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Introduction
From pulse to pump on repeat, the beating heart provides a rhythm to life. It beats 100.000 times a day, driven by 
a complex interaction of cardiac muscle cells, electrical stimuli, and intracellular charged ion transport, driven by 
diastolic depolarization of pacemaking cells (1,2). Aberrations in this electro-mechanical system can cause a slow 
heart rate (bradyarrhythmia), resulting in dizziness, shortness of breath, syncope and even sudden cardiac death 
(3). Pharmaceutical treatment does not suffice to treat this condition; however, artificial electrical stimulation has 
proven to be an excellent treatment strategy (4-18).

In the late 1920s, the first versions of a “pace-maker” have been applied (19-22). The use of these early devices 
was limited by the external use, high complication rates as well as the many device failures and short battery 
span. In the decades that followed, continuous progress in pacemaker technology and clinical experience allowed 
for the creation of totally implantable pacemaker devices (22-24) and helped improve reliability, safety and 
functionality of these devices. The initially bulky pacemaker shrunk to less than 6cc in size, and battery longev-
ity increased from a few hours to over 15 years. Nowadays, close to 1 million new pacemakers are implanted 
globally each year (25-27).

Although technological improvements have been significant, the core concept of these pacemakers has not 
changed; they consist of a pulse generator placed in a subcutaneous skin pocket, connected to a transvenous 
lead conducting the pacemaker’s electrical pulses to the heart (Figure 1). This design has been shown to be 
prone for complications related to (a) the pacemaker lead, such as cardiac perforation, pneumothorax or lead 
failure; and (b) the subcutaneous pocket, such as pocket hematoma, device erosion and infection (28-33). These 
complications affect 10-12% of patients within the first months after implant (31,32) and an additional 9% during 
long-term follow-up (32).

Figure 1 

An example of a conventional transvenous single-chamber pacemaker

To address these lead- and device pocket- related issues, leadless pacemaker systems were conceptualized in 
the 1970s (34), but were too immature for clinical use. In 2012, a new single-chamber right ventricular leadless 
cardiac pacemaker was introduced, enabled by i) improvements in battery technology to allow adequate pace-
maker longevity despite its small size, ii) advances in component design including miniaturization and low power 
utilization, iii) communication protocols to minimize power utilization, and iv) practical catheter-based delivery 

Superior Vena Cava

Right Atrium

Tricuspid Valve

Right Ventricle

Left Subclavian Vein



 21Chapter 1

tools to negotiate the vasculature and cardiac anatomy and permit safe affixation to the myocardial wall (35). 
This miniaturized pacing system omits the need for a transvenous lead and subcutaneous pocket and is placed in 
the right ventricle of the heart through a minimally invasive percutaneous femoral technique in the right ventricle 
of the heart (Figure 2). These novel devices aim to reduce complications whilst preserving the level of pacemaker 
therapy effectiveness (36-40).

Figure 2

     

An example of a leadless pacemaker  Reproduced with permission from Reddy et al. N Engl J Med. 2015 Sep 
17;373(12):1125-35. Copyright Massachusetts Medical Society.

With new technology come new challenges, such as assessing the benefits compared to existing approaches, 
new implant-related complications, operator experience, and understanding of long-term consequences for 
device replacement. Furthermore, these leadless pacemakers function as a singlechamber right ventricular pace-
maker, covering the needs of only 10-20% of pacemaker patients. The first generation of leadless pacemakers 
may pave the way for more advanced, multi-chamber pacemaker devices to address the needs for a larger group 
of patients, but are inherently more technically complex. In order to develop leadless multi-chamber devices, 
several challenges, such as reliable bidirectional device-device communication, safe (re)placement and adequate 
longevity, must be addressed. Finally, a significant group of patients who are at high risk for ventricular tachyar-



22

rhythmias and sudden cardiac death depend upon implantable cardiac defibrillators (ICD) which are able to defer 
lethal arrhythmias by delivering shock therapy to restore normal sinus rhythm. It can be envisioned that com-
bining leadless pacing and defibrillation therapy will be an important contribution to the future leadless Cardiac 
Rhythm Management (CRM) device armamentarium.

Thesis aim and outline
The aim of this thesis is to describe the first clinical experience with leadless pacemakers - from initial cases to 
multicenter observational studies. Secondly, the application of this novel technology in elderly patients undergo-
ing a transcatheter aortic valve replacement (TAVR) with the need for temporary pacing is discussed. Finally, the 
basis for future leadless multi-chamber and defibrillation devices is explored in preclinical studies.

Part I contains the first studies characterizing leadless pacing systems in clinical practice
In Chapter 2, the short term, 12 month results of the first group of patients implanted with a leadless pace-
maker system (Nanostim, Abbott) are discussed, in particular focusing on complication incidence and electrical 
performance. Chapter 3 describes a clinical case where a leadless system provides a solution for a patient with a 
bilateral pocket complication from a conventional transvenous pacing system. Chapter 4 presents a post-mortem 
analysis of a leadless pacemaker implant at 19 months post implant, with an emphasis on understanding the tis-
sue reaction around and on the leadless intracardiac device. Chapter 5 reports the mid-term results (3 year) of the 
first group of patients with a leadless pacemaker implant (Nanostim, Abbott). Compared to the short-term, we 
expected to find similar results on electrical performance and no significant increase in complications. The aim of 
Chapter 6 was to assess the impact of implanter experience on the occurrence of serious adverse device-related 
effects. It was hypothesized that the use of these novel leadless devices may be subject to a learning curve with 
regard to the implant procedure. Chapter 7 is a study on the health related quality of life of leadless pacemaker 
patients (pre- vs post-implant), on a large cohort of patients. The aim was to understand the subjective impact 
of the Micra Transcatheter Pacing System (TPS, Medtronic) on patients’ lives. Chapter 8 provides a propensity 
matched comparison between conventional pacing vs leadless pacing. Lacking a large randomized controlled trial 
as of yet, the aim of this study was to provide the best possible comparison between conventional and leadless 
approaches to pacing therapies. Chapter 9 is a comprehensive summary of the first years of leadless pacing, and 
an outlook into the future possibilities of leadless CRM.

Part II focuses on the potential benefit of leadless pacing therapy in patients that undergo Transcath-
eter Aortic Valve Replacement
Chapter 10 contains a systematic review of transvenous temporary pacing therapy (TV-TP). This data provides 
a necessary baseline to determine a potential benefit from leadless pacing in this group of patients. Chapter 11 
outlines a randomized clinical trial to assess superiority of using leadless pacing systems over TV-TP in 
Transcatheter Aortic Valve Replacement (TAVR) patients that require temporary pacing therapy. This trial is 
approved by the Institutional Review Board and currently in preparation at the Academic Medical Center in 
Amsterdam, The Netherlands.

Part III explores the combination of various leadless Cardiac Rhythm Management therapies and 
systems 
In Chapter 12, various potential interactions between subcutaneous implantable cardiac defibrillator (S-ICD) and 
leadless pacemaker are investigated in an animal model and in a patient. It was expected that these devices can 
be implanted safely in conjunction, without introducing new risks. Chapter 13 reports on the first preclinical expe-
rience with a combined implantation of two communicating Cardiac Rhythm Management devices: an S-ICD, and 
an Anti-Tachycardia Pacing (ATP) enabled leadless pacemaker prototype. It was expected that robust, wireless 
inbody device-device communication and delivery of leadless ATP is feasible. Chapter 14 follows on the previous 
chapter, assessing the acute and 3-month performance of the S-ICD and ATP-enabled leadless pacemaker 
system prototypes in animal studies. Chapter 15 examines the impact of device orientation on in-body device 
communication.  Finally, in Chapter 16, an overview of the complete thesis is given, recommendations regarding 
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next steps in research, and an outlook on what the future in CRM may look like.
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