first inappro-
priate shock within 6 years after primary ICD implantation,
while almost half of all patients experienced an appropriate
shock within 10 years of follow-up. The mean number of
inappropriate shocks was 1.23 (± 3.3) for all patients and 5.4
(± 5.0) for patients with inappropriate shocks. The cumulative
incidence of inappropriate ICD shocks for all patients was 1
inappropriate shock in 10 years of ICD exposure.

3.4 Etiology of inappropriate shocks

The main cause of inappropriate shock was supraventricular
arrhythmia misdiagnosed as ventricular tachycardia (74.8% of
inappropriate shocks), with atrial fibrillation being the most

frequent subtype (Fig. 2). Oversensing of T waves and sinus
tachycardia represented the second and third most frequent
causes (14.6 and 12.2%). Oversensing due to lead defect
was responsible for 9.8%, and atrioventricular-node re-entry
tachycardia was responsible for 8.9% of inappropriate shocks.
Analysis of the 31 ICDs delivering inappropriate shocks re-
vealed, that 64.5% of all ICDs delivered inappropriate shocks
due to supraventricular arrhythmias, and 32% delivered inap-
propriate shocks due to oversensing.

3.5 Variables associated with inappropriate shocks

We additionally performed uni- and multivariate proportional
Cox regressionanalysis to identify clinical predictors of inappro-
priate shock during long-term follow-up (Table 2). An age <
65 years and secondary prevention ICD implantation indication
significantly correlatedwith an increased risk, while a history of
ischemic heart disease was associated with a reduced risk of
inappropriate shocks in univariate analysis. However, in multi-
variate analysis, only an age < 65 years and documented supra-
ventricular arrhythmiabefore implantation remained statistically
significant predictors for inappropriate shocks (Table 2). In addi-
tion, factors associated with inappropriate shocks were also cal-
culated in a per ICD analysis using the cox proportional hazards
regression model. An age < 65 years (HR 2.8, 95%CI 1.3–6.3,
p = 0.011) and documented supraventricular arrhythmias before
implantation (HR 2.7, 95%CI 1.3–5.6, p = 0.008) were again
significantly associated with an increased risk of inappropriate
shock both in uni- and multivariate analysis. There was no dif-
ference in time to first inappropriate shock in patientswith single
versus dual chamber ICD inour study.Toexaminedifferences in
inappropriate shock incidence according to device implantation
date, we separated implanted ICDs (n = 249) to the median cal-
endar implantation date (11.1.2006) and compared cumulative
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Fig. 1 Kaplan-Meier curve for
first inappropriate ICD shock
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event rates of inappropriate shocks with Kaplan-Meier analysis,
wherein no significant difference was observed.

3.6 Inappropriate shocks in subsequent devices

Fourteen patients experienced inappropriate shocks during the
lifespan of their first ICD. Of these, five patients (35.7%) also
suffered from inappropriate shocks in subsequent ICD devices,
while only nine of 86 patients (10.5%) without inappropriate
shocks during the lifespan of their first ICD experienced inap-
propriate shocks in later ICDs. The cumulative number and in-
cidence of subsequent inappropriate shocks in subsequent de-
vices were significantly higher in patients suffering from inap-
propriate shocks during the lifespan of their first ICD compared
to patients experiencing no inappropriate shocks (p = 0.012 and
p = 0.015, respectively). The cumulative event rate of inappro-
priate shockswasalsosignificantlyhigher (p = 0.025) inpatients

with inappropriate shocks in their first ICD in theKaplan-Meier
analysis, but the continuous hazard assumption was not met.
Patients with an inappropriate shock in their first ICD had a
threefold higher mean incidence of inappropriate shocks during
theremainingfollow-up(0.3vs0.1inappropriateshocksperyear
for patients with/without inappropriate shock in their first ICD
device, p = 0.015).

4 Discussion

Our study with patients in clinical practice provides a long-term
follow-up of an average 11.2 (± 3.6) years with an incidence of
inappropriate shocks in 23% of ICD patients, which is consider-
ably higher than reported in previous major clinical trials with
shorter follow-up periods. The PainFREE Rx II trial reported an
incidence of inappropriate shocks of 9%after 0.9 years of follow-

0.81%
9.76%

14.63%

12.20%

4.07%

8.94%

49.59%

8=Unknown

7=Oversensing: Electrode-defect

6=Oversensing: T-Wave

5=Sinus tachykardia

4=Atrial tachykardia

3=AVNRT

1=Atrial fibrillation
Fig. 2 Mechanism of
inappropriate shock (123
inappropriate shocks = 100%)

Table 2 Variables associated
with inappropriate shocks
(patients)

Univariate Multivariate

Variable HR 95%CI p HR 95%CI p

Age < 65 years 4.8 1.4–16.2 0.011 5.1 1.4–18.0 0.012

Male sex 0.5 0.2–1.3 0.185

Ischemic heart disease 0.4 0.2–1.0 0.039 0.7 0.3–1.8 0.474

Supraventricular arrhythmia 2.1 0.9–4.9 0.072 2.5 1.0–6.0 0.041

Ejection fraction < 35% 0.9 0.4–2.3 0.835

Beta blockers 3.7 0.5–27.7 0.198

Primary prevention 0.7 0.3–1.6 0.390

Secondary prevention 4.1 1.4–12.1 0.011 0.6 0.3–1.4 0.211

Interim adequate shock 1.4 0.6–3.3 0.378
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up [13],while themulticenter automaticdefibrillator implantation
trial II (MADIT-II) reported an incidence of 12% after a 2-year
follow-up in patients with ischemic cardiomyopathy [5], and the
sudden cardiac death in heart failure trial (SCD-HeFT) including
patientswithdilatedcardiomyopathy reported17%after3.8years
of follow-up [7]. Of note, a prolonged follow-up period generally
appears to correlate with a higher reported incidence of inappro-
priate shocks in these studies, reflecting the continuouslygrowing
number of affected patients over time (Fig. 3).Unsurprisingly, the
reported incidences of inappropriate shocks in context of the re-
spective follow-up periods correlate well with the cumulative
event rates during long-term follow-up in our study (6%at 1 year,
13% at 2 years, 16% at 5 years). Therefore, we suggest that the
incidence of inappropriate shocks has previously been correctly
reported concerning the observed periods, but clearly
underestimated in the long-term because of the limited follow-up
time of previous studies. In routine clinical practice reality, we
oftenencounterpatientscarryingICD’sfordecades,andtherefore,
their long-termriskforan inappropriateshockmaybeestimated to
be higher than in previous studies and around 20% based on our
study results. This may affect risk-to-benefit evaluation of device
therapyandpatient-informeddecision-making.Ontheotherhand,
our studymayoverestimate the incidence of inappropriate shocks
due to the smaller patient population in comparison to larger clin-
ical studies; however, the estimated incidence of inappropriate
shock per ICD year was 0.1 in our study, which is within the
reported estimated incidence of the prospective ADVANCE III
trial with amuch larger patient population [14].

The incidence of appropriate shockswas 45% in our study
during a mean follow-up of 11.2 (± 3.6) years, which is sim-
ilar to reported frequencies in trials from an equivalent time
period [12], confirming valid, guideline compliant patient
selection for ICD implantation. Also similar to previous
studies, supraventricular arrhythmia misclassified as ven-
tricular tachycardia was the main cause of inappropriate
shock (74.8%) in our study with atrial fibrillation presenting
the predominant etiology [11, 18, 19]. Despite an otherwise
frequent cause of inappropriate shocks in ICD patients [20],

sinus tachycardia represented the cause of only 12.2% of
inappropriate shocks in our study, possibly reflecting the
relatively high mean age of the population (60.1 ±
11.7 years), the high amount of beta blocker medication
(90% of patients) and adequate ICD programming. While T
wave oversensing accounted for 14.6% of all inappropriate
shocks in our study, oversensing due to lead defects
accounted for 9.8%, which is also comparable to previous
studies [21, 22]. Higher shock zones, delayed therapy,
telemonitoring, and various discriminating algorithms have
been successfully introduced in the last decades to reduce
inappropriate shocks due to supraventricular tachycardias
and oversensing, but according to our study, they still remain
the most significant mechanisms resulting in a substantial
amount of inappropriate shocks in clinical practice
[23–26]. Patients with younger age (age < 65 years: HR
5.1, CI 1.4–18.0, p = 0.012) and a history of supraventricular
arrhythmia before ICD implantation (HR 2.5, CI 1.0–6.0,
p = 0.041) were at increased risk for inappropriate shocks
in our multivariate analysis, which is also consistent with
previous studies [11, 19]. Younger ICD patients are known
to bemore prone to lead defects and sinus tachycardia due to
their activity level [27], which may explain their excess risk
of inappropriate shocks. Accordingly, all patients receiving
an inappropriate shock for oversensing or sinus tachycardia
in our study were below 65 years old. This highlights the
importance of identifying patients at higher risk for inappro-
priate shocks before device implantation or during regular
follow-up visits in order to identify possible optimization
strategies in pharmacological treatment, device program-
ming, electrophysiological ablation of arrhythmias, and
telemonitoring. In addition, our study demonstrated an in-
creased risk of inappropriate shocks in subsequent ICDs for
patients who already experienced inappropriate shocks with
their first device, warranting careful evaluation of potential
optimization strategies but also ICD indication in the context
of relevant comorbidities and life expectancy at the timepoint
of a pulse generator exchange in this patient population.
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Our study has several limitations. The number of included
patients is small, which is partly overcome by a long follow-
up period, and reported incidences match extrapolated expec-
tations based on large studies with a much shorter follow-up.
Additionally, the missing device programming parameters due
to our retrospective study design reflect a shortcoming
prohibiting any interpretation of our results concerning device
settings. Finally, we cannot rule out underreporting of events
in the cohort.

5 Conclusions

Inappropriate shocks remain an underestimated and frequent
problem in ICD patients in clinical practice with an incidence
that may exceed numbers of previously reported clinical trials
with shorter follow-up periods. Affected patients or high-risk
individuals need a holistic approach with evaluation of phar-
macological treatment, device programming, electrophysio-
logical ablation, telemonitoring, and even ICD indication at
the time of indicated pulse generator exchange. We expect
declining frequencies of inappropriate shocks in future ICD
patients—not only because of ongoing technological im-
provements in detection and discrimination algorithms but
also due to recent advances in device programming optimiza-
tion and the advent of telemonitoring.
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