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Preface

Clinical usage of artificial pacing with the aid of implantable devices dates back

to 1958, when battery-powered cardiac pacemakers became available. Modern
implantable pacemakers are complex self-controlled electronic devices operating
10-12 years continuously without battery exchange. Although the design of devices
is not a primary topic of this book, their development has been addressed through
a historical overview from the late 1950s up until the variety of modern-day
equipment.

Most attention is paid to the selection of pacing and monitoring devices for
implementation in different medical situations. The discussion is oriented toward
specifying the clinical indications for implanting the most appropriate cardiac
device from the selection of suitable equipment.

Indications for using the most appropriate models of cardiac pacemakers, cardiac
resynchronization therapy devices, and implantable cardioverter defibrillators
(ICDs) are of interest, paying special attention to the leadless versions of the
devices. The contraindications of patients’ different health conditions are taken into
account carefully. Placing of leads and pacing electrodes has been treated soundly,
but particular attention is paid to using leadless devices. For example, the subcu-
taneous ICD obviates the need for trouble-making transvenous leads and leadless
pacemakers are entirely implantable into the right ventricle. Finally, applications of
user-friendly wearable devices for the detection and analyses of atrial arrhythmia
are discussed.

The authors have derived useful information from both their own clinical practice
and the experiences of their close colleagues. Practical knowledge and scientific
basics related to pragmatic issues are the most valuable assets of this book.

Mart Min
Tallinn University of Technology,
Estonia






Chapter1

Introductory Chapter: From
Basic Foundations to Future
Developments

Mart Min

1. Early pacemakers

Dr. Rune Elmgqvist (1906-1996), a physician working for the Swedish company
Elema-Schénander (later a part of Siemens) as an engineer, developed the first
implantable pacemaker. Dr. Elmqvist developed the device in cooperation with Ake
Senning (1915-2000), a senior physician and cardiac surgeon at the Hospital of
Karolinska Institute in Solna near Stockholm [1]. Their first patient, Arne Larsson
(1915-2001), underwent secret emergency surgery to implant his first pacemaker
on October 8, 1958, just in the middle of his lifetime. The role of his wife Else-Marie
was important. She persuaded the scientists to make the surgery, though they
strongly refused, initially. Finally, it was an officially unacceptable prank, made
under the pressure of female power! Later Arne Larsson went on to receive more
than 20 pacemakers in the 43 years following the first implantation.

The pacemaker contained a single transistor-based blocking pulse oscillator
which delivered pacing impulses at an amplitude of 2 V and a pulse width of 1.5 ms
through a transistor buffer. The frequency of pulse sequence was set to have a
constant rate pacing of 70 beats per minute. The energy utilized by a totally two-
transistor electronic circuit from a nickel-cadmium battery was minimal since
Elmqvist managed to obtain a few of the first silicon transistors produced by Texas
Instruments, USA. Recharging of the battery once a week for 12 h was accomplished
inductively by a 150 kHz radio frequency current generated externally.

Dr. Elmgqvist produced two of such handmade units encapsulated in a new epoxy
resin (Araldite), which had excellent biocompatibility. He used a shoe polish can
from Kiwi with a diameter 55 mm and thickness of 16 mm as a mold.

After being a young trainee of Dr. Ake Senning in Sweden, Dr. Orestes Fiandra
(later founder of the company CCC del Uruguay, now Integer) implanted a
pacemaker designed by Dr. Rune Elmqvist and produced by Elema-Schénander
(Sweden), in Uruguay on February 2, 1960, together with Dr. Roberto Rubio.

In parallel, Earl E. Bakken (1914-2018), an electrical engineer and co-founder
of the company Medtronic in 1949 in Minneapolis, USA, made a transistor-based
blocking oscillator for the first battery-operated wearable pacemaker (1957).
Famous doctor C. Walton Lillehei (1918-1999) from the University of Minnesota,
“the father of open chest surgery,” took the device into medical use in 1958. This
pacemaker became known as the Medtronic Cardiac Pacemaker 5800 (produced in
1958). The chosen pacemaker output was a 2 ms square wave, variable in amplitude
from 1 to 20 mA into a 1000 € load, which gives from 1 to 20 V. The pacing rate
was variable from 60 to 180 pulses per minute. Meanwhile, Dr. Lillehei and his
co-workers developed the myocardial wire (1957) for the implanting of pacemakers:

1 IntechOpen
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a braided stainless steel wire in a Teflon sleeve implemented directly into the
myocardium, while the other end was connected to the pacemaker via stab incision.
To close the electrical circuit, a common (neutral) large area electrode was buried
under the skin. As a result, only 1.5V is needed for effective pacing. Meanwhile
(1958), a transvenous catheter electrode was introduced fluoroscopically via the
basilic vein into the right ventricle. Medtronic Inc. continues production of the
cardiac rhythm devices being nowadays the largest medical technology company in
the world.

At about the same time, in 1958, Mr. Wilson Greatbatch (1919-2011) was
working on the recording of tachycardias. He recognized that the low-level electri-
cal current could power the implantable pacemaker and drive a human heart. Mr.
Greatbatch asked Dr. William Chardack (1915-2006), chief of surgery at Buffalo’s
Veterans Hospital, and surgeon Dr. Andrew Gage to test a mercury battery-powered
implantable pacemaker at the hospital’s animal lab. The design was proven to work.

In 1960, Dr. Chardack successfully implanted the device in a 77-year-old man,
who lived for 2 years before dying of unrelated causes. Later Medtronic Inc. owned
the Chardack-Greatbatch pacemaker [2]. Mr. Greatbatch invented also the lithium
battery for pacemakers [3] and formed a company Wilson Greatbatch Ltd. for the
production of these batteries. The company continues to save the lives of patients
worldwide as a part of Integer Holdings Corporation. Modern batteries can work
10-12 years continuously in nowadays pacemakers.

2. Demand pacemaker

The next big step was invention of the demand pacemaker by Barouh
V. Berkovits [4]. The early pacemakers generated pacing pulses continuously at a
preset constant frequency/rate regardless of any spontaneous activity of the heart,
that is, whether the natural pacemaker in the heart beats or not. The competition
of two pacing sources took place, and, as a result, arrhythmias and/or ventricular
fibrillation provoked making normal heart work impossible. The demand pace-
maker has sensing electronics for the detecting of natural pacing. The artificial
pacing switched off when the natural one works. The demand pacemaker contains
the first implantable cardiac monitor inside.

3. Physiological pacing

One more step leads us to physiological pacing introduced with implementation
of the dual-chamber pacemaker having the electrodes for synchronized pacing and
exact timing in both the right atrium and right ventricle. This pacemaker senses the
natural activity of atrium and ventricle separately. The aim is to define, whether,
and in which compartment — in atrium, ventricle or in both - the artificial pacing is
required at certain moments to achieve the best mimicking of natural heart work, see
the US Patent by Berkovits [5]. However, the latest investigation shows that achieving
adequate physiological pacing still remains problematic even nowadays, 50 years later.

Attempts to achieve left ventricle (LV) pacing are introduced for getting more exact
physiological pacing. There is still no way to move the pacing electrodes directly into
the left ventricle because of too high blood pressure delivered there. Therefore, differ-
ent indirect pacing ways were introduced. First, left ventricle septal pacing shows to be
promising in restoring the pumping performance. Then, endocardial and epicardial
LV pacing modes are introduced, where endocardial stimulation appears to be more
physiological and less problematic than epicardial activation.
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Cardiac resynchronization therapy (CRT) using biventricular (BIV) pacing has
proved its effectiveness to correct myocardial asynchrony [6] and improve clinical
status of patients with severe congestive heart failure (CHF). Multipolar LV leads
for multisite pacing have recently become available for biventricular pacing [7].

4. Rate-responsive pacing

While earlier pacemakers have a predetermined pacing rate, set to fixed “opti-
mal” value, rate-responsive adaptive pacemakers speed up or slow down your
heart rate depending on metabolic demand of your body. Modern rate-responsive
pacemakers are capable of adapting to a wide range of sensors information relat-
ing to physiological needs depending on physical activity of the patient. The first
proposal to introduce the adaption of pacing rate to respiratory parameters was
made in 1967 already [8], but real implementation of rate-responsive pacing began
in the early 1980s [9].

Rate-responsive pacemakers use a physiologic sensor in the cardiac monitor
embedded into the pacemaker to adjust the pacing rate according to the physiologic
needs of the patient, which is proportional to his/her metabolic demand. The latter
is the response to an oxygen debt.

It should ideally operate in a closed-loop system, making rate-adaptive pacing
insensitive to not heart-related inputs. Finally, dedicated sensors should avoid
undesirable over pacing. Safety operation needs reliable electronics and complex
programming.

4.1 Sensing and monitoring

Different parameters have been investigated for the regulating of pacing rate:
oxygen saturation, venous pH, QT interval, body motion, respiratory rate, stroke
volume, central venous temperature, minute ventilation, peak endocardial accel-
eration, and changes of the right ventricular impedance during the cardiac cycle
(closed-loop stimulation). Clinical studies have outlined advantages and limita-
tions of the different sensed parameters; only some of these are still used in sensor
technology.

Only some of these sensing principles are in practical use; nowadays, all of
which are unable to recognize the oxygen debt directly.

Activity sensors are older and more widely used. The principle of work of these
sensors bases on the relationship between the physical activity and the correspond-
ing heart rate. Activity may be acknowledged either (1) by a piezoelectric crystal,
which recognizes the muscular pressure waves, or (2) by an accelerometer that
identifies the postural changes and the body movements related to physical activity.
Both types of sensors are housed inside the pacemaker’s case.

Unfortunately, these sensors respond to artifacts not related to body movements
like laughing and coughing, but some of the relevant efforts, as isometric or slow
but tiresome exercise, mental stress, and metabolic inadequacy, remain not regis-
tered. The possible mismatch between exercise intensity and the required heart rate
increase represents the main limitations of activity sensors.

The sensors based on QT interval and minute ventilation (MV) provide pacing
rates more closely and specifically related to physical and mental stress require-
ments [10].

Minute ventilation, the product of respiratory rate and tidal volume, is a physi-
ological indicator that correlates well with metabolic demand [11]. This parameter,
which also correlates linearly with heart rate, can be derived from variations in
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transthoracic and intracardiac impedance signals [12]. The voltage is measured as a
response to the current injected between the proximal ventricular or atrial electrode
and the pacemaker casing [13].

No single sensor can reproduce all the activities of daily life. Combining differ-
ent sensors might more closely mimic intrinsic heart rate. For example, the combi-
nation of an activity sensor for getting a rapid response and a bioimpedance-based
minute ventilation (MV) sensor, providing delayed but close to metabolic demand
response, could be a solution [14].

4.2 Bioimpedance-based sensing

The most trustworthy sensing methods for the monitoring and control of pacing
rate rely on measurement of electrical impedance, implementations of which are
developed by Estonian scientists in collaboration with St. Jude Medical (USA/
Sweden) during the period of 1999-2006. The variations of thorax impedance,
measured between the tip of the pacing lead in the right ventricle and the case of
pacemaker, give us lung impedance containing information about both the respira-
tion rate and tidal volume. Using some soft computing method, e.g., fuzzy logic, we
can evaluate the metabolic demand of the body and obtain a satisfactory pacing rate
[15]. Implantable impedance measurement units were developed [16, 17]. Moreover,
stroke volume and cardiac output are retrieved when measuring the impedance
inside the right ventricle [18-20]. Finally, the balance condition between energy
supply and consumption of myocardium has been calculated, and the maximal
pacing rate was found to avoid over pacing [21]. Dangerously low pacing rate limit
was also defined from the impedance measurements. A closed-loop control of the
pacing rate by sensing of cardiac output has been discussed [22].

Both technology and clinical treatment methods have changed since the first
cardiac devices developed during the twenty-first century. Diversity of cardiac
pacing modes is available nowadays [23] for helping patients [24, 25]; some newest
of these are considered in the next four chapters of the present book.

5. Novel indications and solutions presented in this book

Chapter 2 [26] presents the indications for cardiac devices, including pacemak-
ers, cardiac resynchronization therapy (CRT) devices, and implantable cardioverter
defibrillators (ICD). Contraindications due to different health conditions of patients
are considered [24-27]. Pacemaker therapy is the treatment of bradycardia. An aging
population increases the use of permanent pacemakers. Leadless pacing is a new
landmark in the development of pacemaker technology but still limited to pacing
in the right ventricle, only. The aim of CRT is to improve synchrony in the heart’s
contraction and avoid ventrical fibrillation (VF) by delivering a shock during the
myocardial refractory period of cardiac cycle. The CRT devices are recommended
for the treatment of atrial arrhythmias and ventricular tachycardia (VT). Around
30% of patients suffer from chronic heart failure (HF). Avoidance of sudden cardiac
death (SCD) possibility in heart failure (HF) cases is also a task of CRT devices. The
CRT with the ability to work as a cardiac defibrillator is termed as CRT-D, whereas
the term CRT-P designates solely a pacing function. One major cause of death
worldwide is sudden cardiac death SCD, which can be prevented most effectively by
the aid of a specific device—the implantable cardiac defibrillator (ICD).

The subcutaneous ICD (S-ICD) is introduced in Chapter 3 [28]. This important
advancement in defibrillation therapy obviates the need for a transvenous lead, the
most frequent complication maker with transvenous devices. Unfortunately, the

1



Introductory Chapter: From Basic Foundations to Future Developments
DOI: http://dx.doi.org/10.5772/intechopen. 85674

S-ICD is appropriate for patients who require only rescue defibrillation. It cannot be
used when the pacing against bradycardia or tachycardia is needed. Lead failure is
the most frequent source of complication requiring surgical revision. Extraction of
leads may cause devastating complications, including death.

Chapter 4 [29] deals with leadless or transcatheter pacemakers [30, 31] that have
been introduced to the market some years ago with important benefits and some
limitations. These devices are entirely implantable within the right ventricle. Thus,
the transvenous pacing leads and pacemaker pockets are not needed anymore. This
reduces the risk of infections and lead-related problems. Unfortunately, only the
pacing in the right ventricle is available. Atrial sensing, anti-tachycardia pacing, and
A/V synchrony are not possible, but the rate response by the aid of programmable
accelerometer works.

Chapter 5 [32] explains that underdiagnosed atrial fibrillation (AF) may be
potentially life-threatening arrhythmia, the appearance of which is episodic.
Therefore, long-term day-and-night monitoring is required. Though the implant-
able cardiac monitors are in use for years already [25], the surgery is not reasonable
in many cases. The chapter introduces a new user-friendly device that allows for
frequent self-monitoring of the heart rhythm. This thumb ECG wearable device
is a small format, patient-friendly device that can be used to monitor their heart
rhythm regularly and continuously. Clinicians monitor the results by accessing a
secure portal via an ordinary laptop computer. Bluetooth and mobile phone com-
munication are available.

6. Summary

The present chapter reviews the developments of the implantable heart rhythm
management from its dawn to mature technology. The book as a whole provides
information about today’s achievements in the field of cardiac pacing and monitor-
ing with a view to the future.
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Chapter2

Clinical Indications for
Therapeutic Cardiac Devices

Ida Aberg, Gustav Mattsson and Peter Magnusson

Abstract

Both technology and clinical indications have changed since the first cardiac
devices. Choosing the right therapy, or abstaining from it, is the key to good
clinical management. Pacemakers effectively reduce symptoms of bradycardia,
prevent syncope in patients with sick sinus syndrome, and reduce mortality in
high-degree atrioventricular block. Cardiac resynchronization therapy improves
symptoms and survival in heart failure patients with reduced ejection fraction
and ventricular dyssynchrony. Implantable cardioverter defibrillators terminate
life-threatening ventricular arrhythmias and are indicated for the prevention of
sudden cardiac death, either as secondary prevention in survivors of ventricular
fibrillation or ventricular tachycardia with hemodynamic compromise or as
primary prevention due to heart failure with reduced ejection fraction or other
miscellaneous diseases. More recently, leadless pacemakers and subcutaneous
implantable cardioverter defibrillators have been developed as alternatives in
specific conditions.

Keywords: bradycardia, cardiac devices, cardiac resynchronization therapy,
heart failure, implantable cardioverter defibrillator, indication, pacemaker,
sudden cardiac death

1. Introduction

“Those who suffer from frequent and strong faints without any manifest
cause die suddenly”, Hippocrates stated more than 2000 years ago [1]. This
is likely a description of arrhythmia-related death, which nowadays often is
avoidable due to the improvements in diagnostics and treatment the world
has seen since antiquity.

The majority of patients receiving a pacemaker today are above the age of
65, owing to increasing problems with impulse generation and conduction with
age [2]. With the world population getting older, the prevalence of permanent
pacemakers will likely continue to rise [3]. This chapter aims to present a concise
description of current guidelines regarding the indications for cardiac devices,
including pacemakers, cardiac resynchronization therapy (CRT), and implantable
cardioverter defibrillators (ICD) (Figure1).

9 IntechOpen
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Figure 1.
Cardiac devices. From the top: older pacemaker, dual-chamber implantable cardioverter defibrillator, cardiac

resynchronization therapy-defibrillatoy, dual-chamber pacemaker, single-chamber pacemaker, and leadless

pacemaker.

2. Pacemaker therapy

The medical properties of electricity have been known for some time. The physi-
cians of ancient Rome treated acute gout with electric sea creatures. Alexander von
Humboldt tested the theory of electrical conduction in biological tissue on himself.
The first artificial pacemaker, powered by a hand-cranked motor, was invented by
Albert Hyman in 1932. The first patient to receive an implantable pacemaker, Arne
Larsson, had to wait until 1958, when he underwent the procedure at the Karolinska
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University Hospital in Stockholm. He outlived both the surgeon Ake Senning and
the engineer Rune Elmqvist who developed the system [1].

2.1Etiology

The most common etiology of bradycardia leading to pacemaker implantation is
conduction tissue fibrosis, but there are several others etiologies responsible for slow
heart rates according to data from registers, for example the Swedish pacemaker
registry [4]. Some of these are reversible, such as infection/inflammation, metabolic
conditions, and medications while others are congenital such as third-degree atrio-
ventricular (AV) block associated with maternal systemic lupus erythematosus [5].

2.2 Pacing mode

A code of four to five letters is used to describe the pacing mode. The first letter
indicates where pacing occurs (where A stands for atrium, V for ventricle, and D for
dual); the second describes which chamber is sensed. In the third position, the let-
ters I (inhibit), T (trigger), or D (dual) are used to describe in which way the device
responds to sensed events. An R in the fourth position means that rate response
(increased pacing rate during physical exertion) is active. Finally, a fifth letter is
occasionally used to describe where multicenter pacing is employed (A, V, or D) [6].

2.3 Rate response

The purpose of rate response is to increase the heart rate in response to altered
demand, and there are different solutions available to achieve this. Activity sensors
are widely used; one example is the accelerometer that identifies postural changes
and movement. Minute ventilation sensors can change the heart rate according to
variations of respiratory rate and tidal volume [7].

2.4 Pacemaker syndrome

The pacemaker syndrome is a condition brought on by the loss of AV synchrony
caused by ventricular pacing. There are no specific diagnostic criteria, but symptoms
include orthopnea, dyspnea upon exertion, orthostatic hypotension, and syncope.
The mode selection trial (MOST), a prospective study of patients with sick sinus
syndrome (SSS) randomized to VVIR or DDDR pacing, concluded that the incidence
of pacemaker syndrome was 19.7% at 4 years after implantation. The incidence of
pacemaker syndrome varies between less than 2 and 83% in multiple studies [8].

2.5 Mode switch

This is crucial in patients with paroxysmal atrial tachyarrhythmias. The cut-off
for mode-switch is based on sensing of electrical activity of an atrial lead and is
programmable, typically 180 beats per minute. Atrial flutter activity is sometimes
hidden in the so-called post-ventricular blanking period and often requires repro-
gramming. Furthermore, nonphysiological electrical activity may lead to oversens-
ing which results in mode-switch.

2.6 Indications for permanent pacing

In bradycardia caused by reversible etiologies, permanent pacing is not war-
ranted, and temporary pacing should instead be considered. Generally, once
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reversible causes for bradycardia are excluded, the indication for pacing is based on
the severity of bradycardia rather than its etiology [9]. It should be noted though
that symptomatic sinus bradycardia as a result of medical therapy is an indication
for permanent pacing if there are no alternative treatment options [10].

2.6.1 Sinus node dysfunction

Persistent sinus bradycardia, chronotropic incompetence, and sinus arrest
can all be seen in sinus node disease (SND), a condition that primarily affects the
elderly [10]. When diagnosing chronotropic incompetence (the inability to increase
the heart rate as a response to activity or other demands), the fact that heart rate
is affected by aging, medication, and physical conditioning must be taken into
account. Exercise testing is the basis for diagnosis [11]. It is important to separate
physiological bradycardia from inappropriate bradycardia, since sinus bradycardia
in trained athletes is normal and not an indication for pacemaker therapy [10].

2.6.1.1 Persistent bradycardia

In patients with SND, pacing has not been proven to prolong survival and is
therefore used to relieve symptoms. Symptoms of bradycardia include impaired
tolerance to exercise, symptoms of heart failure (HF), syncope, and more subtle
symptoms like dizziness and forgetfulness. Untreated patients with SSS, however,
are commonly affected by systemic thromboembolism [9]. A significant reduction
in stroke and atrial fibrillation (AF) among these patients has been seen with AAI or
DDD compared with VVI. The DANPACE trial shows that the incidence of paroxys-
mal AF is higher with AAIR pacing than DDDR, and there is a two-fold increase in
the risk of re-operation [12]. In the Canadian Trial of Physiologic Pacing (CTOPP)
where physiologic pacing (dual-chamber or atrial) was compared to ventricular pac-
ing in patients with symptomatic bradycardia, a reduction in the risk of AF was seen
for patients who received dual-chamber pacing. No significant reduction in the risk
of stroke, death, or hospitalization for HF in the first 3 years after implantation was
seen with dual-chamber pacing, but the risk of perioperative complications was sig-
nificantly higher in this group [13]. The MOST trial compared ventricular- to dual-
chamber pacing in patients with SSS, and no reduction in stroke with dual-chamber
pacing was observed. However, a reduction of AF, signs and symptoms of HF, and
a slight improvement in quality of life was seen [14]. Between 0.6 and 1.9% of all
patients with SND develop AV block every year, which can of course be a problem
when AAIR is used [9]. Rate response should be considered (class Ila recommenda-
tion) in people with SND and chronotropic incompetence according to the guide-
lines of the European Society of Cardiology (ESC). The indication is strengthened
in those who are young and physically active. There is evidence for improvement in
quality of life and exercise capacity with VVIR compared to VVI. When it comes to
comparing DDD with DDDR there have been inconsistent results [9]. In extrinsic
(functional, induced by for example drugs or high vagal tone) bradycardia, the
prognosis is benign, and pacing is only indicated to prevent recurrent syncope [9].

2.6.1.2 Intermittent bradycardia

Documented symptomatic bradycardia due to sinoatrial block or sinus arrest
in patients with intrinsic SND (including the brady-tachy form) is a class I recom-
mendation for pacemaker therapy by the ESC [9]. When there is no documented
correlation between symptoms and electrocardiography (ECG), people with intrin-
sic sinus node dysfunction may still be candidates for cardiac pacing if they have
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experienced syncope and there are documented asymptomatic ventricular pauses
of more than 3 seconds. This does not apply to young, well-trained, or medicated
persons and during sleep. Alternative explanations such as hypotension should be
ruled out before deciding on pacemaker therapy [9]. The recommendations regard-
ing pacing mode for permanent bradycardia apply for intermittent bradycardia as
well, based on the fact that there are not enough studies including only patients
with intermittent bradycardia. Dual-chamber pacing is preferred to reduce the risk
of pacemaker syndrome [9].

2.6.2 Atrioventricular block
2.6.2.1 Persistent bradycardia

Pacing improves survival in people with AV block (third-degree and second-
degree type 2), as well as prevents recurrence of syncope. There are no randomized
controlled trials (RCTs), but observational studies from the beginning of the
pacemaker era suggest this. One study describes a one-year mortality of about 50%
in patients with complete AV block [15]. Therefore, pacemaker therapy is recom-
mended by the ESC in these patients, even if they are asymptomatic [9]. Permanent
pacing is controversial in second-degree type 1 AV block; although not if it is symp-
tomatic or the conduction delay is situated at intra- or infra-His levels, in these cases
pacing should be considered (class of recommendation IIa). If the QRS complex is
wide, development of complete AV block is more likely [9].

Studies have shown that above one quarter of people with VVI develop pace-
maker syndrome. Dual-chamber pacing reduces the risk of these symptoms. Since
they require an additional lead and have longer implantation times and a higher risk
of complications, dual-chamber devices are more expensive. When the risk of AF
and pacemaker syndrome is taken into account, the cost difference is small over a
five-year period. Since there is no reduction in morbidity or mortality with dual-
chamber pacing compared to ventricular pacing, the choice should be made on an
individual basis where increased risk of complications and cost is considered [9].
The United Kingdom Pacing and Cardiovascular Events (UKPACE) trial compared
dual-chamber pacing to ventricular pacing in elderly patients with high grade AV
block and found that pacing mode does not affect survival, and in contrast with the
CTOPP trial, no reduction in AF in dual-chamber compared to ventricular pacing
was seen. Fixed-rate single-chamber pacing was associated with an increased risk
of stroke, transient ischemic attack, and thromboembolism compared with dual-
chamber pacing, but there was no difference between the rate-adaptive single-
chamber and dual-chamber groups [16].

In permanent AF and AV block, the ESC recommendation (class I recommenda-
tion) is ventricular pacing with rate response [9].

2.6.2.2 Intermittent bradycardia

Correlations between symptoms and ECG are not as important in intrinsic
third- or second-degree AV block as it is in SSS. The ESC states that cardiac pacing
is indicated in people suffering from intrinsic intermittent AV block, regardless of
documentation of correlation between symptoms and ECG findings [9].

2.6.3 Suspected (undocumented) bradycardia

In patients with syncope, the presence of bundle branch block (BBB) suggests that
the cause may be complete heart block. In spite of this, less than half of patients with
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BBB and syncope are diagnosed with cardiac syncope. According to the ISSUE 1 study
and the Bradycardia detection in Bundle Branch Block (B4) study [17] (that included
patients with normal or preserved systolic function), it is safe to wait until the correct
diagnosis is made before starting cardiac pacing [9]. ICD or CRT-D should be consid-
ered in patients with syncope who have BBB and HF, previous myocardial infarction,
or ejection fraction (EF) < 35%. This is because a high incidence of total and sudden
cardiac death (SCD) has been observed in patients with BBB, and mostly those with
HF, previous myocardial infarction, or low EF [9]. In patients with BBB who have
experienced syncope but have normal EF, an electrophysiological study should be
considered. If this study is abnormal, pacing is a class I recommendation in the ESC
guidelines [9]. If the electrophysiological study is normal, an insertable cardiac moni-
tor should be considered since EPS cannot rule out intermittent or paroxysmal AV
block [9].

Cardiac pacing is generally indicated in alternating BBB (block involving all
three fascicles on successive ECGs) since it is known to progress toward AV block
fast, even if there is no history of syncope [9]. Asymptomatic BBB is not an indi-
cation for pacemaker therapy. In some cases though, patients with unexplained
syncope and BBB are candidates for pacemaker therapy, especially old people with
unpredictable syncope [9].

2.6.4 Cavrotid sinus syncope

Carotid sinus syncope is defined as a drop in blood pressure of 50 mmHg or
asystole of more than 3 s as a result of carotid sinus massage [9]. Dual-chamber
pacing is indicated when asystole of 6 s and syncope follows carotid sinus massage
(to be performed for a full 10 s, supine and erect), and the patient has recurrent and
unpredictable syncope [9].

2.6.5 Tilt-induced vasovagal syncope

Tilt-induced vasovagal syncope often affects young people and is in itself a
benign condition. When deciding whether to implant a pacemaker, this must be
taken into consideration [9]. Pacing may be considered (class IIb recommendation
according to ESC) in these patients if they suffer from recurrent and unpredictable
episodes, are older than 40 years, and have a documented cardio-inhibitory reflex,
but only after other therapies have failed [9]. As with carotid sinus syncope, dual-
chamber pacing is recommended [9].

2.7 Indications for pacing in specific conditions
2.7.1 Pacing in acute myocardial infarction

Primary angioplasty and thrombolytic therapy have led to a decrease in AV block
associated with acute myocardial infarction, but it still occurs and when it does,
mortality is high [10]. When advanced second- or third-degree AV block is seen
with left bundle branch block (LBBB) or when right bundle branch block occurs
with left anterior or posterior fascicular block, the prognosis is particularly bad
[10]. Intraventricular conduction delays develop as a result of extensive damage
to the myocardium, meaning greater injury to the heart than an isolated electrical
problem [10]. If the AV block is expected to be temporary, permanent pacemaker
therapy should be avoided [10]. AV block associated with acute myocardial infarc-
tion resolves spontaneously in 2-7 days in most cases [9]. Permanent AV pacing
is recommended by the American Heart Association (AHA) in persistent and
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symptomatic second- or third-degree AV block following acute myocardial infarc-
tion. Persistent second-degree AV block in the His-Purkinje system associated

with alternating bundle branch block also constitutes an indication for permanent
ventricular pacing, as well as third-degree AV block within or below the His-
Purkinje system following ST elevation myocardial infarction. In the case of associ-
ated bundle branch block, permanent ventricular pacing is indicated in transient
advanced second-degree and third-degree infra-nodal AV block according to AHA,
whereas ESC states that there is no evidence that pacing improves outcomes in these
patients [9, 10]. Permanent AV pacing may be considered in the case of persistent
second-degree or third-degree AV block at the AV node level, even if there are no
symptoms, according to the AHA [10]. According to the ESC, the recommendations
for pacemaker therapy in permanent AV block following acute myocardial infarc-
tion are the same as those for AV block of other etiologies [9].

2.7.2 Pacing after cardiac surgery, transcatheter aortic valve implantation, and
heart transplantation

Both AV block and SND may appear as complications after cardiac interven-
tions, and if they persist, permanent pacing must be considered. An observation
time of up to 7 days is recommended before implanting a permanent pacemaker in
high degree or complete AV block following cardiac surgery or transcatheter aortic
valve implantation. A shorter observation time can be used in case of complete AV
block with a low escape rhythm, where resolution is not likely. SND as a result of
cardiac surgery or heart transplantation should be observed from 5 days up to some
weeks before deciding on pacemaker therapy [9].

2.7.3 Pacing in children and in congenital heart disease

When implanting a pacemaker in a young person, several considerations have to
be made. For one, they will have the pacemaker for a whole lifetime, increasing the
risk of experiencing complications sometime during this period. They usually have
higher activity levels than adults, and because of this and the fact that they grow the
risk of stress on the device and electrode dislodgement is increased. The presence
of right to left-shunt is a contraindication for endocardial leads; hence, epicardial
pacing is used instead in this congenital defect. Small body size and the absence
of transvenous access are other reasons why epicardial pacing is often preferred in
children. Second-degree type 2 and third-degree AV block are indications (class I
according to ESC) for pacemaker therapy in children who are symptomatic or if
any of the following risk factors are present: ventricular dysfunction, prolonged
QTc interval, complex ventricular ectopy, wide QRS complex escape rhythm, slow
ventricular rate (<50 beats per minute, ventricular pauses more than three times
the cycle length of the underlying rhythm) with or without symptoms. For children
without any risk factors, the ESC states that pacing may be considered in high-
degree and complete AV block, adding that opinions regarding the benefit of pacing
differ. Pacemaker therapy is indicated for children with SND if they are symptom-
atic and there is a clear correlation between symptoms and bradycardia. The decision
to implant a pacemaker in a child should be made after discussion with pediatric
cardiologists, and it is recommended that it is done in a specialized center [9].

2.7.4 Pacing in hypertrophic cardiomyopathy

Patients who have symptoms because of left ventricular outflow tract obstruc-
tion can be treated medically, surgically, with septal alcohol ablation, and
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sequential AV pacing [9]. Sequential AV pacing is an alternative when myectomy or
septal alcohol ablation are contraindicated or when the risk of AV block after these
procedures is considered high [9].

2.7.5 Pacing in pregnancy

Complete heart block with a slow escape rhythm with wide QRS complexes
should be treated with pacemaker implantation during pregnancy, using echo-
guidance or electro-anatomic navigation to avoid fluoroscopy. The procedure is
safe, especially when the fetus is beyond 8 weeks of gestation. In case of stable,
junctional escape rhythm with narrow complexes, pacemaker implantation can be

delayed until after delivery [9].
2.7.6 Leadless pacemakers

Malfunction of the electrodes is the most common cause of surgical pacemaker
revision. Pocket hematoma and erosion are other complications associated with
pacemaker implantation [18]. There are currently two self-contained leadless pace-
maker systems available: Nanostim™ and Micra™. Nanostim™ has been evaluated
in the prospective nonrandomized study LEADLESS, and the complication-free rate
compares favorably with traditional pacemaker systems [18]. As for Micra™, the
risk of major complications in the first 12 months after implantation was 48% lower
compared to historical control patients with transvenous systems [19]. Currently,
solely the VVI-mode is available via leadless pacemaker systems. Considering this,
the higher cost and the fact that there is not much experience outside clinical trials
with these systems yet, use of leadless pacemakers should for now be reserved for
when VVI-mode is indicated and transvenous leads are unfeasible or undesirable.

2.8 Emergency temporary pacing

Bradycardia can be a life-threatening condition where immediate action is
crucial. When the hemodynamics is affected resulting in symptoms of acute HF,
ischemic chest pain, or signs of shock, the first step is to administer atropine
intravenously. If atropine is not effective or appropriate, a continuous infusion with
beta-adrenergic agonists such as isoproterenol, dopamine, or epinephrine is some-
times needed to uphold an adequate pulse until pacemaker therapy can be initiated.
Another alternative is transcutaneous pacing, which can be used while waiting for
implantation of a temporary transvenous- or permanent pacemaker [20]. The pads
are preferably attached with anterior-posterior placement and are then connected
to the defibrillator/monitor [21]. Transcutaneous pacing can be performed on a
conscious patient, but sedation is preferred [21, 22]. During transcutaneous pacing,
the patient must be monitored closely with ECG and with regard to hemodynamic
stability [9]. Seeing that there are a number of risks associated with temporary
transvenous pacing (for example, accidental extraction of the pacemaker lead by
the patient, risk of infection, and thromboembolic events), the ESC recommends
avoiding this treatment if possible, and otherwise keeping the treatment time as
brief as possible [9].

3. The implantable cardioverter defibrillator

The first patient to receive an ICD was a woman who had survived repeated
episodes of ventricular fibrillation (VF) and continued to experience arrhythmias
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refractory to medical therapy [23]. This was at The Johns Hopkins Hospital in the
US in 1980, after extensive work by Michel Mirowski and his colleagues. After the
death of his mentor, who suffered from recurrent ventricular tachyarrhythmias,
Mirowski’s goal was to create a device that could monitor the heart rhythm and
administer a defibrillating shock to treat life-threatening tachyarrhythmias [24].
Today the ICD is the treatment of choice for both primary and secondary preven-
tion of SCD due to VT/VF [25].

3.1 Etiology

Every year, cardiovascular diseases cause around 17 million deaths worldwide, of
which SCD makes up approximately 25% [25]. The vast majority of these deaths are
due to ventricular tachyarrhythmias. According to epidemiological data, 80% of the
fatal arrhythmias occur as a consequence of structural coronary artery abnormali-
ties. Dilated- and hypertrophic cardiomyopathies are the second most common
reasons for SCD [26]. Among the young, channelopathies, cardiomyopathies, myo-
carditis, and drug-induced arrhythmias are more common, while coronary artery
disease, valvular heart diseases, and HF predominate in older individuals [25].

3.2 Cardioversion and antitachycardia pacing

Cardioversion implies that shock delivery is synchronized with the QRS complex
to avoid inducing VF by delivering a shock during the refractory period of the
cardiac cycle, and it is recommended for the treatment of several supraventricular
arrhythmias and monomorphic ventricular tachycardia (VT) with pulses. It should
not be used to treat VF or pulseless or polymorphic VT, since these arrhythmias
require unsynchronized high-energy doses, also known as defibrillation [27].
Antitachycardia pacing is an alternative way to terminate monomorphic ventricular
arrhythmias; it can reduce the number of shocks and is generally tolerated well
since it is rarely noticed by the patient. The mechanism is that a short sequence
of pacemaker pulses (typically 8-12), with a rate slightly faster than the detected
tachycardia, is delivered as a response to ventricular arrhythmia. The success rate
varies but has in some cohorts been shown to exceed 90% [28].

3.3 Indications for ICD

In patients with high risk of SCD, ICD therapy prevents SCD and prolongs life
(given that life expectancy is not for other reasons less than 1-2 years) [25]. Both
patients who have experienced previous ventricular arrhythmias and those who are
at increased risk of future arrhythmia can be protected by ICD therapy.

3.3.1 Secondary prevention

In patients who have survived an episode of documented VF or VT that is not
hemodynamically tolerated, ICD is a class I recommendation according to the
ESC, provided that there are no reversible causes and that the expected survival
with good functional status is at least 1 year [25]. Recurrent sustained VT (not
including the first 48 hours after myocardial infarction) in patients who are treated
with optimal medical therapy and have a normal left ventricular EF (LVEF)
should be considered for ICD therapy (class Ila recommendation). Survival must
be expected for at least a year with good functional status [25]. Three trials have
studied the effect of ICD compared to medical treatment as secondary preven-
tion in patients who have survived VF or sustained VT: the antiarrhythmics vs.
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implantable defibrillator (AVID) study (patients with VT had syncope or serious
cardiac symptoms and an LVEF of 40% or less) [29], the Cardiac Arrest Study
Hamburg (CASH) (patients were survivors of cardiac arrest secondary to docu-
mented ventricular arrhythmias) [30], and the Canadian Implantable Defibrillator
Study (CIDS) (patients with VT had syncope or cardiac symptoms and an LVEF
of 35% or less; patients with unmonitored syncope and subsequent documenta-
tion of VT were also included) [31]. The AVID study showed an increase in overall
survival in the ICD group. In the CASH study, the reduction in all-cause mortality
in the ICD group did not reach statistical significance but there was a 61% reduc-
tion in SCD. The reduction in all-cause mortality and SCD seen in the ICD group
in the CIDS study was not statistically significant. A meta-analysis of these three
trials concluded that there is a 28% reduction in total mortality with ICD therapy
compared to amiodarone, mainly due to a 50% reduction in arrhythmic mortality
[32]. In the following sections, current guidelines regarding secondary prevention
in specific circumstances are addressed.

3.3.1.1 Acute coronary syndromes

Approximately 6% of patients with acute coronary syndrome experience VT/VF
within 48 hours after the first symptoms, the majority during or before reperfusion
therapy [25, 33]. As stated above, ICD is recommended after an episode of VF or
hemodynamically compromising VT, unless the episode occurred within 48 hours
of myocardial infarction, in a patient who receives optimal medical treatment [25].

3.3.1.2 Cardiomyopathies

In patients with hypertrophic cardiomyopathy, dilated cardiomyopathy, left
ventricular noncompaction cardiomyopathy, and arrhythmogenic right ventricular
cardiomyopathy, ICD therapy is indicated after a survived episode of cardiac arrest
due to VT/VF, or in patients who have experienced syncope or hemodynamic com-
promise because of spontaneous sustained VT—in accordance with the guidelines
in general [25]. When it comes to arrhythmogenic right ventricular cardiomyopa-
thy, the ESC suggests that ICD should be considered (class IIa) in patients who have
experienced hemodynamically well tolerated sustained VT as well. For patients
with light-chain amyloidosis or hereditary transthyretin-associated amyloidosis
who have had a sustained VT with hemodynamic impact, and have a life expectancy
of more than a year with good functional status, ICD should be considered. This
recommendation is upgraded to a class I (is recommended) regarding restrictive
cardiomyopathy [25].

3.3.1.3 Hereditary primary arrhythmia syndromes

ICD therapy and beta-blockers are recommended for patients with long
QT syndrome and previous cardiac arrest and should be considered in these
patients if they have experienced syncope or VT while on an adequate dose of
beta-blockers [25]. In catecholaminergic polymorphic VT, ICD as an addition to
beta-blockers is recommended after a survived cardiac arrest, recurrent syncope,
or polymorphic/bidirectional VT during treatment with optimal medical therapy
[25]. In short QT syndrome and Brugada syndrome, ICD is recommended for
patients who have survived a cardiac arrest or those who have experienced
documented spontaneous sustained VT [25]. In Brugada syndrome, an ICD may
be indicated in primary prevention, especially when syncope is likely due to an
arrhythmic event [34].
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3.3.2 Primary prevention
3.3.2.1 Heart failure

In the Sudden Cardiac Death in Heart Failure (SCD-HeFT) trial a decrease in the
overall mortality of 23% was seen in patients with both ischemic and nonischemic
HF in New York Heart Association (NYHA) functional class I and III and an LVEF
of 35% or less who received an ICD [35]. An LVEF of 35% or less and symptomatic
HF (NYHA II-III) after 3 months of optimal medication is a class I indication for
ICD therapy according to the ESC (provided that the expected survival with good
functional status is at least 1 year) [25]. More recently, the DANISH trial random-
ized patients with symptomatic HF (LVEF of 35% or less) of nonischemic origin
to ICD therapy or usual clinical care, and found no overall survival benefit with
ICD therapy, although the risk of SCD was halved [36]. However, all-cause mortal-
ity was significantly reduced by ICD in patients younger than 59 years old. There
is currently no indication for ICD therapy in patients with HF in NYHA class IV,
unless they are listed for heart transplantation since their risk of SCD is generally
high and the wait is often a year or more [25].

3.3.2.2 Acute covonary syndromes

In 1996, results from the MADIT trial were published, showing that in patients
with a prior myocardial infarction, NYHA class I-III, LVEF of less than 35%, a
documented asymptomatic nonsustained VT, and nonsuppressible VT on an
electrophysiological study, prophylactic ICD therapy leads to improved survival
[37]. The MADIT-II trial enrolled patients with reduced left ventricular function
(LVEF 30% or less) after myocardial infarction and found that the patients who
received ICD therapy had a 31% decrease in all-cause mortality [38]. LVEF should
be assessed before discharge from the hospital in all patients with acute coronary
syndrome, and re-assessed 6-12 weeks later, to evaluate whether or not primary
prevention ICD implantation is indicated. As in nonischemic etiology with LVEF
of 35% or lower, symptomatic HF (NYHA class II-III), expected survival with
good functional status for at least 1 year, and optimal medical therapy for at least
3 months, ICD therapy is recommended (class I recommendation) by the ESC. At
least 6 weeks must have passed since the myocardial infarction before deciding
on ICD therapy [25]. The use of an ICD as prophylaxis in patients with a recent
myocardial infarction (6-40 days previously) does not reduce the overall mortality;
areduction in SCD was offset by an increase in nonarrhythmic death [39]. Hence,
ICD implantation within 40 days of acute myocardial infarction as primary preven-
tion of SCD is generally not indicated but it may be considered in specific cases:
preexisting impairment in LVEF, incomplete revascularization, and arrhythmia that
occurs more than 48 hours after acute myocardial infarction [25].

3.3.2.3 Cardiomyopathies

The DEFINITE trial studied patients with nonischemic dilated cardiomyopathy
with an EF of less than 36% and premature ventricular complexes or nonsustained
VT, and found that ICD implantation significantly reduced the risk of SCD [40].
The same indications for ICD therapy regarding patients with symptomatic heart
failure apply to patients with dilated cardiomyopathy and left ventricular noncom-
paction cardiomyopathy. In addition to this, ICD should be considered in patients
with dilated cardiomyopathy who have a verified disease-causing LMNA mutation
(frequently seen in patients with conduction diseases) and clinical risk factors [25].

19



Cardiac Pacing and Monitoring - New Methods, Modern Devices

Regarding primary prevention in HCM, a calculator that estimates the 5-year risk
of SCD (HCM Risk-SCD) is recommended by the ESC to evaluate the need for ICD
therapy in patients aged 16 or older. Based on the risk score, the class of recom-
mendation regarding ICD therapy varies [25]. When it comes to primary prophy-
lactic ICD in patients with arrhythmogenic right ventricular cardiomyopathy, the
ESC suggests that ICD should be considered in patients who have experienced
unexplained syncope. ICD may be considered in patients with arrhythmogenic
right ventricular cardiomyopathy who have at least one risk factor for ventricular
arrhythmias, including family history of premature SCD and extensive right
ventricular disease. The risks of ICD therapy should be taken into account when
considering it as primary prophylactic therapy [25]. Finally, ICD therapy should
be considered in patients with Chagas disease (a cardiomyopathy caused by the
parasite Trypanosoma cruzi) who have an EF of less than 40% [25].

3.3.2.4 Hereditary primary arvhythmia syndromes

In patients with long QT syndrome, ICD may be considered (as a comple-
ment to beta-blockers) in patients who are asymptomatic carriers of a pathogenic
KCNH2- or SCN5A-mutation (high-risk genetic profiles) and have a QTc of more
than 500 ms [25]. An ICD may be considered as primary prevention in short QT
syndrome, if there is a family history of SCD and evidence of shortened QT in some
of these patients. The available data is too scarce for any specific recommendations
to be made regarding this. As for Brugada syndrome, primary prevention with an
ICD should be considered in patients with a spontaneous type I ECG pattern and
suspected arrhythmic syncope in their medical history, and may be considered in
patients who develop VF during programmed ventricular stimulation [25].

3.3.2.5 Pediatric patients

A number of different etiologies are responsible for the risk of SCD in children:
channelopathies, cardiomyopathies, and congenital heart disease. The same
guidelines for when ICD is indicated apply to both adults and children, with the
exception of dilated cardiomyopathy and advanced dysfunction of the left ven-
tricle since the incidence of SCD is low in this group [25].

3.4 The subcutaneous ICD

This system is placed completely outside the thoracic cavity, eliminating prob-
lems with vascular access and transvenous leads. Subcutaneous ICD therapy is not
appropriate for patients with bradycardia that requires pacing, for those who have
indications for CRT or for those who need antitachycardia pacing. When these
patients are excluded, subcutaneous defibrillators should be considered as an alter-
native to transvenous defibrillators (class Ila recommendation) in patients with an
ICD indication [25]. According to the ESC, subcutaneous ICD could be considered
(class IIb recommendation) as an alternative to transvenous defibrillators when
there are difficulties with venous access, after ICD removal secondary to infection
or in young patients who will require long-term ICD therapy [25].

3.5 The wearable cardioverter defibrillator
As the name suggests, this defibrillator is entirely external; defibrillator, leads

and electrode pads are attached to a wearable vest. It may be considered for adult
patients with reduced LVEF who are waiting for a more permanent solution (cardiac
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transplantation, transvenous implant) or those who are at a temporary risk of SCD,
as in peripartum cardiomyopathy or active myocarditis [25, 41].

3.6 Contraindications and considerations

All through the European guidelines concerning ICD indications, it is emphasized
that the expected survival with good functional status should be at least 1 year for ICD
to be an option. As mentioned before, symptomatic HF with NYHA class IV is con-
sidered a contraindication, unless the patient is waiting for heart transplantation. VT
or VF due to reversible causes should not be treated with ICD [25]. Psychiatric illness
that might be aggravated due to ICD implantation is sometimes considered a contrain-
dication [42], although it is not mentioned as such in the ESC guidelines. Up to a fifth
of terminally ill patients with an ICD experience shocks in the last weeks of life, and
deactivation of the ICD should be considered when the patient’s condition worsens.
This issue should be discussed before implantation and as the illness progresses [25].
A magnet placed over the ICD will deactivate tachyarrhythmia therapies, and this
stops inappropriate defibrillations or unnecessary defibrillations at the end of life.

3.7 Health-related quality of life

In its guidelines, the ESC emphasizes the importance of discussing health-
related quality of life issues with the patient before ICD implantation and during
progression of the disease, by making it a class I recommendation. In addition
to this, they recommend that patients who experience inappropriate shocks are
assessed psychologically and treated for any distress [25]. Depression and anxiety
are common in ICD patients; one systematic review reports anxiety in 8-63% of
these patients and depression in 5-41% [43]. Similar effects on quality of life have
been seen in patients with ICD and with medical therapy, with impairment in
quality of life associated with adverse symptoms in both groups and experience of
sporadic shocks in the ICD group [44]. Some patients develop post-traumatic stress
disorder, and these symptoms have been associated with nonconstructive support
(information that leads to insecurity and fear) from healthcare professionals;
further studies are needed [45].

4. Cardiac resynchronization therapy

In around 30% of patients suffering from chronic HF, the conduction pathways
are affected, leading to cardiac dyssynchrony [46]. The aim of CRT is to, as the
name suggests, improve synchrony in the heart’s contraction [9]. Patients eligible for
this therapy are those with a wide QRS complex, HF, and impaired left ventricular
function [47]. Biventricular pacing was first introduced in the early 1990s by Bakker
et al. and Cazeau et al. [48, 49]. CRT with the ability to work as an ICD is termed
CRT-D, whereas the term used for a CRT that solely has a pacing function is CRT-P.

4.1 Cardiac dyssynchrony

The dyssynchrony that is targeted with CRT is caused by delays in electrical con-
duction, and the main way to identify this is by assessing the QRS duration (in par-
ticular LBBB) [50]. A prolonged QRS duration has been associated with decreased
LVEF [51]. In patients with HF, prolongation of the QRS complex has been shown to
be an independent predictor of increased total mortality and SCD. LBBB is related
to worse survival but not sudden death [52]. Partially, the mechanism behind
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dyssynchrony is prolongation of the AV interval, leading to late systolic contraction
which may take the place of early diastolic filling as well as cause mitral regurgita-
tion. Furthermore, conduction delays between and in the ventricles themselves
result in asynchronous contraction in the left ventricular walls with subsequent loss
of cardiac efficiency [9]. Long-standing cardiac dyssynchrony can result in remod-
eling of the heart, causing dilation of the left ventricle, deteriorating diastolic and
systolic function and worsening of HF [53].

4.2 Important trials

Several trials have been conducted in order to optimize indications for CRT. The
COmparison of Medical Therapy, Pacing and Defibrillation in Heart Failure
(COMPANION) trial compared optimal medical therapy, CRT-D, and CRT-P, and
found that all-cause mortality and hospitalization was reduced in both CRT groups.
Reduction in mortality was however only marginally significant with CRT-P, but
significant in the CRT-D group [54]. In the CArdiac REsynchronization in Heart
Failure (CARE-HF) trial, optimal medical therapy was compared to CRT-P, with the
result that CRT-P reduced all-cause mortality and hospitalization as well as improved
symptoms and quality of life [55]. Both of these trials enrolled patients in NYHA class
III-IV with a QRS duration of 120 ms or more. The Resynchronization-Defibrillation
for Ambulatory Heart Failure Trial (RAFT) compared the rate of all-cause mortality
and hospitalization due to HF between patients in NYHA class II or III with a QRS
duration of at least 120 ms, randomized to either CRT-D or ICD, finding a reduction
in the primary outcome in the CRT-D group [56].

In the REsynchronization reVErses Remodeling in Systolic left vEntricular dys-
function (REVERSE) trial, patients with HF in NYHA class I and II were randomized
to CRT (with or without defibrillator) or control. The results showed an improve-
ment in the ventricular structure and function in the CRT group and a decrease in
hospitalization for HF [57]. MADIT-CRT was designed to evaluate the effect on death
and HF events in patients in NYHA class I-II who received a CRT-D compared to an
ICD. The risk of HF events was reduced, left ventricular volumes were reduced, and
EF improved in the CRT-D group, but no significant difference in all-cause mortality
was seen between the groups [58]. When the outcomes in MADIT-CRT were studied
in relationship to whether or not the patient had LBBB, CRT-D led to a reduction in
HF progression and a reduced risk of ventricular tachyarrhythmias in patients with
LBBB while patients with non-LBBB morphology did not benefit clinically [59].

4.3 General indications for CRT
4.3.1 Patients in sinus rhythm

CRT is recommended by the ESC (class I recommendation) in patients with
symptomatic HF in sinus rhythm, with a QRS duration of 130 ms or more, LBBB
morphology, and an LVEF of 35% or less despite optimal medical therapy, to reduce
symptoms, morbidity, and mortality [60]. CRT should be considered (class Ila recom-
mendation) in patients who meet these criteria but do not have LBBB morphology
and have a QRS duration of 150 ms or more and may be considered (class IIb recom-
mendation) in non-LBBB morphology if the QRS duration is between 130 and 149 ms
[60]. Patients with HF with reduced EF in any NYHA class who have an indication for
bradycardia pacing with a high proportion of right ventricular pacing (high degree
AV block, permanent AF) should receive CRT instead of a conventional pacemaker
in order to reduce morbidity (class I recommendation) [60]. Lastly, patients with HF
with reduced EF who already have a pacemaker or ICD and develop worsening HF
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despite optimal medical therapy and have a high rate of ventricular pacing may be
considered for upgrade to CRT [60].

Since there have been few patients included in RCTs who are in NYHA class I or IV,
the evidence for CRT in these patients is inconclusive. When it comes to NYHA class
1V, individual consideration should be made. The recommendations from the ESC
include patients in NYHA class IV who are ambulatory (no HF hospitalizations in the
last month) [9].

4.3.2 Patients in atrial fibvillation

Since AF results in irregular and often fast ventricular rates, there is a risk that
biventricular pacing delivery does not work adequately in these patients, and most
of the patients with AF and an intact AV node require AV junction ablation in order
for biventricular pacing to work properly. When considering AV junction ablation
before CRT implantation, the risk that pacemaker dependency poses must of course
be taken into account [9]. In its 2013 guidelines, the ESC suggests that CRT should be
considered in patients with AF who have an EF of 35% or less, are in NYHA class III-IV
despite optimal medical therapy, and have a QRS duration of at least 120 ms—pro-
vided that bi-ventricular capture of as close to 100% can be achieved. In case bi-ven-
tricular pacing is incomplete, AV junction ablation should be performed [9]. CRT is not
an indication for AV junction ablation in any other situation than when it is necessary
because of consistently high ventricular rates despite optimal medical therapy [60].
In addition to this, CRT should be considered in patients with reduced EF who are
candidates for AV junction ablation because of uncontrolled heart rate; a QRS duration
of more than 120 ms is not necessary [9]. In the slightly more recent guidelines from
2016 regarding acute and chronic HF, a QRS duration of 130 ms is the cut off for when
CRT is indicated (applies to patients in sinus rhythm as well as in AF) [60].

4.3.3 Patients with indications for bradycardia pacemakers

Right ventricular pacing might be associated with harmful effects on the cardiac
function and structure; therefore, upgrading from a conventional pacemaker to CRT
is recommended in patients with optimal medical therapy who have HF in NYHA
class III and ambulatory class IV, EF of less than 35%, and a high percentage of right
ventricular pacing [9]. It should be noted that upgrade to CRT implies a higher risk of
complications compared to primary implantation [9]. In patients who have indications
for bradycardia pacing and have not yet received a pacemaker, the ESC guidelines from
2013 recommend that CRT should be considered if they have a history of HF with
reduced EF and an expected high rate of ventricular pacing in order to decrease the
risk of worsening HF [9]. In its 2016 guidelines regarding acute and chronic HF, the
ESC made CRT a class I recommendation (is recommended) in patients with HF with
reduced EF regardless of NYHA class, who have an indication for ventricular pacing
(patients with AF included) [60].

4.3.4 Patients with indications for ICD

Several studies, including the aforementioned RAFT and MADIT-CRT, that have
compared ICD to CRT-D have found that CRT-D reduces morbidity and mortality.
Therefore, when a patient is to receive an ICD, the presence of CRT indications (as
mentioned) should be assessed [9]. According to the ESC guidelines, when ICD
therapy is indicated in a HF patient who has a QRS complex duration between 130
and 149 ms, CRT-D should be considered. If the QRS duration is 150 ms or more,
CRT-D is recommended [60].
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4.3.5 The choice between CRT-P and CRT-D

In order to improve prognosis, evidence points toward the use of CRT-D therapy
for patients in NYHA class IT and CRT-P for patients in NYHA classes III-IV [60].
There is not sufficient evidence based on RCTs for the ESC to make a specific
recommendation on when to choose one over the other, but they offer some advice.
In addition to patients with advanced HF, the ESC suggests CRT-P in patients with
severe renal insufficiency and those who have other major comorbidities, cachexia,
or frailty. CRT-D, on the other hand, is more appropriate in patients with a life expec-
tancy of at least a year, stable HF, no comorbidities, and ischemic heart disease [9].

4.4 Contraindications

According to the Echocardiography Guided Cardiac Resynchronization Therapy
(EchoCRT) study, there is a risk of increased mortality when CRT is used in
patients with systolic HF and a QRS duration of less than 130 [61]; QRS of less than
130 ms is therefore considered a contraindication to CRT by the ESC [60].

4.5 Cardiac contractility modulation

Patients who lack indications for CRT but still suffer from symptomatic HF with
reduced EF in spite of optimal medical therapy might be candidates for cardiac con-
tractility modulation (CCM). It provides nonexcitatory stimulation of the ventricle
in its refractory period in order to improve contractility but not cause extra systolic
contractions [60].

5. Future perspectives

An interesting area of research is the attempt to build biological pacemakers. Stem
cells and viral vectors have been used to introduce ion-channel genes into the heart
[62]. These preclinical attempts are promising but much remains until they are ready
to be considered a clinical option [63]. Nevertheless, electronic devices have been
developed over decades with proven efficacy, and devastating complications are rare.

Leadless pacing provides a landmark in the development of pacemaker technology.
However, it is basically limited to pacing from the right ventricle. Because most patients
will benefit from AV synchronization and even additional cardiac resynchronization,
efforts are made to fulfill this demand. The AV-sequential challenge could potentially
be solved by a VDD mode that would rely on atrial sensing from a subcutaneous inte-
grated ECG device. Furthermore, device systems that are able to communicate between
them are being developed. The subcutaneous ICD could be combined with a leadless
pacemaker, which could provide sensing/pacing in the right ventricle, including anti-
tachycardia pacing. The ultrasound-based technology WiCS™ system for endocardial
pacing of the left ventricle is another option that is currently being developed [64]. The
energy is transmitted from a subcutaneous transmitter subcutaneously to a receiver
in the endocardium. Leadless pacing in the right ventricular chamber combined with
the left-ventricular endocardial unit and a subcutaneous pulse generator could be a
possibility in the near future.

6. Conclusions

Pacemaker therapy has revolutionized the treatment of bradycardia, and with
an aging population, the use of permanent pacemakers is likely to increase. SCD,
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a major cause of death worldwide, can now be prevented with ICD therapy. CRT
reduces symptoms and risk of death in patients who have HF with reduced EF and

ventricular dyssynchrony. The indications for these therapies continue to evolve as
new evidence emerges and novel technologies become available.
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Chapter 3

The Subcutaneous Implantable
Cardioverter-Defibrillator

Peter Magnusson, Joseph V. Pergolizzi and Jo Ann LeQuang

Abstract

The subcutaneous ICD (S-ICD) represents an important advancement in defi-
brillation therapy that obviates the need for a transvenous lead, the most frequent
complication with transvenous devices. The S-ICD has been shown similarly safe
and effective as transvenous ICD therapy, but the two devices are not interchange-
able. The S-ICD is only suitable for patients who do not require bradycardia or anti-
tachycardia pacing functionality. In patients with underlying diseases associated
with polymorphic ventricular tachycardia and a long life expectancy, an S-ICD may
be the preferred choice. Moreover, it is advantageous in the situation of increased
risk of endocarditis, i.e., previous device system infection and immunosuppres-
sion, including hemodialysis. In patients with abnormal vascular access and/or
right-sided heart structural abnormalities, it may be the only option. The S-ICD is
bulkier, the battery longevity is shorter, and the device cost is higher, even though
remote follow-up is possible. A two- or three-incision implant procedure has been
described with a lateral placement of the device and a single subcutaneous lead. The
rate of inappropriate therapy for both S-ICD and transvenous systems is similar, but
S-ICD inappropriate shocks are more frequently attributable to oversensing, which
can often be resolved with sensing adjustments.

Keywords: lead complications, subcutaneous ICD, sudden cardiac death, S-ICD,
transvenous ICD, T-wave oversensing

1. Introduction

The subcutaneous implantable cardioverter defibrillator (S-ICD) offers an
alternative rescue device for sudden cardiac death in the form of an implantable
device that can offer defibrillation therapy without the need for a transvenous lead.
Lead failure is the most frequent source of complication requiring surgical revision.
Approximately 20% of transvenous leads fail within 10 years and extraction may
lead to devastating complications, including death [1-5]. The S-ICD differs from
conventional transvenous ICD systems in other important ways: an S-ICD requires
no transvenous leads (the most frequent source of device complications) but S-ICDs
do not offer bradycardia pacing, antitachycardia pacing, cardiac resynchronization,
plus they have limited programmability. Approved in Europe in 2009, the S-ICD
system (SQ-RX 1010, Boston Scientific, Natick, Massachusetts, USA) consists of
a pulse generator and a tripolar defibrillation lead, both of which are implanted
subcutaneously. In terms of size, weight, and footprint, the S-ICD device is larger
and heavier than a conventional transvenous ICD (approximately 130 vs. 60 g,
respectively).
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S-ICDs are indicated for primary and secondary prevention but are seen as
particularly useful for primary-prevention patients with a long life expectancy. The
selection of an S-ICD system over a transvenous ICD may be based on a variety of
factors. Transvenous ICD patients who experience device-related complications,
such as lead problems, may be revised to an S-ICD device. In a German multicenter
study, 25% of S-ICD patients had a previous transvenous system explanted because
of device complications [6].

2. Implant techniques and considerations

The S-ICD system is composed of a tripolar parasternal lead, positioned to the
left (about 1-2 cm) and parallel to the sternal midline; this lead plugs into the pulse
generator, which is implanted over the fifth to sixth rib and positioned submuscularly
between the midaxillarly and anterior axillary lines. The lead has three electrodes, two
of which sense only. The defibrillation electrode is positioned between the two sens-
ing electrodes. The sensing vector is created from the sensing electrode to the can,
with the device automatically selecting the better electrode for the vector to assure
optimal sensing. Device implantation may require minimal (to verify final position)
to no fluoroscopy, as much of the technique relies on anatomical landmarks [7].

See Figure 1.

A three-incision technique (plus pocket formation) was originally pioneered for
S-ICD implantation, and a newer two-incision approach has been described in the
literature [8]. The two-incision approach creates an intermuscular pocket for the
pulse generator rather than a subcutaneous pocket by incising the inframammary
crease at the anterior border of the latissimus dorsi, allowing the generator to fit
between the two muscles. Then a small incision at the xiphoid process (in the same
direction as pocket incision) allows an electrode insertion device to tunnel the lead
in place [8, 9]. In a study of 36 patients, the two-incision approach was found to
be safe and effective and it may produce superior cosmetic results compared to the
three-incision approach [9]. See Figure 2.

Figure 1.

The S-ICD device is implanted over the fifth to sixth rib and to the side; the parasternal lead senses the
subcutaneous ECG and automatically determines which of two sensing vectors to use (top or bottom electrode to
can). (Artwork by Todd Cooper, courtesy of Jo Ann LeQuang).
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Figure 2.
Lateral view of a patient with an implanted S-ICD. (Courtesy of Dr. Peter Magnusson with permission of
patient.).

The time required for device implantation has been recently reported as an
average of 68 + 20 minutes which includes intraoperative defibrillation threshold
(DT) testing [10]. DT testing is of decreasing importance with transvenous ICDs
but remains a much-discussed topic for S-ICD systems. Guidelines still recommend
DT testing during S-ICD implantation, even though it is often used without intra-
operative testing based on generalized findings from transvenous systems [11-13].
In a study of 98 S-ICD patients, 25% of patients failed to convert their induced
arrhythmia with the first intraoperative 65 joule shock, necessitating further
therapy delivery and/or external defibrillation. In this study, 24/25 patients could be
successfully defibrillated following either reversal of shocking polarity or lead repo-
sition although the desired 10 joules safety margin could not be achieved in 4/24
of these patients [14]. This suggests the importance of perioperative DT testing.
However, 100% of patients could be converted from defibrillation with an internal
80 joule shock [14]. In a subsequent study of 110 consecutive S-ICD patients, 50%
(n = 55) did not undergo defibrillation testing at implant for any of several reasons
(including patient condition, age, and physician preference). In this group, 11% had
episodes of sustained ventricular tachycardia (VT) or ventricular fibrillation (VF)
necessitating therapy delivery and all of them were effectively converted with the
first 80 joule shock [15]. Ventricular tachycardia is a rhythm disorder originating in
the heart’s lower chambers that has a rate of at least 100 beats per minute; ventricu-
lar fibrillation is a much faster, chaotic heart rhythm that causes the heart to quiver
rather than pump effectively. Thus, the notion that DT testing at implant is neces-
sary for S-ICD patients has been challenged.

S-ICD implantation may be carried out under local anesthesia [16], conscious
sedation, or general anesthesia (64.1% of U.S. implants of S-ICD systems [17].

The rate of complications at implant is low and the most commonly reported
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complication is infection (1.8%) [18]. By dispensing with the transvenous leads,
the S-ICD system avoids periprocedural and complications associated with con-
ventional transvenous defibrillation leads, i.e. pericardial effusion, pneumothorax,
accidental arterial puncture, nerve plexus injury, and tricuspid valve damage [19].

3. Safety and efficacy of S-ICDs

S-ICDs appear to have similar rates of infection and other complications as
transvenous systems and to be similarly effective in rescuing patients from sudden
cardiac death, but there are important distinctions between the two systems.

3.1 Safety

In a retrospective study of 1160 patients who received an implantable defibrilla-
tor (either transvenous system or S-ICD) at two centers in the Netherlands, patients
were analyzed using propensity matching to yield 140 matched patient pairs. The
rates of complications, infection, and inappropriate therapy were statistically
similar between groups, but S-ICD patients had significantly fewer lead-related
complications than the transvenous group (0.8 vs. 11.5%, p = 0.030) and more
non-lead-related complications (9.9 vs. 2.2%, p = 0.047) [20]. The most frequently
reported S-ICD complication involved device sensing.(20) Pooled data from the
Investigational Device Exemption (IDE) and postmarket registry EFFORTLESS
(n = 882) found S-ICD-related complications occurred at a rate of 11.1% at 3 years,
but with no lead failures, S-ICD-related endocarditis, or bacteremia [21]. An IDE
allows a device that is the subject of a clinical study to be used to collect data about
safety and effectiveness that may be later used to submit to the U.S. Food and Drug
Administration (FDA). Device-related complications were more frequent with
transvenous systems when compared to S-ICD devices in a propensity-matched
case—control study of 69 S-ICD and 69 transvenous ICD patients followed for a mean
of 31 + 19 or 32 + 21 months, respectively. About 29% of transvenous ICD patients
experienced a device-related complication compared to 6% of S-ICD patients, reduc-
ing the risk of complications for S-ICD patients by 70%; transvenous lead problems
were the most frequently reported complication in the former group [22].

In the largest study of S-ICD patients (n = 3717) to date, complications were low
at 1.2% overall. The most frequently reported complications were cardiac arrest
(0.4%), hematoma (0.3%), death (0.3%), lead dislodgement (0.1%), myocardial
infarction (0.1%), and hemothorax (<0.1%) [23]. Device revision during index
hospitalization was infrequent (0.1%) [23]. Infections occur at roughly similar
rates with S-ICD and transvenous systems but with the important distinction that
S-ICD infections may sometimes be resolved with conservative therapy (course
of antibiotics with device left in place), whereas most transvenous ICD infections
necessitate the extraction of the device and the transvenous leads. In a survey from
the UK. reporting on data from 111 S-ICD patients, 11/111 (10%) of patients expe-
rienced infection, of whom 6 could be successfully treated conservatively without
device extraction [24]. The EFFORTLESS registry (n = 472) reported a 4% rate of
documented or suspected infections and complication-free rates at 30 and 360 days
were 97 and 94%, respectively [25].

Once implanted, the S-ICD device delivers a nonprogrammable, high-energy
rescue shock (80 joules) to the thorax compared to shocks of 45 joules to the heart
administered by conventional transvenous systems. Notably the S-ICD delivers a
65 joule shock during implant testing. Therapy delivery differs markedly between
S-ICD and transvenous systems in terms of the amount of energy delivered, location
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of shocking vectors, and potential for damage to surrounding tissue or the heart. In

a porcine study, the mean time to therapy delivery was significantly longer with an
S-ICD than a transvenous system (19 vs. 9 seconds, p = 0.001) but the S-ICD shocks
were associated with less elevation of cardiac biomarkers. The longer time to therapy
may be advantageous in that device patients often experience short runs of non-
sustained VT. On the other hand, S-ICD shocks were associated with more skeletal
muscle injuries than transvenous device shocks owing to the energy patterns resulting
from the device placement but the clinical relevance of this is likely negligible [26].

3.2 Efficacy

Effective shock therapy is often defined as conversion of an episode of VT/
VF within five shocks, differing from effective first-shock therapy which occurs
when the initial shock converts the arrhythmia. In a study of 79 S-ICD patients at
a tertiary center, 7.6% of patients experienced at least one appropriate shock for a
ventricular tachyarrhythmia during the follow-up period (mean 12.8 + 13.7 months)
[27]. In a multicenter study from Germany (n = 40), shock efficacy was 96.4%
[95% confidence interval (CI), 12.8-100%] and first-shock efficacy was 57.9% (95%
CI, 35.6-77.4%) [6]. In an effort to analyze S-ICD efficacy in a large group of diverse
patients, data from the Investigation Device Exemption (IDE) clinical study and
the EFFORTLESS post-market registry were pooled to provide information about
882 patients followed for 651 + 345 days. About 59 patients experienced therapy
delivery for 111 spontaneous VT/VF episodes with first-shock efficacy in 90.1%
of events and shock efficacy (termination with five or fewer shocks) in 98.2% of
patients [21]. In the EFFORTLESS registry (n = 472), first-shock efficacy in discrete
episodes of VT/VF was 88% and shock efficacy within five shocks was 100% [25].

4. Inappropriate shocks with S-ICDs

Inappropriate shock describes therapy delivery to treat an episode which the
device inappropriately detects as a ventricular tachyarrhythmia. Inappropriate
shocks have been recognized as a significant clinical challenge with transvenous
systems as well as S-ICDs. In a tertiary care center study of 79 S-ICD patients,
inappropriate shock occurred in 8.9% (n = 7) of patients, attributable to T-wave
oversensing, atrial tachyarrhythmia with rapid atrioventricular conduction, exter-
nal interference and/or baseline oversensing due to lead movement [27]. T-wave
oversensing occurs when the device inappropriately senses ventricular repolar-
izations (the T-waves on the electrocardiograph) counting them as ventricular
events, leading to double counting of the intrinsic ventricular rate. In a multicenter
German study (n = 40) with a median follow-up of 229 days, four patients (10%)
experienced 21 arrhythmic episodes resulting in 28 therapy deliveries. Four of these
episodes were inappropriately identified by the device as ventricular tachyarrhyth-
mias, with the result that two patients received inappropriate shocks. This results
in a rate of 10% inappropriately detected ventricular tachycardia and 5% delivery
of inappropriate therapy [6]. In a study using pooled data from the IDE and
EFFORTLESS post-market registry (n = 882), the three-year rate for inappropriate
therapy delivery was 13.1% [21].

It does not appear there are statistically more cases of inappropriate therapy in
S-ICD patients compared to transvenous ICD patients. A propensity-matched study
(69 patients with a transvenous ICD and 69 with an S-ICD) found the rate of inap-
propriate shocks was 9% in the transvenous and 3% in the S-ICD groups but this
was not statistically significant (p = 0.49) [22]. In a study of 54 S-ICD patients in a

35



Cardiac Pacing and Monitoring - New Methods, Modern Devices

real-world prospective registry, the one-year rate for inappropriate therapy delivery
was 17%, most of whom had single-zone programming [10].

Inappropriate shocks with S-ICDs may be minimized. Most of them are caused
by T-wave oversensing. In a survey from the U.K. (n = 111 implanted patients
covered), 24 appropriate shocks were delivered in 12% of the patients (n = 13) and
51 inappropriate shocks were delivered in 15% of the patients (n = 17), of which
80% could be traced to T-wave oversensing [24]. In the EFFORTLESS registry
(n = 472), there was a 7% rate of inappropriate therapy delivery in 360 days, mainly
due to oversensing [25]. The main causes of inappropriate therapy delivery have
been reported to be supraventricular tachycardia (SVT) at a rate above the discrimi-
nation zone, T-wave oversensing, other types of oversensing (e.g. interference),
SVT discrimination errors, and low-amplitude signals [21]. Inappropriate therapy
delivery due to T-wave oversensing can often be remedied by adjusting the sensing
vector or adding another discrimination zone (dual-zone programming) [10].

Certain patients may be at elevated risk for inappropriate shock. A single-center
study of 18 hypertrophic cardiomyopathy (HCM) patients implanted with an S-ICD
system and followed for a mean 31.7 + 15.4 months concluded that HCM patients
may be at elevated risk for T-wave oversensing which could lead to inappropriate
therapy delivery. In this study, 39% of these HCM patients had T-wave oversens-
ing and 22% of the study population (n = 4) experienced inappropriate therapy
delivery [28]. An evaluation of 581 S-ICD patients found that inappropriate shocks
caused by oversensing occurred in 8.3% of S-ICD patients and patients with HCM
and/or a history of atrial fibrillation were at elevated risk for inappropriate therapy
[29]. There is a paucity of data on the use of S-ICD devices in HCM patients, but
a small study of 27 HCM patients screened for possible S-ICD therapy found 85%

(n = 23) were deemed appropriate candidates and 15 had the device implanted [30].
At implant testing, all patients were successfully defibrillated with a 65 joules shock
and most induced arrhythmias were terminated with a 50 joules shock (12/15).
After the median follow-up period of 17.5 months (range 3-35 months), there were
no appropriate shocks and one inappropriate shock, attributed to oversensing
caused when the QRS amplitude was reduced while the patient bent forward. In this
particular high-risk patient group of HCM patients without a pacing indication, the
S-ICD was effective at detecting and terminating tachyarrhythmias [30].

5. Mortality

The mortality risk with S-ICD implantation is low, but merits scrutiny. On
the one hand, S-ICD implantation is generally associated with fewer risks than
transvenous ICD implantation in that no transvenous leads are required. On the
other hand, patient selection for S-ICD may favor more high-risk patients (such as
those with a prior infection, renal failure, comorbid conditions such as diabetes)
but also includes many younger and generally fitter patients. Overall, mortality
data from S-ICD studies appears favorable. In a pooled analysis combining IDE
data and EFFORTLESS registry information, the one-year and two-year mortality
rates were 1.6 and 3.2%, respectively [21]. In a study of real-world use of S-ICDs in
54 primary- and secondary-prevention patients, mortality at the mean follow-up
duration of 2.6 + 1.9 years was 11% but no patient died of sudden cardiac arrest
[10]. In a six-month study comparing 91 S-ICD and 182 single-chamber transvenous
ICD patients, mortality rates were similar although the S-ICD patients had more
severe pre-existing illness at implant [31]. It may be that the similar mortality rates
between transvenous and S-ICD populations reflects the patient populations rather
than the implantation procedure or device characteristics [23].
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6. Troubleshooting S-ICDs

The S-ICD device was designed to be a streamlined system with fewer than 10
programmable features (transvenous ICDs have over 100 programmable features)
and to perform in a largely automated fashion in terms of device function. The
recent introduction of dual-zone programming to S-ICDs added a degree of pro-
grammability and reduced inappropriate shock [32]. Arrhythmia detection in the
S-ICD relies on a system of template matching, based on waveform morphology of
the subcutaneous ECG obtained at implant [33]. Oversensing and sensing-related
problems are the most frequently reported problems but are being addressed in
terms of device design and programmability. T-wave oversensing occurs when the
device incorrectly identifies a T-wave as a QRS complex and counts it as a native
ventricular beat, which leads to double-counting the rate. The use of dual-zone
device programming has reduced the incidence of inappropriate therapy as a result
of double-counting caused by T-wave oversensing [34]. T-wave inversions and
QRS complexes that are overly large or very small may be particularly vulnerable
to sensing anomalies. Reprogramming the sensing vector or therapy zones may
be helpful in such instances [35, 36]. In a propensity-matched study comparing
transvenous ICDs to S-ICDs, there were three inappropriate shocks in the S-ICD
group, all of which were due to T-wave oversensing in sinus rhythm and all of which
could be eliminated with adjustment of the sensing vector [22]. Furthermore, it
has been observed with increasing operator experience and better programming
techniques, sensing problems have been reduced [21]. In a study using pooled data
from the IDE and EFFORTLESS registry, the rate of inappropriate therapy associ-
ated with oversensing was <1% [21]. When inappropriate shock occurs, the stored
electrograms will likely help identify the cause. If lead malposition is suspected, a
chest X-ray may be appropriate. In case of oversensing, the sensing vector may be
optimized, device programming may be revised to add a second detection zone, or
pharmacological therapy may be added [32].

SVT discrimination likewise relies on template-matching (which is similar to
transvenous systems) but the S-ICD may be able to accomplish this with a higher
degree of resolution than transvenous ICDs [33]. The use of dual-zone program-
ming appears advantageous.

7. Primary and secondary prevention

Primary- and secondary-prevention patients represent two distinct patient
populations who may be treated with S-ICD therapy, although S-ICDs seem
particularly well suited for primary-prevention patients. Secondary-prevention
patients have a lower rate of comorbid conditions and significantly higher left-ven-
tricular ejection fractions (LVEF) than primary-prevention patients (48 vs. 36%,
p < 0.0001), while primary-prevention patients had a higher incidence of heart
failure and were more likely to have had a transvenous ICD implanted before the
S-ICD. Primary-prevention patients also have a higher rate of ischemic cardiomy-
opathy (41 vs. 33%) and nonischemic cardiomyopathy (28 vs. 12%) [18]. S-ICDs
have been shown to be effective for both primary- and secondary-prevention
patients. In a study of 856 S-ICD patients (mean follow-up 644 days), there were
no significant differences between primary- and secondary-prevention popula-
tions in the rates of effective arrhythmia conversions, inappropriate therapy,
mortality or complications although appropriate therapy delivery was delivered to
significantly more secondary-prevention than primary prevention patients (11.9
vs. 5.0%, p = 0.0004) [18].
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The freedom from any appropriate therapy delivery was 88.4% among primary-
prevention patients with an LVEF <35 and 96.2% among primary-prevention
patients with an LVEF >35%. The freedom from any appropriate therapy delivery
among secondary-prevention patients was 92.1% [18]. Spontaneous conversion to
sinus rhythm was more frequent among primary-prevention patients (about 48%
of all ventricular tachyarrhythmias) compared to secondary-prevention patients
(31%) [18]. However, the rates of inappropriate therapy delivery and complications
were similar for both primary- and secondary-prevention patients [18].

8. The optimal candidates for S-ICD

S-ICD systems are indicated for patients who require rescue defibrillation but do
not need bradycardia pacing support and would not benefit from antitachycardia
pacing or cardiac resynchronization therapy. This includes primary- and secondary-
prevention patients. By avoiding transvenous leads, the S-ICD is particularly
appropriate for patients with occluded veins or limited venous access (who are not
suitable candidates for transvenous systems) and the S-ICD may be beneficial for
younger, fitter, and active patients. The generator position of the S-ICD patient may
make it easier and safer for strong, fit patients to resume active lifestyles without
jeopardizing lead position.

Despite the fact that S-ICD devices are larger than transvenous systems, their
lateral placement may result in more pleasing esthetic results than a conventional
transvenous ICD. Young device patients likely will have a lifetime of device therapy,
resulting over time in much hardware in their vasculature; the S-ICD thus presents
an advantage in that regard. It appears that S-ICDs are implanted in a younger
patient population; a survey of multiple U.K. hospitals (n = 111 patients) found the
median patient age was 33 (range 10-87 years) [24]. The mean age of patients in the
EFFORTLESS registry was 49 + 18 years (range 9-88 years) [25]. Younger patients
with cardiomyopathy or channelopathy often have a high rate of complications with
conventional transvenous ICDs [37] and it has been thought they may be better
served with an S-ICD device [9].

In a multicenter case—control study, it was found that 59.4% of S-ICD patients were
primary-prevention and the main underlying cardiac conditions were dilated cardio-
myopathy (36.2%), ischemic cardiomyopathy (15.9%), and HCM (14.5%) [38]. In
particular, these patients have been considered challenging to treat with a conventional
transvenous ICD in that they may have an erratic electrical substrate in the heart and
increased left-ventricular mass, which could contribute to an elevated DT. First-shock
efficacy rates of up to 88% are promising in light of these challenges [25]. In a study
of 50 hypertrophic cardiomyopathy patients implanted with S-ICDs, 96% of patients
could be induced to an arrhythmia at implant and of the 73 episodes of VF induced,
98% were successfully converted with 65 joules from the S-ICD during DT testing.
One patient in this study (2%) required rescue external defibrillation [39]. The patient
who failed internal defibrillation had a body mass index of 36 and was successfully
converted by an 80 joules shock with reversed polarity from the S-ICD [39].

9. Current guidelines
9.1 Indications

The most recent guidelines to address S-ICD were published by the American
Heart Association, the American College of Cardiology, and the Heart Rhythm
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Society in 2017 [40]. The An S-ICD is indicated (Class of Recommendation 1, level
of evidence B) for patients who meet indication criteria for a transvenous ICD but
who have inadequate vascular access or are at high risk of infection and for whom
there is no anticipated need for bradycardia or antitachycardia pacing. Further,
implantation of an S-ICD is deemed reasonable for patients with an ICD indication
for whom there is no anticipated need for bradycardia or antitachycardia pacing
(Class of Recommendation IIa, level of evidence B). An S-ICD is contraindicated in
a patient who is indicated for bradycardia pacing, antitachycardia pacing for termi-
nation of ventricular tachyarrhythmias, and/or cardiac resynchronization therapy
(Class of Recommendation III, level of evidence B) [40].

The European Society of Cardiology guidelines from 2015 report that S-ICDs are
effective in preventing sudden cardiac death and the device is recommended as an
alternative to transvenous ICDs in patients who are indicated for defibrillation but
not pacing support, cardiac resynchronization therapy, or antitachycardia pacing
(Class ITa, Level C). Moreover, the S-ICD was considered to be a useful alternative
for patients in whom venous access was difficult or for patients who had a trans-
venous system explanted because of an infection or for young patients expected to
need long-term ICD therapy [41].

9.2 Pre-implant testing

Those considered for S-ICD therapy should be screened with a modified ver-
sion of the three-channel surface electrocardiogram (ECG) set up to represent the
sensing vectors of the S-ICD. With the patient both standing and supine, the ratio
of R-wave to T-wave should be established and signal quality evaluated. If any of
the three vectors does not result in satisfactory sensing, the S-ICD should not be
implanted. Once the actual device is implanted in the patient, the system automati-
cally selects the optimal sensing vector [11].

9.3 Programming

The S-ICD may be programmed to detect arrhythmias using a single- or dual-
zone configuration. In the dual-zone configuration, a lower cutoff rate defines what
might be called a “conditional shock zone” to which a discrimination algorithm is
applied so that therapy is withheld if the rhythm might be deemed supraventricular
in origin or non-arrhythmic oversensing. This discrimination zone relies on a form
of template matching. Above that rate, a cutoff establishes the “shock zone” which
delivers a shock based on the rate criterion alone. When the capacitors charge in
anticipation of shock delivery, a confirmation algorithm assures the persistence of
the arrhythmia prior to sending the shock. Shocks are delivered at the nonprogram-
mable 80 joules of energy [11].

10. Future directions

The evolution of the S-ICD adds an important new device into the armamen-
tarium for rescuing patients from sudden cardiac death. To further improve S-ICD
technology, size reduction, increased battery longevity, and improved T-wave
rejection will be needed. In the near future, improvement in sensing function might
eliminate the need for a separate screening ECG prior to implant, which could
optimize clinical workflow.

Improved battery technology is particularly important as the S-ICD is often used
in patients with a relatively long life expectancy. Leadless pacemaker systems that
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might work together with an S-ICD are in development which would allow for bra-
dycardia pacing support, antitachycardia pacing and a subcutaneous defibrillator
without transvenous leads [32]. The development of a leadless epicardial pacemaker
might allow for left-atrial and left-ventricular pacing function to be integrated to
the S-ICD. Taken altogether, these improvements could make the S-ICD the pre-
ferred device in the vast majority of cases for rescue from sudden cardiac death.

11. Conclusion

The subcutaneous implantable cardioverter defibrillator (S-ICD) offers an
alternative to transvenous ICDs but the two systems should not be considered
interchangeable. The S-ICD is appropriate for patients who require only rescue
defibrillation (primary or secondary prevention) but does not offer bradycardia
pacing, antitachycardia pacing, overdrive pacing, or cardiac resynchronization
therapy. S-ICD devices may be appropriate in patients who have occluded vascula-
ture or device infection with a transvenous system. Effectiveness, rate of infections,
and survival rates are similar for both devices although, in general, S-ICDs may be
implanted in patients with more serious underlying conditions such as end-stage
renal disease or advanced diabetes. Infections with S-ICDs are more likely to be
effectively treated with a conservative course of antibiotic therapy and no device
extraction. Inappropriate shocks occur at similar rates with both systems but are
more likely caused by oversensing in the S-ICD. A main advantage of S-ICDs over
transvenous systems is the elimination of the transvenous defibrillation lead which
may be considered the Achilles heel of the transvenous system, having a 10-year
complication rate of 25%. It is likely that considerable advances in ICD therapy will
occur in the next decade as the S-ICD systems are further refined.
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Chapter 4
Leadless Pacemalkers

Peter Magnusson, Joseph V. Pergolizzi Jr and Jo Ann LeQuang

Abstract

Leadless or transcatheter pacemakers have recently been introduced to market
with important benefits and some limitations. Implanted entirely within the
right ventricle, these devices eliminate the need for transvenous pacing leads
and pacemaker pockets and thus reduce the risk of infections and lead-related
problems. Currently, they offer only VVI/R pacing and they cannot provide atrial
sensing, antitachycardia pacing, or AV synchrony. They offer a number of fea-
tures (such as rate response) and electrogram storage, albeit more limited than in
a transvenous system. Real-world clinical data are needed to better comment on
projected battery life, which manufacturers suggest will be at least equivalent to
transvenous devices. Extracting an implanted leadless pacemaker remains a chal-
lenge, although proprietary snare and removal systems are available. However,
aleadless pacemaker at end of service may be programmed to OOO and left in
place; arevised device may be implanted adjacent. These innovative new devices
may have important uses in special populations. Initial data on implant success
and adverse events are favorable. Currently, there are two leadless pacemakers
available: the Micra™ device by Medtronic and the Nanostim™ device by Abbott
(formerly St. Jude Medical).

Keywords: LEADLESS clinical study, leadless pacemaker, Micra™ pacemaker,
Nanostim™ pacemaker, transcatheter pacemaker

1. Introduction

The most vulnerable portion of the implantable cardiac pacemaker system
is the transvenous lead(s), which can dislodge, fracture, experience insulation
breach, and may lead to a host of adverse events including perforation, venous
occlusion, tricuspid regurgitation, oversensing (with inappropriate device func-
tion), and infection. The innovation of a leadless pacemaker offers pacing sup-
port through a catheter-delivered device that is situated entirely within the right
ventricle. A leadless pacemaker eliminates the need for both a pacemaker pocket
and transvenous access. Its main limitations are lack of atrial pacing and sensing
capabilities and the inability to provide antitachycardia pacing. For patients who
require solely single-chamber ventricular pacing (VVI/R), the leadless pacemaker
offers an important new option. Growing experience with these leadless devices
shows great promise and expanding applications, even though real-world clinical
experience is limited. The Spanish Pacemaker Registry reported about 1.6% lead-
less pacemakers out of all 12,697 reported devices by 2016 [1]. Despite this slow
uptake, leadless pacing systems may be an important “disrupting technology” in
cardiac rhythm management.
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2. Device description

There are currently two commercially available leadless pacemakers, which
are designed to reside entirely within the right ventricle, affixed to the ven-
tricular septum either mid-way or near the apex (see Figure 1). These devices
are manufactured by two of the leading pacemaker companies in the world:
Medtronic makes the Micra™ leadless pacemaker and Abbott (formerly St. Jude
Medical) the Nanostim™ leadless pacemaker. The devices are cylindrical, attach
directly to right ventricular septum, and have pacing and sensing electrodes that
adhere to the myocardium with a retrieval loop on the other end of the device to
facilitate extraction.

Leadless pacemakers are capable of pacing in the VVI mode with the pro-
grammable option of rate response (VVIR). The Medtronic device contains a
lithium-silver-vanadium-oxide/carbon monofluoride battery (120 mAh), while
the Abbott device utilizes a lithium carbon monofluoride battery with 248 mAh
[2]. Both devices weigh about 2 g; the Abbott device (Nanostim™) is longer and
thinner (42 mm in length and 5.99 mm diameter), while the Medtronic device
(Micra™) is shorter and thicker (25.9 and, 6.7 mm) [2]. The Abbott device is
secured via an active-fixation type helix mechanism, while the Medtronic device
relies on passive fixation with nitinol tines [3]. Battery longevity in leadless
pacemakers is estimated to be about 12-14 years. The Abbott (Nanostim™) lead-
less pacemaker was the subject of a global alert in late 2016 because of premature
battery depletion that could result in loss of output and telemetry. The battery is a
proprietary lithium-carbon monofluoride cell. Of 1423 Nanostim™ implantations
around the world, 34 batteries failed (about 2%), but without any associated
patient injury [4].

Leadless pacemakers at present cannot offer dual-chamber pacing modes or anti-
tachycardia pacing; thus, they are only appropriate for patients who require VVI/
VVIR or VOO/VOOR pacing. Electrogram storage is possible but there is limited
device memory compared to transvenous pacemaker systems [5].

Figure 1.

The leadless pacemaker is implanted via a catheter into the vight ventricle and affixed near the apex or
midway on the right-ventricular septum where the operator attains acceptable electrical measurements
(capture threshold, R-wave amplitude, and pacing impedance). The integral pacing and sensing electrodes in
the device eliminate the need for transvenous pacing leads (illustvation by Todd Cooper).
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3. Implantation techniques

Leadless pacemakers are typically implanted via right or left femoral venous
access into the septal wall of the right ventricle, although a right internal jugular
vein approach has been described in the literature [6]. Right femoral access is
preferred as the femoral iliac system nothing is less sharply angled on this side at
the point where it joins the inferior vena cava [7]. The outer delivery sheath needed
to deliver the pacemaker may have a diameter of 27 French (9 mm), which can
be accommodated at implant by using a step-up sequence of dilators. Ultrasound
with or without micropuncture has been recommended to avoid accidental arterial
puncture or suboptimal sites of femoral puncture. As delivery sheaths may be large
caliber, a poorly positioned puncture may make hemostasis challenging at the point
when the sheath is withdrawn [7]. The proprietary delivery catheter is deflectable
and advances with the device via the superior or inferior vena cava into the right
atrium, over the tricuspid valve, and then into the right ventricle. The delivery
catheter releases the device, which is affixed by active- or passive-fixation mecha-
nisms to the endocardium [7]. Fluoroscopy may be used to confirm appropriate
position. On radiography, the implanted devices look like a small cylinder (about
the size and shape of a triple-A battery) [8]. Appropriate position is confirmed with
acceptable electrical measurements generally defined as capture threshold <1.0 V at
0.24-0.4 ms, R-wave >6 mV, and impedance >500 Q. The introducer sheath is then
detached and removed and hemostasis achieved by a closure device, sutures, or
manual pressure [7].

Unlike pacing thresholds with transvenous systems, which tend to gradually rise
weeks after implant, the capture threshold for a leadless device may be expected
to decrease somewhat about 30 min after implant and then stabilize. In two cases
reports, threshold values in for a leadless pacemaker (Nanostim™) decreased
markedly during the perioperative period. In one case, the pacing threshold was
>6.5V, the initial R-wave was >12.0 mV, and impedance was 1830 Q. Rather than
reposition the system, it was decided to wait for 30 min, at which time the pacing
threshold was 2.25 V at 0.4 ms and impedance dropped to 1520 Q. The same report
described another case in which the pacing threshold was >6.5 V and impedance
was 1330 Q, but after allowing 25 min to elapse, the capture threshold decreased
t0 2.0 V at 0.4 ms and impedance was measured the next day at 800 Q [9]. In
fact, thresholds continued to improve in both cases the day after implant. It has
been speculated that acute injury caused by the extension of the active-fixation
helix being screwed into the myocardium might cause an increase in threshold
that attenuates rapidly [9]. Thus, it may not always be necessary to reposition the
device during implant in order to obtain adequate thresholds; instead, it requires a
perioperative waiting period.

As with other implanted devices, operator experience may help reduce adverse
events at implant. In an analysis of all patients implanted with a leadless pacemaker
(Nanostim™) in the LEADLESS and LEADLESS II clinical trials (n = 1439), 6.4% of
patients experienced a serious adverse device effect (SADE) in the first 30 days after
implant, but SADE rates dropped significantly from 7.4 to 4.5% (p = 0.038), once
the operator had more than 10 implants. Over time, the need for device reposition-
ing likewise decreased with operator experience, from the first quartile (26.8%) to
the fourth quartile (14.8%), p < 0.001 [10]. This suggests that there is a learning
curve for leadless pacemaker implantation, not unlike that for other implantable
devices, such as cardiac resynchronization therapy systems and subcutaneous
implantable cardioverter defibrillators. The most frequently reported adverse
events were cardiac perforation (24 events, 1.7% of patients) followed by device
dislodgement (20 events, 1.4%) and tamponade (18 events, 1.3%) [10].
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The leadless pacemaker is shipped already programmed to VVI pacing. It is
sometimes helpful to switch the device to VOO during implant, for example, to
better manage a pacemaker-dependent patient or if electromagnetic devices used
during implant could potentially interfere with the pacemaker. A conventional
transvenous pacemaker can be set to VOO mode perioperatively with simple
magnet application, but this is not possible with some leadless pacemakers. Instead,
the manufacturer or other expert team should be consulted in the event that the
leadless pacemaker must be implanted in VOO mode [11].

Implant success rates are high with leadless devices. In the LEADLESS study
(Nanostim™), the pacemaker could be implanted successfully in 95.8% of patients
with a procedural time of 28.6 + 17.8 min and fluoroscopy time of 13.9 + 9.1 min
[3]. In a study at a Polish single center, 10 patients were successfully implanted
with a leadless pacemaker (Micra™), which was implanted with a mean implant
duration of 82 min and mean fluoroscopy time of 3.5 min [12]. In a case series of
five leadless pacemaker (Micra™) patients, the average duration of implantation
procedure was 47 + 11 min, which appeared to shorten over the series from a peak
of 65 (second case) to 38 min for the last case [13]. In this case series, the mean
capture threshold was 0.53 + 0.27 V at 0.24 ms and mean R-wave was 13 + 5.8 mV
with no cases of acute dislodgement [13]. A study of 92 patients with leadless
pacemakers (Micra™) at a Swiss single center found median capture thresholds at
implant were 0.38 V at 0.24 ms (range 0.13-2.88 V at 0.24 ms), which remained
stable throughout 1 year of follow-up [14]. In a case series of five leadless pace-
maker patients (Micra™), all of the devices were successfully implanted [13]. A
study of leadless pacing (Micra™) in Japan enrolled 38 patients at four sites and
reported an implant success rate of 100% and the rate of freedom from major
complications at 1 year was 96%. At 6 months, 98.3% had low, stable capture
thresholds [15].

4. Safety and efficacy
4.1 Micra™ clinical studies

A prospective multicenter uncontrolled study enrolled 725 patients with an
indication for single-chamber pacing to be implanted with a leadless pacemaker
(Micra™). The primary endpoint was the percentage of patients with low, stable
electrical capture thresholds at 6 months, defined as <2.0 V at 0.24 ms that increased
<1.5V from implant. The device could be successfully implanted in 719/725 patients
(99.2%), and 96.0% met the primary endpoint at 6 months. At 6 months, the mean
capture threshold was 0.54 V at 0.24 ms with an R-wave of 15.3 mV and 627 Q
impedance. The majority of patients (91%) had a pacing output of <1.5 V at 0.24 ms
at 6 months, which implies that battery longevity should exceed 12 years [16]. A
total of 28 major complications were reported in 25/725 patients, but no devices
dislodged. Those complications included cardiac injuries (n = 11), complications at
the puncture site in the groin (n = 5), thromboembolism (n = 2), pacing problems
(n = 2), and other complications (n = 8). In total, three patients required device revi-
sion (two had elevated capture thresholds and one had pacemaker syndrome) and
devices were deactivated (OOO mode) and abandoned; a transvenous pacing system
was implanted. One patient had the device explanted because of transient loss of
capture and a new leadless pacemaker was implanted [16].

A worldwide postapproval registry of the Micra™ device reported 99.1% rate
of successful implantations in 1817 patients with a one-year major complication
rate of 2.7% (95% confidence interval [CI], 2.0-3.7%), 63% lower than the rate of
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major complications for transvenous pacemaker patients (hazard ratio 0.37, 95% CI,
0.27-0.52, p < 0.001). In this study, there were three instances of device infection,
none of which required device extraction [17].

A single-center registry of 66 patients undergoing leadless pacemaker implanta-
tion (Micra™) reported that the indications in this population were third-degree
atrioventricular block, sinus node dysfunction, or permanent atrial fibrillation with
bradycardia (30.3, 21.2, and 45.5%, respectively). Implant success was achieved
in 65/66 patients, and electrical measurements were stable over the follow-up
period of 10.4 + 6.1 months. At the last follow-up, the mean capture threshold was
0.57 + 0.32 V, the mean R-wave was measured at 10.62 + 4.36 mV, and the mean
impedance was 580 + 103 Q. In this study, one patient experienced a major adverse
event (loss of device function) and there were three minor adverse events [18].

A single-arm observational study based on a postapproval registry of Micra™
leadless pacemakers reported a 99.6% success rate in device implants (792/795
patients) at 96 centers in 20 countries. At 30 days after implantation, 13 major com-
plications were reported in 12 patients (1.51% complication rate, 95% CI, 0.78—
2.62%) [19]. In a Swiss retrospective observational study of 92 Micra™ patients,
the serious adverse event rate was 6.5% (n = 6), resulting in extended hospitaliza-
tion for five patients and one death; three other adverse events occurred over the
one-year follow-up (3.3% of patients, n = 3), resulting in revision to a conventional
transvenous pacemaker in two patients and extraction of the pacemaker in the third
because of ventricular tachycardia [14].

Physician acceptance of leadless pacing appears to be high. A study of leadless
pacing (Micra™) in Japan enrolled 38 patients, and most of the implanting physi-
cians said the leadless pacemaker was “extremely easy” or “easy” to implant (91.6%)

and deploy (94.4%) [15].
4.2 Nanostim™ clinical trials: LEADLESS, LEADLESSII

The prospective, single-arm, multicenter LEADLESS observational study
(n = 470) evaluated the freedom from serious adverse device events at 6 months as
the primary endpoint. The study had to be interrupted owing to the occurrence of
cardiac perforation events that required changes in the protocol and training. In the
300 patients enrolled after the study interruption, freedom from serious adverse
device events was 94.6% (95% CI, 91.0-97.2%), although 18 serious adverse device
events were observed in 6.6% of patients (n = 16), the most frequent of which were
perforation (1.3%), vascular complications (1.3%), and dislodgement of the device
(0.3%). When all 470 patients were included (before and after the interruption),
6.6% of all patients experienced a serious adverse device-related event [20].

The LEADLESS clinical trial retrospectively evaluated safety and efficacy of
the Nanostim™ leadless pacemaker over a minimum of 3 years of follow-up. A
total of 33 patients (mean age 77 + 8 years) were enrolled, of whom 31 received a
leadless pacemaker [21]. Two patients could not be implanted (one procedure was
aborted and the other was revised to an ICD.) At 3 years, 74% (23/31) of patients
were alive and no deaths were attributable to the leadless pacemaker. Most patients
(89.9%) reported freedom from serious adverse events (95% CI, 79.5-100%), and
9% experienced device-related complications, of whom two had procedure-related
serious adverse events. One suffered perforation leading to tamponade and the
other had inadvertent implantation of the leadless pacemaker into the left ventricle
by way of a patent foramen ovale, which was successfully retrieved and a new
device implanted into the right ventricle. A third complication was reported after
37 months attributed to battery malfunction and necessitating device revision,
which involved the successful removal of the leadless pacemaker and replacement
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with a new one. Up to 35 months, the electrical parameters of the leadless pacemak-
ers were appropriate [21]. A retrospective assessment of 31 of the 33 patients from
the LEADLESS study was conducted to evaluate the complication rates, device
performance, and rate response features at 1 year. No pacemaker-related adverse
events occurred from 3 months postimplant to 12 months. At 12 months, the mean
pacing threshold was 0.43 + 0.30 V at 0.4 ms, the mean R-wave was 10.3 + 2.2 mV,
and 61% had rate response features activated, of whom adequate results were
achieved by all [22].

The LEADLESS II study is a premarket, nonrandomized, prospective, mul-
ticenter study of 526 patients with a leadless pacemaker (Nanostim™) who were
followed for safety and efficacy for 6 months [3]. Inclusion criterion was a single-
chamber ventricular pacing indication (which included patients with persistent or
permanent atrial fibrillation). The primary efficacy outcome was achievement of a
therapeutic capture threshold (defined as <2.0 V at 0.4 ms) and appropriate sensing
(>5.0 mV R-wave or an R-wave that exceeded the R-wave value at implant). By an
intention-to-treat analysis, 90.0% of patients in the primary cohort achieved this at
implant. At 12 months, the mean capture threshold was 0.58 + 0.31 V at 0.4 msand
the mean R-wave was 9.2 + 2.9 mV. At 12 months, the mean percentage of ventricu-
lar pacing was 51.6 + 39.1%. The primary safety outcome was freedom from device-
related adverse events in the first 6 months after implant, which was achieved by
93.3% of patients. Over 6 months, a total of 22 serious adverse events related to the
device occurred in 20 patients (6.7%) in the primary cohort. In the total cohort, the
rate of serious adverse events related to the device was 6.5%. Devices migrated from
the heart into the pulmonary artery or right femoral vein in four and two patients,
respectively, and all devices were successfully retrieved percutaneously [3]. The
majority of patients did not require revision to reposition the pacemaker (70.2%),
but 4.4% of patients required two or more attempts to reposition the device. The
mean duration of hospital stay was 1.1 + 1.7 days (range 0-33) [3]. Over the course
of the study, 28 patients died (5.3%) but no deaths were related to the device.

The LEADLESS II patient cohort (n = 718) was compared retrospectively to
1436 transvenous pacemaker patients (historical data) with the results that leadless
pacemaker patients had fewer complications (hazard ratio 0.44, 95% CI, 0.23-0.60,
p < 0.001) broken down as short-term complications (5.8 vs. 9.4%, p = 0.01) and
mid-term complications (0.56 vs. 4.9%, p < 0.001). Specifically, leadless pacemaker
patients had more pericardial effusions (1.53 vs. 0.35%, p = 0.005), but similar rates of
vascular events (1.11 vs. 0.42%, p = 0.085), dislodgements (0.97 vs. 1.39%, p = 0.54),
and generator complications (0.70 vs. 0.28%, p = 0.17). Leadless pacemaker patients
had no cases of thoracic trauma compared to 3.27% of transvenous patients [23].

In October 2016, an advisory was issued for the Nanostim™ device regarding
premature battery depletion [24]. A prospective, observational, single-center study
was conducted in Germany with patients implanted early (up until April 2014) or
late (starting December 2015 and thereafter). The cohort included 14 consecutive
patients (77 + 9 years, 57% male) with a mean follow-up of 29.5 + 11.5 months
(range 11.9-44.6 months). Most were “early” patients (n = 9, 64%) implanted
before the implantation suspension and five were implanted “late” (36%). From
data obtained at the last follow-up, 57% had permanent atrial fibrillation with
complete heart block, 21% were considered pacemaker dependent, and 36% had
a mean regular escape rhythm of 37 + 2 beats per minute (bpm). Almost half
of the patients had signs of battery malfunction (43%, n = 6), all of whom had
“early” implants. Using the Kaplan-Meier method, the mean time calculated from
implant to device failure was 39.0 months (standard error 1.85 months, 95% CI,
35.4-42.7 months). Device parameters fell within the normal range for all patients
(100%) at the last follow-up before battery malfunction was detected. Devices
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were explanted and analysis showed reduced electrolytes in the lithium carbon
monofluoride battery, which caused high internal battery resistance, reducing the
available current for device function. While a report from 2016 showed Nanostim™
battery malfunction occurred at a global rate of 2.4%, the rate at this particular
institution was much higher, possibly owing to the fact that the observation period
was longer [24].

4.3 Meta-analyses and comparative studies

In a meta-analysis of lead and device dislodgement (n = 18 studies, 17,321
patients) involving conventional transvenous pacemakers and leadless pacemakers
(both Micra™ and Nanostim™), the weighted mean incidence of lead dislodge-
ment in transvenous devices was 1.71%. Atrial leads had a higher dislodgement rate
than ventricular leads (odds ratio 3.56, 95% CI, 1.96-6.70). The dislodgement rate
for leadless devices was reported in three studies (n = 2116) and was 0, 0.13, and
1.0%, respectively, showing an overall lower dislodgement rate than conventional
systems [25].

In a propensity score-matched study, 440 pacemaker patients were matched
based on whether they had a leadless system (n = 220) or a transvenous system
(n =220). The complication rate at 800 days of follow-up was significantly lower in
the leadless pacemaker group (0.9 vs. 4.7%, 95% CI, p = 0.02) [26].

4.4 Other safety issues

Ventricular arrhythmias after the implantation of a leadless pacemaker should
be considered as potential side effect secondary to leadless pacemaker implantation.
A case report in the literature describes a patient who experienced short episodes of
polymorphic ventricular tachycardia (VT) in the perioperative period and high ven-
tricular rates with short-long-short runs of polymorphic VT induced by premature
ventricular contractions. The system was extracted successfully, revised with a new
device of the same type successfully implanted at a different position in the right
ventricle, and the VT resolved. The pro-arrhythmic effect of the leadless pacemaker
remains to be elucidated, but it may involve the irritation of the right-ventricular
myocardium at the site of implantation [27].

5. Leadless pacemaker features
5.1 Rate response

Both commercially available systems offer rate response. The Micra™ device
utilizes a programmable accelerometer that works on three axes. Rate response is set
up based on three activity vectors. The accelerometer can be programmed following
a five-minute exercise test, which should be conducted before hospital discharge
and then at an in-clinic visit later. While Vector 1 can be programmed as the nomi-
nal setting, an early study in 51 patients (278 tests, 818 vector measurements) found
the manual selection of a vector produced better results than opting for the default
Vector 1 setting. In initial testing, Vector 1 was found to be adequate in 74.5% of
patients but in in-clinic testing, Vector 1 was adequate for 64.7%, while Vector 3
was adequate in 68.6% (and Vector 2 was adequate in 51.0%) [28]. The Nanostim™
device utilizes blood temperature for its rate response [2].

In the LEADLESS clinical trial (n = 31), rate response was turned on in 61% of
patients at 12 months, 42% at 24 months, and 39% at 36 months [21].
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5.2 Capture management

The Micra™ leadless pacemaker offers a capture management system, while the
Nanostim™ does not.

5.3 Magnet mode

Application of a magnet over the implant site of a conventional transvenous
pacemaker will cause it to behave in highly specific ways (for example, asyn-
chronous fixed-rate pacing) in response in a function known as magnet mode.
The Micra™ device does not offer magnet mode, but the Nanostim™ will pace at
100 bpm for eight beats and then go to asynchronous pacing at 90 bpm (or 65 bpm
if the device is at the elective replacement indicator) [5].

5.4 Magnetic resonance imaging compatibility

The MIMICRY study (Monocenter Investigation Micra™ MRI Study) exam-
ined magnetic resonance imaging (MRI) compatibility in 15 leadless pacemaker
patients undergoing either a 1.5 Tesla (T) or 3.0 T cardiac MRI scan; one patient was
excluded from the study because severe claustrophobia precluded an MRI. Device
parameters remained stable during the MRI and over the one and three-month
observation points nothing showed MRI scans were safe and feasible [29]. In an ex
vivo study using porcine hearts, leadless pacemakers were implanted in the heart
(100% success rate) and then MRI conducted to assess artifacts. In most of the MRI
sequences, the right ventricle and septal area near the device showed some degree of
artifact, which might compromise utility, but the rest of the myocardium was free
of artifacts. The leadless-pacemaker-created artifact had the shape of a shamrock
and was brighter in the 3 T scans than the 1.5 T images [30].

5.5 Compatibility with external electrical cardioversion

A case report describes an 85-year-old woman with bradycardia and atrial fibril-
lation who received a leadless pacemaker (Micra™) and underwent external electri-
cal cardioversion with three shocks at 100, 200, and 360 J. The three cardioversion
shocks had no observable effect on the implanted leadless pacemaker [31].

6. Device retrieval

To date, there is limited experience with normal, expected end-of-life device
revision. Revision may be accomplished by retrieving the old device and implant-
ing a new one, or by simply inactivating the exhausted device and adding a new
device nearby. In theory at least, device retrieval seems preferable, in that it limits
the amount of hardware in the body and might reduce long-term complications or
device-device interference [32]. Successful acute and chronic device retrievals have
been reported in the literature. A study on human cadaver hearts has demonstrated
that it is feasible to simply implant a new leadless pacemaker without removing the
old one [33]. Successful device extraction in a porcine model was reported using a
single-loop retrieval snare and a superior vena cava approach [34].

In a study of Micra™ pacemaker revisions, 989 implants were analyzed and
compared to 2667 control patients with a transvenous ventricular single-chamber
pacemaker. The actuarial rate for device revision at 24 months following implant
was 1.4% for leadless pacemakers (11 revisions in 10 patients) compared to 5.3%
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in the transvenous pacemaker group (123 revisions in 117 patients), that is, 75%
lower for leadless pacemakers (95% CI, 53-87%, p < 0.001). The main reasons for
extracting a leadless device were a need for a different device therapy, pacemaker
syndrome, and prosthetic valve endocarditis. No leadless pacemaker was extracted
because of device dislodgement or device-related infection. In seven cases, the
device was deactivated and abandoned; in three cases, the device was extracted per-
cutaneously; and in one case, the device was removed during aortic valve surgery.
Overall, 64% of deactivated leadless pacemakers were left in situ [35].

In a retrospective study of 40 successful retrievals of leadless pacemakers
(Micra™), 73% (n = 29) consented to supplying procedural details to a research
study by Afzal and colleagues. This largest retrieval study to date differentiated
between “immediate retrievals” (n = 11) in which the original device was retrieved
perioperatively and “delayed retrieval” (n = 18) in which the retrieval involved a new
procedure at a later date. The median duration between implant and retrieval in the
delayed retrieval group was 46 days (range 1-95 days). The most commonly reported
reasons for leadless pacemaker retrieval were elevated pacing threshold upon tether
removal (immediate retrieval) and elevated threshold, endovascular infection, or
need to switch to transvenous system (delayed retrieval) [36]. The mean duration
for a retrieval procedure was 63.11 + 56 min with a mean fluoroscopy exposure of
16.7 + 9.8 min. Retrieval was accomplished using a snaring system deployed via a
delivery catheter or steerable sheath. No serious complications were reported [36].

In the LEADLESS II trial, the implantable device was retrieved successfully and
without complications in seven patients at 160 + 180 days (median 100 days, 1-413
range). Of these patients, three were implanted with a new leadless pacemaker, two
were implanted with a conventional transvenous pacing system, and two patients
were implanted with a cardiac resynchronization therapy (CRT) device for heart
failure. In a study composed of leadless pacemaker patients who required leadless
pacemaker removal from three other multicenter studies, 5/5 patients who required
acute extraction (within 6 weeks of implant) and 10/11 of patients who required
chronic extraction (>6 weeks after implant) experienced successful device retrieval
with no procedure-related adverse events [37].

Acute explantation of the leadless device was reported in the literature when
the device migrated into the pulmonary artery a few days after implantation in a
34-year-old patient with infective endocarditis. A single-loop snare guided by a
steerable sheath was used to retrieve the migrated device, and a second leadless
pacemaker was successfully implanted with no further complications [38]. A case
report describes a 62-year-old pacemaker patient who had a leadless pacemaker
implanted (to replace an infected transvenous system) and then revised with
a second leadless pacemaker because of failure to capture at maximum output
settings. The procedure was conducted by implanting the new leadless pacemaker
into the patient, assuring its proper function, and then extracting the original
underperforming leadless device using a triple-loop snare system [39]. A single-
center case series reported extraction of leadless pacemakers (Nanostim™) in three
cases with 100% success rate and fluoroscopic exposure times of 12, 16, and 19 min.
Each extraction was preceded by a transesophageal 3D echocardiogram to assess
the device’s mobility with the heart and possible endothelialization. Retrieval was
carried out using the proprietary catheter system from the manufacturer [40].

A novel extraction technique using a cryoballoon steerable sheath together with
a snare was reported for the successful retrieval of a leadless pacemaker (Micra™),
which was securely positioned in the patient but had an unusual subacute rise in
pacing threshold [41]. The pacemaker was first implanted at the right-ventricular
apex, but pacing thresholds were too high there (1.63 V at 0.24 ms), so the device
was repositioned to a site on the right-ventricular septum with acceptable thresholds
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(0.75V at 0.24 ms). The threshold increased unexpectedly over the next 30 min
t0 2.2 V at 0.24 ms with no radiographic proof of dislodgement. Using a 15 French
steerable cryoballoon sheath in an introducer to the right atrium, the sheath could
be navigated over the tricuspid valve and into the right ventricle. A 7 French 20 mm
snare was then introduced into the steerable sheath. The retrieval loop on the lead-
less pacemaker was successfully snared and could be extracted along with the intro-
ducer and sheath. No blood clot or visible defect was found on the extracted device.
A second leadless pacemaker was implanted at the mid-septum of the right ventricle
with good electrical measurements (capture threshold 0.5V at 0.24 ms), which
remained stable over 30 minutes. At 1 month, the patient has a capture threshold of
0.62V at 0.24 ms, an R-wave of 8.6 mV, and impedance of 600 Q [41].

Of 1423 leadless Nanostim™ pacemakers implanted around the world, there were
34 reported cases of premature battery depletion with a 90.4% successful retrieval rate
even though these were chronic implants (battery depletion occurred at 2.9 + 0.4 years).
Of the seven patients in whom retrieval was not possible, most cases were caused by an
inaccessible or otherwise nonfunctional retrieval loop on the device [4].

7. Quality of life

In a study of health-related quality of life using the Short-Form 36 (SF-36) ques-
tionnaire at baseline, 3 months, and 12 months in 720 Micra™ patients, all domains
improved significantly at 3 and 12 months compared to baseline values and 96%
were “satisfied” or “very satisfied” with the aesthetic appearance of the system, 91%
with their recovery, and 74% with their current activity level [42]. Leadless pace-
makers were associated with fewer restrictions on activity than leadless pacemakers
in a survey of 720 patients [42].

In a study of leadless pacemaker (Micra™) patients, some national differences
emerged. In this study, 35 Japanese patients were reviewed compared to 658 similar
patients outside of Japan. Fewer Japanese-only patients compared to outside-Japan
patients were “very satisfied” or “satisfied” with their recovery (74.3 vs. 91.8%,

p = 0.002), but those who reported themselves “very satisfied” or “satisfied” with
the device’s cosmetic appearance were similar (91.4 Japanese vs. 96.2% outside
Japan). All implants in the Japanese patients were successful [15].

8. Guidelines

Leadless pacemakers are indicated for patients with symptomatic bradycardia
requiring single-chamber ventricular bradycardia pacing support; persistent atrial
tachyarrhythmias in such patients are not a contraindication for leadless pacing. In
fact, many patients who receive a leadless pacemaker have persistent or permanent
atrial fibrillation with slow ventricular response.

The role of leadless pacemakers following removal of an infected conventional
transvenous pacing system is debated. Since a leadless device requires no pocket
formation and has no transvenous leads, it would appear to be suitable for a revision
system for appropriate patients. In a study of patients who required device replace-
ment after a conventional pacemaker system was infected (n = 17), patients were
implanted with a Nanostim™ (n = 11) or Micra™ (n = 6) device [43]. In six patients,
the leadless pacemaker was implanted within a week or less while in 11 patients, the
leadless pacemakers was implanted after at least 1 week. In all patients, there was
no infection over the course of a mean follow-up of 16 + 12 months. This patient
population included seven patients with a history of recurrent device infections
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(mean follow-up of 20 + 14 months). This study suggests that a leadless pacemaker
may be a viable revision pacing system for selected patients who experienced device
infection with a conventional pacemaker [43].

The French Working Group on Cardiac Pacing and Electrophysiology of the
French Society of Cardiology has issued specific guidelines on leadless pacing [44].
Currently, the indication for leadless pacing is a patient indicated for VVIR pacing
and the patient’s life, as well as device service life must be taken into account as device
retrieval may not always be possible. They consider that leadless devices should be
implanted only in centers that also perform cardiac surgery, because of the higher
incidence of tamponade, vascular complications, perforations caused by large-diam-
eter sheaths, or other complications associated with leadless pacemakers [44].

It has been recommended that anesthesiologists familiarize themselves with all
implantable device technologies, including leadless pacemakers [5]. A challenge to
these devices is that interrogation software may not be readily available and that
implantation should be coordinated with device manufacturer representatives or
cardiologists, for example, if the device should be programmed to an asynchronous
pacing mode during implant [5].

9. Special populations

In 64% of patients enrolled in one of the pivotal trials for leadless pacemakers
(Micra™), the pacing indication was managing persistent or permanent atrial
fibrillation with slow ventricular response [16]. In that pivotal trial, only 6% of
patients had a clear-cut medical reason that limited or contraindicated them from
a transvenous system. However, there are many emerging groups who may derive
benefits from leadless pacemakers.

9.1 Limited or occluded venous access

Leadless pacemakers may be an important alternative to conventional devices in
patients with thromboses, venous obstruction, tortuous or abnormal venous anat-
omy, superior vena cava syndrome, or other conditions may be contraindicated for a
conventional transvenous pacemaker. A case report describes a patient with third-
degree atrioventricular (AV) block who experienced an occlusive thrombosis of the
superior vena cava and had her conventional VDD transvenous pacemaker replaced
with a leadless device [45]. Limited venous access as an anatomical challenge may be
overcome with a leadless pacemaker as in a case study of a bradycardic hemodialysis
patient who suffered from skin erosion in the chest area due to radiation treatments
for esophageal carcinoma. The leadless pacemaker was implanted successfully, but
the patient developed ventricular tachyarrhythmias, necessitating the implantation
of a subcutaneous implantable cardioverter-defibrillator. At 1 month, both devices
were performing adequately with no device-device interactions [46].

A 72-year-old man with a thrombosed venous stent, renal failure, and myelo-
dysplastic syndrome presented with second-degree AV block. A leadless pacemaker
was preferred (Micra™) because of limited venous access and a high risk of infec-
tion due to his immunocompromised condition [47].

9.2 Pacemaker-dependent patients transitioned to leadless pacing
When it is necessary to extract transvenous leads in a pacemaker-dependent

patient, a common approach is to utilize a temporary pacemaker with active-
fixation lead as a bridge to a contralateral pacemaker implantation. A case report
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describes the use of a leadless pacemaker in a pacemaker-dependent patient with
dextrocardia who required lead extraction following endocarditis. The implantation
procedure was uneventful and the leadless pacemaker performed well with stable
measurements taken 1 year postimplant [48].

9.3 Transplanted hearts

The literature reports on successful implantation of a leadless pacemaker in a
transplanted heart [49].

9.4 Patients with prosthetic valves

The permanent position of a transvenous lead over the tricuspid valve may cause
damage to the valve. In patients with a prosthetic tricuspid valve, locating a trans-
venous lead over the tricuspid valve must be considered carefully. The literature
reports a case in which a 67-year-old woman with three valve replacements (an aor-
tic mechanical valve, a mitral mechanical valve, and a tricuspid prosthesis) under-
went successful implantation of a leadless pacemaker (Micra™) for high-degree
AV block with permanent atrial fibrillation. She had previously had an epicardial
pacemaker, which experienced lead dysfunction and transient loss of capture [50].

In a study of 23 leadless pacemaker patients (both Micra™ and Nanostim™),
devices were implanted in the septal-apical area or the mid-septal region of the
right ventricle. No observed changes in heart structure or heart function, such as
changes to the tricuspid valve, were found. One patient in this study developed
increased tricuspid valve regurgitation but without abnormal leaflet motion or any
changes in annulus size, suggesting it was caused by changes in right ventricular
pressure [51].

9.5 Tandem subcutaneous ICD with leadless pacemaker

It is not difficult to imagine the possibilities of combining a subcutaneous ICD
(S-ICD) with a leadless pacemaker to allow for bradycardia pacing support and
rescue defibrillation in a patient without the need for any transvenous leads. In an
experimental study (n = 40, animal models were ovine, porcine, and canine), the
dual devices were successfully implanted in 39/40 and 23 animals were followed
for 90 days. Appropriate pacing was observed in 100% of animals by the leadless
pacemaker, and the ICD could communicate unidirectionally with the pacemaker in
99% of cases. When triggered, the leadless pacemaker could deliver antitachycardia
pacing (10 beats at 81% of the coupling interval) in 100% of attempts, while the
S-ICD was able to maintain appropriate sensing [52]. While this is a preliminary
animal study, it demonstrates the potential of utilizing these two leadless systems
in tandem. For an S-ICD and a leadless pacemaker to work effectively together, they
require the ability to communicate with each other, which, in turn, depends on the
device orientation within the subject. In a canine study (n = 23), it was found that
communication could occur in 100% of the implanted dogs although the median
angle of the leadless pacemaker was 29°, and the median distance of the S-ICD to
the leadless pacemaker was 0.8 cm. While these are not optimal values, communica-
tion was effective. A retrospective study of 72 leadless pacemaker patients found the
median angle of the leadless pacemaker was 56 degrees; in a retrospective analysis
of 100 S-ICD patients, the median distance between the coil and the position of the
leadless pacemaker was 4.6 cm [53]. Thus, it appears that communication between
devices is possible and that humans offer a better theoretical positioning opportu-
nity for such communication than dogs.
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Dual device implantation was performed in an 81-year-old man who received
an S-ICD in 2012 after explant of three transvenous ICDs due to infection [54]. At
the time of S-ICD implant, the patient had no indication for bradycardia pacing,
but that changed in 2015 when he developed sinus bradycardia with a daytime heart
rate of about 20 bpm. Both subclavian veins were occluded, and it was decided to
implant a leadless pacemaker (Micra™). The device was successfully implanted
with satisfactory electrical measurements (capture threshold was 0.38 V at 0.24 ms
capture threshold, the R-wave was 10.4 mV, and impedance was 640 Q). When
programmed to high outputs, the leadless pacemaker did not appear to interact
with the S-ICD, even at its most sensitive settings. The patient was doing well
with improved function at 4 months. At 6 months, the patient had a VT that was
appropriately sensed and converted at first shock. The threshold of the leadless
pacemaker following the shock remained stable [54].

9.6 Dialysis patients

For patients with chronic renal disease, a leadless pacemaker may allow preser-
vation for central veins, necessary for permanent dialysis vascular access [55]. In
patients with end-stage renal disease and the need for an implantable pacemaker,
it is best to avoid transvenous leads if possible. Since kidney disease can progress
rapidly, patients with a high risk for renal failure (for example, glomerular filtration
rate < 20 mL/min/1.73 m); it may be helpful to consider these patients for leadless
pacemakers or S-ICD systems rather than transvenous devices when possible [56].

9.7 Patients with indwelling inferior vena cava filters

Leadless pacemakers are contraindicated in patients with an indwelling inferior
vena cava (IVC) filter, but as IVC filters become more common, the role of leadless
pacemakers in this population will be explored. In some cases, an IVC filter might
block passage of a catheter entering the femoral vein and routing toward the heart,
but there are cases reported in the literature in which the catheter with the leadless
pacemaker has been able to navigate around the indwelling IVC device. However,
large studies of leadless pacemakers exclude IVC filter patients, so there is not much
data on how a leadless pacemaker might be deployed in this population. A few cases
in the literature suggest it is feasible, at least in selected cases, to implant a leadless
pacemaker in the presence of an IVC filter.

A case report in the literature describes the successful implant of a Micra™
device via a collateral branch of the right common femoral vein through a previ-
ously implanted IVC filter in a 68-year-old man with a history of pulmonary
embolism and recent development of AV block [57].

9.8 Left atrial appendage occluders

There is a report in the literature of a dual implant of a left-atrial-appendage
occluder (Watchman™, Boston Scientific, Natick, Massachusetts, USA) and a
leadless pacemaker (Micra™) in a single procedure. The patient was a 73-year-old
woman with persistent atrial fibrillation. Both devices were implanted via right
femoral access with no complications and good results at 1 month postimplant [58].

9.9 Small patients

The idea that this miniaturized pacemaker might be appropriate in smaller
patients has been explored in a few case studies. The literature reports a
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successful implantation of a leadless device (Micra™) in an 11-year-old patient
with recurrent syncopal episodes and prolonged sinus pauses [59]. A 71-year-old
man with achondroplastic dwarfism had a transvenous pacemaker for decades
for third-degree AV block; in 2010, a pocket infection with endocarditis of the
tricuspid valve necessitated the extraction of the conventional pacemaker and
placement of an epicardial dual-chamber pacemaker with tunneling of leads. The
patient was pacemaker dependent with permanent atrial fibrillation and devel-
oped an untreatable pocket infection. He was implanted with a leadless pace-
maker (Micra™) via standard implantation technique, which was complicated
by the fact that the delivery catheter was much longer than the patient’s inferior
limb. The device was successfully implanted and showed good electrical results.
The epicardial device was then removed via a mini-thoracotomy [60]. A leadless
pacemaker (Micra™) could be successfully implanted in a small-frame geriatric
patient with third-degree AV block and a history of pacemaker implantations and
infections [61].

9.10 Vasovagal syncope

A leadless pacemaker was successfully implanted in a 17-year-old male patient
with cardioinhibitory syncope. The patient had vasovagal syncope with episodes
of bradycardia and drops in arterial blood pressure. An implantable loop recorder
documented a pause of 9 s, whereupon he was implanted with the leadless pace-
maker [62]. Cardioinhibitory syncope may be a temporary condition.

9.11 AV nodal ablation with permanent pacing

For rate control in patients with symptomatic atrial fibrillation (AF), atrio-
ventricular (AV) nodal ablation with subsequent pacemaker implantation (the
so-called “ablate and pace” procedure) is an established course of treatment. In
a multicenter observational study of 127 such patients, 60 received a leadless
pacemaker and 67 a conventional transvenous pacemaker. The primary efficacy
endpoint of this study was acceptable sensing thresholds (R wave >5.0 mV and
pacing threshold <2.0 V at 0.4 ms). Nearly all patients (95% in leadless and
97% in conventional groups) met the primary endpoint. Five early and one late
minor adverse events occurred in the leadless pacemaker group and three early
adverse events occurred in the conventional pacemaker group (not statistically
significantly different). Thus, it appears that leadless pacemakers may be a viable
option for “ablate and pace” patients [63]. In another study in a similar popula-
tion, 21 patients with permanent atrial fibrillation underwent implantation of a
leadless pacemaker (Micra™) followed by AV junctional ablation; these patients
were followed over 12 months with no major device-related complications.

Two patients in this study died over the course of the 12 month follow-up of
noncardiac causes [64]. Short- and long-term outcomes of patients undergo-
ing a simultaneous leadless pacemaker implantation were reported from an
observational study of 137 patients (mean age 77.9 + 10.5 years) in which 19.7%
(n = 37) underwent simultaneous AV nodal ablation. The complication rate was
5.5% in patients who just had leadless pacemaker insertion and 11% in those who
underwent both ablation and pacemaker implant. There were no cases of device
dislodgement in either group. Over the mean follow-up of 123 + 48 days, 3.6%
patients (n = 3) died, but all deaths were unrelated to cardiovascular causes.
There were no significant differences between groups in terms of pacing and
sensing threshold values [65].
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9.12 Concurrent valve replacement and pacemaker implantation

The literature reports on a 66-year-old female with rheumatic heart disease,
permanent atrial fibrillation with slow ventricular response, and renal failure. She
was admitted for mitral valve replacement and tricuspid valve repair, at which time
ade novo pacemaker would be implanted to help manage transient AV block. It was
decided to implant a leadless pacemaker (Micra™), but the sequence of these three
procedures (valve replacement, valve repair, and pacemaker implantation) was
not clear. The device was anchored at an adjacent septal site with measurements
of 1.25 V at 0.24 ms capture threshold, R-wave of 7 mV, and impedance of 600 Q.
After this satisfactory implantation was achieved, a tricuspid ring annuloplasty
was carried out successfully, and the proper position of the leadless pacemaker was
confirmed using intraoperative transesophageal echocardiography [66].

The literature reports a case in which a 91-year-old man underwent a successful
transcatheter aortic valve implantation (TAVI) but experienced the not uncommon
side effect of conduction disturbances. As the patient was frail and elderly, it was
decided to implant a leadless pacemaker to help manage the arrhythmias rather than
a transvenous system. The procedure was successful and the patient was discharged
without complications [67].

9.13 Congenital heart disorders

Patients with congenital heart disorders are at an elevated risk for arrhyth-
mias and anatomical anomalies, which may complicate venous access and device
implantation. In fact, congenital heart disease patients have a rate for pacemaker-
related complications that approaches 40% compared to about 5% in the general
population [68]. A case study in the literature reports on a 47-year-old female
pacemaker-dependent patient with congenital heart disease who had experienced
complications with a transvenous pacemaker (lead malfunction followed by
occlusion of the superior vena cava and innominate veins). The transvenous lead
was abandoned, and the patient was revised to an epicardial system. She presented
with dizzy spells, and it was found her epicardial system was nearing end of service
and had elevated thresholds. As there was no viable vascular access, it was decided
to revise her pacemaker to a leadless system (Micra™). The leadless pacemaker
was implanted via left femoral venous access and a steerable catheter to the right
ventricular apical septal region where it was successfully positioned with good
electrical values (1.0 V at 0.4 ms with an R-wave of 8 mV) [69].

10. Costs

At present, leadless pacemakers cost significantly more than a conventional
transvenous device without the expense of two transvenous leads. The question of
cost effectiveness in medical devices is always complicated, but it must be taken into
account that even with a higher upfront cost, leadless pacemakers have substan-
tially longer expected longevity (up to twice as long as a conventional transvenous
pacemaker) and fewer complications [13]. In an online survey conducted by the
European Heart Rhythm Association (EHRA) of 52 centers who participate in the
EHRA Research Network, most of the 52 centers who reported said they implanted
leadless pacemakers (86%) but at a small volume (82% said they implanted fewer
than 30 such devices in the past 12 months). The main reasons for the low volume
were device costs (91%) and lack of reimbursement for these systems (55%) [50].
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11. Future challenges

Currently, leadless pacing is limited to right-ventricular pacing only. The vast
majority of pacemaker patients depend on AV synchronization and may even ben-
efit from additional cardiac resynchronization for heart failure. One way to solve
the AV-sequential issue is to employ VDD mode that would allow for atrial sensing;
a subcutaneous ECG integrated into the circuit would be an option.

Systems that are able to communicate between devices are being developed, i.e.,
integration of a leadless pacemaker with an S-ICD. Ideally, this combination would
offer reliable sensing/pacing in the right ventricle including antitachycardia pacing
in order to terminate VT without shock therapy. Moreover, combining intracardiac
signals from the leadless pacemaker with the subcutaneous ECG from the S-ICD
may improve the system’s ability to discriminate arrhythmias.

Another concern is handling of the device at the end of its service life. Likely,
the devices will be encapsulated and could be programmed off (OOO mode), and
up to three devices can reasonably be accommodated within the right ventricle
[33]. However, many pacemaker patients are old with a shorter life expectancy than
projected batter longevity and will only need one device.

Extraction will be necessary in the event of an infection, and the development of
safe catheter-based tools would be helpful even in the situation of complete device
encapsulation. More data are needed about safety of leadless pacemakers with
regard to infection, device migration, and RV failure in long-term follow-up.

A leadless ultrasound-based technology used by the WiCS™ system (Wireless
Cardiac Stimulation, EBR Systems) has been developed for endocardial pacing of
the left ventricle [70]. The ultrasound energy is transmitted from a subcutaneous
transmitter to an endocardial receiver unit in the endocardium. This device is fixed
by three self-expanding nitinol tines on the device. Thus, this cardiac resynchroniza-
tion therapy (CRT) system comprises three parts: the left-ventricular endocardial
unit (using ultrasound for conversion of electrical energy), the subcutaneous pulse
generator, and a conventional pacing device. The subcutaneously implanted pulse
generator consists of a battery connected by a cable to a transmitter. The system
detects right-ventricular stimulation provided by the concomitant pacemaker, CRT
device, or ICD.

12. Conclusion

The technology of leadless pacing is a disruptive innovation with the potential to
usher in a new era of cardiac pacing and solve problems related to the transvenous
leads and pocket. The first-generation leadless pacemakers are limited to single-
chamber pacing, typically VVIR pacing, but further innovations may expand that.
Battery longevity is supposed to be excellent, but real-world clinical data are needed
from long-term use to confirm this. The extraction of a leadless pacemaker remains
a challenge. Future directions include integration of leadless pacing with S-ICDs,
dual-chamber devices, and a leadless version of CRT pacing.
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Chapter 5

Atrial Fibrillation and the Role of
Thumb ECGs

Peter Magnusson, Magnus Samuelsson, Joseph V. Pergolizzi Jr,
Hani Annabi and Jo Ann LeQuang

Abstract

Atrial fibrillation (AF) may be underdiagnosed, and there is much that remains
unknown about this prevalent and potentially life-threatening arrhythmia. AF epi-
demiology has been thwarted in part by the fact that about a third of patients with
AF have no symptoms, those with symptoms may experience them intermittently or
have vague symptoms, and it can be challenging to capture an episode on a 12-lead
ECG, which is required for diagnosis. There are many significant knowledge gaps in
our understanding of AF etiology and progression. A new user-friendly device that
allows for frequent self-monitoring of the heart rhythm has been introduced. With
the thumb ECG, patients can record a tracing multiple times a day. A smartphone
app will soon allow them to interact with their healthcare providers about these
ECG recordings. An ECG parser will allow for an algorithm-directed, rapid, auto-
matic interpretation of these recordings with high specificity and sensitivity. This
may help researchers learn more about the so-called silent AF, AF progression (and
possible remission), and risk factors for AF. This technology holds great promise for
patient care as well as for research into AF.

Keywords: arrhythmia, atrial fibrillation, thumb ECG, Coala heart monitor, stroke

1. Introduction

Atrial fibrillation (AF) is the most common sustained arrhythmia and
associated with a fivefold increased risk of stroke and a threefold increased risk
of heart failure; thus, AF is a major cause of cardiovascular morbidity [1-3].
The European Society of Cardiology (ESC) recognizes five main types of AF:
first diagnosed episode, paroxysmal, persistent, long-standing persistent, and
permanent [3] (see Table1). It had long been thought that AF begets AF and
the arrhythmia followed a linear forward progression from short, infrequent,
self-terminating episodes to more persistent forms of AF, but that paradigm has
been challenged in that about 3% of patients seem to have paroxysmal AF that
never advances to more persistent forms [4]. It is now recognized that AF may
plateau, remit/relapse, and one patient can simultaneously have multiple types
of AF [5]. The ESC has also identified seven clinical types of AF, as the etiology
of AF may relate to any of multiple mechanisms (see Table 2). In addition to
types and categories of AF, the arrhythmia burden is frequently used as a metric
to describe the amount of time an individual spends in AF [6].
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Types of AF Definition Treatments
First diagnosed Newly identified AF of any type Varies, depending on how severe the
AF is and if the patient is symptomatic
Paroxysmal Sudden onset, self-terminating episodes Episodes terminate with or without
that typically last a few moments to as intervention; may be asymptomatic
long as 48 h; recurrent
Persistent AF that lasts more than 7 days but can be Pharmacological or electrical

converted with medical intervention

cardioversion

Long-standing
persistent

AF that lasts a year or more and for which
treatment is available

Catheter-based ablation, open ablation,
drug therapy

Permanent

AF that has lasted more than a year and
which is accepted by patient and medical
team

Rate control

These distinctions ave based primarily on the duration of AF.

Table 1.
Main types of AF as set forth by the European Society of Cardiology [3].

Clinical type

Characteristics

Comments

AF secondary to
structural heart
disease

May occur in patients with left-ventricular
systolic or diastolic dysfunction or other
forms of structural heart disease

Treatment approaches vary;
anticoagulation therapy

Focal AF AF paroxysms associated with localized Pulmonary vein ablation may
triggers, such as the pulmonary veins be considered; anticoagulation
therapy
Polygenic AF Genetic, early onset Much remains to be elucidated
about this type of AF;
anticoagulation therapy
Postoperative AF Occurs following cardiac or other surgery This AF may remit on its own,
in patient without prior history of AF may persist or progress; treatment
varies
AF with atrial AF typically associated with mitral Atria remodel in response
remodeling stenosis and/or mitral valve surgery or to arrhythmic burden;
other forms of valvular disease anticoagulation therapy
Athlete’s AF AF, often paroxysmal, that occurs during Appears to be related to intensity
intense athletic training of exertion
Monogenic AF Associated the cardiomyopathy and Anticoagulation therapy

channelopathy

Therapeutic interventions, when appropriate, are typically grouped as those involved rate control (allowing AF to
continue but preventing a rapid ventricular vesponse) or vhythm control (converting to sinus rhythm when possible).

Table 2.
Clinical types of AF as defined by the European Society of Cardiology [3].

Despite the vast healthcare resources required to manage AF, little epidemiologi-
cal research has been conducted for this arrhythmia. AF can be an elusive arrhyth-
mia and short episodes can be difficult to capture on conventional ECGs. New
technological innovations, including the thumb ECG, may offer tools to help better
understand this arrhythmia. The thumb ECG opens up new technological abilities
to benefit patients and individual cases of AF as well as to benefit research to better
understand the epidemiology and natural history of AF in real-world populations.
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2. The challenge of AF epidemiology studies

The classic diagnostic assessments of AF require that documentation of the
arrhythmia on a 12-lead ECG. An irregular pulse may cause a clinician to suspect AF,
but the ECG is considered necessary for a diagnosis [7]. AF is characterized by irregu-
lar R-R intervals without discernible P-waves (except when the patient has concomi-
tant atrioventricular third-degree block). About a third of all individuals with AF
are asymptomatic, with silent AF or subclinical AF [8]. Even when symptoms occur,
they may be infrequent or diffuse. Historically, early efforts to quantify the incidence
and prevalence of AF and to better understand its potential relationship to stroke,
heart failure, and other conditions were hampered by the limitations of standard ECG
technology, the episodic nature of AF, and the large proportion of patients who had
vague or no symptoms. Unfortunately, the first manifestation of AF may be stroke.

Recording AF on a standard 12-lead ECG assumes both that the clinician
suspects that the patient has AF and that the AF will occur during the ECG record-
ing. ECG monitoring is too elaborate and expensive for use in routine population
testing, such as for epidemiological studies. Continuous ECG monitoring can be
obtained in individual patients by a wearable Holter monitor, but such systems
are cumbersome to patients and generate vast quantities of tracings that can be
a burden to analyze. Holter monitors are typically used for 24 h or for a specific
number of days, such as 7 days. Event recorders may also be used. The advent of
diagnostic counters in cardiac implantable electronic devices (CIEDs) allowed
physicians to monitor device-detected arrhythmias, including AF. CIED monitoring
offered the advantage of beat-by-beat analysis. Clinicians could program a cutoff
rate for high rate events on the atrial channels, usually in the lower range of 170-220
beats per minute. This led to a shift in terminology in that these devices obtained
date on atrial high-rate episodes (AHRE), which included ectopic atrial tachycardia,
atrial flutter, as well as AF. Current dual-chamber CIEDs offer mode-switching
algorithms, which can essentially turn off ventricular tracking during episodes
of AHRE. Mode-switching algorithms in conventional pacemakers can identify
AHRE with 98% sensitivity and 100% specificity [9]. The value of this beat-by-
beat monitoring first emerged in the Mode Selection Trial (MOST) in which 313
patients (median age 74 years) with pacemakers to treat sinus node dysfunction
were followed for 27 months, during which their pacemakers recorded AHRE when
atrial activity occurred at a rate > 220 beats per minute for more than 5 minutes
[10]. More than half (51.3%) had AHRE, which in turn could be associated with
elevated morbidity (stroke, permanent AF) and mortality [10]. The asymptomatic
atrial fibrillation and stroke evaluation in pacemaker patients and atrial fibrillation
reduction atrial pacing trial (ASSERT study) evaluated 2580 patients over age 65
with hypertension but without a history of AF who had a pacemaker or ICD with
an atrial lead. In the first 3 months of follow-up, 10.1% of patients had documented
subclinical AF lasting over 6 min; at 2.5 years, subclinical AF occurred at least once
in 34.7% of patients. The patients with subclinical AF had a 2.49-fold increased risk
of stroke compared to patients who did not have subclinical AF, irrespective of any
other atrial arrhythmias [11]. In a study of 356 pacemaker patients with continu-
ous atrial-channel monitoring, 88.2% had paroxysmal AF and 50.3% had at least
one episode of persistent AF [12]. A study of 678 pacemaker patients (411 without
AF and 267 with known AF) were followed over 38 months, and it was found that
30% of those with no history of prior AF had silent AF [13]. Of course, the patient
populations for these studies were limited to those with specific device indications
(and in some cases other inclusion criteria), and therefore, these findings are not
generalizable to the population as a whole.
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As might be intuitively expected, the accuracy of AHRE detection improves with
more continuous monitoring [14]. The high prevalence of AHREs detected by device
diagnostics gave rise to the implantable loop recorder (ILR). The ILR relies on a detec-
tion algorithm to identify AF typically based on R-R interval stability as evidenced by
consecutive QRS complexes. AF detection algorithms in ILRs are undergoing refine-
ment and may change in the future to improve specificity and sensitivity. As witha
CIED, an ILR would be implanted only in patients who are suspected of having AF or
other arrhythmias. The TRENDS study was an observational trial (n = 2486), which
followed patients with an ILR for a mean of 1.4 years and analyzed them for atrial tachy-
cardia and AF burden and thromboembolic events and found 45% of patients with no
prior history of AF (n = 1988) had subclinical episodes of atrial tachycardia [15].

The incidence and prevalence of AF may be vastly underestimated because there
was until recently no reliable and accurate way to monitor patients who were not at
specific risk for AF or who did not have a device or ILR indication. In other words,
till now, AF data were gathered mainly from people with or at an elevated risk for
arrhythmias. Epidemiological information on AF progression (from paroxysmal
to persistent and permanent), risk factors for AF, and AF associations remain to be
elucidated. Statistical analyses and meta-analyses have allowed certain risk factors for
AF to emerge, such as hypertension, heart failure, coronary artery disease, valvular
disease, diabetes mellitus, obesity, and chronic renal failure [16-18] as well as risk
factors for AF progression, including older age and hypertension [19]. The thumb
ECG offers an excellent opportunity to gather real-world data on AF from general and
specific populations. Some important questions about AF remain to be elucidated:

* What is the actual incidence and prevalence of AF in the general population?

* Are there specific subpopulations with a higher prevalence of AF, for example,
patients with diabetes, myocardial infarction, and cancer patients?

* What is the association between silent AF and stroke, for example, how many
patients with silent AF are needed to have one patient suffer a stroke?

* What is the trajectory of AF—does it always progress? Can we define its course
in clinically meaningful ways?

* Can patients with a low AF burden plateau for a long period of time at that level
or does AF typically advance to increase the AF burden?

* What can be known about the population who has more than one type of AF at
the same time (for example, both paroxysmal and persistent long-standing AF)?
Do multiple types of concurrent AF confer worse morbidity and mortality?

* Can we better identify risk factors for AF?

In addition to these questions, it would be important to be able to better evaluate

treatment strategies for AF by monitoring patients following drug therapy, abla-
tion, or other procedures.

3. The thumb ECG

The thumb ECG is a small-format, patient-friendly device that lay persons can
use to monitor their heart rhythm. After reading the instructions or a brief training,
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individuals can use the thumb ECG on their own quickly and conveniently many
times over the course of a day. The thumb ECG is a miniaturized and digital descen-
dant of the original ECG technology that was available around 1900. Patients can
monitor their heart rhythm by pressing the device to the chest or by placing their
thumbs on pads at the top of the device for a reading (see Figure1). Several thumb
ECG devices are available, and it is likely more are in development. Among them, the
Coala Heart Monitor™ has been approved for use in Europe to individual patients

in 2016 as a Class IIa medical device and to professional organizations in 2017. The
device is connected to a cloud-based service to which users subscribe. When infor-
mation is uploaded from the thumb ECG to the cloud, it is automatically analyzed for
AF or other arrhythmias using proprietary algorithms. Devices are available for use
by multiple patients at a clinic but may also be purchased direct-to-consumer (the
Coala Heart Monitor Pro™ and the Coala Heart Monitor™, respectively). The Coala
device is connected via wireless Bluetooth connectivity to a smartphone for use with
a proprietary Coala app. In this way, the thumb ECG dispenses with chest electrodes
or other adhesive patches. An ECG may take up to 60 s.

The patient can view the individual ECG recordings and results from automated
analysis directly on their smartphone app. Messages from the clinic to the patient
can also be viewed directly on the app for feedback. ECG recordings can also
be stored or printed by the patient to keep on hand for their next appointment.
Patients can also add a special heart report service to their smartphone to discuss
their ECG recordings with trained nurses for recommended actions. In this way,
one centralized and highly specialized healthcare function may provide first-line
primary cardiac healthcare coverage for a large and geographically spread-out
population.

Clinicians monitor the results from their patients’ thumb ECG devices by access-
ing a secure portal via an ordinary laptop computer. The proprietary algorithms for
ECG analysis are based on the ECG Parser, an algorithm system. The ECG Parser
identifies specific beats and patterns of beats and groups them into classes by

Figure 1.

The Coala Heart Monitor™. Device sensors detect the heart rhythm when the device is placed on the chest or
when the device is grasped with the thumbs on top of the two sensors on the device. Drawing: Courtesy of Todd
Cooper.
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Category Description Does this indicate AF?
0 Poor quality No
1 Normal No
2 Atrial fibrillation Yes
3 Pause/AV block II No
4 Fast, regular No
5 Long-short sequences No
6 Bigeminy No
7 Trigeminy No
8 More than 5 supraventricular extrasystoles No
9 More than 5 ventricular extrasystoles No
10 Irregular rhythm with P-waves No
Table 3.

The Coala Heart Monitor™ system is based on an ECG parser with a proprietary and algovithmic system to
help categorize arvhythmias automatically (Category 2 events indicate AF based on R-R interval dispersion
and the absence of P-waves).

morphology; using the sequence of beats, the algorithm applies markers to ranges,
measures intervals based on averaged beats, and then categorizes each signal or
signal segment into one of the 12 different categories to facilitate their use in large
databases (see Table 3).

4, The role of the thumb ECG in AF research

The ability to easily and inexpensively obtain ECG data has opened up new
avenues to advance research into AF and other arrhythmias.

4.1 The role of premature atrial contractions and premature ventricular
contractions in arrhythmogenesis

It has long been suspected that premature atrial contractions (PACs) and
premature ventricular contractions (PVCs) may be associated with arrhythmias.
However, since PACs and PVCs typically occur without warning and as isolated
events, there has been no way to obtain appropriate data to investigate this ques-
tion without generating an overwhelming volume of tracings. A study published in
2012 attempted to explore the relationship of PACs and PVCS to AF by evaluating
428 patients without structural heart disease and with no history of AF using 24-h
Holter monitoring [20]. This study found that frequent PACs were indeed signifi-
cant predictors of AF (p < 0.001). However, the study required patients to wear
Holter monitors and the investigators had to analyze hundreds of hours of ECGs.

A similar study was undertaken using thumb ECG technology that could analyze
40,000 measurements over a span of 500 days. This second study was able to
likewise confirm that frequent PACs were indeed highly significant predictors of AF
(p < 0.001) [21] (see Figure 2).

Furthermore, with thumb ECG technology, it was relatively straightforward
to confirm that the rate of VES and SVES events increased as AF developed [21]
(see Figure 3).
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Figure 2.

The incidence rates for development of AF based on number of ventricular extrasystoles (VES) and
supraventricular extrasystoles (SVES). Chart: Courtesy of Coala Life.
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Figure 3.
As patients developed AF, the incidence of both ventricular extrasystoles and supraventricular extrasystoles
increased sharply. Chart: Courtesy of Coala Life.

4.2 The real-world incidence and prevalence of AF
The StrokeStop I study was aimed at evaluating the risk of stroke in people
with untreated AF. To accomplish the study, systematic ECG screenings would

be needed from over 7000 patients. A thumb ECG system was used to obtain
intermittent ECG recordings, which were then analyzed using a proprietary ECG
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parser system. In the group of patients aged 75 or 76 years, AF prevalence was
found to be 12.3% [22]. This differs markedly from medical records, which found
that in that particular patient group, 9.3% had a prior diagnosis of AF. Thus,
thumb ECG with the ECG parser technology was able to confirm a much higher
AF prevalence than was previously determined. This suggests that the actual
incidence and prevalence of real-world AF may be substantially underestimated,
which has implications for public health and the healthcare system as well as for
individual patients.

In the ongoing Study of Men Born in 1943, thumb ECGs were introduced in
2014 to help assess AF prevalence. After eliminating patients who had died,
declined to participate, were lost to follow-up, or had known permanent AF,
patients were evaluated twice daily by thumb ECG (n = 479). The thumb ECG in
this study was able to diagnose a previously silent form of AF in 1.8% of patients
(n = 8), and it found the overall prevalence of AF was 3.1% (95% confidence
interval [CI], 1.83 to 4.98), but for men over the age of 71, the prevalence of
paroxysmal AF was 9.9% [23].

In a study of 1510 patients aged 65 with risk factors for stroke, the use of thumb
ECGs over a two-week period found undiagnosed AF in 0.9% of the population,
which worked out for a total AF prevalence in the study group of 7.6% [24].

5. Thumb ECGs versus other types of monitoring

Ambulatory assessment using Holter monitors was previously the main
way in which patients with suspected AF (and no implantable device) could
allow the arrhythmia to go on the record for diagnosis. Holter monitors record
ECGs from the patient around the clock and are typically set up to provide
either 24 h or 7 days of data. Holter monitoring became the gold standard
for arrhythmia analysis but had certain drawbacks: ambulatory monitoring
utilizes a wearable technology that patients may find cumbersome, clumsy,
and uncomfortable. Holter monitoring produces huge quantities of tracings to
be analyzed. In a 7-day Holter monitoring program, each patient would yield
168 h of ECG tracings (over 10,000 min per patient) and even with automated
systems, this represented considerable time and effort to analyze. Furthermore,
in 168 h of ECG tracings, it was possible that only very short runs of AF
would appear—for example, there might be 10 or 20 min of AF somewhere in
10,000 min of data.

Subclinical device-detected AF is defined as an AHRE (>190 beats/min for
>6 min and <24 h) with lack of prior diagnosis and correlated symptoms in patients
with devices that can produce continuous ECG monitoring [25]. Continuous ECG
monitoring has been shown to increase the number of undiagnosed episodes of AF,
especially in those with prior bouts of ischemia [26]. In fact, thumb (or handheld)
ECGs have been shown to be significantly more sensitive in the detection of silent
AF compared to conventional 24-h Holter ECGs [27, 28].

In order to determine whether Holter monitors offered comparable efficacy
to thumb ECGs, a study of 95 patients (>65 years) was initiated. Patients were
excluded if they had a history of AF. All patients were monitored for 5 days using a
Holter monitor and concurrently with a thumb ECG twice daily. Patients continued
using the thumb ECG for 30 days. Paroxysmal AF was detected in 20 patients using
the thumb ECG, in 17 patients using the Holter monitor, and by both systems in
10 patients [29]. The detection rates between the two methods did not differ ina
statistically significant way (p = 0.63).
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In a study of 108 consecutive patients with ambiguous symptoms of dizziness
and heart palpitations, patients were monitored using a Holter monitor for 24 h and
then twice daily using a thumb ECG for 28 days. The mean age of patients in this
study was 54.1 years. In this study, the thumb ECG was significantly more effective
over 4 weeks at identifying AF and paroxysmal supraventricular tachycardia than
the Holter monitor [30].

In a study presented at the Cardiovascular Spring Meeting in Stockholm in
April 2018, researchers took 1000 consecutive, anonymous printouts of wave-
forms captured from the chest and thumbs using the Coala Heart Monitor™
system. No exclusions were allowed. Each printout consisted of three 10-s tracings
recorded at 25 mm/s. Algorithm analysis notation and patient information (except
patient sex and age by 10-year groups) were removed from the strips. However,
heart rate, R-R median values, and user-provided annotations were allowed.

All strips came from real-world patients using the Coala monitor; subjects were
given no special device training. All strips were then sent to a trained cardiologist
who interpreted each one manually and then compared his interpretation to the
automatic analysis offered by the Coala device. One cardiologist interpreted all
of the rhythm strips. When comparing these 1000 real-world ECGs to the Coala
algorithm’s interpretation, it was found that the Coala was highly accurate with
97% sensitivity and 95% specificity. The estimated prevalence of AF from these
recordings was 14.4% [31, 32].

In the StrokeStop I study, 80,149 tracings were recorded using the Zenicor™
thumb ECG system; tracings were obtained from 3209 patients aged 75 or 76 years.
It was found to offer 98% sensitivity and 88% specificity, and the use of thumb
ECG technology combined with an ECG parser reduced the workload in analyzing
data by over 85% [22].

In a study of 100 patients with AF, a 12-lead ECG recording was followed by
a thumb ECG assessment with the results compared by a blinded investigator.
When the 12-lead ECG was compared to the thumb ECG, the thumb ECG had a
sensitivity of 96% and a specificity of 92% versus the 12-lead ECG. As part of the
same study, a second group of patients (n = 12) underwent effective cardiover-
sion for AF and then used a thumb ECG to assess their rhythms twice a day for
the next 30 days. In this group, 95% of cardioverted patients had tracings from
the thumb ECG considered to be of sufficient quality for clinical diagnosis. A
third group (n = 606) was screened for AF using the thumb ECG. Twelve people
in this group were diagnosed with AF of whom six had no history of AF and no
symptoms [33].

6. Questions about silent AF

One of the primary reasons to suspect that AF incidence and prevalence is
underestimated is the fact that as much as 40% of AF may be asymptomatic [34, 35].
Clinically silent AF may occur with paroxysmal AF, persistent long-standing AF, or
permanent AF [36]. Asymptomatic AF is not benign; data from the EORP-AF study
found that asymptomatic AF conferred on patients a higher 1-year mortality risk than
symptomatic AF [35] although the AFFIRM study found no such difference between
symptomatic and asymptomatic AF patients [37]. Early and accurate diagnosis of AF
may help reduce the burden of AF on the healthcare system and may allow interven-
tions to reduce morbidity and mortality associated with AF.

The classic AF symptoms may include any or a combination of the following:
heart palpitations, sensations of a racing or pounding heart, dyspnea, chest pain or
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discomfort, fatigue, lethargy, dizziness, malaise, anxiety, and syncope. Symptoms
are thought to be caused primarily by rapid ventricular response to AF rather than
by the atrial arrhythmia itself. It is thought that rapid ventricular activity, irregular
rhythms, and the loss of the atrial contribution to ventricular filling might all
contribute to reduced cardiac output, exacerbation of left-ventricular dysfunction,
cardiac remodeling, and a general deterioration of overall health [36]. In addition
to asymptomatic paroxysmal AF, some cases of AF may go unnoticed by patients
because the AF episodes are brief and interspersed between long periods of normal
sinus rhythm and symptoms may be very mild, diffuse, or overlooked by patients.
Silent AF is typically an incidental diagnosis, which may occur during routine
examinations or tests for other conditions.

The mechanical effects on the heart caused by fibrillating atria as well as the
electrophysiological and neurological consequences of AF appear to be the same
whether AF is clinically silent or symptomatic. Silent AF, like its symptomatic
counterpart, is associated with silent or symptomatic emboli, heart failure, morbid-
ity, and mortality [38].

Risk factors for silent AF include patients with cryptogenic stroke, hypertension,
advanced age, obesity, diabetes mellitus, cigarette smoking, chronic kidney disease,
or a history of cardiac disease [7, 35, 39-42]. Blood group type O appears to confer a
protective effect against thromboembolism in persons with AF for reasons that remain
unclear, but which may be associated with circulating von Willebrand factor levels [43].

7. Anticoagulation therapy

AF has been clearly associated with the catastrophic complications of throm-
boembolism and cerebral stroke, but the association between AHRE and thrombo-
embolism/stroke is not well defined [44]. The thumb ECG, like CIEDs, can detect
AHRE but it remains an open question as to whether and under what circumstances
anticoagulation therapy is appropriate for patients with documented AHRE. AHRE is
defined by two parameters: the atrial rate and the duration of the episode. However, it
remains unclear as to how fast or how long an episode of AHRE must be to represent
arisk of thromboembolism or stroke [45]. Thus, it remains to be elucidated at which
point a patient with AHRE might benefit from anticoagulation therapy.

According to the ASSERT and TRENDS studies, the association between the
formation of a thromboembolism and AHRE is challenged by the lack of a temporal
relation between the two events [46, 47]. The current data are contradictory. In the
ASSERT study, tachyarrhythmic episodes >6 min in duration have led to a higher
embolic risk [11]. However, in the TRENDS study, tachyarrhythmic episodes <5.5 h
were not associated with an increased thromboembolic risk [15].

With much to be elucidated about the potential role of anticoagulation therapy
for patients with AHRE, thumb ECGs may play an important role. These devices
may help uncover more about AHRE and its relationship to AF as well as its associa-
tion to adverse events. A more refined understanding of the temporal relationship
between AF and its comorbidities will help to create more effective anticoagulation
therapies and better outcomes.

8. Knowledge gaps about AF

The incidence and prevalence of AF may correlate with gender, age, comorbidities
(such as heart failure, atherosclerosis, hypertension, diabetes mellitus, and others),

80



Atrial Fibrillation and the Role of Thumb ECGs
DOI: http://dx.doi.org/10.5772/intechopen.83660

and possibly other variables. The natural course of AF, once thought to be the linear
progression from paroxysmal to persistent to permanent, remains to be elucidated
and appears to be more fluid than originally thought, even allowing for remission and
relapsing. While the association between AF and stroke is clear and ominous, it is not
known if this risk is greater, lesser, or the same for symptomatic versus asymptomatic
AF or different types or clinical presentations of AF. A meta-analysis of data on AF
showed that while men generally had a higher incidence of AF than women, women
and, in particular elderly women, were at a greater risk than men for stroke and
thromboembolism associated with AF [48-50]. Whether or not AF in the elderly and
oldest old populations is associated with more or more severe symptoms also remains
unknown. Greater understanding of these matters could result in better, more
targeted, and more effective clinical approaches and treatment.

It has been observed that patients implanted with CIEDs may experience brief,
clinically silent episodes of paroxysmal AF when the device is initially implanted.
The Automatic Interpretation for Diagnosis Assistance (AIDA) study found that
half (50.6%) of patients with de novo pacemaker implantations experienced atrial
arrhythmias in the first month following implant and these episodes were often
asymptomatic [51]. In a study of 213 dual-chamber pacemaker patients, all of them
had experienced at least one atrial arrhythmia at 3 years following implant [52].
This area has not been studied extensively and it is not known if this is clinically
important or might resolve with time [53].

Other knowledge gaps occur in the treatment of AF and how patients respond.
It has been suggested that pharmacological suppression of AF may simply convert
symptomatic AF into clinically silent AF, but there is not much data to support or
refute this notion. While it is known that AF incidence and prevalence increases
with age, it is not clear whether geriatric patients are more likely to have symptom-
atic or asymptomatic AF, nor has it been fully elucidated whether certain types of
AF (such as permanent or persistent long-standing AF) occur more often in elderly
patients.

AF is thought to be more prevalent in industrialized nations compared to devel-
oping countries but this has not been extensively studied [54].

Thumb ECG studies can provide robust data to help answer these questions
by allowing the inexpensive and straightforward acquisition of large amounts of
ECG data annotated with patient-reported symptoms from selected populations
and, together with algorithms to analyze the data, provide for fast and accurate
interpretation of that data. The advent of thumb ECG technology will empower
medical science and the healthcare system to obtain vital information crucial to
the early and accurate diagnosis of AF, particularly paroxysmal and clinically
silent AF.

Thumb ECG data may help better guide anticoagulation therapy.
Anticoagulation therapy is frequently prescribed for AF patients. In CIED
patients with diagnostic data revealing atrial high-rate activity, it is not clear
despite this documentation whether patients would benefit from anticoagulation
therapy [38].

The populations affected by AF are diverse and include patients with valvular
disease, malignancy, inflammation, atherosclerotic coronary artery disease, plus
those with genetic forms of AF, postoperative patients, patients following ablations,
CIED patients, along with patients who are geriatric, obese, or who have heart fail-
ure and/or hypertension. These populations are diverse, some overlap considerably,
and cross the lines between medical disciplines [40]. These factors contribute to
the confusion that makes it hard to better quantify AF. A number of open questions
remain and a high-level summary appears in Table 4.
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Question

Obstacles

Comments

Which patient
populations are at
greatest risk from AF?

May require some kind of diagnostic
algorithm to account for comorbidities; need
to find definition of risk (risk of AF, stroke,
mortality).

Likewise, an important
unanswered question is which
populations are at lowest risk?
Why?

Can patients use thumb
ECG technology to
self-monitor and/or
collect data?

Requires study parameters to be set up.

May be most helpful means
to get more accurate and
comprehensive AF data.

‘What is the normal Requires more data, also it is not clear if The old paradigm that AF
trajectory of AF? the natural course of AF might vary by begets AF may not be true or
population (for instance, it might be different ~ may be only partially accurate.
in older than younger patients, or in men
versus women).
Are some types of AF Requires more data and possibly This question could lead to
associated with greater stratification. more individualized treatment
morbidity and mortality courses.

than others?

Canwereacha
consensus definition for
AF burden?

This is a relatively new term that is typically
well understood but imperfectly quantified;
need consensus definition.

Itis not clear if and in what
ways AF burden may relate
to AF risks/outcomes. Once
it is defined, it can be more
efficiently studied.

Is silent AF always
without symptoms?

Evidence that quality of life decreases in
patients even with asymptomatic AF suggests
that AF is almost always symptomatic but not
all symptoms are recognized.

Better diagnostic tools are
needed to identify silent AF
and then to measure quality
of life.

What is actual incidence
and prevalence of AF?

Correlations with clinical presentation, type,
history, duration, and patient characteristics
may be helpful but challenging to obtain.

Will allow for more effective
and individually targeted
treatments.

Table 4.

Key questions about AF that may be a good research topic with thumb ECG technology [40].

9. The AF burden and thumb ECG technology

In an effort to better grapple with the global effects of AF on a patient, the AF
burden is often used to better describe the arrhythmia and its consequences. The
AF burden may be defined as how much time the patient spends in AF per unit of
time (such as what proportion of 1 day or 1 week) [6]. AF burden lacks a universally
recognized consensus definition, has not been extensively validated as a measure,
and is not often used when evaluating AF cases in terms of severity or risk. It is not
known if a high AF burden exacerbates risk factors for stroke. It is strongly sus-
pected that the AF burden is generally underestimated because of asymptomatic AF
and the fact that conventional technologies have been used to assess the incidence
and prevalence of AF [38]. A consensus definition would be helpful and would
facilitate meaningful efforts to study how the AF burden affects the course of the
arrhythmia, treatment options, and related morbidity and mortality.

10. An integrated approach to care for AF patients using thumb ECG

technology

A knowledge deficit about AF may be observed even in patients provided spe-
cific, patient-focused oral, and/or written educational tools [55, 56]. Individualized,
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educational interventions for AF have been proposed in order to address specific
patient needs, for example, types of AF treatment, recommended lifestyle modi-
fications, possible self-management tools, and drug therapy [57]. Thumb ECG
technology may soon emerge as an important element in the care of AF patients.
Patients who are considered appropriate candidates to monitor their hearts using a
thumb ECG device should be given specific training on the use of the device; such
training would likely be brief as these devices are designed to be easy to use for lay-
people. The regular use of a thumb ECG can assist patients in arrhythmia detection
and diagnosis as well as monitoring the course of treatment. The integration of the
thumb ECG into AF patient care may empower the patient and be a cornerstone of a
shared decision-making paradigm, in the event that multiple treatment options are
considered. It is known that patient education, shared accountability, and indi-
vidual empowerment drive improved adherence [58]. The use of a thumb ECG may
also be helpful in linking AF episodes to specific symptoms [3]. Furthermore, the
thumb ECG may reveal subclinical AF and may help better delineate the progres-
sion of AF over time.

AF is so pervasive and crosses so many disciplinary boundaries that a multi-
disciplinary approach to care is warranted, bringing together several healthcare
disciplines, i.e., general practitioners, cardiologists, surgeons, and allied health
professionals along with nonspecialists who may advise on diet, lifestyle modifica-
tions, physical and occupational therapy, and stroke prevention tactics. Moreover,
patients with newly diagnosed AF may benefit from a comprehensive cardiovas-
cular evaluation, including transthoracic echocardiography, as they are at risk for
other cardiovascular conditions [59, 60].

AF treatment typically involves anticoagulation therapy (initiated early in
appropriate patients), lifestyle modifications, and appropriate interventions, which
could include the use of antiarrhythmic agents or other pharmacological treat-
ments, catheter-based interventions, or surgical procedures (ablation, left-atrial
appendage occluders, etc.) [3]. Growing understanding of how altered calcium
homeostasis, atrial fibrosis, ion-channel dysfunction, autonomic imbalance, and
oxidative stress may contribute to AF combined with new knowledge about the
genetic underpinnings of arrhythmias should all be taken into account when struc-
turing AF care programs [61]. As an example, pulmonary vein ablation has been
recommended for some types of AF but would not benefit all AF patients. However,
all AF patients are likely to benefit from regular, consistent, systematic care includ-
ing routine follow-up visits, monitoring overall physical condition, arrhythmia
assessments, pharmacological adjustments as needed, and assessments and encour-
agement to promote treatment adherence. Thumb ECG monitoring would be an
integral part of that care paradigm.

AF care can be defined by three broad domains: stroke prevention (anticoagulation
therapy), rate control (mainly aimed at symptomatic improvement), and rhythm con-
trol (arrhythmia conversion). Pharmacological therapy can be an important element of
AF care and varies based on the individual characteristics of the patient (age, target for
treatment, comorbidities, symptoms, symptom severity, left-ventricular ejection frac-
tion, hemodynamics, other drugs the patient may be taking, and so on). Acute rhythm
control can be achieved pharmacologically in up to half of all patients diagnosed
with recent-onset AF by using antiarrhythmic agents. Antiarrhythmic drug therapy
should be guided first by safety rather than effectiveness, and treatment goals should
be established that seek symptomatic improvement with the foreknowledge that side
effects with these drugs are common [3]. Dose reduction of antiarrhythmic agents may
be needed for geriatric patients in that metabolism and the heart’s electrical system slow
down with increasing age [62]. Above all, it should be noted that many antiarrhythmic
agents have seemingly paradoxical pro-arrhythmic effects. This requires regular ECG
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monitoring to protect patients against the onset of a new drug-induced arrhythmia [63].
While there are to date no studies on the role of thumb ECG technology in this setting,
it makes intuitive sense that a thumb ECG may be useful for patients on antiarrhythmic
drug therapy.

11. Future directions

The usefulness of the Coala Heart Monitor™ needs further validation with
regard to specific patient groups. Currently, the TEASE study is evaluating patients
with cryptogenic stroke for 28 days using the Coala Heart Monitor™ [64]. The
rationale for prolonged monitoring in this population is warranted in order to deter-
mine if anticoagulation is indicated. Furthermore, the Red Heart Study is an initia-
tive using the Coala Heart Monitor™ exclusively among women with suspected AF
or other arrhythmias [65].

While the thumb ECG has already proven its value as a tool for finding and
following the progression of AF and other arrhythmias, it is beyond the functional-
ity of this device to assess structural heart changes or impaired left-ventricular
function. However, some thumb ECG devices already on the market, such as the
Coala Heart Monitor™, have the capacity to record simultaneously both chest
ECG and heart sounds through an electronic stethoscope membrane. This allows
derivation of acoustic cardiographic parameters such as systolic time intervals (STI)
along with the presence and intensity of S3 and S4 heart sounds. The use of STI
has historically proven to be a highly sensitive method of assessment of changes in
left-ventricular function, albeit with inconclusive findings as a diagnostic tool for
differential diagnosis [66, 67].

The use of acoustic cardiographic parameters derived from repeated patient-
engaged recordings performed in the home environment may, in this way,
characterize and track changes in left-ventricular function at low cost and low
burden to the healthcare system. Such indicative parameters of change in cardiac
function may fully utilize the individualized data collected from many recordings
over a period of time as a baseline rather than population-derived and regression-
corrected baseline data for improved sensitivity and accuracy.

In the future, the automatic algorithm-driven detection and reporting of sud-
den deviations in the patient’s heart rhythm may help reduce the human workload
without compromising care, in that the healthcare provider at the clinic can
be notified quickly about these deviations and take appropriate action, such as
changing medications. It is plausible that this could all happen before the patient
experiences any symptoms. In this way, small, highly specialized healthcare
centers may provide first-line cardiac primary healthcare coverage with respect
to AF or AF with left-ventricular dysfunction (e.g., decompensated heart failure)
for a large and geographically widespread patient population. These centers
would be centralized in terms of their function, but not necessarily geographi-
cally centralized.

Centralized data processing, ultimately with data from possibly millions of
recordings, may provide for high detection accuracy and is an ideal application for
machine learning or artificial intelligence, which could utilize pattern-recognition
algorithms on these datasets to provide an early indication of any characteristic
pathological developments, which can then be confirmed or ruled out in a tradi-
tional healthcare setting using conventional techniques and modalities. Continuous
patient feedback through the smartphone, potentially even using gamification to
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create a game-type application, may improve patient engagement and adherence

to proposed lifestyle or dietary changes and pharmacological compliance. This
platform may also be an ideal tool for running very large cost-effective clinical stud-
ies, in that data collection can take place using the thumb ECG. Patients can use the
device and the smartphone app in the privacy of their own homes to track their own
results and monitor symptoms. This could likely be done at a very low cost with

few technical or logistical barriers. While visionary in concept, such a system may
provide a unique solution for improved patient outcomes through early intervention
and close follow-up of treatment with potential (and substantial) reductions in cost
and resource utilization to the healthcare system.

12. Conclusions

AF is a prevalent arrhythmia that poses a significant burden on the healthcare
system, but it is under-diagnosed in that it can be challenging to capture the
arrhythmia on a 12-lead ECG (required for diagnosis), and up to a third of patients
are asymptomatic. The thumb ECG offers an innovative, user-friendly approach to
consistent cardiac self-monitoring that may provide new insights into the incidence
and prevalence of AF. The use of pattern-recognition algorithms, artificial intel-
ligence, and smartphone apps may allow the thumb ECG both to facilitate care for
cardiac patients in the future and to make large studies of arrhythmias more cost
effective.
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Edited by Mart Min

Different artificial tools, such as heart-pacing devices, wearable and implantable
monitors, engineered heart valves and stents, and many other cardiac devices, are in
use in medical practice. Recent developments in the methods of cardiac pacing along

with appropriate selection of equipment are the purpose of this book. Implantable

heart rate management devices and wearable cardiac monitors are discussed.

Indications for using specific types of cardiac pacemakers, cardiac resynchronization

therapy devices, and implantable cardioverter defibrillators (ICDs) are of interest
and their contraindications are considered. Special attention is paid to using leadless
devices. The subcutaneous ICD obviates the need for transvenous leads and leadless
pacemakers are entirely implantable into the right ventricle. Finally, applications of

user-friendly wearable devices for the detection of atrial arrhythmia are debated.
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