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Ithough cardiac electrostimulation

was recognised centuries ago, the
technology of implantable heart rhythm
monitoring and therapeutic devices has only
been established in the last few decades.
Recent advances in such technology have
led to simpler implantation techniques,
greater patient convenience with smaller
device sizes, extended battery longevity,
increased device safety and reliability, and
improved clinical outcomes.

Introduction

The basis of modern cardiac pacing can be

traced to the early nineteenth century, which

saw the first hesitant development of cardiac
electrostimulation.? The nineteenth century
concluded with a flurry of publications® confirming
that the heart could be reliably stimulated both
directly, in open-chest dogs and, indirectly, in
humans, via large electrodes placed over the
praecordial area and on the back. In 1869 external
electrical energy applied to the praecordium of

a patient with tachycardia resulted in a slowing
and regularising of the rhythm, probably the first
reported case of external cardioversion.*® 1871 saw
the first successful temporary pacemaker applied
to a young girl during anaesthetic-induced arrest.
These endeavours allowed the first review article,
entitled ‘electric stimulation of the heart in man’, to
be published in 1889.

However, it was the description by Adams and
subsequently Stokes®” of syncope and occasionally
sudden death, associated with slow pulse rate,
which spurred interest and research into the
correction of bradycardias and the avoidance of
cardiac arrest. The first experimental pacemaker,
consisting of an electrical source and a mechanical
device to control impulse formation and rate, was
developed in 1932 by Hyman.® The current was
conducted via a needle introduced percutaneously
to the right atrium.

In 1952 Zoll showed that in emergency situations
stimulating between a praecordial plate and an
oesophageal electrode successfully captured the
heart.® Long-term pacing, however, was intolerable.
These limitations laid the foundation for the first
transvenous bipolar catheter by Furman in 1958,1°
connected to the patient by an external power
source.

Subsequent advances in electronic systems,
miniaturisation and improved chemical batteries
allowed implantation, by Larsson et al.'! of the first
self-contained pacemaker connected to the heart via
epicardial leads. This paved the way for subsequent
advances in pacing (figure 1). It became clear that
syncope due to slow heart rates could be prevented,
that patients’ life expectancy could be extended and
that the systems, although large and cumbersome,
were well tolerated.

Figure 1. Pacemaker and leads. Modern
devices are small, convenient, safe
and reliable
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The following decades were notable in the
development of a number of technological
advances:

® better lead design and manufacture
® epicardial to endocardial systems

® simpler implantation techniques and avoidance
of thoracotomies

® improved battery technology and more reliable
components with reduced battery drain

® hermetically sealed units extended device
longevity.

Interest developed in the means to mimic
the natural heart rate, which led to the
development of two basic advances that form
the cornerstone of modern cardiac pacing;
demand pacing: and programmability.

The ability to sense spontaneous cardiac
depolarisation and to inhibit pacemaker output
allowed units to work only when required,
thereby extending battery life. Safety was also
improved by avoiding pacing into the T wave.
The appearance of integrated circuits and
microprocessors gave the first opportunities
of externally altering pacemaker function,
allowing adaptation to more physiological
conditions. The development of lithium-based
batteries was a significant advance, both in
longevity and convenience. Currently, lithium-
iodide systems form the basic power supply of
modern implantable devices.

The advent of implantable loop recorders
(ILRs) has resulted in a major breakthrough in
diagnostic cardiology. These are wireless small
electronic devices, which can be implanted
subcutaneously close to the heart in a minor
surgical procedure. The battery lasts for up to
two years and the devices can continuously
monitor the electrical activity of the heart;
store rhythm disturbances within set
parameters; and can be triggered by patients
to store events. An ILR-guided strategy

was shown to be safe and efficacious in
directing therapy in patients with unexplained
syncope.!?

The present
Bradyarrhythmias

The demand pacemaker remains the
fundamental unit in use today, and

Figure 2. Rate-responsive pacing results
in an exercise-induced rise in the pacing
rate that resembles a physiological
response. The pacing rate declines
following exercise cessation until it
reaches the programmed basic rate
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programmability has enabled greater
flexibility in long-term patients’ management.
Programmable functions such as current
output and rate hysteresis conserve

battery energy and reduce the frequency of
inappropriate pacing. Reduction in generator
size and better ergonomics has reduced
complications such as erosion. Improved
circuitry has further reduced battery

current drain, despite increasingly complex
programmable functions.

Sensors able to respond appropriately to
patients’ physiological demands are now in
standard use (figure 2). These use parameters
such as:

® changes in pulmonary minute ventilation'3

® motion detectors'* (piezo-electric crystals,
accelerometers)

® an assessment of cardiac contractility'®
(impedance, QT sensor)

® changes in central body temperature!®

® venous oxygen saturation!’

® muscular activity.'®

Sensor output can be tailored to each

individual patient’s needs using bi-directional

programmability. Advances in lead technology

include:

® bipolar electrodes

® better lead insulation

® smaller lead size

® improved lead tip technology (figure 3), for
example, laser-etched electrodes to increase
surface area.

Better passive and active fixation techniques
have been developed and include steroid-
eluting tips to reduce the acute tissue reaction.
Better lead design has not always provided
consistent results and some have proven

less than satisfactory in long-term studies,
producing lead fractures and rarely death.!®
Continuous audit has shown remarkable

lead longevity with less than an average
replacement of 1-2%.2°

Pacemakers capable of continuously
determining lead impedance and threshold
are now commercially available. Following
lead fracture, automatic conversion from bi-
polar to uni-polar mode occurs. Continuous
interrogation of lead threshold (auto-capture)
ensures that the minimal amount of current

Figure 3. Pacing lead tips have various shapes to fit different modes of fixation.
A shows active fixation (screw-in) leads; B shows passive fixation leads
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is provided for effective pacemaker capture,
thereby extending battery life (SMART
pacemakers).?!

The recognition that ventricular pacing alone
does not mimic normal physiological cardiac
function led to the first atrial synchronous
ventricular pacing in 1963 (Nathan et al.),??
followed by atrioventricular (AV) sequential
pacemakers and finally true dual chamber
systems. Initial problems related to atrial
lead design and manufacture, complex
programming problems, ventriculo-atrial
conduction and pacemaker mediated-
tachycardia have been largely overcome

in recent years, mainly by improved
programmability.

The major initial and perceived limitation with
dual-mode, dual-pacing, dual-sensing (DDD)
systems related to atrial arrhythmias. Tracking
of the atrial tachycardia caused symptomatic
and unwanted increase in the ventricular pace
rates. Current DDD pacemakers can reliably
detect atrial arrhythmias. Detection criteria,
such as atrial rate and duration of tachycardia,
are programmable. Automatic switching to

a more appropriate mode (automatic mode
switching) avoids unnecessary ventricular

tracking. In patients with intermittent AV
block, rate sensor back-up can also be
provided. Many standard DDD pacemakers
switch to rate sensing ventricular demand
pacing (ventricular-pacing, ventricular-
sensing, inhibited rate responsive [VVIR] or
dual chamber-pacing, dual chamber-sensing,
inhibited rate responsive [DDIR]) during atrial
fibrillation and switch back to DDD mode
when sinus rhythm spontaneously restores.

DDD systems have some inherent limitations
where intrinsic sinus node function is impaired
but the addition of a biosensor restores the
system’s capabilities to as near physiological
as possible. Troublesome atrial arrhythmias
can also be effectively dealt with and the
presence of paroxysmal atrial fibrillation is no
longer the contraindication to dual chamber
pacing it once was.

The development of physiological pacing
systems heralded a leap forward in technology
but no comparative clinical trials had been
done until recently. Comparison of pacing
modes, non-physiological versus physiological,
has been studied recently with conflicting

trial results.?3-?5 Atrial pacing appeared to

be the best option but in some studies there

DEVICES

was little difference between ventricular-
pacing, ventricular-sensing inhibited (VVI) and
physiological systems. Care must be taken in
interpreting those results as in some studies
endpoints were measured only over relatively
short periods of time. Data from large multi-
centre studies are still awaited.

Tachyarrhythmias

Pacing can terminate both supraventricular
and ventricular arrhythmias. Early anti-
tachycardia pacing (ATP) used pacemakers
that were activated with external magnets,
usually initiating under-drive or burst
pacing under medical supervision. Current
implantable systems have automatic
algorithms capable of reliably terminating
supraventricular arrhythmias,?%%’ although
these have been largely superseded by
radiofrequency ablation. However, new
devices such as the AT500 pacemaker

are successfully being used to treat atrial
tachycardias that fail to respond to ablation
therapy.

ATP can also be used to terminate ventricular
arrhythmias.?® Acceleration of the arrhythmia
or degeneration to ventricular fibrillation
limited widespread use but the development
of the implantable defibrillator (ICD), first
described by Mirowski,?® has revolutionised
the management of such patients. At present,
ICD detection of arrhythmias is based upon
changes in heart rate.

In the late 1980s and early 1990s, ICDs
could not differentiate between ventricular and
supra-ventricular tachycardia. The addition

of more complex algorithms and sensing

from an atrial lead has solved many of these
diagnostic problems. One advantage has

been avoiding unnecessary and inappropriate
shocks, although there still remain situations
where shocks can be delivered inappropriately.
In single-lead systems, increasingly complex
detection algorithms have been used to
overcome the lack of an atrial lead. These
include sudden onset of the arrhythmia and
stability of its rate, the theory being that most
pathological tachycardias start suddenly as
opposed to sinus tachycardia, which tends not
to; rate stability is aimed at the detection of
atrial fibrillation.3° In addition, some devices
measure QRS width, which tends to increase
dramatically during ventricular tachycardia
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Table 1. NICE guidance on patients suitable for implantible cardioverter defibrillators

Primary prevention

® A history of previous
(more than 4 weeks) Ml and:
either

® LVD with an LVEF <35% (no worse
than NYHA class IlI), and

® Non-sustained VT on Holter monitoring,
and

® |nducible VT on electrophysiological
testing

® VD with an LVEF <30% (no worse
than NYHA class Ill), and

® QRS duration 2 120 ms

® A familial cardiac condition with a high
risk of sudden death, including:

® Long QT syndrome
® Hypertrophic cardiomyopathy
® Brugada syndrome

® Arrhythmogenic right ventricular
dysplasia (ARVD)

® Or, have undergone surgical repair of
congenital heart disease

Secondary prevention

® Survived a cardiac arrest due to
VT or VF

® Spontaneous sustained VT causing
syncope or significant haemodynamic
compromise

® Sustained VT without syncope or
cardiac arrest, and who have an
associated reduction in ejection fraction
(LVEF <35% — no worse than NYHA
class 1)

Adapted from NICE®®

Key: LVD = left ventricular dysfunction; LVEF = left ventricular ejection fraction; Ml = myocardial infarction; NYHA = New York Heart

Association; VF = ventricular fibrillation; VT = ventricular tachycardia

compared with sinus rhythm.3!

Although successful in the main, the addition
of many of these parameters significantly
reduces sensitivity and specificity of
tachycardia detection and may lead the device
to miss important arrhythmias. Dual chamber
ICDs have better diagnostic capabilities,
making inappropriate shocks during atrial
arrhythmias infrequent. Improvement in
memory storage and in the recording of high-
grade cardiac electrograms has extended their
diagnostic capabilities and allows physicians
to check on the device therapy history.

Current ICDs are becoming more widespread
in their use. The generator size can be as
small as 30 cm? for single-lead systems. The
recognition that biphasic shocks were more
effective than monophasic shocks, and the
development of the ‘hot can’ whereby the
generator is active (the anode), has improved
shock efficiency and reduced battery drain.
Current ICDs, delivering one shock per month,
with 100% back-up pacing, may endure 5-7

years before battery depletion.

ICD technology is now comparable to state
of the art pacing systems. Small generator
sizes, biosensors, increased longevity, DDD
systems and pectoral implants allow ease of
use and increased implantation rate. Recent
multi-centre studies such as the Multicenter
Automatic Defibrillator Implantation Trial
(MADIT 1&2),%? Comparison of Medical
Therapy, Pacing and Defibrillation in Heart
Failure (COMPANION),*® and Sudden Cardiac
Death in Heart Failure Trial (SCD-HeFT),3*
have confirmed the superiority of implantable
defibrillators in some patients over chronic
drug therapy and have identified high-risk
patients who would benefit from implantation
of ICDs over and above long-term drug
therapy.

The National Institute for Health and Clinical
Excellence (NICE) has recently revised the
indications for ICD implantation. New guidance
was issued in January 2006 (table 1).3°
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The future

Heart failure

With developing technologies the accepted
indications for implantable cardiac devices

are currently being extended. Heart failure is
receiving intense interest. Where left ventricular
function is impaired with evidence of dyskinesia,
contraction can be ‘resynchronised’ by pacing
the left and right ventricles simultaneously,
improving overall cardiac output. Bi-ventricular
pacing to resynchronise ventricular activation
(cardiac resynchronisation therapy [CRT]) is
now possible by introducing an additional left
ventricular pacing electrode via the coronary
sinus (CS).3¢

Indications for CRT include broad QRS
complexes (115-130 milliseconds or

greater) and left ventricular dysfunction and
dilatation with New York Heart Association
(NYHA) class llI-1V. CRT has provided a
beneficial haemodynamic effect in some
patients, with clear evidence of symptomatic
improvement shown on initial clinical studies.
Recently published results from Cardiac
Resynchronization-Heart Failure (CARE-HF)
study have provided new evidence that bi-
ventricular pacing reduces both morbidity and
mortality.3”38

Cardiomyopathy

Dilated cardiomyopathy is an increasingly
recognised consequence of long-term right
ventricular apical pacing. Measures such as
atrial-pacing, atrial-sensing inhibited (AAI)
pacing, right ventricular septal pacing, and
extension of AV delay in DDD systems to allow
for intrinsic ventricular activation were used to
avoid right ventricular apical pacing. Upgrading
to bi-ventricular pacing systems appears to
improve left ventricular function in affected
patients with variable success rates.>® Advances
in deflectable catheters that deploy CS leads

of bi-ventricular pacemakers have significantly
reduced procedure times. Pre-shaped CS lead
tips have allowed quicker positioning and hence
simpler implantation of CRT devices.

Atrial fibrillation

Various approaches have been used to attempt
pacing for the prevention of atrial fibrillation.
Studies have demonstrated an electrical

delay within the atrium in some patients with
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paroxysmal atrial fibrillation.*® Theoretically,
shortening this delay and altering the effect

of atrial refractory periods may reduce the
frequency of paroxysms. Dual site atrial pacing,

patients are on the planet. These developments
are ideal in rural areas, but their safety,
particularly for reprogramming ICDs at a
distance, remains to be proven.

Key messages

® Current technology of implantable
cardiac devices allows accurate

either at the high right atrium and coronary . . . . . o]
sinus or at the high right atrium and intra- CO“C'USIO“ AR O rh_yth_m dlsord(_ers and _,CB
atrial septum, has been attempted with mixed From the initial demonstration that the heart capable of delivering effective thera.py :

e . ) ) for both tachy- and bradyarrhythmias =
results,*4? and it is difficult to identify those could be stimulated by external electrical ]
patients who obtain the greatest effects. energy, technological developments over ® Transvenous pacing leads and lithium a
Currently, atrial fibrillation preventative the past 50 years have confirmed reliable patteries have_greaftl.y influenu_ad g
algorithms are being tested. These use single and effective cardiac pacing. A reduction |mp|an.tat|on smP“CIty eIl =
site pacing (usually from the high right atrium) in generator size, improved lead reliability, longevity, respectively g
and include prevention of sinus bradycardia— improved batteries and longevity, and the ® The advent of telemetric -8
related arrhythmia by a continuous over-drive development of implantable defibrillators have programmability and demand pacing S
atrial pacing, or the prevention of post atrial extended device therapy for many patients. has enhanced both device reliability nq:"
ectopic delay. Results from large patient groups  wulti-site pacing in heart failure and anti- and patient.s' c.onvenience. Cardiac —
are awaited and the effect of both bi-atrial tachycardia algorithms for atrial fibrillation are resynchronlsatl(?n BACTE[FL 125 recently -lq_3
pacing in combination with newer algorithms heralding a resurgence of interest in pacing and been shown to improve mortality and g

remains to be proven.

Remote programming

Trans-telephonic interrogation of pacemakers
is already possible, as is wireless interrogation
of ICDs. Developments in global positioning
systems (GPS) may allow remote interrogation

the superiority of device therapy over chronic
drug therapy is now well established. Device
therapy is and will continue to remain the
mainstay treatment for patients with both tachy-
and bradyarrhythmias @
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and programming of pacemakers wherever
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