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Summary and future perspectives
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Summary 
This thesis, entitled: “Novel therapies in Cardiac Rhythm Management - The start of the leadless era”, 
describes the first clinical experience with the first generation of leadless pacemakers from initial cases to 
multicenter observational studies. Furthermore, to evaluate if the use of this novel technology could benefit 
patients with the need for temporary pacing, a study outline is presented. Finally, the basis for future leadless 
multi-chamber and defibrillation devices is explored in preclinical studies. 

A short introduction was given in Chapter 1: pacemakers are a successful therapy for bradyarrhythmias and 
are implanted in close to 1 million patients per year globally. Current complications, amounting to 10-12%, are 
primarily lead- and pocket-related (e.g. lead fractures, device infection, pneumothorax). Leadless pacing (LP) 
systems were introduced since 2012 to overcome these complications of conventional pacing systems. The intro-
duction of these technologies may pave the way for more complex leadless cardiac rhythm management (CRM) 
devices such as dual chamber pacemakers, defibrillation and resynchronization devices.

PART I: Leadless Cardiac Pacemakers
The short term and 12-month results of the first Nanostim leadless cardiac pacemaker (LCP) cohort are present-
ed in Chapter 2. Two out of 33 patients (6.1%) of the LEADLESS trial had peri-procedural complications. No 
complications occurred during the 12 following months of post-implant follow-up in 31 patients in whom an LCP 
was implanted. The electrical performance of the LCP was stable in all patients. The rate response function was 
activated in 19 patients (61%), and adequate rate response was observed. Chapter 3 provides an example of 
the impact of leadless pacemakers in clinical practice: a 78-year old male with a bilateral pacemaker infection 
was treated with laser extraction of the conventional pacemaker systems after long-term antibiotic treatment. 
Re-implantation in previously infected pectoral tissue was considered contraindicated and a leadless pacemaker 
provided a new and less invasive option. During more than 24 months of follow-up no signs of infection were 
observed.

In Chapter 4, a post-mortem analysis of a leadless pacemaker implant at 19 months post implant showed partial 
tissue encapsulation (~60%) of the leadless pacemaker with a thin fibrous capsule containing many α-smooth 
muscle actin immunostainable myofibroblasts. This is the first report of the occurrence of leadless pacemaker 
device encapsulation and underscores the importance of long-term studies of LCP encapsulation and feasibility of 
device replacement and retrievability.

Chapter 5 reports the three year follow up to the first cohort of LCP implantations (LEADLESS Trial). At 3-year fol-
low-up, 23 out of 31 patients implanted with the leadless pacemaker were alive, with no deaths attributed to the 
device. We found freedom from device-related complications in 89.9% (95% confidence interval, 79.5%–100%) 
of patients at 40 months of follow-up. In total, 3 of the initial 33 patients experienced device-related complica-
tions, of whom 2 patients had procedure-related adverse events. One patient experienced device malfunction 
presenting as an abrupt loss of communication and pacing attributable to battery malfunction at 37 months 
post-implant. Electrical measurements were stable throughout this 3-year follow-up. 

Nanostim LCP Advisory
In Chapter 5, the first patient was identified in whom a leadless pacemaker device malfunction due to early 
battery depletion occurred. During the following months and years, additional patients presented with abrupt 
pacemaker dysfunction, all resulting from battery failure. In October 2016, the manufacturer (St. Jude Medical/
Abbott) issued a pacemaker advisory addressing this issue (1) and halted the ongoing registry and new LCP 
implantations. At that moment, 7 out of 1423 (0.5%) LCP patients were identified with the battery failure, with 
an occurrence between 29 and 37 months after implant. Technical analysis revealed decreased battery capacity 
due to reduced electrolyte, resulting in high internal battery resistance as the cause of the battery depletion. 
Pacemaker dependent patients were preventively converted to either a leadless pacemaker from a different man-
ufacturer (TPS, Medtronic) or to a conventional transvenous pacemaker system. At physicians’ discretion, an LCP 
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retrieval was attempted or the LCP was abandoned and deactivated. Non-pacemaker dependent patients were 
followed closely with 3-month visits, and a similar strategy was followed when battery depletion occurred. 
Also, per patient’s request an elective device replacement was optional. This issue is expected to affect all 
Nanostim leadless pacemakers, but it is unkown what the exact timing of dysfunction will be. No predictors 
for this battery failure were specified. The extent of this battery failure posed a large burden on phycisians and 
more importantly on patients. 

Recent data on battery failures was presented by Lakkireddy et al. (2) in 2016: in a total of 34 out of 1423 (2.4%) 
total implanted devices battery failure occurred, at 2.9 ± 0.4 years with no associated adverse events. A later 
publication from a single center showed an higher battery failure rate of 43% (6/14 patients) of LCP implants 
with a range of 30-45 months (3). Up to this moment, the Micra TPS leadless pacemaker did not encounter any 
battery or device malfunction issues. 
In November 2017, a second device advisory was issued for the Nanostim LCP (1): in 3 patients, a detachment 
of the docking button, the small 3.5 mm cap of the pacemaker, was observed. One detachment was identified 
during LCP retrieval, and it was embolized to a sub branch of the pulmonary artery. Two other cases were dis-
covered on routine follow-up chest X-rays and were embedded in the right ventricle. In these three cases, there 
were no clinical symptoms from the docking button detachment and no impact to the electrical function (e.g., 
pacing, sensing, communication) was observed. Root cause analysis by the manufacturer showed that the most 
likely cause is fatigue, resulting in fracture of the cables that connect the docking button to the pacemaker. 
Worldwide LCP implantation remains halted and CE-mark for this device is temporarily supended (1). 

In Chapter 6, the impact of operators’ experience on the occurrence of serious adverse device effects (SADE) 
and procedural efficiency of LCP implants was assessed. Based on the combined LEADLESS ll IDE and Leadless 
Observational Study data (n=1419), it was concluded that a learning curve exists for the Nanostim LCP implan-
tation. Procedure efficiency improved with increased operator experience (after 10 implants), according to a 
decrease in the incidence of SADE (7.4% vs 4.5%, p=0.038), procedure duration, and repositioning attempts. 

The Health Related Quality of Life (HRQoL) impact, patient satisfaction and mobility restrictions following the 
Micra Transcatheter Pacing System (TPS) implantation in a large prospective multicenter clinical trial (n=720) 
were studied (Chapter 7). TPS implantation resulted in post-implant HRQoL improvements at 3 and 12 months, 
and high levels of patient satisfaction at 3 months. Further, TPS was associated with less mobility restrictions 
compared to traditional PM systems. 

While the initial results with the leadless pacemakers seem promising, the non-randomized nature, limited im-
plant experience of operators and short follow up period of these studies preclude a facile comparison to trans-
venous pacemakers. A propensity score matched analysis, in Chapter 8, aims to provide a balanced comparison 
of leadless versus transvenous single-chamber pacemaker therapy. Favorable complication rates for leadless 
compared to transvenous single-chamber pacing therapy at mid-term follow-up (800 days) were revealed (4.1% 
vs 9.5%, p=0.063). When including PM advisory related complications, this advantage is no longer observed 
(13.4% vs 9.5%, p=0.39). In total, 12 patients (5.5%) underwent pacemaker replacement due to battery failure.

A comprehensive review of available clinical data on leadless pacemakers, and early results with leadless 
devices are compared to historical results with conventional single-chamber pacing in Chapter 9. Both presently 
available leadless pacemakers show similar complications, which are mostly related to the implant procedure: 
cardiac perforation, device dislocation, and femoral vascular access site complications. When compared to 
conventional transvenous single-chamber pacemakers, slightly higher short-term (<3 months) complication rates 
were observed. Future advanced, communicating, multi-component systems are expected to expand the poten-
tial benefits of leadless therapy to a larger patient population. 
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PART II: Leadless Pacing in Transcatheter Aortic Valve Implantation patients
The early experience with the leadless pacemaker technology and new implantation technique resulted in a 
hypothesis that patients requiring temporary pacing could benefit from leadless pacing. In Chapter 10, a system-
atic scoping review was conducted to evaluate the historic and current complications of transvenous-temporary 
pacing therapy (TV-TP), together with the need for permanent pacemaker therapy following TV-TP. Complications 
are common in patients treated with TV-TP, and although a decrease in complication rates from 32.7% to 22.6% 
was observed in the last six decades, current use is still associated with a significant amount of complications 
and patient burden. The majority of patients who underwent TV-TP eventually required permanent PM therapy 
(64.2%). The use of leadless pacing as temporary pacing therapy could be a promising alternative in selected 
patients. Subsequently, we have designed a prospective randomized controlled trial in which we will evaluate 
the use of leadless pacing therapy in patients who undergo a transcatheter aortic valve replacement and have 
associated conduction disorders and compare it to the current standard of care: TV-TP. This study is presented in 
Chapter 11: the PACE NOW Trial. It is hypothesized that leadless pacing could decrease pacing-related complica-
tions, reduce the need for additional procedures and limit the associated costs, all in order to improve the current 
TAVR patient health care path.

PART III: Next steps in Leadless Cardiac Rhythm Management
In Chapter 12, we investigated the feasibility, safety and performance of combined LCP and S-ICD therapy, 
considering simultaneous device-programmer communication; S-ICD rhythm discrimination during LCP commu-
nication and pacing; and post-shock LCP performance. The study consists of two parts (animal experiments (n=2) 
and human experience (n=1). No interference in sensing and pacing during intrinsic and paced rhythm was noted 
in both animals and human subjects; defibrillation therapy did not affect LCP function.

Chapter 13 reports the first proof of concept pre-clinical study of a combined implant of communicating ATP-en-
abled LCP and S-ICD prototypes (Boston Scientific), in which wireless, intra-body, device-device communication 
and ATP-delivery by the LCP was evaluated in an ovine animal model. The main finding was that intra-body 
wireless communication between both devices was successful. The novel LCP was successfully implanted and 
retrieved, showed appropriate VVI function and successful (S-ICD triggered) ATP-delivery. The S-ICD showed 
adequate rhythm discrimination during intrinsic and LCP pacing in these initial experiments. In Chapter 14 we 
subsequently assessed the 3-month performance of this combined ATP-enabled LCP and S-ICD system in a larger 
number of animals (n=40, canine, ovine and porcine). We found appropriate VVI functionality, successful wireless 
device–device communication, and ATP delivery by the LCP at 3 months in all animals. The next steps should 
include larger and chronic studies of independently functioning ATP-enabled LCP and S-ICD systems, before this 
therapy can be considered for use in human clinical trials. To further study the impact of device orientation on the 
communication success in Chapter 15, we examined the LCP and S-ICD device orientation in the canine subjects 
(n=23) and found acceptable communication success and thresholds. In human subjects (n=72) we observed a 
greater and in theory more favorable LCP angle towards the communication vector. These data suggest suitability 
of human anatomy for conductive intrabody communication.

Conclusions
A new generation of single-chamber right ventricular leadless pacemakers was studied in the first clinical trials 
and showed peri-procedural complication rates of 3.4-6.5%. These rates compare similarly with reported historic 
single-chamber transvenous pacemaker complication rates (4.8%) and favorably in a propensity matched analysis 
(4.1% vs 9.5%) performed in experienced implant centers. Although, these first results are subjected to a learn-
ing curve and might improve with gaining implant experience, severe and lethal complications were observed 
(e.g. cardiac perforation 1.5%). Additionally, one of the leadless pacemakers presented with a premature battery 
failure, requiring invasive interventions such as retrieval of the leadless system or conversion to a conventional 
pacemaker system. These findings support the need for proper phycisian training and further development of 
the devices and delivery systems. Ultimately, long-term follow-up and randomized controlled comparisons are 
required to put the value of these novel systems in clinical perspective. 
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The continuing development of this leadless technology may provide less invasive alternatives for other patient 
groups: it can be used to treat patients with conduction disorders after a TAVR procedure, and for patients that 
require both pacing and defibrillation therapy. Clinical studies are required to test this hypothesis.

Recommendations and future perspectives
Single-chamber leadless pacing
Assessment of superiority 
Currently available data does not suffice for an assessment of superiority of leadless over conventional pace-
maker therapy (Chapter 9). The evidence on leadless pacing is limited by the small number of patients, short-
term follow-up and non-randomized nature of the accumulated clinical evidence. Long-term (i.e.> 7-10 years) 
performance and safety data is warranted to further characterize these systems, identify possible (unforeseen) 
adverse effects and prove the technological robustness. Furthermore, large randomized prospective studies are 
required to provide a valid comparison to the current standard of care, i.e. conventional transvenous pacemakers. 
Additionally, cost-effectiveness analyses are mandated before this technology can be adopted clinically in the 
value based healthcare environment. 

Replacement strategy 
We have observed the feasibility of early and mid-term retrieval of both available leadless pacemakers (2-4). 
However, increasing evidence is pointing towards ongoing encapsulation of these devices which might com-
plicate long-term replacement strategies (Chapter 4, 5, 6). More evidence is required to assess if alternative 
replacement strategies, for example to abandon these small devices and place additional leadless pacemak-
ers, is feasible and without harm (7, 8). Increased mechanical hardware and related mechanophysical burden 
might influence right ventricular function and could potentially result in arrhythmias. Moreover, to minimize the 
presence of intracardiac hardware, it is recommended to study and develop dedicated retrieval tools which allow 
for atraumatic retrieval of those (potentially encapsulated) devices. In particular, in the case of infected devices, 
retrieval is necessary. Fortunately, currently available evidence shows very low rates of leadless pacemaker 
infection (4). 

Complex leadless CRM systems
To expand the clinical applicability of leadless CRM to other patient groups, leadless dual chamber pacemakers 
and combined pacing and defibrillation systems are highly awaited. Several technological challenges must be 
overcome before such systems can be clinically evaluated. 

Need for safe and reliable beat-to-beat (bi)directional device-device communication 
One complex leadless CRM device system has been discussed in this thesis: a combined ATP-enabled leadless 
pacemaker and S-ICD system (Chapter 13-15). For these systems to function in coordination, reliable device-de-
vice communication is essential. The prototypes that were described in this thesis use conducted communication. 
Our data showed high success rates for this type of unidirectional device-device communication and therapy de-
livery in various animal models (Chapter 15). However, clinical data is currently lacking. More data is required to 
understand the characteristics of this communication technology in the human anatomy and the impact of device 
orientation and device encapsulation. Development of bidirectional device communication will further enable the 
S-ICD to use feedback from the leadless pacemaker to eliminate current issues with oversensing (e.g. T-wave 
oversensing, supraventricular arrhythmia oversensing) and reduce inappropriate shock therapy. This could result 
in direct patient benefit and significant reduction of harm. 

This communication technology could also be useful for leadless dual chamber (atrioventricular synchronized) 
pacing, since its low energy use profile allows for acceptable leadless device sizes and related longevity. 
Alternative future leadless pacing concepts could omit the need for wireless communication, e.g. AV synchro-
nized VDD pacing through a single-chamber leadless pacemaker that can sense atrial contractions from the right 
ventricle. Any of these concepts mandate technical and clinical testing to assess safety, feasibility and efficacy.
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Development and testing of safe and reliable atrial fixation mechanism
In currently available leadless pacing systems, placed in the right ventricle, fixation mechanism related adverse 
events were observed (Chapter 2, Chapter 5, Chapter 6, Chapter 8). As the right atrial tissue is more fragile, the 
fixation mechanism of future leadless atrial devices is of concern. Potential fixation with a screw-in type tech-
nique might increase the possibility for long-term atraumatic retrieval, but may pose a substantial perforation 
risk. Conversely, a tine-fixation mechanism might be safer with implantation, but the replacement options could 
be less favorable. Gaining experience with the retrieval of ventricular leadless devices is important to better un-
derstand this risk-benefit equilibrium. Potentially, novel designs for (atrial) fixation mechanisms can be developed 
to mitigate these risks. 

Address leadless pacing challenges specific to left ventricle
Left endocardial leadless pacing could provide resynchronization therapy for non-responders to current CRT 
therapy (9), but brings additional challenges including safe placement and the possible need for (temporary) 
anti-thrombotic therapy since left sided interventions increase the risk for cerebral strokes. Also, these left endo-
cardial pacers must decrease in size, which requires further battery technology advancements.

Future perspectives
Several approaches to leadless pacing have been discussed in this thesis. In Figure 1, a comprehensive overview 
is given of current and future leadless CRM devices, which include potential future systems such as leadless 
cardiac resynchronization therapy devices capable of pacing and defibrillation therapy (CRT-P and CRT-D). 

I expect future pacing systems to decrease in size, increase in longevity, to have increased modularity, and to 
expand to multi-location sensing and sharing of data across the human body. One could envision a leadless 
network of in- and extra-cardiac devices which are capable of functioning in coordination and provide optimal 
cardiac rhythm management using all available information from the heart and neighboring organs. 

Figure 1

Overview of Current and Future Leadless CRM devices From: Tjong FV and Reddy VY. Circulation 2017 (Chapter 9)
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In the final words on the future perspectives of CRM, I would like to highlight two fields of basic research that 
may some day impact patient care in clinical electrophysiology. First, the development of energy harvesting 
might eliminate the need for batteries and could further reduce the size of the leadless devices. Moreover, the 
need for device replacements might be reduced or could even disappear alltogether. Biomechanical technolo-
gies to harvest energy from the human body and (heart) motion itself include temperature, photo, mechanical, 
electromagnetic and piezoelectric energy harvesters. In combination with low-energy communication schemes, 
these technologies could harvest enough energy to provide life-long pacing and recharge its own battery 
capacity. The second area of research that could have great implications for our future therapies concerns the 
development of biological pacemakers, which uses gene-technology to modify human pacemaker cells and 
tissue to treat conduction disorders without the need for artificial devices. One of the biggest challenges is safe 
gene-editing without any (long-term) adverse effects. All in all, in the field of clinical electrophysiology many 
promising and exciting technologies are being investigated, which hopefully will tremendously improve the lives 
of our patients. I look forward to continue my efforts in this innovative field of research and hope to be part of 
many of these future developments. 

“While technology is important, it’s what we do with it that truly matters.” 
Muhammad Yunus (Nobel Peace Prize Winner 2006)
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