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“And yet – it moves” (Eppur si muove)

Galileo Galilei (1564-1642)
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1
Cardiovascular Implantable Electronic Devices

Cardiovascular Implantable Electronic Devices (CIED) are devices that maintain and 
restore the heart rhythm in the presence of cardiac arrhythmias using low or high volt-
age electrical pulses and are used to prevent sudden cardiac death.1–3 In patients with 
bradyarrhythmia, slow heart rate, this is established by devices that apply low energy 
stimulus to the heart, better known as pacemakers. The effect of the stimulus is to change 
the transmembrane voltage of nearby myocytes sufficiently so that depolarization begins 
in and spreads from the myocyte membranes.1 In patients with tachyarrhythmia, fast 
organized or disorganized heart rates, a high energy stimulus (defibrillation) is delivered 
to terminate the arrhythmia and restore a normal heart rhythm. These devices are named 
defibrillators. To defibrillate the heart successfully the defibrillation shock extinguishes 
most activation wave fronts on the heart, permitting the resumption of the coordinated 
rhythm.1

Pacemakers

The concept of pacemaker therapy was described as early as 1889 in the British Medi-
cal Journal by John MacWilliams.4 Initially pacemakers were large devices outside the 
human body that could only apply their electrical pulses to the heart when connected to 
the skin and stimulated the heart through the skin (transcutaneously). Transcutaneous 
pacemakers still exist today and are used for emergency pacing, but are very uncomfort-
able for the patients as they stimulate not only the heart but also the rest of the thoracic 
musculature. The large size of the device prohibited the patients from moving beyond 
the range of the cables. The devices relied on power from the grid and therefore did not 
function during a power outage.

Since the 1950’s advancements have gone fast through collaborative work of physi-
cians, engineers and medical device companies. Earl Bakken, who started one of the 
leading medical device companies (Medtronic), developed the first wearable pacemaker 
in 1958 that allowed the patient to mobilize and did not rely on power from the grid, 
but on a battery instead. In the same year the first fully implantable cardiac pacemaker 
was developed and successfully implanted in patient named Arne Larsson in Sweden. 
This first patient clearly demonstrates the limitations of early pacemaker therapy as he 
suffered many complications and device failures. This resulted in 26 device replacements 
in the course of his life, as the first pacemaker lasted for just three hours and the second 
only for two days. Despite all the complications Arne Larsson lived another 43 years after 
his first pacemaker implantation and outlived both the inventor of the pacemaker and the 
surgeon who implanted the pacemaker.
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Figure 1: extrenal non-wearable cardiac pacemaker from 1931 (source www.mdtmag.com)

Figure 2: left panel first external wearable 
epicardial pacemaker (source invention.
si.edu), right panel first implantable car-
diac pacemaker (source www.pacemaker-
info.se).
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Continuing development of pacemaker technology resulted in the development of 
dual chamber- and biventricular pacemakers which can stimulate the heart at multiple 
sites to increase synchrony of the myocardial contraction pattern.1 The implantation of 
pacemakers has matured from epicardial systems that required open chest surgery with 
abdominal placement of the pulse generator to transvenous systems where the lead is 
placed in the heart using minimal invasive techniques. The possibility to pace the heart 
with implantable pacemakers has a major impact on mortality and morbidity of patients 
with bradyarrhythmias. Pacemaker therapy has become the standard of care for various 
bradyarrhythmias, improving quality of life and reducing mortality in at-risk patients.1,3,5

Despite the improvements that have been made in pacemakers technology over the 
last six decades there are still a significant number of patients suffering complications. 
A Dutch multicenter registry of pacemakers found an acute complication rate of ap-
proximately ten to fifteen percent and a chronic complication rate of nine to ten percent.6 
A national Danish registry found similar results in a cohort consisting of almost 6000 
patients.7 The Achilles’ heel of the system is the transvenous lead that fails as a result 
of repetitive mechanical stress. The mechanical stress is caused by the cardiac contrac-
tions that occur approximately 100.000 times per day. Also infections of both the local 
pacemaker pocket and systemic infections of the transvenous leads are associated with 
significant mortality.8

In order to reduce pacemaker complications leadless pacemakers were introduced. 
This thesis describes the introduction and clinical evaluation of a novel type of pace-
maker that does not require transvenous leads and a pulse generator pocket. The goal 
of this novel technology is to reduce pacemaker-related complications, without reducing 
the effectiveness of pacemaker therapy. Two leadless pacemakers are have become 
recently available for human therapy: the St. Jude Medical Nanostim pacemaker and the 
Medtronic Mirca pacemaker. Both pacemakers are implanted in the right ventricle via a 
venous catheter via the right femoral vein (figure 8), therefore no surgery is required for 
the implantation. Both pacemakers are only capable of single-chamber pacing and have 
a predicted longevity of about 10 years.

Implantable cardioverter-defibrillator

Sudden cardiac death (SCD) is defined as abrupt and unexpected death due to car-
diac cause, often attributed to sustained ventricular tachyarrhytmias.10 Cardiovascular 
diseases are responsible for approximately 17 million deaths every year in the world of 
which 25% of which are SCD. Patients at the highest risk for SCD death are often males 
with structural heart disease caused by coronary artery disease which results in heart 
failure.2 SCD can be prevented when patients at the time of the sustained ventricular 
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arrhythmia are protected with an implantable cardioverter-defibrillator (ICD) or with an 
external defibrillator such as an automated external defibrillator (AED).

Figure 8: Implantation of leadless pacemaker via venous catheter in the right ventricle (source Reddy 
et al NEJM 9)

The first ICD was developed by Cardiac Pacemaker Inc. in 1980 and consisted of a 
large pulse generator that was implanted in the abdomen and defibrillation patches that 
were sutured to the epicardium of the heart.11 These devices required a very invasive 
implant procedure and were initially only used in very sick patients. Indications required 
patients to have survived SCD twice and the patient had to be therapy refractory to 
antiarrhythmic drugs and on top of that be healthy enough to survive open-chest ICD 
implantation.12 That same manufacturer developed an endocardial ICD in 1986, that is as 
of today the most used type of ICD.13 This type of ICD is also known as the Transvenous 
ICD because it uses an endovascular lead to connect the subcutaneous and pre-pectoral 
implanted ICD with the endocardium of the human heart. As the device became less 
invasive and the indications broadened as result of several positive landmark-trials, more 
patients qualified for ICD therapy.

Since the mid-1990s, multiple clinical trials have shown the benefit of implantable 
cardioverter-defibrillators (ICD) in patients who survived cardiac arrest (secondary pre-
vention of SCD).14,15 More recent clinical trials have also demonstrated that patient without 
prior cardiac arrest, but with increased risk due to structural heart disease benefit from 
ICD therapy (primary prevention of SCD).16–18



Introduction, aim and outline  |  19

1
Despite the survival benefit in patients with both primary and secondary prevention 

indications for SCD, there is still a high rate of ICD-related complications associated with 
ICD therapy.7,19–21 Particularly long-term complications from ICD therapy are related to 
the transvenous leads, just like in pacemakers.22–26 If lead complications do occur the 
complication rate after lead revision is 8-fold higher.25

Figure 4: ICD lead survival over time (Maisel et al, Circulation 2008 23)

Patients not only suffer from ICD therapy because of device-related complications but 
also due to inappropriate ICD shocks for non-malignant rhythms.27,28 These inappropriate 
shocks are delivered due to fast physiologic heart rate that occur as a result of exercise, 
atrial fibrillation or misinterpretation of the cardiac rhythm by the ICD. Recent clinical trials 
have shown that the rate of inappropriate ICD shocks can be substantially reduced with 
better programming such as prolonged detections durations and higher cut-off rates.29

Part two of this thesis focusses on reducing ICD-related complications and describes 
the introduction and clinical evaluation of a new type of ICD that does not require transve-
nous lead, but instead relies on an entirely subcutaneous lead: the subcutaneous implant-
able cardioverter-defibrillator (S-ICD). The goal of the S-ICD is to reduce and potentially 
completely avoid lead-related complications, without reducing its effectiveness in treating 
ventricular arrhythmias that cause SCD.

The S-ICD is implanted on the left lateral side of the thorax in the mid-axillary line. The 
subcutaneous lead for heart rhythm sensing and defibrillation is implanted subcutane-
ously from the left lateral pocket and from there in cranial direction left parasternal. Unlike 
flexure-based transvenous ICD lead designs, the S-ICD lead has a multistrand cable-core 
design, with no hollow core and no inner coils; it has a durable biocompatible polyure-
thane insulator and is designed to withstand cardiopulmonary resuscitation forces.13 The 
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electrode comprises a proximal sensing ring near the xiphoid and a second sensing ring 
at the distal end of the electrode (Figure 6).

Figure 5: Evolving ICD techonlogies over time

Figure 6: subcutaneous ICD heart rhythm sensing in three vectors: primary, secondary and alternate 
(source Jarman et al European Heart Journal 30)

The sensing electrodes provide three vectors for heart rhythm sensing: proximal ring 
to pulse generator (primary vector), distal ring to pulse generator (secondary vector), 
or distal to proximal ring (alternate vector). The sensing is different from conventional 
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transvenous ICD sensing, because it relies entirely on far-field sensing as opposed to 
both intracardiac and far-field signals.

Defibrillation of the heart by the S-ICD requires the same effective current through 
the myocardium as transvenous and external defibrillators. Conventional wisdom is that 
roughly four Volts per centimeter is needed in 95% of the heart to defibrillate effectively. 
The defibrillation field runs between the coil in the parasternal part of the lead and the 
pulse generator itself. The subcutaneous extra-thoracic position of both the coil and the 
pulse generate increases the resistance in the defibrillation field. As a result of the higher 
impedance, more energy is needed to meet the requirement of four Volts per centimeter 
for effective defibrillation. Therefore the S-ICD has an output of 80 Joules, which makes 
the pulse generator larger than modern transvenous ICD which deliver only between 30 
and 40 Joules of output.

Wearable cardioverter-defibrillator

The first part of this thesis focusses on the least invasive of the family of defibrillators, 
the wearable cardioverter-defibrillator (WCD). The WCD was first reported in literature 
in 1998 and was designed to bridge patients at-risk for SCD who cannot receive an ICD 
due to ongoing infection or who do not (yet) have an indication for an ICD.31 Therefore, 
the WCD allows time for modification of the arrhythmic substrate and improvement of the 
left ventricular ejection fraction such that implantation of an ICD is no longer indicated.

The WCD consists of a garment and an external defibrillator that constantly monitors 
the patient’s heart rhythm. It can be programmed to detect and treat ventricular arrhythmias 
from 120 beats per minute and can deliver shocks between 75 and 150 Joules. When a 
ventricular arrhythmia is detected, the device sets off an alarm. The patient can respond 
to the alarm, when conscious, by pushing a button on the device that prohibits the device 
from shocking the patient. This function successfully avoids inappropriate shocks from 
happening. When the button is not pressed by the patient, the device releases a gel from 
the electrodes that lowers the impedance and therefore lowers the defibrillation threshold 
(figure 7). The device charges to the programmed energy load and subsequently shocks 
the patient.
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Figure 8: the wearable cardioverter-defibrillator (WCD) (source www.dicardiology.com).

Aim

Both pacemaker and defibrillators have become smaller, less invasive and more reliable 
over the past six decades. Clinical trials have over and over demonstrated there positive 
effect on patient survival. However, as also clearly outlined in the introduction is that 
device-related complications still occur frequent despite all technological improvements. 
The aim of this thesis is to study strategies to further reduce the burden of complication 
by the introduction of three revolutionary and radically different cardiac electronic devices. 

Figure 7: Impedance versus effective current in the S-ICD and transvenous ICD. Consensus is that for 
effective defibrillation at least 95% of the myocardium needs the be treated with 4 Volts per centimeter.
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The final aim is to describe how combining these technologies can further benefit patients 
in need of these devices.

Outline

Part I: the wearable cardioverter-defibrillator

Chapter 2 describes the first experience with the wearable cardioverter defibrillator in the 
Netherlands. Chapter 3 reports the outpatient treatment with the wearable cardioverter 
defibrillator in two large tertiary centers in The Netherlands

Part II: the subcutaneous implantable cardioverter-defibrillator

Chapter 4 is the first report in the world and initial experience with the entirely subcu-
taneous implantable cardioverter-defibrillator. Chapter 5 presents the outcomes of the 
entirely subcutaneous implantable cardioverter-defibrillator in a clinical registry study in 
The Netherlands. Chapter 6 introduces the novel and less invasive two-incision technique 
for implantation of the subcutaneous implantable cardioverter-defibrillator. Chapter 7 de-
scribes the rationale and design of the PRAETORIAN trial: a Prospective, RAndomizEd 
comparison of subcuTaneOus and tRansvenous ImplANtable cardioverter-defibrillator 
therapy. The PRAETORIAN trial is the first trial in the history of cardiac device therapy 
that compares two types of implantable defibrillators head-to-head. Chapter 8 reports 
the worldwide experience with a totally subcutaneous implantable defibrillator: early 
results from the EFFORTLESS S-ICD Registry. This large registry is the first long-term 
multicenter international registry that studies the outcomes of patients implanted with the 
subcutaneous ICD. In Chapter 9 the clinical management for inappropriate shocks by 
the subcutaneous ICD is outlined. Chapter 10 is a subanalysis from the investigational 
device exemption (IDE) trial and EFFORTLESS registry that investigated the learning 
curve associated with implantation of the totally subcutaneous implantable defibrillator.

Part III: the leadless cardiac pacemaker

In Chapter 11 the safety and clinical performance of a novel completely self-contained 
permanent leadless cardiac pacing, the Nanostim by St. Jude Medical are reported. 
Chapter 12 describes the chronic performance of the same leadless cardiac pacemaker 
at one-year follow-up. Chapter 13 describes the early performance of a second min-
iaturized leadless cardiac pacemaker from Medtronic, the MICRA pacemaker. Chapter 
14 presents the performance of the MICRA leadless intracardiac transcatheter pacing 
system in 725 patients and compares the outcomes to a historic cohort of transvenous 
pacemaker patients.
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Part IV Combined Leadless Cardiac Pacemaker and Subcutaneous Implantable 
Cardioverter-defibrillator therapy

Chapter 15 presents the first study in both animals and humans of combined leadless 
pacemaker and subcutaneous implantable defibrillator therapy. It describes the feasibility, 
safety and performance of the combined system. Chapter 16 is the first report on the 
next step in cardiac rhythm management. It describes a third leadless cardiac pacemaker 
made by Boston Scientific that communicates with the subcutaneous ICD and is able to 
deliver antitachycardia pacing.
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Abstract

The implantable cardioverter defibrillator (ICD) has significantly improved survival 
in patients with an increased risk of sudden cardiac death (SCD). The wearable 
cardioverter defibrillator (WCD) is an alternative to the ICD in patients with a tran-
sient ICD indication or those in whom an ICD temporarily cannot be implanted. We 
here describe the technical details of the WCD and report three patients that were 
treated with the WCD in an outpatient setting. The WCD allowed the cardiac condi-
tion of two patients to improve such that permanent ICD implantation was deemed 
unnecessary. This new form of therapy may result in significant cost reduction, 
avoidance of unnecessary ICD implantation, and increased patient satisfaction.
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Introduction

The implantable cardioverter defibrillator (ICD) has significantly improved survival in 
patients with an increased risk of sudden cardiac death (SCD). 1,2 Patients who are at 
risk of, or survived a life-threatening arrhythmia are eligible for ICD treatment according 
to the current guidelines. 3,4 However, pro-arrhythmic conditions may modify over time, 
in particular the left ventricular ejection fraction (LVEF) may improve, resulting in altera-
tion of ICD indication. It might therefore take time before a definitive indication for ICD 
implantation can be established. On the other hand, in case an ICD needs to be removed 
due to infection or technical problems the patient’s risk of SCD remains unaltered.

In these cases the wearable cardioverter-defibrillator (WCD) can be used as a tempo-
rary protection for SCD. The WCD is a non-invasive alternative to an ICD and may serve 
as a bridge to recovery such that ICD implantation can be avoided or postponed.

The first clinical use of the WCD was described in 2000.5 It is effective in defibrillating 
life-threatening ventricular arrhythmias without bystander intervention.6 We here describe 
the first use of the WCD in the Netherlands. In this contribution we report the technical 
details and clinical practice in three cases.

Technical details

The only WCD currently available in The Netherlands is the LifeVest 3,100 (LifeVest® 
Zoll-Lifecor,Pittsburgh, USA).7 The system consists of two main components: (1) an 
electrode belt and garment that surrounds the patient’s chest, and (2) a monitor that the 
patient wears around the waist or from a shoulder strap, shown in Figure 1. Washable 
garments are available in sizes to suit most patients. The WCDs electrodes are dry and 
non-adhesive to the skin. The monitor weighs about 800 grams. The device contains 
pushbuttons and indicators for the user, and a speaker for alarms and voice prompts.

the patient to react to the alarms, shown in Fig. 2. The
threshold for VF identification can be set from 120 to 250
beats/min, with a default of 200 beats/min. If the system
identifies VT, there is a response time of 60 s (programma-
ble up to 180 s). The threshold for VT identification can be
programmed from 120 to the VF threshold, with a default
setting of 150 beats/min. During normal operation, the vi-
bration alarm activates before the siren alarm. If an arrhyth-
mia is detected during the sleep interval (which can be
programmed), the vibration and siren alarms activate
simultaneously.

Directly prior to delivering a defibrillating shock, gel is
released from the electrodes to lower skin impedance and
yield optimal shock efficacy. The entire event, from arrhyth-
mia detection to shock delivery, typically takes less than one
minute. If the arrhythmia continues after the first shock, up
to 5 additional shocks may be given. The shock energy can
be programmed to between 75 and 150 joules (±5%), with a
default setting of 150 joules.

Preventing inappropriate therapy

The key difference between the WCD and conventional
ICDs is the opportunity given to the patient to interrupt the
treatment cycle. When the alarm sounds as a result of
arrhythmia detection, a conscious patient can stop the treat-
ment. This prevents inappropriate arrhythmia detection from

becoming inappropriate shocks. If the patient holds the two
response buttons at any time during the treatment sequence,
the alarm will stop and no shocks will be delivered. If the
patient releases the response buttons, the device continues to
give alarms, spoken warnings to bystanders, and ultimately
delivers a shock.

ECG recording of events

The patient’s ECG is stored for all detected arrhythmias.
ECGs can also be recorded manually by pressing the response
buttons on the device. Patients transmit device information
telephonically to the LifeVest Network fromwhere physicians
can then access the data (ECG recordings, patient use, electri-
cal interference, and other device-related information) through
an encrypted internet connection.

Clinical practice

In our clinic we consider patients suitable for a WCD if they
are at high risk for SCD and meet criteria for ICD implan-
tation, but ICD implantation is precluded because of one of
the following:

1. Primary prevention patients at high risk due to extremely
low LVEF or therapy refractory nonsustained ventricular
tachycardias (NSVT):

Fig. 1 Anterior and posterior view of LifeVest

Fig. 2 Typical treatment
sequence during VF

78 Neth Heart J (2012) 20:77–81

Figure 1 The Wearable Cardiac Defibrillator worn by one of our patients
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Treatment sequence

After detection of VF, the WCD has a response time of 25 seconds (programmable up to 55 
seconds) to allow the patient to react on the alarms, shown in Figure 2. The threshold for 
VF identification can be set from 120 to 250 beats per minute (bpm), with a default of 200 
bpm. If the system identifies VT, there is a response time of 60 seconds (programmable 
up to 180 seconds). The threshold for VT identification can be programmed from 120 
to the VF threshold, with a default (lower) setting of 150 bpm. During normal operation, 
the vibration alarm activates, before the siren alarm. If an arrhythmia is detected during 
the sleep interval (which can be programmed), the vibration and siren alarms activate 
simultaneously.

the patient to react to the alarms, shown in Fig. 2. The
threshold for VF identification can be set from 120 to 250
beats/min, with a default of 200 beats/min. If the system
identifies VT, there is a response time of 60 s (programma-
ble up to 180 s). The threshold for VT identification can be
programmed from 120 to the VF threshold, with a default
setting of 150 beats/min. During normal operation, the vi-
bration alarm activates before the siren alarm. If an arrhyth-
mia is detected during the sleep interval (which can be
programmed), the vibration and siren alarms activate
simultaneously.

Directly prior to delivering a defibrillating shock, gel is
released from the electrodes to lower skin impedance and
yield optimal shock efficacy. The entire event, from arrhyth-
mia detection to shock delivery, typically takes less than one
minute. If the arrhythmia continues after the first shock, up
to 5 additional shocks may be given. The shock energy can
be programmed to between 75 and 150 joules (±5%), with a
default setting of 150 joules.

Preventing inappropriate therapy

The key difference between the WCD and conventional
ICDs is the opportunity given to the patient to interrupt the
treatment cycle. When the alarm sounds as a result of
arrhythmia detection, a conscious patient can stop the treat-
ment. This prevents inappropriate arrhythmia detection from

becoming inappropriate shocks. If the patient holds the two
response buttons at any time during the treatment sequence,
the alarm will stop and no shocks will be delivered. If the
patient releases the response buttons, the device continues to
give alarms, spoken warnings to bystanders, and ultimately
delivers a shock.

ECG recording of events

The patient’s ECG is stored for all detected arrhythmias.
ECGs can also be recorded manually by pressing the response
buttons on the device. Patients transmit device information
telephonically to the LifeVest Network fromwhere physicians
can then access the data (ECG recordings, patient use, electri-
cal interference, and other device-related information) through
an encrypted internet connection.

Clinical practice

In our clinic we consider patients suitable for a WCD if they
are at high risk for SCD and meet criteria for ICD implan-
tation, but ICD implantation is precluded because of one of
the following:

1. Primary prevention patients at high risk due to extremely
low LVEF or therapy refractory nonsustained ventricular
tachycardias (NSVT):

Fig. 1 Anterior and posterior view of LifeVest

Fig. 2 Typical treatment
sequence during VF

78 Neth Heart J (2012) 20:77–81

Figure 2 Typical treatment sequence during VF

Directly prior to delivering a defibrillating shock, gel is released from the electrodes to 
lower skin impedance and yield optimal shock efficacy. The entire event, from arrhythmia 
detection to shock delivery, typically takes less than one minute. If the arrhythmia contin-
ues after the first shock, up to 5 additional shocks may be given. The shock energy can 
be programmed to between 75 and 150 joules (±5%), with a default setting of 150 joules.

Preventing inappropriate therapy

The key difference between the WCD and conventional ICDs is the opportunity given 
to the patient to interrupt the treatment cycle. When the alarm sounds as a result of 
arrhythmia detection, a conscious patient can stop the treatment. This prevents inap-
propriate arrhythmia detection from becoming inappropriate shocks. If the patient holds 
the two response buttons at any time during the treatment sequence, the alarm will stop 
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and no shocks will be delivered. If the patient releases the response buttons, the device 
continues to give alarms, spoken warnings to bystanders, and ultimately delivers a shock.

ECG recording of events

The patient’s ECG is stored for all detected arrhythmias. ECGs can also be recorded 
manually by pressing the response buttons on the device. Patients transmit device in-
formation telephonically to the LifeVest Network from where physicians can then access 
the data (ECG recordings, patient use, electrical interference, and other device-related 
information) through an encrypted internet connection.

Clinical practice

In the AMC we consider patients suitable for a WCD if they are at high risk for SCD and 
meet criteria for ICD implantation but ICD implantation is precluded because of one of 
the following:
1. Primary prevention patients at high risk due to extreme low LVEF or therapy refractory 

non sustained ventricular tachycardia’s (NSVT):
a.  After recent MI (coverage during the 40 day ICD waiting period)
b.  After recent CABG or PTCA (coverage during the 90 day ICD waiting period)
c.  Listed for cardiac transplant
d.  Recently diagnosed nonischemic cardiomyopathy (to evaluate the result of optimal 

medical therapy)
2. Temporary medical condition precludes implantation (e.g. systemic infectious process)
3. Awaiting ICD re-implantation
We instruct eligible patients to the use and maintenance of the WCD. The patient is 
therefore admitted to the cardiology ward for at least 24 hours to get comfortable with the 
device and the alarm signals.

An automatic external defibrillator (AED) is issued for occasions when the patient 
is not protected against SCD because of not wearing the WCD (e.g. during showering, 
garment changes). Partner, family and/or caretakers are instructed about AED use in 
these unprotected situations.

Outpatients are followed-up 2 and 4 weeks after receiving the WCD, followed by a 
monthly visit. During follow-up the arrhythmic events, patients’ compliance and device 
use are evaluated. Also, a quality of life assessment is performed. An ICD technician and/
or a cardiologist are available 24/7 for trouble shooting.
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Case reports

We first started using the WCD in 2009 and describe 3 cases below.

Case 1

A 64-year-old woman was admitted to our clinic with dilated cardiomyopathy with a poor 
LVEF (19% on MRI) resulting from viral myocarditis. A non-sustained ventricular tachycar-
dia (NSVT) of 230 bpm was observed. The low LVEF and NYHA class II-III, constituted a 
class I indication for ICD implantation. However, LVEF might recover in patients with viral 
cardiomyopathy after optimal medical therapy (OMT) for several months. Therefore, we 
postponed ICD implantation. The recording of a NSVT, however, indicated a high short 
term risk for SCD. To allow her expected LVEF recovery in an outpatient setting we used 
the WCD in this patient for 3 months.

After a few days of wearing the WCD in our clinic the patient was discharged. Two 
manual events and one automatic event (noise) was recorded. There were no recorded 
VT/VF episodes. There was a very high compliance, but the patient decided not to use the 
WCD in the last week because of increasing wearing discomfort.

Three months after the start of WCD therapy her condition had improved significantly. 
Her LVEF increased to 39% and she was functionally in NYHA class I. Therefore, implan-
tation of an ICD was no longer indicated.

Case 2

A 22-year-old male with a genetic predisposition of SCD due to the DPP6 haplotype, was 
admitted with an acute Staphylococcus Aureus pocket infection and sepsis after recent 
ICD implantation for primary prevention. Infection occurred after the patient manipulated 
the sutures of his wound.

The ICD was removed the day of admission. The patient was admitted for several 
days for observation and intravenous antibiotic treatment. It was his specific request to 
have the new ICD implanted at the same position as the previous ICD. We advised to let 
the infected pocket recover for at least two months, and offered the patient the WCD to 
bridge this period in an outpatient setting.

Compliance of this patient was about 80 % because of wearing discomfort and estheti-
cal reasons. During the use of the WCD, 6 manual events and 20 automatic events were 
recorded All 20 automatic events were due to noise. There were no recorded episodes 
of VT/VF.
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The infection had completely recovered after 2 months and a new ICD was implanted 
without complications in the same position. After 12 months of follow up there were no 
signs of recurring infection.

Case 3

A 41-year-old male was referred to our clinic for ICD implantation as secondary preven-
tion for idiopathic dilated cardiomyopathy and an episode of syncope. The patient had an 
excessive lifestyle and was familiar with abuse of alcohol, nicotine and intravenous drugs. 
Initial echocardiographic evaluation showed a dilated left ventricle and a poor LVEF. 
Coronaries were normal at angiography. The MRI confirmed a dilated cardiomyopathy 
with a poor left- and right ventricle function, the calculated LVEF was 18%. Taking into 
consideration the patient’s lifestyle, we postulated that the cardiomyopathy might have 
resulted from alcohol toxicity.

No ventricular arrhythmias were recorded during admission. Medical treatment for 
heart failure was instituted, alcohol intake was prohibited and ICD implantation was 
deferred. We decided to bridge a period of 3 months with high risk of SCD with the WCD 
to allow the LVEF to improve.

During follow-up 1 manual event and 1 automatic event (noise) was recorded. There 
were no events of VT/VF. During the initial 2 months compliance was over 80%, in the 3rd 
month the compliance fell below 50% due to wearing discomfort.

After a period of three months the LVEF had fully recovered (EF: 60%). Therefore, 
ICD implantation was no longer indicated.

Conclusion

We here describe the first clinical experience in the Netherlands with the WCD for the 
prevention of SCD. We could avoid unnecessary ICD implantation in two of our cases 
because of improvement of the patient’s condition over time. In one case the WCD was 
used as a bridge to ICD re-implantation after device infection.

The cost of the WCD is considerable, and currently not reimbursed, but the costs 
amount only approximately 20% of hospital admission in a telemetry monitored ward. 
For patients at increased risk for SCD, admission and telemetry is the only safe alterna-
tive for ICD implantation. Costs are further being saved when ICD implantation can be 
avoided, which was the case in two of the three patients that we describe. In addition to 
the cost issue, patients valued staying at home higher than hospital admission, evident 
from increased quality of life (not shown).
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The safety of the WCD is a matter of ongoing debate. Feldman et al. report 289 patients 
of whom 6 patients, who were not, or incorrectly wearing the device, died6. In their study 
6 out of 8 appropriate shocks were successful. The two unsuccessful therapy attempts, 
one of which was nonfatal because of external defibrillation, resulted both from incorrect 
wearing of the device6. Meltendorf et al demonstrated that 3 of the 4 VT/VF episodes were 
successfully terminated, and no patients experienced inappropriate WCD discharges5. 
These findings stress the importance of correct use of the WCD. This deserves attention, 
since our patients all experienced wearing discomfort, resulting from pressure sores of 
the electrodes, weight of the monitor unit, amount of false alarms and discomfort in the 
summer season. These issues resulted in different degrees of suboptimal protection for 
SCD.

This compliance related suboptimal protection and the reports of patients who died not 
wearing the WCD[6] led us to think of a strategy to increase the safety of WCD therapy. 
It is virtually impossible to fit an unconscious patient with his/her WCD in an emergency 
setting. When therapy from a WCD is ineffective due to incorrect wearing it might be 
very difficult to correct this within a few minutes. For these situations we supply patient’s 
caretakers with an AED and instruct them in the use of this device. The AED serves as 
a backup device for the WCD. To our knowledge, we are the only group that attempts to 
protect the patient against SCD with an AED during the time that the WCD is not worn 
because of showering and garment changes. This strategy might increase the safety 
of this non-invasive alternative to ICD implantation. The introduction of a new, smaller 
WCD (Zoll Medical LifeVest 4000) may potentially result in better patient compliance. 
Unfortunately this device is not yet available in the Netherlands.

We cannot draw conclusions on the efficacy of the WCD, since our patients did not 
experience appropriate therapy. It is of note however, that no inappropriate shocks oc-
curred either. This is congruent with the experience of Everitt who reports no appropriate 
or inappropriate shocks with the WCD in children[8]. Feldman et al. describe an incidence 
of unnecessary shocks of 0, 67% per month per patient use[6] which seems less than 
reported by Grimm et al. for the ICD.9

It is likely that the use of the WCD in the Netherlands will further expand, and more 
knowledge will be acquired about patient compliance, effectiveness, usefulness and per-
formance of the WCD. Klein et al. recently reviewed and summarized the experience with 
the WCD in 43 different hospitals in Germany[10]. They found that the WCD is effective in 
providing immediate lifesaving defibrillation, and that the device might contribute to better 
selection of patients for ICD therapy.10 In their report, only 43% of WCD patients were 
eventually implanted with an ICD. This complements our findings.

Indeed, many patients who are implanted with an ICD never experience any appropri-
ate therapy, even during long term follow-up.11,12 This might underscore the need for more 
accurate indication and a more detained attitude towards ICD implantation.
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The WCD can be used to postpone or avoid ICD implantation in patients with a tran-
sient ICD indication or those in whom an ICD temporarily cannot be implanted. This new 
form of therapy may result in significant cost reduction (no long hospital stays), avoidance 
of unnecessary ICD implantation, and increased patient satisfaction. However, care 
needs to be taken to assure correct use of the device.
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Abstract

Introduction

The latest ESC Guidelines recommend consideration of a wearable cardioverter-
defibrillator (WCD) for patients with poor left ventricular ejection fraction (LVEF) 
who are at risk of sudden arrhythmic death but are not (yet) eligible for an implant-
able defibrillator. For these patients a WCD can be an alternative to long-term 
hospitalization.
Purpose To evaluate the use of WCD therapy in these patient groups in two Dutch 
centers.

Methods

All consecutive patients between 2009 and 2016 treated with the WCD were 
included from two centres in the Netherlands. Events and compliance were col-
lected retrospectively through home monitoring systems and adjudicated by the 
investigators.

Results

79 patients were treated with a WCD. Common indications were newly diagnosed 
cardiomyopathy without optimal medical treatment (OMT) in 46 patients (58,2%) 
and bridge to ICD implant in 33 patients (41,8%). Bridge to implant indications 
consisted of contra-indications for immediate implantation such as infections (e.g. 
previous device-related infections) and radiotherapy. Compliance was over 97% 
a day (median 23,3 hours, 22,62 – 23,71), during a median of 70 days (43,00 – 
94,00). Two patients (2,6%) received an appropriate shock (annual rate 13,6%), 
there was 1 (1,3%) inappropriate shock (annual rate 6,7%). 22 patients (47,8%) 
of patients without OMT had a sufficiently improved LVEF, and ICD implant was 
avoided. 10 (12,6%) patients did not receive an ICD. 44 patients were implanted 
with ICD’s (55,7%).

Conclusion

WCD therapy allows patients at high risk for sudden cardiac death a safe and 
effective treatment in outpatient setting and does reduce the number of ICD’s 
implanted.
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Introduction

An implantable cardioverter-defibrillator (ICD) is indicated in patients at risk for sudden 
cardiac death (SCD) due to ventricular arrhythmias, especially in patients with a reduced 
left ventricular ejection fraction (LVEF).1 Before an ICD indication can be established in 
patients with a de novo reduced LVEF, more than three months of optimal medical treat-
ment (OMT) is required to allow improvement of the LVEF.2 A time delay is also pertinent 
for patients with recent myocardial infarction and/or revascularization.3, 4 The latest ESC 
guidelines recommend consideration of the WCD in patients with poor left ventricular (LV) 
function who are at risk of sudden arrhythmic death for a limited period, but are not (yet) 
candidates for an ICD.1 Incidence of improvement of LVEF in newly diagnosed ischemic 
and non-ischemic cardiomyopathies is up to 41%.5 Use of the WCD may therefore prevent 
non-evidence -based ICD implantations.

With a rapidly increasing population of ICD patients, the prevalence of ICD related in-
fections increases as well. In most cases, extraction of the device and leads is necessary. 
Recommendations of the Heart Rhythm Society state that the WCD can be an alternative 
to early re-implantation of an ICD when there is concern for ongoing infection.6 Other 
indications for bridging to implant can be a current infection elsewhere, radiotherapy and 
a suspected arrhythmia disorder in which evaluation is still ongoing.

Continuous rhythm monitoring is provided by the WCD as well as detection of pos-
sibly fatal arrhythmias and automatic defibrillation of these arrhythmia episodes. Without 
the WCD these patients are bound to long-term hospitalization for continuous rhythm 
monitoring.

The effectiveness of the WCD was first described in 1998.7 Afterwards several large 
registries, have proven the WCD to be a safe and effective treatment of possible fatal 
arrhythmias episodes.5, 8, 9 The current study aims to describe the current use, number of 
prevented ICD implants and costs (reduction) of WCD therapy in the Netherlands.

Methods

All consecutive patients who were treated with the WCD (Life Vest, ZOLL, Pittsburgh, PA) 
between 2009 and 2016 were included. Data on baseline characteristics, indication, dura-
tion of WCD wear and compliance, WCD therapy and adverse events was retrospectively 
collected through home monitoring systems and patient files.

Recorded arrhythmias episodes were adjudicated by the investigators. Aborted 
therapy was defined as a detected episode for which the WCD was preparing to give 
therapy before this was manually aborted by the patient. Continuous variables are ex-
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pressed as median, interquartile range (IQR) or mean ± standard deviation, depending on 
the distribution of the parameter.

For cost analysis referential prices calculated by Zorginstituut Nederland have been 
used.10 Specific costs for the cardiac outpatient follow-up visits were provided by the 
financial department of the Academic Medical Center, Amsterdam.

Results

Population

Between 2009 and 2016, 79 patients were treated with the WCD. No patients were lost 
to follow-up. 61 patients were male (87,5%), median age was 54,02 (IQR 43,84 – 64,34) 
and a median baseline LVEF of 25% (IQR 18,00 – 39,25%). Seven patients (8,6%) were 
diagnosed with a genetic arrhythmia, 42 patients (51,9%) with a non-ischemic cardiomy-
opathy and 30 patients (37%) with an ischemic cardiomyopathy. Two patients (2,5%) had 
ventricular tachycardia’s without a underlying heart disease diagnosed (Table 1).

Most common indication for WCD therapy was newly diagnosed cardiomyopathy, 
either ischemic or non-ischemic (46 patients, 58,2%). 33 Patients received WCD therapy 
as bridge to ICD implant. Device-related infection occurred in 24 patients, four patients 
had an infection elsewhere, two patients had their ICD extracted in order to receive radio-
therapy treatment, two patients needed to undergo cardiac surgery before implantation 
and one patient chose to wear an WCD while deciding if he wanted to proceed with ICD 
implantation after an episode of idiopathic VF.

Ventricular arrhythmia’s had been documented in 58 patients (73,4%), mostly non-
sustained VT (NSVT) in 32 patients, sustained VT in 16 patients (27,6%) and VF in 10 
patients(17,2%). Cardiac electronic implantable devices were previously implanted in 26 
patients (32,9%), of which eight transvenous ICD’s, six subcutaneous ICD’s (S-ICD), one 
pacemaker and 11 cardiac resynchronization therapy-defibrillator’s (CRT-D). Of these 26 
patients, 23 suffered a device-related infection, and all devices were extracted (Table 1).

WCD compliance and therapy

Compliance was over 97% a day (median 23,3 hours, IQR 22,62 – 23,71), during a 
median treatment duration of 70 days (IQR 43,00 – 94,00). Patients wearing the WCD as 
bridge to implant wore the device for a median of 79,00 days (IQR 54,75 – 102,25). In the 
patients with newly diagnosed cardiomyopathy’s this was 82,00 days (IQR 44,00 – 92,00).

Two patients (2,6%) received appropriate and successful therapy (calculated an-
nual rate 13,6%) (Table 2). In one patient, the initial shock was successful. In the other 
patient a second shock was required to restore sinus rhythm (Figure 1). Both patients 
were previously treated with an ICD because of ischemic cardiomyopathy. One patient 
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Table 1 Baseline characteristics 

Characteristic Patients (n = 79)

Male (n, %) 59 (74,9%)
Age, years (median, IQR) 54,02 (43,84 – 64,34)
Genetic arrhythmia (n, %) 7 (8,9%)
DPP6 mutation 1 (14,3%) 
LQTS 1 (14,3%) 
HCM (familial) 2 (28,6%) 
iVF 2 (28,6%) 
Other 1 (14,3%) 
Non-ischemic CMP (n, %) 41 (51,9%) 
Dilated CMP 28 (68,3%) 
Non-compaction CMP 1 (2,4%) 
CMP eci 2 (4,9%) 
Myocarditis 7 (17,1%) 
Peri-partum CMP 2 (4,9%) 
Other 1 (2,4%) 
Ischemic CMP (n, %) 29 (36,7%) 
Other (n, %) 2 (2,5%) 
Previous CIED implant (n, %) 26 (32,9%)
One chamber TV-ICD 2 (7,7%) 
Dual chamber TV-ICD 6 (23,1%) 
S-ICD 6 (23,1%) 
Pacemaker 1 (3,8%) 
CRT-D 11 (42,3%) 
Complication previous implant (n, %) 23 (88,5%)
Infection 23 (100%) 
Indication WCD (n, %) 12 (15,2%)
Newly diagnosed iCMP 34 (43,0%) 
Newly diagnosed non-iCMP 23 (29,1%) 
Bridging to implant due to infection 10 (11,9%) 
Bridging to implant due to other reason 
Ventricular arrhythmias (n, %) 58 (73,4 %)
Ventricular tachycardia 16 (27,6%) 
Ventricular fibrillation 10 (17,2%) 
Non-sustained ventricular tachycardia 32 (55,2%) 
Supraventricular tachycardia (n, %) 16 (20,8%)
Atrial fibrillation 13 (81,3%) 
Atrial flutter 1 (6,3%) 
Atrial tachycardia 1 (6,3%) 
AV(N)RT 1 (6,3%) 
LVEF, % (median, IRQ) 25,00 (18,00 – 39,25)

AV(N)RT, Atrio ventricular (nodal) re-entry tachycardia; CIED, cardio implantable electronic device; 
CMP, cardiomyopathy; iCMP, ischemic CMP; Non-iCMP, non-ischemic CMP; DPP6, Dipeptidylpeptidase 
6; HCM, hypertrophic cardiomyopathy; IQR, interquartile range; LQTS, long QT syndrome; LVEF, left 
ventricular ejection fraction; S-ICD, subcutaneous implantable cardioverter-defibrillator; TV-ICD, trans-
venous implantable cardioverter-defibrillator; WCD, wearable cardioverter-defibrillator.
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(1,3%), diagnosed with an ischemic cardiomyopathy, experienced an inappropriate shock 
(calculated annual rate 6,7%). The mechanism was oversensing due to noise.

Table 2. Results.

Results Patients (n = 81)

LVEF end WCD wear, % (median, IQR) 37,50 (23,50 – 45,75)

Number of days WCD wear (median, IQR) 70,00 (43,00 – 94,00)

Average hours WCD wear a day (median, IQR) 23,30 (22,62 – 23,71)

Appropriate therapy (n, %) 2 (2,6%)

Inappropriate therapy (n, %) 1 (1,3%)

Aborted therapy (n, %) 48 (63,2%)

ICD implantation 44 (55,7%)

One chamber TV-ICD 7 (15,6%) 

Dual chamber TV-ICD 13 (28,9%) 

S-ICD 8 (17,8%) 

CRT-D 16 (35,6%) 

Patients with recovered LVEF after WCD (n, %) 22 (27,8%)

Patients with ICD indication that were not 
implanted (n, %)

7 (8,9 %)

Patient refused ICD 3 (42,9%) 

Patient deceased before implantation 3 (42,9%) 

Patient was implanted with LVAD 1 (14,4%) 

Hospitalization days prevented in ‘bridge-to-
implantation’ patients (median, IQR)

79,00 (54,75 – 102,25)

IQR, interquartile range; LVEF, left ventricular ejection fraction; S-ICD, subcutaneous implantable 
cardioverter-defibrillator; TV-ICD, transvenous implantable cardioverter-defibrillator; WCD, wearable 
cardioverter-defibrillator.

The home monitoring system recorded at least one episode of manual aborted therapy in 
48 patients. Most cases were inappropriate sensing due to noise.

ICD implantations

22 patients with a newly diagnosed cardiomyopathy (47,8%) had a sufficiently improved 
LVEF, therefore ICD implantation was not indicated at the time of final evaluation. Four of 
them had an ischemic CMP with successful revascularization ( 18,2%), 17 had a de novo 
non-ischemic CMP (77,3%). One patient (4,5%) wore the WCD as bridge to implant. This 
last patient was not implanted because of an infection but had an improved LVEF at the 
end of the treatment for the infection (Table 2). Ten patients (12,6%) did not receive an ICD 
despite a clear indication. Three patients refused an ICD implantation, one was implanted 
with a left ventricular assist device implantation and three patients deceased before planned 
ICD implantation (not due to arrhythmia). 44 patients were implanted with ICD’s (55,7%).
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Figure 1 Appropriate WCD therapy in two patients. Both registrations are recorded in the side-to-
side channel, amplitude scale 1mv/10mm and recording speed 25mm/second. A: Non-successful shock 
given to VT. This patient received another shock after which VT was terminated. B: Appropriate shock 
for VF in another patient after which the arrhythmia episode was terminated.

Mortality

Five patients (6%) patients died during the treatment with the WCD. However, no ar-
rhythmic death was observed. Two patients died from end stage heart failure, one from 
respectively pneumonia, malignancy and type A dissection.
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No ventricular arrhythmia or sudden cardiac death was reported, during a median 
follow-up of 1.6 years (IQ1-IQ3 0.1-3.3), in the 22 patients with improved LVEF after 
the use of WCD. Of the three patients that had refused ICD implantation despite a clear 
indication following current guidelines, one patient died at home from SCD.

Costs

Costs for the use of the WCD in the Netherlands are €3000,-, charged per calendar 
month. After patients are discharged they are seen after a few days for a routine check-up. 
Further follow-up is done through home monitoring. Included in the calculated costs as 
presented in Table 3 are; WCD hire, check-up by pacemaker/ICD technician in outpatient 
clinic (€41,-/visit) and one extra day of hospital admission during which the patient is 
adjusting to the WCD (€476,-/day). Costs of hospitalization are calculated by using the 
average cost per day in a Dutch hospital on a nursing ward as calculated by the Zorgin-
stituut Nederland. No additional costs have been added in the calculation of costs for 
hospitalization. Difference in calculated costs range from €2.671,- to €23.327,- depending 
on duration of treatment (Table 3).

Table 3. Calculated estimation of costs of WCD wear compared to hospitalization as bridge to implant 
for several time periods.

WCD Hospitalization Difference

2 weeks € 3.993 € 6.664 € 2671

4 weeks € 3.993 € 12.796 € 8.803

6 weeks € 6.993 € 19.194 € 12.201

8 weeks € 6.993 € 26.656 € 19.663

10 weeks € 9.993 € 33.320 € 23.327

12 weeks € 9.993 € 39.984 € 29.991

WCD, Wearable cardioverter-defibrillator.

Discussion

This study describes the largest Dutch cohort of WCD patients to date. Results show that 
for various indications, the WCD is a safe and effective treatment for ambulant monitoring 
and treatment of patients at risk of ventricular arrhythmia.

Population

All patients in this cohort meet the specified criteria for which latest ESC guidelines rec-
ommend WCD wear. These results can therefore be considered representative for the 
population that is eligible for WCD therapy.1 Compared to other WCD registries baseline 
characteristics are similar.5,9
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The utility of the WCD in patients with a newly diagnosed non-ischemic CMP has 
been questioned by Singh et.al. They concluded that the risk of appropriate therapy, and 
therefore SCD, in this particular subpopulation is minimal. On the other hand, specific 
patients could be classified as carrying relatively high risk of ventricular arrhythmia, for 
example in patients with recurrent nonsustained VT.

WCD compliance and therapy

Patient compliance is excellent with a median wearing time of more than 23 hours a day, 
which in addition to instruction and management is crucial for optimal protection. Median 
WCD wear in patients bridging to ICD implant in case of device-related infection in this 
cohort is longer than the recommended period of time of treatment by current guidelines. 
This can be explained by the fact that these patients are not hospitalized, therefore there 
is no need for minimal recovery time to re-implantation to reduce the period of hospitaliza-
tion. Long term hospitalization adds to the risk of morbidity and mortality in this population.

No arrhythmic death was observed in this population, and all episodes of VT/VF were 
effectively treated by the WCD with an annual shock rate of 13,6%. As compared to the 
presented data, Singh reported a comparable incidence (1 shock per 7,8 patient-years). 
In the Wearit II trial, this was somewhat lower (5%). In a large cohort of post myocardial in-
farction patients treated with the WCD, the annual shock rate was calculated at 8,4%(11). 
This comparison implies that the patients in the current trial are comparable to other WCD 
data and are truly at a high risk of ventricular arrhythmia.

One patient received an inappropriate shock due to noise oversensing. Noise over-
sensing is very common in the WCD, as can be seen by large percentage of patients in 
which aborted therapy occurred (63.2%). The algorithms to prevent inappropriate shock 
together with the option to deactivate the device manually make the inappropriate shock 
rate low. Adequate patient instruction is crucial, as patients have to be able to prevent 
inappropriate therapy by deactivating the device manually. This might be considered a 
limitation of the device, as good instruction is mandatory and patients who are not willing 
or able to follow all the instructions should be precluded from WCD therapy.

ICD implants

Almost half of the 46 patients (48%) with a WCD as bridge to possible recovery in this 
cohort had a sufficiently improved LVEF (> 35%) at time of final evaluation. This finding 
is in line with other registries. 5, 8, 12 This finding supports the use of the WCD in obtaining 
a more accurate prophylactic ICD indication, with adequate protection in the early phase 
after diagnosis for specific patients who could be at specifically high risk of ventricular 
arrhythmia. This is expected to decrease the number of non-evidence-based ICD im-
plants. Data from the United States showed that 22,5% of ICD implantations did not meet 
evidence-based criteria for implantation.13 Most of these were implanted within 40 days 
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of a myocardial infarction, within three months of CABG or newly diagnosed heart failure 
without OMT. 13

Costs

When considering WCD therapy, cost effectiveness is of particular interest. In The 
Netherlands there is no well-defined reimbursement for this kind of therapy. A recent 
publication shows that WCD use in Europe is restricted and depends directly on reim-
bursement.14 Less than half of the responding centers of this survey confirmed use of the 
WCD. Furthermore 48% of these centers responded to have only used the WCD in < 10 
patients in the past year.14

WCD therapy is an expensive way of outpatient treatment. This paper shows that 
costs can be saved by using the WCD. As table 3 shows, this can save up to almost 
30,000 euro with 12 weeks of outpatient treatment. However, there are important limita-
tions to this calculation. Numerous factors are included in a complete cost calculation. 
Patients can suffer complications of either treatment and therefore require additional 
hospitalization, emergency room visits, ambulance transportation or additional treatment. 
In addition to that, ICD re-implantation might be scheduled on a shorter term in a clinical 
setting than in case of outpatient treatment , but our results imply that there is an increas-
ing difference in costs with longer treatment, in favor of the WCD. Cost-effectiveness of 
the WCD as bridge to implant has previously been established by Healy et.al. for patients 
with an infected cardioverter-defibrillator in the United States.15

In patients with a newly diagnosed cardiomyopathy, bridging to recovery saves the 
costs of ICD implantation and lifetime follow-up, in case of recovery (in 48% in this study). 
On top of that, ICD implantations are not implanted in these patients without meeting 
evidence-based criteria.

Conclusion

The WCD is a safe and effective treatment in an outpatient setting in patients in whom the 
indication for an ICD is to be determined or device implantation is temporarily contra-indi-
cated. In patients with a newly diagnosed cardiomyopathy the number of non-evidence-
based ICD implantations can be reduced with use of the WCD. Long term hospitalization 
is prevented in patients with a bridge to implantation indication resulting in a reduced risk 
of complications of the hospitalization besides a reduction of costs.



Clinical Experience in 2 Centers  |  47

3

References
 1. Authors/Task Force M, Priori SG, Blomstrom-Lundqvist C, Mazzanti A, Blom N, Borggrefe M, 

et al. 2015 ESC Guidelines for the management of patients with ventricular arrhythmias and 
the prevention of sudden cardiac death: The Task Force for the Management of Patients with 
Ventricular Arrhythmias and the Prevention of Sudden Cardiac Death of the European So-
ciety of Cardiology (ESC)Endorsed by: Association for European Paediatric and Congenital 
Cardiology (AEPC). Eur Heart J. 2015.

 2. McMurray JJ, Adamopoulos S, Anker SD, Auricchio A, Bohm M, Dickstein K, et al. ESC 
Guidelines for the diagnosis and treatment of acute and chronic heart failure 2012: The Task 
Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure 2012 of the Eu-
ropean Society of Cardiology. Developed in collaboration with the Heart Failure Association 
(HFA) of the ESC. Eur Heart J. 2012;33(14):1787-847.

 3. Steinbeck G, Andresen D, Seidl K, Brachmann J, Hoffmann E, Wojciechowski D, et al. Defi-
brillator implantation early after myocardial infarction. N Engl J Med. 2009;361(15):1427-36.

 4. Hohnloser SH, Kuck KH, Dorian P, Roberts RS, Hampton JR, Hatala R, et al. Prophylactic 
use of an implantable cardioverter-defibrillator after acute myocardial infarction. N Engl J 
Med. 2004;351(24):2481-8.

 5. Kutyifa V, Moss AJ, Klein H, Biton Y, McNitt S, MacKecknie B, et al. Use of the Wearable 
Cardioverter Defibrillator in High-Risk Cardiac Patients: Data From the Prospective Registry 
of Patients Using the Wearable Cardioverter Defibrillator (WEARIT-II Registry). Circulation. 
2015;132(17):1613-9.

 6. Wilkoff BL, Love CJ, Byrd CL, Bongiorni MG, Carrillo RG, Crossley GH, 3rd, et al. Transvenous 
lead extraction: Heart Rhythm Society expert consensus on facilities, training, indications, 
and patient management: this document was endorsed by the American Heart Association 
(AHA). Heart Rhythm. 2009;6(7):1085-104.

 7. Auricchio A, Klein H, Geller CJ, Reek S, Heilman MS, Szymkiewicz SJ. Clinical efficacy of the 
wearable cardioverter-defibrillator in acutely terminating episodes of ventricular fibrillation. 
Am J Cardiol. 1998;81(10):1253-6.

 8. Chung MK, Szymkiewicz SJ, Shao M, Zishiri E, Niebauer MJ, Lindsay BD, et al. Aggregate 
national experience with the wearable cardioverter-defibrillator: event rates, compliance, and 
survival. J Am Coll Cardiol. 2010;56(3):194-203.

 9. Feldman AM, Klein H, Tchou P, Murali S, Hall WJ, Mancini D, et al. Use of a wearable defibril-
lator in terminating tachyarrhythmias in patients at high risk for sudden death: results of the 
WEARIT/BIROAD. Pacing Clin Electrophysiol. 2004;27(1):4-9.

 10. Referentieprijzen voor economische evaluaties in de gezondheidszorg [Webpage]. 
[updated 8-9-201529-2-2016]. Available from: https://www.zorginstituutnederland.nl/
binaries/content/documents/zinl-www/documenten/publicaties/overige-publicaties/1509-
kostenhandleiding---methodologie-van-kostenonderzoek-en-referentieprijzen-voor-econ-
omische-evaluaties-in-de-gezondheidszorg/1509-kostenhandleiding---methodologie-van-
kostenonderzoek-en-referentieprijzen-voor-economische-evaluaties-in-de-gezondheidszorg/
Kostenhandleiding+-+Methodologie+van+kostenonderzoek+en+referentieprijzen+voor+eco
nomische+evaluaties+in+de+gezondheidszorg.pdf.

 11. Epstein AE, DiMarco JP, Ellenbogen KA, Estes NA, 3rd, Freedman RA, Gettes LS, et al. 
ACC/AHA/HRS 2008 Guidelines for Device-Based Therapy of Cardiac Rhythm Abnormali-
ties: a report of the American College of Cardiology/American Heart Association Task Force 
on Practice Guidelines (Writing Committee to Revise the ACC/AHA/NASPE 2002 Guideline 
Update for Implantation of Cardiac Pacemakers and Antiarrhythmia Devices) developed in 
collaboration with the American Association for Thoracic Surgery and Society of Thoracic 
Surgeons. J Am Coll Cardiol. 2008;51(21):e1-62.

 12. Singh M, Wang NC, Jain S, Voigt AH, Saba S, Adelstein EC. Utility of the Wearable Car-
dioverter-Defibrillator in Patients With Newly Diagnosed Cardiomyopathy: A Decade-Long 
Single-Center Experience. J Am Coll Cardiol. 2015;66(23):2607-13.

 13. Al-Khatib SM, Hellkamp A, Curtis J, Mark D, Peterson E, Sanders GD, et al. Non-evidence-
based ICD implantations in the United States. JAMA. 2011;305(1):43-9.



48  |  Chapter 3

 14. Lenarczyk R, Potpara TS, Haugaa KH, Hernandez-Madrid A, Sciaraffia E, Dagres N, et al. 
The use of wearable cardioverter-defibrillators in Europe: results of the European Heart 
Rhythm Association survey. Europace. 2016;18(1):146-50.

 15. Healy CA, Carrillo RG. Wearable cardioverter-defibrillator for prevention of sudden cardiac 
death after infected implantable cardioverter-defibrillator removal: A cost-effectiveness evalu-
ation. Heart Rhythm. 2015;12(7):1565-73.



Chapter 4

An Entirely Subcutaneous Implantable Cardioverter Defibrillator

GH Bardy, WM Smith, MA Hood, IG Crozier, IC Melton, L Jordaens, D Theuns

RE Park, DJ Wright, DT Connelly, SP Fynn, FD Murgatroyd, J Sperzel, J Neuzner

SG Spitzer, AV Ardashev, A Oduro, L Boersma, AH Maass, IC Van Gelder, AA Wilde

PF van Dessel, RE Knops, CS Barr, P Lupo, R Cappato, AA Grace

New England Journal of Medicine 2010



50  |  Chapter 4

Abstract

Background

Implantable cardioverter defibrillators (ICDs) prevent sudden cardiac death in se-
lected individuals but require transvenous lead systems. We designed and tested 
an entirely subcutaneous ICD system to avoid the need for transvenous access.

Methods

Two short-term clinical trials were conducted to identify a suitable device con-
figuration and assess energy requirements. Four subcutaneous ICD configura-
tions were evaluated in 78 patients who were candidates for ICD implantation. 
The optimal configuration was tested in 49 additional patients to determine the 
subcutaneous defibrillation threshold in comparison to the standard transvenous 
ICD. Long-term implants were evaluated in a six-patient pilot study followed by a 
55-patient single-arm trial.

Results

The optimal device configuration comprised a parasternal electrode and left 
anterolateral thoracic pulse generator. This configuration was as effective as a 
transvenous ICD for terminating induced ventricular fibrillation, albeit with a signifi-
cantly higher energy requirement (36.6+/-19.8 joules vs. 11.1+/-8.5 joules). In six 
pilot study patients and 55 trial patients receiving a permanent subcutaneous ICD, 
ventricular fibrillation was successfully detected in 100% of 137 induced episodes. 
Induced ventricular fibrillation was converted twice in 58 of 59 patients (98%) using 
65-joule shocks during two consecutive tests. Significant adverse events included 
two pocket infections and four lead revisions. After 10 +/-1 months, survival was 
98% and 12 of 12 spontaneous ventricular tachyarrhythmias were successfully 
treated by the device.

Conclusion

In small nonrandomized studies, an entirely subcutaneous ICD consistently 
detected and converted ventricular fibrillation induced during electrophysiological 
testing. It also successfully detected and treated all 12 spontaneous sustained 
ventricular tachyarrhythmias. (ClinicalTrials.gov numbers, NCT00399217 and 
NCT00853645)
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Introduction

Implantable cardioverter defibrillators (ICDs) are established therapy for prevention of 
death from ventricular arrhythmias.1-5 However, conventional ICDs rely on transvenous 
leads for cardiac sensing and defibrillation. The morbidity attributable to defibrillator 
implantation is mostly related to transvenous lead insertion and includes risks of pneumo-
thorax, hemothorax and cardiac tamponade.6-10 Difficulties associated with venous access 
can result in prolonged procedures, and occasionally, failed ICD implantation.11-13 In the 
long term, lead failure remains a major ICD limitation despite decades of innovations in 
lead design.12-22 Lead failure either generates inappropriate shocks or impedes appropri-
ate therapy.20-23 Moreover, failed leads often require removal, a procedure associated 
with significant morbidity and mortality.24-36 If cardiac pacing is not necessary, there may 
be a clinical advantage in avoiding the use of transvenous electrodes. In this report, we 
describe the initial evaluation of an entirely subcutaneous ICD system designed to avoid 
the need for sensing and therapy electrodes placed within or on the heart.

Methods

The studies reported here included two short-term trials of a temporarily inserted subcuta-
neous ICD followed by two trials of long-term subcutaneous ICD implantation. All studies 
were sponsored by Cameron Health and designed by Drs. Bardy, Smith, Hood, Cap-
pato, Crozier and Grace. The protocols were approved by the ethics committees of each 
participating institution and associated national and local regulatory agencies. All study 
participants satisfied standard criteria for ICD implantation37 and signed written informed 
consent. Study data were collected by all of the authors; device data were provided by 
sponsor engineers. The original manuscript draft was written by Dr. Bardy with revisions 
and reviews by all co-authors. All authors vouch for the accuracy and completeness of 
the data and the analyses.

Lead Configuration Evaluation

The first short-term defibrillation trial was conducted between September 2001 and 
February 2004 to identify the optimal electrode configuration for the subcutaneous ICD. 
Four electrode configurations were selected for study based upon the use of specific 
anatomical landmarks. These configurations, shown in Figure 1, included a left lateral 
pulse generator with an 8-cm coil electrode at the left parasternal margin; a left pectoral 
pulse generator with a 4-cm coil electrode positioned at the left inferior sternum; a left 
pectoral pulse generator with an 8-cm coil electrode curving from the left inferior sternum 
across to the inferior margin of the left sixth rib; and a left lateral pulse generator with a 
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left parasternal 5-cm2 oval disk. A total of 78 patients participated in this trial. Each patient 
underwent temporary subcutaneous implantation and defibrillation testing of one or more 
of the four device configurations evaluated. The details of the defibrillation threshold test-
ing protocol are described in the Supplementary Appendix, available with the full text of 
this article at NEJM.org. Testing was conducted in an interleaved fashion using a Latin 
square design; the data were evaluated using analysis of variance.38,39 After completion of 
the study, all subcutaneous devices were explanted and each patient underwent conven-
tional transvenous ICD implantation.

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 363;1 nejm.org july 1, 201038

followed by a trial involving 55 patients who un
derwent implantation in New Zealand and Eu
rope between December 2008 and February 2009. 
We identified candidates for subcutaneous ICD 
implantation among the patients who were re
ferred for ICD implantation at each participating 
center. The inclusion criterion was a class I, IIa, 
or IIb indication for ICD therapy.37 Exclusion cri
teria were an estimated glomerular filtration rate 

of less than 30 ml per minute, a requirement for 
antibradycardia pacing, a history of ventricular 
tachycardia at rates slower than 170 beats per min
ute, and documented ventricular tachycardia known 
to be reliably terminated with antitachycardia pac
ing. The primary end point was successful imme
diate conversion of two consecutive episodes of in
duced ventricular fibrillation, each with a single 
65J shock.
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Figure 1. Four Configurations of a Subcutaneous Implantable Cardioverter–Defibrillator.

The four lead systems that were tested to select the best of these candidates were a left lateral pulse generator with an 8-cm coil elec-
trode positioned at the left parasternal margin, designated LGen-S8 (Panel A); a left pectoral pulse generator with a left parasternal 
4-cm coil electrode at the inferior sternum, designated PGen-S4 (Panel B); a left pectoral pulse generator with an 8-cm coil electrode 
curving from the left inferior parasternal line across to the inferior margin of the left sixth rib, designated PGen-C8 (Panel C); and a left 
lateral pulse generator with a left parasternal 5-cm2 oval disk, designated LGen-S5 (Panel D).

The New England Journal of Medicine 
Downloaded from nejm.org at UNIVERSITEIT VAN AMSTERDAM on July 8, 2016. For personal use only. No other uses without permission. 

 Copyright © 2010 Massachusetts Medical Society. All rights reserved. 

Figure 1: Schematic of four lead systems acutely tested to select the optimal system for development 
of the subcutaneous ICD. The systems tested were: (1) a left lateral pulse generator with an 8-cm coil 
electrode at the left parasternal margin, designated LGen-S8; (2) a left pectoral pulse generator with 
a left parasternal 4-cm coil electrode positioned at the inferior sternum, designated PGen-S4; (3) a 
left pectoral pulse generator with an 8-cm coil electrode curving from the left inferior parasternal line 
across to the inferior margin of the left sixth rib, designated PGen-C8; and (4) a left lateral pulse genera-
tor with a left parasternal 5-cm2 oval disk, designated LGen-S5 disk.
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Comparison of Temporary Subcutaneous ICD with Transvenous ICD

In 49 patients, the optimal subcutaneous ICD system identified in the first short-term trial 
(configuration 1 in Figure 1) was compared with a transvenous ICD system in the second 
short-term trial between April 2004 and June 2005. For each patient, both the subcutane-
ous and transvenous devices were implanted during the same procedure. Defibrillation 
thresholds were compared after both systems were in position and both surgical pockets 
closed. The system tested first was selected randomly. The defibrillation threshold testing 
protocol for the subcutaneous ICD was identical to that employed for the first acute trial, 
as described in the Supplementary Appendix. Statistical comparison of the defibrillation 
thresholds with each device was performed using a paired t-test. After completion of the 
study, the subcutaneous device was explanted.

Permanent Implantation

Two trials of permanent subcutaneous ICD implantation were performed. These included 
a pilot trial in six patients who underwent implantation in July 2008, followed by a larger 
trial in 55 patients who underwent implantation in Europe between December 2008 and 
February 2009. Individuals offered subcutaneous ICD implantation were selected from 
patients referred for ICD implantation at each participating center. Inclusion criteria were 
Class I, IIa or IIb indications for ICD therapy.37 Exclusion criteria included an estimated 
glomerular filtration rate less than 30 ml/min, a requirement for anti-bradycardia pacing, a 
history of ventricular tachycardia at rates slower than 170 bpm, and documented ventricu-
lar tachycardia known to reliably terminate with anti-tachycardia pacing. The primary end 
point was acute successful conversion of two consecutive episodes of induced ventricular 
fibrillation, each with a single 65-joule shock.

The Clinical Subcutaneous ICD System

The subcutaneous ICD system tested in these studies (Cameron Health Inc, San Cle-
mente, CA) consists of a 3-mm tripolar parasternal electrode (polycarbonate-urethane 
55D), which is connected to an electrically active pulse generator. The electrode is posi-
tioned parallel to and 1 to 2 cm to the left of the sternal midline, while the pulse generator 
is positioned over the sixth rib in the anterior axillary line (Figure 2). The electrode has 
an 8-cm shocking coil flanked by two sensing electrodes. The distal sensing electrode is 
positioned adjacent to the manubriosternal junction and the proximal sensing electrode 
is positioned adjacent to the xiphoid process (labeled A and B in Figure 2). Insertion of 
the subcutaneous ICD is guided exclusively by anatomical landmarks; no fluoroscopy is 
required. The surgical procedure and the device testing protocol at implant are described 
in the Supplementary Appendix.
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Subcutaneous ICD System

The subcutaneous ICD system that we tested in 
these studies consists of a 3mm tripolar para
sternal electrode (polycarbonate urethane 55D), 
which is connected to an electrically active pulse 
generator. The electrode is positioned parallel to 
and 1 to 2 cm to the left of the sternal midline, and 
the pulse generator is positioned over the sixth 
rib between the midaxillary line and the anterior 
axillary line (Fig. 2). The electrode has an 8cm 
shocking coil, flanked by two sensing electrodes. 
The distal sensing electrode is positioned adja
cent to the manubriosternal junction, and the 
proximal sensing electrode is positioned adjacent 
to the xiphoid process. The insertion of the sub
cutaneous ICD is guided exclusively by anatomical 
landmarks; no fluoroscopy is required. The surgi
cal procedure and the devicetesting protocol dur
ing implantation are described in the Supplemen
tary Appendix.

During device operation, the cardiac rhythm is 
detected by the two sensing electrodes or by either 
of the sensing electrodes and the pulse generator. 
The subcutaneous ICD system automatically se
lects an appropriate vector for rhythm detection 
and for avoiding double QRS counting and Twave 
oversensing. Once signals have been validated as 
free of noise and double detection, feature analy
sis and rate detection are used to sort rhythm type 
and determine the need for therapy. A condition
al discrimination zone incorporating a feature
extraction technique can be programmed between 
rates of 170 and 240 beats per minute to distin
guish supraventricular tachycardia from ventric
ular tachycardia and avoid inappropriate treatment 
of the former. Reconfirmation of ventricular tach
yarrhythmia follows capacitor charging to avoid 
the delivery of shocks for nonsustained ventricu
lar tachyarrhythmias. Testing of the device during 
implantation is done with the use of 65J shocks 
to ensure a margin of safety. However, after the 
device has been implanted, it delivers only 80J 
shocks. It can also reverse shock polarity auto
matically if the initial shock is not successful. In 
addition, demand pacing at 50 beats per minute 
is available for 30 seconds after a shock, with the 
use of a 200mA biphasic transthoracic pulse. Pac
ing is activated only after more than 3.5 seconds 
of postshock asystole.

All device settings are automated except for 
shock therapy (on/off), pacing after a shock (on/
off), conditional discrimination of supraventricu

lar tachycardia (on/off), and the upperrate cutoff 
for the conditional shock zone (between 170 and 
240 beats per minute). Data storage includes pre
event electrograms and rhythm markers through 
event termination. Up to 24 treated episodes 
can be stored, with up to 120 seconds of data per 
episode.

R esult s

Evaluation of Lead Configuration

In the study comparing four lead configurations, 
the mean (±SD) age of the 78 patients was 61±11 
years (range, 31 to 80), and 72 of the patients were 
men. The average weight was 82.4±15.2 kg (range, 
53.0 to 143.5 [182±34 lb; range, 117 to 316]). The 
mean ejection fraction was 0.35±0.14 (range, 0.10 
to 0.69). The mean defibrillation thresholds were 
32.5±17.0 J (95% confidence interval [CI], 27.8 to 
37.3) for configuration 1, 40.4±13.7 J (95% CI, 35.4 
to 45.4) for configuration 2, 40.1±14.9 J (95% CI, 
33.7 to 46.5) for configuration 3, and 34.3±12.1 J 
(95% CI, 28.8 to 39.8) for configuration 4 (Fig. 3A). 

D

P

C

Pulse
generator

Figure 2. Locations of the Components of a Subcutaneous Implantable  
Cardioverter–Defibrillator In Situ.

The distal and proximal sensing electrodes (D and P, respectively) of the 
LGen-S8 device are shown, with the left lateral pulse generator and an 8-cm 
parasternal coil electrode (C).
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Figure 2: The locations of the S-ICD system components in situ. The letters ‘A’ and ‘B’ designate the 
distal and proximal sensing electrodes, respectively. The letter ‘C’ designates the shock coil electrode.

During device operation, the cardiac rhythm is detected by the two sensing electrodes 
or by either of the sensing electrodes and the pulse generator. The subcutaneous ICD 
system automatically selects an appropriate vector for rhythm detection and for avoiding 
double QRS counting or T-wave oversensing. Once signals are validated as free of noise 
and double detection, feature analysis and rate detection are used to sort rhythm type and 
the need for therapy. A conditional discrimination zone incorporating a feature extraction 
technique can be programmed between rates of 170 and 240 bpm to distinguish supra-
ventricular tachycardia from ventricular tachycardia and avoid inappropriate treatment 
of the former. Ventricular tachyarrhythmia reconfirmation follows capacitor charging to 
avoid shocking non-sustained ventricular tachyarrhythmias. Testing of the device during 
implantation is done using 65-joule shocks to provide a margin of safety. However, the 



An Entirely Subcutaneous Implantable Cardioverter Defibrillator  |  55

4

device once implanted only delivers 80-joule shocks. It can also reverse shock polarity 
automatically if a shock is not successful. In addition, demand pacing at 50 bpm is avail-
able post-shock for 30 seconds using a 200 mA biphasic transthoracic pulse. Pacing is 
activated only after more than 3.5 seconds of post-shock asystole.

All device parameters are automated except four: shock therapy (on/off), post-shock 
pacing (on/off), conditional SVT discrimination (on/off), and upper rate cut-off for the 
conditional shock zone (between 170 and 240 bpm). Data storage includes pre-event 
electrograms and markers through to event termination. Up to 24 treated episodes can 
be stored, with up to 120 seconds of data per episode.

Results

Lead Configuration Evaluation

In the study comparing four lead configurations, the mean age (+/-SD) of the 78 patients 
was 61+/-11 years (range: 31-80) and 72 were male. The average weight was 82.4+/-15.2 
kg (range: 53.0-143.5). The mean ejection fraction was 0.35+/-0.14 (range: 0.10-0.69). 
The acute defibrillation threshold testing results are shown in Figure 3A. The mean de-
fibrillation threshold (+/-SD) for device configurations 1-4 in Figure 3A were 32.5+/-17.0 
joules (95% CI: 27.8-37.3), 40.4+/-13.7 joules (95%CI: 35.4-45.4), 40.1+/-14.9 joules 
(95%CI: 33.7-46.5), and 34.3+/-12.1 joules (95%CI: 28.8-39.8), respectively. A left lateral 
pulse generator with an 8 cm parasternal coil electrode (configuration 1 in Figure 1) 
had the lowest mean defibrillation threshold although configuration differences were not 
significant (p=0.07 by ANOVA).

Comparison of Temporary Subcutaneous ICD with Transvenous ICD

In the study comparing the subcutaneous ICD with the transvenous ICD, the mean age 
(+/-SD) of the 49 patients was 64+/-11 years (range: 42-79) and 47 were male. The aver-
age weight was 85.3+/-12.8 kg (range: 61-114). The mean ejection fraction was 0.37+/-
0.13 (range: 0.19-0.70). The mean defibrillation threshold with the transvenous ICD 
was 11.1+/-8.5 joules (95% CI: 8.6-13.5) and the mean defibrillation threshold with the 
subcutaneous ICD was 36.6+/-19.8 joules (95% CI: 31.1-42.5; p<0.001) (Figure 3B). The 
transvenous device in one patient and the subcutaneous device in another patient failed 
to terminate an induced arrhythmia at maximum device output. In the patient whose sub-
cutaneous ICD failed defibrillation testing, the parasternal electrode was malpositioned 
approximately 6 cm to the left of the sternum, beyond the lateral margin of the heart.
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The left lateral pulse generator with the 8cm 
parasternal coil electrode (Fig. 1A) had the low
est mean defibrillation threshold, although the 
differences among the configurations were not 
significant (P = 0.07 for all comparisons by analy
sis of variance).

Temporary Subcutaneous ICD versus 
Transvenous ICD

In the study comparing the subcutaneous ICD 
with the transvenous ICD, the mean age of the 49 
patients was 64±11 years (range, 42 to 79), and 
47 of the patients were men. The average weight 
was 85.3±12.8 kg (range, 61.0 to 114.0 [188±28 
lb; range, 134 to 251]). The mean ejection fraction 
was 0.37±0.13 (range, 0.19 to 0.70). The mean de
fibrillation threshold was 11.1±8.5 J (95% CI, 8.6 
to 13.5) with the transvenous ICD and 36.6±19.8 J 
(95% CI, 31.1 to 42.5) with the subcutaneous ICD 
(P<0.001) (Fig. 3B). The transvenous device in 
one patient and the subcutaneous device in an
other patient failed to terminate induced ventric
ular fibrillation at maximum device output. In 
the patient whose subcutaneous ICD failed defi
brillation testing, the parasternal electrode had 
been incorrectly positioned approximately 6 cm 
to the left of the sternum, beyond the left lateral 
margin of the heart.

Permanent Subcutaneous ICD Pilot Study

Six patients requiring ICD therapy underwent per
manent subcutaneous device implantation in the 
pilot study. The mean age of the patients was 
60±11 years (range, 46 to 72), with a mean weight 
of 99.0±12.0 kg (range, 87.0 to 114.0 [218±26 lb; 
range, 192 to 251]). All the patients were men. 
The mean ejection fraction was 0.23±0.07 (range, 
0.15 to 0.35). Five of the patients had coronary 
disease, and one had nonischemic cardiomyopa
thy. Two had undergone previous cardiac surgery. 
One patient had a secondaryprevention indication, 
and five had a primaryprevention indication.

All six patients underwent successful implan
tation of the subcutaneous ICD, and in all the 
patients, defibrillation with 65J submaximal 
shocks was successful during two consecutive epi
sodes of induced ventricular fibrillation. A total 
of 18 episodes of ventricular fibrillation were in
duced (with one patient having multiple episodes 
of nonsustained ventricular fibrillation terminat
ing before shock delivery); all the episodes were 
appropriately detected. After 488±2 days of fol
lowup (95 patientmonths of subcutaneous ICD 
therapy), no spontaneous episodes of ventricular 
tachycardia or ventricular fibrillation had oc
curred in the six patients, and all were well, with 
no devicerelated complications or inappropri
ate shocks. Figure 4 shows data from one patient, 
with postoperative chest radiographs and an elec
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Figure 3. Energy Delivered with the Subcutaneous Implantable Cardiovert-
er–Defibrillator (ICD), According to Lead Configuration, and a Comparison 
of Defibrillation Thresholds in Transvenous and Subcutaneous ICDs.

Panel A shows delivered defibrillation-threshold energies (measured in 
joules) in the four practical lead configurations that are described in Figure 
1, as tested during trials of acute defibrillation ranges involving 78 patients. 
The T bars indicate standard deviations. Panel B shows a comparison of 
paired defibrillation-threshold data for transvenous ICDs and subcutane-
ous ICDs in 49 consecutive patients during randomized testing. The subcu-
taneous ICD was as effective as a transvenous ICD for terminating induced 
ventricular fibrillation, although with a significantly higher mean (±SD) en-
ergy requirement (36.6±19.8 J vs. 11.1±8.5 J, P<0.001). In these tests, the 
transvenous ICD in one patient and the subcutaneous ICD in another pa-
tient failed to defibrillate induced ventricular fibrillation at maximum device 
output. In each of these two cases, 20 J was arbitrarily added to the highest 
energy tested to assign a defibrillation-threshold value. In the patient 
whose subcutaneous device failed defibrillation testing, the parasternal 
electrode had been incorrectly placed 6 cm lateral to the sternum.
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Figure 3: Panel A, delivered defibrillation threshold energies found in four practical lead configurations 
in acute defibrillation range finding trials conducted in a total of 78 patients. Panel B, comparison of 
paired transvenous ICD (TV-ICD) and subcutaneous ICD (S-ICD) defibrillation threshold (DFT) data in 49 
consecutive patients during randomized acute testing. In the study results shown in Panel B, the TV-ICD 
in one patient and the S-ICD in another patient failed to defibrillate an induced arrhythmia at maximum 
device output. In each of these two cases, 20 joules was arbitrarily added to the highest energy tested 
to assign a DFT value. In the patient whose S-ICD failed defibrillation testing, the parasternal electrode 
was placed incorrectly 6 cm lateral to the sternum.

Permanent Implant Pilot Study

Six patients requiring ICD therapy underwent permanent subcutaneous device implanta-
tion in the pilot study. The mean patient age (+/-SD) was 60+/-11 years (range: 46-72); 
all were male with a mean weight of 99+/-12 kg (range: 87-114). The mean ejection 
fraction was 0.23+/-0.07 (range: 0.15-0.35). Five had coronary disease and one had a 
non-ischemic cardiomyopathy. Two had had prior cardiac surgery. One patient had a 
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secondary prevention indication and five had a primary prevention indication. All patients 
underwent successful implantation of the subcutaneous ICD, and all had successful 
defibrillation with 65-joule sub-maximal shocks during 2 consecutive episodes of induced 
ventricular fibrillation. A total of 18 episodes of ventricular fibrillation were induced (one 
patient having multiple episodes of non-sustained ventricular fibrillation terminating 
prior to shock delivery), all of which were appropriately detected. After 488 +/-2 days of 
follow-up (95 patient-months of subcutaneous ICD therapy), no spontaneous episodes of 
ventricular tachycardia or ventricular fibrillation have occurred in these six patients, and 
all are well with no device-related complications or inappropriate shocks. Figure 4 shows 
data from one patient, with a post-operative chest x-ray and the electrogram from one 
episode of arrhythmia induction and termination.

An Entirely Subcutaneous Cardioverter–Defibrillator
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trogram from one episode of induction and ter
mination of ventricular fibrillation.

European Clinical Trial

For the European singlegroup clinical trial, 65 pa
tients who presented for ICD implantation satis
fied the enrollment criteria. Eight patients declined 
to participate in the study, and in two cases, the 
patient’s physician opted for implantation of a 
transvenous ICD. Thus, 55 patients were enrolled 
in the trial, and all received a subcutaneous ICD. 
The clinical characteristics of the patients are 
shown in Table 1.

Defibrillation testing was not possible in two 
patients because of intraoperative hemodynamic 
instability in one patient and failure to induce ven
tricular fibrillation in the other. Therefore, 53 pa
tients were evaluated for sensing and defibrillation 
during implantation. Of 137 episodes of induced 
ventricular fibrillation, 100% were detected by the 
subcutaneous ICD. In 52 of the 53 patients who 
were tested (98%), two consecutive episodes of 
induced arrhythmia were successfully converted 
at 65 J. Among these 52 patients, conversion was 
achieved with standard polarity in 50 patients and 
with reverse polarity in 2 patients. In the 53rd 
patient, defibrillation at 65 J was achieved during 

the first induction but not during the second in
duction. As specified by the protocol, this patient 
received a transvenous ICD. In another patient, it 
was necessary to reposition the electrode, which 
was initially inserted in an inappropriate location 
6 cm from the midline. The mean time to delivery 
of a shock was 14.0±2.5 seconds. The mean dura
tion of the procedure, which was performed for 
the first time by most of the practitioners, includ
ing device insertion and at least two induction 
and termination tests, was 67±33 minutes. The 
procedure time was reduced to 55±23 minutes for 
practitioners who completed at least three im
plantations.

After 10±1 months and 46 patientyears of fol
lowup, 54 of 55 patients (98%) were alive. One 
death from renal failure occurred 6 months after 
device implantation in an 84yearold patient. 
Eighteen days before he died, the patient request
ed that his subcutaneous ICD be turned off.  
A pocket infection developed in two patients; 
pocket revision was performed in one patient, and 
the other elected to discontinue defibrillator ther
apy. There were no cases of pocket erosion. No 
lead fractures developed in any patient, and no 
generator migration occurred. Minor lead migra
tion was noted during followup in two patients. 

BA

C

Figure 4. Chest Radiographs and an Electrocardiogram in a Patient Who Underwent Placement and Testing  
of a Subcutaneous Implantable Cardioverter–Defibrillator (ICD).

The radiographs in Panels A and B show the locations of the electrode and pulse generator of a subcutaneous ICD 
in a 54-year-old man who was evaluated in the pilot study. Panel C shows an electrocardiogram of an episode of in-
duced ventricular fibrillation and its termination in the patient. The subcutaneous ICD was being evaluated for pri-
mary prevention in the patient, who had coronary disease, New York Heart Association class II heart failure with an 
ejection fraction of 15%, and obstructive lung disease; the patient’s weight was 92 kg (203 lb).
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Figure 4: Chest x-ray of a patient in the permanent implant pilot study, showing the locations of the 
electrode and pulse generator of the subcutaneous ICD together with an episode of induced ventricular 
fibrillation and its termination shown along the bottom of the chest x-ray. The patient (TJC) is a 54 year 
old, 92kg primary prevention male patient with coronary disease, NYHA II heart failure, obstructive 
lung disease and an ejection fraction of 15%.

European Clinical Trial

For the European single-arm clinical trial, a total of 65 patients presenting for ICD implan-
tation satisfied enrollment criteria. Eight patients declined to participate, and in two cases 
the patient’s physician opted for a transvenous ICD. Thus, 55 patients were enrolled in 
the trial, and all received a subcutaneous ICD. The clinical characteristics of the trial 
participants are shown in Table 1.
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Table 1. Clinical Characteristics of the Subjects in the European Clinical Trial

Age, mean+/-SD (range) 56+/-13 (22-84)

Male, n (%) 44 (80)

BMI, mean+/-SD (range) 28+/-5 (17-40)

LVEF, mean+/-SD (range) 0.34+/-0.13 (0.14-0.73)

Cause of cardiac disease, n (%)

CAD 37 (67)

Nonischemic CMP 10 (18)

CHD 2 (4)

Other 6 (11)

Prior cardiac surgery, n (%) 17 (31)

Indication for ICD, n (%)

Primary prevention 43 (78)

Secondary prevention 12 (22)

Defibrillation testing was not possible in two patients due to intra-operative hemodynamic 
instability in one and inability to induce ventricular fibrillation in another. Therefore, 53 
patients could be evaluated for sensing and defibrillation at implant. Of 137 episodes 
of induced ventricular fibrillation, 100% were detected by the subcutaneous ICD. Of the 
53 patients tested, 52 (98%) had successful conversion of two consecutive episodes 
of induced arrhythmia at 65 joules, with 50 patients converting using standard polarity 
and two converting using reverse polarity. In one patient, defibrillation was possible only 
once at 65 joules but not during a second induction. By protocol, this patient received a 
transvenous ICD. In another patient, it was necessary to reposition the electrode, as it 
was initially inserted in an inappropriate location 6 cm from the midline. The mean time 
to therapy was 14.0+/-2.5 seconds. The mean procedure time, including device insertion 
as well as at least 2 induction and termination tests was 67+/-33 minutes for a procedure 
novel to most of the implanters. Procedure time decreased to 55+23 minutes for those 
completing at least 3 implants.

After 10+/-1 months and 46 patient-years of follow-up, 54 of 55 patients (98%) were 
alive. One death from renal failure occurred 6 months after implant in an 84-year-old 
patient. He requested his subcutaneous ICD be turned off 18 days prior to death. Two 
patients developed a pocket infection. There were no pocket erosions. One patient had 
a pocket revision and another elected to discontinue defibrillator therapy. No lead frac-
tures developed in any patient. No generator migration occurred. Minor lead migration 
was noted during follow-up in two patients. Another three patients had parasternal lead 
dislodgement due to inadequate anchoring of the distal tip of the electrode. Each of these 
patients required lead repositioning within a week of surgery. Another patient had lead 
dislodgement at six months during vigorous physical activity.
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One patient had oversensing due to an inadequately secure insertion of the elec-
trode into the header block, leaving poor contact with one of the sensing electrodes. 
This problem was addressed the day after surgery with reprogramming of the detection 
vector rather than reoperation. Three patients had inappropriate sensing due to muscle 
noise; all of these cases were addressed with device reprogramming. One patient had 
inappropriate sensing (double detection) after the narrow QRS complex in sinus rhythm 
changed to a right bundle branch block configuration during sinus tachycardia (150 bpm). 
In three months of subsequent follow-up after detection algorithm revision, no inappro-
priate shocks occurred. There were no inappropriate shocks for atrial fibrillation, sinus 
tachycardia, or supraventricular tachycardia of any kind at any time within the study.

Twelve episodes of spontaneous ventricular tachycardia have been detected and 
successfully treated in three patients (see Supplementary Appendix Figure), including 
one episode after the software revisions described above. All patients were treated before 
the onset of syncope, and none experienced an adverse event. One of these patients 
was successfully treated for repetitive ventricular tachycardia (“VT storm”), including 7 
successive episodes of ventricular tachycardia.

Discussion

In the studies reported here, we describe the initial evaluation of an entirely subcutane-
ous ICD system. We identified a suitable device configuration, assessed the defibrillation 
threshold of the device in comparison to the standard transvenous ICD, and conducted 
two small single-arm trials of permanent device implantation. In the permanent implanta-
tion studies, the subcutaneous ICD successfully and consistently detected and converted 
ventricular fibrillation induced during electrophysiological testing. It also successfully de-
tected and treated 12 spontaneous ventricular tachyarrhythmias that occurred in patients 
enrolled in the European clinical trial.

The goal of development of the subcutaneous ICD has been to overcome some of 
the problems that are associated with the transvenous leads used with conventional 
ICDs.3,6-11,14,15,40 Such a device could potentially reduce or eliminate problems such as 
failure of vascular access, intravascular injury, and lead failure requiring difficult proce-
dures for extraction and replacement. Additional potential benefits of such a device could 
include preservation of venous access for other uses in patient management and the 
avoidance of radiation exposure during the fluoroscopy that is required for transvenous 
ICD implantation. These benefits would be especially important for young patients who 
may experience lead failure over the decades therapy is needed.41

The need for ICD systems that avoid transvenous leads has been recognized previ-
ously42-49 including some earlier exploratory efforts that have led to the present work.50,51 
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Some physicians have adapted existing technology to treat children with limited venous 
access. Leads have been inserted in unusual locations or epicardial and subcutaneous 
leads have been used.44-46 Other subcutaneous defibrillation systems have been demon-
strated to work with approximately 3-fold higher energy requirements than transvenous 
systems, consistent with our report.47,48 However, these systems have not incorporated 
subcutaneous rhythm detection but rather use transvenous or epicardial sensing elec-
trodes for detection.

The studies described in this report are, of course, preliminary, early-phase trials 
primarily intended to demonstrate the feasibility of an entirely subcutaneous ICD. Despite 
their demonstration of consistent detection and termination of ventricular fibrillation at 
the time of implant, these studies provide limited information regarding detection and 
conversion of ventricular tachyarrhythmias in the clinical setting. These studies cannot 
demonstrate whether the device studied is in fact superior to conventional transvenous 
ICDs with respect to such characteristics as lead stability or failure. Indeed, the initial ex-
perience includes several cases of problems such as lead migration, lead dislodgement, 
and inappropriate sensing. With respect to each of these issues, device adjustments early 
after initial use have been undertaken in an effort to improve system reliability. Problems 
with lead dislodgment have led to the introduction of an anchoring sleeve and new surgi-
cal technique. Difficulties with inappropriate sensing have been addressed with software 
revisions without further incidence in the three months following revision. However, these 
modifications will require further testing in additional cohorts of patients. More definitive 
trials with long-term follow-up as well as future large scale randomized comparisons to 
simple and complex transvenous ICDs will be necessary before its benefit relative to 
transvenous systems can be determined.

In addition, there are inherent limitations of this device design. Although transient 
post-shock pacing is available, the subcutaneous ICD cannot provide chronic pacing. It is 
therefore not an alternative to transvenous ICDs when anti-bradycardia pacing is required. 
Also, the subcutaneous ICD is not designed to treat patients with ventricular tachycardia 
at rates slower than 170 bpm. The lack of anti-tachycardia pacing capability may be a 
limitation in patients with frequent recurrent, monomorphic ventricular tachycardia.

Conclusion

In conclusion, we report here the results of initial studies of an entirely subcutaneous 
ICD system. In small nonrandomized studies, the subcutaneous ICD successfully and 
consistently detected and converted ventricular arrhythmias induced during electrophysi-
ologic testing. It also successfully detected and treated all 12 episodes of spontaneous 
sustained ventricular tachyarrhythmias.
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Abstract

Objective

To evaluate the efficacy and safety of the entirely subcutaneous implantable 
cardioverter-defibrillator (S-ICD).

Background

A new entirely subcutaneous ICD (S-ICD) has been introduced, that does not 
require lead placement in or on the heart. We report the largest multicenter experi-
ence to date with the S-ICD with a minimum of one year follow-up in the first 118 
Dutch patients who were implanted with this device.

Methods

Patients were selected if they had a class I or IIa indication for primary or second-
ary prevention of sudden cardiac death. All consecutive patients from four high 
volume centers in the Netherlands with a S-ICD implanted between December 
2008 and April 2011 were included in this study.

Results

A total of 118 patients (75% males, mean age 50 years) received the S-ICD. After 
18 months of follow-up, 8 patients experienced 45 successful appropriate shocks 
(98% first shock conversion efficacy). No sudden deaths occurred. Fifteen patients 
(13%) received inappropriate shocks, mainly due to T-wave oversensing which 
was mostly solved by a software upgrade and changing the sensing vector of the 
S-ICD. Sixteen patients (14%) experienced complications. Adverse events were 
more frequent in the first 15 implantations per centre compared with subsequent 
implantations (inappropriate shocks 19% vs. 6.7%, p = 0.03; complications 17% 
vs. 10%, p = 0.10).

Conclusion

This study demonstrates that the S-ICD is effective in terminating ventricular ar-
rhythmias. There is, however, a considerable percentage of ICD related adverse 
events, which decreases as the therapy
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Background

Implantable cardioverter-defibrillators (ICDs) are widely used to prevent fatal outcomes 
associated with life-threatening arrhythmic episodes in a variety of cardiac diseases.1-4 
Traditionally, ICDs have been implanted transvenously by creating a pocket in the sub-
clavicular area and gaining vascular access to reach the heart. This approach, although 
considered the standard of care for pacing and ICD therapy, has its drawbacks, such as 
short- and long term vascular complications, and complications associated with obtaining 
venous access. This can prolong the procedure and occasionally results in failed ICD 
implantation. Also, in case of device infection, the presence of intracardiac leads is a risk 
for endocarditis, which can lead to major morbidity and mortalit.5 Additionally, implanted 
transvenous leads are subject to mechanical stress associated with heart motion, body 
motion and patient anatomy. This can influence lead longevity. Lead fractures and inside-
out abrasions in commonly-used leads such as Sprint Fidelis and Riata demonstrate 
that even modern leads are susceptible to lead failure. Clinical management in these 
patients is difficult and potentially harmful.6, 7. Lead failure either generates inappropriate 
shocks or impedes appropriate therapy. Therefore, despite decades of innovations in lead 
design, lead complications (e.g. lead dislodgement, lead fracture or infection) remain a 
major limitation in the use of transvenous ICDs (TV-ICD). A different approach to ICD 
implantation might alleviate these concerns.

Recently, a new subcutaneous ICD (S-ICD) was introduced in Europe.8 The S-ICD 
is unique in that its implantation is entirely subcutaneous, eliminating the need for lead 
placement in or on the heart and simplifying the implant procedure by using anatomical 
landmarks instead of fluoroscopy imaging. We report the burgeoning and largest experi-
ence to date with the S-ICD with a minimum of one year follow-up in the first 118 patients 
who were treated with this novel technology in the Netherlands.

Methods

Study design

This study was conducted in four high volume ICD-implanting hospitals in the Nether-
lands. The study was performed using routine files of consecutive patients implanted 
with a S-ICD. All patients were aware of the innovative aspects, limitations and potential 
advantages and disadvantages of the device. Patients who had an S-ICD implanted 
prior to the CE-approval provided written informed consent and the use of the device 
was approved by the Medical Ethical Committee (MEC). Permission of the MEC was not 
required for retrospective analysis of stored data.
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Study population

Patients were eligible for a S-ICD if they had a class I or IIa ICD indication for ICD therapy 
according to AHA/ACC/ESC 2006 guidelines9 for primary or secondary prevention of sud-
den cardiac death. Patients with an indication for bradycardia or anti-tachycardia pacing 
or resynchronisation therapy were not considered for S-ICD implantation. Patients were 
selected for S-ICD implantation by 3 criteria: a) patient preference; b) after complications 
of a transvenous system which made re-implantation of a transvenous ICD unattractive; 
c) when the physician deemed S-ICD implantation more appropriate than a transvenous 
system for example because of a young age of the patient. Forty patients have been 
previously reported. 8, 10 Patients included in the IDE Clinical Study (NCT01064076) or 
Praetorian trial (NCT01296022)11 were left out from our analysis. T-waveform analysis 
using the customized measurement screening tool was performed and deemed accept-
able in all patients. All patients were implanted between December 2008 and April 2011.

Implantation

The S-ICD (Cameron Health S-ICD System, Cameron Health, San Clemente, California, 
USA) consists of 3 components: the SQ-RX Pulse Generator, the Q-TRAK Subcutaneous 
Electrode and the Q-TECH Programmer. Antibiotic prophylaxis consisted of intravenous 
flucloxacillin (1000 or 3000 mg) or cephazoline (1000 or 2000 mg) given before the pro-
cedure. General anaesthesia or local anaesthesia in combination with conscious sedation 
was used. The S-ICD was implanted without fluoroscopy using anatomical landmarks 
only. An additional suture sleeve at xiphoid position was used from September 2009 after 
the first 20 patients in this study. Due to a relative high incidence of inappropriate shocks 
in the earlier implanted S-ICD patients8, a software upgrade was applied to all devices 
since October 2009. This software upgrade was designed to decrease oversensing by 
adjusting the detection profiles of the system in the conditional zone to allow for a slightly 
longer refractory period. At least one defibrillation testing (DFT) was done with 65 Joule in 
all patients. Polarity was reversed in case of failure. After implantation a chest X-ray was 
performed to check correct positioning of the ICD and subcutaneous lead. Patients were 
mobilised immediately after the procedure. Most patients were discharged on the day of 
the procedure or on the following day.

Device programming

Most device settings in the S-ICD are automated. The device has three sensing vectors, 
and will automatically select the optimal vector during implantation. Thereafter, a template 
is made to store the QRS morphology, referred to as an automatic setup. A conditional dis-
crimination zone incorporating a feature-extraction technique was programmed between 
rates of 170-250 beats per minute (BPM) to distinguish supraventricular tachycardia from 
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ventricular tachycardia. Shock therapy was programmed at maximum output (80 Joule), 
with potential transthoracic post-shock pacing therapy for 30 seconds.

Follow-up

All patients visited the ICD outpatient clinic at least within 2 months after implantation. 
Thereafter patients were evaluated at the outpatient clinic at intervals of 6 months. 
Additional follow-up visits took place on indication, for instance after shock therapy or 
complications. Careful history taking was done and all arrhythmic events were routinely 
examined every visit in the follow-up period.

Statistical analysis

Categorical data are displayed as percentage. Continuous data were described as 
mean and standard deviations. To compare the inappropriate shock and complication 
rate between first and later implants Fisher’s exact test was used. P values <0.05 were 
considered statistically significant.

Results

Patient characteristics

From December, 2008 until April, 2011, of the approximately 1300 patients who had 
a ICD indication without the need for brady- or tachycardia pacing, 118 patients (9%) 
were selected and received a S-ICD. Patient characteristics are displayed in Table 1. 
The largest subgroup of patients were diagnosed with ischemic cardiomyopathy (n=45; 
38%) and 27 patients (23%) received an ICD because of an inherited cardiac disease. 
More than half of the patients (n=71, 60%) received an ICD for primary prevention, of 
whom 24 patients (mean left ventricular ejection fraction (LVEF) of 56%) had an inherited 
arrhythmia syndrome. There were 6 patients with a secondary prevention indication 
because of monomorphic VTs (mVTs). The mean LVEF was 41%, (38% in patients with 
S-ICDs implanted for primary prevention; 50% for secondary prevention). The mean age 
at implantation was 50 years (range 10 to 83 years). Thirteen patients (11%) previously 
had a TV-ICD explantation because of lead- or device malfunction (respectively n=8 and 
n= 1), infection (n=2), thrombotic occlusion (n=1) and a complicated implantation of a 
TV-ICD (n=1).
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Table 1 Patient characteristics of patients implanted with a subcutaneous ICD (n = 118)

N
Male 89 75%
Age at implant 50 ±14
Clinical disease 45 38%
Ischemic cardiomyopathy (n = 118)* 22 19% 
Dilated cardiomyopathy (n = 118)* 8 6.8% 
Non-ischemic / non-dilated 
cardiomyopathy (n = 118)* 

27 23% 

Inherited cardiac disease (n = 118)* 1 0.8% 
Congenital heart disease (n = 118)* 15 13% 
Idiopathic VF (n = 118)* 
Other cardiac history 14 12%
Hypertension (n = 117)* 14 12% 
Diabetes Mellitus (n = 117)* 13 11% 
Atrial fibrillation (n = 118)* 11 13% 
Moderate/Severe valvulopathy (n = 84)* 11 9.3% 
Previous CABG (n = 118)* 24 21% 
Non-sustained VT’s (n = 116)* 
ECG 170 ±29
PR-interval (ms) 13 11% 
PR > 200 (n = 118)* 102 ±17 
QRS-interval (ms) 11 9.3% 
QRS > 120 (n = 118)* 
LVEF 41 ±15
Primary prevention 38 ±12 
Secondary prevention 50 ±14 
NYHA class 86 75%
I (n = 114)* 23 20% 
II (n = 114)* 5 4.4% 
III (n = 114)* 0 0.0% 
IV (n = 114)* 
Medication 71 61%
β-blocker (n = 117)* 58 50% 
ACE-inhibitor/ARB (n = 117)* 22 39% 
Oral anticoagulants (n = 56)* 
ICD indication
Primary (n = 118)* 71 60%
Secondary
VF in history (n = 118)* 39 33%
Polymorphic VT in history (n = 118)* 2 1.7%
Monomorphic VT in history (n = 118)* 6 5.1%

Values are n (%) or mean (SD). * Number of persons for whom there were available data. ACE = angio-
tensin-converting enzyme; ARB = angiotensin receptor blocker; LVEF = left ventricular ejection fraction; 
NYHA = New York Heart Association; VF = ventricular fibrillation; VT = ventricular tachycardia
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General anesthesia was used in 56 patients (47%); the rest were given local anesthesia 
in combination with conscious sedation. All induced tachy-arrhythmias were successfully 
detected and converted into sinus rhythm. The mean rates of the programmed conditional 
zone were between 190±9 and 228±11 bpm.

Follow-up

The mean follow-up period was 18±7 months (177 patient-years). Two patients died 
during follow-up, one because of end-stage lung carcinoma and one because of end-
stage heart failure. The latter patient, with a QRS duration of 100 ms, did not qualify for 
biventricular pacing.

In 8 patients, a total of 9 episodes of spontaneous sustained VT (n = 4) and 36 
episodes of spontaneous VF occurred (n = 4). All episodes were appropriately detected, 
and shock therapy was immediately successful in 98% of the episodes. One patient had 
a monomorphic VT which accelerated due to the shock delivered. The episode ended 
spontaneously without the necessity of another shock. Another patient had 6 successfully 
converted episodes of mVT. The S-ICD was explanted because the referring cardiologist 
preferred a transvenous system, as anti-tachycardia pacing (ATP) was deemed neces-
sary. Of the 6 patients implanted for secondary prevention after an episode of mVTs, no 
appropriate shocks occurred, but 1 patient had a non-sustained episode of mVT. In total, 
non-sustained VT episodes were registered in 12 patients (10%).

Table 2: S-ICD related adverse events

Inappropriate shocks
N

patients
%

patients
N

episodes
%

episodes
Total number 15 100% 33 100%
Number pre-software upgrade 6 40% 7 21%
Cause:
T-wave oversensing 9 60% 11 33%
Myopotentials 3 20% 4 12%
Double counting 1 6.7% 15 45%
Atrial flutter 1 6.7% 2 6.1%
TENS therapy 1 6.7% 1 3.0%
Complications N

patients
%

patients
Total number 16 14
Cause:
Lead dislodgement 3 2.5%
Device dislodgement 1 0.8%
Infection 7 5.9%
Premature battery depletion 2 1.7%
Skin erosion 2 1.7%
Explantation because of need for ATP 1 0.8%

ATP = anti-tachycardia pacing; TENS = transcutaneous electrical nerve stimulation therapy
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In 15 patients (13%) a total of 33 inappropriate shocks occurred. Eleven inappropriate 
shocks in 9 patients were due to T-wave oversensing of which 3 shocks were prior to a 
software upgrade. In the other cases, T-wave oversensing was solved by changing the 
sensing vector of the S-ICD system during exercise testing (n = 7) or making a new tem-
plate during exercise testing (n=1). One patient received 15 shocks on double counting 
because of a newly developed complete right bundle branch block, which was solved by 
making a new template. One patient had an inappropriate shock because of noise sensing 
caused by transcutaneous electrical nerve stimulation therapy. One patient received an 
inappropriate shock due to atrial flutter, with a ventricular rate in the unconditional zone. 
Three patients experienced inappropriate shocks due to myopotential sensing caused 
by lead migration in 2 of the 3 patients. No inappropriate shocks occurred due to atrial 
fibrillation or other supraventricular tachycardias in the conditional zone.

Clinically significant ICD complications, defined as clinical events requiring surgical 
correction or hospitalization, occurred in 16 patients (14%). Dislocation of the subcutane-
ous lead occurred in 3 patients, which resulted in inappropriate shock therapy in 2 patients. 
In all cases of lead dislocation, the parasternal part of the lead migrated 1-2 centimetres 
caudally. This prompted the introduction of an additional suture sleeve at xyphoid level, 
after which dislocation was no longer observed. There were 2 patients who had skin ero-
sion at the location of the S-ICD generator requiring surgical revision. Seven patients had 
an infection of the S-ICD, requiring extraction of the device. Detailed information about 
these patients is described in Table 3. At least three of these patients had predisposing 
factors for developing infections. In 3 of these patients, a S-ICD was re-implanted in the 
same anatomical position three months later after treatment with antibiotics.

Inappropriate shocks and complications were more frequently observed in the first 
15 patients per center) who were implanted with the S-ICD than in subsequent patients 
(inappropriate shocks 19% vs. 6.7%, p = 0.03; complications 17% vs. 10%, p = 0.10) 
(Figure 1).
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episode prevented additional shocks. These results confirm
the earlier reported very reliable shock efficacy of the
S-ICD.

The decision to implant an S-ICD was mainly on the
basis of 3 selection criteria: 1) patient preference; 2) after
complications of a transvenous system; and 3) when the
physician deemed S-ICD implantation more appropriate
(e.g., because of a young age of the patient). This explains
the relative younger age of these patients and the high
percentage of patients with inherited diseases at baseline
compared with conventional ICD populations in other
studies (1,3,4). Most (89%) of these patients with inherited
diseases had a prophylactic S-ICD implantation. The mean
ejection fraction of these patients was 56%. This also
accounts for the relatively high mean LVEF in our study
population (41% in general; 38% in the primary prevention
and 50% in the secondary prevention category).

Patients with a primary as well as secondary prevention
had S-ICDs implanted. In the secondary prevention group,
6 patients had a history of mVTs. None of these 6 patients
experienced appropriate shocks. On the other hand, 4 other
patients received appropriate shocks on mVT, of which 1 of
them had 6 successfully converted episodes of mVT. The
latter patient had his S-ICD replaced by a TV-ICD to allow
ATP. The lack of ATP capabilities in the S-ICD may be a
possible limitation of the system, although this remains
debatable. Decreasing the rate of painful ICD shocks for
VT is an accepted reason to program ATP. Inappropriate
intervention for self-terminating rhythms such as nonsus-
tained VT may occur when ATP is used empirically (13).
Several studies have demonstrated that ATP terminates
around 80% of the slow and fast VTs, with acceleration rates
between 1% and 5% (13,14). Remarkably, earlier studies
testing ATP in induced VTs had lower success rates and
higher acceleration rates (15–18). Additionally, the
PAINFREE Rx II (Pacing Fast VT Reduces Shock Ther-
apies II) trial had higher syncopal events in the ATP arm,

perhaps due to acceleration of nonsustained VT by ATP
(13). Moreover, most patients with an out-of-hospital
cardiac arrest have VF (19), where ATP is not indicated.
Nevertheless, patients with frequent therapy refractory sus-
tained mVTs, although small in number, might benefit
from ATP and therefore seem less suitable for the S-ICD.

Inappropriate shocks were observed in 15 patients (13%),
comparable to the rate of inappropriate shocks in TV-ICDs
(20). Six patients experienced inappropriate shocks before
upgrading the software, which specifically aimed to reduce
the inappropriate shock rate. T-wave oversensing was the
main cause of inappropriate shock therapy before and after
the upgrade. The S-ICD has a morphology based sensing
algorithm and depends on a significant difference in the
ratio between R- and T-wave for appropriate sensing.
Before implant, in all patients a T-waveform analysis, to
screen the QRS to T-wave ratio for correct sensing, was
performed. This analysis is performed in supine and stand-
ing position during rest and therefore relatively slow heart
rate. In all patients this analysis was deemed acceptable.
During the automatic setup during implantation the device
selects the best of 3 possible vectors on the basis of this R-
to T-wave ratio and a template is made to store the QRS
morphology and R- to T-wave ratio. Usually this setup is
performed in rest. We noticed, however, that during or
shortly after exercise a different QRS to T-wave ratio
developed in 6 patients causing 8 exercise-related inappro-
priate shocks caused by T-wave oversensing. By choosing a
different sensing vector or making a new template during an
exercise test in these patients, further inappropriate shocks
were prevented. Therefore, it might be recommended to
perform the automatic setup routinely during an exercise
test, when the patient is mobilized again. Also, 1 patient
experienced inappropriate shocks due to double counting
after newly developed right bundle branch block. It would
be useful if the device would be able to create an automatic
template on a daily basis, to prevent shocks for newly
developed intraventricular conduction delay. Further analy-
sis should be done to identify patients with an S-ICD who
are at increased risk for T-wave oversensing.

In total, 14% of the patients experienced ICD-related
complications, similar to the complication rate in trans-
venous ICD trials (1,4). Three patients had lead dislocations
causing inappropriate sensing and shock therapy in 2 of
them. All dislocations were due to caudal migration of 1 to
2 cm of the parasternal part of the lead. An additional
suture sleeve was introduced to fixate the lead at the level
of the xiphoid incision. After the introduction of this suture
sleeve no lead dislocations have occurred. This study there-
fore demonstrates that the introduction of this suture
sleeve at the xiphoid level was successful in preventing
lead dislocations.

Seven patients had an infection that mandated the
removal of the device system. This relatively high infection
rate of 5.9% might partly be due to the fact that part of these
patients were at increased risk for infection: 1 was a diabetic

Figure 1 Comparison of Inappropriate Shock and Complication
Rate Between First and Later S-ICD Implants

Inappropriate shocks and complications occurred more frequently in the first
15 patients per center who were implanted with the subcutaneous implantable
cardioverter-defibrillator (S-ICD) than in subsequent patients (inappropriate
shocks 19% vs. 6.7%; complications 17% vs. 10%).

1937JACC Vol. 60, No. 19, 2012 Olde Nordkamp et al.
November 6, 2012:1933–9 Initial Clinical Experience With the S-ICD

Figure 1: Comparison of inappropriate shock and complication rate between first 15 implants and later 
implants

Discussion

This study describes the largest cohort of patients to date, with 177 patient-years of follow-
up, who received an entirely subcutaneous ICD for primary or secondary prevention. 
All induced tachy-arrhythmias during defibrillation threshold testing were successfully 
converted. After 18 months of follow-up 98% of the spontaneous VT/VF events were suc-
cessfully converted into sinus rhythm. One patient had a monomorphic VT which acceler-
ated due to initial shock therapy, but then had spontaneous termination. It is well known 
that shock therapy from a transvenous ICD can also accelerate monomorphic VT’s.11, 12 
The spontaneous termination of this arrhythmic episode prevented additional shocks. 
These results confirm the earlier reported very reliable shock efficacy of the S-ICD.

The decision to implant a S-ICD was mainly based on 3 selection criteria: a) pa-
tient preference; b) after complications of a transvenous system; c) when the physician 
deemed S-ICD implantation more appropriate for example because of a young age of the 
patient. This explains the relative younger age of these patients and the high percentage 
of patients with inherited diseases at baseline compared to conventional ICD populations 
in other studies.1, 3, 4 Most (89%) of these patients with inherited diseases had a prophy-
lactic S-ICD implantation. The mean ejection fraction of these patients was 56%. This also 
accounts for the relatively high mean LVEF in our study population (41% in general; 38% 
in the primary prevention and 50% in the secondary prevention category).

Patients with a primary as well as secondary prevention had S-ICDs implanted. In the 
secondary prevention group, 6 patients had a history of mVTs. None of these 6 patients 
experienced appropriate shocks. On the other hand, 5 other patients received appropriate 
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shocks on mVT, of which one of them had 6 successfully converted episodes of mVT. The 
latter patient had his S-ICD replaced by a TV-ICD to allow anti-tachycardia pacing (ATP). 
The lack of ATP capabilities in the S-ICD may be a possible limitation of the system, 
although this remains debatable. Decreasing the rate of painful ICD shocks for VT is an 
accepted reason to program ATP. Inappropriate intervention for self-terminating rhythms 
such as non-sustained VT may occur when ATP is used empirically.13 Several studies have 
demonstrated that ATP terminates around 80% of the slow and fast VT’s, with accelera-
tion rates between 1-5%.13, 14 Remarkably, earlier studies testing ATP in induced VT’s had 
lower success rates and higher acceleration rates.15-18 Additionally, PAINFREE Rx II had 
higher syncopal events in the ATP arm, perhaps due to acceleration of non-sustained VT 
by ATP.13 Moreover, most patients with an out-of-hospital cardiac arrest have VF19, where 
ATP is not indicated. Nevertheless, patients with frequent therapy refractory sustained 
mVTs, although small in number, might benefit from ATP and therefore seem less suitable 
for the S-ICD.

Inappropriate shocks were observed in 15 patients (13%), comparable to the rate 
of inappropriate shocks in transvenous ICDs.20 Six patients experienced inappropriate 
shocks before upgrading the software, which specifically aimed to reduce the inappropri-
ate shock rate. T-wave oversensing was the main cause of inappropriate shock therapy 
before and after the upgrade. The S-ICD has a morphology based sensing algorithm and 
depends on a significant difference in the ratio between R- and T-wave for appropriate 
sensing. Before implant, in all patients a T-waveform analysis, to screen the QRS to 
T-wave ratio for correct sensing, was performed. This analysis is performed in supine and 
standing position during rest and therefore relatively slow heart-rate. In all patients this 
analysis was deemed acceptable. During the automatic set-up during implantation the 
device selects the best of three possible vectors on the basis of this R- to T-wave ratio 
and a template is made to store the QRS morphology and R- to T-wave ratio. Usually this 
set-up is performed in rest. We noticed, however, that during or shortly after exercise a 
different QRS to T-wave ratio developed in 6 patients causing 8 exercise-related inap-
propriate shocks caused by T-wave oversensing. By choosing a different sensing vector 
or making a new template during an exercise test in these patients, further inappropriate 
shocks were prevented. Therefore, it might be recommended to perform the automatic 
set-up routinely during an exercise test, when the patient is mobilised again. Also, one 
patient experienced inappropriate shocks due to double counting after newly developed 
RBBB. It would be useful if the device would be able to create an automatic template on 
a daily basis, to prevent shocks for newly developed intraventricular conduction delay. 
Further analysis should be done to identify patients with a S-ICD who are at increased 
risk for T-wave oversensing.

In total, 14% of the patients experienced ICD related complications, similar to the 
complication rate in transvenous ICD trials.1, 4 Three patients had lead dislocations caus-
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ing inappropriate sensing and shock therapy in 2 of them. All dislocations were due to 
caudal migration of 1-2 centimetres of the parasternal part of the lead. An additional 
suture sleeve was introduced to fixate the lead at the level of the xiphoid incision. After the 
introduction of this suture sleeve no lead dislocations have occurred. This study therefore 
demonstrates that the introduction of this suture sleeve at the xyphoid level was success-
ful in preventing lead dislocations.

Seven patients had an infection which mandated the removal of the device system. 
This relatively high infection rate of 5.9% might partly be due to the fact that part of these 
patients were at increased risk for infection: one was a diabetic, one had an ongoing 
limb infection, which seemed to be the hematogenous source of the infection and one 
manipulated his wound. It should be noted that because of the novelty of the device there 
are no experienced implanters. This might have led to a prolonged implantation proce-
dure time causing an increased infection rate, since in TV-ICDs implantation procedure 
time is directly related to infection risk.21 In most cases, infections in the S-ICD were only 
skin-deep (in our study only 2 S-ICD infections were systemic) and were therefore easily 
managed, whereas removal of infected transvenous devices and leads are associated 
with a significant risk of morbidity and mortality.22 In 3 patients, three months after ex-
plantation and treatment with antibiotics, re-implantation of a new S-ICD was successful.

Premature battery depletion occurred in 2 patients within two years. These two 
devices were part of a specific subset of devices for which a field safety advisory was 
reported. The risk for premature battery depletion was due to a specific condition within 
an individual battery cell, as reported by Cameron Health.23

Skin erosion was seen in 2 patients. In one patient the pocket was probably not wide 
enough which led to complaints of pain especially during excessive movement of the left-
arm. After surgical revision of the pocket this problem was resolved. The larger generator 
of the S-ICD might have led to these pocket complications. With downsizing the S-ICD 
generator, pocket related complications might be further reduced in the future. However, 
it is important to note that although the generator size of TV-ICDs has dramatically de-
creased, skin erosions have not disappeared in these patients.

The substantial implantation-related complications and long-term complications 
associated with lead longevity and subsequent risk of system extractions encountered 
in transvenous systems resulted in the development of an entirely subcutaneous ICD. 
However, as we demonstrate, the subcutaneous position of the S-ICD brought new limita-
tions, such as inappropriate shocks due to oversensing. One can only speculate about 
the decrease in long-term complications compared to transvenous ICDs and this has to 
be proven in the future in clinical trials. However, lead fractures were not observed in 177 
patient-years of follow-up, which is less than found in transvenous ICDs.24

Moreover, an interesting observation in this Dutch experience is that relatively more 
inappropriate shocks and complications occurred in the first 15 implanted patients per 
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centre. There appears to be both a physician- and device-related learning curve. The 
software upgrade, the introduction of the suture sleeve at xyphoid level at implantation 
to prevent lead migration, the knowledge of preventing inappropriate shocks by applying 
vector and template changes in some patients, the creation of a wide enough pocket 
in the left axillary region to prevent skin erosion seem to decrease complication- and 
inappropriate shock rates substantially. Evolving experience will hopefully solve more of 
the complexities which arise with developing a new ICD system.

Conclusion

This retrospective study suggests that the S-ICD is effective in terminating ventricular ar-
rhythmias, but it also draws attention to some limitations due to its subcutaneous position. 
Inappropriate therapy is an important issue in the S-ICD. However, both inappropriate 
shocks and device related complications seemed to be related to a learning curve of 
both the device and the physician. Our study demonstrates that the S-ICD is a viable 
alternative to conventional ICD systems in selected patients. Randomized comparative 
trials with the S-ICD and TV-ICD will further define the role of the S-ICD as an adjunctive 
or primary therapy in patients at risk for sudden cardiac death.
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Abstract

Background

Three incisions in the chest are necessary for the implantation of the entirely 
subcutaneous implantable defibrillator (S-ICD). The superior parasternal incision 
is a possible risk for infection and a potential source of discomfort. We propose a 
less invasive alternative technique of implanting the S-ICD electrode avoiding the 
superior parasternal incision: The two incision technique.

Objective

In this prospective non-randomized cohort study we sought to evaluate the safety 
and efficacy of the two incision technique for the implantation of the S-ICD.

Methods

Consecutive patients who received a S-ICD between October 2010 and Decem-
ber 2011 were implanted using the two incision technique, which positions the 
parasternal part of the S-ICD electrode using a standard 11 French peel-away 
sheath, commonly used in transvenous lead placement. All patients were routinely 
evaluated for complications and device interrogation at the outpatient clinic.

Results

Thirty-nine patients (46% male, mean age 44±15 years) were implanted with a 
S-ICD using the two incision techniques during the study period. During a mean 
follow-up of 18 months (range 14-27), no dislocations were observed also there 
was no need for repositioning of either the ICD or the electrode. No serious infec-
tions occurred during follow-up except for two superficial wound infections of the 
pocket incision site. No inappropriate sensing occurred related to the implantation 
technique.

Conclusion

The two incision technique is a safe and efficacious alternative for S-ICD implanta-
tions and may help to reduce complications in S-ICD patients. The two incision 
technique offers physicians a less invasive and simplified implantation procedure.
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Introduction

Prevention of sudden cardiac death (SCD) with an implantable cardioverter defibrillator 
(ICD) has become one of the most important treatment modalities for life-threatening 
cardiac arrhythmias. Several trials have demonstrated significant survival benefit both 
in primary and secondary prevention of SCD1. However, this benefit comes at the cost 
of ICD-related complications among which are inappropriate shocks and implantation-
related complications, such as pneumothorax, perforation and lead dislocation2. Also, late 
complications such as lead fractures and infections account for a significant morbidity and 
even mortality in ICD patients3.

In search of a solution for some of these ICD-related complications a new entirely 
subcutaneous ICD (S-ICD) was recently introduced4. The S-ICD does not require leads 
in- or on the heart. This allows for a more robust lead design. Potentially, the implanta-
tion technique and new lead design might result in increased lead longevity and fewer 
implantation-related complications, but this has yet to be confirmed. To date there are 
only reports on feasibility and safety of the S-ICD4;5.

The conventional S-ICD implantation technique consists of electrode and device im-
plantation by making three incisions: 1 lateral pocket incision and 2 parasternal incisions. 
The electrode is then tunnelled from the lateral pocket through the parasternal incisions 
to its final position, and sutures are applied at all incision sites. Particularly the superior 
parasternal incision, located on the sternomanubrial junction, may be a risk for infection5, 
a potential source of discomfort and cosmetically less appealing. On the other hand, 
adequate electrode positioning is important for appropriate sensing and inappropriate 
shocks have been reported due to lead migrations5. We here present an alternative tech-
nique of implanting the electrode avoiding the superior parasternal incision and suture, 
and report on efficacy and safety of this new implantation technique.

Methods

Patients

Consecutive patients who received an S-ICD between October 2010 and December 2011 
are included. The inclusion period was chosen to study patients with at least 12 months 
of follow-up. All patients were aware of the innovative aspects, limitations and potential 
advantages and disadvantages of the device. Our institutional review board gaive a 
waiver for obtaining informed consent.
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Two incision S-ICD implant technique

Procedures were performed in a catheterization laboratory or operation theatre under 
standard sterile conditions. Implantation was performed under guidance of anatomical 
landmarks, and no fluoroscopy was used. The current implantation technique, suggested 
by the manufacturer is described in the S-ICD User’s Manual6. The two incision technique 
abandons the superior parasternal incision and positions the lead using a standard 11 
French peel-away sheath of 14 cm length, commonly used in transvenous lead place-
ment (Greatbatch Inc, Clarence, NY).

First, an incision is made along the inframammary crease such that the device can 
be placed in the device pocket in the vicinity of the left 5th and 6th intercostal spaces and 
near the mid-axillary line (Figure 1A). Beginning 1 cm left lateral of the xiphoid midline, a 
small 2 cm horizontal incision (xiphoid incision) is made, in the direction of the pocket inci-
sion. The distal tip of the Electrode Insertion Tool (EIT), used to create the subcutaneous 
tunnels in which the electrode is placed, is inserted at the xiphoid incision and tunnelled 
laterally until the distal tip emerges at the device pocket. Conventional suture material is 
used to tie the anchoring hole of the electrode to the EIT creating a long 15-16 cm loop 
(Figure 1B). With the electrode attached, the EIT is pulled back through the tunnel to 
the xiphoid incision until the proximal sensing electrode emerges (Figure1C). A suture 
sleeve is placed over the electrode shaft 1 cm below the proximal sensing electrode. 
The pre-formed grooves are used to bind the suture sleeve to the electrode shaft using 
non-absorbable suture material. The suture that connects the tip of the lead to the EIT 
is cut and removed. The peel-away sheath is placed over the shaft of the EIT (Figure 
1D), which is then tunnelled approximately 14 cm superior of the xyphoid incision and 
approximately 1 cm to the left of the sternal midline. The peel-away sheath is advanced 
over the EIT until it is fully inserted. The EIT is removed and the peel-away sheath is left 
in its subcutaneous position. The electrode is inserted into the subcutaneous sheath until 
the suture sleeve reaches the opening of the sheath (Figure 1E). The lead is now in the 
desired parasternal position. The sheath is peeled away leaving the electrode in place 
(Figure 1F). It is possible to confirm manually that the tip of the lead is at the required 
sternomanubrial location. The suture sleeve is secured to the fascia in a vertical position. 
The proximal end of the lead is now inserted into the connector port in the device header 
of the S-ICD and the screw set tightened. The device is inserted into the subcutane-
ous pocket and sutured to the fascia. After device set-up, all incisions are closed using 
standard suture protocol (Figure 1G).

All implantations were performed by a single experienced operator (R.E.K.). Prior to 
developing this technique, the operator performed more than 30 implantations with the 
labelled implantation technique.



Running header  |  85

6

incision and suture, and we report on the efficacy and safety
of this new implantation technique.

Methods
Patients
Consecutive patients who received an S-ICD between
October 2010 and December 2011 were included in the
study. The inclusion period was chosen to study patients with
at least 12 months of follow-up. All patients were aware of
the innovative aspects, limitations, and potential advantages
and disadvantages of the device. Our institutional review
board waived the requirement for informed consent.

Two-incision S-ICD implant technique
Procedures were performed in a catheterization laboratory or
operation room under standard sterile conditions. Implanta-
tion was performed under guidance of anatomic landmarks,
and no fluoroscopy was used. The current implantation
technique suggested by the manufacturer is described in
the S-ICD User’s Manual.6 The two-incision technique
abandons the superior parasternal incision; rather, it posi-
tions the lead using a standard 11Fr peel-away sheath of 14
cm length, commonly used in transvenous lead placement
(Greatbatch Inc, Clarence, NY).

First, an incision is made along the inframammary crease
such that the device can be placed in the device pocket in the
vicinity of the left fifth and sixth intercostal spaces and near
the midaxillary line (Figure 1A). Beginning 1 cm left lateral
of the xiphoid midline, a small 2-cm horizontal incision
(xiphoid incision) is made in the direction of the pocket
incision. The distal tip of the electrode insertion tool (EIT),
used to create the subcutaneous tunnels in which the electrode
is placed, is inserted at the xiphoid incision and tunneled
laterally until the distal tip emerges at the device pocket.
Conventional suture material is used to tie the anchoring hole
of the electrode to the EIT creating a long 15- to 16-cm loop

(Figure 1B). With the electrode attached, the EIT is pulled
back through the tunnel to the xiphoid incision until the
proximal sensing electrode emerges (Figure 1C). A suture
sleeve is placed over the electrode shaft 1 cm below the
proximal sensing electrode. The preformed grooves are used
to bind the suture sleeve to the electrode shaft using
nonabsorbable suture material. The suture that connects the
tip of the lead to the EIT is cut and removed. The peel-away
sheath is placed over the shaft of the EIT (Figure 1D), which
is then tunneled approximately 14 cm superior of the xyphoid
incision and approximately 1 cm to the left of the sternal
midline. The peel-away sheath is advanced over the EIT until
it is fully inserted. The EIT is removed, and the peel-away
sheath is left in its subcutaneous position. The electrode is
inserted into the subcutaneous sheath until the suture sleeve
reaches the opening of the sheath (Figure 1E). The lead is
now in the desired parasternal position. The sheath is peeled
away leaving the electrode in place (Figure 1F). It is possible
to confirm manually that the tip of the lead is at the required
sternomanubrial location. The suture sleeve is secured to the
fascia in a vertical position. The proximal end of the lead is
now inserted into the connector port in the device header of
the S-ICD and the screw set tightened. The device is inserted
into the subcutaneous pocket and sutured to the fascia. After
device setup, all incisions are closed using standard suture
protocol (Figure 1G).

All implantations were performed by a single experienced
operator (REK). Prior to developing this technique, the
operator performed 33 implantations with the labeled
implantation technique.

Periprocedural defibrillation threshold testing and
device programming
At least 1 defibrillation testing was performed with 65 J after
ventricular fibrillation (VF) induction with 50-Hz stimula-
tion. Polarity was automatically reversed in case of failure.

Figure 1 A: Creating the device pocket. B: Connecting distal end of electrode to the electrode insertion tool (EIT). C: Pulling the lead to the inferior
parasternal incision. D: Tunneling the EIT and peel-away sheath to the superior parasternal position without making a parasternal incision. E: After the EIT is
removed, the electrode is inserted in the sheath. F: Peeling away the sheath, leaving the electrode in the desired subcutaneous position. G: Final result after 2
weeks of follow-up.

1241Knops et al Two-Incision S-ICD Implant Technique

Figure 1 a) Creating the device pocket; b) Connecting distal end of electrode to the EIT; c) Pulling the 
lead to the inferior parasternal incision; d) Tunnelling the EIT and peel-away sheath to the superior 
parasternal position without making a parasternal incision; e) After removing the EIT the electrode is 
inserted in the sheath; f) Peeling away the sheath, leaving the electrode in the desired subcutaneous 
position; g) Final result after two weeks of follow-up.

Peri-procedural DFT testing and device programming

At least 1 defibrillation testing was performed with 65 J after VF induction with 50 Hz 
stimulation. Polarity was automatically reversed in case of failure. A successful DFT test 
was defined as at defibrillation at least once at 65J. The automatic setup algorithm was 
used to select the sensing vector.

Follow-up and definition of complications

All patients were seen for standard device interrogation at the ICD outpatient clinic 2 
months after implantation and, after that, every 6 months. At these visits patients were 
screened for complications like (in-)appropriate shocks, infections and lead dislocations. 
A chest X-ray was performed the first postoperative day, and after 2 or 6 months to con-
firm stable lead position. Additionally, all visits not in this standard follow-up protocol were 
documented. Complications were defined as any untoward event or infection requiring 
medical or surgical intervention for correction, or reprogramming of the device. Inap-
propriate shocks were defined as any shock therapy delivered on anything other than 
ventricular tachycardia or fibrillation.

Results

Thirty-nine patients (46% male, mean age 44±15 years) were implanted with a S-ICD 
using the two incision techniques during the study period. Table 1 displays their baseline 
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characteristics. All patients were successfully implanted using the alternative two incision 
implantation technique avoiding a superior parasternal incision. DFT testing was per-
formed in all but 2 patients. In those two patients, we refrained from DFT testing because 
of 1) one patient was pregnant, and 2) one patient had a left ventricular thrombus. In all 
other patients, at least 1 defibrillation testing was performed with 65J after VF induction 
with 50 Hz burst stimulation. DFT testing was deemed appropriate if the device success-
fully detected and converted into sinus rhythm using 65J standard of reversed polarity. 
Thirty-six patients had successful DFT testing with 65J. In one patient DFT testing was 
repeated the day after implantation because of 2 consecutive unsuccessful 65J shocks. 
This patient received a total of 5 DFT tests, of which the last two were successful at 65J.

Table 1: Patient characteristics of patients implanted with a subcutaneous ICD using the two incision 
technique (n = 39)

N

Male 18 46%

Age at implant 44 ±15

Body Mass Index (n = 33)* 25 ±4

Clinical disease

Ischemic cardiomyopathy (n = 39)* 9 23% 

Dilated cardiomyopathy (n = 39)* 7 18% 

Inherited cardiac disease (n = 39)* 14 36% 

Other (n = 39)* 9 23% 

LVEF (n=34)* 47 IQR 21-56

Indication

Primary prevention 25 64% 

Secondary prevention 14 36% 

Dual zone programming 39 100%

Lower rate conditional zone 189 ±12 

Upper rate conditional zone 250 ±0 

Sensing vector

Primary 21 54% 

Secondary 16 41% 

Alternate 2 5.1% 

Values are n (%), mean (standard deviation) or median (interquartile ranges). * Number of persons for 
whom there were available data. LVEF = left ventricular ejection fraction

During a mean follow-up of 18 months (range 14-27) of our study population, no disloca-
tions were observed on routine chest X-ray performed at 1 day and 2 or 6 months also 
there was no need for repositioning of either the ICD or the electrode. There were no 
reports of discomfort from the position of the lead or from the xyphoid incision. A total of 



Running header  |  87

6

6 patients reported serious discomfort from the ICD pocket during the first weeks after 
implant. This discomfort resolved spontaneously in all cases and did not necessitate 
pocket revisions. No infections occurred during follow-up except for two superficial wound 
infections of the pocket incision site. These resolved spontaneously and did not lead to 
device explantation. All devices are in place and function normally, we observed both 
approprariate and inappropriate shock therapy. More specific: Two patients experienced 
a total of 18 appropriate shocks. One patient had a VF storm in the setting of Brugada’s 
syndrome (17 shocks). One patient received one appropriate shock on VF in the setting of 
ischaemic cardiomyopathy with a left ventricular ejection fraction of 20%. All appropriate 
shocks were successful and terminated the arrhythmia.

Four patients experienced a total of 7 inappropriate shocks (Table 2). Two patients re-
ceived two consecutive shocks on T-wave oversensing (TWOS), one patient received one 
inappropriate shock due to noise sensing while working with heavy machinery and one 
patient received two consecutive shocks during treatment with a TENS-apparatus(also 
noise sensing). The occurrence of inappropriate therapy has either been resolved by 
reprogramming the S-ICD to a different vector and template (in the case of TWOS) or by 
patient instructions (in the case of noise sensing).

Table 2: Sensing events and complications in patients implanted with a subcutaneous ICD using the 
two incision technique (n = 39)

Appropriate sensing
N

patients
%

patients
N

episodes
%

episodes

Total number 4 10% 23 100%

Appropriate shocks 2 5.1% 18 78%

Non-sustained ventricular tachycardia 3 7.7% 5 22%

Inappropriate sensing N
patients

%
patients

N
episodes

%
episodes

Total number 5 13% 14 100%

Inappropriate shocks 4 10% 7 50%

Non-sustained event caused by inappropriate sensing 4 10% 7 50%

Cause:

T-wave oversensing 4 80% 11 79%

Noise sensing 1 20% 1 7.1%

TENS therapy 1 20% 2 14%

Complications N
patients

%
patients

Total number 2 5.1%

Cause:

Skin erosion of device resulting in reposition 2 5.1%

TENS = transcutaneous electrical nerve stimulation therapy
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Discussion

The superior parasternal incision for implantation of the S-ICD is a potential source of dis-
comfort and a possible risk for infection, sometimes even leading to device explantation5. 
Using only two incision instead of the three incisions of the labelled implantation technique 
is less invasive and simplifies the procedure. Moreover, the superior parasternal incision 
is often visible wearing normal clothing and considered, especially by female patients, to 
be cosmetically disturbing.

The two incision technique is a reliable alternative for the implantation of the electrode 
of the S-ICD and omits the superior parasternal incision. The technique is easy to perform 
and had a 100% implantation success rate in 39 patients. No dislocations or clinically 
relevant infections were observed during >14 months follow-up. There were no procedure 
related sensing issues and all patients experiencing inappropriate therapy were managed 
by reprogramming or life style instructions to avoid noise sensing.

We assume that the electrode position is also assured in long term follow up, because 
the chance of electrode dislocation will even decrease over time since fibrotic tissue will 
form around the electrode, providing additional support.

Of note is that in our center relatively many patients with inherited arrhythmia syn-
dromes are treated. Therefore patients in this cohort may deviate from the standard ICD 
recipients. However, since our patients are relatively young (44 years), they are generally 
more active and therefore potential problems with this new implantation technique could 
be more prevalent in our population than in standard ICD patients. We therefore believe 
that this novel technique is a viable and possibly superior alternative to the current tech-
nique used to implant the S-ICD, with the procedure being relatively easy to perform and 
leading to successful and safe results.

We think it is important to mention that there is a learning curve involved in implanting 
and programminging the S-ICD5. We therefore advise not to deviate from the labelled 
implantation technique to this novel two incision technique before obtaining ample S-ICD 
implantation experience. It is important to first acquire great comfort with vital parts of 
the traditional implantation technique such as: secure fixation of the suture sleeve at the 
xyphoid incision site and subcutaneous tunnelling of the lead while staying true to the 
tissue plane of the fascia.

Conclusion

The two incision technique is a safe and efficacious alternative for S-ICD implantations 
and may help to reduce complications in S-ICD patients. The two incision technique offers 
physicians a less invasive and simplified implantation procedure.
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Abstract

Background

Implantable cardioverter defibrillators (ICDs) are widely used to prevent fatal 
outcomes associated with life-threatening arrhythmic episodes in a variety of 
cardiac diseases. These ICDs rely on transvenous leads for cardiac sensing and 
defibrillation. A new entirely subcutaneous ICD overcomes problems associated 
with transvenous leads. However, the role of the subcutaneous ICD as an adjunc-
tive or primary therapy in patients at risk for sudden cardiac death is unclear.

Study design

The PRAETORIAN trial is an investigator initiated, randomized, controlled, 
multicenter, prospective two-arm trial in order to outline the advantages and 
disadvantages of the subcutaneous ICD. Patients with a class I or IIa indication 
for ICD therapy without an indication for brady- or tachy-pacing are included. A 
total of 700 patients are randomized to either the subcutaneous or transvenous 
ICD (1:1). The study is powered to claim non-inferiority of the subcutaneous ICD 
with respect to the composite primary endpoint of inappropriate shocks and ICD-
related complications. After non-inferiority is established, statistical analysis is 
done for potential superiority. Secondary endpoint comparisons of shock efficacy 
and patient mortality are also made.

Conclusion

The PRAETORIAN trial is a randomized trial that aims to gain scientific evidence 
for the use of the subcutaneous ICD compared to the transvenous ICD in a con-
ventional ICD patient population with respect to major ICD related adverse events. 
This trial is registered at on www.clinicaltrials.gov with trial ID NCT01296022.
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Background

The use of implantable cardioverter defibrillators (ICDs) is an established therapy for the 
prevention of death from ventricular arrhythmias. Since the early nineties ICDs are widely 
used1. These ICDs rely on transvenous leads for sensing of cardiac signals and defibril-
lation. Recently a new subcutaneous ICD (S-ICD) was introduced2. The S-ICD is unique 
in that its implantation is entirely subcutaneous, eliminating the need for lead placement 
in or on the heart and simplifying the implant procedure by using anatomical landmarks 
instead of fluoroscopy imaging.

Initial short-term studies, with the S-ICD system, between 2001 and 2005 were 
designed to identify the best electrode configuration from four possible alternatives2. 
The best configuration was subsequently tested to determine the S-ICD defibrillation 
threshold in comparison with a transvenous ICD system. Permanent S-ICD implantation 
was studied from 2008 with a pilot trial followed by a final study enrolling 55 patients. It 
was demonstrated that the S-ICD is a safe and feasible device2. Early clinical experience 
from the Netherlands reported that the device successfully terminated all episodes of 
sustained VT and VF3.

The S-ICD system was developed because of its perceived benefits over transvenous 
ICD (TV-ICD) systems. It is likely that the eliminated need for transvenous lead placement 
substantially reduces the implant related complications associated with transvenous lead 
insertion, most importantly pneumo- or haematothorax and cardiac perforation. There 
may also be less risk of infective endocarditis because of the extravascular position. 
Furthermore, mechanically induced proarrhythmia from the lead and lead associated 
tricuspid regurgitation have also been postulated as possible adverse consequences of 
transvenous lead use4,5.

Difficulties in achieving venous access6, which can prolong the procedure and occa-
sionally results in failed ICD implantation, can be avoided. There is no need for radiation 
exposure for patient or staff because fluoroscopy is not necessary during S-ICD implanta-
tion.

Additionally, implanted transvenous leads are subject to mechanical stress associated 
with heart motion, body motion and patient anatomy. Lead failure (e.g. lead dislodge-
ment or lead fracture) remains a major limitation in the use of TV-ICD systems over the 
long term7-9. Lead failure either generates inappropriate shocks or impedes appropriate 
therapy. The S-ICD with its entirely subcutaneous and more robust lead probably elon-
gates lead longevity, 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 become 
particularly evident in cases where lead extraction is indicated because of lead fractures 
or infections.
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Finally, benchmark testing of the new morphology based sensing algorithm in the S-
ICD has shown a very high specificity in detecting ventricular arrhythmias10. Misdetection 
of supraventricular arrhythmias or noise can lead to inappropriate shock therapy11 and 
these inappropriate shocks decrease quality of life (QoL) substantially12.

The different design of the S-ICD system has potential disadvantages. These include 
lack of bradycardia pacing and antitachycardia pacing (ATP) possibilities due to the 
absence of an endocardial lead. The absence of bradycardia pacing in the S-ICD might 
lead to more bradycardia-related events such as syncope or even death. Furthermore, if 
a shock is successfully avoided by ATP in a patient with a TV-ICD, this patient is likely to 
receive an appropriate shock for the same VT when a S-ICD would have been implanted. 
These appropriate shocks are referred to as unnecessary shocks of the S-ICD. Unneces-
sary shocks may decrease QoL12 and possibly shorten ICD pulse-generator longevity.

Another important drawback may be the size of the can of the S-ICD, especially in 
children and adults with little subcutaneous tissue. The generator is approximately twice 
the weight and volume of currently used TV-ICDs. The current 70cc size is in part due to 
a higher capacity battery, which can achieve the delivery of a high output 80 Joule shock. 
This higher output is mandatory because of the higher defibrillation threshold in S-ICD 
systems due to the extra-thoracic position2. 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 unpredictable consequences on algorithm 
detection properties and defibrillation threshold. Neither size nor weight proved significant 
problems with earlier 70cc or larger and heavier TV-ICDs, but the location with the S-ICD 
is different and long term follow-up is important to assuage this concern. Other questions 
have arisen regarding the high energy delivery that could be more uncomfortable and 
harmful compared to the < 40 Joule delivered by a transvenous system. However, there 
appears to be little correlation between shock strength and degree of discomfort. Low 
energy shocks for conversion of atrial fibrillation produce discomfort described as intoler-
able by fully conscious patients even at shock strengths as low as 1.0 to 2.5 Joule13,14. 
Moreover, animal experiments show that shocks that reach the heart are actually less 
harmful with the S-ICD15.

Until now it is unclear whether the positive aspects of the S-ICD outweigh its disad-
vantages. In order to define the role of the S-ICD as an adjunctive or primary therapy in 
patients at risk for sudden cardiac death a prospective randomized comparison with the 
TV-ICD in comparable primary and secondary prevention patients is warranted.

The PRAETORIAN trial is an investigator initiated, randomized, controlled, mul-
ticenter, prospective two-arm trial to compare the relative safety and effectiveness of 
subcutaneous and transvenous ICDs. The primary objective is to study non-inferiority of 
the S-ICD compared to the TV-ICD with respect to inappropriate shocks and major ICD-
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related complications in patients with a class I or IIa indication for ICD therapy without an 
indication for pacing.

Study design

Trial Oversight

This is an investigator initiated, multicenter, randomized, controlled, prospective two-arm 
trial, with blinded evaluation of the endpoints. At least 7 qualified cardiology departments 
with facilities for ICD implantation in the Netherlands will participate in this trial. All par-
ticipating centers have ample experience with both S-ICD and TV-ICD implantations. The 
study was approved by the Medical Ethics Committee at the Academic Medical Center-
University of Amsterdam, the Netherlands. Data management and statistical analyses 
are performed by the data coordinating center (Academic Medical Center, Amsterdam, 
the Netherlands). Top Medical provided additional support in the form of an unrestricted 
research grant. No additional extramural funding was used to support this work. The 
authors are solely responsible for the design and conduct of this study, all study analyses, 
the drafting and editing of the paper and its final contents. All ICD manufacturers that 
provided products and support during implantation have no role in the oversight or design 
of the study or in the analyses or interpretation of the data. The trial is monitored for 
safety by an independent Data and Safety Monitoring Board (DSMB). Safety is deter-
mined by the assessment of major adverse cardiac events (MACE) and the occurrence 
of complications. The study is conducted in accordance with the declaration of Helsinki. 
The PRAETORIAN trial is registered on www.clinicaltrials.gov with trial ID NCT01296022.

Hypothesis

The primary objective of this trial is to demonstrate that the S-ICD is non-inferior to the 
TV-ICD in patients with a class I or IIa indication for ICD therapy without an indication 
for pacing. After non-inferiority is established, statistical analysis will be performed for 
potential superiority. The primary endpoint is the composite of inappropriate shocks and 
ICD-related complications. These ICD-related complications enclose ICD-related infec-
tion, ICD-related bleeding, thrombotic event, pneumothorax, hematothorax, perforation, 
tamponade, lead reposition, lead- or device related complication and crossover to the 
other arm. Secondary endpoints include the number of appropriate shocks, inappropriate 
shocks, complications, cross-overs to the other arm, all cause mortality, MACE, quality 
of life, cardiac (pre-)syncope events, time to successful therapy, first shock conversion 
efficacy, implant procedure time, hospitalization rate and fluoroscopy time. Endpoint 
definitions are described in Appendix I. A critical event committee centrally reviews all 
events that are potential endpoints. Additional subgroup analysis will be done for age 
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(<50, 50-75, >75 years), women, body mass index, ischemic cardiomyopathy, diabetes, 
PR interval >200 ms, QRS width ≥120 ms and left ventricular ejection fraction <35%.

Patient Selection

Patients 18 years and older with a class I or IIa indication16 for ICD therapy are screened 
for entry into this trial. Patients who are not suitable for TV-ICD implantation, according 
to the discretion of the physician, are not screened for enrolment. These broad entry 
criteria are used to ensure a meaningful representation of current clinical practice. The 
major exclusion criterion is an indication for pacing-therapy. This includes bradycardia 
pacing, cardiac resynchronisation therapy and ATP for therapy refractory monomorphic 
VT. Therapy refractory monomorphic VTs are recurrent monomorphic VTs that can not be 
managed with medication- or ablation therapy. All exclusion criteria are listed in Table I. If 
all inclusion criteria and none of the exclusion criteria are met, patients are eligible for the 
trial and asked to provide written informed consent.

Table I: PRAETORIAN Exclusion Criteria

Patients with documented therapy refractory monomorphic ventricular tachycardia*

Patients with ventricular tachycardia less than 170 bpm

Patients having an indication for pacing therapy, according to the ACC/AHA/HRS 2008 guidelines for 
device-based therapy of cardiac rhythm abnormalities30

Patients failing appropriate QRS/T-wave sensing with the S-ICD ECG patient screening tool provided 
by Cameron Health

Patients with incessant ventricular tachycardia

Patients with a serious known concomitant disease with a life expectancy of less than one year

Patients with circumstances that prevent follow-up (e.g. no permanent home or address)

Patients who are unable to give informed consent

* Therapy refractory monomorphic VTs are recurrent monomorphic VTs that can not be managed with 
medication- or ablation therapy

Randomization and Treatment

The study flow chart is shown in Figure I. Using concealed allocation, patients are randomly 
assigned in a one-to-one fashion to either: (1) Subcutaneous ICD or (2) Transvenous ICD. 
Randomization is stratified by implanting center using a web-based program. Implanta-
tions of both the S-ICD and TV-ICD are performed under routine protocols. All S-ICDs are 
manufactured by Cameron Health, San Clemente, California, USA. All TV-ICDs are single 
chamber devices unless a dual chamber device is specifically deemed necessary for 
arrhythmia discrimination. It is at the physician’s discretion which manufacturers TV-ICD 
is used.
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VF zone with shocks only (Table II). However, device
programming in the PREPARE trial was based on
manufacturer-specific settings of only Medtronic devices
(Minneapolis, MN). Therefore, device programming for
TV-ICDs produced by other manufacturers is selected as
strict as possible to the settings in the PREPARE trial. The
online Appendix B provides recalculations of the
PREPARE programming for all ICD manufacturers.
The implanting physician can deviate from this

recommended device programming, according to his/
her discretion to fit specific patient concerns with the
rationale entered into the study file.

Follow-up
All patients included in this trial are treated according

to the current American College of Cardiology/American

Heart Association/European Society of Cardiology Com-
mittee guidelines for management of patients with
ventricular arrhythmias and the prevention of sudden
cardiac death.16 Data collection includes VT/VF and SVT
episodes, other recorded episodes, device programming,
and adverse events. Additional information about QoL is
obtained and measured by using the standard validated
36-Item Short Form Health Survey questionnaire and the
Duke Activity Status Index.
All patients visit the outpatient clinic at least once

within 2 months after implantation. Thereafter, patients
are evaluated by the outpatient clinic at intervals of
6 months. The median estimated study follow-up is
30 months. Patients are encouraged to contact their
physician for any concerns or for any device therapy
or complications.

Figure 1

PRAETORIAN trial: Flow chart.

756 Olde Nordkamp et al
American Heart Journal

May 2012

Figure I: PRAETORIAN Flow Chart

Device Programming

Nearly all device settings in the S-ICD are automated, except for the use of post shock 
pacing, and the rate cut-off for the conditional (which includes a feature for morphology 
arrhythmia discrimination) and unconditional shock zone. In this trial, all these program 
settings are switched “on” and the discriminator rate cut-off is between 180 and 250 bpm.

The programming of the TV-ICD in this trial is based on the PREPARE trial 17 and is as 
follows: >167 bpm monitor zone, >182 bpm fast VT zone with one episode of ATP followed 
by shocks, >250 bpm VF zone with shocks only (Table II). However, device programming 
in the PREPARE trial was based on manufacturer specific settings of only Medtronic 
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devices. Therefore, device programming for TV-ICDs produced by other manufacturers is 
selected as strict as possible to the settings in the PREPARE trial. Appendix II provides 
recalculations of the PREPARE programming for all ICD manufacturers.

The implanting physician can deviate from this recommended device programming, 
according to his/her discretion to fit specific patient concerns with the rationale entered 
into the study file.

Follow up

All patients included in this trial are treated according to the current ACC/AHA/ESC 
guidelines for management of patients with ventricular arrhythmias and the prevention 
of sudden cardiac death16. Data collection includes VT/VF and SVT episodes, other re-
corded episodes, device programming and adverse events. Additional information about 
QoL is obtained and measured by using the standard validated SF-36 questionnaire and 
the Duke Activity Status Index (DASI).

All patients visit the outpatient clinic at least once within 2 months after implantation. 
Thereafter patients are evaluated by the outpatient clinic at intervals of 6 months. The 
median estimated study follow up is 30 months. Patients are encouraged to contact their 
physician for any concerns or for any device therapy or complications.

Statistical considerations

The study is powered for the composite primary endpoint of inappropriate shocks and 
ICD-related complications at a median follow up of 30 months. The sample size of 700 pa-
tients for this trial has been determined so there would be a sufficient number of patients 
to provide a high degree of confidence (power >80%) for evaluating our primary endpoint 
of the S-ICD compared to the TV-ICD. The primary analysis is designed to test whether 
the S-ICD is non-inferior to the TV-ICD. After non-inferiority is established, statistical 
analysis will be done for potential superiority. The trial will be analyzed under the principle 
of modified intention-to-treat. Patients who have not received either a S-ICD or TV-ICD 
are not analyzed.

With 350 patients in each study group, the study has 86% power to claim non-inferiority 
of the S-ICD with respect to the composite primary endpoint of inappropriate shocks 
and ICD-related complications with a one-sided alpha of 5%, an assumed 17.2 percent 
incidence at 30 months of the primary endpoint (based on the data of the PREPARE17 
and SCD-HeFT18 trial) and a relative non-inferiority boundary of 1.45 (absolute boundary 
is 25.0%).

The amount of inappropriate shocks in patients with a TV-ICD is based on the amount 
of inappropriate shocks in the PREPARE trial17, which was designed to demonstrate 
that strategically chosen ICD VT- or VF-detection and therapy parameters can reduce 
the combined incidence of device-delivered shocks, arrhythmic syncope, and untreated 
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sustained symptomatic VT/VF. In 12 months 3.6% of the patients with standardized ICD 
settings experienced inappropriate shock therapy. The recalculated amount of inappro-
priate shocks for 30 months follow up is approximately 7%, assuming that there is a 
slightly higher incidence of inappropriate shocks in the first 12 months. Furthermore the 
amount of complications is based on the SCD-HeFT trial18, which was a randomized trial 
on amiodarone vs. the TV-ICD in patients with NYHA class II or III congestive heart failure 
and a LVEF ≤35%. The SCD-HeFT trial demonstrated 5% acute complications and 9% 
chronic complications in the TV-ICD during 45.5 months of follow-up. This indicates that 
during 30 months of follow-up 10.93% (5 + 9 x [30/45.5]) of the participants will likely have 
ICD-related complications. Considering the overlap of patients with both inappropriate 
shocks and complications the expected rate of ICD-related adverse events in the TV-ICD 
is 17.2% on a per patient based analysis [ (7.0+10.93) – (0,07x10.93) ]. Additionally an 
event based analysis will be done.

For a superiority analysis, with 350 patients in each arm the study has 83% power 
with a two-sided alpha of 5% to detect a relative risk of 0.55 in patients with the S-ICD 
with an assumed incidence of 17.2% of the primary endpoint in the TV-ICD. The relative 
risk is derived from the following assumptions. In the S-ICD with 30 months of follow-up 
we assume that 4.2% of the participants will have inappropriate shocks due to superior 
detection algorithm (40% less than in the TV-ICD). Also we assume there are 5% patients 
with acute complications (equal as in the TV-ICD) and 5,47% patients with chronic com-
plications (50% less than in the TV-ICD). Considering the overlap of patients with both 
inappropriate shocks and complications the expected rate of ICD-related adverse events 
in the S-ICD is (4.2+5.47) – (0,042x5.47) = 9.4%. The assumed absolute difference of 
7.8% (17.2-9.4) is recalculated into a relative risk of 0.45.

Discussion

ICDs are widely used to prevent fatal outcomes associated with life-threatening ar-
rhythmic episodes in a variety of cardiac diseases. The new entirely subcutaneous ICD 
may overcome problems associated with transvenous leads. The PRAETORIAN trial is a 
large, randomized comparative evaluation of the inappropriate shock- and complication 
rate of the S-ICD and the TV-ICD and should improve our understanding of where this 
new therapy can best be used as part of our clinical armamentarium.

Endpoint

The choice of the composite primary endpoint of inappropriate shocks and ICD-related 
complications was preferred above all-cause mortality, as practical, reasonably achievable 
and pertinent to most cardiologists. Mortality event rates in both groups are presumed to 
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be low, leading to an extremely large trial size if this would serve as primary endpoint. 
Moreover, safety and efficacy of the S-ICD has been demonstrated in earlier trials2,3 and 
FDA approval is expected in the near future (www.clinicaltrials.gov NCT01064076). To 
study the clinical importance of the S-ICD it is highly relevant to study the comparative 
rate of major ICD related adverse events of the two device systems. One may debate 
the equivalency of inappropriate shocks with complications, especially serious complica-
tions like tamponade or infection, but they are of sufficient concern to most patients and 
cardiologists to be practically equivalent, particularly given concerns over the negative 
inotropic consequences of high voltage shocks. Nevertheless, the two categories of ad-
verse events are separately analyzed for readers of the trial results to interpret the effect 
of each problem independently.

Device selection and programming

In our trial, the preferred TV-ICD is a single chamber device. There is an ongoing debate 
about the benefit of a dual chamber device to enhance SVT discrimination and thereby re-
duce inappropriate shock therapy. However, implantation of a dual chamber device might 
also lead to extra implant related complications (e.g. pneumothorax, lead dislodgement) 
and prolonged procedure time19. Therefore in this study only single chamber devices will 
be used unless the implanting physician prefers a dual chamber device for additional 
arrhythmia discrimination, like in real-world clinical practice.

Programming of the TV-ICD in this trial is based on the PREPARE trial which dem-
onstrated that standard ICD settings lead to a significant shock reduction of ~50%17. Key 
strategies in the PREPARE trial included detecting only fast tachycardias, detecting only 
sustained tachycardias and applying ATP as first therapy for fast VTs. In the PRAETORIAN 
trial, this is achieved by using the following rate cut offs: >167 bpm monitor zone, >182 
bpm fast VT zone with one episode of ATP followed by shocks, >250 bpm VF zone with 
shocks only. Device programming for the S-ICD is programmed comparably to the TV-ICD 
settings with rate cut offs >180 bpm in the conditional zone and >250 in the unconditional 
zone. However, the absence of an endocardial lead precludes the possibility to program 
ATP in the S-ICD arm. Several studies have suggested that ATP terminates 85-90% of 
the slow VTs (ventricular rate less than 188-200 bpm) with a 1-5% risk of acceleration20-22. 
In the prospective PainFREE Rx trial ATP demonstrated to terminate spontaneous fast 
VT (average ventricular rate 188-250 bpm) in 77% with similar low acceleration rates23,24. 
However, in PainFREE a substantially higher percentage of VT events in the ATP arm 
was reported and the syncope and mortality rates trended higher for the ATP arm even 
after the relatively brief follow-up period of only 11 months24. Therefore, empiric ATP may 
prevent painful shocks but it is not clear at what cost. Moreover, earlier studies testing for 
ATP for induced fast VT had lower success rates (41-68%) and higher acceleration rates 
(5-55%), perhaps in part because they were treating induced rather than spontaneous 



102  |  Chapter 7

VT21,25-27 ) but it may be that they represented reality. Consequently, the acceleration of 
non-sustained VT by ATP, may explain the higher adverse event rates in PainFREE II.

The debate about the usefulness of ATP therapy is also predicated on the belief that 
monomorphic VT is the dominant mode of death in cardiac patients. However, years 
of ECG data of out-of-hospital cardiac arrest studies show most patients have VF28, 
where ATP has no benefit. Moreover, SCD-HeFT18 demonstrated few primary preven-
tion patients had monomorphic VT < 220 bpm, let alone recurrent monomorphic VT < 
220 bpm. Most patients had VF, ventricular flutter or very fast monomorphic VT. Thus, 
ATP therapy may not apply in the vast majority of patients. Until now, it remains unclear 
whether the lack of ATP capability in the S-ICD may be a limitation of this device in most 
patients. By programming at least one sequence of ATP in the transvenous ICD arm, the 
PRAETORIAN trial aims to determine to which degree the lack of ATP function leads to 
more appropriate shocks in patients with a S-ICD.

Summary

Transvenous ICD systems, although widely used, have certain limitations largely attribut-
able to the endovascular position of the leads and problems related to structural integrity 
over the long term. Transvenous leads are increasingly being recognised as the weak 
link in sudden cardiac death prevention. At present, the S-ICD is often only seen as a 
viable alternative to conventional ICD therapy in patients with lead complications, venous 
occlusions29 and anatomical peculiarities. However, the randomized PRAETORIAN trial 
aims to gain scientific evidence for the use of the S-ICD compared to the TV-ICD in a 
conventional ICD patient group with respect to major ICD related adverse events.
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Abstract

Introduction:

The totally subcutaneous implantable defibrillator (S-ICD)is a new alternative to 
the conventional transvenous ICD system to minimize intravascular lead compli-
cations. There is limited data describing the long term performance of the S-ICD. 
This paper presents the first large International patient population collected as part 
of the EFFORTLESS S-ICD Registry.

Methods & Results:

The EFFORTLESS S-ICD Registry is a non-randomized, standard of care, multi-
center Registry designed to collect long term, system-related, clinical and patient 
reported outcome data from S-ICD implanted patients since June 2009. Follow-up 
data is systematically collected over 60 months post implant including Quality 
of Life. The study population of 472 patients of which 241 (51%) were enrolled 
prospectively has a mean follow-up duration of 558 days (range 13-1342 days, 
median 498 days), (72% male)- mean age of 49+18years (range 9-88 years), 42% 
mean left ventricular ejection fraction. Perioperative (30 day post implant) and 
360day complication-free rates were 97% and 94%.318 spontaneous episodes 
were recorded in 85 patients during the follow-up period of which 170 received 
therapy 91 being for VT/VF. One patient died of recurrent VF and severe bradycar-
dia. Overall VT/VF conversion of discrete episodes in the VT/VF therapy zone was 
98%, and 99% including VF storms. The 360 day inappropriate shock rate shock 
rate was 7% with the vast majority occurring for over-sensing, primarily of cardiac 
signals (92% of episodes).

Conclusions:

The first large cohort of real-world data from an International patient S-ICD system 
population demonstrates appropriate system performance with clinical event rates 
and inappropriate shock rates comparable to those reported for conventional ICDs.
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Introduction

Sudden Cardiac Death (SCD) occurs in approximately 50,000-70,000 patients annually 
in the UK, proportionate numbers of patients in other European countries and more than 
350,000 patients in the USA.1 Implantable Cardioverter defibrillators (ICDs) were first 
introduced to clinical practice in 19802 and since then multiple randomized, multicenter 
trials have shown significant survival benefits in primary and secondary prevention popu-
lations.3, 4, 5, 6 Despite the recognized mortality benefit, there remains the problem of signifi-
cant co-morbidities associated with ICD therapy especially in young primary prevention 
patients due to the high incidence of acute and chronic transvenous lead complications.7 
These include systemic infections, acute and chronic displacement, pneumothorax, 
cardiac perforation and tamponade as well as inappropriate shocks associated with insu-
lation failure or fractures.8 Cumulative data suggests that there may at least a 20% risk of 
transvenous lead failure at 8-10 years post implant9, 10, 11 and complication rates may also 
be higher in the pediatric ICD population where long term (5-12 yrs) reports indicate rates 
of at least 40%.12, 13 Since complications increase with multiple procedures this further 
places younger ICD patients at considerable risk of long-term device-related morbidities.

The entirely subcutaneous ICD system (S-ICD®) was developed to provide an alterna-
tive to the transvenous ICD system, as it is implanted with no leads in or on the heart. Early 
studies demonstrating the feasibility and safety of the system have been published14, 15 as 
well as small cohort, single center experiences and individual case studies.16, 17, 18, 19, 20, 21 
However to date, there is no long term “real world” data demonstrating the performance 
of the system in a standard of care, multicenter, heterogeneous ICD population. The 
purpose of the ongoing Evaluation oFFactORs ImpacTing CLinical Outcome and Cost Ef-
fectiveneSS of the S-ICD (EFFORTLESS S-ICD) Registry is to document clinical, system 
and patient-related outcome data from S-ICD patients implanted since the commercial 
release of the S-ICD in a standard of care setting.22 This paper documents the early 
results from the EFFORTLESS S-ICD Registry.

Methods

Registry Design

The EFFORTLESS S-ICD Registry is an observational, non-randomized, standard of care 
evaluation currently being conducted in geographies outside the United States where 
the S-ICD is approved for use and distribution since CE Marking in 2009.22 Currently 
seven countries are actively participating (The Czech Republic, Denmark, Germany, Italy, 
The Netherlands, New Zealand and the United Kingdom). All patients provide informed 
consent according to National and Institutional regulations. Patients are followed as 
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per Institutional standard of care for up to 60 months post implant. All scheduled and 
unscheduled follow-ups for the first year post implant are recorded while in years 2-5 
post-implant there is a minimum annual follow-up data requirement (including all adverse 
events, spontaneous arrhythmia episodes, and programming changes). Patients are 
enrolled & prospectively retrospectively.

Specific contraindications include class I indications for permanent pacing, pace-
terminable ventricular tachycardia and previously implanted functional unipolar pacing 
system.

Statistical and Data Analysis

Baseline demographics and clinical variables, including medical history, risk factors, co-
morbidities, and NYHA functional class for heart failure are presented as available. Con-
tinuous variables are summarized as means, standard deviations, medians and ranges. 
Categorical variables are summarized as frequencies and percentages. Complication-
Free Rates are analyzed using the Kaplan-Meier (KM) estimate.

Induced and Spontaneous Episodes

Due to the variability in acute defibrillation testing protocols at each clinical site, success-
ful conversion efficacy at implant is defined for the Registry as at least one successful 
conversion of an induced ventricular arrhythmia at ≤ 80J. All spontaneous episodes with 
documented stored electrogram evidence were evaluated to determine whether they 
were ventricular or supraventricular. Delivery of shock therapy was deemed appropriate if 
delivered to a ventricular arrhythmia (VT/VF) at a rate within the programmed conditional 
or shock zone . Therapy was deemed inappropriate if delivered to sinus rhythm (e.g. for 
T-wave oversensing; myocardial potentials; EMI) or to any supraventricular arrhythmia 
including those with an intrinsic rate within the conditional and programmed shock zone. 
All statistical analyses were performed and independently validated using SAS Enterprise 
Guide, version 5.1 (SAS 9.3).

Results

Patient Demographics

Baseline patient characteristics, medications at the time of initial implant of the S-ICD 
System, cardiac disease history and co-morbidities for all enrolled patient are summa-
rized in Table 1. There is a broad spectrum of patients with a significant proportion of 
congenital heart disase, ion channelopathy and cardiomyopathy patients distinguishing 
this population from standard ICD cohorts. The characteristics of the 3 patients withdrawn 
due to inclusion / exclusion violation are not included in the analysis.
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Table 1 Baseline characteristics at the time of Initial S-ICD Implant of enrolled patients

Retrospective Prospective ALL
N (available 

data)
N (%) N N (%) N N (%)

Age at Implant, yrs 216 47 ± 18
[9 – 86]

234 51 ± 17
[15 – 88]

450 49 ± 18
[9 – 88]

Male 216 149 (69) 234 174 (74) 450 323 (72)
EF, % 164 44 ± 18 184 40 ±19 348 42 ± 19
QRS, ms 191 104 ± 21 215 109 ± 32 406 107 ± 28
Primary Prevention 216 141 (65) 233 141 (61) 449 282 (63)
Clinical disease 214 231 445
Ischemic cardiomyopathy 70 (33) 96 (42) 166 (37)
Idiopathic VF 16 (7) 18 (8) 34 (8)
Inherited Channelopathies 36 (17) 24 (10) 60 (13)
Congenital heart disease 24 (11) 9 (4) 33 (7)
Non-Ischemic cardiomyopathy 63 (29) 76 (33) 139 (31)
Dilated 19 (30) 24 (32) 43 (31)
HOCM 29 (46) 29 (38) 58 (42)
ARVC 5 (8) 12 (16) 17 (12)
Myocarditis 2 (3) 0 (0) 2 (1)
Non dilated 2 (3) 3 (4) 5 (4)
Other 11 (12) 16(14) 27 (13)
Comorbidities
Hypertension 212 50 (24) 234 56 (24) 446 106 (24)
Atrial Fibrillation 209 27 (13) 233 49 (21) 442 76 (17)
Congestive Heart Failure 211 53 (25) 232 75 (32) 443 128 (29)
NYHA I 11 (21) 13 (17) 24 (19)
NYHA II 19 (36) 33 (44) 52 (41)
NYHA III 9 (17) 25 (33) 34 (27)
Diabetes 210 19 (9) 234 34 (15) 444 53 (12)
Kidney disease 210 14 (7) 233 25 (11) 443 39 (9)
Concomitant pacemaker 214 5 (2) 233 8 (3) 447 13 (3)
Previous transvenous ICD 214 30 (14) 233 37 (16) 447 67 (15)
Any cardiac Medications 214 167(78) 234 200 (86) 448 367 (82)
Beta-blocker 125 (75) 155 (78) 280 (76)
ACE / ARBs 98 (59) 124 (62) 222 (61)
Diuretic 71 (43) 91 (46) 162 (44)
Anticoagulant / antiplatelet 98 (59) 124 (62) 222 (61)
Statins / Other Lipid lowering 31 (19) 55 (28) 86 (23)

Values are N (%) or mean ± standard deviation [range]*
ACE= angiotensin-converting enzyme; ARB=angiotensin receptor blocker, ARVC= Arrhythmogenic Right 
Ventricular Dysplasia with risk for Sudden Cardiac Death ; HOCM= hypertrophic obstructive cardiomy-
opathy; ICD = implantable cardioverter-defibrillator, LVEF = left ventricular ejection fraction, S-ICD= 
subcutaneous implantable cardioverter-defibrillator;VF = ventricular fibrillation
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The mean age of patients at implant was 49±18 years (range 9 to 88 years), the majority 
were male (72%) and mean left ventricular ejection fraction was 42± 19%. The majority 
of study patients (63%) had a primary prevention indication of which 40% were ischemic. 
Documented co-morbidities included congestive heart failure, hypertension, ischemic 
heart disease, diabetes, renal disease and atrial fibrillation. Sixty-seven patients (15%) 
had been previously implanted with a transvenous ICD system and 13 patients have a 
concomitant pacemaker.

Patient status

The dataset presented reflects the information available at the time of analysis (data 
cutoff April 23, 2013) from 472 patients with at least an enrolment and/or implant dataset 
in the database. Patients were enrolled between Feb 2, 2011 and Apr 15, 2013 at 29 clini-
cal sites in Europe and New Zealand (see Figure 1). A total of 241 patients (51%) were 
enrolled prospectively and of these, 232 (96%) were included in the QOL sub-study. The 
mean follow-up duration of all implanted patients (N = 456) was 558 days with a range 
of 13 to 1342 days (median=498 days) for a cumulative follow-up duration of 254,578 
days. A small number of the patients have already previously been reported as part of 
local, S-ICD experience reports (17). Figure 2 shows the status of the Retrospective and 
Prospective patients in the Registry. Of the patients included, 6 were withdrawn prior to 
implant due to inclusion/exclusion criteria violations (n=3), patient decision (1) and inves-
tigator decision (2). Nine patients have so far died during the course of the Registry (2%). 
None of the deaths occurred in the perioperative period (i.e. within 30 days post-implant). 

Of the remaining 8 patients, 4 died from pump failure, 1 from kidney
disease, 1 from respiratory failure, and 1 frombronchopneumonia and
stroke secondary to heart failure. One patient died after an apparent

extended period of asystole/bradycardia followed by an appropriately
detected and treated VF episode that failed to convert. The patient
received an additional 11 shocks, none of which was able to convert
the arrhythmia. In this patient, the defibrillation test directly after
implant had been successful. None of the deaths has been reported
to be related to the S-ICD system or implant procedure.

Explants have been documented in 17 patients (3.7%) due to infec-
tion (n ¼ 8), decubitus/erosion (n ¼ 1), heart transplant (n ¼ 1),
failure to convert induced episodes at initial implant (n ¼ 1), failure
to convert spontaneous episodes (n ¼ 1), inappropriate sensing
(n ¼ 1), elective decision after inappropriate shocks (n ¼ 1), replace-
ment of the S-ICD system by a transvenous ICD system due to recur-
rent VT (n ¼ 2) and patient decision due to pain (n ¼ 1). Additionally,
one patient had thedevice turnedOFF due toT-wave oversensing and
recurrent inappropriate therapy. One-year follow-up was completed
in 294 patients (189 retrospective; 105 prospective) with 143 and 52
retrospective patients reaching 2- and 3-year follow-up, respectively.
Five prospective patients have reached 2-years of follow-up.

Implant procedure
Where procedural information was available, general anaesthesia
was used in the majority of S-ICD implantation procedures (273/
432; 63%) with an average procedure time (‘skin to skin’) of 69+
27 min (median 61 min). No distinction was made in the database
between procedure times that were solely for implant of the
S-ICDvs. those that includedadditional procedures suchas concomi-
tant removal of a transvenous system or implant of a pacemaker.
In the majority of cases where information was available no cardiac
imagingwas used for placement of the S-ICD system (310/356; 87%).

Figure 1 EFFORTLESS Subcutaneous Implantable Defibrillator Registry enrolment by country in Europe and Australasia (inset).

Figure 2 Patient flow chart for EFFORTLESS Subcutaneous
Implantable Defibrillator Registry.

P.D. Lambiase et al.1660

Figure 1: Map countries and enrolment
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Of the remaining 8 patients, 4 died from pump failure, 1 from kidney disease, 1 from 
respiratory failure and 1 from bronchopneumonia and stroke secondary to heart failure. 
Another patient died after an apparent extended period of asystole/bradycardia followed 
by an appropriately detected and treated VF episode that failed to convert. The patient 
received an additional 11 shocks none of which were able to convert the arrhythmia. In 
this patient, the defibrillation test directly after implant had been successful. None of the 
deaths have been reported to be related to the S-ICD system or implant procedure.

Of the remaining 8 patients, 4 died from pump failure, 1 from kidney
disease, 1 from respiratory failure, and 1 frombronchopneumonia and
stroke secondary to heart failure. One patient died after an apparent

extended period of asystole/bradycardia followed by an appropriately
detected and treated VF episode that failed to convert. The patient
received an additional 11 shocks, none of which was able to convert
the arrhythmia. In this patient, the defibrillation test directly after
implant had been successful. None of the deaths has been reported
to be related to the S-ICD system or implant procedure.

Explants have been documented in 17 patients (3.7%) due to infec-
tion (n ¼ 8), decubitus/erosion (n ¼ 1), heart transplant (n ¼ 1),
failure to convert induced episodes at initial implant (n ¼ 1), failure
to convert spontaneous episodes (n ¼ 1), inappropriate sensing
(n ¼ 1), elective decision after inappropriate shocks (n ¼ 1), replace-
ment of the S-ICD system by a transvenous ICD system due to recur-
rent VT (n ¼ 2) and patient decision due to pain (n ¼ 1). Additionally,
one patient had thedevice turnedOFF due toT-wave oversensing and
recurrent inappropriate therapy. One-year follow-up was completed
in 294 patients (189 retrospective; 105 prospective) with 143 and 52
retrospective patients reaching 2- and 3-year follow-up, respectively.
Five prospective patients have reached 2-years of follow-up.

Implant procedure
Where procedural information was available, general anaesthesia
was used in the majority of S-ICD implantation procedures (273/
432; 63%) with an average procedure time (‘skin to skin’) of 69+
27 min (median 61 min). No distinction was made in the database
between procedure times that were solely for implant of the
S-ICDvs. those that includedadditional procedures suchas concomi-
tant removal of a transvenous system or implant of a pacemaker.
In the majority of cases where information was available no cardiac
imagingwas used for placement of the S-ICD system (310/356; 87%).

Figure 1 EFFORTLESS Subcutaneous Implantable Defibrillator Registry enrolment by country in Europe and Australasia (inset).

Figure 2 Patient flow chart for EFFORTLESS Subcutaneous
Implantable Defibrillator Registry.

P.D. Lambiase et al.1660

Figure 2: Registry Flow Chart

Explants have been documented in 17 patients due to infection (8), decubitus/erosion 
(1), heart transplant (1), failure to convert induced episodes at initial implant (1), failure 
to convert spontaneous episodes (1), inappropriate sensing (1), elective decision after 
inappropriate shocks (1), replacement of the S-ICD system by a transvenous ICD system 
due to recurrent VT (2) and patient decision due to pain (1). Additionally, one patient had 
the device turned OFF due to T- wave over-sensing and recurrent inappropriate therapy. 
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294 patients (189 retrospective; 105 prospective) have reached the 1-year follow-up. 143 
and 52 retrospective patients have reached the 2-year and 3-year follow-up, respectively. 
Five prospective patients have reached 2-years of follow-up.

Implant Procedure

Where information was available, general anesthesia was used in the majority of S-ICD 
implantation procedures (273/432; 63%) with an average procedure time (“skin to skin”) 
of 69 ± 27 min (median 61 min). No distinction was made in the database between 
procedure times that were solely for implant of the S-ICD versus those that included 
additional procedures such as concomitant removal of a transvenous system or implant 
of a pacemaker. Therefore it is probable that the average implant procedure for the S-ICD 
implant alone is slightly shorter. In the majority of cases where information was available 
no medical imaging was used for placement of the S-ICD system (310/356; 87%).

Implant Conversion Testing

Implant data was available from 456 patients of which 402 had documented acute defibril-
lation testing at initial implant of the S-ICD system. Eight additional patients underwent 
defibrillation testing some days after the S-ICD implant procedure. Therefore, 410 pa-
tients (90%) have documented conversion testing. For 8 patients the conversion testing 
information is incomplete and in 9 additional patients, VT/VF could not be induced. Of 
the 393 patients with complete data available, 386/393 (98.2%) met the overall criteria 
for successful conversion efficacy with at least one shock converting the patient at ≤ 
80J. Of these, 365 (95%) converted at 65J. 1 patient required intraoperative reposition-
ing to achieve the successful conversion criteria and 6 patients required more than one 
procedure to achieve a successful conversion. One patient had the device explanted due 
to inability to achieve successful acute conversion.

Spontaneous Episodes

A total of 323 spontaneous episodes in 85 pts were recorded during follow-up, of which 
170 episodes (n=60 patients) received therapy. Of these, 87 episodes (51%) in 32 pa-
tients were classified as VT/VF of which 48 were discrete episodes and 39 were episodes 
recorded during VT/VF “storms” (defined as ≥ 3 treated VF/VT episodes within 24 hrs). 
Two additional VT/VF episodes spontaneously converted prior to first shock. Of the 47 
discrete episodes receiving therapy, 34 (72%) episodes were converted with one shock 
and 6 episodes converted with 2-5 shocks. The remaining 7 VT/VF episodes sponta-
neously converted within a few seconds of shock delivery. Eight VT/VF storm events 
resulted in the 44 episodes. One renal dialysis patient had multiple VT/VF storm events 
over a period of 17 months post implant and subsequently died due to pump failure. In 
one case of a patient with Loeffler’s syndrome ,VF storm was preceded by a 10 minute 
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period of bradycardia (lowest heart rate of 28/min in the 60s. pre-arrest). Subsequently, 
VF developed that was not successfully defibrillated, resulting in demise of the patient. 
This unusual patient had obliteration of the RV and LV apices by a mass and was not 
deemed suitable for a standard ICD system. At implant VF had been sensed appropri-
ately and cardioverted at 65J. Therefore, the overall cardioversion efficiency of all VT/VF 
events including VF storms was 99%.

A total of 75 inappropriate shocks were recorded in 33 patients over an average 
follow-up of 18 months (360 day inappropriate shock rate of 7%). The majority of inap-
propriate shocks (87%) were due to over-sensing most frequently of cardiac signals (92% 
of episodes). In 5 patients, inappropriate shocks were due to noise or EMI while 6 patients 
had inappropriate therapy due to supraventricular arrhythmia (SVT) rates that crossed 
into the shock-only zone.

Impact of programming

435 patients had their device programming documented at implant. 357 (82%) had dual 
zone programming and 74 (17%) had single zone shock-only programming. Fout! Ver-
wijzingsbron niet gevonden. shows the distribution of all programming at implant. 362 
patients (84%) were programmed with a shock zone of ≥220bpm. Similar proportions of 
patients were programmed with primary (50%) and secondary (39%) vectors and very 
few were programmed with the alternative vector (10%). Almost all patients (94%) were 
programmed with gain set at 1x. As previously stated, 33 patients (7.2%) received a 
total of 75 inappropriate shocks. Only nine patients (2%) experienced recurrent inap-
propriate shocks following initial interventions (8 reprogramming; 4 exercise test-guided 
adjustments and 1 medication change). Eight of these 9 patients experienced recurrent 
shocks with the same underlying cause as the initial shock. Two patients had the device 
explanted due to the inability to completely mitigate inappropriate therapy and one patient 
had the device programmed OFF. There was no obvious connection between program-
ming and incidence of inappropriate therapy.

Table 3 shows the programming at the time of inappropriate shock for each episode. 
Only thirteen (17%) episodes of inappropriate therapy from 9 patients were recorded with 
a single zone configuration at the time of the shock.
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Time to Therapy

Time to therapy was defined as the interval starting 2,000 ms after the last induction arti-
fact and ending at the onset of the shock deflection on a standard ECG recording. Due to 
the limited availability of data for retrospective patients, it was only recorded for inductions 
performed in prospectively enrolled patients and for spontaneous episodes where the 
calculation was made by Cameron Health/Boston Scientific from the electrogram stored 
in the device. Due to lack of pre-defined criteria for induction testing, time to therapy 
was available from 195 inductions across a range of shock values up to 80J. Overall the 
average time to therapy was 15.1 ± 3.7 seconds which is less meaningful considering 
the range of shock energies. Since the majority of shocks were delivered at 65J, time to 
therapy for that cohort was calculated independent of the others and found to be 15.1 ± 
3.8 seconds with a range of 7.0 to 37.0 seconds. 2 patients had time to therapies ≥ 30 

Table 2 Distribution of dual zone programming at Initial Implant of the S-ICD System

Shock zone rate (bpm)

170 180 190 200 210 220 230 240 250

Conditional Shock 
Zone rate (bpm)

170 0 0 1 6 3 0 4 0 0

180 5 0 13 8 30 11 2 13

190 1 4 5 32 31 1 6

200 16 0 58 18 12 11

210 7 2 22 6 1

220 17 1 39 5

230 16 0 11

240 7 1

250 5

Table 3 Programming at the time of shock for each episode

Shock zone rate (bpm)

170 180 190 200 210 220 230 240 250

Conditional Shock 
Zone rate (bpm)

170 0 0 0 0 0 1 0 0 0

180 0 0 5 0 3 0 0 4

190 0 0 2 9 2 0 0

200 3 0 1 2 1 3

210 1 0 21 0 0

220 2 0 4 3

230 6 0 1

240 0 0

250 1
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seconds. Time to therapy was recorded for 77 spontaneous VT/VF episodes, of which 
there were 81 shocks. The average time to therapy for spontaneous episodes was 17.5 
± 4.4 seconds with a range of 6.0 to 29.4 seconds reflecting a slightly longer charge time 
for the higher energy shock delivery in the ambulatory setting.

System Related Complications

All clinical events were sub-classified into observations (mitigation without the need for 
an invasive procedure) or complications (mitigation required an invasive procedure). In 
addition, sites were asked to classify whether a clinical event was related to the S-ICD 
system and/or the implant procedure. In the event that a clear relationship could not be 
documented but could not be ruled out, a conservative classification was adopted. At 
the time of analysis a total of 129 clinical events (in 92 patients) were classified as being 
possibly related or definitely related to the S-ICD system or the implantation procedure. 
Of these, a minority (n=35) was classified as complications (Table 4). There were no 
documented lead fractures or breakages. Four patients had a documented lead move-
ment, 2 of which required no action and 2 required re-positioning. 15 system related 
complications in 14 patients occurred in the first 30 days post implant for a complication-
free rate of 97%. Figure 3 shows system-related complication-free data for the first 360 
days post implant. At 180 days post implant, 26 patients had 29 documented system or 
implantation-related complications giving a complication-free rate of 94%. At 360 days 
post-implant 28 patients had 32 documented system or implantation-related complica-
tions and the complication-free rate was 94%.

Table 4 S-ICD System and /or implant procedure related complications

N (%)
Erosion or extrusion of implanted electrode or pulse generator 4
Hematoma 1
Failure to convert spontaneous VF episode 1
Inability to communicate with device 1
Inappropriate shock: oversensing 2
Incision / superficial infection 2
Near syncope/dizziness/shortness of breath/confusion 1
Pleural effusion 1
Pneumothorax 1
Premature battery depletion 1
Shock delivered for Non VT/VF 1
System infection 12
Suboptimal electrode position / electrode movement 5
Suboptimal pulse generator position 1
Suture discomfort 1
ALL 35
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Infections

At the time of analysis a total of 18 patients at 10 different sites had 20 documented 
infections or suspicions of infection related to the S-ICD procedure (4%). One patient 
had an infection related to a concomitantly implanted pacemaker and another infection 
related to capped transvenous electrodes. In both cases the S-ICD system was unaf-
fected. 10 patients had to have the S-ICD system explanted (explant rate of 2%). In one 
case, the electrode was initially removed in an attempt to save the pulse generator but a 
subsequent re-infection required the full system to be removed. Of note, only 3 sites had 

the population of patients (age, co-morbidities) and experience of
the implanting centres. Infections requiring system explantation
range between 1 and 2% for TV-ICDs which is compatible with the
early experience with the S-ICD.

The inappropriate shock rates (7%) are comparable with the
standard TV-ICD registries and trials which range from 4 to
18%.32–34 However, in contrast to TV systems, the main cause of in-
appropriate shockswith the S-ICD isT-waveoversensing. The S-ICD
has several options formanagement of inappropriate shockswithout
the need for an invasive procedure including reprogramming of the
sensing vector and exercise testing with template updates. Indeed,
the more prolonged detection time and programming of a dual
zone device with SVT discrimination algorithms and conditional
shock zone for higher rates .220/min may have helped to minimize

inappropriate shock therapy and allowed spontaneous VT episodes
to self-terminate as has been recognized in recent studies of modify-
ing VT detection criteria and delaying ATP therapies.33–36 In the
PREPARE trial which prolonged VT detection to 30/40 beats in-
appropriate shocks were reduced to 4% as opposed to 35% over
5 years in SCD-HeFT;6,34 35% of VT’s self-terminated in PainFreeRx
indicating that the strategy of prolonging detection time before
committing to therapy is a reasonable approach supported by this
recent TV-ICD data.37

Comparison with recent cohort studies
This is the largest series of S-ICD patients to be reported to date and
reflects practice across multiple centres worldwide. Two recent
single country series from the Netherlands17 and UK19 reported

Figure 4 Kaplan–Meier analysis for freedom from subcutaneous implantable defibrillator system-related complications for the first 360-day
post-implant.

P.D. Lambiase et al.1664

Figure 3: Complication-free data for the first 360 days post-implant of S-ICD System

Day 30 Day 180 Day 360

KM Rate 97% 94% 94%

At risk 421 349 258

Failed 14 26 28

Censored 3 62 148

Remaining 407 336 248
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documented recurrent infections relating to explant (in separate patients). For one site 
infections appeared to be linked to the timing of renovations of the surgical suite. For the 
other 2 sites there is no clear relationship between experience and infection with explants 
occurring both at <6months & >1 year after first implant.

Discussion

Although the TV-ICD system has served us well over the past 30 years, having been 
implanted in over 1 million patients worldwide, there remain significant concerns regard-
ing the potential problems of long term intravascular lead complications particularly in 
young primary prevention patients who may face over 40 years of generator and lead 
revisions (23). This has spurred the endeavour to provide alternatives to combat what is 
often considered the “Achille’s heal” of the TV-ICD- the intravascular lead, at least in those 
patients not requiring permanent pacing or ATP. The EFFORTLESS Registry was initiated 
in order to provide “real-world” systematically collected system performance data over a 
suitably prolonged period beyond that normally collected in randomized controlled trials 
since these are primarily interested in survival end points as opposed to the important 
details of system performance. The Registry currently demonstrates that the device is 
being successfully implanted in a broad spectrum of patients with 97% first procedure 
induced VF conversion efficacy. Furthermore, there has been 98% overall conversion 
efficacy of discrete episodes of spontaneous VT/VF (72% first shock conversion efficacy) 
either immediately post shock or within a few seconds of shock delivery. 95% of VF storm 
episodes were successfully cardioverted. The patient with Loeffler’s enodocarditis who 
did not survive the cardiac arrest is an unusual indication. As this patient had on ongoing 
biopsy-proven inflammatory disease process requiring steroid therapy, this may have led 
to elevation of the DFT.

While the first shock conversion efficacy may appear slightly lower than those 
published for the TV-ICD (numbers??), it should be remembered that there are likely 
differences in patient population considering the younger age and high prevalence of non-
ischemic cardiomyopathies, congenital disease and channelopathy patients, all of whom 
are historically more difficult to treat with the TV-ICD. The implant procedure has not been 
associated with the typical implant related complications of haemo/pneumothorax & lead 
displacement seen in 2-6% of trial and Registry TV-ICD populations (24-29). The only 
significant complication has been that of procedure-related infection affecting approxi-
mately 4% of patients overall and resulting in explant in 2%. Infections are most probably 
related to procedural inexperience in terms of appropriate skin preparation, draping and 
suturing associated with this new procedure which requires an unfamiliar, more surgical 
approach of left lateral thoracotomy skin incision and tunneling of the lead. However, the 
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learning curve and shared experience of optimal pre- and peri-operative technique should 
mean that this initial complication can be suitably addressed. Indeed in the Cameron 
Health IDE study (30), once optimal technique between centres was agreed upon there 
were no subsequent infections requiring explant after approximately the first 100 patients 
suggesting a problem related to inexperience of a new implantation technique. The rela-
tionship between infections and experience is less obvious in the EFFORTLESS Registry. 
It should also be recognized that infection remains a significant complication of TV-ICD 
implantation with acute infections in the first 30 days post implant ranging between 2-4% 
(Entrust IDE, Canadian ICD Registry, Medicare, Canadian Advisory data) depending 
upon the population of patients (age, co-morbidities) and experience of the implanting 
centres. Infections requiring system explantation range between 1-2% for TV-ICDs which 
is compatible with the early experience with the S-ICD.

The inappropriate shock rates (7%) are comparable to the standard TV-ICD registries 
& trials which range from 4-18% (31-33) however, in contrast to TV systems, the main 
cause of inappropriate shocks with the S-ICD is T-wave oversensing. The S-ICD has 
several options for management of inappropriate shocks without the need for an inva-
sive procedure including reprogramming of the sensing vector and exercise testing with 
template updates. Indeed, the more prolonged detection time and programming of a dual 
zone device with SVT discrimination algorithms and conditional shock zone for higher 
rates >220/min may have helped to minimize inappropriate shock therapy and allowed 
spontaneous VT episodes to self-terminate as has been recognized in recent studies of 
modifying VT detection criteria and delaying ATP therapies (33-35). In the PREPARE trial 
which prolonged VT detection to 30/40 beats inappropriate shocks were reduced to 4% 
as opposed to 35% over 5 years in SCD-HeFT (33, 36). 35% of VT’s self-terminated in 
PainFreeRx indicating that the strategy of prolonging detection time before committing to 
therapy is a reasonable approach supported by this recent TV-ICD data.

Comparison with Recent Cohort Studies

This is the largest series of S-ICD patients to be reported to date and reflects practice 
across multiple centres worldwide. Two recent single country series from the Netherlands 
(37) and UK (38) reported upon 118 and 111 patients respectively. The inappropriate 
shock rates were higher, occurring in 13% and 15% of patients and mainly due to T 
wave oversensing. This is double the rate observed in this larger cohort & probably is a 
reflection of several issues. Firstly, many of the reported patients were implanted with the 
device either prior to its CE mark, or immediately after. Subsequent updates to the noise 
detection algorithm occurred as a result of inappropriate therapy recorded in these early 
patients. Secondly, with continued experience there has been an increased recognition 
of appropriate patient management prior to device implant including ensuring more than 
1 suitable sensing vector is available per patient during screening; optimizing heart rate 
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thresholds for therapy as well as ECG screening in different postures and during increased 
heart rates. Similarly, the higher infection rates requiring explant of 5.8% and 4% versus 
2.5% in this series are most probably a reflection of increased physician experience and 
optimization of implant technique. In none of these series has there been a failure to 
deliver therapy in the programmed shock zone for ventricular arrhythmia although there 
was 1 arrhythmic death in the UK cohort.

Limitations

This is a Registry designed to record the real world experience planning ultimately to 
recruit 1000 patients with 5 years of follow-up data. The initial results demonstrate the 
early outcomes in the first 12 months after system implantation. The issue of long term 
device performance particularly appropriate and safe cardioversion of VF in daily life as 
opposed to the controlled confines of a DFT test will only become clearer with time. 
The fact that the system performs effectively at implant is supported by this and the 
IDE data. It is recognized that controversies exist regarding whether DFT testing actually 
is appropriate for assessing ICD efficacy and most ICD cardioversion failures occur in 
the real world under conditions of major metabolic derangement, hypoxia and ischaemia 
which are beyond the normal ranges of standard DFT testing when the patient is in a well 
oxygenated, sedated state. Therefore, successful DFT at implant has been employed as 
an appropriate clinical safety end-point particularly for a new technology. In this context 
when one notes that in recent TV-ICD clinical trials such as MADIT II no DFT testing 
was performed, it seems reasonable and appropriate at this time to accept this as an 
indication of safe system performance as required by the FDA.
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Abstract

Background

Inappropriate shocks (IAS) complicate implantable cardioverter defibrillator (ICD) 
therapy. The management of IAS in patients with a subcutaneous ICD (S-ICD) 
differs from conventional ICDs because of different sensing algorithms and pro-
gramming options.
Objective To describe the management of IAS in patients with a S-ICD.

Methods

Patients were implanted with a S-ICD between February 2009 and July 2012. The 
prevalence and clinical determinants data of IAS were prospectively collected. 
In case of T-wave oversensing (TWOS), an exercise test was performed, and all 
possible sensing vectors were screened for TWOS. Absence of TWOS defined a 
suitable vector.

Results

Eleven out of 69 patients (54% male, age 39±14 years, 73% primary prevention) 
received IAS after 8.9±10 months following implantation (10.8% annual incidence 
rate). In 8 cases TWOS caused IAS. Seven of these IAS occurred during exercise 
and one during atrial fibrillation with a high ventricular rate. Additionally, in 7/8 pa-
tients the sensing vector and in 5/8 patients the (un)conditional zone was changed. 
Hereafter, IAS recurred in 3 of these 8 patients, in two because of p>programming 
errors. Hence, after reprogramming, we observed no IAS in 87,5% of the patients 
with TWOS during a follow-up of 14.1±13 months.

Conclusion

IAS due to TWOS in the S-ICD can be managed with reprogramming the sensing 
vector and/or the therapy zones of the device using a template acquired during 
exercise. Exercise-optimized programming can reduce future IAS, and standard 
exercise testing shortly after implantation of a S-ICD may be considered in patients 
at increased risk for TWOS.
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Introduction

The implantable cardioverter-defibrillator (ICD) reduces mortality in survivors of cardiac 
arrest and patients at high-risk for sudden cardiac death.1 Despite the significant reduc-
tion in mortality there is also a risk for serious complications due to ICD-therapy. Among 
those are acute and long-term complications related to the transvenous lead and the 
occurrence of inappropriate shocks (IAS) due to lead failure, supraventricular arrhythmias 
or oversensing of myopotentials or electromagnetic interference.2 Supraventricular ar-
rhythmias have been found the most common cause of inappropriate therapy in patients 
with a transvenous ICD (TVICD).3 An entirely subcutaneous ICD (S-ICD) was developed 
with the potential to reduce or prevent complications associated with the implantation and 
long-term performance of transvenous leads. However, this remains an assumption as 
there are no long-term data on performance of the subcutaneous lead available.

The S-ICD was approved for general use within Europe in 2009 and within the United 
States in 2012 as an alternative to the transvenous ICD (TV-ICD) in patients with an 
ICD indication but without an indication for bradycardia pacing, cardiac resynchronization 
therapy, or the need for anti-tachycardia pacing (ATP). Safety and efficacy of the S-ICD 
have been described previously.2,4 Multicenter experience5-9 showed that in 295 patients 
with an S-ICD 27 (9.2%) received a total of 68 IAS during a mean follow up of 11.2 
(range 8-18) months. The rate of inappropriate shocks in patients with a TV-ICD has 
been reported 7 and 13% after one and two years respectively.10 However, contemporary 
programming has reduced the number of inappropriate shocks.11,12 IAS as complication 
from ICD-therapy can result in adverse effects on quality of life, psychological stress or 
even the induction of ventricular arrhythmias.13 The most common cause of inappropriate 
shocks in the S-ICD was double counting of the cardiac signal due to T-wave oversensing 
(TWOS).5-9 Hence, inappropriate shocks on TWOS appear to be a considerable problem 
in patients with an S-ICD. The sensing algorithm and 5 programming options of the S-ICD 
are different from those of a TV-ICD. The most important differences are that the S-ICD 
uses the extra-cardiac (subcutaneous) electrocardiogram for sensing and the TV-ICD the 
bipolar intra-cardiac electrocardiogram. The sensing algorithm in the S-ICD is fixed and 
can only be modified indirectly by changing the frequency of the therapy zones. Also the 
discrimination algorithm is fixed and can only be influenced by the changing stored tem-
plate. Therefore, the management of IAS in patients with a S-ICD is different compared to 
conventional ICDs. We report the management of inappropriate shocks in patients with a 
S-ICD in a single center with a large cohort of patients with a S-ICD.6
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Methods

Study population and data collection

Out of 100 patients implanted with a S-ICD between February 2009 and July 2012, we 
selected patients (n=69) who had a class I or IIa indication for ICD therapy according to 
AHA/ACC/ESC 2008 guidelines14, without an indication for bradycardia pacing, cardiac 
resynchronization therapy or ATP. Patients (n=31) participating in the PRAETORIAN trial 
(NCT01296022, randomized multicenter efficacy trial comparing S-ICD versus TV-ICD) 
were excluded per protocol of that study.15 Patients (n=39) participating in the retrospective 
EFFORTLESS Registry (NCT01085435, observational study of factors impacting clinical 
outcome and cost effectiveness of the S-ICD) were for that reason not excluded.16 Three 
patients underwent S-ICD implantation before CE approval, and gave written informed 
consent. After CE approval, the S-ICD was used as clinical practice and patient provided 
procedural consent. Approval for this retrospective study by the IRB was not required. All 
patients underwent a screening ECG pre-implantation and were found suitable for S-ICD 
implantation based on the ECG screening tool (Figure 1).

by the manufacturer. All data from follow-up until July 2012
were analyzed. In patients with IASs, the cause was
confirmed by a certified device cardiologist. All patients

with IASs due to TWOS were scheduled for exercise testing
to optimize the sensing of the S-ICD.

Statistical analysis
Statistical analysis was performed by using SPSS 19.0 for
Windows. Descriptive statistics were used to evaluate the
frequency of IASs. Annual incidence rates for IASs from all
causes and due to TWOS were calculated as follows: (number
of new cases)/(person-time at risk). Person-time at risk is
calculated as follows: [(number of people at risk at the
beginning of the time interval þ number of people at risk at
the end of the time interval)/2] � (number of years in the time
interval). Where normally distributed (Kolmogorov-Smirnov
test), data are presented as mean � SD; otherwise, data are
presented as median and range. Differences between groups
were tested by using an unpaired Student t test when normally
distributed; otherwise, the Mann-Whitney test was used. The χ2

test was used to compare categorical binary data.

Results
Patient characteristics
Patient characteristics are presented in Table 1. Mean age
was 39 � 14 years, and 19 (27%) patients had a secondary

Figure 2 Placement of electrocardiographic electrodes to obtain the
screening electrocardiogram. CAN ¼ subcutaneous implantable cardiover-
ter-defibrillator pulse generator; DE ¼ distal electrode; PE ¼ proximal
electrode.

Figure 1 A: The patient’s electrocardiographic screening tool as supplied by the manufacturer. B: Example of a screening tool identifying an unacceptable
QRS-T complex. The QRS complex is correctly positioned and crosses the dashed line; the T wave falls outside the boundary.C: Example of an acceptable QRS-
T complex. The QRS complex crosses the dashed line, but here the T wave falls within the prespecified boundaries.

Heart Rhythm, Vol 11, No 3, March 2014428

Figure 1 A The patient ECG screening tool as supplied by the manufacturer. B Example of a screen-
ing tool identifying an unacceptable QRS-T complex. The QRS is correctly positioned and crosses the 
dashed line, the T-wave falls outside the boundary. C Example of an acceptable QRS-T complex. The QRS 
crosses the dashed line, but here the T-wave falls within the pre specified boundaries.
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The screening ECG was obtained by recording the ECG from the location of the three 
sensing electrodes of S-ICD (Figure 2) and mimics the sensing vectors used by the S-ICD: 
Primary (proximal electrode to can), Secondary (distal electrode to can) and Alternate 
(distal to proximal electrode). An ECG recording of these three vectors was obtained 
for at least 10 seconds in both a supine and a standing position. Initially, screening was 
performed with only one acceptable QRS-T complex in at least one sensing vector in a 
supine and standing position, as suggested by the user manual at that time. However, 
when multiple QRS-T complexes were found unsuitable the S-ICD was considered contra-
indicated in that patient. After CE approval, the manufacturers’ recommendation changed 
and more stringent ECG screening for T-wave analysis was implemented. Now, all QRS-T 
complexes for the duration of at least 10 seconds should be suitable in both supine and 
standing position. Left ventricular ejection fraction (LVEF) was determined from Magnetic 
Resonance Imaging (MRI) or Transthoracic Echocardiography (TTE), creatinine levels 
in blood, ECG and the use of cardiac/psychotropic medication were obtained from the 
patients’ medical record. The choice of these variables was based on their direct and 
indirect influence on the morphology of the R- and T-wave on the surface ECG.17,18

by the manufacturer. All data from follow-up until July 2012
were analyzed. In patients with IASs, the cause was
confirmed by a certified device cardiologist. All patients

with IASs due to TWOS were scheduled for exercise testing
to optimize the sensing of the S-ICD.

Statistical analysis
Statistical analysis was performed by using SPSS 19.0 for
Windows. Descriptive statistics were used to evaluate the
frequency of IASs. Annual incidence rates for IASs from all
causes and due to TWOS were calculated as follows: (number
of new cases)/(person-time at risk). Person-time at risk is
calculated as follows: [(number of people at risk at the
beginning of the time interval þ number of people at risk at
the end of the time interval)/2] � (number of years in the time
interval). Where normally distributed (Kolmogorov-Smirnov
test), data are presented as mean � SD; otherwise, data are
presented as median and range. Differences between groups
were tested by using an unpaired Student t test when normally
distributed; otherwise, the Mann-Whitney test was used. The χ2

test was used to compare categorical binary data.

Results
Patient characteristics
Patient characteristics are presented in Table 1. Mean age
was 39 � 14 years, and 19 (27%) patients had a secondary

Figure 2 Placement of electrocardiographic electrodes to obtain the
screening electrocardiogram. CAN ¼ subcutaneous implantable cardiover-
ter-defibrillator pulse generator; DE ¼ distal electrode; PE ¼ proximal
electrode.

Figure 1 A: The patient’s electrocardiographic screening tool as supplied by the manufacturer. B: Example of a screening tool identifying an unacceptable
QRS-T complex. The QRS complex is correctly positioned and crosses the dashed line; the T wave falls outside the boundary.C: Example of an acceptable QRS-
T complex. The QRS complex crosses the dashed line, but here the T wave falls within the prespecified boundaries.
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Figure 2 Placement of ECG electrodes to obtain the screening ECG. PE= proximal electrode, DE= distal 
electrode, CAN= S-ICD pulse generator
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Implantation and device programming

Forty-two patients underwent the procedure under general and 27 patients under local 
anesthesia and conscious sedation. Antibiotic prophylaxis was administered according to 
local protocol. No fluoroscopy was used. A lowest effective defibrillation (LED)-test was 
performed at least once with a minimum shock of 65J unless contraindicated. In case 
of failure of the first shock a second shock was automatically programmed at 80J with 
reversed polarity.

During implantation an incomplete automatic setup was performed and the automati-
cally chosen sensing vector was programmed and a QRS morphology template acquired. 
Discrimination between ventricular tachycardia (VT) and supra ventricular tachycardia 
(SVT) in the conditional (which can be programmed between 170-240 bpm) zone is 
based on rate and morphology. If an average of 4 sensing events meets the programmed 
rate of the conditional zone, the fixed discrimination algorithm discriminates “similar” from 
“dissimilar” sensing events based on the programmed template, beat to beat similarity 
and QRS width. The unconditional zone (170-250bpm) uses exclusively rate criteria for 
detection. Selection and programming of the therapy zones was at the discretion of the 
implanting physician. A complete automatic setup was performed and the automatically 
chosen sensing vector and newly acquired template were programmed on the first post-
operative day. Patients were seen within two weeks and after two months after implanta-
tion. Thereafter, patients visited the outpatient clinic semi-annually.

Follow-up

Data from every follow-up visit and unplanned visits were stored in the clinical database 
system. Up to April 1st 2010 an automatic setup was performed at every routine visit 
and the suggested vector was programmed. After April 1st 2010, we only performed the 
automatic setup pre-discharge as advised by the manufacturer. All data from follow-up 
until July 2012 were analyzed. In patients with IAS, the cause was confirmed by a certified 
devicecardiologist. All patients with IAS caused by TWOS were scheduled for exercise 
testing to optimize the sensing of the S-ICD.

Statistical analysis

Statistical analysis was performed using SPSS 19.0 for Windows. Descriptive statistics 
were used to evaluate the frequency of IAS. Annual incidence rates for IAS from all 
causes and caused by TWOS were calculated as: (number of new cases)/(person-time 
at risk). Persontime at risk is calculated as: [(Number of people at risk at the beginning of 
the time interval + Number of people at risk at the end of the time interval) / 2] x (Number 
of years in the time interval). Where normally distributed (Kolmogorov-Smirnov test), data 
are presented as mean±standard deviation; otherwise, as median and range. Differences 
between groups were tested with an unpaired Student t-test when normally distributed; 
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otherwise the Mann- Whitney test was used. The chi-square test was used to compare 
categorical binary data.

Results

Patient characteristics

Patient characteristics are presented in Table 1. Mean age was 39±14 years and 19 (27%) 
patients had a secondary prevention indication. In 28 (41%) patients, the indication for 
ICD therapy was a genetic arrhythmia syndrome. Ten (15%) patients had ischemic heart 
disease. In 13 patients the sensing vector was changed after performing the complete 
automatic setup the day after implantation. In 5 patients the sensing vector was automati-
cally changed because of the performance of an automatic setup during follow-up. This 
only applied to the first 17 patients. After April 1st 2010 the automatic setup was no longer 
performed during follow-up. In 66 patients (96%) a conditional zone between 180 beats 
per minutes (bpm) and 220bpm was programmed and an unconditional zone between 
220bpm and 250bpm. In 3 patients only a non-discrimination zone between 220bpm and 
240bpm was programmed.

Inappropriate shocks

A total follow-up of 1316 months was available with a median follow-up of 21 months with 
a range of 0.5-41 months. The annual incidence rate for IAS was 10.8%. The incidence 
of IAS in patients with a genetic arrhythmia syndrome appeared similar to that in other 
patients (Table 2). Three patients received an IAS due to etiologies other than TWOS. 
One patient (female, 41yrs, idiopathic VF due to the DPP6 haplotype20, LVEF 57%, par-
ticipant in the CEstudy) received an IAS caused by oversensing of myopotentials due to 
lead dislocation. The lead was subsequently repositioned and a newly introduced suture 
sleeve was fixated to the lead and to the fascia at the proximal parasternal incision site. 
Another patient (male, 33yrs, non-ischemic cardiomyopathy, positive family history and 
polymorphic VT, LVEF 47%) received IAS due to atrial fibrillation in the unconditional zone 
(>240bpm). The unconditional zone was programmed to 250bpm and the rate control 
medication adapted, the conditional zone (200bpm) was left unchanged. A third patient 
who survived an unexplained out of hospital cardiac arrest prior S-ICD implant (male, 
68yrs, LVEF 46%) received an IAS because of oversensing caused by Transcutaneous 
Electrical Nerve Stimulation (TENS) treatment to the lower back of the patient. In this case 
no changes were applied to the settings of the device, and IAS did not recur. The patient 
was instructed to avoid TENS therapy, as is advised in the patient information brochure.
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Table 1 : Baseline Characteristics (n=69)

Gender (male/female) 37/32 (54/46%)
Age 39±14
LVEF, percentage (n=59)* 46±15
ICD indication (primary/secondary) 50/19
Diagnosis
Unspecified cardiomyopathy 13 (19%)
Dilated cardiomyopathy 12 (17%)
Hypertrophic cardiomyopathy 5 (7%)
Idiopathic VF due to DPP6 14 (20%)
OHCA unspecified 7 (10%)
ARVC 7 (10%)
Brugada syndrome 9 (13%)
Long QT syndrome 1 (1%)
Incessant VT 1 (1%)
Concomitant conditions
Hypertension 8 (12%)
Diabetes mellitus 3 (4%)
Ischemic heart disease 10 (15%)
PCI 6 (9%)
CABG 1 (1%)
AF/AFL 8 (12%)
NSVT 22 (32%)
Creatinine, umol/L (n=47)* 76 (46-129)
Antiarrhythmic
Class IA/IB/IC 0 (0%)
Class II 32 (46%)
Class III 3 (4%)
Class IV 3 (4%)
Digoxin 1 (1%)
Psychotropic 4 (6%)
ECG
Heart rate, bpm 69±13
PR duration, ms 164±27
QRS duration, ms 99 (76-170)
QT duration, ms 397±44
QTc duration, ms 420±30
Bundle branch block 5 (7%)
Left BBB 2 (3%)
Right BBB 3 (4%)
Sinus rhythm 64 (93%)
Repolarization abnormal 27 (39%)

LVEF= Left Ventricular Ejection Fraction, OHCA= Out of Hospital Cardiac Arrest, ARVC= Arrhythmogenic 
Right Ventricular Cardiomyopathy, VT= Ventricular Tachycardia, PCI= Percutaneous Coronary Interven-
tion, CABG= Coronary Artery Bypass Grafting, AF= Atrial Fibrillation, AT= Atrial Tachycardia, NSVT= Non 
Sustained Ventricular Tachycardia, BBB= Bundle Branch Block.
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Table 2 Clinical determinants of inappropriate shocks

Baseline variables
IAS

n=11
no IAS
n=58

Univariate
P-value

Age, years 42±16 38±14 0.508

Genetic mutation 5 23 0.73

LVEF, percentage 50±7 45 ±16 0.333

Creatinine, umol/L 78 (46-128) 76 (53-128) 0.667

Concomitant condition

Hypertension 2 6 0.604

Diabetes mellitus 0 3 1

Ischemic heart disease 11 11 0.191

PCI 0 6 0.58 0 6 0.58

CABG 0 1 1

AF/AFL 2 6 0.604

NSVT 3 19 1

Medication

Antiarrhythmic

Class II 6 62 0.743

Class III 0 3 1

Class IV 0 3 1

Digoxin 1 0 0.159

Psychotropic 0 4 1

ECG

Heart Rate, bpm 70±8 69±13 0.689

PR duration, ms 157±13 165±29 0.472

QRS duration, ms 105±15 98±18 0.076

QT duration, ms 390±54 399±42 0.557

QTc duration, ms 419±39 420±28 0.907

Bundle branch block

- Right BBB 3 0

- Left BBB 0 2 0.026

Sinus rhythm 9 55 0.117

Repolarization abnormal 7 20 0.095

The most common cause of IAS was TWOS and this occurred in 8 patients with an annual 
incidence rate of 7.7%. Figure 3 shows a typical example of TWOS. Figure 4 summarizes 
the time relation of TWOS and IAS with regard to implantation in these 8 patients. In 7 
patients TWOS occurred during exercise and in 1 patient during rapidly conducted atrial 
fibrillation with aberrant conduction. The mean heart rate of all episodes in which IAS 
occurred was 154±46 beats per minute.
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Table 2 Clinical determinants of IASs

Baseline variable IASs (n ¼ 11) No IASs (n ¼ 58)
P value
(Univariate analysis)

Age (y) 42 � 16 38 � 14 .508
Genetic mutation 5 23 .73
LVEF (%) 50 � 7 45 � 16 .333
Creatinine (μmol/L) 78 (46–128) 76 (53–128) .667
Concomitant condition
Hypertension 2 6 .604
Diabetes mellitus 0 3 1
Ischemic heart disease 11 11 .191
PCI 0 6 .58
CABG 0 1 1
AF/AFL 2 6 .604
NSVT 3 19 1

Medication
Antiarrhythmic
Class II 6 26 .743
Class III 0 3 1
Class IV 0 3 1
Digoxin 1 0 .159

Psychotropic 0 4 1
ECG
Heart rate (beats/min) 70 � 8 69 � 13 .689
PR duration (ms) 157 � 13 165 � 29 .472
QRS duration (ms) 105 � 15 98 � 18 .076
QT duration (ms) 390 � 54 399 � 42 .557
QTc duration (ms) 419 � 39 420 � 28 .907
BBB
� Right BBB
� Left BBB

3 0 .026
0 2

Sinus rhythm 9 55 .177
Abnormal repolarization 7 20 .095

Abbreviations as in Table 1.

Figure 3 Typical example of T-wave oversensing. T ¼ tachycardia sensing of the subcutaneous implantable cardioverter-defibrillator due to T-wave oversensing.

Heart Rhythm, Vol 11, No 3, March 2014430

Figure 3 Typical an example of T-Wave oversensing. Note T’s indicating tachycardia sensing of the S-ICD 
due to oversensing of the T-wave.

this, the 2 remaining vectors were selected and the sensing
was evaluated without changing the template. The occur-
rence of TWOS and the heart rate during TWOS was noted.
The most suitable sensing vector of the 2 remaining vectors
was selected. Suitability was determined on the basis of
TWOS and, if absent, on the basis of the most optimal R-
wave/T-wave ratio based on eyeballing. The most suitable of
the 2 remaining vectors was also selected if TWOS was not
reproducible in the vector in which TWOS and IASs had

occurred previously. If TWOS occurred in all 3 sensing
vectors, the programmed therapy zones were adjusted to a
higher rate taking the use of medication, age, and arrhythmia
history into account.

In the second part of the exercise test, the most suitable
vector was programmed. A new template was made during
maximal exercise at a preferable heart rate of Z150 beats/
min. After acquiring the new template, the sensing was
observed for TWOS during maximum exercise. If no over-
or undersensing occurred, this vector was selected and the
device tachy therapy was turned on.

Figure 5 summarizes the flowchart of the above-
mentioned exercise strategy. In 7 of 8 patients with TWOS,
the sensing vector was changed, and in 5 of 8 patients, the
(un)conditional zone was changed. In 3 of 8 patients, both
the sensing vector and the programmed tachy zone were
changed. In all patients, a new template was made during
exercise (Table 3).

Recurrence of IASs
In 3 patients, an IASs due to TWOS recurred. In 1 patient
(man; 35 years; idiopathic ventricular fibrillation due to
DPP6; LVEF 56%), TWOS recurred during exercise. In
retrospect, the first exercise test after the first episode of IASs
appeared to be suboptimal (heart rate up to 170 beats/min)
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Figure 4 Temporal relation of T-wave oversensing with regard to
implantation. Arrows denote inappropriate shocks; vertical bars indicate
time since implantation.
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Figure 4 Temporal relation of TWOS with regard to implantation. Arrows denote inappropriate shocks; 
the vertical bars indicate time since implantation.
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In general, factors affecting repolarization among which are Right Bundle Branch Block 
(RBBB), digoxin use and abnormal repolarization (negative T-waves in ECG leads other 
than V1, aVR or III, ST segment deviation, prolonged or shortened QT interval) occurred 
significantly more frequent in the IAS group than in patients without IAS.

TWOS and management of inappropriate shocks:

All patients with TWOS related IAS underwent an exercise test to optimize sensing. Dur-
ing exercise the heart rate of the patient had to be equal to or higher than the heart rate 
during IAS. During the first part of the exercise test the tachy therapy was turned off. 
No other programmed settings were changed and the sensing of the device was evalu-
ated. After this, the two remaining vectors were selected and the sensing was evaluated 
without changing the template. The occurrence of TWOS and the heart rate during TWOS 
was noted. The most suitable sensing vector of the two remaining vectors was selected. 
Suitability was determined on the basis of TWOS and, if absent, on the most optimal 
R/T ratio based on eyeballing. The most suitable of the two remaining vectors was also 
selected if TWOS was not reproducible in the vector in which TWOS and IAS had oc-
curred previously. If TWOS occurred in all three sensing vectors the programmed therapy 
zones were adjusted to a higher rate taking the use of medication, age and arrhythmia 
history into account.

In the second part of the exercise test the most suitable vector was programmed. A 
new template was made during maximal exercise, at a preferable heart rate of ≥150bpm. 
After acquiring the new template the sensing was observed for TWOS during maximum 
exercise. If no over- or undersensing occurred, this vector was selected and the device 
tachy-therapy was turned on.

Figure 5 summarizes the flowchart of the abovementioned exercise strategy. In 7/8 
patients with TWOS the sensing vector was changed and in 5/8 patients the (un)condi-
tional zone was changed. In 3/8 patients both the sensing vector and the programmed 
tachy zone was changed. In all patients a new template was made during exercise (Table 
3).

Recurrence of inappropriate shocks:

In three patients an IAS caused by TWOS recurred. In one patient (male, 35yrs, idiopathic 
VF due to DPP6, LVEF 56%) TWOS recurred during exercise. In retrospect, the first 
exercise test after the first episode of IAS appeared to be suboptimal (heart rate up to 
170bpm), the maximum heart rate was not established. A second exercise test to optimize 
the sensing algorithm was therefore performed. The sensing vector was not changed 
but a template was acquired during maximal exercise (HR 185bpm). After the second 
optimization TWOS did not recur during a follow-up of 13 months.
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this, the 2 remaining vectors were selected and the sensing
was evaluated without changing the template. The occur-
rence of TWOS and the heart rate during TWOS was noted.
The most suitable sensing vector of the 2 remaining vectors
was selected. Suitability was determined on the basis of
TWOS and, if absent, on the basis of the most optimal R-
wave/T-wave ratio based on eyeballing. The most suitable of
the 2 remaining vectors was also selected if TWOS was not
reproducible in the vector in which TWOS and IASs had

occurred previously. If TWOS occurred in all 3 sensing
vectors, the programmed therapy zones were adjusted to a
higher rate taking the use of medication, age, and arrhythmia
history into account.

In the second part of the exercise test, the most suitable
vector was programmed. A new template was made during
maximal exercise at a preferable heart rate of Z150 beats/
min. After acquiring the new template, the sensing was
observed for TWOS during maximum exercise. If no over-
or undersensing occurred, this vector was selected and the
device tachy therapy was turned on.

Figure 5 summarizes the flowchart of the above-
mentioned exercise strategy. In 7 of 8 patients with TWOS,
the sensing vector was changed, and in 5 of 8 patients, the
(un)conditional zone was changed. In 3 of 8 patients, both
the sensing vector and the programmed tachy zone were
changed. In all patients, a new template was made during
exercise (Table 3).

Recurrence of IASs
In 3 patients, an IASs due to TWOS recurred. In 1 patient
(man; 35 years; idiopathic ventricular fibrillation due to
DPP6; LVEF 56%), TWOS recurred during exercise. In
retrospect, the first exercise test after the first episode of IASs
appeared to be suboptimal (heart rate up to 170 beats/min)

7

8

3

4

5

6

P
at

ie
nt

 n
um

be
r

0 200 400 600 800 1000 1200 1400

1

2

Time after implantation (days)Time after implantation (days)

Figure 4 Temporal relation of T-wave oversensing with regard to
implantation. Arrows denote inappropriate shocks; vertical bars indicate
time since implantation.

Turn off tachy
therapy

Start exercise to
minimal HR IASminimal HR = IAS
occurrence *
and preferable
max. exercise

Evaluate
sensing in Program most

Evaluate
Acquire
template Evaluate

TWOS

sensing in
programmed

vector

TWOS in all
sensing
vectors

Program most
suitable vector

alterna�ve
sensing vectors

template
during max.
exercise

Evaluate
sensing

No TWOS

Program
higher rate
therapy zone

Turn on
tachy

therapy and
evaluate
sensing

Stop
exercise test

Figure 5 Flowchart of the exercise strategy used. Note that the sensing algorithm is automatically getting more sensitive at a sensed HR of 148 beats/min
(asterisk). HR ¼ heart rate; IASs ¼ inappropriate shock; TWOS ¼ T-wave oversensing.
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Figure 5 Flow chart of the exercise strategy used. Note that the sensing algorithm is automatically get-
ting more sensitive at a sensed heart rate of 148 beats per minute (asterisk). BPM= Beats Per Minute, 
TWOS= T-wave Oversensing, HR= Heart Rate, IAS= In Appropriate Shock.

Another patient (male, 38yrs, hypertrophic cardiomyopathy, normal LVEF) had an IAS 
recurrence due to an inadvertently performed automatic setup during the first follow-up 
after vector optimization. The automatic setup resulted in programming of the suggested 
vector, which was the same sensing vector as the one programmed after implantation, 
in which the first IAS occurred. In this patient the device was programmed to the initially 
selected vector determined by optimization during exercise after the first IAS and IAS did 
not recur during a follow-up of 29 months.

The third patient (male, 14yrs, long QT-syndrome, normal LVEF) had IAS due to 
TWOS during morphology alteration because of intermittent aberrant conduction during 
sinus rhythm (100-150bpm). This aberrant conduction was not reproducible during exer-
cise testing and a template of this morphology could not been obtained, but during TWOS 
a rate >250bpm was sensed by the device. This precluded programming an unconditional 
zone of 250 bpm; and in the S-ICD one cannot delay therapy. There were no further 
options after multiple attempts to optimize the device and because of the unpredictable 
nature of the aberrancy we decided to explant the device.
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After reprogramming, we observed no IAS in 87,5% (7/8) of the patients with IAS 
caused by TWOS during a follow-up of 14.1±13 months.

Discussion

The S-ICD was recently introduced in Europe and the United States as an alternative to 
the TV-ICD. The main objective of the introduction of the S-ICD was to reduce or prevent 
complications related to transvenous leads.2 Inappropriate shocks occur in patients with 
a TVICD 3 and have also been described in patients with an S-ICD.5-9 The main cause of 
IAS occurrence differs between the TV-ICD and the S-ICD, as supraventricular arrhyth-
mias are the most common cause of IAS in the former. Here, contemporary programming 
may prevent a considerable part of these IAS.11,12 Due to the different sensing algorithm 
of the S-ICD, which primarily uses morphology for discrimination, this device may be less 
prone to oversensing of SVTs. The different sensing and programming options of the 
S-ICD therefore require different management and troubleshooting. We report an annual 
incidence rate of 10.8% in a relatively young population with an S-ICD and show that 
TWOS during high heart rates is the most prevalent cause. Factors which are affecting 
repolarization such as BBB, digoxin use and abnormal repolarization are related to a 
changed QRS-T morphology. In those patients an exercise test may be useful to test 
the sensing of the S-ICD and if indicated select a more appropriate sensing vector. This 
strategy prevents IAS in patients with a S-ICD. The use of the decision tool (Figure 5) 
based on our experience may contribute to prevention of IAS in other patients with a 
S-ICD.

Inappropriate shocks

The annual incidence rate of IAS in this study was 10.8%. The most common cause of 
IAS was TWOS (73%) during exercise or high heart rates. The prevalence of IAS is higher 
than reported in other S-ICD studies.5-9 However, our patients were younger (39±14 ver-
sus 49±14) and had a higher mean LVEF (46±15 versus 41±15) than in traditional ICD 
cohorts and could therefore be considered more active. During the follow-up of this study 
multiple software updates have been performed to optimize the sensing of the device and 
a normal learning curve for programming a new device may be taken in to account for the 
higher annual incidence rate of IAS.6 Also, more stringent guidelines for T-wave analysis 
have been developed during this study and therefore a more liberal screening may have 
affected the number of patients with TWOS and IAS.
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In this study we found that factors influencing ventricular repolarization such as RBBB, 
digoxine use an abnormal repolarization occurred more frequently in patients with IAS 
and could hypothetically be considered as high risk factors for IAS caused by TWOS.

Three patients with a right bundle branch block were found suitable for S-ICD implan-
tation with the ECG screening tool at rest but experienced IAS during exercise. Only one 
patient used digoxin. However, RBBB, digoxin use and repolarization abnormality have a 
direct relation with morphology of the R-wave and/or T-wave and the ratio between these 
two. In contrast to the sensing in TV-ICDs, the sensing- and discrimination algorithm of 
the S-ICD is mainly based on morphology and R/T ratio. A larger study population may 
identify more clinical predictors of IAS.

Management of TWOS

Jarman et al.8 described 2 cases in which the exercise testing strategy was not successful 
in determining TWOS and preventing further IAS. In this study the three sensing vectors 
were evaluated during exercise but the authors did not report whether they created a 
template during exercise or that they achieved the desired heart rate. This could explain 
the partial success of exercise testing to analyze TWOS leading to IAS. In our study 
7/8 patients could be successfully reprogrammed after performing an exercise test. Note 
that the sensitivity of the S-ICD becomes automatically more sensitive at a heart rate ≥ 
148 beats per minute (Cameron Health; unpublished information). Therefore, achieving 
maximal exercise or at least a heart rate ≥ 150 beats per minute is crucial. Also, after 
optimization, automatic setups should be applied with careful attention to avoid sensing 
vector selection by the device. The recurrence of IAS in two patients was therefore due to 
human error. The new software of the S-ICD provides the possibility to pose an automatic 
alert during read-out for example to warn the staff for vector changes. In all patients with 
TWOS a template during exercise was acquired. To prevent IAS due to TWOS during 
exercise, an exercise test can be performed approximately 4-6 weeks after implantation 
in patients at high risk for TWOS, that is, those patients with altered ventricular repolariza-
tion. The decision tool that we have developed (Figure 5) for management of TWOS in 
patients with a S-ICD solved 87.5% (7/8) of cases of IAS.

In one patient the exercise strategy was not successful and the device had to be 
explanted. The sensing of the device could not be reprogrammed optimally due to inter-
mittent, non-reproducible morphology alteration of the QRS complex (aberrancy) which 
was not reproducible during exercise testing. Morphology alteration of the QRS complex 
due to an intermittent bundle branch block or intermittent aberrant conduction might be 
problematic in this generation of the S-ICD in which only one template can be stored for 
discrimination.
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Our study provides insight into which patients are at risk for IAS due to TWOS. 
Exercise-optimized programming shortly after implantation of a S-ICD may prevent IAS 
caused by TWOS, particularly in patients with a BBB, digoxine use or repolarization 
abnormalities. Whether an exercise based strategy indeed results in less IAS, has to be 
studied in a prospective design.

Limitations

This is a non-randomized single center retrospective study, consisting of 69 patients, of 
whom 11 received an IAS. All patients were free to choose if a S-ICD was implanted. The 
number of patients in this study is small compared to the population with TV-ICDs that has 
been studied for IAS. Also the study is too small to find a causal link for TWOS significant 
predictors. During the study multiple software updates to optimize the sensing algorithm 
of the S-ICD were released and also a more stringent screening was implemented. The 
device therapy zone programming was not standardized and left to the discretion of the 
implanting physician. Nevertheless, in perspective, our study is a large cohort in which 
the management of IAS caused by TWOS in patients with an S-ICD is described and no 
patients were lost to followup.

Conclusion:

Inappropriate shocks in patients with a S-ICD are mainly due to TWOS, which occurs 
more frequently in the presence of factors that influence morphology and ratio of the 
R-wave and T-wave, i.e. BBB, digoxin use and repolarization abnormalities. In this study, 
all IAS due to TWOS occurred during exercise or at high heart rates. Consequently, inap-
propriate shocks due to TWOS can be managed adequately (87,5%) with reprogramming 
the sensing vector and/or the therapy zones of the device using a template acquired 
during exercise. We offer a decision tool that can help physicians with the management 
of TWOS in patients with a SICD.
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Abstract:

Aim

The subcutaneous implantable cardioverter-defibrillator (S-ICD) was introduced 
to overcome complications related to transvenous leads. Adoption of the S-ICD 
requires implanters to learn a new implantation technique. The aim of this study 
was to assess the learning curve for S-ICD implanters with respect to implant 
related complications, procedure time and inappropriate shocks (IAS).

Methods

In a pooled cohort from two clinical S-ICD databases, the IDE Trial and the EF-
FORTLESS Registry, complications, inappropriate shocks at 180 days follow-up 
and implant procedure duration were assessed. Patients were grouped in quartiles 
based on experience of the implanter and Kaplan-Meier estimates of complication 
and inappropriate shock rates were calculated.

Results

A total of 882 patients implanted in 61 centres by 107 implanters with a median of 
4 implants (IQR 1,8) were analysed. There were a total of 59 patients with com-
plications and 48 patients with IAS. The complication rate decreased significantly 
from 9.8% in quartile 1 (least experience) to 5.4% in quartile 4 (most experience) 
(P=0.02) and non-significantly for IAS from 7.9% to 4.8% (P=0.10). Multivariable 
analysis demonstrated a hazard ratio of 0.78 (P=0.045) for complications and 
1.01 (P=0.958) for IAS. Dual zone programming increased with experience of the 
individual implanter (p<0.001), which reduced IAS significantly in the multivari-
able model (HR 0.44, P=0.01). Procedure time decreased from 75 to 65 minutes 
(P<0.001). The complication rate and procedure time stabilised after quartile 2 
(>13 implants).

Conclusions

There is a short and significant learning curve associated with physicians adopting 
the S-ICD. Performance stabilises after 13 implants.
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Background

The subcutaneous implantable cardioverter-defibrillator (S-ICD) was introduced to 
overcome complications related to transvenous leads. The available evidence from 
S-ICD studies shows a complication rate similar to transvenous implantable cardioverter-
defibrillator (ICD) therapy, but includes the learning curve of physician becoming familiar 
with this new technology.1–3

It is widely accepted that increasing experience improves performance, particularly 
when adopting a new procedure. The introduction of the S-ICD required implanting physi-
cians to adopt a new implant technique and different modes of ICD programming.4,5 The 
pulse generator of the S-ICD is positioned in the left lateral axillary line on the chest-wall 
and uses a subcutaneous sensing and defibrillation lead, whereas conventional trans-
venous ICDs use endocardial leads. The S-ICD requires more energy for defibrillation, 
which increases the size of the pulse generator. Tunneling the lead in this new position 
and larger size of the pulse generator and pocket require a different surgical approach 
than for transvenous implants.

The association between operator experience and the impact on adverse events is 
well documented.6 For cardiovascular procedures, operator training and volume have 
been associated with patient outcomes; including mortality in percutaneous coronary 
intervention procedures and infection and mechanical complications in transvenous ICD 
implants and replacements.7–9 Olde Nordkamp et al observed more inappropriate shocks 
and complications in initial experience per implanting centre compared to later experience 
in a Dutch S-ICD cohort.10

The aim of this study was to assess the learning curve for individual S-ICD implanters 
with respect to implant related complications, procedure time and inappropriate shocks. 
We hypothesised the presence of a learning curve with the introduction of the S-ICD. 
Therefore complications, implant procedure duration and inappropriate shocks were 
expected to decrease with increasing experience of the implanter, with stabilisation after 
a given learning interval.

Methods

Study Cohort

The design of this pooled cohort has been described in detail elsewhere, but briefly: 
the pooled cohort consists of a total of 889 patients, 568 patients from the EFFORT-
LESS registry (NCT01085435), 308 from the IDE study (NCT01064076), and 13 patients 
who were in both studies.(1,11,12) Data were collected until 12 November 2013 for the 
ongoing EFFORTLESS registry. The IDE study follow-up ended on 14 February 2012. 
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Participation in both studies complied with the Helsinki declaration and required approval 
of local ethics or institutional review boards and informed consent. The device program-
ming, including the use of the morphology based discrimination algorithm, was at the 
physicians’ discretion.

Endpoints

Endpoints included in the analysis were complications, procedure time, and inappropri-
ate shocks. Complications were defined as those related to the implant procedure and 
required surgical intervention. Complications unrelated to the implant procedure that did 
require a surgical intervention were excluded (inability to communicate with the device 
n=1, inappropriate shocks n=12, and premature battery depletion n=1). Procedure time 
was collected for patients enrolled in the EFFORTLESS registry and was defined as the 
time between incision and closure of the wound (skin-to-skin time). Inappropriate shocks 
were defined as shocks for any reason but ventricular tachyarrhythmia’s. Classification 
of complications and treated events were reported by the site and appropriateness of 
therapy or detection was adjudicated by the sponsor (EFFORTLESS) or Clinical Events 
Committee (IDE). The complication rate and inappropriate shock rate was assessed by 
calculating Kaplan-Meier estimates at 180 days post implantation.

Experience

Outcomes with S-ICD therapy were analysed for individual implanter experience: per im-
planter all patients were chronologically ranked and subsequently distributed in quartiles. 
The first quartile of patients represents the initial experience of implanters whereas the last 
quartile represents implant procedures when implanters had the most experience. During 
the EFFORTELESS study, the device was commercially available in Europe outside of 
the study. Therefore, the manufacturer’s device tracking database was used to adjust 
the implant ranking for implants done outside of the EFFORTLESS study per individual 
implanters. The data presented in this study only represents patients that participated in 
the EFFORTLESS or IDE study.

Statistical Analysis

The appropriateness of pooling the two studies was assessed by evaluation of the study 
as a predictor of each endpoint. Descriptive statistics are reported using the mean ± stan-
dard deviation for continuous variables and numbers with percentages for dichotomous 
variables unless otherwise indicated. Differences in baseline characteristics were tested 
using a student’s t-test or ANOVA for parametric numerical variables and Fisher’s exact 
test for dichotomous variables unless otherwise indicated. Kaplan Meier analyses and log 
rank test were used to assess event rates across groups.
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Univariable models were fit to assess which patient and programming characteristics 
were associated with each of the three endpoints. Cox proportional hazard models were 
used for the outcomes of complications and inappropriate shocks. A general linear model 
was fit for the outcome procedure time. Each variable that was significant at the 0.10 
level was included as a candidate for the final multivariable model for each outcome. 
Backward selection was used in a multivariable cox-proportional hazards model with a 
significance level for retention in the model of 0.10. All statistical analyses were performed 
using SAS version 9.3 (SAS Institute, Cary, North Carolina). P values <0.05 were deemed 
statistically significant.

Results

Study Population

From August 2009 to November 2013, 889 patients were enrolled in both studies. There 
was no evidence that endpoints significantly differed by study (complications P=0.47, 
inappropriate shocks 0.12). Procedure time was only collected in the EFFORTLESS 
registry.

Of these 889 patients (73% men, mean age 50±17 years), 70% received an S-ICD 
for primary prevention and 38% had ischemic heart disease. A total of 882 implants 
were performed in 61 implanting centres by 107 implanters with a median of 4 implants 
(IQR 1,8). The remaining 7 patients were not implanted. Most implanters in this cohort 
performed a total of four implants (quartile 1) and 11 implanters performed more than 
28 implants (quartile 4). Additionally there were 187 implants outside the EFFORTLESS 
study identified in the manufacturer’s device tracking database that were used to adjust 
the implant order per individual implanter. The patient characteristics per quartile of in-
creasing implant experience are summarised in Table 1.
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Table 1 Patient characteristics per experience quartile.

Quartiles

Characteristic
(number of implants)

Q1
(1-4)

Q2
(5-12)

Q3
(13-28)

Q4
(>28)

P-value

Number of Patients 248 203 222 216

Implanters* 95 48 25 11

Age (years) 51.0 ± 17.0 47.3 ± 17.9 48.6 ± 16.4 53.9 ± 15.8 < 0.001

Female (%) 62 (25.1) 54 (26.7) 65 (30.2) 60 (28.2) 0.653

Primary Prevention (%) 180 (72.9) 135 (67.5) 145 (67.4) 150 (71.1) 0.503

QRS (ms) 107 ± 27 103 ± 21 104 ± 22 108 ± 25 0.224

LVEF % 38 ± 17 40 ± 18 42 ± 18 37 ±17 0.59

BMI 28.5 ± 6.7 28.5 ± 7.2 28.0 ± 6.9 27.9 ± 5.6 0.764

Congestive Heart Failure (%) 128 (52.0) 80 (40.2) 73 (34.0) 88 (41.3) 0.001

AF (%) 40 (16.3) 23 (11.6) 40 (18.6) 40 (18.8) 0.154

NYHA Class III-IV (%) 33 (26.8) 21 (28.8) 26 (44.1) 28 (38.9) 0.070

Diabetes (%) 62 (25.2) 25 (12.6) 33 (15.3) 36 (16.9) 0.004

COPD (%) 18 (7.3) 4 (2.0) 21 (9.8) 13 (6.1) 0.007

Hypertension (%) 129 (52.4) 70 (35.4) 71 (33.0) 61 (28.6) < 0.001

Dual zone programming (%) 152 (64.1) 154 (79.0) 176 (83.4) 207 (95.8) <0.001

Conditional zone rate 195 ± 20 201 ± 20 201 ± 21 195 ± 14 0.79

LVEF = left ventricular ejection fraction, BMI = body mass index, CHF = congestive heart failure, HCM = 
hypertrophic cardiomyopathy, AF = atrial fibrillation, NYHA = New York Heart Association classification, 
COPD = chronic obstructive pulmonary disease.
*Implanters can contribute to more than one quartile

Complications

There were 59 patients with 72 complications at 180 days follow-up. Of these complica-
tions, infections and sub-optimal implantation were most common (Table 2). The median 
time from implant to complication was 18 days (mean 45±71). The complication rate 
decreased almost by half from 9.8% to 5.4% (p=0.019) over the experience quartiles 
(Figure 1). The absolute risk reduction therefore was 4.4% between quartile 1 and 4 and 
the relative risk reduction was 44.8%. The largest decrease was seen between Q1 and 
Q2. The complication rate stabilised in quartile 3 which represents >13 procedures per 
implanter and indicates the end of the learning curve. In a Cox-proportional hazard model 
for complications, increasing experience reduced the occurrence of complications per 
quartile (HR 0.78, P=0.045, Table 3a).
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Table 2 Complications in the first six months

Description Number of events
System Infection 16
Electrode Movement 7
Sub-optimal Electrode Position 7
Erosion 5
Discomfort 4
Haematoma 4
Sub-optimal Pulse Generator and Electrode Position 4
Adverse Reaction to Medication 3
Inadequate/Prolonged Healing of Incision Site 3
Incision/Superficial Infection 3
Pulse Generator Movement/Revision 3
Sub-optimal Pulse Generator Position 2
Failed Defibrillation Threshold Test 2
Acute Hypoxic Respiratory Failure 1
Incomplete Electrode Connection to the Device 1
Near Syncope/Dizziness/Shortness of Breath/Confusion 1
Pleural Effusion 1
Pneumothorax 1
Seroma 1
Suspected Worsening of Ischaemia 1
Suture Discomfort 1
Undersensing 1
Grand Total 72

In the univariable model, there was a non-significant trend towards fewer complication 
over the years 2009 to 2013 (P=0.07). However, implant year was not retained in the 
multivariable model (Table 3a). Implant year also did not interact with physician experi-
ence (Supplemental Figure SF1). No individual complication type was observed to drive 
the decrease in complications [Supplemental Table ST1].

The complication rate in implanter’s first four S-ICD patients for those who ended as 
relatively high volume implanters (>5 implants, 50% of implanters) were compared to 
lower volume implanters in the study (1-5 implants, 50% of implanters). Higher volume 
implanters had a similar complication rate (9.4%, 95% CI 5.6%-15.7%) in the first four 
implants to lower volume implanters (10.2%, 95% CI 5.8%-17.6%, P=0.429).
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Table 3a Multivariable Cox proportional hazard model for complications

Characteristic Hazard Ratio (95% CI) P-value

Physician experience (per quartile) 0.78 (0.61, 0.99) 0.045

BMI (per 5 units) 1.15 (0.98, 1.34) 0.090

Age (per 5 years) 0.89 (0.82, 0.96) 0.005

Atrial fibrillation (Yes vs. No) 1.91 (1.00, 3.67) 0.051

Procedure Time

A sub-analysis among 434 EFFORTLESS patients for whom skin-to-skin procedure time 
was available, showed a decrease from approximately 75±34 minutes in quartile 1 to 
65±23 minutes in quartile 4 (P<0.001) which stabilized in quartile 3 and 4 (Figure 2). A 
generalised linear model for procedure time showed that the decrease in procedure time 
did not remain significant (P=0.81) after adjustment for confounders: implant year, age, 
congenital heart disease, prior ICD (Table 3b).

to cardiac oversensing, 19% to supraventricular tachycardias, and
10% to non-cardiac oversensing. The median time between implant
and the occurrence of the first IAS was 98 days (141+105). There
was a non-significant trend towards fewer IASs from 7.9 to 4.5%
from Quartile 1 to Quartile 4 (P ¼ 0.10) (Figure 3). Dual-zone pro-
gramming increased significantly over the experience quartiles from

64 to 96% (P, 0.001). In a Cox proportional hazardmodel for IASs,
increasing experience was not found to be a predictor for the de-
crease of IASs (HR 1.01, P ¼ 0.96) (Table 5). However, dual-zone
programming was significantly associated with fewer IASs (HR
0.44, P ¼ 0.01).

Discussion

Main findings
This study describes the learning curve for individual S-ICD implanters
in the two largest cohorts to date regarding implant-related complica-
tions, procedure duration, and IASs. The main finding of this study is
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Table 2 Complications in the first 6 months

Description Number
of events

System infection 16

Electrode movement 7

Suboptimal electrode position 7

Erosion 5

Discomfort 4

Haematoma 4

Suboptimal pulse generator and electrode position 4

Adverse reaction to medication 3

Inadequate/prolonged healing of incision site 3

Incision/superficial infection 3

Pulse generator movement/revision 3

Suboptimal pulse generator position 2

Failed defibrillation threshold test 2

Acute hypoxic respiratory failure 1

Incomplete electrode connection to the device 1

Near syncope/dizziness/shortness of breath/confusion 1

Pleural effusion 1

Pneumothorax 1

Seroma 1

Suspected worsening of ischaemia 1

Suture discomfort 1

Undersensing 1

Grand total 72
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Figure 1 Kaplan–Meier analysis of experience quartiles and
complications at 180 days. Q1: Experience Quartile 1 (implants
1–4); Q2: Experience Quartile 2 (implants 5–12); Q3: Experience
Quartile 3 (implants 13–28); Q4: Experience Quartile 4 (implants
.28); ARR, absolute risk reduction; RRR, relative risk reduction.
P value is Kaplan–Meier trend test.
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Table 3 Multivariable Cox proportional hazard model
for complications

Characteristic Hazard ratio
(95% CI)

P value

Physician experience (per quartile) 0.78 (0.61, 0.99) 0.045

BMI (per 5 units) 1.15 (0.98, 1.34) 0.090

Age (per 5 years) 0.89 (0.82, 0.96) 0.005

Atrial fibrillation (yes vs. no) 1.91 (1.00, 3.67) 0.051
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Figure 2 Skin-to-skin procedure time by experience quartiles.
Q1: Experience Quartile 1 (implants 1–4); Q2: Experience Quar-
tile 2 (implants 5–12); Q3: Experience Quartile 3 (implants 13–
28); Q4: Experience Quartile 4 (implants .28). Solid line is
mean, and dashed lines are +1 SD. P value is trend test.
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Table 4 Generalized linear model for procedure time

Characteristic Effect (95% CI) P value

Intercept 101.2 (91.1, 111.3) ,0.001

Physician quartile (per quartile) 0.3 (22.4, 3.1) 0.807

Implant year (per year starting
in 2009)

26.7 (29.2, 24.1) ,0.001

Age (per 5 years) 21.7 (22.4, 21.0) ,0.001

Congenital disease (yes vs. no) 26.1 (8.3, 43.9) 0.004

Prior ICD (yes vs. no) 8.9 (2.0, 15.8) 0.011
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Figure 1 Kaplan-Meier of experience quartiles and complications at 180 days.
Q1: experience quartile 1 (implants 1-4), Q2: experience quartile 2 (implants 5-12), Q3: experience 
quartile 3 (implants 13-28), Q4: experience quartile 4 (implants >28), ARR: absolute risk reduction, RRR: 
relative risk reduction. P-value is Kaplan Meier trend test.
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10Table 3b Generalised linear model for procedure time

Characteristic Effect (95% CI P-value

Intercept 101.2 (91.1, 111.3) < 0.001

Physician Quartile (per quartile) 0.3 (-2.4, 3.1) 0.807

Implant Year (per year starting in 2009) -6.7 (-9.2, -4.1) < 0.001

Age (per 5 years) -1.7 (-2.4, -1.0) < 0.001

Congenital Disease (Yes vs. No) 26.1 (8.3, 43.9) 0.004

Prior ICD (Yes vs. No) 8.9 (2.0, 15.8) 0.011

Inappropriate Shocks

In this cohort there were a total of 107 inappropriate shocks in 48 patients during the first 
180 days. Seventy-one percent of the inappropriate shocks were related to cardiac over-
sensing, 19% to supraventricular tachycardias and 10% to non-cardiac oversensing. The 
median time between implant and the occurrence of the first inappropriate shock was 98 
days (141±105). There was a non-significant trend towards fewer inappropriate shocks 
from 7.9% to 4.5% from quartile 1 to quartile 4 (P=0.10) (Figure 3). Dual zone program-
ming increased significantly over the experience quartiles from 64% to 96% (p<0.001). In 
a Cox-proportional hazard model for inappropriate shocks increasing experience was not 
found to be a predictor for the decrease of inappropriate shocks (HR 1.01, P=0.96) (Table 

to cardiac oversensing, 19% to supraventricular tachycardias, and
10% to non-cardiac oversensing. The median time between implant
and the occurrence of the first IAS was 98 days (141+105). There
was a non-significant trend towards fewer IASs from 7.9 to 4.5%
from Quartile 1 to Quartile 4 (P ¼ 0.10) (Figure 3). Dual-zone pro-
gramming increased significantly over the experience quartiles from

64 to 96% (P, 0.001). In a Cox proportional hazardmodel for IASs,
increasing experience was not found to be a predictor for the de-
crease of IASs (HR 1.01, P ¼ 0.96) (Table 5). However, dual-zone
programming was significantly associated with fewer IASs (HR
0.44, P ¼ 0.01).

Discussion

Main findings
This study describes the learning curve for individual S-ICD implanters
in the two largest cohorts to date regarding implant-related complica-
tions, procedure duration, and IASs. The main finding of this study is
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Table 2 Complications in the first 6 months

Description Number
of events

System infection 16

Electrode movement 7

Suboptimal electrode position 7

Erosion 5

Discomfort 4

Haematoma 4

Suboptimal pulse generator and electrode position 4

Adverse reaction to medication 3

Inadequate/prolonged healing of incision site 3

Incision/superficial infection 3

Pulse generator movement/revision 3

Suboptimal pulse generator position 2

Failed defibrillation threshold test 2

Acute hypoxic respiratory failure 1

Incomplete electrode connection to the device 1

Near syncope/dizziness/shortness of breath/confusion 1

Pleural effusion 1

Pneumothorax 1

Seroma 1

Suspected worsening of ischaemia 1

Suture discomfort 1

Undersensing 1

Grand total 72
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Figure 1 Kaplan–Meier analysis of experience quartiles and
complications at 180 days. Q1: Experience Quartile 1 (implants
1–4); Q2: Experience Quartile 2 (implants 5–12); Q3: Experience
Quartile 3 (implants 13–28); Q4: Experience Quartile 4 (implants
.28); ARR, absolute risk reduction; RRR, relative risk reduction.
P value is Kaplan–Meier trend test.
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Table 3 Multivariable Cox proportional hazard model
for complications

Characteristic Hazard ratio
(95% CI)

P value

Physician experience (per quartile) 0.78 (0.61, 0.99) 0.045

BMI (per 5 units) 1.15 (0.98, 1.34) 0.090

Age (per 5 years) 0.89 (0.82, 0.96) 0.005

Atrial fibrillation (yes vs. no) 1.91 (1.00, 3.67) 0.051
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Figure 2 Skin-to-skin procedure time by experience quartiles.
Q1: Experience Quartile 1 (implants 1–4); Q2: Experience Quar-
tile 2 (implants 5–12); Q3: Experience Quartile 3 (implants 13–
28); Q4: Experience Quartile 4 (implants .28). Solid line is
mean, and dashed lines are +1 SD. P value is trend test.
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Table 4 Generalized linear model for procedure time

Characteristic Effect (95% CI) P value

Intercept 101.2 (91.1, 111.3) ,0.001

Physician quartile (per quartile) 0.3 (22.4, 3.1) 0.807

Implant year (per year starting
in 2009)

26.7 (29.2, 24.1) ,0.001

Age (per 5 years) 21.7 (22.4, 21.0) ,0.001

Congenital disease (yes vs. no) 26.1 (8.3, 43.9) 0.004

Prior ICD (yes vs. no) 8.9 (2.0, 15.8) 0.011
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Figure 2 Skin-to-skin procedure time by experience quartiles.
Q1: experience quartile 1 (implants 1-4), Q2: experience quartile 2 (implants 5-12), Q3: experience 
quartile 3 (implants 13-28), Q4: experience quartile 4 (implants >28). Solid line is mean and dashed 
lines are + and - 1 standard deviation. P-value is trend test.
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3c). However, dual zone programming was significantly associated with fewer inappropri-
ate shocks (HR 0.44, P=0.01).

that implant-related complications significantly decrease from 9.8 to
5.4% with increasing experience of the individual implanter, and stabi-
lized in Quartile 3, which represents .13 procedures per implanter.
The unadjusted procedure duration decreased over the experience
quartiles, but it did not remain significant after multivariable adjust-
ment for baseline characteristics. There was a non-significant decrease
of IASs over the experience quartiles, which was primarily explained
by the increase in dual-zone programming of the S-ICD.

Complications
The complication rate decreased almost by half when the earliest
experience (Quartile 1: first four procedures per implanter) was
compared with the latest experience in this cohort. The largest re-
duction was seen between Q1 and Q2, indicating that most of the
learning happens in the implanter’s first four cases. It is possible that
this result was driven by individual physicians who had a low com-
plication rate in their early experience vs. implanters that may have
experienced a higher complication rate early and stopped implant-
ing. To explore whether this effect was driven by individual physi-
cians, the complication rate in the first four implants per individual
implanter was assessed.

High-volume implanters had a similar complication rate in the first
four implants as those who implanted fewer S-ICDs. This indicates
that the complication rate during the earliest experience is similar
for all implanters, and individual physicians who became high-
volume implanters did not have a lower complication rate in their
early experience. If the low-volume implanter would have continued
to increase their experience, they may reduce their complication
rate to the level of high-volume implanters.

In the 2-year follow-up of the combined EFFORTLESS and
IDE study, which included the earliest commercial and investiga-
tional experiences, Burke et al. found a complication rate of 7.7%
at 180 days.1 That study showed that the complication rate re-
duced over time. In the current study with the same cohort,
the difference in implant period did not remain significant in
the multivariable model, whereas experience of the implanters
did. Therefore, this analysis of the same cohort indicates that
the complication rate of 7.7% was elevated by the early learning
curve of individual implanters and that the rate for experienced
implanters is lower.

Procedure time
The procedure time decreased significantly from 75+34 to 65+
23 min over the experience quartiles in the unadjusted analysis
(Figure 2). Interestingly, in the multivariable model, each increase in
experience quartile did not significantly reduce procedure time, but
each increment in implant year did. This indicates that the implant
procedure has become more efficient over time, such as by the
introduction of the two-incision technique that omits the superior
parasternal incision.13 In the unadjusted analysis, the procedure
time increased in the second quartile to 78 min compared with
75 the first quartile, which may be explained by the presence of a
proctor during implants in Q1. In the presumed implants without a
proctor (Q2–Q4), the trend of reduction in procedure time reduc-
tion is clearer. When procedure time in Quartile 4 is compared with
unpublished data from MADIT-CRT, it is longer than in single-
chamber ICDs, 65+ 23 vs. 51+ 25 min, respectively (P, 0.001),
and similar to dual-chamber ICDs 63+30 min (P ¼ 0.414).14

Inappropriate shocks
There was a non-significant trend towards fewer IASs with increas-
ing experience of the individual implanter. In the multivariable mod-
el, this trend was caused by increased dual-zone programming over
the experience quartiles. The discrimination algorithm in the condi-
tional zone between 170 and 250 beats per minutes has proved to
be equally good at detecting ventricular arrhythmias and superior
with respect to discrimination of supraventricular arrhythmia in a
head-to-head comparison study published in 2012.5 Roughly half
of the cohort of this study was implanted prior to this publication,
which may explain the increase in dual-zone programming. The in-
creased use of dual-zone programming can be considered as learn-
ing at a global level enabling knowledge to be transferred to new
implanters. Potential other confounders such as discrimination algo-
rithm improvements and reduction of myopotential oversensing
after introduction of the suture sleeve may have contributed, but
these variables were not collected in both studies. Improvement
of the discrimination algorithm may continue to reduce the IAS
shock rate but need to be proved in prospective studies.15 Future

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 5 Multivariable Cox proportional hazard model
for IASs

Characteristic Hazard ratio
(95% CI)

P value

Physician quartile (per quartile) 1.01 (0.77, 1.32) 0.958

Age (per 5 years) 0.91 (0.83, 0.99) 0.028

Programming zones (dual vs. single) 0.44 (0.24, 0.82) 0.010

NYHA class (II– IV vs. I) 2.09 (1.13, 3.88) 0.020
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Figure 3 Kaplan–Meier analysis of experience quartiles and
IASs at 180 days. Q1: Experience Quartile 1 (implants 1–4); Q2:
Experience Quartile 2 (implants 5–12); Q3: Experience Quartile
3 (implants 13–28); Q4: Experience Quartile 4 (implants .28);
ARR, absolute risk reduction; RRR, relative risk reduction. P value
is Kaplan–Meier trend test.
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Figure 3 Kaplan-Meier of experience quartiles and inappropriate shocks at 180 days.
Q1: experience quartile 1 (implants 1-4), Q2: experience quartile 2 (implants 5-12), Q3: experience 
quartile 3 (implants 13-28), Q4: experience quartile 4 (implants >28), ARR: absolute risk reduction, RRR: 
relative risk reduction. P-value is Kaplan Meier trend test.

Discussion

Main Findings

This study describes the learning curve for individual S-ICD implanters in the two largest 
cohorts to date regarding implant related complications, procedure duration and inap-
propriate shocks. The main finding of this study is that implant related complications 

Table 3c Multivariable Cox proportional hazard model for inappropriate shocks

Characteristic Hazard Ratio (95% CI) P-value

Physician quartile (per quartile) 1.01 (0.77, 1.32) 0.958

Age (per 5 years) 0.91 (0.83, 0.99) 0.028

Programming Zones (Dual vs Single) 0.44 (0.24, 0.82) 0.010

NYHA Class (II-IV vs. I) 2.09 (1.13, 3.88) 0.020
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significantly decrease from 9.8% to 5.4% with increasing experience of the individual 
implanter, and stabilised in quartile 3, which represents >13 procedures per implanter. 
The unadjusted procedure duration decreased over the experience quartiles, but did not 
remain significant after multivariable adjustment for baseline characteristics. There was 
a non-significant decrease of inappropriate shocks over the experience quartiles, which 
was primarily explained by the increase in dual zone programming of the S-ICD.

Complications

The complication rate decreased almost by half when the earliest experience (quartile 
1: first 4 procedures per implanter) was compared to the latest experience in this cohort. 
The largest reduction was seen between Q1 and Q2, indicating that most of the learning 
happens in the implanter’s first four cases. It is possible that this result was driven by 
individual physicians that had a low complication rate in their early experience vs implant-
ers that may have experienced a higher complication rate early and stopped implanting. 
To explore whether this effect was driven by individual physicians, the complication rate 
in the first four implants per individual implanter was assessed.

High volume implanters had a similar complication rate in the first four implants as 
those who implanted fewer S-ICDs. This indicates that the complication rate during the 
earliest experience is similar for all implanters, and individual physicians that became 
high volume implanters did not have a lower complication rate in their early experience. 
If the low volume implanter would have continued to increase their experience, they may 
reduce their complication rate to the level of high volume implanters.

In the two year follow-up of the combined EFFORTLESS and IDE study, which included 
the earliest commercial and investigational experience, Burke et al found a complication 
rate of 7.7% at 180 days.1 That study showed that the complication rate reduced over 
time. In the current study with the same cohort the difference in implant period did not 
remain significant in the multivariable model, whereas experience of the implanters did. 
Therefore this analysis of the same cohort indicates that the complication rate of 7.7% 
was elevated by the early learning curve of individual implanters and that the rate for 
experienced implanters is lower.

Procedure Time

The procedure time decreased significantly from 75±34 to 65±23 minutes over the ex-
perience quartiles in the unadjusted analysis (figure 2). Interestingly, in the multivariable 
model each increase in experience quartile did not significantly reduce procedure time, 
but each increment in implant year did. This indicates that the implant procedure has 
become more efficient over time, such as by the introduction of the two-incision technique 
which omits the superior parasternal incision.13 In the unadjusted analysis the procedure 
time increased in the second quartile to 78 minutes compared to 75 the first quartile, which 
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may be explained by the presence of a proctor during implants in Q1. In the presumed 
implants without a proctor (Q2-Q4), the trend of reduction in procedure time reduction is 
clearer. When procedure time in quartile 4 is compared to unpublished data from MADIT-
CRT it is longer than in single-chamber ICDs, 65±23 versus 51±25 minutes, respectively 
(P<0.001) and similar to dual-chamber ICDs 63±30 minutes (P=0.414).14

Inappropriate Shocks

There was a non-significant trend towards fewer inappropriate shocks with increasing 
experience of the individual implanter. In the multivariable model this trend was caused 
by increased dual zone programming over the experience quartiles. The discrimination 
algorithm in the conditional zone between 170 and 250 beats per minutes has proven 
to be equally good at detecting ventricular arrhythmias and superior with respect to dis-
crimination of supraventricular arrhythmia in a head-to-head comparison study published 
in 2012.5 Roughly half of the cohort of this study was implanted prior to this publication, 
which may explain the increase in dual zone programming. The increased use of dual 
zone programming can be considered as learning at a global level enabling knowledge 
to be transferred to new implanters. Potential other confounders such as discrimination 
algorithm improvements and reduction of myopotential oversensing after introduction of 
the suture sleeve may have contributed, but these variables were not collected in both 
studies. Improvement of the discrimination algorithm may continue to reduce the IAS 
shock rate, but need to be proven in prospective studies.15 Future studies into program-
ming of rate cut-off values for the conditional and unconditional zones are warranted in 
order to optimise sensitivity and specificity of the detection of ventricular arrhythmias.

Clinical Implications

This study has several implications for training and instruction of new S-ICD implanters. 
First, we observed rapid improved performance by implanters resulting in a stable com-
plication rate after 13 implants. The complication rate decreased for all implanters after 
four implants. Complications occurring during the early experience should encourage the 
implanter to analyse and adjust the workflow where needed and continue the learning 
process. Interruption of implants in response to complications stops the learning process 
and diminishes the impact of skills acquired up to that point.

There was no individual implanters learning curve with respect to inappropriate 
shocks and procedure time. Strategies to reduce inappropriate shocks can be transferred 
to new implanters.16,17 Therefore the inappropriate shock rate in quartile 4 in this analysis 
is achievable for new implanters from their first procedure.
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Study Limitations

This study has several limitations. First this is a retrospective cohort analysis which can 
only establish associations and not determine causation. Implant experience may there-
fore be a surrogate marker for an unidentified confounder. Other confounders that may 
influence the learning curve for individual implanters such as differences in transvenous 
ICD implant experience/volume or the number of implants that were performed in the 
presence of a proctor were not part of the current analysis.

Conclusions

There is a short and significant learning curve associated with physicians adopting the 
S-ICD. The complication rate of 9.8% decreased with increasing experience of individual 
implanters and stabilized after 13 implants per implanter at 5.4%. The reduction of inap-
propriate shocks and procedure time likely reflects a global learning effect.
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Abstract

Background

Conventional cardiac pacemakers are associated with several potential short- and 
long-term complications related to either the transvenous lead or subcutaneous 
pulse generator. We tested the safety and clinical performance of a novel com-
pletely self-contained >leadless cardiac pacemaker (LCP).

Methods and Results

The primary safety endpoint was freedom from complications at 90 days. Sec-
ondary performance endpoints included implant success rate, implant time and 
measures of device performance (pacing/sensing thresholds and rate-responsive 
performance). The mean age of the patient cohort (n=33) was 77 ± 8 years and 
67% of the patients were male (n= 22/33). The most common indication for cardiac 
pacing was permanent atrial fibrillation with atrioventricular block (n = 22, 67%). 
The implant success rate was 97% (n= 32). Five patients (15%) required the use 
of >1 LCP during the procedure. One patient developed right ventricular perfora-
tion and cardiac tamponade during the implant procedure, and eventually died 
as a result of stroke. The overall complication-free rate was 94% (31/33). After 3 
months of followup, the measures of pacing performance (sensing, impedance 
and pacing threshold) either improved or were stably within the accepted range.

Conclusions

In a prospective non-randomized study, a completely self-contained singlechamber 
leadless cardiac pacemaker has shown to be safe and feasible. The absence of a 
transvenous lead and subcutaneous pulse generator could represent a paradigm 
shift in cardiac pacing.
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Introduction

Nearly 250,000 new cardiac pacemakers are implanted annually in the United States, and 
an additional 750,000 are implanted worldwide.1 While transvenous cardiac pacemakers 
improve quality of life and reduce mortality in at-risk patients, they are associated with 
several potential procedure and device-related complications. Approximately 10% of 
patients experience a short-term complication related to transvenous implantation of the 
pacemaker.2 These may be due to either the pulse generator (hematoma, skin break-
down, pocket infection) or venous access and lead implantation (pneumothorax, cardiac 
tamponade, lead dislodgement).2 In the long-term, transvenous leads, often considered 
the weakest link of the cardiac pacing system, can potentiate venous obstruction and are 
prone to insulation breaks, conductor fracture and infection.2-4 Aside from the acquired 
co-morbidities which can accompany these complications of conventional cardiac pac-
ing systems, there are also significant incremental costs associated with each of these 
untoward outcomes.5 Although it has been more than 40 years since the conception of 
a totally self-contained cardiac pacemaker, till now there have not been any implants in 
humans.6-7 Herein, we present the safety and clinical performance of a novel completely 
self-contained leadless cardiac pacemaker (LCP) in thirty-three patients.

Methods

Design

LEADLESS is a prospective, non-randomized, single-arm multicenter study of the safety 
and clinical performance of a completely self-contained leadless cardiac pacemaker. 
Thirtythree patients underwent implantation of the LCP and were followed for 90 days. 
Patients with a clinical indication for single-chamber (right ventricular) pacing (VVIR) were 
eligible for the device. Indications included i) permanent atrial fibrillation (AF) with atrio-
ventricular (AV) block (which includes AF with a slow ventricular response), ii) normal 
sinus rhythm with 2nd or 3rd degree AV block with a low level of physical activity or 
short expected lifespan, or iii) sinus bradycardia with infrequent pauses or unexplained 
syncope with electrophysiology findings (eg, prolonged HV interval).8 Patients were ex-
cluded if pacemaker-dependent, had a mechanical tricuspid valve prosthesis, pulmonary 
hypertension, pre-existing pacemaker/defibrillator leads, or an inferior vena cava filter. 
Follow-up assessments were performed pre-discharge and 2, 6, and 12-weeks post-
implantation. At the 2-week follow-up visit, capable patients underwent a six-minute walk 
test (6MWT), with the device programmed to VVIR (rate-responsive) calibration mode.9 
The implanting physician was provided the results of this examination, and program-
ming of the device (i.e. rate-response on or off) was left to their discretion. Patients were 
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enrolled after written informed consent. The patients were implanted between December 
2012 and April 2013 in the three participating centers. The local institutional review board 
for each participating center approved the study (clinicaltrials.gov no. NCT01700244).

Safety Endpoints

The primary safety endpoint was freedom from complications (complication-free rate), 
defined as serious adverse device effects (SADE) at 90-days. Safety was measured by 
reporting the complication-free rate (CFR), based on subjects who complete their 90-day 
follow-up visit or drop out due to a complication. The secondary safety endpoint was 
implant success rate (ISR), defined as the percentage of subjects leaving the implant 
procedure with an implanted and functioning LCP device. The secondary performance 
endpoints were pacemaker performance characteristics (descriptive statistics) including 
pacing threshold, pacing impedance, cell voltage, R-wave amplitude, pacing percent-
age, and cumulative cell charge. Additionally, the LCP performance was assessed during 
magnet testing (pre-discharge) and six minute walk tests (at the 2-week visit if patient 
was physically capable). An independent data and safety monitoring board reviewed the 
safety and performance data.

LCP Details and Implantation

The LCP (Nanostim Inc, Sunnyvale CA) is an entirely self-contained intra-cardiac device 
which includes the pacemaker electronics, lithium battery, and electrodes (Figure 1). The 
LCP length is 42 mm with a maximum diameter of 5.99 mm. A distal non-retractable, 
single-turn (screw-in) steroid-eluting (dexamethasone sodium phosphate) helix affixes the 
LCP to the endocardium. The maximum depth of penetration of the fixation mechanism 
in tissue is 1.3 mm. Sensing, pacing and communication with the external programmer 
occur between a distal electrode near the helix and the external can of the LCP. The tip 
electrode is located at the center of the fixation helix. The ring electrode is the uncoated 
part of the titanium pacemaker case, and the inter-electrode distance is >10 mm. The 
pacemaker’s proximal end has a feature for docking the delivery and retrieval catheters.

After placing a 30 cm 18Fr sheath in the femoral vein (most commonly the right femoral 
vein), the device is delivered to the right ventricle (RV) using a deflectable delivery cath-
eter with an extendable sleeve to protect the fixation helix (Figure 2). Once positioned, 
the sleeve is retracted and the device is implanted into the endocardium (rotation affixes 
the helix) and then undocked from the delivery catheter while maintaining a tethered 
connection to permit device measurements and assess stability without the force of the 
catheter on the LCP. If the position is suboptimal, the LCP can be re-engaged, unscrewed 
and repositioned. The system also includes single or triple loop snare retrieval catheters 
which can engage the LCP docking feature for retrieval once the device is fully deployed. 
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 self-contained leadless cardiac pacemaker. Thirty-three patients 
underwent implantation of the LCP and were followed for 90 days. 
Patients with a clinical indication for single-chamber (right ventricu-
lar) pacing (VVIR) were eligible for the device. Indications included 
(1) permanent atrial fibrillation (AF) with atrioventricular (AV) block 
(which includes AF with a slow ventricular response), (2) normal sinus 
rhythm with second or third degree AV block with a low level of physi-
cal activity or short expected lifespan, or (3) sinus bradycardia with 
infrequent pauses or unexplained syncope with electrophysiology 
findings (eg, prolonged HV interval).8 Patients were excluded if they 
were pacemaker dependent, had a mechanical tricuspid valve pros-
thesis, had pulmonary hypertension, preexisting pacemaker/defibrilla-
tor leads, or an inferior vena cava filter. Follow-up assessments were 
performed predischarge and at 2, 6, and 12 weeks postimplantation. 
At the 2-week follow-up visit, capable patients underwent a  6-minute 
walk test, with the device programmed to VVIR (rate-responsive) 
calibration mode.9 The implanting physicians were provided with the 
results of this examination, and the programming of the device (ie, rate 
response on or off) was left to their discretion. Patients were enrolled 
after written informed consent. The devices were implanted in the 
patients between December 2012 and April 2013 in the 3 participat-
ing centers. The local institutional review board for each participating 
center approved the study (clinicaltrials.gov, NCT01700244).

Safety End Points
The primary safety end point was freedom from complications 
 (complication-free rate), defined as serious adverse device effects at 
90 days. Safety was measured by reporting the complication-free rate, 
based on subjects who complete their 90-day follow-up visit or drop out 
because of a complication. The secondary safety end point was implant 
success rate, defined as the percentage of subjects leaving the implant 
procedure with an implanted and functioning LCP device. The second-
ary performance end points were pacemaker performance characteristics 
(descriptive statistics) including pacing threshold, pacing impedance, 
cell voltage, R-wave amplitude, pacing percentage, and cumulative cell 
charge. Additionally, the LCP performance was assessed during magnet 
testing (predischarge) and 6-minute walk tests (at the 2-week visit if the 
patient was physically capable). An independent data and safety moni-
toring board reviewed the safety and performance data.

LCP Details and Implantation
The LCP (Nanostim Inc, Sunnyvale CA) is an entirely self-contained 
intracardiac device that includes the pacemaker electronics, lithium 
battery, and electrodes (Figure 1). The LCP length is 42 mm with a 
maximum diameter of 5.99 mm. A distal nonretractable, single-turn 
(screw-in) steroid-eluting (dexamethasone sodium phosphate) helix 
affixes the LCP to the endocardium. The maximum depth of penetra-
tion of the fixation mechanism in tissue is 1.3 mm. Sensing, pacing, 
and communication with the external programmer occur between a 
distal electrode near the helix and the external can of the LCP. The 
tip electrode is located at the center of the fixation helix. The ring 
electrode is the uncoated part of the titanium pacemaker case, and the 
interelectrode distance is >10 mm. The pacemaker’s proximal end has 
a feature for docking the delivery and retrieval catheters.

After placing a 30-cm 18F sheath in the femoral vein (most commonly, 
the right femoral vein), the device is delivered to the right ventricle (RV) 
with the use of a deflectable delivery catheter with an extendable sleeve 
to protect the fixation helix (Figure 2). Once positioned, the sleeve is 
retracted, and the device is implanted into the endocardium (rotation 
affixes the helix) and then undocked from the delivery catheter while a 
tethered connection is maintained to permit device measurements and 
assess stability without the force of the catheter on the LCP. If the posi-
tion is suboptimal, the LCP can be reengaged, unscrewed, and reposi-
tioned. The system also includes single- or triple-loop snare retrieval 
catheters that can engage the LCP docking feature for retrieval once the 
device is fully deployed. Figure 3 is an example of a chest x-ray of the 
final implant position, performed the next day.

The programmer uses a Merlin Patient Care System Programmer 
(model 3650; St. Jude Medical, St. Paul, MN) with a universal serial bus 
interface to a Nanostim external module (Nanostim link). The module 
uploads Nanostim software to the Merlin programmer and provides an 
interface between the programmer and standard ECG electrodes placed 
on the subject’s torso for 2-way communication with the implanted 
pacemaker and display of the surface ECG. The programmer displays 
the patient’s ECG and the status of the implanted LCP, and it sends 
commands to change LCP parameter settings as directed by a user. 
The programmer transmits signals to an implanted LCP via conducted 
communication with subliminal 250-kHz pulses applied to the skin 
electrodes. Data are encoded in high-frequency pulses between surface 
electrode and pacemaker tip/ring during the refractory period that do not 
elicit a physiological response (and are not felt by the patient). It auto-
matically selects an optimal skin-electrode pair for reception from an 
LCP. Apart from this conducted communication, it has the same oper-
ating principle as a conventional pacemaker programmer. The nomi-
nal pacing amplitude and sensing thresholds were 2.5 V and 2.0 mV, 
respectively. The estimated battery life of the LCP, based on accelerated 
lithium-cell test data in VVIR mode (pulse amplitude 2.5 V, pulse dura-
tion 0.4 ms, rate 60 bpm, and impedance 500 ohms) is 8.4 years with 
100% pacing and 12.4 years with 50% pacing. The LCP is an RV blood 
temperature–responsive, rate-adaptive pacemaker, and can increase the 
pacing rate in response to exercise.10,11

Statistical Analysis
Continuous variables are expressed as mean value±standard devia-
tion. We used a paired t test to compare performance values between 
implant (baseline) and 90 days. P<0.05 was considered indicative of 
statistical significance. Statistical calculations were performed by 
using SPSS 12.0 (SPSS Inc, Chicago, IL). The procedure duration 
was defined as the time from the insertion of the introducer sheath to 
removal. The time to hospital discharge was defined as the time from 
sheath removal to discharge from the hospital.

Results
Baseline Demographics and Implantation Details
The clinical characteristics of the patients are shown in the Table. 
The mean age of the cohort was 77±8 years (range, 53–91), and 
67% of the patients were male (n= 22/33). The most common 

Figure 1. Leadless cardiac pacemaker. 
A, Picture of the leadless cardiac 
pacemaker with a US dime to indicate 
scale. B, Rendering of the device with 
pertinent components labeled.

 by guest on July 8, 2016http://circ.ahajournals.org/Downloaded from Figure 1 Leadless Cardiac Pacemaker.
Panel A is a picture of the leadless cardiac pacemaker with a US dime to indicate scale. Panel B is a 
rendering of the device with pertinent components labeled.
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indication for cardiac pacing was permanent AF with AV block 
(n=22, 67%), followed by normal sinus rhythm with second or 
third degree AV block and with a low level of physical activity 
or short expected lifespan (n=6, 18%), followed by sinus brady-
cardia with infrequent pauses or unexplained syncope with elec-
trophysiological findings (n=5, 15%). The implant success rate 
was 97% (n=32), and the majority of patients (n=23, 70%) did 
not require any repositioning of the LCP after its initial deploy-
ment. Five patients (15%) required the use of >1 LCP during 
the procedure owing to either the inadvertent placement of the 
device in the left ventricle (n=1), a malfunction of the release 
knob (n=1), delivery catheter damage related to tortuosity of the 
venous vasculature (n=1), damage to the LCP helix during inser-
tion (n=1), or difficulty with the wire deflection mechanism of 
the delivery catheter (n=1). The mean procedure duration was 
28±17 minutes (range, 11–74 minutes) and the average time to 
hospital discharge was 31±20 hours (range, 17–113 hours).

Performance Measures
The performance measures, including mean R-wave ampli-
tude, pacing threshold (measured at 0.4 ms pulse width), 

and impedance at implantation, predischarge, and 2-, 6-, and 
12-week follow-up is shown in Figure 4. In comparison with 
implantation, there was a significant improvement at 12 weeks 
in the mean R-wave amplitude (+2.3 mV, P<0.0001), mean 
pacing thresholds (−0.31 V, P=0.0011), and mean impedance 
(−143.8 ohms, P=0.0002). The burden of pacing was 37±29% 
(range, 3%–99%), 39±26% (range, 5%–96%), and 42±31% 
(range, 1%–100%) at 2 weeks, 6 weeks, and 12 weeks, 
respectively.

Magnet mode (VOO pacing at 90 bpm) was operational in 
all patients tested before discharge (100%, n=31/31); 1 patient 
was inadvertently not checked before discharge, but the mag-
net mode was functional at the 12-week assessment, and 1 

Figure 2. Fluoroscopic views of the LCP 
implantation procedure. A and B, The 
delivery catheter and LCP positioning 
in the RV apex in RAO and LAO views, 
respectively. C, The withdrawal of the 
delivery sleeve and maintenance of the 
connection between the LCP and the 
delivery catheter. D, Demonstration of 
positional integrity testing with downward 
and upward traction applied to the LCP, 
while the device remains tethered to 
the delivery catheter. E, Final implant 
position of the LCP once the delivery 
catheter has been undocked from the 
LCP. F, Ventriculogram of the final 
implant position at the RV apex. LAO 
indicates left anterior oblique; LCP, 
leadless cardiac pacemaker; RAO, right 
anterior oblique; RL, right lateral; and RV, 
right ventricular.

Figure 3. Chest x-ray after LCP implant. X-ray (posterior-anterior 
view) of the LCP position, which was performed the day after 
implantation. LCP indicates leadless cardiac pacemaker.

Table.  Baseline Demographics, Indications for Pacing, and 
Procedural Details

Parameter (n=33)

Age, y 76.5±8.4

Male, n (%) 22 (67)

Pacing indication, n (%)

  Permanent AF with AV block (including AF with a slow ventricular 
response) 

22 (67)

  Sinus rhythm with 2nd/ 3rd degree AV block and significant 
comorbidities

6 (18)

  Sinus bradycardia with infrequent pauses or unexplained syncope 5 (15)

Implant success rate, n (%) 32 (97)

Procedure duration, min 28±17

Time to hospital discharge, h 31±20

Repositioning attempts (to achieve final implant position), n (%)

  0 23 (70)

  1 4 (12)

  2 4 (12)

  3 2 (6)

Rehospitalized within 90 days, n (%) 3 (9)

Complication-free rate, % 94

AF indicates atrial fibrillation; and AV, atrioventricular block.
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Figure 2 Fluoroscopic views of the leadless cardiac pacemaker (LCP) implantation procedure. Panels A 
and B shows the delivery catheter and LCP positioning in the RV apex in RAO and LAO views, respective-
ly. Panel C shows the withdrawal of the delivery sleeve and maintenance of the connection between 
the LCP and the delivery catheter. Panel D demonstrates positional integrity testing with downward and 
upward traction applied to the LCP, while the device remains tethered to the delivery catheter. Panel E 
represents the final implant position of the LCP once the delivery catheter has been undocked from the 
LCP. Panel F is a ventriculogram of the final implant position at the RV apex.
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Figure 3 is an example of a chest X-ray of the final implant position, performed the next 
day.

The programmer uses a Merlin Patient Care System Programmer (Model 3650; St. Jude 
Medical, St. Paul, Minnesota) with a universal serial bus (USB) interface to a Nanostim 
external module (Nanostim link). The module uploads Nanostim software to the Merlin 
programmer and provides an interface between the programmer and standard ECG 
electrodes placed on the subject’s torso, for two-way communication with the implanted 
pacemaker and display of the surface ECG. The programmer displays the patient’s elec-
trocardiogram and the status of the implanted LCP, and it sends commands to change 
LCP parameter settings as directed by a user. The programmer transmits signals to an 
implanted LCP via conducted communication with subliminal 250-kHz pulses applied to 
the skin electrodes. Data is encoded in high-frequency pulses between surface electrode 
and pacemaker tip/ring during the refractory period that do not elicit a physiologic response 
(and are not felt by the patient). It automatically selects an optimal skin-electrode pair for 
reception from an LCP. Apart from this conducted communication, it has the same operat-
ing principle as a conventional pacemaker programmer. The nominal pacing amplitude 

1468  Circulation  April 8, 2014

indication for cardiac pacing was permanent AF with AV block 
(n=22, 67%), followed by normal sinus rhythm with second or 
third degree AV block and with a low level of physical activity 
or short expected lifespan (n=6, 18%), followed by sinus brady-
cardia with infrequent pauses or unexplained syncope with elec-
trophysiological findings (n=5, 15%). The implant success rate 
was 97% (n=32), and the majority of patients (n=23, 70%) did 
not require any repositioning of the LCP after its initial deploy-
ment. Five patients (15%) required the use of >1 LCP during 
the procedure owing to either the inadvertent placement of the 
device in the left ventricle (n=1), a malfunction of the release 
knob (n=1), delivery catheter damage related to tortuosity of the 
venous vasculature (n=1), damage to the LCP helix during inser-
tion (n=1), or difficulty with the wire deflection mechanism of 
the delivery catheter (n=1). The mean procedure duration was 
28±17 minutes (range, 11–74 minutes) and the average time to 
hospital discharge was 31±20 hours (range, 17–113 hours).

Performance Measures
The performance measures, including mean R-wave ampli-
tude, pacing threshold (measured at 0.4 ms pulse width), 

and impedance at implantation, predischarge, and 2-, 6-, and 
12-week follow-up is shown in Figure 4. In comparison with 
implantation, there was a significant improvement at 12 weeks 
in the mean R-wave amplitude (+2.3 mV, P<0.0001), mean 
pacing thresholds (−0.31 V, P=0.0011), and mean impedance 
(−143.8 ohms, P=0.0002). The burden of pacing was 37±29% 
(range, 3%–99%), 39±26% (range, 5%–96%), and 42±31% 
(range, 1%–100%) at 2 weeks, 6 weeks, and 12 weeks, 
respectively.

Magnet mode (VOO pacing at 90 bpm) was operational in 
all patients tested before discharge (100%, n=31/31); 1 patient 
was inadvertently not checked before discharge, but the mag-
net mode was functional at the 12-week assessment, and 1 

Figure 2. Fluoroscopic views of the LCP 
implantation procedure. A and B, The 
delivery catheter and LCP positioning 
in the RV apex in RAO and LAO views, 
respectively. C, The withdrawal of the 
delivery sleeve and maintenance of the 
connection between the LCP and the 
delivery catheter. D, Demonstration of 
positional integrity testing with downward 
and upward traction applied to the LCP, 
while the device remains tethered to 
the delivery catheter. E, Final implant 
position of the LCP once the delivery 
catheter has been undocked from the 
LCP. F, Ventriculogram of the final 
implant position at the RV apex. LAO 
indicates left anterior oblique; LCP, 
leadless cardiac pacemaker; RAO, right 
anterior oblique; RL, right lateral; and RV, 
right ventricular.

Figure 3. Chest x-ray after LCP implant. X-ray (posterior-anterior 
view) of the LCP position, which was performed the day after 
implantation. LCP indicates leadless cardiac pacemaker.

Table.  Baseline Demographics, Indications for Pacing, and 
Procedural Details

Parameter (n=33)

Age, y 76.5±8.4

Male, n (%) 22 (67)

Pacing indication, n (%)

  Permanent AF with AV block (including AF with a slow ventricular 
response) 

22 (67)

  Sinus rhythm with 2nd/ 3rd degree AV block and significant 
comorbidities

6 (18)

  Sinus bradycardia with infrequent pauses or unexplained syncope 5 (15)

Implant success rate, n (%) 32 (97)

Procedure duration, min 28±17

Time to hospital discharge, h 31±20

Repositioning attempts (to achieve final implant position), n (%)

  0 23 (70)

  1 4 (12)

  2 4 (12)

  3 2 (6)

Rehospitalized within 90 days, n (%) 3 (9)

Complication-free rate, % 94

AF indicates atrial fibrillation; and AV, atrioventricular block.
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Figure 3 Chest X-ray after LCP Implant X-ray (posterior-anterior view) of the LCP position, which was 
performed the day after implantion.
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and sensing thresholds were 2.5 V and 2.0 mV, respectively. The estimated battery life of 
the LCP, based on accelerated lithium-cell test data in VVIR mode (pulse amplitude 2.5 
V, pulse duration 0.4 ms, rate 60 bpm and impedance 500 ohms) is 8.4 years with 100% 
pacing and 12.4 years with 50% pacing. The LCP is an RV blood temperatureresponsive 
rate-adaptive pacemaker, and can increase the pacing rate in response to exercise.10,11

Statistical Analysis

Continuous variables are expressed as mean value ± SD. We used a paired t-test to 
compare performance values between implant (baseline) and 90 days. P < 0.05 was 
considered indicative of statistical significance. Statistical calculations were performed 
using SPSS 12.0 (SPSS Inc, Chicago, IL). The procedure duration was defined as the 
time from the insertion of the introducer sheath to removal. The time to hospital discharge 
was defined as the time from sheath removal to discharge from the hospital.

Results

Baseline Demographics and Implantation Details

The clinical characteristics of the patients are shown in Table 1. The mean age of the 
cohort was 77 ± 8 years (range, 53 to 91) and 67% of the patients were male (n= 22/33). 
The most common indication for cardiac pacing was permanent AF with AV block (n = 
22, 67%), followed by normal sinus rhythm with 2nd or 3rd degree AV block and with a 
low level of physical activity or short expected lifespan (n = 6, 18%), followed by sinus 
bradycardia with infrequent pauses or unexplained syncope with EP findings (n = 5, 15%). 
The implant success rate was 97% (n= 32), and the majority of patients (n = 23, 70%) did 
not require any repositioning of the LCP after its initial deployment. Five patients (15%) 
required the use of >1 LCP during the procedure due to either inadvertent placement of 
the device in the left ventricle (n=1), a malfunction of the release knob (n=1), delivery 
catheter damage related to tortuosity of the venous vasculature (n=1), damage to the 
LCP helix during insertion (n=1) and difficulty with the wire deflection mechanism of the 
delivery catheter (n = 1). The mean procedure duration was 28 ± 17 minutes (range, 11 
to 74 minutes) and the average time to hospital discharge was 31 ± 20 hours (range, 17 
to 113 hours).
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Performance Measures

The performance measures, including mean R-wave amplitude, pacing threshold (mea-
sured at 0.4 ms pulse width) and impedance at implant, pre-discharge, 2, 6 and 12 week 
follow-up is shown in Figure 4. As compared to implant, there was a significant improve-
ment at 12-weeks in the mean R-wave amplitude (+ 2.3 mV, p < 0.0001), mean pacing 
thresholds (-0.31 V, p = 0.0011 and mean impedance (-143.8 ohms, p = 0.0002). The 
burden of pacing was 37 ± 29% (range, 3-99%), 39 ± 26% (range, 5-96%) and 42 ± 31% 
(range, 1-100%) at 2-weeks, 6- weeks and 12-weeks, respectively.

Magnet mode (VOO pacing at 90 bpm) was operational in all patients tested prior to 
discharge (100%, n = 31/31); one patient was inadvertently not checked prior to discharge 
but the magnet mode was functional at the 12-week assessment, and one patient died 
during the index hospitalization (see below). The majority of patients (n= 29/31) performed 
the 6 minutewalk test at both the 2-week and 6-week visits; the remaining two patients 
were in wheelchairs and did not perform the 6MWT. At 12-weeks, 12 of 32 patients (38%) 
were re-programmed from VVI to VVIR mode.

Safety

The overall complication- free rate was 94% (31/33). There was one serious adverse 
device effect. A 70 year old man with persistent slow AF and prior embolic infarct of 
the kidney developed cardiac tamponade with hemodynamic collapse after reposition-
ing of the LCP and manipulation of the delivery catheter in the RV apex, but prior to 

Table 1 Baseline Demographics, Indications for Pacing and Procedural Details

Parameter (n=33)

Age (years) 76.5±8.4

Male 22 (67%)

Pacing Indication

- permanent AF with AV block (including AF with a slow ventricular response) 22 (67%) 

- sinus rhythm with 2nd/ 3rd degree AV block and significant co-morbidities 6 (18%) 

- sinus bradycardia with infrequent pauses or unexplained syncope 5 (15%)

Implant Success Rate (ISR) 32 (97%)

Procedure Duration (min) 28 ± 17

Time to Hospital Discharge (hours) 31 ± 20

Repositioning Attempts (to achieve final implant position)

- 0 23 (70%) 

- 1 4 (12%) 

- 2 4 (12%) 

- 3 2 (6%) 

Rehospitalized within 90 days 3 (9%)

Complication-free rate 94%
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patient died during the index hospitalization (see below). The 
majority of patients (n=29/31) performed the 6-minute walk 
test at both the 2-week and 6-week visits; the remaining 2 
patients were in wheelchairs and did not perform the 6-minute 
walk test. At 12 weeks, 12 of 32 patients (38%) were repro-
grammed from VVI to VVIR mode.

Safety
The overall complication-free rate was 94% (31/33). There 
was 1 serious adverse device effect. A 70-year-old man with 
persistent slow AF and previous embolic infarct of the kid-
ney developed cardiac tamponade with hemodynamic col-
lapse after repositioning of the LCP and manipulation of the 
delivery catheter in the RV apex, but before final release of 
the LCP. The patient underwent immediate reversal of anti-
coagulation, percutaneous pericardial drainage, and emergent 
median sternotomy on cardiopulmonary bypass with sur-
gical repair of a perforation of the RV apex. After 24 hours 
of therapeutic hypothermia, the patient was extubated and 
recovering. However, on postprocedural day 5, he developed 
acute-onset left-sided hemiplegia attributable to a right-sided 
main cerebral artery ischemic infarct (international normal-
ized ratio=1.5 on the day of the infarct and prophylactic dose 

of low-molecular-weight heparin) and progressive cerebral 
edema. The patient died on postprocedure day 18.

In 1 patient, the LCP was implanted in the apex of the 
heart with acceptable device performance measurements. 
But soon after device release, it was recognized by mul-
tiple plane fluoroscopy and contrast ventriculography that 
the device was in the left ventricle (LV). The patient had a 
patent foramen ovale, through which the deflectable deliv-
ery sheath had inadvertently transited, thereby permitting 
access to the LV. After giving a 7000 IU heparin bolus, a 
trilooped snare retrieval catheter was advanced through the 
patent foramen ovale, the LCP was engaged and removed, 
and a new device was implanted in the RV apex. Retrieval of 
the device from the LV took 6 minutes. Although the patient 
did not experience any permanent clinical sequelae, it is 
possible that, had the event not been recognized, it could 
have led to an adverse outcome.12

One patient, 86 years of age with preserved LV function, 
who had the LCP implanted for recurrent syncope in the set-
ting of sinus rhythm with second degree AV block and limited 
mobility, was readmitted 2 days later for recurrent syncope. 
A repeat chest x-ray confirmed stable positioning of the LCP 
in the RV apex, and the performance measures were stable 
and unchanged. Inpatient cardiac monitoring revealed mono-
morphic ventricular tachycardia (VT) at 260 bpm, accompa-
nied by syncope. The LCP was removed (by the use of the 
single-looped snare retrieval catheter) on postimplant day 5, 
and a subsequent workup revealed nonobstructive coronary 
artery disease and a focal area of scar (delayed enhancement) 
in the basal posterior wall of the LV by cardiac MRI. He sub-
sequently underwent implantation of a single-chamber trans-
venous implantable cardioverter-defibrillator (ICD) system, 
and was initiated on β-blocker therapy. He was readmitted ≈2 
weeks later for appropriate ICD shocks attributable to VT at 
260 bpm.

Three patients (9%) were rehospitalized within 90 days, 1 
patient for an elevated international normalized ratio (interna-
tional normalized ratio=9.3, without bleeding), 1 patient for 
an acute exacerbation of chronic obstructive lung disease, and 
1 patient for the aforementioned VT. There were no instances 
of vascular injury (deep vein thrombosis, femoral hematoma, 
fistula, or pseudoaneurysm) requiring intervention for treat-
ment, causing long-term disability or resulting in a prolonged 
hospitalization.13

Discussion
This is the first study of a permanent, completely  self-contained, 
leadless cardiac pacemaker in humans. We have demonstrated 
that leadless pacing is feasible and safe in a consecutive series 
of patients with an indication for single-chamber ventricu-
lar pacing. The LCP was successfully implanted in 97% of 
patients, and the observed complication-free rate was 94%. 
This rate compares favorably with conventional pacing sys-
tems. After 3 months of follow-up, the measures of pacing 
performance were all improved.14 No patient required a revi-
sion of the system (following the index procedure), and all 
implants demonstrated an adequate safety margin in com-
parison with the LCPs nominal pacing amplitude (2.5 V) and 
sensing threshold (2.0 mV).

Figure 4. Device performance measurements of the leadless 
cardiac pacemaker. Top, Middle, and Bottom represent the 
mean value±standard deviation of the R-wave amplitude, 
pacing threshold (at 0.4 ms), and pacing impedance (ohms), 
respectively, at each follow-up assessment. P values shown 
represent the difference between the respective values at implant 
and at 12 weeks of follow-up.
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Figure 4. Device performance measurements of the leadless cardiac pacemaker.
Top, Middle and Bottom panels represent mean value ± SD of the R-wave amplitude, Pacing Threshold 
(at 0.4 ms) and Pacing Impedance (Ohms), respectively, at each follow-up assessment. P values shown 
represent the difference between the respective values at implant and at 12-weeks of follow-up.
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final release of the LCP. The patient underwent immediate reversal of anti-coagulation, 
percutaneous pericardial drainage and emergent median sternotomy on cardiopulmonary 
bypass with surgical repair of a perforation of the RV apex. After 24 hours of therapeutic 
hypothermia, the patient was extubated and recovering. However, on post-procedural day 
five, he developed acute-onset left-sided hemiplegia due to a right-sided main cerebral 
artery ischemic infarct (INR = 1.5 on the day of the infarct and prophylactic dose of low 
molecular weight heparin) and progressive cerebral edema. The patient expired on post-
procedure day eighteen.

In one patient, the LCP was implanted in the apex of the heart with acceptable device 
performance measurements. But soon after device release, it was recognized by multiple 
plane fluoroscopy and contrast ventriculography that the device was in the left ventricle 
(LV). The patient had a patent foramen ovale (PFO), through which the deflectable de-
livery sheath had inadvertently transited; thereby permitting access to the left ventricle. 
After giving a 7000 IU heparin bolus, a tri-looped snare retrieval catheter was advanced 
through the PFO, the LCP was engaged and removed, and a new device was implanted 
in the RV apex. Retrieval of the device from the LV took six minutes. Although the patient 
did not experience any permanent clinical sequelae, it is possible that had the event not 
been recognized it could have led to an adverse outcome.12

One patient, 86 years old with preserved left ventricular function, who had the LCP 
implanted for recurrent syncope in the setting of sinus rhythm with 2nd degree AV block 
and limited mobility, was re-admitted 2 days later for recurrent syncope. A repeat chest 
x-ray confirmed stable positioning of the LCP in the RV apex, and the performance mea-
sures were stable and unchanged. In-patient cardiac monitoring revealed monomorphic 
ventricular tachycardia (VT) at 260 beats per minute, accompanied by syncope. The LCP 
was removed (using the single looped snare retrieval catheter) on post-implant day 5 and 
a subsequent workup revealed non-obstructive coronary artery disease and a focal area 
of scar (delayed enhancement) in the basal posterior wall of the LV by cardiac MRI. He 
subsequently underwent implantation of a single-chamber transvenous ICD system, and 
was initiated on beta-blocker therapy. He was re-admitted approximately 2 weeks later for 
appropriate ICD shocks due to VT at 260 bpm.

Three patients (9%) were re-hospitalized within 90 days, one patient for an elevated 
INR (INR = 9.3, without bleeding), one for an acute exacerbation of chronic obstructive 
lung disease and one for the aforementioned VT. There were no instances of vascular 
injury (deep vein thrombosis, femoral hematoma, fistula or pseudoanuerysm) requiring 
intervention for treatment, causing long-term disability or resulting in a prolonged hospi-
talization.13
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Discussion

This is the first study of a permanent completely self-contained leadless cardiac pacemaker 
in humans. We have demonstrated that leadless pacing is feasible and safe in a consecu-
tive series of patients with an indication for single-chamber ventricular pacing. The LCP 
was successfully implanted in 97% of patients, and the observed complication-free rate 
was 94%. This compares favorably to conventional pacing systems. After 3 months of 
follow-up, the measures of pacing performance were all improved.14 No patient required 
a revision of the system (following the index procedure), and all implants demonstrated 
an adequate safety margin compared to the LCPs nominal pacing amplitude (2.5 V) and 
sensing threshold (2.0 mV). The transvenous lead is a critical component of conventional 
cardiac pacemakers, but is also its Achilles heel.15 Despite improvements in lead design, 
lead malfunction is associated with significant adverse clinical outcomes and remains the 
most common reason for surgical pacemaker revision.3,16 In a large registry comprising 
more than 28,000 patients, lead complications requiring reoperation (3.6%) were the most 
common complication within 3 months of pacemaker implantation.17 A pacing system that 
eliminates leads as conduits for energy transfer could prove advantageous by minimiz-
ing the risk for lead-related infections, venous obstruction, and tricuspid valve damage/
insufficiency.18 Indeed, avoidance of intravascular leads has already been incorporated 
into implantable cardioverter-defibrillator (ICD) systems with the introduction of the fully 
subcutaneous ICD (S-ICD).19 Furthermore, the LCP, and the lack of a subcutaneous 
pulse generator, would obviate the short-term mandated restriction of arm movement and 
weight bearing of conventional pacing systems. The absence of a separate pulse genera-
tor also mitigates the risk of either pocket erosion or pocket hematoma, the latter which 
can be associated with infection, prolonged hospitalization and reoperation. 20 Finally, the 
LCP eliminates the possibility of intra-system connector issues, such as loose set screws 
and air in the header, since the endocardial pacing electrode and pulse generator are a 
single unit.

There are other leadless cardiac pacing systems in development, they require two 
components – a subcutaneous energy transmitter (pulse generator) and a receiver 
electrode in the cardiac chamber.21-23 These systems utilize energy delivery sources 
(ultrasound waves and alternating magnetic fields) whose safety and efficiency are still 
under investigation and the potential for interference from external sources needs further 
investigation.24 On the other hand, the LCP system delivers stimulatory impulses in a 
manner similar to conventional cardiac pacemakers and is not subject to environmental 
interferences inherent to multi-component systems. While overall safe, there was one 
patient in this series that experienced cardiac tamponade during LCP implantation. The 
most likely cause for RV perforation was incomplete detachment of the LCP during re-
positioning with subsequent advancement of the protective sleeve beyond the tip of the 
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LCP. The protective sleeve is intended to shield the helix from damage during insertion 
of the LCP into the venous system, and was designed to be retracted prior to contact 
with the myocardium. Pre-clinical bench testing for tip pressure demonstrated that with 
the protective sleeve retracted, the pacemaker applies 4.6 g/mm2; which is comparable 
to the tip pressure (5.5 g/mm2) applied by a standard defibrillator lead (Medtronic 6936) 
with the stylet retracted. However, the force exerted on the myocardium with the sleeve 
extended beyond the tip of the LCP is 3.8 times greater (17.7 vs. 4.6 g/mm2).

As mentioned previously, in one patient the LCP was inadvertently implanted into 
the left ventricle, but successfully retrieved despite having already been screwed into 
the myocardium and disengaged from the delivery catheter. Although unintentional, this 
event did demonstrate two important aspects of this system. First, while the LCP had 
undergone extensive pre-clinical testing to demonstrate device retrieval after untethering 
from the delivery catheter, this is the first clinical demonstration of this capability. This was 
further demonstrated in the other patient who required ICD implantation 5 days after LCP 
implantation because of symptomatic VT. Given that the device was able to appropriately 
pace and sense the left ventricle, albeit for a short time, it raises the possibility that once 
multiple LCPs are able to co-communicate, there is potential for multi-site leadless pacing 
(right atrium/ventricle and biventricular).

Limitations

The LCP is only a VVIR pacemaker and is not appropriate for patients requiring du-
alchamber sensing and pacing. Nevertheless, in the US and Europe nearly 20% and 
30% of newly implanted pacemakers, respectively, are VVIR systems, and in develop-
ing countries, this number is even higher, often exceeding the number of dual-chamber 
pacemakers.1

Furthermore, it is anticipated that leadless dual-chamber (multi-site) pacing will be-
come possible with further development. Only a randomized trial with a control group could 
prove the hypothesis that there would be more complications with traditional pacemakers.

Furthermore, there is the possibility of complications with a leadless pacing system 
not seen with conventional pacing systems. For example, although not seen in this series 
of patients, we cannot exclude the possibility of device dislodgment and migration into the 
pulmonary vasculature. The LCP has a wider diameter than conventional pacing leads, 
which raises the possibility of mechanically-induced pro-arrhythmia. Although one patient 
did present with sustained VT, the arrhythmia recurred weeks after the LCP was removed 
and further assessment revealed a previously undiagnosed area of scar in the left ven-
tricle. The LCP system requires an 18Fr venous introducer sheath, and although there 
were no vascular complications in this series of patients, their safety profile within the 
context of cardiac pacemaker implantation still requires further study. Torturous venous 
systems and anatomic variations may introduce additional challenges to implantation. 
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Larger studies and serial follow-up will be necessary to assess this, and other, potential 
complications. Patients were followed for 90 days post-implant (the maturation time of 
the interface between an electrode and myocardium which is the follow-up duration of 
comparable devices in studies for regulatory approval.

Nevertheless, it is possible that an extended duration of follow-up might identify previ-
ously unseen functional or mechanical issues. Although in this series of patients, we were 
able to safely remove one device acutely (from the LV) and one sub-acutely (from the RV, 
at 5 days), the safety and efficacy of retrieving the device (acute or chronic), especially 
with regards to the potential complications associated with manipulation of large retrieval 
catheters/sheaths within the RV, requires confirmation. Future studies will need to ad-
dress the safety/efficacy of alternate-site RV pacing (i.e. base, septum, and outflow tract); 
especially with regards to minimizing the potential deleterious effects of chronic RV apical 
pacing.
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ABSTRACT

Background

A leadless cardiac pacemaker (LCP) system was recently introduced to overcome 
lead-related complications of conventional pacing systems. To date, long-term 
results of a leadless cardiac pacemaker system are unknown.

Objectives

The aim of this study is to assess the complication incidence, electrical perfor-
mance, and rate response characteristics within the first year of follow-up of 
patients implanted with an LCP.

Methods

We retrospectively assessed intermediate-term follow-up data in 31 of 33 patients 
from the LEADLESS Trial cohort, who had an indication for single chamber pacing 
and received an LCP between December 2012 and April 2013.

Results

The mean age of the cohort was 76 ± 8 years and 65% was male. Between 3- and 
12-month follow-up, there were no pacemaker related adverse events reported. 
The pacing performance results at 6-month and 12-month follow-up were: mean 
pacing threshold (at 0.4 ms pulse width) 0.40 ± 0.26 V, 0.43 ± 0.30 V; R-wave 
amplitude 10.6 ± 2.6 mV, 10.3 ± 2.2 mV; and impedance 625 ± 205 Ohms, 627 
± 209 Ohms, respectively. At 12 months of follow-up in 61% of the patients (n = 
19/31), the rate response sensor was activated, and an adequate rate response 
was observed in all patients.

Conclusions

The LCP demonstrates very stable performance and reassuring safety results 
during intermediate-term follow-up. These results support the use of the LCP as a 
promising alternative to conventional pacemaker systems. Continued evaluation 
is warranted to further characterize this system.
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Introduction

In the United States, nearly 250,000 new cardiac pacemakers are implanted annually, 
contributing to 700,000 new cardiac pacemakers implanted worldwide.1 For almost 60 
years, pacemaker therapy has been the standard of care for various bradyarrhythmias, 
improving quality of life and reducing mortality in at-risk patients.2-5 Although efficacy and 
safety of transvenous pacemaker therapy have incrementally improved, this therapy is 
associated with procedure- and device-related complications. Approximately 10% of 
patients experience a periprocedural complication related to transvenous implantation 
of a pacemaker.6-7 Most complications are related to the subcutaneous pocket of the 
pulse generator (hematoma, skin erosion, pocket infection) or venous access and lead 
implantation (pneumothorax, cardiac tamponade, lead dislodgement).8-10 Over the long 
term, transvenous leads, often considered the Achilles’ heel of the cardiac pacing system, 
can cause venous obstruction and are prone to insulation breaks, conductor fracture, and 
infection.11-15

Recently a leadless cardiac pacemaker (LCP) has been introduced to potentially 
overcome some of these short- and long-term complications.16 The pulse generator and 
sensing/pacing electrodes are fully contained within a single unit. In the prospective, mul-
ticenter, non-randomized LEADLESS trial, we reported the safety and feasibility of LCP 
implantation, and short-term (3-month) stability of measures of pacing performance.16 
However, further follow-up is required to assess the intermediate- and long-term safety 
(e.g., risk of embolization, pro-arrhythmia, and other unanticipated adverse events) and 
performance (e.g., battery longevity, pacing thresholds over time, and rate response func-
tion) of this device. Herein, we report the 1-year follow-up results to the LEADLESS trial.

Methods

Leadless Cardiac Pacemaker System

The design, technical specifications, and method of implanting the LCP (Nanostim®, 
St. Jude Medical, St. Paul, Minnesota) have been described previously.16 The LCP is a 
temperature-responsive rate-adaptive pacemaker (VVI-R pacemaker) and can increase 
the pacing rate in response to exercise.17 The LCP utilizes 3 characteristics of the RV 
temperature signal to provide an appropriate and proportional increase in pacing rate 
in response to exercise: (i) temperature in the right heart typically manifests a dip at the 
onset of exercise due to cooler blood flowing to the heart from peripheral circulation; (ii) 
as exercise continues, the positive slope of increasing temperature provides an indication 
of the rate at which skeletal muscles are working; and (iii) in prolonged exercise a steady-
state temperature increase is often reached, where heat input from the working muscles 
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equals heat lost by the body’s natural processes for regulating temperature (positive 
magnitude).

Study Patient cohort

The initial clinical experience with the LCP has been reported previously.16 Briefly, the 
LEADLESS Trial was conducted at 3 European centers. Thirty-three patients (age >18 
years with an indication for single chamber pacing) were enrolled from December 2012 to 
April 2013, and followed up for 12 weeks.16

Chronic Performance and Safety Study

Patients implanted with a permanent LCP in the LEADLESS Trial were retrospectively 
included in this intermediate-term follow-up study to evaluate the safety and performance 
of this device, with a minimum of 1-year follow up. Medical records were analyzed from 
July 2013 to June 2014. The records were specifically evaluated for 1) serious adverse 
events; 2) electrical performance of the LCP; 3) rate response sensor activation (activated 
in selected patients only). This study was not designed to systematically evaluate the 
rate response function of the device. Nevertheless, all available data providing insight in 
sensor function were obtained for analysis. Similarly, echocardiographic evaluation was 
not performed systematically, but available echocardiograms were assessed. Permission 
of the local institutional review boards was obtained for this retrospective analysis.

Statistical analysis

Categorical variables are presented as frequencies and continuous variables as means 
(±SD) or medians (Interquartile Range) as appropriate. The paired Student t-test was 
used to compare means of continuous variables at specific time points, change over the 
repeatedly measured variables was analyzed with linear mixed-effects models using time 
as a fixed factor and patient number as a random factor. All analyses were conducted with 
SPSS version 20.0 (SPSS Inc., Chicago, Illinois).

Results

Patients

Thirty-one patients were included in this 1-year follow up study. Two patients from the ini-
tial study cohort (n = 33) were excluded. One patient had a perforation during the implant 
procedure leading to cardiac tamponade, was operated on successfully, but deceased 
from a massive cerebral artery ischemic infarct 5 days after the implant. The second 
patient underwent successful LCP retrieval at day 7 post-implant due to the need for an 
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implantable cardioverter-defibrillator (ICD) (16). The clinical characteristics of the patients 
of the present study are shown in Table 1.

Procedure

All patients, available for 12-month follow-up (n = 31, 100%), had a successful LCP 
implantation in the apico-septal region of the right ventricle. The median total implant 
procedure time was 24 minutes (ranging from 11 to 74 minutes). In the majority of patients 
(n = 22, 71%), the initial deployment of the device was successful, nine patients (29%) re-
quired 1 or more reposition(s) during implant due to inadequate electrical measurements 
(mean of 2 repositions, ranging 1-3). Procedure characteristics are shown in Table 1. The 
mean threshold at implant was 0.83 ± 0.45 V for repositioned patients vs. 0.75 ± 0.53 V 
and was not different from non-repositioned patients (p = 0.684). Similarly, at discharge, 
thresholds were 0.39 ± 0.18 V vs. 0.42 ± 0.21 V (p = 0.696); and at 12-month follow-up 
0.39 ± 0.18 V vs. 0.44 ± 0.34 V (p = 0.660), respectively.

Safety at 1-Year Follow-up

The mean follow-up interval was 1.2 ± 0.1 years. At 12-month follow-up all patients (n = 
31) were alive. No pacemaker-related complications were observed in these 31 patients 
(Central Illustration). Furthermore, none of the patients developed pacemaker syndrome, 
nor were there any device embolizations, late perforations, patients with a device-related 

Table 1 Patient characteristics, procedural details, and outcome.

Parameter (n=31)

Age, y 76.4 ± 8.4

Male, n (%) 20 (65)

Pacing indication, n (%)

Permanent AF with AV block (including AF with a slow ventricular response) 21 (68)

Sinus rhythm with 2nd/3rd degree AV block and significant comorbidities 5 (16)

Sinus bradycardia with infrequent pauses or unexplained syncope 5 (16)

Repositioning attempts (to achieve final implant position), n (%)

0 23 (74)

1 3 (10)

2 3 (10)

3 2 (6)

Median implant procedure duration, min (range) 24 (11-74)

Time to follow-up, y 1.2 ± 0.2

Re-hospitalized between 3- and 12-months, n (%) 6 (19)

Device related adverse events between 3- and 12-months, n (%) 0 (0)

AF indicates atrial fibrillation; and AV, atrioventricular block.
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infection or with an infection of unknown origin. There were no thrombi observed on 
echocardiography. Moreover, no device-induced ventricular arrhythmias were observed 
and none of the patients required a re-intervention. Figure 1 displays a chest x-ray at 
pre-discharge at 1-day post-implant and at 12-month follow-up, showing no significant 
changes in position of the LCP (arrow).

Between 3- and 12-month follow-up 6 patients (19%) were hospitalized after LCP im-
plantation; however, none related to either implant procedure or to pacemaker function: 
1 patient had a leg fracture, 1 patient was treated for breast cancer, 1 patient received 
surgery for pancreatic cancer, 2 patients were admitted with left-sided heart failure due 
to rapidly conducted atrial fibrillation (AF) (115-119 BPM), and 1 patient was admitted 
because of disorientation. Examination in this last patient revealed a properly functioning 
LCP and a cerebral CT scan revealed no abnormalities. The cause of the episode of 
disorientation was interpreted as caused by temporary hypoperfusion of the brain due to 
low blood pressure. The 2 patients with rapidly conducted AF had a properly functioning 
LCP and were treated medically.

and the accompanying sensor-indicated rate (i.e., the
rate-response that would have been provided). At
6-week, 12-week, 6-month, and 12-month follow-up,
the total percent of patients with a pacemaker acti-
vated rate response set to activated rate response
function were 35% (n ¼ 11 of 31), 39% (n ¼ 12 of 31),
58% (n ¼ 18 of 31), and 61% (n ¼ 19 of 31), respectively.

In patients with an activated sensor rate, histo-
grams were obtained to assess adequate sensor-based
heart rate, defined as 80% of the predicted maximal
heart adjusted for age. In all 19 sensor-activated pa-
tients, an adequate rate response was obtained. In 3
patients (n ¼ 3 of 19, 16%), the initial rate response
sensor settings were adjusted during follow-up due to
too steep sensor gain settings and too high maximal
sensor rate. An example of adequate rate response
function is shown in Online Figure 1. In all other

patients (n ¼ 16 of 19, 84%), the nominal sensor set-
tings were sufficient.

DISCUSSION

The intermediate-term safety and performance of a
novel LCP with a minimum of 12-month follow-up
shows the following: 1) there were no adverse
events related to the device between 3- and 12-month
follow-up; 2) the electrical performance measures of
the LCP were stable between 3- and 12-month follow-
up; and 3) the rate response feature was used and
adequately functioning in the majority of patients
(Central Illustration).

SAFETY. As reported previously, there were 2 com-
plications associated with the implantation procedure
(15). One patient died of a cerebrovascular accident

CENTRAL ILLUSTRATION 1-Year Follow-Up of Patients Implanted With a Leadless Cardiac Pacemaker:
Safety and Device Performance
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(Left) Kaplan-Meier survival curve represents freedom from device-related complications: 2 patients had device-related complications (6%, 31 of 33), both

periprocedurally. During further follow-up, no complications occurred in the remaining patients (n ¼ 31). (Right) Device performance measurements of the leadless

cardiac pacemaker. The mean value � SD of pacing threshold (at 0.4 ms [V]) (right top); the R-wave amplitude (mV) (right middle); and the pacing impedance (U)

(right bottom) at each follow-up assessment.
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Central Illustration One-Year Follow-Up of Patients Implanted with a Leadless Cardiac Pacemaker: 
Safety and Device Performance. Left Panel. Kaplan-Meier survival curve represents Freedom from de-
vice related complications: 2 patients had device related complications (6%, 31/33), both peri-proce-
durally. During further follow-up no complications occurred in the remaining patients (n = 31). Right-
Panel. Device performance measurements of the LCP. Top, Middle, and Bottom represent the mean 
value ± standard deviation of pacing threshold (at 0.4 ms, V), the R-wave amplitude (mV), and pacing 
impedance (ohms), respectively, at each follow-up assessment.
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5 days after successful surgery for acute perforation,
and in another patient, the device was inadvertently
placed in the left ventricle through a persistent fora-
men ovale and had to be repositioned in the same
procedure. The observed complication rates, both
acute and intermediate term, were low compared with
complication rates of conventional pacemaker sys-
tems, as reported in recent studies (6,7). Udo et al. (6)
reported a 5-year complication rate of 19.7% in a Dutch
cohort, consisting of 1,517 first implant pacemaker
patients, of which 12.4% arose in the first 2 months
after implantation and were mainly lead or pocket
related. Of all lead-related complications (5.5%), lead
dislocation or disconnection was the most common
complication (3.3%), requiring a reoperation. In a
large Danish cohort (5,918 consecutive cardiovascular
implantable electronic device patients), Kirkfeldt
et al. (7) reported 8.4% complications in single- and
dual-chamber pacemaker patients within the first 6
months post-implantation. The largest contributors
were lead-related reinterventions and pocket hema-
tomas resulting in prolonged hospital stay, hospital
readmission, or additional outpatient visits. With a
leadless pacemaker design, lead and pocket compli-
cations can be eliminated, potentially resulting in
lower complication rates. Femoral venous access
prevents pulmonary complications such as a pneu-
mothorax (8). Although not observed in the study, the
occurrence of complications arising from the trans-
femoral approach, such as groin hematomas, has to be
evaluated.

The occurrence of cardiac perforations, device
embolizations, device-induced arrhythmias, and the
need for reintervention needs to be assessed in
the long term and in larger cohorts to evaluate the
overall safety of this device. In summary, both acute
and intermediate-term complication rates observed
in this cohort were low. To systematically address
long-term safety, studies are ongoing in Europe (The
LEADLESS Observational Study; NCT02051972) and in
the United States (The LEADLESS Pacemaker II IDE
[Leadless II]; NCT02030418). With this new percuta-
neous approach for leadless pacemaker implants, a
learning curve for the operating physician has been
observed with regard to procedure time. Therefore,
this new technique necessitates a solid training pro-
gram for new implanters.

PERFORMANCE. After 12 months of follow-up, we
observed very stable electrical measures in all of our
patients. Compared with time of implantation, the
mean pacing threshold showed a 50% decrease 1 day
later at hospital pre-discharge (15) and remained
constant during follow-up (Central Illustration). The
higher initial threshold could be due to an implant

lesion of the 0.5-cm diameter screw-in helix.
Although the pacing electrode is not part of the helix
and is placed several millimeters away, tissue injury
could still influence the acute pacing thresholds but
appears to resolve entirely by pre-discharge. We
observed a slightly higher, although not statistically
significant, pacing threshold at implantation in pa-
tients with device repositioning compared with pa-
tients without, but this difference was not observed
during follow-up. Potentially, the larger area of
injured tissue, due to multiple device deployments,
might influence acute pacing thresholds, but does not
influence long-term thresholds. The stable threshold
curve resembles previously described and commonly
used steroid-eluting active pacemaker leads (16–18)
and is expected to have a performance to equal that
of conventional pacemaker leads after 12 months.
First, influence of fibrosis formation on long-term
threshold performance is less likely to occur than
with conventional pacing systems because the elec-
trode of the leadless system is separated from the
screw-in helix by w2 mm, instead of being part of the
fixation mechanism. Second, no lead fractures or lead

FIGURE 1 Position of the LCP on Chest Radiograph at 1-Day and 12-Month

Post-Implantation

(A) Chest radiograph 1 day post-implantation; the LCP projects in the right ventricle

(arrow). (B) Chest radiograph 12-month post-implantation; position of the LCP is

unchanged (arrow), bilateral pleural effusion. LCP ¼ leadless cardiac pacemaker.
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Figure 1 Position of LCP on Chest Radiograph at One Day and 12 Months Post Implant. Panel A, Chest 
radiograph one day post implant; LCP projected in RV (arrow). Panel B, Chest radiograph 12-month 
post-implant; position LCP unchanged (arrow), bilateral pleural effusion.

Performance measures

After an initial drop of threshold, decrease in impedance, and rise of the R-wave at 1-day 
post-implant16, these performance measures stayed very stable from the 3-month follow-
up measurement onwards (time effects between 3, 6, and 12 months: all p-values >0.05). 
Mean pacing threshold (at 0.4 ms pulse width) was 0.40 ± 0.26 V and 0.43 ± 0.30 V; 
R-wave amplitude was 10.6 ± 2.6 mV and 10.3 ± 2.2 mV; and impedance was 625 ± 
205 Ohms and 627 ± 209 Ohms at 6- and 12-month follow-up, respectively. The Central 
Illustration shows pacing threshold, R-wave amplitude, and impedance over time. Aside 
from a statistically significant decrease in mean threshold between implant and discharge 
in all patients (0.77 ± 0.51 V vs. 0.41 ± 0.20 V; p = 0.001), no change in threshold more 
than 0.25 V was observed in any patient within the 3- to 12-month follow-up. No early 
battery depletion, under- or over-sensing or pacing capture issues were detected at the 
follow-up visits.
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Rate response

Initially, in all patients, the pacing mode was programmed to VVI per protocol. From 
6-week follow-up onwards, the pacing mode setting was reprogrammed to VVIR after an 
individual patient pacing optimization assessment based on exercise tolerance and rate 
histogram data. Figure 2 shows an example of the snapshot temperature data captured 
before, during and after the 6MWT, and the accompanying sensor-indicated rate (i.e., 
the rate-response which would have been provided). At 6-week, 12-week, 6-month, and 
12-month follow-up, the total percentage of patients with a pacemaker activated rate 
response set to activated rate response function were 35% (n = 11/31), 39% (n = 12/31), 
58% (n = 18/31), and 61% (n = 19/31), respectively.

dislocations are expected, and device embolization
after intermediate-term implantation was not ob-
served and is not likely to occur. Similarly, observed
impedance measures were stable during follow-up
(means ranging from 773 U to 625 U). Therefore, bat-
tery longevity is estimated to be 9.3 years, when
programmed at nominal settings (60-beats/min pac-
ing rate, 2.5-V output, 600-U impedance, and 100%
pacing). We did not observe early battery depletion,
which is consistent with the projected battery
longevity outlook.
RATE RESPONSE. At 12-month follow-up in 61% of
the patients (n ¼ 19 of 31), the rate response sensor
was activated (a 26% increase compared with the 12-
week follow-up). Although the present study was
not designed to assess adequate rate response

function of the LCP, we observed an adequate rate
response in all of the patients who had the rate
response sensor activated. In 3 cases, the sensitivity
of the sensor was adjusted to achieve the desired
rates. No pacemaker syndrome was observed (19). As
mentioned, the rate response sensor of the LCP reg-
isters the central venous blood temperature, which
increases with exercise, after showing a dip in core
body temperature at the onset of exercise because
cooler peripheral blood is returned to the circulation.
Because of the relatively slow response of the central
venous temperature to exercise compared with ac-
tivity sensors, the sensor reaction may be relatively
slow and might deliver a suboptimal rate response at
low workloads (20). Potentially, elderly patients with
a low level of activity may not reach the level of

FIGURE 2 Rate Response Calibration During a 6-Min Walk Test
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Once single-chamber, rate-responsive pacemaker calibration mode is turned on, the leadless cardiac pacemaker stores temperature data every

20 s for 1 h without affecting pacing rate. The programmer then interrogates the pacemaker and retrieves the stored data, called snapshot

temperature data. (Top) Each patient’s analysis shows the snapshot temperature as a function of time. (Bottom) The pacing rate as a function

of time, which the rate response would have provided. A ¼ leadless cardiac pacemaker programmed to single-chamber, rate-responsive

pacemaker calibration mode; B ¼ patient walked to chair; C ¼ stood up and received instructions; D ¼ started 6-min walk test; E ¼ completed

6-min walk test; F ¼ sat back down on chair; G ¼ walked back from chair to examination table.
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Figure 2. Rate response calibration during a 6-minute walk test.
Once VVIR calibration mode is turned on, the LCP stores temperature data every 20 seconds for one 
hour without affecting pacing rate. The programmer then interrogates the pacemaker and retrieves the 
stored data, called snapshot temperature data. The upper panel for each patient’s analysis shows the 
snapshot temperature as a function of time. The bottom panel shows the pacing rate as a function of 
time, which the rate response would have provided. (A) LCP programmed to VVIR calibration mode, (B) 
patient walked to chair, (C) stood up and received instructions, (D) started 6MWT, (E) completed 6MWT, 
(F) sat back down in chair, (G) walked back from chair to examination table.
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In patients with an activated sensor rate histograms were obtained to assess ad-
equate sensor based heart rate, defined as 80% of the predicted maximum heart adjusted 
for age. In all 19 sensor-activated patients, an adequate rate response was obtained. In 
3 patients (n = 3/19, 16%), the initial rate response sensor settings were adjusted during 
follow-up due to too steep sensor gain settings and too high maximum sensor rate. An 
example of adequate rate response function is shown in figure 3. In all other patients (n = 
16/19, 84%) the nominal sensor settings were sufficient.

Discussion

The intermediate-term safety and performance of a novel leadless cardiac pacemaker 
with a minimum of 12-month follow-up shows that (see Central Illustration) 1) there were 
no adverse events related to the device between 3- and 12-month follow-up; 2) the electri-
cal performance measures of the LCP were stable between 3- and 12-month follow-up; 
and 3) the rate response feature was used and adequately functioning in the majority of 
patients.

Safety

As reported previously, there were 2 complications associated with the implantation 
procedure.16 One patient died from a CVA 5 days following successful surgery for acute 
perforation, in another patient the device was inadvertently placed in the LV through a 
PFO and had to be repositioned in the same procedure. The observed complication rates, 
both acute and intermediate-term, were low compared with complication rates of conven-
tional pacemaker systems as reported in recent studies.6,7 Udo et al. reported a 5-year 
complication rate of 19.7% in a Dutch cohort, consisting of 1,517 first implant pacemaker 
patients, of which 12.4% arose in the first 2 months post-implant and were mainly lead or 
pocket related.6 Of all lead-related complications (5.5%), lead dislocation or disconnec-
tion was the most common complication (3.3%) requiring a reoperation. In a large Danish 
cohort (5,918 consecutive cardiovascular implantable electronic device patients), Kirkfeldt 
et al. reported 8.4% complications in single- and dual-chamber pacemaker patients within 
the first 6 months post-implant.7 The largest contributors were lead-related reinterven-
tions and pocket hematomas resulting in prolonged hospital stay, hospital readmission or 
additional outpatient visits. With a leadless pacemaker design, lead and pocket complica-
tions can be eliminated potentially resulting in lower complication rates. Femoral venous 
access prevents pulmonary complications like a pneumothorax.8 Although not observed 
in the study, the occurrence of complications arising from the transfemoral approach, 
such as groin hematomas, has to be evaluated.
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The occurrence of cardiac perforations, device embolizations, device-induced 
arrhythmias, and the need for reintervention needs to be assessed long-term and in 
larger cohorts to evaluate the overall safety of this device. In summary, both acute and 
chronic complication rates observed in this cohort were low. To systematically address 
long-term safety, studies are ongoing in Europe (The LEADLESS Observational Study; 
NCT02051972) and in the United States (The LEADLESS II IDE; NCT02030418). With 
this new percutaneous approach for leadless pacemaker implants, a learning curve for 
the operating physician has been observed with regard to procedure time. Therefore, this 
new technique necessitates a solid training program for new implanters.

Performance

After 12 months of follow-up, we observed very stable electrical measures in all of our 
patients. Comparing to time of implant, the mean pacing threshold showed a 50% de-
crease 1 day later at hospital predischarge16 and remained constant during follow-up 
(Central Illustration). The higher initial threshold could be due to an implant lesion of the 
0.5 cm diameter screw-in helix. Although the pacing electrode is not part of the helix and 
is placed several millimeters away, tissue injury could still influence the acute pacing 
thresholds but appears to resolve entirely by predischarge. We observed a slightly higher, 
although not statistically significant, pacing threshold at implant in patients with device 
repositioning compared to patients without, but this difference was not observed during 
follow-up. Potentially, the larger area of injured tissue, due to multiple device deployments, 
might influence acute pacing thresholds, but does not influence chronic thresholds. The 
stable threshold curve resembles previous described and commonly used steroid eluting 
active pacemaker leads18-20, and is expected to have an equal performance to conven-
tional pacemaker leads after 12 months. First, influence of fibrosis formation on long-term 
threshold performance is less likely to occur than with conventional pacing systems, as 
the electrode of the leadless system is separated from the screw-in helix by approximately 
2 mm, instead of being part of the fixation mechanism. Secondly, no lead fractures or 
lead dislocations are expected, and device embolization after long-term implant was not 
observed and is not likely to occur. Similarly, observed impedance measures were stable 
during follow-up (means ranging from 773 to 625 Ohms). Therefore, battery longevity is 
estimated to be 9.3 years, when programmed at nominal settings (pacing rate 60 BPM, 
output 2.5 V, impedance 600 Ohms, 100% pacing). We did not observe early battery 
depletion, which is consistent with the projected battery longevity outlook.

Rate response

At 12-month follow-up in 61% of the patients (n = 19/31), the rate response sensor was 
activated (a 26% increase compared with the 12-week follow-up). Although the present 
study was not designed to assess adequate rate response function of the LCP, we ob-
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served an adequate rate response in all of the patients in whom the rate response sensor 
was activated. In 3 cases, the sensitivity of the sensor was adjusted to achieve the desired 
rates. No pacemaker syndrome was observed.21 As mentioned, the rate response sensor 
of the LCP registers the central venous blood temperature, which increases with exercise, 
after showing a dip at onset of exercise in core body temperature since cooler peripheral 
blood is returned to the circulation. Because of the relatively slow response of central 
venous temperature to exercise as compared to activity sensors, the sensor reaction 
maybe relatively slow and might deliver a suboptimal rate response at low workloads.17 
Potentially, elderly patients with a low level of activity may not reach the level of prolonged 
exercise, which is necessary for a sufficient rise in blood temperature to activate the sen-
sor, but this was not observed. To shed further light on this issue, a prospective study to 
assess the function of this rate response sensor and its characteristics at low workloads 
needs to be undertaken.

Long-term replacement strategy

It is unknown whether a long-term retrieval of the pacemaker after several years of 
implantation in patients will be possible. Acute and sub-acute retrieval of the LCP is 
feasible and preclinical evidence showed that the device can be extracted up to 5 months 
post-implantation.22 The device may get encapsulated over time and therefore be difficult 
to capture and retrieve. Long-term animal studies are underway which will evaluate the 
feasibility of late device retrieval. An alternative replacement strategy could be to place 
an additional device next to the initial device, without compromising the right ventricular 
volume capacity and overall function. For this strategy, it is important to realize that the 
LCP only takes up 1.0 cc of volume in the RV, but also that evidence with these strategies 
is currently lacking.

Limitations

In this initial patient cohort, we report no device-related adverse events during intermedi-
ate-term follow-up. This observational study was obviously not powered to compare ad-
verse event and failure rates of this device to conventional pacemaker systems. However, 
the data presented here are the only data available to date. Hence, larger studies are 
needed to evaluate the safety of the leadless device design and implantation procedure 
and might reveal yet unknown risks. A randomized controlled trial between conventional 
and leadless pacing systems would be desired to compare the overall complication rates.

LCP is only appropriate for patients with a single chamber pacing indication and not 
suitable for dual chamber sensing and pacing. In Europe, VVIR indications account for 
20-30% of all new pacemaker implants, but on a global scale the percentage of VVI 
pacing is higher, due to the high number of single chamber pacemakers in developing 
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countries.1 The development of a leadless dual chamber pacing system is anticipated in 
the near future.

Conclusions

The leadless cardiac pacemaker demonstrates stable performance and reassuring safety 
results during intermediate-term follow-up. These results support the use of the LCP as 
a promising alternative to conventional single chamber pacemaker systems. Continued 
evaluation is warranted to further characterize this system.
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ABSTRACT

Aims

Permanent cardiac pacing is the only effective treatment for symptomatic bra-
dycardia, but complications associated with conventional transvenous pacing 
systems are commonly related to the pacing lead and pocket. We describe the 
early performance of a novel self-contained miniaturized pacemaker.

Methods and results

Patients having Class I or II indication for VVI pacing underwent implantation of 
a Micra transcatheter pacing system, from the femoral vein and fixated in the 
right ventricle using four protractible nitinol tines. Prespecified objectives were > 
85% freedom from unanticipated serious adverse device events (safety) and < 
2 volts three-month mean pacing capture threshold at 0.24 milliseconds pulse 
width (efficacy). Patients were implanted (n = 140) from 23 centres in 11 countries 
(61% male, age 77.0 ± 10.2 yrs) for atrioventricular block (66%) or sinus node 
dysfunction (29%) indications. During mean follow-up of 1.9 ± 1.8 months, the 
safety endpoint was met with no unanticipated serious adverse device events. 
Thirty adverse events related to the system or procedure occurred, mostly due to 
transient dysrhythmias or femoral access complications. One pericardial effusion 
without tamponade occurred after 18 device deployments. In 60 patients followed 
to three months, mean pacing threshold was 0.51 ± 0.22 volts, and no threshold 
was > 2 volts, meeting the efficacy endpoint (p<0.001). Average R-wave was 16.1 
± 5.2 millivolts and impedance was 650.7 ± 130 ohms.

Conclusion

Early assessment shows the transcatheter pacemaker can safely and effectively 
be applied. Long-term safety and benefit of the pacemaker will further be evalu-
ated in the trial.
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INTRODUCTION

Permanent cardiac pacing, the only effective treatment for symptomatic bradycardia, 
reduces symptoms and recurrence of syncope, and improves survival in high risk popula-
tions.1-3 Since their introduction in the 1960’s, pacemakers have shrunk in size and grown 
in sophistication, yet their basic function remains to be sustaining a normal heart rate. 
Conventional pacing systems consist of a pacemaker containing the electronics and bat-
tery typically implanted in a subcutaneous pocket in the chest. One or more leads threaded 
from the device pocket through veins into the heart conduct the pacing therapy to the 
desired pacing site. When veins cannot be used, a surgical procedure includes implanting 
epicardial leads that link the heart to the device. Despite the reduction in complications 
due to technological advances, serious adverse events can still be encountered. These 
are reported to be 20% at 5 years, with highest contributions related to the pacing lead 
(~11%) and pocket (~8%),4 including pneumo/hemothorax after subclavian vein puncture, 
pocket hematoma, erosion or infection, vein stenosis or occlusion, endocarditis, tricuspid 
valve trauma, connection troubles, lead fractures and other malfunctions.5-8 MicraTM 
transcatheter pacing system (TPS, Model MC1VR01, Medtronic plc, Mounds View, MN, 
USA) is a miniaturized single chamber pacemaker system that is delivered via catheter 
through the femoral vein and implanted directly inside the right ventricle of the heart. This 
new technology is feasible due to advances in miniaturization (high density battery), low 
power electronics, catheter delivery systems, novel materials (nitinol), and electrodes 
being directly placed on the pacemaker capsule. This eliminates the need for a device 
pocket and insertion of a pacing lead, thereby eliminating an important source of compli-
cations associated with traditional pacing systems while providing similar benefits.

The purpose of this report is to summarize the early performance of the TPS using 
pre-specified safety and efficacy objectives from the Micra Transcatheter Pacing System 
Study. These data are being used to support European regulatory submission.

METHODS

Study Design and Oversight

The trial is a prospective, multi-site, single-arm, worldwide clinical study evaluating the 
safety and efficacy of the TPS. Briefly, the study will implant up to 720 patients at up to 70 
centres worldwide. All participants must satisfy standard criteria for de novo pacemaker 
implantation with Class I or II indications and provide written informed consent. The trial 
design is described in detail elsewhere.9 The trial is sponsored by the manufacturer, 
Medtronic. The protocol was approved by the ethics committee at each participating insti-
tution and associated national and local regulatory agencies. Data of this ongoing study 
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are collected by trained center personnel, and data integrity maintained via programmatic 
edit checks and source data verification by the sponsor. Safety and trial conduct oversight 
are provided by an independent data monitoring committee.

Study Device and Implant Procedure

TPS is a 0.8 cubic centimetre, 2.0 gram, self-contained, hermetically enclosed capsule, 
single-chamber ventricular pacemaker with functionality and features similar to exist-
ing ventricular pacemakers, inclusive of rate responsive pacing and automated pacing 
capture threshold management. The device is 25.9mm in length, with an outer diameter 
of 6.7mm. A nominal pulse width duration of 0.24ms was chosen since it is near the chro-
naxie of the strength duration curve.10 Utilizing a pulse width near the chronaxie should 
minimize pacing energy and improve battery longevity. By design, it is conditionally safe 
for full body magnetic resonance imaging in 1.5 and 3.0 Tesla scanners. The device is 
fixated via four electrically inactive protractible nitinol tines located on the distal end of the 
device (Figure 1).
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Introduction
Permanent cardiac pacing, the only effective treatment for symptom-
atic bradycardia, reduces symptoms and recurrence of syncope, and
improves survival in high-risk populations.1–3 Since their introduction
in the 1960s, pacemakers have shrunk in size and grown in sophistica-
tion, yet their basic function remains to be sustaining a normal heart
rate. Conventional pacing systems consist of a pacemaker containing
the electronics and battery typically implanted in a subcutaneous
pocket in the chest. One or more leads threaded from the device
pocket through veins into the heart conduct the pacing therapy to
the desired pacing site.When veins cannot be used, a surgical proced-
ure includes implanting epicardial leads that link the heart to the
device. Despite the reduction in complications due to technological
advances, serious adverse events can still be encountered. These
are reported to be 20% at 5 years, with highest contributions related
to the pacing lead (�11%) and pocket (�8%),4 including pneumo/
haemothorax after subclavian vein puncture, pocket haematoma,
erosion or infection, vein stenosis or occlusion, endocarditis, tricuspid
valve trauma, connection troubles, lead fractures, and other malfunc-
tions.5 – 8 MicraTM transcatheter pacing system (TPS, Model
MC1VR01, Medtronic plc, Mounds View, MN, USA) is a miniaturized
single-chamber pacemaker system that is delivered via catheter
through the femoral vein and implanted directly inside the right
ventricle (RV) of the heart. This new technology is feasible due to ad-
vances in miniaturization (high-density battery), low-power electron-
ics, catheter delivery systems, novel materials (nitinol), and electrodes
being directly placed on the pacemaker capsule. This eliminates the
need for a device pocket and insertion of a pacing lead, thereby
eliminating an important source of complications associated with
traditional pacing systems while providing similar benefits.
The purpose of this report is to summarize the early performance

of the TPS using pre-specified safety and efficacy objectives from the
Micra Transcatheter Pacing System Study. These data are being used
to support European regulatory submission.

Methods

Study design and oversight
The trial is a prospective, multi-site, single-arm, worldwide clinical study
evaluating the safety and efficacy of the TPS. Briefly, the study will im-
plant up to 720 patients at up to 70 centres worldwide. All participants
must satisfy standard criteria for de novo pacemaker implantation with
Class I or II indications and provide written informed consent. The trial
design is described in detail elsewhere.9 The trial is sponsored by the
manufacturer, Medtronic. The protocol was approved by the Ethics
Committee at each participating institution and associated national
and local regulatory agencies. Data of this ongoing study are collected
by trained centre personnel, and data integrity maintained via program-
matic edit checks and source data verification by the sponsor. Safety and
trial conduct oversight are provided by an independent data monitoring
committee.

Study device and implant procedure
The transcatheter pacing system is a 0.8 cc, 2.0 g, self-contained, her-
metically enclosed capsule, single-chamber ventricular pacemaker
with functionality and features similar to existing ventricular pace-
makers, inclusive of rate responsive pacing and automated pacing cap-
ture threshold management. The device is 25.9 mm in length, with an
outer diameter of 6.7 mm. A nominal pulse width duration of 0.24 ms
was chosen since it is near the chronaxie of the strength duration
curve.10 Utilizing a pulse width near the chronaxie should minimize pa-
cing energy and improve battery longevity. By design, it is conditionally
safe for full body magnetic resonance imaging in 1.5 and 3.0 Tesla scan-
ners. The device is fixated via four electrically inactive protractible nit-
inol tines located on the distal end of the device (Figure 1).

The TPS is tethered to and sits in a cup at the distal end of a steerable
transfemoral catheter delivery system and placed through the femoral
vein using a 23 French internal diameter/27 French outer diameter
introducer (Figure 2). The introducer is advanced using a guide-wire
and dilator into the right atrium. The guide-wire and dilator are then re-
moved, and the steerable delivery system catheter with TPS preloaded
and tethered is then advanced into the RV. Transcatheter pacing system

Figure 1 Transcatheter pacing system single-chamber ventricular pacemaker. Illustration of transcatheter pacing system positioned in the
RV apex. RV, right ventricle.

TPS early performance 2511
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Figure 1 TPS Single-Chamber Ventricular Pacemaker. Illustration of TPS positioned in the RV apex. RV 
= right ventricle.

The TPS is tethered to and sits in a cup at the distal end of a steerable transfemoral 
catheter delivery system and placed through the femoral vein using a 23 French internal 
diameter / 27 French outer diameter introducer (Figure 2). The introducer is advanced 
using a guide-wire and dilator into the right atrium. The guide-wire and dilator are then 
removed, and the steerable delivery system catheter with TPS preloaded and tethered 
is then advanced into the right ventricle (RV). TPS is deployed by retraction of the 
device-containing cup at the distal end of the delivery catheter positioned against the RV 
endocardium with fixation into the myocardium by the associated protraction of the nitinol 
tines (Figure 3). The delivery catheter is then withdrawn several centimetres and the 
fixation confirmed by a “pull and hold” test. The tether is pulled until counter movement 
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of the heartbeats can be felt and the tine deflection can be observed fluoroscopically, 
with the tethering material still connected to the TPS. Although bench testing has shown 
a single tine engaged in tissue holds the device securely within the myocardium with a 
high margin of safety, it is recommended that two tines are engaged for further security 
of fixation. Therefore, investigators are requested to check fluoroscopically that at least 
two tines are engaged within the myocardium before releasing the device; otherwise, the 
device should be retracted and repositioned to another position within the RV. Once the 
device is placed in the RV and adequate device fixation verified, electrical measurements 
(pacing thresholds, pacing impedance, R-wave amplitude) are checked. Inadequate fixa-
tion (e.g. device tines engage into the trabeculae rather than RV myocardial wall) will be 
apparent via unacceptable electrical measurements and possibly failed pull and hold test. 
In case of persistence of high thresholds after two to three deployments, investigators 
were advised to remove the transcatheter delivery system in order to check for thrombus 
covering the tip electrode, and, if found, to carefully remove the thrombus. No specific 
implant location is recommended as the device can be placed at various anatomical RV 
positions. However, it is suggested to avoid placement at the free wall to minimize risk of 
effusion.

is deployed by retraction of the device-containing cup at the distal end of
the delivery catheter positioned against the RV endocardium with fix-
ation into the myocardium by the associated protraction of the nitinol
tines (Figure 3). The delivery catheter is then withdrawn several centi-
metres and the fixation confirmed by a ‘pull and hold’ test. The tether
is pulled until counter movement of the heartbeats can be felt and the
tine deflection can be observed fluoroscopically, with the tethering
material still connected to the TPS. Although bench testing has shown
a single tine engaged in tissue holds the device securely within the
myocardium with a high margin of safety, it is recommended that two
tines are engaged for further security of fixation. Therefore, investiga-
tors are requested to check fluoroscopically that at least two tines
are engaged within the myocardium before releasing the device; other-
wise, the device should be retracted and repositioned to another pos-
ition within the RV. Once the device is placed in the RV and adequate
device fixation verified, electrical measurements (pacing thresholds, pa-
cing impedance, R-wave amplitude) are checked. Inadequate fixation
(e.g. device tines engage into the trabeculae rather than RV myocardial
wall) will be apparent via unacceptable electrical measurements and
possibly failed pull and hold test. In case of persistence of high thresholds
after two to three deployments, investigators were advised to remove
the transcatheter delivery system in order to check for thrombus cover-
ing the tip electrode, and, if found, to carefully remove the thrombus.
No specific implant location is recommended as the device can be
placed at various anatomical RV positions. However, it is suggested to
avoid placement at the free wall to minimize risk of effusion.
After adequate electrical measurements are obtained, the tether is

cut and the delivery system is removed. Haemostasis is achieved via vari-
ous closure methods, determined by implanter. Post-procedural
haemostasis and peri-procedural antibiotics and anticoagulation are at
implanter discretion with the exception that intra-procedural hepari-
nized flushing of the introducer is recommended in all patients.

Therapy initiation and follow-up
Enrolled patients undergo system implant attempt and then are fol-
lowed, including adverse event and device evaluation, at implant,

hospital discharge, 1, 3, 6, and 12 months post-implant. Implanted pa-
tients are evaluated semi-annually until trial closure. Cardiovascular,
procedure, and system-related adverse events are adjudicated by an
independent clinical events committee.
Initially, pacemaker-dependent patients were excluded. Twenty-five

implanted patients underwent 24 h ambulatory ECG and device
function (markers and EGMs) monitoring (Model ER220, Medtronic
plc, Mounds View, MN, USA). After comprehensive review of the
ambulatory ECG and safety data by the trial’s independent data moni-
toring committee, allowance of pacemaker-dependent patients was
determined.

Early performance objectives
Early performance objectives, the subject of this report, were assessed
once the 60th patient completed the 3-month post-implant visit. At that
point, 140 patients had been implanted (Figure 4). The safety objective
was assessed in all 140 implanted patients, and the efficacy objective
was assessed in the 60 subjects who had been followed through 3
months. These early performance objectives were required to obtain
CE mark:

(i) The early safety performance objective was to demonstrate that the
freedom from unanticipated serious adverse device events
(USADEs) was significantly .85% in all implanted patients once
60 patients were followed through 3 months. The early safety per-
formance objective was assessed in all 140 implanted patients.
USADEs are defined as serious adverse events related to the use
of the TPS not previously identified in nature, severity, or degree
of incidence. USADEs were selected for the early safety assessment
endpoint since the risk profile of transvenous pacemaker lead
systems has been well-established. Thus, the rate of USADEs was
selected to characterize unforeseen risk associated with TPS.

(ii) The early efficacy performance objective was to demonstrate that
the mean pacing capture threshold at pulse duration of 0.24 ms
was significantly lower than 2 V in the 60 patients who completed
the 3-month follow-up visit. Meeting this objective ensures TPS
would have battery longevity estimation as expected.

Figure 2 Transcatheter pacing system delivery system. Tools needed to deliver transcatheter pacing system, from bottom to top: needle and
guide-wire, introducer with dilator, delivery catheter with transcatheter pacing system retracted within the distal tube of the delivery system. In-
sert: transcatheter pacing system with Euro dollar to indicate scale.
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Figure 2 TPS Delivery System. Tools needed to deliver TPS, from bottom to top: needle and guidewire, 
introducer with dilator, delivery catheter with TPS retracted within the distal tube of the delivery sys-
tem. Insert – TPS with Euro dollar to indicate scale.

After adequate electrical measurements are obtained, the tether is cut and the delivery 
system is removed. Haemostasis is achieved via various closure methods, determined 
by implanter. Post-procedural haemostasis and peri-procedural antibiotics and antico-
agulation are at implanter discretion with the exception that intra-procedural heparinized 
flushing of the introducer is recommended in all patients.
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In addition to the USADE early performance objective, all adverse
events from the 140 implanted patients were carefully described and
reviewed by the Data Monitoring Committee.

Statistical methods
A sample size of 60 patients successfully implanted with TPS and fol-
lowed for at least 3-months post-implant provided more than 90%
power at a type I error level of 0.025 to test the null hypothesis asso-
ciated with the early performance efficacy objective assuming the true
mean 3-month pacing capture thresholds is 1.0 V with a standard devi-
ation of 0.5 V. This sample size provided more than 90% power for test-
ing the early performance safety objective since all patients with an
implant attempt at the time the 60th 3-month visit was accrued would
be included in the analysis of the safety objective.
The Kaplan–Meier method was pre-specified as the method for

evaluating the safety objective so all patients with an implant attempt
could be included in the analysis. However, since no USADEs were ob-
served, the exact binomial test comparing the observed 3-month
USADE free rate to the null value of 85%was used to evaluate the safety
objective and derive the lower 97.5% confidence interval (CI). A one-

sample t-test comparing the observed mean 3-month pacing capture
threshold to the null value of 2.0 V was used to test the efficacy object-
ive. In addition, paired t-tests were used to compare electrical variables
measured at implant and the 3-month visit. Statistical calculations were
performed using SAS (SAS Institute, Cary, NC, USA) or R (www.
r-project.org) and validated per the sponsor’s operating procedures.
The procedure duration was defined as the time from the insertion of
the TPS introducer to removal. Time to hospital discharge was defined
as the number of days from implant to hospital discharge.

Results
Patient recruitment began 5 December 2013 and the 60th 3-month
visit accrued on 11 August 2014, triggering evaluation of the early
performance objectives. At the time of database closure for this
analysis, 140 patients had an attempted implant and all were
successfully implanted. The TPS was implanted in these 140 patients
in 23 study centres by 37 physicians in 11 countries and were fol-
lowed to an average of 1.9+ 1.8 months (range 0–6.5 months).

Figure 3 Transcatheter pacing system deployment. Step 1, upper panel: the device is fully retracted within the delivery system. The distal end of
the catheter is placed at the targeted site of the RV. Step 2, middle panel: the device is deployed and its tines penetrate the myocardium. Step 3,
lower panel: the delivery catheter is pulled back from the device, which is still retained by a tether. After fixation and electrical checks, the tether
will be cut and removed, as will the delivery system be. RV, right ventricle.

TPS early performance 2513
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Figure 3 TPS Deployment. Step 1, upper panel: the device is fully retracted within the delivery system. 
The distal end of the catheter is placed at the targeted site of the RV. Step 2, middle panel: the device 
is deployed and its tines penetrate the myocardium. Step 3, lower panel: the delivery catheter is pulled 
back from the device, which is still retained by a tether. After fixation and electrical checks, the tether 
will be cut and removed, as will the delivery system be. RV = right ventricle.

Therapy Initiation and Follow-Up

Enrolled patients undergo system implant attempt and then are followed, including ad-
verse event and device evaluation, at implant, hospital discharge, one, three, six, and 
twelve months post-implant. Implanted patients are evaluated semi-annually until trial 
closure. Cardiovascular, procedure, and system related adverse events are adjudicated 
by an independent clinical events committee.

Initially, pacemaker dependent patients were excluded. Twenty-five implanted patients 
underwent 24 hour ambulatory ECG and device function (markers and EGMs) monitoring 
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(Model ER220, Medtronic plc, Mounds View, MN, USA). After comprehensive review of 
the ambulatory ECG and safety data by the trial’s independent data monitoring commit-
tee, allowance of pacemaker dependent patients was determined.

Early Performance Objectives

Early performance objectives, the subject of this report, were assessed once the 60th 
patient completed the 3-month post-implant visit. At that point, 140 patients had been 
implanted (Figure 4).

Patients were mostly male (60.7%), of mean age 77.0+10.2 years,
height range 144–190 cm, and weight range 41–148 kg (Table 1).
The most common primary indications for pacing were atrioven-
tricular (AV) block (66%, or 93 of 140 patients) and symptomatic si-
nus node dysfunction (29%, or 40 of 140 patients). Nine (6%)
patients were not felt to be appropriate for implantation of conven-
tional transvenous lead pacing systems due to a variety of reasons
such as compromised venous access, previous infection, and cancer
with need for indwelling catheter. Confirmation of appropriate pace-
maker operation from the 24 h ambulatory ECG analysis by the trial’s
data monitoring committee was achieved 3 weeks prior to database
closure, enabling pacemaker-dependent patient enrolment. Two
pacemaker-dependent patients were subsequently implanted and in-
cluded in this analysis.

Ninety-one (65%) of the 140 patients received a VVI pacemaker
for bradycardia in conjunction with permanent or persistent atrial
tachyarrhythmias. Of the remaining 49 patients, 22 had sinus node
dysfunction, 19 had AV block, two had sinus node dysfunction
plus AV block, and six had other reasons listed for choosing a
ventricular pacemaker. In these 49 patients, the predominant reason
for TPS selection was identified as ‘infrequent pacing expected’
(69%) and ‘advanced age’ (22%). Other reasons included sedentary
lifestyle, anatomical limitations, or co-morbidities increasing compli-
cation risk.

Implant procedure results
The implant success rate was 100% (140/140). Type of anaesthesia,
anticoagulation, and use of antibiotics were at the discretion of
implanters. Sedation and/or local anaesthesia was applied in 93.6%
of patients and general anaesthesia used in 6.4%. No systemic antic-
oagulation was applied in 36%, and various regimens were used in
the other patients (40% received heparin and 24% received another

anticoagulation method). An anticoagulation antagonist was used to
reverse anticoagulation effects in 16 patients (11%). The mean im-
plant time was 37+ 21 min (range: 11–154 min) with an average
fluoroscopy time of 9+7 min. The majority of attempts were suc-
cessful upon initial device positioning (59%) or two positioning
(22.1%), but the maximum number of attempts in a single patient
was 18 deployments (mean+ SD, 2+ 2). A second device was
used in two implants, due to unacceptable electrical measurements.
In both cases, electrical measurements with the second device were
similar to the measurements of the first device, although ultimately
both cases were able to achieve a position with acceptable electrical
measurements. While 107 of the 140 devices were placed at the RV
apex (76.4%), 33 (24%) were implanted at the anterior septum, mid-
septum, or outflow tract (images available in Figure 5). Access site
closure was predominantly performed using a suture method
(76%), although other methods were observed (such as manual
pressure or venotomy occlusion system). The average time to am-
bulation following the procedure was 13+8 h and the median days
from procedure to hospital discharge was 1 day, although day to dis-
charge varied by geography (mean+ SD, 2+ 2).

Early safety performance
Therewere noUSADEs in the 140 patients, thus the safety objective
was met with 100% freedom from USADEs at 3 months (95%
confidence interval, 94.0–100%; P, 0.0001). Thirty adverse events
occurred in 26 patients, all within 17 days of implant (Table 2).

One pericardial effusion was observed in a 90-year-old female
who had undergone 18 repositioning because of inappropriate elec-
trical measurements, the highest number of repositioning observed
in the study. A pericardial drainage was performed to drain approxi-
mately 250 cc of blood, although no tamponade was diagnosed. The
same patient experienced an acute myocardial infarction 3 days
post-implant and angiography revealed three-vessel coronary artery
disease. Transient complete AV block occurred in four patients and
resolved within seconds to a few hours. Three cases of transient AV
block required pacing via a temporary wire. The fourth resolved
with immediate programming to active pacing after device deploy-
ment. Each of the four patients experiencing transient AV block
had a history of LBBB or prolonged AV conduction (two had
second-degree AV block, one had LBBB with first-degree AV block,
and one had LBBB). Groin bleeding (‘incision site haemorrhage’) was
observed in three of the 140 patients, and a haematoma in two.
None of these events were considered serious, and all cases
resolved without invasive intervention. There were two cases of
arterial pseudoaneurysms. One of the two events was considered
serious and required thrombin injection with prolonged hospitaliza-
tion. The other pseudoaneurysm was not considered serious and
resolved without any invasive intervention. There was no apparent
relationship to heparin use or closure method approach in the
events which were observed at the groin puncture site. (There
was a total of 11 events at the groin puncture site and intravenous
heparin was administered in approximately half of the events.
A suture method was used for closure in each of these 11 cases
except one where only manual pressure was applied). One patient
death occurred 139 days post-implant, was not cardiovascular
related, and was determined to not be related to the procedure
or system.

Figure 4 Flow diagram of patients analysed. Flow diagram from
patients implanted by 11 August 2014 and analysed for early per-
formance objectives.
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Figure 4 Flow Diagram of Patients Analysed. Flow diagram from patients implanted by August 11, 2014 
and analysed for early performance objectives.

The safety objective was assessed in all 140 implanted patients, and the efficacy objec-
tive was assessed in the 60 subjects who had been followed through 3 months. These 
early performance objectives were required to obtain CE mark:

1) The early safety performance objective was to demonstrate that the freedom from 
unanticipated serious adverse device events (USADEs) was significantly greater than 
85% in all implanted patients once 60 patients were followed through 3 months. The early 
safety performance objective was assessed in all 140 implanted patients. USADEs are 
defined as serious adverse events related to the use of the TPS not previously identified 
in nature, severity, or degree of incidence. USADEs were selected for the early safety 
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assessment endpoint since the risk profile of transvenous pacemaker lead systems has 
been well-established. Thus, the rate of USADEs was selected to characterize unfore-
seen risk associated with TPS.

2) The early efficacy performance objective was to demonstrate that the mean pacing 
capture threshold at pulse duration of 0.24 milliseconds (ms) was significantly lower than 
2 volts in the 60 patients who completed the 3 month follow-up visits. Meeting this objec-
tive ensures TPS would have battery longevity estimation as expected.

In addition to the USADE early performance objective, all adverse events from the 
140 implanted patients were carefully described and reviewed by the Data Monitoring 
Committee. Statistical Methods A sample size of 60 patients successfully implanted with 
TPS and followed for at least 3-months post-implant provided more than 90% power at a 
type I error level of 0.025 to test the null hypothesis associated with the early performance 
efficacy objective assuming the true mean 3-month pacing capture thresholds is 1.0V 
with a standard deviation of 0.5V. This sample size provided more than 90% power for 
testing the early performance safety objective since all patients with an implant attempt 
at the time the 60th 3-month visit was accrued would be included in the analysis of the 
safety objective. The Kaplan-Meier method was pre-specified as the method for evaluat-
ing the safety objective so all patients with an implant attempt could be included in the 
analysis. However, since no USADEs were observed, the exact binomial test comparing 
the observed 3-month USADE free rate to the null value of 85% was used to evaluate 
the safety objective and derive the lower 97.5% confidence interval (CI). A one-sample 
t-test comparing the observed mean 3-month pacing capture threshold to the null value 
of 2.0V was used to test the efficacy objective. In addition, paired t-tests were used to 
compare electrical variables measured at implant and the 3-month visit. Statistical calcu-
lations were performed using SAS (SAS Institute, Cary NC) or R (www.r-project.org) and 
validated per the sponsor’s operating procedures. The procedure duration was defined as 
the time from the insertion of the TPS introducer to removal. Time to hospital discharge 
was defined as the number of days from implant to hospital discharge.

RESULTS

Patient recruitment began December 5, 2013 and the 60th 3-month visit accrued on 
August 11, 2014, triggering evaluation of the early performance objectives. At the time of 
database closure for this analysis, 140 patients had an attempted implant and all were 
successfully implanted. TPS was implanted in these 140 patients in 23 study centres by 
37 physicians in 11 countries and were followed to an average of 1.9 ± 1.8 months (range 
0 – 6.5 months). Patients were mostly male (60.7%), of mean age 77.0 ± 10.2 years, 
height range 144 – 190 centimetres, and weight range 41 – 148 kilograms (Table 1). The 
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Table 1 Patient Characteristics Patient Characteristics

First 60
(N = 60)

Total
(N = 140) P-value

Age (years), Mean ± Standard Deviation 76.8 ± 9.9 77.0 ± 10.2 0.84
Male n (%) 37 (61.7%) 85 (60.7%) 0.86
Pacing Indication n (%)
Symptomatic sinus node dysfunction 20 (33.3%) 40 (28.6%) 0.35
2nd Degree AV block 4 (6.7%) 8 (5.7%) 0.72
3rd Degree AV block 6 (10.0%) 11 (7.9%) 0.53
SND + AV block 1 (1.7%) 2 (1.4%) 1.00
AV block with persistent/permanent arrhythmias 28 (46.7%) 72 (51.4%) 0.39
Other Indication 1 (1.7%) 7 (5.0%) 0.24
Reason for Selecting Single Chamber Pacemaker n (%)
Indications associated with persistent/permanent/chronic atrial 
tachyarrhythmias

34 (56.7%) 82 (58.6%) 0.73

Frequent pacing not expected 21 (35.0%) 45 (32.1%) 0.59
Patients advanced age 5 (8.3%) 18 (12.9%) 0.21
Significant co-morbities affecting survival and clinical outcome 2 (3.3%) 3 (2.1%) 0.58
Previous planned AV nodal ablation 0 (0.0%) 2 (1.4%) 0.51
Patients expected to be sedentary 2 (3.3%) 5 (3.6%) 1.00
Patient’s anatomy precludes placement of atrial lead 1 (1.7%) 2 (1.4%) 1.00
Dual chamber pacing complication risk deemed to high 0 (0.0%) 1 (0.7%) 1.00
Other reason 2 (3.3%) 8 (5.7%) 0.24
Cardiac Disease n (%)
Cardiomyopathy, dilated / congestive + Cardiomyopathy, 
ischemic

5 (8.3%) 5 (3.5%) 0.01

Coronary artery disease + Myocardial infarction 20 (33.3%) 44 (31.4%) 0.72
Pulmonary hypertension 1 (1.7%) 7 (5.0%) 0.24
Valve dysfunction, tricuspid 10 (16.7%) 23 (16.4%) 1.00
Hypertension 46 (76.7%) 111 (79.3%) 0.53
Symptoms n (%)
Congestive heart failure 5 (8.3%) 13 (9.3%) 0.78
Syncope 23 (38.3%) 55 (39.3%) 0.86
Comorbidities (%)
Diabetes 17 (28.3%) 34 (24.3%) 0.43
Renal dysfunction 10 (16.7%) 26 (18.6%) 0.67
Chronic obstructive pulmonary disease (COPD) 4 (6.7%) 14 (10.0%) 0.39
Implant Success Rate (%) 60 (100.0%) 140 (100.0%) 1.00
Procedure Duration (minutes)
Mean ± Standard Deviation 37.9 ± 24.8 36.7 ± 20.7 0.54
Fluoroscopy Duration (minutes)
Mean ± Standard Deviation 10.1 ± 7.8 9.1 ± 7.0 0.18
Redeployments n (%)
0 34 (56.7%) 82 (58.6%) 0.76
1-4 24 (40.0%) 52 (37.1%)
≥ 5 2 (3.3%) 6 (4.3%)
Hours to Ambulation Following Procedure
Mean ± Standard Deviation 14.7 ± 7.6 13.1 ± 8.5 0.10
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most common primary indications for pacing were atrioventricular (AV) block (66%, or 93 
of 140 patients) and symptomatic sinus node dysfunction (29%, or 40 of 140 patients). 
Nine (6%) patients were not felt to be appropriate for implantation of conventional trans-
venous lead pacing systems due to a variety of reasons such as compromised venous 
access, previous infection, and cancer with need for indwelling catheter. Confirmation 
of appropriate pacemaker operation from the 24 hour ambulatory ECG analysis by the 
trial’s data monitoring committee was achieved three weeks prior to database closure, 
enabling pacemaker dependent patient enrolment. Two pacemaker dependent patients 
were subsequently implanted and included in this analysis.

Ninety-one (65%) of the 140 patients received a VVI pacemaker for bradycardia in 
conjunction with permanent or persistent atrial tachyarrhythmias. Of the remaining 49 
patients, 22 had sinus node dysfunction, 19 had AV block, 2 had sinus node dysfunction 
plus AV block, and 6 had other reasons listed for choosing a ventricular pacemaker. In 
these 49 patients, the predominant reason for TPS selection was identified as “infrequent 
pacing expected” (69%), and “advanced age” (22%). Other reasons included sedentary 
lifestyle, anatomical limitations, or co-morbidities increasing complication risk.

Implant Procedure Results

The implant success rate was 100% (140/140). Type of anesthesia, anticoagulation, and 
use of antibiotics were at the discretion of implanters. Sedation and/or local anaesthesia 
was applied in 93.6% of patients and general anaesthesia used in 6.4%. No systemic 
anticoagulation was applied in 36%, and various regimens were used in the other pa-
tients (40% received heparin and 24% received another anticoagulation method). An 
anticoagulation antagonist was used to reverse anticoagulation effects in 16 patients 
(11%). The mean implant time was 37 ± 21 min (range: 11-154 minutes) with an aver-
age fluoroscopy time of 9 ± 7 minutes. The majority of attempts were successful upon 
initial device positioning (59%) or two positionings (22.1%), but the maximum number of 
attempts in a single patient was 18 deployments (mean ± SD, 2 ± 2). A second device 
was used in two implants, due to unacceptable electrical measurements. In both cases, 
electrical measurements with the second device were similar to the measurements of the 
first device, although ultimately both cases were able to achieve a position with accept-
able electrical measurements. While 107 of the 140 devices were placed at the RV apex 
(76.4%), 33 (24%) were implanted at the anterior septum, mid-septum or outflow tract 
(images available in Figure 5). Access site closure was predominantly performed using a 
suture method (76%), although other methods were observed (such as manual pressure 
or venotomy occlusion system). The average time to ambulation following the procedure 
was 13 ± 8 hours and the median days from procedure to hospital discharge was one day, 
although day to discharge varied by geography (mean ± SD, 2 ± 2).
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ranges. Paired comparison of the 60 patients from implant to
3-month electrical values demonstrated an increase in R-wave amp-
litude (4.4 mV, P, 0.0001), a decrease in impedance (68 ohms, P ¼
0.006), and a non-significant decrease in pacing capture threshold
(0.06 V, P ¼ 0.057). Rate response was programmed on in 54%
(76 out of 140) of patients, programmed to VVIR where an initial
testing showed effective rate adaptation to short walking test. On-
going evaluations in the study will confirm rate response operation
via treadmill testing in a subset of subjects.

Ambulatory ECG evaluation
Examination of 24 h ambulatory surface ECG and device electro-
gram cycle by cycle at the 1-month visit from 25 patients indicated

that the device was pacing and sensing as expected. There were no
pauses due to inappropriate TPS operation. Additionally, the daily
capture threshold testing and hourly threshold confirmation tests
were performing as expected.

Longevity estimation
In 60 patients followed to 3 months, cumulative percent pacing
ranged from ,1 to .99% with a median of 49% (interquartile
range, 10.2–75.1%). Based on device use conditions (e.g. heart
rate, pulse width, pacing amplitude, impedance) through
3-months, battery longevity was estimated at an average 12.6 years
(range 8.6–14.4 years, Figure 7). This estimate does not include

Figure 5 X-rays of various device positions in RAO view. Left panel: apical device placement; Middle panel: mid-septal device placement; Right
panel: right-ventricular outflow tract (RVOT) device placement.
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Table 2 Procedure or system-related adverse events from 140 implanted patients

30 total related adverse events Resulted in death,
re-operation, or
hospitalization?

Total event rate, n (%)

30 (26 patients, 18.6%)

Dysrhythmias Transient atrioventricular block No 4 (4, 2.9)
Right bundle branch block No 2 (2, 1.4)
Ventricular tachycardia No 2 (2, 1.4)
Ventricular fibrillation No 1 (1, 0.7)

Events at device placement site Pericardial effusion without tamponade 1 hospitalization prolonged .48 h
for both events in same patient

1 (1, 0.7)
Acute myocardial infarction 1 (1, 0.7)
Pericarditis No 2 (1, 0.7)
Non-cardiac chest pain No 1 (1, 0.7)
Angina pectoris No 2 (2, 1.4)

Events at groin puncture suite Arterial pseudoaneurysm 1 hospitalization prolonged .48 h 2 (2, 1.4)
Incision site haemorrhage No 3 (3, 2.1)
Incision site haematoma No 2 (2, 1.4)
Incision site pain No 1 (1, 0.7)
Incisional drainage No 1 (1, 0.7)
Vaso-vagal presyncope No 2 (2, 1.4)

Other Dysuria following procedure No 1 (1, 0.7)
Osteoarthritis following procedure No 1 (1, 0.7)
Back pain during procedure No 1 (1, 0.7)

P. Ritter et al.2516
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Figure 5: X-rays of Various Device Positions in RAO View. Left panel: Apical device placement, Middle 
panel: Mid-septal device placement, Right panel: Right ventricular outflow tract (RVOT) device place-
ment.

Early Safety Performance

There were no USADEs in the 140 patients, thus the safety objective was met with 100% 
freedom from USADEs at 3 months (95% confidence interval, 94.0% - 100%; P < 0.0001). 
Thirty adverse events occurred in 26 patients, all within 17 days of implant (Table 2).
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Table 2 Procedure or System Related Adverse Events from 140 Implanted Patients

30 Total Related Adverse 
Events

Resulted in death, re-
operation, or hospitalization?

Total Event Rate 
30 (26pts, 18.6%)

Dysrhythmias Transient atrioventricular 
block

No 4 (4, 2.9%)

Right bundle branch block No 2 (2, 1.4%)

Ventricular tachycardia No 2 (2, 1.4%)

Ventricular fibrillation No 1 (1, 0.7%)

Events at Device 
Placement Site

Pericardial effusion 
without tamponade

1 hospitalization prolonged >48 
hrs for both events in same 

patient

1 (1, 0.7%)

Acute myocardial 
infarction

No 1 (1, 0.7%)

Pericarditis No 2 (1, 0.7%)

Non-cardiac chest pain No 1 (1, 0.7%)

Angina pectoris No 2 (2, 1.4%)

Events at Groin 
Puncture Suite

Arterial pseudoaneurysm 1 hospitalization prolonged 
>48 hrs

2 (2, 1.4%)

Incision site haemorrhage No 3 (3, 2.1%)

Incision site haematoma No 2 (2, 1.4%)

Incision site pain No 1 (1, 0.7%)

Incisional drainage No 1 (1, 0.7%)

Vaso-vagal presyncope No 2 (2, 1.4%)

Other Dysuria following 
procedure

No 1 (1, 0.7%)

Osteoarthritis following 
procedure

No 1 (1, 0.7%)

Back pain during 
procedure

No 1 (1, 0.7%)

One pericardial effusion was observed in a 90-year old female who had undergone 18 
repositionings because of inappropriate electrical measurements, the highest number 
of repositionings observed in the study. A pericardial drainage was performed to drain 
approximately 250cc of blood, although no tamponade was diagnosed. The same pa-
tient experienced an acute myocardial infarction 3 days post-implant and angiography 
revealed 3-vessel coronary artery disease. Transient complete AV block occurred in 4 
patients and resolved within seconds to a few hours. Three cases of transient AV block 
required pacing via a temporary wire. The 4th resolved with immediate programming to 
active pacing after device deployment. Each of the four patients experiencing transient 
AV block had a history of LBBB or prolonged AV conduction (two had 2nd degree AV 
block, one had LBBB with 1st degree AV block, and one had LBBB). Groin bleeding 
(“incision site haemorrhage”) was observed in 3 of the 140 patients, and a hematoma in 
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2. None of these events were considered serious, and all cases resolved without invasive 
intervention. There were two cases of arterial pseudoaneurysms. One of the two events 
was considered serious and required thrombin injection with prolonged hospitalization. 
The other pseudoaneurysm was not considered serious and resolved without any inva-
sive intervention. There was no apparent relationship to heparin use or closure method 
approach in the events which were observed at the groin puncture site. (There was a 
total of 11 events at the groin puncture site and intravenous heparin was administered in 
approximately half of the events. A suture method was used for closure in each of these 
11 cases except 1 where only manual pressure was applied). One patient death occurred 
139 days post-implant, was not cardiovascular related, and was determined to not be 
related to the procedure or system.

Early Efficacy Performance

The mean pacing capture threshold at the 3-month visit for the 60 patients measured 
at 0.24 ms was 0.51 V (95% CI, 0.45-0.56; P < 0.0001), meeting the efficacy objective. 
In these 60 patients, the mean electrical values for R wave sensing amplitude, pacing 
impedance, and pacing capture threshold at 0.24 ms were, respectively: 11.7 ± 4.5 mV, 
719 ± 226 ohm, 0.57 ± 0.31 V at implant, 15.6 ± 4.8 mV, 662 ± 133 ohm, 0.48 ± 0.21 V 
at 1-month, and 16.1 ± 5.2 mV, 651 ± 130 ohm, 0.51 ± 0.22 V at 3-months (Figure 6). 
All measurements at all visits were within expected ranges. Paired comparison of the 60 
patients from implant to 3-month electrical values demonstrated an increase in R wave 
amplitude (4.4 mV, P < 0.0001), a decrease in impedance (68 ohms, P = 0.006), and a 
non-significant decrease in pacing capture threshold (0.06 V, P = 0.057). Rate response 
was programmed on in 54% (76/140) of patients, programmed to VVIR where an initial 
testing showed effective rate adaptation to short walking test. Ongoing evaluations in the 
study will confirm rate response operation via treadmill testing in a subset of subjects.

Ambulatory ECG evaluation

Examination of 24 hour ambulatory surface ECG and device electrogram cycle by cycle 
at the 1-month visit from 25 patients indicated that the device was pacing and sensing 
as expected. There were no pauses due to inappropriate TPS operation. Additionally, the 
daily capture threshold testing and hourly threshold confirmation tests were performing 
as expected.

Longevity estimation

In 60 patients followed to 3 months, cumulative percent pacing ranged from <1% to 
>99% with a median of 49% (interquartile range, 10.2% - 75.1%). Based on device use 
conditions (e.g. heart rate, pulse width, pacing amplitude, impedance) through 3-months, 
battery longevity was estimated at an average 12.6 years (range 8.6 – 14.4 years, Figure 
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7). This estimate does not include pacemaker dependent patients and assumes that 
thresholds remain stable for device lifetime.

pacemaker-dependent patients and assumes that thresholds remain
stable for device lifetime.

Discussion
This is the largest data set reported for any transcatheter pacing
technology to date. Early results of this pacemaker are encouraging.
The TPS demonstrated safety and efficacy through the acute phase
by passing both of its early performance assessment objectives. One
hundred and forty (100%) successful implants were achieved in a
wide variety of patient demographics, cardiac conditions, and indica-
tions for pacing. This was accomplished by 37 physicians in 23 study
centres in 11 countries. In two procedures, a second device was
used due to unacceptable electrical measurements and decision
to change the device was motivated by uncertainty due to early

experience of implanters. The majority of implants (81%) were
successfully completed with one or two positionings.

Safety performance
USADE is an ISO standard for assessing primary risks to patient
health when implementing a newmedical device. The endpoint is of-
ten used for safety evaluation,11,12 but is uniquely different from the
study’s primary objective.9 The trial had no USADEs after 266.4
months of follow-up, far exceeding its primary safety objective.
Thirty adverse events related to the procedure or system were
identified in the 140 implanted patients, none of which were due
to device dislodgement or infections. There were no deaths related
to the procedure or system and no re-operations were required.
Telemetry contact remained feasible in all patients. Adverse events
did not differ substantially across patient sub-groups.

One case of pericardial effusion occurred in the context of 18
positionings due to undesirable electrical performance. In light of
this observation, persistent repositioning should be avoided in order
to limit the possible injury to the myocardium and surrounding
vessels. In case of undesirable thresholds immediately after deploy-
ment, some waiting time should be considered before measuring
electricals again. As is frequently observed in tined and helix-based
pacemaker leads,13 thresholds may improve within minutes, thus
allowing release of the device. In all cases, consideration of the
potential benefit of multiple repositioning vs. risk is warranted.

Transient AV (in patients with LBBB or AV conduction abnormal-
ities) or right bundle branch block during navigation of the delivery
tool was reported in a few cases, suggesting a mechanical trauma by
the delivery systemwhich bears consideration in crossing the tricus-
pid valve. Prevention of ventricular arrhythmias warrants a similar
consideration. However, these events can occur with any right-
heart procedure. Temporary pacing is a preventive option and
may be considered in patients with LBBB.

The management of pre- and peri-operative anticoagulants was
left to the discretion of the physician because of lack of experience
with the implantation of the TPS. No specific recommendation was

Figure 6 Device electrical measures of first 60 patients. A, B, and
C display the mean+ SD of the pacing threshold at 0.24 ms,
R-wave amplitude, and impedance respectively for all data available
from the 60 patients followed to 3 months. The P-value in A is for
the comparison of the mean pacing capture threshold to the per-
formance goal of 2.0V. **Significantly different from implant value.

Figure 7 Distribution of expected transcatheter pacing system
battery longevity based on device use conditions (% pacing, heart
rate, pacing capture thresholds) of first 60 patients through
3 months.

TPS early performance 2517
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Figure 6 Device Electrical Measures of First 60 Patients. Panels A, B, and C display the mean ± SD of 
the pacing threshold at 0.24 milliseconds, R-wave amplitude, and impedance respectively for all data 
available from the 60 patients followed to 3 months. The p-value in panel A is for the comparison of 
the mean pacing capture threshold to the performance goal of 2.0V. **= Significantly different from 
implant value.
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pacemaker-dependent patients and assumes that thresholds remain
stable for device lifetime.

Discussion
This is the largest data set reported for any transcatheter pacing
technology to date. Early results of this pacemaker are encouraging.
The TPS demonstrated safety and efficacy through the acute phase
by passing both of its early performance assessment objectives. One
hundred and forty (100%) successful implants were achieved in a
wide variety of patient demographics, cardiac conditions, and indica-
tions for pacing. This was accomplished by 37 physicians in 23 study
centres in 11 countries. In two procedures, a second device was
used due to unacceptable electrical measurements and decision
to change the device was motivated by uncertainty due to early

experience of implanters. The majority of implants (81%) were
successfully completed with one or two positionings.

Safety performance
USADE is an ISO standard for assessing primary risks to patient
health when implementing a newmedical device. The endpoint is of-
ten used for safety evaluation,11,12 but is uniquely different from the
study’s primary objective.9 The trial had no USADEs after 266.4
months of follow-up, far exceeding its primary safety objective.
Thirty adverse events related to the procedure or system were
identified in the 140 implanted patients, none of which were due
to device dislodgement or infections. There were no deaths related
to the procedure or system and no re-operations were required.
Telemetry contact remained feasible in all patients. Adverse events
did not differ substantially across patient sub-groups.

One case of pericardial effusion occurred in the context of 18
positionings due to undesirable electrical performance. In light of
this observation, persistent repositioning should be avoided in order
to limit the possible injury to the myocardium and surrounding
vessels. In case of undesirable thresholds immediately after deploy-
ment, some waiting time should be considered before measuring
electricals again. As is frequently observed in tined and helix-based
pacemaker leads,13 thresholds may improve within minutes, thus
allowing release of the device. In all cases, consideration of the
potential benefit of multiple repositioning vs. risk is warranted.

Transient AV (in patients with LBBB or AV conduction abnormal-
ities) or right bundle branch block during navigation of the delivery
tool was reported in a few cases, suggesting a mechanical trauma by
the delivery systemwhich bears consideration in crossing the tricus-
pid valve. Prevention of ventricular arrhythmias warrants a similar
consideration. However, these events can occur with any right-
heart procedure. Temporary pacing is a preventive option and
may be considered in patients with LBBB.

The management of pre- and peri-operative anticoagulants was
left to the discretion of the physician because of lack of experience
with the implantation of the TPS. No specific recommendation was

Figure 6 Device electrical measures of first 60 patients. A, B, and
C display the mean+ SD of the pacing threshold at 0.24 ms,
R-wave amplitude, and impedance respectively for all data available
from the 60 patients followed to 3 months. The P-value in A is for
the comparison of the mean pacing capture threshold to the per-
formance goal of 2.0V. **Significantly different from implant value.

Figure 7 Distribution of expected transcatheter pacing system
battery longevity based on device use conditions (% pacing, heart
rate, pacing capture thresholds) of first 60 patients through
3 months.
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Figure 7 Distribution of expected TPS battery longevity. Distribution of expected TPS battery longevity 
based on device use conditions (% pacing, heart rate, pacing capture thresholds) of first 60 patients 
through 3-months.

DISCUSSION

This is the largest dataset reported for any transcatheter pacing technology to date. 
Early results of this pacemaker are encouraging. The TPS demonstrated safety and ef-
ficacy through the acute phase by passing both of its early performance assessment 
objectives. One hundred and forty (100%) successful implants were achieved in a wide 
variety of patient demographics, cardiac conditions, and indications for pacing. This was 
accomplished by 37 physicians in 23 study centres in 11 countries. In 2 procedures, a 
second device was used due to unacceptable electrical measurements and decision to 
change the device was motivated by uncertainty due to early experience of implanters. 
The majority of implants (81%) were successfully completed with one or two positionings.

Safety Performance

USADE is an ISO standard for assessing primary risks to patient health when implementing 
a new medical device. The endpoint is often used for safety evaluation11,12 but is uniquely 
different from the study’s primary objective.9 The trial had no USADEs after 266.4 months 
of follow up, far exceeding its primary safety objective. Thirty adverse events related to 
the procedure or system were identified in the 140 implanted patients, none of which were 
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due to device dislodgement or infections. There were no deaths related to the procedure 
or system and no re-operations were required. Telemetry contact remained feasible in all 
patients. Adverse events did not differ substantially across patient sub-groups.

One case of pericardial effusion occurred in the context of 18 positionings due to 
undesirable electrical performance. In light of this observation, persistent repositionings 
should be avoided in order to limit the possible injury to the myocardium and surrounding 
vessels. In case of undesirable thresholds immediately after deployment, some waiting 
time should be considered before measuring electricals again. As is frequently observed 
in tined and helix-based pacemaker leads,13 thresholds may improve within minutes, 
thus allowing release of the device. In all cases, consideration of the potential benefit of 
multiple repositionings versus risk is warranted.

Transient AV (in patients with LBBB or AV conduction abnormalities) or right bundle 
branch block during navigation of the delivery tool was reported in a few cases, suggest-
ing a mechanical trauma by the delivery system which bears consideration in crossing 
the tricuspid valve. Prevention of ventricular arrhythmias warrants a similar consideration. 
However, these events can occur with any right-heart procedure. Temporary pacing is a 
preventive option and may be considered in patients with LBBB.

The management of pre- and peri-operative anticoagulants was left to the discre-
tion of the physician because of lack of experience with the implantation of the TPS. 
No specific recommendation was given to investigators who were free to define their 
own protocol with the condition that all catheters were flushed with heparinized saline, 
and that a heparinized drip was placed on the introducer to reduce clotting. A variety of 
approaches were used and minimal hematomas or bleeding were observed, without cor-
relation to approach (40% received heparin and 36% did not receive any anticoagulation; 
there were 2 hematomas and 3 events of minor groin bleeding). Therefore, no obvious 
advantages or disadvantages due to anticoagulation approach have become apparent, 
although a heparin bolus may reduce risk of clotting on the device and within the delivery 
tool. The risk of inadvertent arterial puncture (with possible subsequent complications 
such as pseudoaneurysms, AV fistulas, and hematomas) might be mitigated by using 
ultrasound techniques for venous access, although this has not been evaluated within this 
study. With regard to post-procedural closure / haemostasis, investigators have success-
fully used various techniques as a pre-specified closure method was not mandated. The 
majority (46%) of closure methods utilized manual pressure with a suture method (Figure 
of 8, purse string). A suture method without manual pressure was used in 39% of cases. A 
vascular closure device was used in 11% of cases (with or without pressure or a suture), 
and manual pressure alone was used in 4% of cases.
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Efficacy Performance

Device functionality and efficacy was successfully demonstrated at 3 months with a mean 
pacing threshold of 0.51V at 0.24 ms pulse width; exceeding the intended goal of <2.0V. 
Further, ambulatory ECG monitoring in the first 25 patients at 1-month demonstrated the 
device was performing as expected. Pacing thresholds remained low and stable, with no 
measurements at or above 2.0 V at 3 months follow-up. This last observation is impor-
tant because any programming requiring high energy levels may result in a significant 
reduction in the life expectancy of the device. One patient had a pacing threshold >2V 
at implantation, though this decreased to <1V at 3 months. Based on pacing conditions 
from the 60 patients followed to 3 months, mean device longevity was estimated at 12.6 
years, with 95% of the patients over 10 years and shortest of 8.6 years. This longevity 
performance would be no worse than conventional pacing systems.14, 15 TPS uses a new 
capture management approach with automatic hourly 0.5 V safety margin confirmations 
to ensure pacing outputs remain at safe levels and to optimize battery longevity.

Alternate Transcatheter Pacemakers

While other manufacturers are developing transcatheter pacemakers, it will be of im-
portance to consider technical differences in the design and performance of the various 
technologies. In the LEADLESS Trial, the NanostimTM leadless cardiac pacemaker (St. 
Jude Medical, St. Paul, MN, USA) was successfully implanted in 32 of 33 patients.16 
One patient experienced a right ventricle perforation and cardiac tamponade during the 
procedure, and later died as a result of stroke. Two patients required device retrieval post 
implantation, one for inadvertent left ventricular placement and the other for developing 
an indication for an implantable cardioverter defibrillator. Compared to TPS, the Nanostim 
device is of similar size but longer (41.4 mm vs 25.9 mm) and narrower in diameter (18 
Fr vs 20 Fr). Rate response is controlled by RV blood temperature compared to an ac-
celerometer in TPS. Although the implant approach is also transcatheter delivered via the 
femoral vein, endocardium fixation is different. TPS uses 4 protractible nitinol tines versus 
a fixed helical coil with Nanostim. Any difference in safety and electrical performance due 
to these technology differences are currently unclear.

Technology Implications

Transvenous lead technology was developed in 1959 and with the introduction of implant-
able pacemakers in the 1960s, the implant technique has largely been unchanged. Today, 
it is estimated that approximately 600,000 pacemakers are implanted worldwide each 
year,17 358,000 of which are in the United States.18 Compared to single-chamber atrial 
based systems and the more costly dual-chamber systems, VVI pacemaker utilization 
varies regionally with rates reported from trials of 8% in the US19 and 25% in the Neth-
erlands.4 VVI pacemakers are guideline recommended for patients with permanent or 
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persistent atrial arrhythmias and slow intrinsic heart rates.20 Future developments of this 
technology may include AAI, VDD, DDD, or even biventricular pacing systems. However, 
in the meantime, mode selection may be influenced by the technological advantages of 
a miniaturized transcatheter pacemaker, advantages that include the absence of lead 
and pocket related risks and device implant cosmesis. Atrial and dual-chamber pacing 
modes have recently been preferred for bradyarrhythmia patients without permanent or 
persistent atrial tachyarrhythmia due to risks associated with AV dysynchrony, notably 
pacemaker syndrome.19 Over one third of the patients who received TPS in our trial were 
without history of permanent or persistent atrial tachyarrhythmia. Of these patients, the 
primary pacing indication was SND (45%) or AV block (39%). Physicians selected VVI 
pacing for reasons due to “infrequent pacing expected” (69%), “advanced age” (22%), and 
other reasons that included sedentary lifestyle, anatomical limitations, or co-morbidities 
increasing risk of complication.

Limitations

This study is non-randomized and so the evaluation of benefit of this new technique over 
contemporary single-chamber or dual-chamber systems is indirect. This is the first report 
of early performance of the TPS in a multi-stage assessment protocol and there was 
limited representation of pacemaker dependent patients in this cohort. The patient cohort 
is too small to determine any recommendation regarding anticoagulation management 
and post-procedural closure/haemostasis. No devices have yet to be retrieved, thus re-
trievability remains uncertain. Also, performance with multiple or concomitant devices has 
not yet been observed. This is an ongoing study that may bring more precision regarding 
these issues.

Conclusion

Early performance assessment shows the TPS pacemaker can safely and effectively be 
applied. It is premature to draw definitive conclusions about the benefits of this system. 
Long-term safety and benefit associated with the absence of a subcutaneous pulse 
generator and transvenous lead will further be evaluated in the trial. However, these early 
results meet and exceed initial pre-specified expectations. The fact that such data were 
obtained in a multicentre study involving 37 investigators at 23 different centers around 
the world with a variety of patients is encouraging.
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Abstract

Background

A leadless intracardiac transcatheter pacing system has been designed to avoid 
the need for a pacemaker pocket and transvenous lead.

Methods

In a prospective multi-center study, without controls, the transcatheter pacemaker 
was implanted in patients with guideline indications for de novo ventricular pac-
ing. Analysis of primary end points was triggered once 300 patients achieved 6 
months of follow-up. The primary safety end point was freedom from system- or 
procedure-related major complications. The primary efficacy end point was the 
percentage of patients with low and stable pacing capture thresholds at 6 months 
(≤2.0 V at 0.24 milliseconds and an increase of ≤1.5 V from implant). The safety 
and efficacy end points were compared with performance goals (based on his-
torical data) of 83% and 80%, respectively. A post hoc analysis comparing major 
complications to a control cohort of 2667 transvenous pacemaker patients from 6 
trials was performed.

Results

The device was successfully implanted in 719 of 725 patients (99.2%). The pri-
mary safety event rate was 96.0% (95% CI, 93.9 to 97.3; P<0.001), with 28 major 
complications in 25 of 725 patients and no dislodgements. The primary efficacy 
event rate was 98.3% (95% CI, 96.1 to 99.5; P<0.001) in 292 of 297 patients with 
paired 6-month data. Although there were 28 major complications in 25 patients, 
transcatheter pacemaker patients experienced significantly fewer major compli-
cations compared to control patients (hazard ratio: 0.49; 95% CI, 0.33 to 0.75; 
P=0.001).

Conclusion

In this historical comparison study, the transcatheter pacemaker met the pre-
specified safety and efficacy goals with a safety profile comparable to transvenous 
systems, while providing low and stable pacing thresholds. (Funded by Medtronic; 
Micra Transcatheter Pacing Study ClinicalTrials.gov number, NCT02004873).
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Introduction

For more than a half century, permanent cardiac pacing for symptomatic bradycardia has 
been achieved with systems consisting of a surgically implanted subcutaneous electrical 
generator connected to one or more transvenous leads that deliver the pacing therapy 
to the heart. While these devices are effective, approximately 1 in 8 patients may experi-
ence an early complication, frequently related to the lead(s) or subcutaneous “pocket”.1 
Complications include: pocket problems such as hematomas and infections, lead inser-
tion problems such as pneumo- and hemothoraces, lead dislodgements and integrity 
problems, infections including septicemia and endocarditis, vascular obstructions, and 
reduced vascular access. Pursuit of leadless pacing options has long been of interest2,3 
to reduce complications potentially leading to interruption of pacemaker therapy, hospital-
ization, or death. With advances in battery chemistry and component design, pacemakers 
are now small enough to place within the heart. In this report, we describe an international 
study of the performance of a self-contained pacemaker designed to avoid the need for a 
subcutaneous pocket and transvenous leads.

Methods

Study Design and Oversight

The trial is a prospective, non-randomized, single-arm, multi-site, international clinical 
study evaluating the safety and efficacy of the Micra Transcatheter Pacemaker System 
(Medtronic Minneapolis, MN). The study is ongoing; the analysis reported here is a 
planned interim analysis. The design of the trial has been described previously.6

The steering committee designed and oversaw the conduct of the trial and data analy-
sis in collaboration with the sponsor, Medtronic. The sponsor assisted in data analyses 
and preparing this report. The protocol was approved by the ethics committee at each 
participating institution and associated national and local regulatory agencies and is avail-
able along with the statistical analysis plan at NEJM.org. Adverse event adjudications 
were conducted by an independent clinical events committee. Safety and trial conduct 
oversight are provided by an independent data monitoring committee. The first draft of the 
manuscript was prepared by the first author, who had unrestricted access to the data, and 
was reviewed and edited by all authors. All authors take responsibility for the accuracy 
and completeness of the analysis and for the fidelity of this report to the trial protocol.

Patients and Study Procedures

Enrolled patients met Class I or II guideline indications for de novo pacing (for bradycardia 
due to atrial tachyarrhythmia, sinus node dysfunction, atrioventricular node dysfunction, 
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or other causes),4,5 were considered suitable candidates for single-chamber ventricular 
demand (VVI) pacing, were not restricted by comorbidities, and provided written informed 
consent. Patients with an existing pacemaker or implantable cardioverter-defibrillator 
(ICD) were excluded from the study. Detailed inclusion and exclusion criteria are available 
in Supplementary Appendix Table S1.

Study Device and Procedures

The Micra transcatheter pacemaker, a single-chamber ventricular pacemaker, is self-
contained in a hermetically enclosed capsule with a volume of 0.8 cubic centimeters 
and a weight of 2.0 grams. Functionality and features are similar to existing ventricular 
pacemakers, including accelerometer-based rate-adaptive pacing and automated pacing 
capture threshold management to maximize battery longevity.

The implantation procedure for the transcatheter pacemaker has previously been de-
scribed.6,8,9 Briefly, the device sits in a steerable catheter delivery system and is inserted 
through a femoral vein using a 23-French introducer. The catheter is advanced into the 
right ventricle, and the device is affixed to the myocardium via 4 electrically inactive nitinol 
tines located at the distal end of the device (Figure 1 and Supplementary Appendix). After 
verifying device fixation and adequate electrical measurements, a tether is cut and the 
delivery system is removed.

Follow-up and End Points

Patients implanted with the device were evaluated for adverse events and device function 
at discharge and at follow-up assessments at 1, 3, and 6 months and every 6 months 
thereafter. The trial had two primary end points at 6 months of follow-up. The primary 
safety end point was freedom from system- or procedure-related major complications. 
Major complications were defined as events resulting in death, permanent loss of device 
function due to mechanical or electrical dysfunction, hospitalization, prolongation of hos-
pitalization by at least 48 hours, or system revision. The primary efficacy end point was 
the combination of a low (≤2 V at a pulse width of 0.24 milliseconds) and stable (increase 
of ≤1.5 V from implant) pacing capture threshold at the 6-month visit.

Statistical Analysis

We calculated that a sample size of 720 patients with successful implants would provide 
more than 90% power to test the two primary objectives, based on comparison to specific 
performance goals as described below. For the safety objective, we assumed a rate of 
freedom from major complications of greater than 90%, while we assumed that more 
than 89% of patients would meet the efficacy end point criteria for the pacing capture 
threshold. The sample size and statistical plan allowed for up to three planned interim 
analyses of the two primary objectives when 300, 450, and 600 patients complete the six-
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month visit. It was prespecified that, for each interim analysis, if both primary objectives 
were met, subsequent interim analyses would not be performed and longer-term patient 
follow-up would continue. Success boundaries for both primary objectives were based on 
a group sequential design9 to maintain an overall alpha-level of 2.5%. A prespecified early 
performance assessment of the initial 60 patients followed for 3 months was completed 
for regulatory reasons and reported previously.9

Analysis for the safety objective included all 725 subjects with an implant attempt. The 
6-month Kaplan-Meier estimate of freedom from major complications was compared to 
a performance goal of 83% using a one-sample Wald test. The safety performance goal 
was based on data from 977 patients in six previous pacemaker trials, as described in 
the Supplementary Appendix and Supplementary Figure S1. For the efficacy objective, 
the pre-specified cohort included all patients with a successful implant who had paired 
implant and 6-month pacing threshold data available or who had system revisions due 
to high thresholds prior to 6 months (included as failures). An exact binomial test was 
used to compare the percentage of patients meeting the primary efficacy end point to 
the performance goal of 80%. The efficacy performance goal was based on data on 322 
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 Follow-up and End Points
Patients in whom the device was implanted were 
evaluated for adverse events and device function 
at hospital discharge and at follow-up assess-
ments at 1, 3, and 6 months and every 6 months 
thereafter. The study had two primary end 
points that were assessed at 6 months of follow-
up. The primary safety end point was freedom 
from system-related or procedure-related major 
complications. Major complications were defined 
as events resulting in death, permanent loss of 
device function as a result of mechanical or elec-
trical dysfunction, hospitalization, prolongation 

of hospitalization by at least 48 hours, or system 
revision. The primary efficacy end point was the 
combination of a low (≤2 V at a pulse width of 
0.24 msec) and stable (increase of ≤1.5 V from 
the time of implantation) pacing capture thresh-
old at the 6-month visit.

 Statistical Analysis

We calculated that a sample of 720 patients with 
the device successfully implanted would provide 
more than 90% power to test the two primary 
end points relative to the specific performance 
goals as described below. With respect to the 
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Figure 1 Illustration of the Micra transcatheter pacing system positioned in the right ventricular apex.
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pacing systems from Medtronic’s CareLink database, as described in the Supplementary 
Appendix and Supplementary Figure S2.

In addition to comparisons against performance goals for the efficacy and safety 
analyses, we conducted a post hoc analysis to compare the risk of major complications 
through six months to a historical control group consisting of 2667 patients from the six 
previous pacemaker trials cited above (see Supplementary Appendix Table S2). The 
Fine-Gray10 competing risk model was used to compare the patients receiving the trans-
catheter pacemaker and the historical control group. A 1:1 propensity matched subset of 
the control patients was used as the comparator group in an additional analysis (see the 
Supplementary Appendix for additional details). All analyses were conducted using SAS 
software version 9.4 (SAS® Institute) or R.11

Results

Study Patients

Enrollment was completed in May 2015 with 744 patients from 56 centers in 19 countries 
from North America, Europe, Asia, Australia, and Africa. Nineteen patients exited the 
study before pacemaker implantation was attempted due to withdrawal of consent (n=11) 
or eligibility criteria not being met (n=8). A total of 725 patients underwent an implant 
attempt (Supplementary Appendix Figure S3).

Primary indications in patients undergoing attempted implantation of the transcatheter 
pacemaker were: bradycardia associated with persistent or permanent atrial tachyar-
rhythmia (64%), sinus node dysfunction (17%), atrioventricular block (15%), and other 
reasons (4%). Reasons for selecting VVI pacing included indications associated with 
atrial tachyarrhythmia (65%), frequent pacing not expected (30%), patient’s advanced age 
(18%), and patient preference for new technology (12%). In 45 patients (6.2%), leadless 
pacing was chosen because of conditions which precluded implantation of a transvenous 
pacemaker system, such as compromised venous access, need to preserve veins for 
hemodialysis, thrombosis, history of infection, or need for upper extremity indwelling 
venous catheters. The baseline characteristics of the 725 patients undergoing an implant 
attempt are shown in Table 1.

Of the 725 attempted implants, 719 (99.2%) were successfully performed by 94 
operators. The 6 patients with unsuccessful implants included 4 patients with major com-
plications (3 cardiac perforations, 1 pericardial effusion), 1 patient with tortuous venous 
anatomy, and 1 patient with inability to obtain a satisfactory pacing capture threshold. 
Details regarding the implant procedures are provided in Supplementary Appendix Table 
S3. Recipients of successful implants were followed for an average of 4 months, ranging 
from 0 months to 14 months.
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Safety Comparison to Performance Goal

Among the 725 patients in the safety analysis, the Kaplan-Meier estimate for freedom 
from major complications related to the system or procedure was 96.0% at 6 months post-
implant (95% CI: 93.9% to 97.3%; P<0.001 for comparison with the safety performance 
goal of 83%; Figure 2). There were no radiographically visible device dislodgments, no 
telemetry failures, and no systemic infections. There were 28 major complications in 25 
patients, including 4 of the 6 patients with unsuccessful implants mentioned above (Table 
2). Major complications included 11 cardiac injuries, 5 complications at the groin puncture 
site, 2 cases of thromboembolism, 2 pacing issues, and 8 other complications. Each of 
the major complications met end point criteria due to hospitalization or prolongation of 
hospitalization, except for one due to death (caused by metabolic acidosis, as described 
in the Supplementary Appendix). There were 3 system revisions: in each of 2 patients, the 
device was turned off (OOO mode) and remained in the right ventricle with a concomitant 
transvenous system implanted (1 because of an elevated pacing capture threshold and 
1 because the patient experienced symptoms of pacemaker syndrome), and in 1 patient 
the device was retrieved when intermittent loss of capture was noted without radiographic 
evidence of dislodgement. This device was retrieved using a percutaneous snare 17 
days post implant and replaced with a new transcatheter device. Further information 
concerning cardiac injuries, and concerning all deaths, is provided in the Supplementary 
Appendix and in Supplementary Tables S4 and S5.

Table 1 Baseline Characteristics of the Study Patients

Subject Characteristics Patients with Attempted Implant (N = 725)

Age (years) Mean ± Standard Deviation 75.9 ± 10.9

Female n(%) 299 (41.2%)

LVEF (%) Mean ± Standard Deviation 58.8 ± 8.8

Co-morbidities n(%)

Diabetes 207 (28.6%)

COPD 90 (12.4%)

Renal Dysfunction 145 (20.0%)

LBBB 98 (13.5%)

Vascular Disease 53 (7.3%)

CAD 203 (28.0%)

AF 526 (72.6%)

CHF 123 (17.0%)

Hypertension 570 (78.6%)

Valvular Disease 306 (42.2%)

Abbreviations: LVEF: Left Ventricular Ejection Fraction; COPD: Chronic Obstructive Pulmonary Disease; 
LBBB: Left Bundle Branch Block; CAD: Coronary Artery Disease; AF: Atrial Fibrillation; CHF: Congestive 
Heart Failure
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Efficacy Comparison to Performance Goal

Of the 297 subjects who contributed to the primary efficacy analysis (Supplementary 
Appendix Figure S3), 292 (98.3%) had an adequate 6-month pacing capture threshold, 
meaning they had a 6-month pacing capture threshold of no greater than 2.0 V and had a 
rise in pacing capture threshold from implant to 6 months of no more than 1.5 V (95% CI, 
96.1% to 99.5%; P<0.001 for comparison with the efficacy performance goal of 80%). For 
all implanted patients with available follow-up data, the pacing capture threshold tended 
to decrease shortly following implant and remained stable thereafter; the average pacing 
capture threshold was 0.63 V at a pulse width of 0.24 milliseconds at implant and 0.54 
V at a pulse width of 0.24 milliseconds at the 6-month visit (Figure 3A). The average 
R-wave amplitude was 11.2 mV at implant and 15.3 mV at the 6-month visit (Figure 3B). 
The average pacing impedance was 724 ohms at implant and decreased to 627 ohms at 
the 6-month visit (Figure 3C).
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6-month visit (Fig. 3A). The mean R-wave ampli-
tude was 11.2 mV at implantation and 15.3 mV 
at the 6-month visit (Fig. 3B). The mean pacing 
impedance was 724 ohms at implantation and 
decreased to 627 ohms at the 6-month visit 
(Fig. 3C).

Evaluation of Safety against the Control 
Group

In a post hoc analysis, the 725 patients in our 
study (study patients) were compared with the 
2667 patients who received transvenous pace-
makers in the historical control cohort (control 
patients). There were significant differences be-
tween the study patients and the control patients 
with regard to baseline characteristics (Table S6 
in the Supplementary Appendix): the study pa-
tients were older and had more coexisting condi-
tions than did the control patients. The control 
patients in the propensity-matched subgroup 
were similar to the study patients with respect to 
baseline characteristics (Table S7 in the Supple-
mentary Appendix).

Through 6 months of follow-up, the study 

patients had fewer major complications than did 
the patients in the historical control cohort 
(4.0% vs. 7.4%; hazard ratio, 0.49; 95% CI, 0.33 
to 0.75; P = 0.001) (Fig. S4 in the Supplementary 
Appendix). A similar result was obtained in the 
analysis with adjustment for differences in the 
patient populations, in which the propensity-
matched control subgroup was used (hazard ra-
tio, 0.46; 95% CI, 0.28 to 0.74). The patients in 
our study, as compared with patients in the con-
trol cohort, had significantly fewer hospitaliza-
tions (2.3% vs. 3.9%) and fewer system revisions 
(0.4% vs. 3.5%) due to complications (Table S8 
in the Supplementary Appendix). The rates of 
major complications at 6 months among the 
study patients and in the control cohort, accord-
ing to major complication category, are shown 
in Figure S5 and Table S9 in the Supplementary 
Appendix. The rates of fixation-related events 
(device or lead dislodgements) were significantly 
higher in the control cohort than in the study 
cohort. The rates of access-site events, pacing 
issues, and cardiac injury events did not differ 
significantly between the cohorts.

Figure 2. Kaplan–Meier Estimate of Absence of Major Complications Related to the Micra System or Implantation 
Procedure through 12 Months after Implantation.

I bars represent pointwise 95% confidence intervals based on the log–log transformation. The P value is for compari-
son of the 6-month (183-day) rate of freedom from complications against the prespecified performance goal of 83%. 
The inset shows the same data on an enlarged y axis.
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Figure 2: Kaplan-Meier estimate of freedom from major complications related to the Micra system or 
procedure through 12-months post-implant. Error bars represent pointwise 95% confidence intervals 
based on the log-log transformation. P-value is for comparison of the 6 month (183 day) freedom rate 
to the pre-specified performance goal of 83%.
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transcatheter pacemaker has no pacemaker pocket 
or leads. In addition, the study patients had no 
systemic infections, no pneumothoraxes, and no 
radiographically visible dislodgements or device 

emboli. Experience with retrieval of the device 
was limited to one patient.

Complications that led to death or that re-
quired invasive revision, termination of therapy, 
or hospitalization or extension of hospitalization 
occurred in 4.0% of the patients; this finding is 
in line with recent reports of transvenous sys-
tems15 and was significantly lower than the rate 
in the control group. However, cardiac injury 
occurred in 1.6% of the study patients, which is 
a higher frequency than that among the control 
patients (1.1%), although this difference was not 
significant. Whether the injury from transcath-
eter technology is specifically due to the delivery 
catheter, device design, cardiac anatomy, or the 
demographic characteristics of the patients is 
unclear. It is notable that the patients who had 
cardiac injury were elderly, more likely to be 
women, and more likely to have chronic lung 
disease or chronic obstructive pulmonary dis-
ease than were patients without injury and that 
these are also reported risk factors related to 
complications with transvenous leads.16-18

Pacing capture thresholds were low at implan-
tation and remained stable through follow-up, 
with 91% of patients having a pacing output of 
less than 1.5 V at a pulse width of 0.24 msec. 
Projections based on the use conditions of pa-
tients who were followed for 6 months suggest an 
estimated battery longevity of 12.5 years, with 
94% lasting more than 10 years, which is similar 
to the battery longevity of transvenous pacing 
systems.19,20

Recently, an interim analysis of a differently 
designed transcatheter pacemaker (Nanostim, St. 
Jude Medical) was reported.13 Among implanta-
tion attempts in 526 patients, 95.8% were success-
ful. In the primary cohort of 300 patients, 90% 
had adequate pacemaker function at 6 months. 
Device-related serious adverse events occurred in 
6.7% of the patients and included device dis-
lodgement and retrieval in 1.7%, cardiac perfo-
ration in 1.3%, and an elevated pacing capture 
threshold requiring percutaneous retrieval and 
device replacement in 1.3%. Direct comparison 
with our study should be performed cautiously, 
because of differences between the two studies 
in device design and study design, and because 
of the broader demographic and geographic pro-
file of our patient population.

The primary limitation of our study is the 
lack of comparison with a randomized control 
group. Instead, we compared the outcomes in 

Figure 3. Electrical Performance Characteristics of the Transcatheter Pace-
maker, According to Study Visit.

Data in the graphs are mean values, and I bars represent standard deviations. 
N values are the numbers of patients for whom data were available at each 
time point. Pacing thresholds at implantation were available for 295 of the 300 
patients for whom pacing capture threshold data at 6 months were available.
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Figure 3 Electrical performance characteristics of the transcatheter pacemaker by study visit. Circles 
represent mean values; error bars represent standard deviations; n is the number of patients with the 
measures available at time of each analysis. (*) Implant thresholds were available in 295 of the 300 
subjects with 6-month pacing capture threshold data.
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Safety Comparison to Control Group

In a post hoc analysis, the 725 study patients were compared to the 2667 patients who 
received transvenous pacemakers in the historical control cohort. There were significant 
differences between the study patients and the control cohort with regard to baseline 
characteristics (Supplementary Appendix Table S6); the study patients were older and 
had more comorbidities than the control group. The control patients in the propensity-
matched subset were similar to the study patients with respect to baseline characteristics 
(Supplementary Appendix Table S7).

The study patients experienced fewer major complications than the patients in the 
historical control cohort through six months of follow-up (4.0% versus 7.4%; hazard ratio: 
0.49; 95% CI: 0.33 to 0.75; P=0.001; Supplementary Appendix Figure S4). A similar result 
was obtained in the analysis adjusted for differences in patient populations using the 
propensity-matched control subset (hazard ratio: 0.46; 95% CI: 0.28 to 0.74). Compared 
to the control cohort, study patients had significantly fewer hospitalizations (2.3% versus 
3.9%) and fewer system revisions (0.4% versus 3.5%) due to complications (Supplemen-
tary Appendix Table S8). The 6-month major complication rates for the study patients and 
the control cohort by major complication category are shown in Supplementary Appendix 
Figure S5 and Table S9. Rates of fixation events (device or lead dislodgements) were 
significantly higher in the control cohort than in the study patients. Access site events, 
pacing issues, and cardiac injury events did not differ significantly.

Discussion

In this trial, the Micra transcatheter pacing system was studied in a cohort of 725 patients. 
The device was successfully implanted in 719 (99.2%). During six months of follow-up, 
the efficacy and safety of the device were compared to performance goals based on 
data from recipients of conventional transvenous pacemakers. The efficacy and safety 
outcomes for the study patients met both performance goals, including 96.0% freedom 
from major complications related to the system or procedure (95% CI 93.9% to 97.3%; 
compared to a performance goal of 83%) and 98.3% with an adequate pacing capture 
threshold (95% CI 96.1% to 99.5%; compared to a performance goal of 80%).

Data on the safety of transcatheter pacing is preliminary and limited to a few reports 
of nonrandomized trials.9,14,15 The technology currently provides single-chamber ventricu-
lar pacing, which serves only a subset of pacemaker patients.1,16 The implant delivery 
requires a different approach with substantially larger venous access tools compared to 
transvenous leads, and device longevity, while estimated to be comparable to subcutane-
ous generators, is speculative.
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In an effort to characterize the safety of the device in greater detail, we performed a 
post hoc comparison of the data on complications in the study patients with information on 
complications in a group of historical controls. We observed significantly fewer hospital-
izations and system revisions, in part as a consequence of the fact that the transcatheter 
pacemaker has no pacemaker pocket or leads. In addition, the study patients had no 
systemic infections, no pneumothoraces, and no radiographically visible dislodgements 
or device emboli. Experience with retrieval of the device was limited to one patient.

Complications which led to death or required invasive revision, termination of therapy, 
hospitalization or extension thereof occurred in 4% of patients; in-line with recent reports 
of transvenous systems13 and significantly lower than in the control group. On the other 
hand, cardiac injury occurred in 1.6% of the study patients, more frequently than in controls 
(1.1%) although this difference was not significant. Whether the injury from transcatheter 
technology is specifically due to the delivery catheter, device design, cardiac anatomy, 
or patient demography is unclear. Notably, the patients who experienced cardiac injury 
were elderly, more likely to be female, and have chronic lung disease or COPD than 
patients without injury, which are also reported risk factors related to transvenous lead 
complication.17-19

Pacing capture thresholds were low at implant and remained stable through follow-up 
with 91% having a pacing output of less than 1.5V at a pulse width of 0.24 milliseconds. 
Projections based on use conditions of patients followed to 6 months estimate battery 
longevity of 12.5 years with 94% lasting more than 10 years, comparable to transvenous 
pacing systems.20,21

Recently, an interim analysis of a differently designed transcatheter pacemaker 
(Nanostim, St. Jude Medical) was reported.15 Among implant attempts in 526 patients, 
95.8% were successful. In the primary cohort of 300 patients, 90% maintained adequate 
pacemaker function at 6 months. Device-related serious adverse events occurred in 
6.5%, including device dislodgement and retrieval in 1.7%, cardiac perforation in 1.3%, 
and elevated PCT requiring percutaneous retrieval and device replacement in 1.3%. 
Direct comparison to our trial should be performed cautiously due to differences in device 
design, trial design, and our broader patient demographics and geography.

The primary limitation of this trial is the lack of comparison to a randomized control 
group. We compared the study patients to separately defined performance criteria for 
safety and efficacy, and in a post hoc analysis compared them to a group of control 
patients. Furthermore, follow-up data is limited to 6 months, and implantation experience 
is limited to the 94 physician implanters.

In conclusion, the Micra transcatheter pacing system, a leadless right ventricular 
pacemaker, was successfully implanted in 99.2% of 725 patients in whom implantation 
was attempted. The device met prespecified criteria for pacing capture threshold in 
98.3% of patients followed to 6 months. Although there were 28 major complications in 25 
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patients, prespecified safety criteria were also met, with 96% of patients free from major 
complications at six months.
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Abstract

Aims

The subcutaneous implantable defibrillator (S-ICD) and leadless pacemaker (LP) 
are evolving technologies that do not require intracardiac leads. However, interac-
tions between these two devices are unexplored. We investigated the feasibil-
ity, safety and performance of combined LP and S-ICD therapy, considering 1) 
simultaneous device-programmer communication; 2) S-ICD rhythm discrimination 
during LP communication and pacing; and 3) post-shock LP performance.

Methods

The study consists of two parts. Animal experiments; Two sheep were implanted 
with both an S-ICD and LP (Nanostim, SJM) and the objectives above were tested. 
Human experience; Follow-up of one S-ICD patient with bilateral subclavian occlu-
sion who received an LP and two LP (all Nanostim, SJM) patients (without S-ICD) 
who received electrical cardioversion (ECV) are presented.

Results

Animal experiments; simultaneous device-programmer communication was suc-
cessful, but LP-programmer communication telemetry was temporarily lost (2±2 
sec) during ventricular fibrillation (VF) induction and 4/54 shocks. LP communica-
tion and pacing did not interfere with S-ICD rhythm discrimination. Additionally, all 
VF episodes (n=12/12), including during simultaneous LP pacing, were detected 
and treated by the S-ICD. Post-shock LP performance was unaltered and no post-
shock device resets or dislodgements were observed (24 S-ICD and 30 external 
shocks).

Human experience; The S-ICD/LP patient showed adequate S-ICD sensing 
during intrinsic rhythm, nominal and high output LP pacing. Two LP patients 
(without S-ICD) received ECV during follow-up. No impact on performance or LP 
dislodgements were observed.

Conclusion

Combined LP and S-ICD therapy appears feasible in all animal experiments (n=2) 
and in one human subject. No interference in sensing and pacing during intrinsic 
and paced rhythm was noted in both animals and human subjects. However, 
induced arrhythmia testing was not performed in the patient. Defibrillation therapy 
did not seem to affect LP function. More data on safety and performance is needed.
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Introduction

The subcutaneous implantable cardioverter-defibrillator (S-ICD) is a safe and effective 
alternative to transvenous ICDs, designed to overcome lead related complications.1-4 
However, patients with bradycardia or tachycardia pacing indications are excluded from 
S-ICD therapy as the device lacks these capabilities. Some S-ICD patients develop a pac-
ing indication after implantation and require either conversion to transvenous or epicardial 
ICD therapy or addition of a transvenous pacemaker.4 A novel technology that eliminates 
the need for transvenous leads in bradycardia pacing are leadless pacemakers (LP).5-8 
Combining the LP and S-ICD could particularly benefit patients without venous access 
or with recurrent lead and pocket complications such as pocket infection, endocarditis or 
lead failure.9-12

Although both devices separately have been tested extensively pre-clinically and 
clinically, and are available for commercial use4-6,8, data on the feasibility and safety of a 
combined S-ICD and leadless pacemaker is limited to a single case report. Mondesert 
et al. reported the first human combined implant of an S-ICD and a leadless cardiac 
pacemaker and demonstrated adequate sensing of the paced rhythm by the S-ICD and 
normal function of the LP after S-ICD shock.13 Kuschyk et al. reported on three combined 
S-ICD and transvenous pacemaker implants and demonstrated excellent function of both 
devices and no inappropriate shocks.14 Interaction between a leadless pacemaker and 
subcutaneous ICD with respect to S-ICD rhythm discrimination during arrhythmia and 
post-shock LP performance, is currently unknown.

Objectives

The objective is to report on the feasibility, safety and performance of combined LP and 
S-ICD therapy. We assessed this with regard to: I) simultaneous programmer-device 
communication; II) S-ICD rhythm discrimination, during LP communication and pacing, 
and III) post-shock LP performance.

Methods

The study consists of two parts: 1) Animal experiments; 2) Human experience (Figure 1). 
This study is performed at the Heart Center of a tertiary care hospital in Amsterdam, The 
Netherlands, with ample experience with S-ICDs (since 2009, >200 S-ICD implants) and 
both commercially available leadless pacemakers (since 2012, >45 LP implants).
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Part I: Animal experiments

We performed a combined implantation of an LP and S-ICD in an ovine animal model. 
All animal work was approved by the Animal Experimental Committee of the Academic 
Medical Center, Amsterdam, and carried out in compliance with the Dutch government 
guidelines.

Preparation of the animals

Two Swifter sheep with a mean weight of 65 kg (range 60-70 kg) underwent general 
anesthesia using propafol, fentanyl and midazolam. The animals were placed in supine 
position. No anti-arrhythmic drugs were administered.

Implant of the S-ICD

A S-ICD (model 1010, Cameron Health, USA) was implanted under fluoroscopic guid-
ance with the pulse generator on the left lateral side of the chest wall and the coil on the 

Results

Part I: Animal experiments
Combined implantation of leadless pacemaker and
subcutaneous implantable cardioverter-defibrillator
In both animals, the combined implantation of an S-ICD and LP was
successful (Figure 3, Left Panel). Leadless pacemaker baseline
performance measures are shown in Table 1 and implant steps in
Supplementary material online, Figure S1.

Simultaneous device-programmer communication
Simultaneous communication between programmers and devices
was achieved in both animals without interference during sinus
rhythm and arrhythmia, but LP telemetry was lost during all episodes
of VF induction, mean+ standard deviation (SD) duration: 9+
12 sec and in 4 (7%) of 54 shocks for a mean+ SD duration
of 2+2 seconds before the return of LP telemetry (Supplementary
material online, Figure S2).

Subcutaneous implantable cardioverter-defibrillator
rhythm discrimination
During leadless pacemaker-programmer communication
Leadless pacemaker programming and interrogation using conduct-
ive communication did not result in electromagnetic (EM) noise and
consequent oversensing from the S-ICD. Moreover, conductive
communication signals were not observed in any of the electrocar-
diographic recordings.

During leadless pacemaker pacing
The Secondary vector was optimal in the first animal and the
Primary in the second. There was adequate QRS complex sensing
in both animals without any T-wave oversensing (TWOS) by the
S-ICD, similarly during pacing with nominal and maximum output.
No oversensing of the LP pacing artefacts was observed. All epi-
sodes of VF (n ¼ 12/12, 100%) were detected correctly by the
S-ICD. The mean times to detect VF were 8.4+3.2 and 7.5+4.3 s
in animals 1 and animal 2, respectively. The S-ICD was not able to

Study Objective:
To obtain all available data in our center to assess

(1) feasibility, (2) safety and (3) performance
of a combined LP and S-ICD implant

Part (I) Animal Experiments Part (II) Human Experiments

Retrospective analysis of pacemaker registry

All patients implanted with a leadless pacemaker
between Dec 2012 and Sep 2015 selected (n = 45)

Inclusion criteria:
– Combined S-ICD and LP implant

– ECV/ shock therapy during follow-up

Medical records analyzed and evaluated for:

1. Simultaneous programmer-device communication
2. S-ICD rhythm discrimination
3. Post-shock LP performance

3 patients selected for analysis (all Nanostim LP):
– 1 patient: combined S-ICD and LP implant

– 2 patients with LP who received ECV during follow-up
Institutional Board

of AMC waived
need for informed

consent

Study designed in ovine animal model to evaluate:

Animal ethical committee, animal
research institute AMC approved the study

Experiments performed in 2 adult sheep in April 2014

Results analyzed and evaluated for:

Data from Part (1) Animal experiments and part (II) Human experience
combined to report on all availabe data in our center

on combined S-ICD and LP therapy

1. Simultaneous programmer-device communication
2. S-ICD rhythm discrimination
3. Post-shock LP performance

1. Simulataneous programmer-device communication
2. S-ICD rhythm discrimination
3. Post-shock LP performance

Figure 1 Study workflow.

Combined leadless pacemaker and subcutaneous implantable defibrillator therapy Page 3 of 8
by guest on July 8, 2016
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Figure 1 Study workflow
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contralateral side, to ensure an adequate shock vector between coil and pulse generator 
(Figure 2) The S-ICD uses one out of three electrocardiographic recording vectors for 
QRS morphology analysis. An automatic set-up, using radiofrequency (RF) communica-
tion, was performed with the Q-Tech™ programmer (Boston Scientific, USA) to determine 
the optimal sensing vector (Figure 2, panel F).

Implant of the leadless pacemaker

A Leadless Pacemaker (Nanostim™, St. Jude Medical, USA) was implanted in the right 
ventricular apex using a percutaneous femoral approach, which was described in detail 
previously.15,16 Device-programmer communication was established using conductive 
communication (Merlin® programmer and Nanostim Link®, St. Jude Medical, USA) (16), 
after which the baseline performance measures were obtained.

Simultaneous programmer-device communication

Simultaneous programming of the LP and S-ICD and their programmers was performed 
and communication and any interference was assessed.

Figure 2 Subcutaneous ICD implantation steps in a sheep. (A) Creating the subcutaneous pocket, (B) measuring the lead placement, (C) closing
the subcutaneous pocket, (D) tunnelling lead from low lateral chest wall incision to high lateral chest wall incision and fixation shock lead, (E)
successful ovine S-ICD implant with shock lead placed subcutaneously in right lateral chest wall, and (F) S-ICD sensing vectors projected over
ovine chest. Primary vector from electrode proximal of shock coil to the S-ICD can (B-Can); Secondary vector from distal tip of electrode to
the S-ICD can (A-Can) and Alternate vector from distal tip of the electrode to electrode proximal of shock coil (A and B).
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B

Figure 3 Fluoroscopy image of combined LP and S-ICD implant. (Left panel) Fluoroscopy image of combined LP and S-ICD implant in a sheep.
(Right panel) Fluoroscopy image of combined LP and S-ICD implant in 72-year-old patient. (A) S-ICD shock lead, (B) S-ICD pulse generator, and (C)
LP projected over right ventricular apex.
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 Figure 2 S-ICD implantation steps in a sheep. Panel A. Creating the subcutaneous pocket, Panel B. Mea-
suring the lead placement, Panel C. Closing the subcutaneous pocket, Panel D. Tunneling lead from low 
lateral chest wall incision to high lateral chest wall incision and fixation shock lead, Panel E. Successful 
ovine S-ICD implant with shock lead placed subcutaneously in right lateral chest wall, Panel F. S-ICD 
sensing vectors projected over ovine chest. Primary vector from electrode proximal of shock coil to the 
S-ICD can (B-Can); Secondary vector from distal tip of electrode to the S-ICD can (A-Can) and Alternate 
vector from distal tip of the electrode to electrode proximal of shock coil (A-B).
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S-ICD rhythm discrimination

1) During LP-programmer communication
S-ICD sensing was evaluated during intrinsic rhythm in all three vectors: Primary, Sec-
ondary, and Alternate (Figure 2, panel F) during active LP-programmer communication.

2) During ventricular pacing
Bradypacing with the LP was initiated by pacing 10 beats above the intrinsic heart rate in 
nominal settings (VVI, 2.5V @ 0.4ms) and with maximum output (6V @ 1.5ms). In addi-
tion, the LP was programmed to VOO mode (80 ppm, max output) and subsequently VF 
was induced with a 50Hz burst to assess accurate detection by the S-ICD. S-ICD rhythm 
discrimination was evaluated in the programmed vector.

Post-shock LP performance

A shock testing protocol consisting of both S-ICD (65J, 80J) and external defibrillator 
shocks (200J, 360J) was conducted in both animals (Table S1, Supplemental materials). 
The LP performance was evaluated and the occurrence of LP dysfunction or dislodge-
ment was assessed.

Part II: Human experience

We retrospectively reviewed the medical records from all patients who were implanted 
with a leadless pacemaker between December 2012 and September 2015. Patients were 
selected for this analysis if they had undergone a combined implant of a leadless pace-
maker and an S-ICD; or if they had received an electrical cardioversion (ECV) using an 
external defibrillator after the leadless pacemaker implant. The need for informed consent 
was waived by the internal review board of the AMC, Amsterdam, The Netherlands due to 
the observational nature of the study.

Statistical analysis

Descriptive statistics are presented using mean ± SD for continuous variables and cat-
egorical as frequencies and percentages. No inferential statistics were used. All analyses 
were conducted with SPSS version 20.0 (SPSS Inc, Chicago, IL).
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Results

Part I: Animal experiments

Combined implantation of LP and S-ICD
In both animals the combined implantation of an S-ICD and LP was successful (Figure 3, 
Left Panel). LP baseline performance measures are shown in Table 1 and implant steps 
in Figure S1. Supplemental material

Figure 2 Subcutaneous ICD implantation steps in a sheep. (A) Creating the subcutaneous pocket, (B) measuring the lead placement, (C) closing
the subcutaneous pocket, (D) tunnelling lead from low lateral chest wall incision to high lateral chest wall incision and fixation shock lead, (E)
successful ovine S-ICD implant with shock lead placed subcutaneously in right lateral chest wall, and (F) S-ICD sensing vectors projected over
ovine chest. Primary vector from electrode proximal of shock coil to the S-ICD can (B-Can); Secondary vector from distal tip of electrode to
the S-ICD can (A-Can) and Alternate vector from distal tip of the electrode to electrode proximal of shock coil (A and B).
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Figure 3 Fluoroscopy image of combined LP and S-ICD implant. (Left panel) Fluoroscopy image of combined LP and S-ICD implant in a sheep.
(Right panel) Fluoroscopy image of combined LP and S-ICD implant in 72-year-old patient. (A) S-ICD shock lead, (B) S-ICD pulse generator, and (C)
LP projected over right ventricular apex.
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Figure 3 Fluoroscopy image of combined LP and S-ICD implant. Left panel, Fluoroscopy image of com-
bined LP and S-ICD implant in a sheep. Right panel, Fluoroscopy image of combined LP and S-ICD im-
plant in 72-year old patient. A, S-ICD shock lead. B, S-ICD pulse generator. C, LP projected over right 
ventricular apex.

Table 1 Leadless pacemaker performance

Animal

R-wave 
Baseline 

(mV)

R-wave 
End 

(mV)

Capture 
Threshold 

Baseline (V)

Capture 
Threshold 

End (V)

Impedance 
Baseline 
(Ohms)

Impedance 
End (Ohms)

1 >12 >12 0.5 0.5 900 880

2 11 8.5 0.5 0.5 710 670

Simultaneous device-programmer communication
Simultaneous communication between programmers and devices was achieved in both 
animals without interference during sinus rhythm and arrhythmia, but LP telemetry was 
lost during all episodes of VF induction, mean ± standard deviation (SD) duration: 9 ± 12 
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sec and in 4 (7%) of 54 shocks for a mean ± SD duration of 2 ± 2 seconds before the 
return of LP telemetry’ (Figure S2. Supplemental material).

S-ICD rhythm discrimination

During LP-programmer communication
LP programming and interrogation using conductive communication did not result in 
electromagnetic (EM) noise and consequent oversensing from the S-ICD. Moreover, 
conductive communication signals were not observed in any of the electrocardiographic 
recordings.

During LP pacing
The Secondary vector was optimal in the first animal and the Primary in the second. There 
was adequate QRS complex sensing in both animals without any T-wave oversensing 
(TWOS) by the S-ICD, similarly during pacing with nominal and maximum output. No 
oversensing of the LP pacing artefacts was observed. All episodes of VF (n=12/12, 100%) 
were detected correctly by the S-ICD. The mean times to detect VF were 8.4 ± 3.2 and 
7.5 ± 4.3 s in animals 1 and animal 2 respectively. The S-ICD was not able to terminate 
any episodes of VF (n=0/12, 0%) and all episodes of VF were terminated with external 
defibrillator shocks with energies between 200 and 360J. S-ICD rhythm discrimination 
during maximum output VOO-pacing did not result in underdetection of VF or inadvertent 
withholding of appropriate shock therapy (Figure 4).

Post-shock LP performance
Both animals received a total of 27 shock each. In animal 1, a total of 14 shocks (2@65J; 
12@80J) were delivered by the S-ICD and 13 shocks by an external defibrillator (3@200J; 
10@360J); in animal 2, a total of 10 shocks (2@65J; 8@80J) were delivered by the S-ICD 
and 17 shocks by an external defibrillator (17@360J) as shown in Table S1 Supplemental 
Material. The post-shock LP performance was largely unaltered in both animals. The R 
wave amplitudes for sheep 1 and sheep 2 pre and post shock were 12 to 12 and 11 to 8.5 
mV and impedances were 900 to 880 and 710 to 670 Ohms respectively. Pacing thresh-
old at 0.4ms remained stable at 0.5V (Table 1).No post-shock device dislodgements and 
no device resets were observed.
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Part II: Human experience

Patients
In total, three out of forty-five patients who were implanted with an LP were selected for 
this analysis. These three patients were all implanted with a Nanostim™ leadless pace-
maker. One patient, a 72-year old male with severe hypertrophic cardiomyopathy with 
preserved left ventricular function, indicated for secondary prevention and chronic atrial 
fibrillation (AF) with slow ventricular response, received an S-ICD after previous infection 
of a transvenous ICD system and bilateral venous obstruction. In the months following the 
S-ICD implant, the patient was hospitalized several times with acute heart failure due to 
slow ventricular rate and he was concomitantly implanted with an LP in September 2015. 
The second patient, an 86-year old male with paroxysmal AF and bradytachy syndrome 
with symptomatic conversion pauses, was implanted with an LP in January 2013. At five 
and six-months post-implant, the patient was treated with two electrical cardioversions 

terminate any episodes of VF (n ¼ 0/12, 0%), and all episodes of VF
were terminated with external defibrillator shocks with energies be-
tween 200 and 360 J. Subcutaneous ICD rhythm discrimination during
maximum-output VOO pacing did not result in underdetection of VF
or inadvertent withholding of appropriate shock therapy (Figure 4).

Post-shock leadless pacemaker performance
Both animals received a total of 27 shock each. In Animal 1, a total of
14 shocks (2 @ 65 J; 12 @ 80 J) were delivered by the S-ICD and 13
shocks by an external defibrillator (3@ 200 J; 10@ 360 J); in Animal
2, a total of 10 shocks (2 @ 65 J; 8 @ 80 J) were delivered by the
S-ICD and 17 shocks by an external defibrillator (17 @ 360 J) as

shown in Supplementary material online, Table S1. The post-shock
LP performance was largely unaltered in both animals. The R wave
amplitudes for sheep 1 and sheep 2 pre and post shock were 12 to
12 and 11 to 8.5 mV and impedances were 900 to 880 and 710 to
670 Ohms respectively. Pacing threshold at 0.4 ms remained stable
at 0.5 V. (Table 1). No post-shock device dislodgements and no de-
vice resets were observed.

Part II: Human experience
Patients
In total, 3 out of 45 patients who were implanted with an LP were
selected for this analysis. These three patients were all implanted
with a NanostimTM LP. One patient, a 72-year-old male with severe
hypertrophic cardiomyopathy (HCM) with preserved left ventricu-
lar function, indicated for secondary prevention and chronic atrial
fibrillation (AF) with slow ventricular response, received an S-ICD
after previous infection of a transvenous ICD system and bilateral
venous obstruction. In the months following the S-ICD implant,
the patient was hospitalized several times with acute heart failure
due to slow ventricular rate, and he was concomitantly implanted
with an LP in September 2015. The second patient, an 86-year-old
male with paroxysmal AF and brady-tachy syndromewith symptom-
atic conversion pauses, was implanted with an LP in January 2013. At
5 and 6months post-implant, the patient was treated with two ECVs
due to AF with a fast ventricular response (180 bpm). The third pa-
tient was an 86-year-old male with syncope and second-degree AV
block with a normal echocardiogram, whowas implanted with an LP
in January 2013. Two days post-implant, the patient was re-admitted
due to recurrent syncope based on documented monomorphic
ventricular tachycardia (260 bpm) requiring ECV. The LP was subse-
quently retrieved and a transvenous ICD implanted.

Combined human S-ICD and leadless pacemaker implant
In the patient with severe HCM and an S-ICD requiring pacing, an LP
was implanted in the right ventricular apex using a percutaneous
femoral approach, as described previously5,6,17 (Figure 3, Right Panel).
The capture threshold was 0.25 V @ 0.4 ms, R-wave 10.5 mV, and
impedance 430 V at discharge. As shown in Figure 5, S-ICD sensing
evaluation was performed during intrinsic (Panel A), nominal (2.5 V
@ 0.4 ms) (Panel B), and maximum-output LP pacing (6 V@ 1.5 ms)
(Panel C). In both Primary and Alternate vectors, adequate sensing
and no oversensing or double counting by the S-ICD were ob-
served; the Primary vector was selected in the patient. In the Sec-
ondary vector, oversensing and undersensing were observed
during intrinsic rhythm and nominal LP pacing, but not during max-
imum out LP pacing. Further, LP conductive communication during
interrogation did not result in EM noise detection by the S-ICD.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Leadless pacemaker performance

Animal R-wave baseline
(mV)

R-wave end
(mV)

Capture threshold
baseline (V)

Capture threshold
end (V)

Impedance
baseline (V)

Impedance end
(V)

1 .12 .12 0.5 0.5 900 880

2 11 8.5 0.5 0.5 710 670

Figure 4 Subcutaneous ICD registers normal tachy markers
during high-output VOO pacing. (A) Leadless pacemaker-
programmer strip showing VF with VOO pacing artefacts by the
LP (80 ppm, maximum output 6.0 V at 1.5 ms). (B) Screen shot
of S-ICD-programmer showing simultaneous recording of the in-
duced VF and appropriate VF sensing by the S-ICD visualized by
the tachy markers (T) below the rhythm strip. The S-ICD correctly
identified the ventricular arrhythmia and began charging before de-
livering a shock. The pacing artefacts were not interpreted as
noise.

Combined leadless pacemaker and subcutaneous implantable defibrillator therapy Page 5 of 8
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Figure 4 S-ICD registers normal tachymarkers during high output VOO pacing. Panel A, LP programmer 
strip showing ventricular fibrillation with VOO pacing artefacts by the LP (80 ppm, maximum output 
6.0V at 1.5ms). Panel B, Screen shot of S-ICD programmer showing simultaneous recording of the in-
duced ventricular fibrillation and appropriate VF sensing by the S-ICD visualized by the tachymarkers (T) 
below the rhythm strip. The S-ICD correctly identified the ventricular arrhythmia and began charging 
before delivering a shock. The pacing artefacts were not interpreted as noise.
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due to AF with a fast ventricular response (180 bpm). The third patient was an 86-year 
old male with syncope and 2nd degree AV block with a normal echocardiogram, who was 
implanted with a LP in January 2013. Two days post-implant, the patient was re-admitted 
due to recurrent syncope based on documented monomorphic ventricular tachycardia 
(260 bpm) requiring electrical cardioversion. The LP was subsequently retrieved and a 
transvenous ICD implanted.

Combined human S-ICD and LP implant
In the patient with severe HCM and an S-ICD requiring pacing, an LP was implanted in 
the right ventricular apex using a percutaneous femoral approach, as described previ-
ously (Figure 3, Right Panel). 5,6,16 The capture threshold was 0.25 V @ 0.4 ms, R-wave 
10.5 mV, and impedance 430 Ohms at discharge. As shown in Figure 5, S-ICD sensing 
evaluation was performed during intrinsic (Panel A), nominal (2.5V@0.4ms) (Panel B) 
and maximum output LP pacing (6V@1.5ms) (Panel C). In both the Primary and Alternate 
vectors, adequate sensing and no oversensing or double counting by the S-ICD was 
observed; the Primary vector was selected in the patient. In the Secondary vector, over-
sensing and undersensing was observed during intrinsic rhythm and nominal LP pacing, 
but not during maximum output LP pacing. Further, LP conductive communication during 
interrogation did not result in electromagnetic noise detection by the S-ICD. During the 
initial S-ICD implant, 6 months earlier, the patient had a successful defibrillation (DF) test. 
After careful medical risk/benefit assessment in the patient, it was decided to not repeat 
a DF test post-LP implant. Two weeks post-implant, S-ICD sensing was evaluated during 
exercise induced tachycardia and high rate and output pacing. No oversensing during 
high intrinsic or paced rates was observed in the Primary and Alternate vectors. Again, 
both oversensing and undersensing were observed in the Secondary vector. The LP was 
programmed to VVI mode with lower rate of 50 ppm and inactive rate response sensor. At 
one month of follow-up, no adverse events occurred and LP function maintained stable.

Post-shock LP performance
One patient received an ECV at 3 days post LP implant, the second patient, after 5 and 6 
months of follow-up. In both patients, the performed ECVs (n=3) did not result in alteration 
of the electrical LP measurements, mode reversion, device resets or LP dislodgements 
(Table S2. Supplemental Material).
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Discussion

This study on combined implantation of a leadless pacemaker and S-ICD provides several 
key findings regarding feasibility, safety and performance. First, simultaneous communi-
cation of both the LP and the S-ICD with their programmers did not result in interference 
in sensing, programming or interrogation. Second, LP-programmer communication did 
not result in electromagnetic noise oversensing by the S-ICD. Third, detection of VF by 

During the initial S-ICD implant, 6 months earlier, the patient had a
successful defibrillation test (DFT). After careful medical risk/bene-
fit assessment in the patient, it was decided to not repeat a DFT
post-LP implant. Two weeks post-implant, S-ICD sensing was eval-
uated during exercise induced tachycardia and high rate- and out-
put-pacing. No oversensing during high intrinsic or paced rates
was observed in the Primary and Alternate vectors. Again, both
oversensing and undersensing were observed in the Secondary

vector. The LP was programmed to VVI mode with a lower rate
of 50 ppm and inactive rate response sensor. At 1 month of follow-
up, no adverse events occurred and LP function maintained stable.

Post-shock leadless pacemaker performance
One patient received an ECV at 3 days post-LP implant, the second
patient, after 5 and 6 months of follow-up. In both patients, the per-
formed ECVs (n ¼ 3) did not result in alteration of the electrical LP
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Figure 5 Subcutaneous ICD rhythm discrimination during intrinsic rhythm and LP pacing in one patient. Three vectors demonstrate reliable
sensing markers (S) with all three sensing vectors during AF (A) and during paced rhythm @ 120 ppm with maximum pacing output (6.0 V @
1.5 ms) (C ) with maximum output (6 V @ 1.5 ms). During LP pacing with nominal pacing output (2.5 V @ 0.4 ms) (B), both the primary and al-
ternate sensing vectors showed adequate rhythm discrimination. In the secondary vector, oversensing and undersensing were noted. Note: The
last two QRS complexes from each sense vector are unlabelled due to S-ICD-designed delay.
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Figure 5 S-ICD rhythm discrimination during intrinsic rhythm and LP pacing in one patient. Three vec-
tors demonstrate reliable sensing markers (S) with all three sensing vectors during atrial fibrillation 
(Panel A) and during paced rhythm @ 120 ppm with maximum pacing output (6.0V@1.5ms) (Panel 
C) with maximum output (6V @ 1.5ms). During LP pacing with nominal pacing output (2.5V@0.4ms) 
(Panel B), both the Primary and Alternate sensing vector showed adequate rhythm discrimination. In 
the Secondary vector oversensing and undersensing was noted. Note: the last two QRS complexes from 
each sense vector are unlabeled due to S-ICD designed delay.
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the S-ICD was successful during nominal and high output leadless pacing in the animal 
model. However, no induced arrhythmia testing was performed in humans. Lastly, LP 
performance and position after multiple 80J S-ICD and 360J external shocks was not 
affected.

Simultaneous device-programmer communication

Conductive communication from the LP to the programmer can be disrupted by other 
electrical devices (e.g. external defibrillator) that are in close proximity of the LP surface 
electrodes and result in temporary loss of sensing markers on the LP programmer signal 
strip. Loss of communication occurred during all episodes of VF induction (50Hz burst) 
and during 7% of the administered shocks (Figure S2. Supplemental Material), but not 
during simultaneous S-ICD-programmer communication through RF. This demonstrates 
that both devices can be simultaneously programmed and interrogated to ensure optimal 
pacing and sensing configurations.

S-ICD rhythm discrimination during LP-programmer communication

A previous report by Sharma et al. showed electromagnetic (EM) noise after each QRS-
complex during LP conductive communication on a 12 lead ECG strip.17 EM noise caused 
by conductive communication was not observed in either animal or human combined 
implants, and rhythm discrimination by the S-ICD during conductive communication did 
not result in detection of EM noise. Therefore, LP-programmer communication does not 
place the patient at risk for inappropriate shocks by the S-ICD and does not require the 
S-ICD to be switched off during conductive communication.13,14

S-ICD rhythm discrimination during LP pacing

It is of utmost importance that sensitivity for VF detection of the S-ICD is not reduced by 
the concomitantly implanted LP in any pacing mode due to the potential lethal conse-
quence of underdetection of VF. The key finding of this study is that none of the tested 
pacing modes in the animal model resulted in underdetection of VF. However, this was not 
tested in humans. After careful medical risk/benefit assessment in the combined LP/S-
ICD patient, it was decided to not repeat a DFT post-LP implant. The risks associated with 
inducing ventricular arrhythmia in this patient with severe hypertrophic cardiomyopathy 
and acute heart failure outweighed the risk of possible VF undersensing during LP pac-
ing. This risk of not testing was deemed acceptable based on the initial successful DFT 
at S-ICD implant approximately 6 months earlier, the data from our animal studies which 
showed no VF underdetection, and evidence from a previous study by Kuschyck et al.14 
showing no adverse device interaction with combined S-ICD and transvenous bipolar 
pacemakers. In future LP/S-ICD patients without high DFT risks defibrillation testing 
should be considered to ensure proper VF sensing during LP pacing.
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An interesting observation in the animal model was that the LP interpreted VF as 
noise and subsequently converted to VOO pacing, mode reversion, a designed LP safety 
feature. The VOO pacing at 80 ppm at maximum output did not change VF detection 
by the S-ICD (Figure 4). A recent report by Akin et al. demonstrated a non-reversible 
polarity switch of a transvenous DDD-pacemaker from bipolar to unipolar pacing after an 
S-ICD shock (65J), resulting in underdetection of VF.18 This illustrates the contraindication 
of unipolar pacing in concomitant ICD therapy. The risk of polarity switch in the LP is 
irrelevant as the LP cannot switch to unipolar pacing. Nevertheless, more evidence is 
required on S-ICD rhythm discrimination during bipolar LP pacing in patients and requires 
careful assessment.

Post-shock LP performance

The S-ICD showed correct VF sensing in all episodes, but failed to cardiovert VF in the 
sheep model. In both animals maximal effort was put into obtaining an optimal shock vec-
tor to lower the defibrillation threshold by using fluoroscopy to determine the borders of 
the heart. However, only external defibrillation shocks with high output (200, 360J) were 
successful, indicating a suboptimal S-ICD shock vector. In relation to the very posterior 
position of the sheep heart in the supine position, rather than the typical sternal placement 
of the S-ICD electrode, the electrode was placed along the right axillary line. The large 
distance from the coil (right axillary) to can (left axillary), as shown in Figure 2, may 
have led to failure to convert the induced VF in this animal model. Importantly, to ensure 
testing of post-shock LP performance with shock waves that are powerful enough to 
cardiovert VF, external defibrillation shocks (200-360J) were administered in addition to 
S-ICD shocks (65-80J).

The LP showed adequate function and position in both animals after delivering mul-
tiple S-ICD and external defibrillation shocks. This was also observed in two patients that 
were electrically cardioverted post LP implantation using an external defibrillator. S-ICD 
shock testing was not performed in these patients.

The risk of LP dislodgement is highest during the first weeks post implant as fibrosis 
formation at the ventricular fixation site is ongoing.19 This was also observed in a recent 
study where all device dislodgements (n=6/526, 1.3%) occurred within the first 14 days 
(range: 1-14 days) post implant.5 Although device dislodgements have not been observed 
after LP-implant in the present study, awareness of the dislodgement risk as a conse-
quence of S-ICD DF-testing is warranted.

Clinical implications

Combined LP and S-ICD therapy is the first step towards completely abandoning trans-
venous leads. Future approaches may consist of communicating leadless pacemakers 
and subcutaneous defibrillators in order to reduce intracardiac hardware, delivering both 
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bradycardia and anti-tachycardia pacing, as well as potentially multi-chamber pacing.7, 20 
Moreover, rhythm confirmation by the LP enhances the S-ICD rhythm discrimination and 
may further reduce inappropriate shocks.

Limitations

There are several limitations of this study. First, we studied only one of the currently avail-
able leadless pacemakers and therefore, we cannot draw any conclusions for the other 
available RV leadless pacing or LV leadless pacing devices currently available. Second, 
evaluation of combined S-ICD and LP implants was limited to acute performance and 
complications. Studies with longer follow-up duration and greater numbers are needed 
to assess safety and long-term performance of combined implants. Third, in the sheep 
model the S-ICD failed to cardiovert VF. Different (smaller) animal models, such as porcine 
orcanine, could be considered for future experiments to obtain optimal, clinically relevant, 
S-ICD shock vectors. Fourth, this study was performed in a tertiary cardiology center with 
ample experience with both technologies and is not advised for centers inexperienced 
with either device. Finally, VF detection by the S-ICD during pacing by the LP was only 
tested in the animal experiments.

Conclusion

Combined implantation of the LP and S-ICD was successful in two animals and one 
human subject. No interference in sensing and pacing during intrinsic and paced rhythm 
was noted in our animal model and human subject, however induced arrhythmia testing 
was not performed in the patient. Defibrillation therapy did not seem to affect LP function. 
However, more data on combined LP and S-ICD performance during pacing, VF and 
shocks is required before broader adoption can be considered. This novel approach may 
hold benefits for patients in whom a transvenous approach is not feasible or desired.
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Table S2. Post-shock LP performance after electrical cardioversion in 2 patients

Patient 1 Pre-ECV #1 Post-ECV #1 Pre-ECV #2 Post-ECV #2

R-wave (mV) 10.0 9.5 9.5 10.5

Pacing Threshold (V @ 0.4ms) 0.25 0.25 0.25 0.25

Impedance (Ohms) 830 790 790 810

Battery voltage (V) 3.24 3.19 3.30 3.22

Patient 2

R-wave (mV) 6.0 6 - -

Pacing Threshold (V @ 0.4ms) 0.75 0.75 - -

Impedance (Ohms) 520 500 - -

Battery voltage (V) 3.30 3.17 - -

mV= millivolt, V= Volt, ms= millisecond, ECV=electrical cardioversion

Figure S1. Fluoroscopy images of LP implant in sheep
Panel A, Right ventricle angiography. Panel B, Steerable catheter with the LP anchored to the RV apex 
in the thether/test-mode. Panel C, LP deployed in RV apex.
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Figure S2. Loss of LP telemetry during VF induction (50Hz burst) and S-ICD shock in sheep
Panel A, LP programmer strip showing active LP telemetry with normal sensing markers (VS) and after 
the start of VF induction, using a 50Hz burst, resulting in loss of LP telemetry (duration: 6.1 seconds), 
followed by the return of LP telemetry (VP marker). Panel B, LP programmer strip showing first active LP 
telemetry with normal sensing markers (VS), followed by an S-ICD shock (80J standard polarity) result-
ing in the loss of LP telemetry (duration: 0.82 seconds) followed by return of LP telemetry.
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Introduction

Transvenous lead related complications occur throughout the spectrum of cardiac rhythm 
management (CRM) device therapies.1 These complications incur significant cost to the 
healthcare system and have tremendous impact on patient quality of life. The subcutane-
ous implantable cardioverter defibrillator (S-ICD) and leadless cardiac pacemaker (LCP) 
were designed to eliminate the need for transvenous leads and initial studies have shown 
safety and efficacy for both devices.2,3,4 To expand the therapeutic armamentarium with 
multicomponent leadless pacing and defibrillation devices, safe and effective device-
device communication is one of the key challenges to overcome. We report the first proof 
of concept pre-clinical study of a combined implant of an ATP-enabled LCP and S-ICD, in 
which wireless, intra-body, uni-directional device-device communication (S-ICD to LCP) 
and ATP-delivery by the LCP was evaluated.

Methods

This study was performed in an ovine animal model (n=2) in which an LCP prototype 
(Boston Scientific Corporation, USA) was implanted in the right ventricular apex using a 
percutaneous, transfemoral approach through a 21F introducer. Conducted communica-
tion was used to establish programmer-LCP communication and baseline LCP perfor-
mance measures were obtained. The S-ICD prototype (Boston Scientific Corporation, 
USA) and standard S-ICD lead were implanted using fluoroscopy. S-ICD-LCP commu-
nication (also using conducted communication) was assessed, checked for interference 
and heart rhythm discrimination was evaluated. An external pacing catheter was placed 
in the left ventricular apex to induce ventricular arrhythmias and simulate monomorphic 
ventricular tachycardia (VT). S-ICD ATP-commands were manually triggered from the 
S-ICD programmer via standard RF communication. The S-ICD then transmitted the 
ATP-request to the LCP (10 beats at 81% of coupling interval, output: 5V@1ms) via uni-
directional conducted communication using a specific communication protocol and the 
response was evaluated.

Results

The LCP and S-ICD were successfully implanted in both animals. Baseline LCP measure-
ments in animal 1 and 2 were, respectively: R-wave 17 and 21 mV; pacing capture thresh-
old 1.0V@0.48ms and 0.1V@0.40ms; and impedance 587 and 766 Ohms. Both animals 
were programmed in the optimal sensing vector (Primary, proximal sensing electrode to 
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can) using automatic set-up. Programmer-LCP and S-ICD to LCP communication were 
established without interference. S-ICD rhythm discrimination during intrinsic rhythm, 
LCP pacing and ventricular arrhythmia was adequate in all S-ICD sensing vectors, i.e. no 
oversensing or undersensing was observed. During ventricular fibrillation (VF, n=2) the 
LCP adequately sensed VF and inhibited pacing, when programmed to high sensitivity 
settings (≤0.5mV). However, at low sensitivity settings (≥1.0mV) the LCP did not sense 
the VF rhythm and converted to VVI pacing. VVI or VOO-pacing during VF did not inter-
fere with S-ICD rhythm discrimination and did not lead to VF underdetection by the S-ICD. 
Uni-directional communication from S-ICD to LCP, tested during intrinsic rhythm (n=11) 
and simulated VT (LV pacing, n=4), resulted in successful ATP delivery by the LCP in all 
attempts (n=15/15). Acute retrieval of the LCP was feasible.

Discussion

The main finding of this pre-clinical study of a combined ATP-enabled LCP and S-ICD 
implant was that intra-body, wireless, uni-directional communication between both de-
vices was successful. The novel LCP was successfully implanted and retrieved, showed 
appropriate VVI function and successful (S-ICD triggered) ATP-delivery. The impact of 
ATP-therapy on the LCP battery usage is limited (e.g. 100 times ATP uses ~0.002% of 
battery capacity). The S-ICD showed adequate rhythm discrimination during intrinsic and 
LCP pacing. However, further investigation of the S-ICD rhythm discrimination during 
intrinsic rhythm, ventricular tachyarrhythmias, LCP pacing, and conducted communica-
tion is warranted. Particularly the behavior of the LCP during VF and the effect on S-ICD 
sensitivity for VF, requires rigorous study. Limitations include the small number of animal 
subjects, differences between human and sheep, and the use of prototype technol-
ogy. Future technology directions could include bi-directional communication that allows 
rhythm confirmation by the LCP to enhance S-ICD rhythm discrimination and minimize 
inappropriate shocks.

Conclusion

The combined LCP and S-ICD therapy that was studied is a first proof of concept of 
successful wireless device-device communication in CRM, and a first step to establish 
multi-component device systems that eliminate transvenous leads. We demonstrated 
appropriate VVI functionality, successful S-ICD to LCP communication and ATP delivery 
by the LCP. The next steps should include larger and chronic studies of independently 
functioning ATP-enabled LCP and S-ICD systems.
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Communicating
Antitachycardia
Pacing-Enabled Leadless
Pacemaker and
Subcutaneous Implantable
Defibrillator

Transvenous lead-related complications occur
throughout the spectrum of cardiac rhythm

management device therapies (1). These complica-
tions incur significant cost to the health care system
and have tremendous impact on patient quality of
life. The subcutaneous implantable-cardioverter
defibrillator (S-ICD) and leadless cardiac pacemaker
(LCP) were designed to eliminate the need for
transvenous leads, and initial studies have shown
safety and efficacy for both devices (2–4). To expand
the therapeutic armamentarium with multicompo-
nent leadless pacing and defibrillation devices, safe
and effective device-device communication is
among the key challenges to overcome. We report
the first proof of concept pre-clinical study of a
combined implant of an antitachycardia pacing
(ATP)–enabled LCP and S-ICD, in which wireless,
intrabody, unidirectional device-device communica-
tion (S-ICD to LCP) and ATP-delivery by the LCP was
evaluated.

This study was performed in an ovine animal
model (n ¼ 2) in which an LCP prototype (Boston
Scientific, Marlborough, Massachusetts) was implan-
ted in the right ventricular apex using a percuta-
neous, transfemoral approach through a 21-F
introducer. Conducted communication was used to
establish programmer-LCP communication and base-
line LCP performance measures were obtained. The
S-ICD prototype (Boston Scientific) and standard S-
ICD lead were implanted using fluoroscopy. S-ICD–

LCP communication (also using conducted commu-
nication) was assessed and checked for interference,

FIGURE 1 Combined Implant of ATP-Enabled Leadless Cardiac Pacemaker and S-ICD

(A) Combined implantation of the leadless cardiac pacemaker (LCP) prototype in right ventricular apex and subcutaneous implantable cardioverter-

defibrillator (S-ICD) in sheep. (B) Episode of simulated ventricular tachycardia (VT) (left ventricular pacing) followed by manually triggered S-ICD anti-

tachycardia pacing (ATP)-command resulting in successful ATP-delivery by the LCP (10 beats, at 81% of coupling interval).

J A C C V O L . 6 7 , N O . 1 5 , 2 0 1 6 Letters
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Figure 1 Panel A: Implantation of the leadless cardiac pacemaker prototype in right ventricular apex 
and combined implant with subcutaneous implantable cardioverter defibrillator in sheep. Panel B: Epi-
sode of simulated ventricular tachycardia (LV pacing) followed by manually triggered S-ICD ATP-com-
mand resulting in successful ATP-delivery by the LCP (10 beats, at 81% of coupling interval).
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Summary and future perspectives

Cardiac electronic devices have become increasingly important treatment options for 
patients with or at-risk for cardiac arrhythmias over the past decades. As outlined in the 
introductory Chapter 1, both pacemaker and implantable cardioverter-defibrillators are 
associated with a high burden of device-related complications, of which many are associ-
ated with transvenous leads. In order to reduce those complications, the field of device 
Cardiology has made transition towards less invasive treatment modalities that do not 
fully rely on transvenous leads. The aim of this thesis is to study the potential reduction in 
the burden of complication by the introduction of three revolutionary and radically different 
cardiac electronic devices.

Part I: the wearable cardioverter-defibrillator

Chapter 2 describes the first experience with the wearable cardioverter-defibrillator 
(WCD) in the Netherlands. In this study it was shown that the WCD can be used to 
postpone or avoid ICD implantation in patients with a transient ICD indication or those 
in whom an ICD cannot be implanted temporarily. This new form of therapy may result 
in significant cost reduction through shorter hospitalizations, avoidance of unnecessary 
ICD implantation and increased patient satisfaction. Chapter 3 reports the outpatient 
treatment of 79 patients with a WCD between 2009 and 2016 in two large tertiary centers 
in The Netherlands. The patient compliance with the WCD was over 97% per day during a 
median wear duration of 70 days. Two patients received an appropriate shock (annual rate 
13.6%) and one an inappropriate shock (annual rate 6.7%) during follow-up. Twenty-two 
patients had sufficient improvement of the left ventricular function during WCD treatment, 
so that ICD implantation could be avoided. Therefore, the study concluded that the WCD 
is a safe and effective treatment in an outpatient setting in patients in whom the indication 
for an ICD is yet to be determined or device implantation is temporarily contra-indicated.

Part II: the subcutaneous implantable cardioverter-defibrillator

Implantable cardioverter-defibrillator therapy is very effective as it can prevent 98% of 
sudden cardiac deaths as was demonstrated in the Effortless-registry. However lead-
related complications occur frequent. Particularly in patients without a pacing indication 
there may be a clinical benefit in moving away from endocardial leads. Part II of this 
thesis describes the clinical introduction and evaluation of the subcutaneous implantable 
cardioverter-defibrillator.
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Chapter 4 reports first in man experience with the subcutaneous implantable 
cardioverter-defibrillator. The optimal lead and pulse generator was defined as a left 
lateral active can and a parasternal lead with an eight centimer long defibrillation coil. This 
configuration terminated ventricular fibrillation as effective as transvenous ICDs, but with 
a higher energy requirement of 37 Joules. Six patients were the first to undergo perma-
nent subcutaneous ICD implantation. In these patients all of the 18 induced episodes of 
ventricular fibrillation were successfully detected and treated. The subsequent European 
trial demonstrated safety and efficacy in a larger cohort of 55 patients. After a mean of ten 
months, the device had successfully detected and treated all 12 episodes of spontane-
ous, sustained ventricular tachyarrhythmia. Chapter 5 describes the first post European 
approval clinical results of the subcutaneous ICD in four centers in the Netherlands. 
The study presented results of 118 patients with 18 months of follow-up. Eight patients 
experienced 45 successful appropriate shocks (98% first shock conversion efficacy). No 
sudden deaths occurred. Fifteen patients (13%) received inappropriate shocks, mainly 
due to T-wave oversensing, which was mostly solved by a software upgrade and chang-
ing the sensing vector of the S-ICD. Sixteen patients (14%) experienced complications.

In Chapter 6 a novel and less invasive implantation technique for the subcutaneous 
ICD was introduced: the two-incision technique. The two-incision technique omits the 
superior parasternal incision and instead introduces the distal end of the lead through a 
peel-away sheath. In thirty-nine patients during 18 months follow-up no dislocation of the 
lead were observed. The study therefore concluded that the two-incision technique is a 
safe, less invasive and simplified implantation procedure of the S-ICD. The two-incision 
technique is today used in approximately 50% of all subcutaneous ICD implantations 
world-wide.

Chapter 7 describes the rationale and design of the PRAETORIAN trial that random-
izes patients one-to-one to subcutaneous and transvenous ICDs. The trial has almost 
completed enrollment with including 850 patients and the final results are expected in 
2020. The results will help to determine the role of the subcutaneous ICD in patients 
at-risk for sudden cardiac death that does not require pacing therapy. The trial is unique 
in the sense that it is the first trial ever to do a head to head comparison of two ICD 
technologies. This trial is a potential landmark trial for device therapy.

The results of the first world-wide registry are presented in Chapter 8. The EFFORT-
LESS registry demonstrated appropriate system performance in 458 patients. The com-
plication rate of the subcutaneous ICD was similar to transvenous ICDs. Typical trans-
venous ICD implantation complications such as hemothorax and pneumothorax due to 
transvenous leads were absent. However, the inappropriate shock rate of 7% at one-year 
follow-up in this study was higher than in the most recent transvenous ICD trials. Unlike in 
transvenous ICDs, the inappropriate shocks were mainly due to cardiac oversensing. In 
order to reduce inappropriate shocks by the subcutaneous ICD the clinical management 
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is outlined in Chapter 9. This study concluded that inappropriate shocks due to T-wave 
oversensing in the subcutaneous ICD can be managed by reprogramming the sensing 
vector and/or the therapy zones of the device. The subcutaneous ICD uses a morphology 
template of the QRS-T complex to discriminate ventricular and supraventricular rhythms. 
Therefore acquisition of a template during exercise may help the rhythm discrimination 
algorithm and reduce inappropriate shocks. This approach can also be considered to be 
performed routinely after implantation of a subcutaneous ICD to prevent inappropriate 
shocks.

Chapter 10 demonstrated in a sub analysis from the investigational device exemption 
(IDE) trial and EFFORTLESS registry that there is a learning curve present for implanters 
new to subcutaneous implantable defibrillator. The performance of subcutaneous ICD 
implanters stabilized after they had done 13 implants each and the complication rate at 
180 days follow-up halved from 9.8 to 5.4%. Also the procedure duration stabilized at 
65 minutes after 13 implants, which is similar to dual-chamber transvenous ICD implant 
durations. Therefore, this study sets the stage for the training of new subcutaneous ICD 
implanters.

Part III: the leadless cardiac pacemaker

Chapter 11 is the first in man study of a permanent leadless cardiac pacemaker (LCP) 
in humans, the Nanostim by St. Jude Medical. The study demonstrated that leadless 
pacing is feasible and safe in a series of patients with an indication for single-chamber 
ventricular pacing. The LCP was successfully implanted in 97% of patients, and the 
observed complication-free rate was 94%. This rate seems lower than what has been 
reported for transvenous pacemakers. Chronic performance of the Nanostim at one-year 
follow-up is presented in Chapter 12. The leadless cardiac pacemaker demonstrated 
stable performance and reassuring safety results during intermediate-term follow-up. 
These results support the use of the leadless cardiac pacemaker as an alternative to 
conventional single-chamber pacemaker systems.

The early performance of a second miniaturized leadless cardiac pacemaker from 
Medtronic, the MICRA pacemaker is described in Chapter 13. The Micra pacemaker 
uses a novel fixation mechanism that consists of four nitinol tines. Early performance 
assessment showed that the MIRCA pacemaker can safely and effectively be applied 
in a multicenter study involving 140 patients and 37 implanters in many different centers 
around the world. In Chapter 14 the performance of the MICRA leadless pacing was 
further studied. The device was successfully implanted in 719/725 patients (99.2%). 
The results from this single arm study were compared to a group of historical control 
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patients with transvenous pacemakers. Fewer hospitalizations and system revisions were 
observed in the MIRCA group, indicating a benefit in abandoning transvenous leads.

Part IV Combined Leadless Cardiac Pacemaker and Subcutaneous 
Implantable Cardioverter-defibrillator therapy

The last part of this thesis described the next phase in cardiac rhythm management 
and device therapy. In Chapter 15 the combined use of a leadless cardiac pacemaker 
and a subcutaneous ICD was studied. A Nanostim leadless cardiac pacemaker and a 
subcutaneous ICD were successfully implanted in two animal experiments and in one 
human subject. No interference in sensing and pacing during intrinsic and paced rhythm 
was noted in both animal and human subjects. Defibrillation therapy did not seem to 
affect leadless pacemaker function. This combined leadless pacemaker and subcutane-
ous ICD therapy is the first step towards completely abandoning transvenous leads in 
order to reduce intra-cardiac hardware in patients who need both pacing and defibrillation 
functionality. Chapter 16 continues this effort and presents the third leadless cardiac 
pacemaker developed by Boston Scientific that can communicate with the subcutaneous 
ICD and is able to deliver antitachycardia pacing. The main finding of this pre-clinical 
study was that intrabody, wireless, unidirectional communication between a leadless 
cardiac pacemaker and subcutaneous ICD was successful.

Future perspectives

Obviously it is always difficult to predict what the future has in store for us. One thing is 
certain, technological developments will not stop and both physicians and industry will 
keep working together in order to make device therapy more safe and less invasive. In 
my opinion this will eventually lead to smaller and better devices. A technology that is very 
new but has great promise for device therapy is energy harvesting from the human body. 
This technology strives to use the physical motion of the human body or organs (beating 
heart), bloodglucose or hemodynamic pressure variations to generate enough energy to 
power implantable electronic devices. Since batteries are the most volume consuming 
parts of pacemakers and ICD’s energy harvesting might lead to size reductions of 80 
to 90%. When leadless pacemakers are significantly reduced in size cardiac synchro-
nization therapy (CRT) might become a realistic option without the use of transvenous 
leads. With the further development of conductive communication (in this thesis data is 
presented on the feasibility of this technology in both the St Jude Medical and Boston 
Scientific leadless pacemaker) such a leadless CRT system might be coordinated by a 
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much smaller subcutaneous ICD (“mothership”) that could also provide sudden cardiac 
death prevention in this setting. If we would then add a leadless pressure sensor in the LV 
or aorta to give feedback of how effective the system is functioning it would potentially be 
possible to do a beat-to-beat optimization of these devices.

Obviously not every patient is in need of the most complex device system. With the 
first evidence of successful in-body device-to-device communication being presented in 
this thesis, one could envision patient tailored device therapy where devices are added 
when needed.

More companies are working on a variety of different new concepts all with the phi-
losophy of reducing complications by using less hardware in the human body and doing 
this as least invasive as possible.

In the next two decades we will probably see a revolution (or several) in medical 
device therapy that are at least comparable in impact to the introduction of the pacemaker 
and ICD.

This is why this field in medicine will stay of great interest to many physicians and 
engineers in the years to come. I at least hope to be a part of this future for a very long 
time.





Hoofdstuk 18

Samenvatting en toekomstperspectieven





Samenvatting en toekomstperspectieven  |  255

18

Samenvatting en toekomstperspectieven

In de afgelopen decennia zijn cardiale implanteerbare elektronische apparaten steeds 
belangrijker geworden in de behandeling voor patiënten met of met risico op hartrit-
mestoornissen. Zoals uiteengezet in het inleidende hoofdstuk 1, worden zowel pace-
makers en implanteerbare cardioverter-defibrillatoren (ICD) geassocieerd met een hoge 
belasting van systeem gerelateerde complicaties, waarvan velen geassocieerd zijn met 
transveneuze geleidingsdraden. Om deze complicaties te verminderen is de overgang 
gemaakt naar minder invasieve behandel methodes die niet volledig afhankelijk zijn 
van transveneuze geleidingsdraden. Het doel van dit proefschrift is om de mogelijke 
vermindering van de complicaties door de introductie van drie revolutionaire en radicaal 
verschillende cardiale elektronische apparaten te bestuderen.

Deel I: De uitwendig draagbare cardioverter-defibrillator

Hoofdstuk 2 beschrijft de eerste ervaring met de uitwendig draagbare cardioverter-
defibrillator (WCD) in Nederland. In deze studie werd aangetoond dat de WCD kan 
worden ingezet om ICD implantatie uit te stellen of zelfs te voorkomen bij patiënten met 
een voorbijgaande ICD indicatie of bij patiënten die waarbij een ICD tijdelijk niet geïm-
planteerd kan worden. Deze nieuwe vorm van therapie kan leiden tot een aanzienlijke 
vermindering van de kosten door middel van kortere ziekenhuisopnames, het vermijden 
van onnodige ICD implantaties en een grotere patiënt tevredenheid. Hoofdstuk 3 rap-
porteert de ambulante behandeling van 79 patiënten met een WCD tussen 2009 en 2016 
in twee grote tertiaire centra in Nederland. De therapietrouw van de patiënt was meer dan 
97% per dag tijdens een mediane draag duur van 70 dagen. Twee patiënten kregen een 
terechte shock (op jaarbasis 13,6%) en één een onterechte shock (op jaarbasis 6,7%) 
tijdens de follow-up. Tweeëntwintig patiënten hadden een dermate grote verbetering van 
de linker ventriculaire functie tijdens WCD behandeling, dat ICD implantatie kon worden 
vermeden. Daarom is in deze studie geconcludeerd dat de WCD is een veilige en ef-
fectieve poliklinische behandeling is bij patiënten bij wie de indicatie voor een ICD nog 
moet worden vastgesteld of implantatie tijdelijk gecontra-indiceerd is.

Deel II: De onderhuids implanteerbare cardioverter-defibrillator 
(subcutane ICD)

Implanteerbare cardioverter-defibrillator (ICD) therapie is zeer effectief en voorkomt in 
98% plotse hartdood zoals ook werd aangetoond in het EFFORTLESS-register. Maar 
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complicaties gerelateerd aan geleidingsdraden treden frequent op. Met name bij patiënten 
zonder pacemaker indicatie is er mogelijk een klinisch voordeel in het verlaten van endo-
cardiale geleidingsdraden. Deel II van dit proefschrift beschrijft de klinische introductie en 
evaluatie van de subcutane implanteerbare cardioverter-defibrillator.

Hoofdstuk 4 beschrijft de eerste ervaring in de mens met de subcutane implanteerbare 
cardioverter-defibrillator. De optimale positie van de geleidingsdraad en pulsgenerator 
werden bepaald waarbij de pulsgenerator links lateraal werd geplaatst en de geleidings-
draad, met een 8 cm lange defibrillator spoel, links parasternaal. Deze configuratie beëin-
digd ventrikelfibrillatie even doeltreffend als transveneuze ICD’s, maar met een hogere 
energiebehoefte van 37 Joules. In zes patiënten werd de subcutane ICD implantatie 
permanent geïmplanteerd. Bij deze zes patiënten werden alle 18 geïnduceerde episoden 
van ventrikel fibrillatie succesvol gedetecteerd en behandeld. In het daaropvolgende Eu-
ropese onderzoek is de veiligheid en werkzaamheid van de subcutane ICD in een groter 
cohort van 55 patiënten gebleken. Na een gemiddelde follow-up van tien maanden waren 
alle 12 spontane ventriculaire aritmie episoden succesvol gedetecteerd en behandeld. 
Hoofdstuk 5 beschrijft de eerste klinische resultaten na Europese goedkeuring van de 
subcutane ICD in vier centra in Nederland. Deze studie presenteert de resultaten van 118 
patiënten met 18 maanden follow-up. Acht patiënten kregen in totaal 45 keer succesvolle 
terechte therapie (98% van de episodes werd na één shock geconverteerd). Er heb-
ben zich geen plotselinge sterfgevallen voorgedaan. Vijftien patiënten (13%) ontvangen 
onterechte therapie, voornamelijk veroorzaakt door overdetectie van de T-golf, wat in de 
meeste gevallen werd opgelost door een software-upgrade en het wijzigen van de sensing 
vector van de S-ICD. Zestien patiënten (14%) hebben complicaties doorgemaakt. Deze 
resultaten laten zien dat de nieuwe ICD weilig is voor de preventie van plotse hartdood 
maar nog wel enige complicaties kent die samenhangen met het leren omgaan met deze 
nieuwe technologie.

In hoofdstuk 6 wordt een nieuwe en minder invasieve implantatie techniek voor 
subcutane ICD geïntroduceerd: de twee incisietechniek. De twee-incisie techniek verlaat 
de superieure parasternale incisie en introduceert in plaats daarvan het distale einde 
van de geleidingsdraad via een splitbaar inbrenghulsje. In negenendertig patiënten werd 
gedurende 18 maanden follow-up geen één gedislokeerde geleidingsdraad geconstat-
eerd. De studie concludeert derhalve dat de twee-incisie techniek een veilige, minder 
invasieve en vereenvoudigde procedure voor de implantatie van de S-ICD is. De twee-
incisietechniek wordt tegenwoordig bij ongeveer 50% van subcutane ICD implantaties 
wereldwijd gebruikt. Deze techniek is door de auteur van dit proefschrift geïnitieerd.

Hoofdstuk 7 beschrijft de rationale en het ontwerp van de PRAETORIAN studie die 
willekeurig patiënten één-op-één een subcutane of transveneuze ICD toewijst. De studie 
inclusie is gesloten na het includeren van 850 patiënten en de eindresultaten worden in 
2020 verwacht. De resultaten zullen helpen om de rol van de subcutane ICD bij patiënten 
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met risico op plotselinge hartdood zonder noodzaak voor pacemaker functie te bepalen. 
De studie is uniek in de zin dat het de eerste studie is die een directe vergelijking van 
deze twee ICD technologieën maakt. Deze studie is een potentiële landmark trial voor 
ICD therapie.

De resultaten van het eerste wereldwijde S-ICD register worden gepresenteerd in 
Hoofdstuk 8. In het EFFORTLESS register werd in 458 patiënten een goed en veilig 
functionerend systeem aangetoond. De complicaties van de subcutane ICD waren 
vergelijkbaar met transveneuze ICD’s. Typische transveneuze ICD implantatie complica-
ties zoals haemathorax en pneumothorax als gevolg van transveneuze geleidingsdraden 
waren afwezig. Het onterechte schok percentage van 7% na één jaar follow-up in deze 
studie was hoger dan in de meest recente transveneuze ICD studies. In tegenstelling tot 
bij transveneuze ICD’s, was de onterechte therapie vooral te wijten aan overdetectie van 
cardiale signalen. Ook in deze studie zijn een groot deel van de complicaties te verklaren 
door het leren omgaan met deze nieuwe technologie. Een subanalyse laat zien dat met 
ervaring het aantal complicaties significant daalt ten opzichte van de traditionele ICD’s

De klinische behandeling om onterechte therapie door subcutane ICD te verminderen 
wordt in hoofdstuk 9 beschreven. Deze studie concludeerde dat onterechte schokken 
als gevolg van T-wave overdetectie in de subcutane ICD kan worden verbeterd door 
het herprogrammeren van de detectie vector en/of therapie zones van het apparaat. De 
subcutane ICD gebruikt een template van de morfologie van het QRS-T complex om 
ventriculaire van supraventriculaire ritmen te discrimineren. Daarom kan het verkrijgen 
van een template tijdens inspanning het ritme discriminatie algoritme helpen en hiermee 
onterechte therapie verminderen. Het routinematig uitvoeren van deze aanpak kan 
worden overwogen na implantatie van een subcutane ICD om onterechte therapie te 
voorkomen.

Hoofdstuk 10 toonde in een sub-analyse van het Investigational Device Exemption 
(IDE) onderzoek en het EFFORTLESS register aan dat er een leercurve bestaat voor het 
implanteren van de subcutane ICD. De uitkomsten van implanteurs zijn gestabiliseerd 
nadat ze minstens 13 implantaties per persoon hadden verricht en de complicaties van 
de implantatie, na 180 dagen follow-up, werden hiermee gehalveerd van 9,8% naar 5,4%. 
Ook de duur van de procedure werd gestabiliseerd op 65 minuten na 13 implantaten, dit 
is vergelijkbaar met de duur van de implantatie van een tweekamer transveneuze ICD. 
Deze studie geeft informatie voor het opleiden van nieuwe subcutane ICD implanteurs. 
Er valt sterk te overwegen de eerste 10 implantaties onder supervisie van een ervaren 
implanteur te doen.
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Deel III: De draadloze pacemaker

Hoofdstuk 11 is de eerste studie van een permanente draadloze pacemaker (LCP) 
in de mens, de Nanostim gefabriceerd door St. Jude Medical. De studie toonde aan 
dat draadloze pacemakertherapie haalbaar en veilig is in een serie van patiënten met 
indicatie voor één kamer ventriculaire stimulatie. De LCP werd in 97% van de patiënten 
succesvol geïmplanteerd, in 94% werden geen complicaties waargenomen. Dit percent-
age lijkt lager dan wat er is gerapporteerd voor transveneuze pacemakers. Chronische 
resultaten van de Nanostim na één jaar follow-up worden gepresenteerd in hoofdstuk 
12. De draadloze pacemaker heeft stabiele resultaten en heeft geruststellende veiligheid 
aangetoond tijdens de middellange termijn follow-up. Deze resultaten ondersteunen 
het gebruik van een draadloze pacemaker als alternatief voor conventionele één kamer 
pacemaker systemen.

De vroege resultaten van een tweede draadloze pacemaker van de fabrikant 
Medtronic, te weten de MICRA pacemaker worden beschreven in hoofdstuk 13. De 
Micra pacemaker maakt gebruik van een nieuw fixatie mechanisme dat bestaat uit vier 
weerhaakjes gemaakt van nitinol (een soort geheugenmetaal). Bij korte termijn evaluatie 
bleek dat de MIRCA pacemaker veilig en effectief kon worden toegepast in een multi-
center studie met 140 patiënten en 37 implanteurs in verschillende centra wereldwijd. 
In hoofdstuk 14 werden de uitkomsten van de MICRA draadloze pacemaker verder 
onderzocht. De implantatie werd met succes bij 719 uit 725 patiënten (99,2%) uitgevoerd. 
De resultaten van dit onderzoek zonder controlegroep werden vergeleken met een groep 
historische controlepatiënten met transveneuze pacemakers. In de MICRA groep werden 
minder complicaties, ziekenhuisopnames en systeem revisies waargenomen, wat wijst 
op een voordeel voor het verlaten van transveneuze geleidingsdraden.

Deel IV Gecombineerde draadloze pacemaker en subcutane ICD 
therapie

Het laatste deel van dit proefschrift beschrijft de toekomstige mogelijkheden op het ge-
bied van cardiale elektronische apparaten. In hoofdstuk 15 wordt het gecombineerde 
gebruik van een draadloze pacemaker en een subcutane ICD bestudeerd. Een Nanostim 
draadloze pacemaker en een subcutane ICD werden met succes geïmplanteerd in twee 
dierproeven en in één menselijke patiënt. Er werd geen storing in detectie- en stimulatie 
tijdens intrinsiek en gestimuleerd ritme geobserveerd in zowel dierlijke en menselijke 
proeven. Defibrillatietherapie leek het functioneren van de draadloze pacemaker niet te 
beïnvloeden. Deze gecombineerde draadloze pacemaker en subcutane ICD therapie is 
de eerste stap op weg naar het volledig verlaten van transveneuze geleidingsdraden 
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en intra-cardiale hardware bij patiënten die zowel pacemaker en defibrillatie function-
aliteit nodig hebben. Hoofdstuk 16 zet deze inspanning voort en presenteert de derde 
draadloze pacemaker ontwikkeld door Boston Scientific die kan communiceren met de 
subcutane ICD en hiermee antitachycardie pacing kan leveren. De belangrijkste bevind-
ing van deze pre-klinische studie was dat draadloze, eenrichting communicatie binnen 
het lichaam tussen een subcutane ICD en een draadloze pacemaker succesvol was.

Toekomstperspectieven

Uiteraard is het altijd moeilijk om te voorspellen wat de toekomst voor ons in petto heeft. 
Eén ding is zeker, de technologische ontwikkelingen zullen niet stoppen en zowel artsen 
en industrie zullen blijven samenwerken met het oog op het veiliger en minder invasief 
maken van cardiale elektronische apparaten. Naar mijn mening zal dit uiteindelijk leiden 
tot kleinere en betere apparatuur. Een nieuwe en waarschijnlijk veel belovende technolo-
gie, met name voor elektronische cardiale apparatuur is het oogsten van energie uit het 
menselijk lichaam. Middels deze techniek is het theoretisch mogelijk de fysieke beweging 
van het menselijk lichaam of organen (kloppend hart), bloedglucose of hemodynamische 
drukvariaties te gebruiken om genoeg energie te genereren om implanteerbare elek-
tronische apparaten van stroom te kunnen voorzien. Aangezien de batterij het grootste 
volume inneemt in een pacemakers of ICD kan deze technologie van energie oogsten 
leiden tot een vermindering van apparaat grootte in de orde van 80 tot 90%. Wanneer 
draadloze pacemakers voldoende in afmeting zijn afgenomen wordt zelfs cardiale 
synchronisatie therapie (CRT) zonder transveneuze geleidingsdraden een reële optie. 
Met de verdere ontwikkeling van communicatie mogelijkheden in het menselijk lichaam 
tussen twee of meerdere apparaten (in dit proefschrift worden gegevens gepresenteerd 
over de haalbaarheid van deze technologie in zowel de St Jude Medical en Boston 
Scientific draadloze pacemaker) kan een dergelijk draadloos CRT-systeem mogelijk 
worden gecoördineerd door een veel kleinere subcutane ICD (het “moederschip”) dat 
dan middels defibrillatie therapie ook nog plotse hartdood zou kunnen voorkomen. Als we 
dan een draadloze druksensor zouden toevoegen in de linker ventrikel of in de aorta om 
te beoordelen hoe effectief het CRT-systeem functioneert zou de mogelijkheid kunnen 
ontstaan om een beat-to-beat optimalisatie van deze therapie te geven.

Uiteraard zal niet elke patiënt behoefte hebben aan het meest complexe systeem. Met 
het eerste bewijs van succesvolle communicatie binnen in het lichaam tussen verschil-
lende apparaten hetgeen in dit proefschrift wordt gepresenteerd, kan men in ieder geval 
voor ogen zien dat in de toekomst verschillende vormen van draadloze therapie aan een 
patiënt kan worden gegeven die op dat moment noodzakelijk zijn waarbij apparaten wor-
den toegevoegd wanneer dat nodig is. Het belang voor de patiënt is uiteindelijk: minder 
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hardware in het lichaam en minder invasieve procedures met als gevolg het veiliger 
worden van deze therapie.

In de komende twintig jaar zullen we waarschijnlijk een revolutie (of meerdere) zien in 
de ontwikkeling van medische apparaten die ten minste vergelijkbaar zijn met de impact 
van de invoering van de pacemaker en ICD. Dit is de reden waarom dit gebied in de 
geneeskunde van groot belang zal blijven voor veel artsen en ingenieurs in de komende 
jaren. Zelf hoop ik nog een lange tijd deel uit te kunnen maken van deze toekomst.
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