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Preface

This book is intended for the physician, nurse, student or technician who
occasionally comes in contact with patients who have implanted heart rhythm
control devices. It is meant as a reference and basic resource to provide quick
explanations and answers to situations that are likely to be encountered
relating to pacemakers and implantable cardioverter defibrillators. The
terminology and language unique to the professionals who deal with these
devices is explained and examples of basic and advanced pacemaker function
are covered. Figures are used extensively to show examples of normal and
abnormal device function. Common malfunctions are described and an
approach to the diagnosis and remedy of these problems is presented.
The indications for the use of pacemakers and defibrillators are discussed as
well as the contraindications. Surgical issues and patient concerns are
covered. The rationale for follow-up and the follow-up procedures for these
devices are explained.

Charles ]. Love, M.D.
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NBG Codes for Permanent Pacing

In order to understand the “language” of pacing, it is necessary to compre-
hend the coding system that was developed originally by the International
Conference on Heart Disease (commonly known as the ICHD), and subse-
quently modified by the NASPE/BPEG (North American Society of Pacing
and Electrophysiology/British Pacing and Electrophysiology group) alliance,
most recently in 2002. The latter is often referred to as the NBG. The pur-
pose of this coding system is to allow one to communicate the expected
behavior of a pacing device to a health care worker or pacemaker technician
quickly and accurately. Failure to understand these codes is common, espe-
cially as they relate to the more complex device functions. However, if one
cannot communicate with a consultant quickly and accurately in this man-
ner, improper evaluation of the pacemaker performance may result, with
subsequent misdiagnosis and possible improper treatment of the patient. A
separate code has been developed for implantable cardioverter defibrillators
and is discussed in Chapter 11.

The NASPE/BPEG code (also known as the NBG code) consists of a
5-position system using a letter in each position to describe the programmed
function of a pacing system (Table 1). It needs to be stated that the use of
dual site ventricular and atrial pacing caused a revision of the coding struc-
ture in 2002. For standard pacing devices only the first 3 or 4 positions are
routinely used. The first position designates the chamber or chambers paced.
It is useful to remember that the primary purpose of a pacemaker is to pace
and thus the first letter of the code represents this first function of the de-
vice. The letters used are V, A, D and O to designate Ventricle, Atrium, Dual
chamber or Off. Currently, there is no provision in the code to designate
which atrium or ventricle(s) are being paced.

The earliest pacemakers could only pace the heart and had no ability to
respond to a patient’s own cardiac rhythm. It was soon found that pacing all
of the time (asynchronous pacing) not only wasted the limited battery power
available, but could also result in the induction of tachyarrhythmias. If there
is no synchronization to the patients intrinsic heart rhythm, a pacemaker
pulse may be delivered during the vulnerable period of the cardiac cycle.
This is analogous to an “R on T” premature ventricular contraction (PVC).
In this scenario, a PVC (or in this case a paced beat) falls on the T-wave

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
©2006 Landes Bioscience.




2 Cardiac Pacemakers and Defibrillators

Table 1.1. NASPE/BPEG (NBG) codes

1st position indicates the chamber paced:
V = ventricle

A = atrium
D = dual
O = no pacing

2nd position indicates the chamber sensed:
V = ventricle
A = atrium
D = dual
O = no sensing
3rd position indicates the response to a sensed event:
I = inhibited
T = triggered/tracking
D = dual mode of response
O = no response
4th position indicates rate modulation (adaptive rate) feature active:
O = not active
R = rate modulation sensor is active
5th position indicates chambers being multisite paced
O = none
V = ventricle
A
D

= atrium
= dual

(vulnerable period) and can result in ventricular tachycardia. The same can
occur in the atrium with a PAC or paced beat, thereby causing the induction
of atrial arrhythmias. For these reasons it is secondary function of a modern
pacemaker to sense the native heart thythm. The pacemaker pulse is there-
fore delivered only when it is needed, and withheld when it may inappropri-
ately compete with an intrinsic rthythm. The letters used to designate the
chambers being sensed are identical to those used for the chambers being
paced; V, A, D and O, with the same meanings. As with the letter code used
for the chamber paced, there is currently no provision to designate which
ventricle or atrium is being sensed if more than one site in each chamber is
being utilized.

When an event is sensed by the pacing system a response to the sensed
event may occur. The third letter of the NBG code describes how the pace-
maker will respond to a sensed event. The letters used are I, T, D and O to
designate Inhibited, Triggered (or Tracking), Dual response or Off (no re-
sponse). The easiest response to understand is the inhibited response. If the
pacemaker senses an event outside of a refractory period (see Chapter 2), it
inhibits the pacemaker and resets the device to start another timing
cycle. A pacemaker programmed to the VVI mode would therefore pace
the ventricle, sense the ventricle, and if a sensed QRS occurred before the



NBG Codes for Permanent Pacing 3

pacemaker stimulus was due, it would withhold the stimulus (i.e., be inhib-
ited) and reset for another cycle. An AAI pacemaker is identical in all ways to
a VVI pacemaker except for the fact that the pacing lead (wire) is placed in
the atrium rather than the ventricle.

The triggered or tracking mode is often a source of confusion, as it is not
used in single chamber applications very often. Instead of inhibiting the
output when the pacemaker senses an intrinsic event, a pace output is deliv-
ered when the sensed event occurs. In a VVT pacemaker the device will pace
at the programmed rate unless a sensed QRS occurs. If a QRS is detected
before the next pacing pulse is due to occur, the device will immediately
deliver a pace output. The appearance will be a pacemaker pulse somewhere
within the native QRS. AAT performs in the same fashion except it is trig-
gered by P wave sensing and paces immediately into the atrium.

In a DDD pacemaker (dual chamber pacing, dual chamber sensing, dual
mode of response) the operation of the pacemaker is much more complex as
the atrial and ventricular channels must work together. Any sensed ventricu-
lar event will inhibit both atrial and ventricular outputs and reset the device
for the next timing cycle. However, if an atrial event is sensed first, the atrial
output is inhibited and a ventricular output will be triggered after a pro-
grammed interval. The ventricular output will be inhibited if a spontaneous
ventricular event occurs before the end of this interval. This combined in-
hibited and triggered response is represented by the third “D” in the dual
response designation of the code. A detailed explanation of timing and the
codes (with examples of timing diagrams) are found in chapters three and
four.

The fourth position of the NBG code is used to designate the presence of
an adaptive rate mechanism (also known as rate modulation or sensor driven).
The previous coding system (prior to 2002) used this position to also de-
scribe advanced programming and communication functions. Since virtu-
ally all devices have these features, the continued need for a separate descriptor
was felt to be unnecessary. The letter codes used in this position are now
only O and R, nO-adaptive rate feature active and Rate adaptive feature
active. Thus, a VVIR pacemaker would have the capability to regulate the
rate based on its own sensor, and a VVI pacemaker would only be able to
pace at a fixed rate. (Note the trailing “O” is omitted.)

The fifth position was redesignated in 2002 from describing
anti-tachycardia features to describing multisite pacing capabilitcy. Cham-
bers that are paced in more than one site are designated in the same fashion
as the first and second positions; V, A, D and O. These describe Ventricular,
Atrial, Dual or nO muldisite pacing. If there is no dual site pacing or it is
programmed off, the last “O” is usually omitted.




Basic Concepts of Pacing

Pacemaker Components

Battery

The primary power source for permanent pacemakers has evolved from
short-lived and unreliable chemistries to the long-lasting and durable ones
that we use today. A common misconception is that when the battery is
depleted that just this component is changed. In reality, the pacemaker is a
welded, hermetically sealed can without any provision for replacement of
individual components (Fig. 2.1). When the battery is depleted, or when
any component of the pacemaker does not function properly, the entire de-
vice is replaced.

Mercury zinc batteries were used in early pacemakers. The pacemakers
could not be hermetically sealed as these batteries produced gasses over time
that required venting. This resulted in fluid leakage into the pacemaker at
times that caused electrical shorting and premature device failure. Mercury
zinc batteries have a fairly short useful life and have an abrupt drop in volt-
age as they become depleted. This makes predicting the pending failure of
the batteries difficult. No devices of this type are currently in use.

Nuclear pacemakers use a very small amount of the highly toxic and ra-
dioactive element plutonium to generate heat. The heat is converted into
electricity by a thermocouple (Fig. 2.2). Though these devices had very long
service lives (some were guaranteed for 72 years), they were large and created
problems when traveling between states and countries due to the presence of
their radioactive fuel. They must also be removed at the time of death and
returned for proper disposal. Nuclear power sources became obsolete when
the long-lived lithium batteries were developed. Though nuclear powered
pacemakers are no longer sold there still may be a small number of nuclear
devices that remain in use.

Rechargeable pacemakers use a nickel-cadmium battery that must be
charged each week. The recharging is done using a method known as
“inductive coupling”. A coil is placed on the skin over the pacemaker that
transfers energy to a coil within the device via electromagnetic waves. The
pacemakers are large and became obsolete with newer technology. This

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
©2006 Landes Bioscience.
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Figure 2.1a. Photograph of a typical pace-
maker. This device weighs only 24 grams
(less than 1 ounce) and will last an aver-
age of 7 years.

Figure 2.1b. Radiograph of a typical pace-
maker showing the battery and circuitry.
The internal skeleton of a similar pace-
maker shows the large battery (white), and
the integrated circuitry.

technology has recently been reintroduced to power cardiac contractility
modulator devices, a new method to treat heart failure.

Lithium iodine is currently the predominant power source being used in
pacemakers today. This chemistry provides a long shelf life and high energy
density (it can store a lot of power in a small space). Lithium cupric sulfide
was used in some pacemakers manufactured by the Cordis Corporation due
to its excellent energy density. However, due to the corrosive nature of this
compound many abrupt pacemaker failures occurred when the battery chemi-
cals ate through their containment. Lithium cupric sulfide is no longer used
in pacemakers, and virtually all of the devices made with this compound
should be out of service. Lithium iodine has two other characteristics that
make it an excellent power source. First, the self-discharge rate is very low
resulting in a long shelf life. Second, it has a stable voltage through much of
the useful life, then tapers down in a gradual and predictable manner. The
latter makes determining the elective replacement time safe and predictable
through measures of the voltage and internal impedance.
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Figure 2.2. Radiograph
of a nuclear pacemaker.
The plutonium is located
in a central chamber. As
the isotope decays it
generates heat that is
converted into electric-
ity by a thermocouple.
Note the marked differ-
ence in appearance from
a “standard” pacemaker
such as seen in Figure
2.1b.

Vanadium silver pentoxide is a newer compound that is used in im-
plantable defibrillators. Though the energy density is not as high as lithium
iodine, it has the ability to deliver a large amount of current very quickly.
This is the predominant power source used to charge the defibrillation ca-
pacitors. Though this type of battery is good at rapid current delivery, it is
not well suited to chronic low level drains. Thus, some defibrillators designs
have been proposed that utilize two power sources; one for the shock circuit
and one for the pacing and sensing circuit.

Circuitry

Early devices were a mass of individual resistors, transistors and capaci-
tors wired together or placed on printed circuit boards (Fig. 2.3a). New
devices are now highly complex and integrated microprocessor based sys-
tems. They are essentially small computers with RAM and ROM (Fig. 2.3b).
This has resulted in a marked decrease in size, weight, and power consump-
tion. There has also been a tremendous increase in features, reliability, flex-
ibility and longevity. The newer devices have large data storage capabilities
to track the function of the device as well as many different patient param-
eters. The latter includes total number of cardiac events, the rate of these
events, whether these were paced or intrinsic, and high rate episodes (Fig.
2.4). The newest devices have the ability to store intracardiac electrograms
and function as event monitors with the ability to playback the paced or
sensed events (Fig. 2.5). Current generation implantable defibrillators as well
as “high end” pacemakers are capable of recording actual cardiogram strips
during a symptomatic episode (Fig. 2.6). These recordings are extremely
valuable in diagnosing the cause of patient symptoms as related to heart
rhythms.
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Figure 2.3a. Photograph
of an older pacemaker
showing the discrete com-
ponents. This device was
molded in epoxy and was
transparent. The simple
components and 5 mer-
cury-zinc batteries are vis-
ible.

Figure 2.3b. Radiograph of a newer pacemaker
with integrated circuitry and microprocessor
based design. This device has a single lithium
battery for long service life and reliability. The
case is made of titanium.

Connector Block

The connector block (also referred to as the “header”) is the means by
which the pacemaker wire is connected to the pacemaker circuitry. As shown
in Figure 2.7, there are many different sizes and styles of connector blocks.
All types have in common a method for securing the wire to the pacemaker,
and a method for making a secure electrical connection. If the wrong type of
connector block is used the wire may not fit into it properly, the wire may
loosen, or the electrical connection may not be made. Any of these can result
in a nonfunctioning pacing system. Most pacemakers use setscrews to both
attach the lead to the pacemaker and make the electrical connection at the
same time. If a bipolar connection (negative and positive on the same lead)
is to be made there may be one set screw for the anode and another for the
cathode (Fig. 2.7a). As many as eight setscrews may be present in a dual
chamber biventricular ICD system. Another type of connector uses a
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Figure 2.4. Printout of pacemaker telemetry data shows the cardiac and paced events
since the last evaluation. This pacemaker is programmed to pace and sense the ventricle
in a patient with chronic atrial fibrillation. Only 4% of the heartbeats that the patient
actually had were caused by the pacemaker. The remaining 96% were intrinsic beats.
This strip would be representative of a patient with atrial fibrillation and poor rate con-
trol suggesting that an increase in AV node blocking drugs (such as digitalis) or an AV
node ablation would be appropriate.

setscrew for the distal pin and a spring connector for the ring on the lead
(Fig. 2.7b). Finally, some connectors do not use any setscrews (Fig. 2.7¢).
These have spring connectors for all of the electrical connections and a mecha-
nism for gripping the lead body to hold it in place. The advantage to this last
system is that it makes the electrical connection “automatic”, and does not
rely on the physician to make a secure connection with a screw.

Leads

Pacemaker leads are more than simple “wires”. They are complex and
highly engineered devices that consist of many components (Fig. 2.8). Fig-
ure 2.9 shows some of the many different types of leads that have evolved in
an effort to reduce the size and increase the reliability of this critical pacing
component. Each part of the lead is highly specialized and will be addressed
individually below.
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Figure 2.5. Event record. This is “mini-Holter” that shows each cardiac event and the
activity of the pacemaker at that instant. The patient’s heart rate, the paced rate and the
time are displayed. Patient symptoms may be correlated to the cardiac events that are
recorded by the device.

e

"

Figure 2.6. Intracardiac electrogram allowing inspection of the actual cardiac signals for
diagnostic evaluation. The top trace is the surface ECG, the bottom trace is the intracar-
diac electrogram. The middle trace shows the event marker. The markers annotate the
events indicating whether the pacemaker is sensing or pacing during these events. In this
case VS indicates a ventricular sensed event. Note the different appearance of the elec-
trogram associated with the PVC.
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Fig. 2.7a. Connector
block types. Two set
screws for each lead (to-
tal of 4 in this bipolar dual
chamber device), one for
the anode and cathode.
Each screw must be tight-
ened to hold the lead and
provide a secure electri-
cal connection.

Fig. 2.7b. One set screw
for each lead to hold the
distal pin (cathode). The
anode is connected elec-
trically by a spring loaded
band. A unipolar pace-
maker would have only
a single screw for each
lead without the need
for an anodal screw or
spring anode connection.

Fig. 2.7c. Nonscrew de-
sign uses spring loaded
bands to contact both the
cathode and the anode.
A plastic component is
pressed in by hand that
then grips the lead con-
nector to prevent it from
coming out of the con-
nector block.

Electrode

All pacemaker and ICD leads have one or more electrically active sur-
faces referred to as the electrode(s). The purpose the electrode is to deliver an
electrical stimulus, detect intrinsic cardiac electrical activity, or both. The
composition, shape and size of an electrode will vary quite widely from one



Basic Concepts of Pacing 11

Cathode Anode
Connector  Connector
Pin Ring
Pacing
COEgnlJL:tor N(Hming) gaatclng

Insulation

Sealing Rings Pase
assive
Fixation
ice

Fig. 2.8. Diagram of a typical bipolar pacing lead. The lead is a complex device with
many different components.

Fig. 2.9. The five basic types of leads.
a) Unipolar design with a single coil
covered by an insulator. b) Coaxial
bipolar design uses two concentric
coils separated by a layer of insula-
tion. c) Parallel bipolar design is simi-
lar to an electrical cord with the two
conductors side by side. d) Coated coil
bipolar design insulates each indi-
vidual filament so they may be wound
together giving the look and feel of a
unipolar lead. e) Cable design has no
lumen for stylet. It must be positioned
through a special sheath delivery sys-
tem, however it can be made much
thinner than other leads.

¢I|II.II'I" '| '| -

Table 2.1.  Electrode types

elgiloy

polished platinum

microporous platinum (platinized or “black” platinum)
macroporous platinum (mesh)

vitreous carbon

iridium-oxide

platinum-iridium

titanium nitride

model lead to another. A summary of the materials used is shown in Table
2.1. Many modern electrodes used for pacing are designed to elute an
anti-inflammatory drug such as the steroid dexamethasone sodium phos-
phate (Fig. 2.10). Eluting such a drug at the electrode surface has been shown
to reduce the amount of acute inflammation and thus the amount of fibrosis
at the electrode myocardial interface. Less fibrosis allows the electrode to
remain in closer contact with the excitable myocardial cells. This provides a
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a. . b. Porous c.
Foation Pacing Pacin
Screw Tip Tio 9
Steroid Steroid f
e g s
Device Collar

Fig. 2.10. Diagram of steroid eluting lead designs. a) Active fixation tip with steroid
behind the screw. b) Passive fixation tip with steroid behind the tip. c) Passive fixation tip
with steroid around the tip.

greater charge density and has the effect of reducing the amount of electrical
current required to stimulate the muscle. The result is lower battery drain
and increased longevity of the pacemaker by allowing the pacemaker output
to be reduced. The anode (also sometimes called the “ring electrode”) is
larger that the cathode at the end of the lead and is positioned about 1 cm or
more back from the cathode. Changes in the spacing between these two
electrodes can affect the sensing function, with closer spacing minimizing
oversensing of electrical signals from other sources. Other electrodes, such as
long coils, are used to deliver the shock energy from an ICD.

Insulation

One of the most important components of any lead system is the insula-
tion. The insulation prevents electrical shorting between the conductor coils
within the lead, prevents stimulation of tissues other than the heart, and
allows smooth passage of the lead into the vein. Failure of the insulation may
result in a number of different problems, the most important of which is
failure to pace. ICD leads that have this type of insulation failure may ex-
hibit either failure to sense a tachycardia, or may generate false signals that
result in an unnecessary shock to the patient. Several hundred thousand
pacing leads are on alert or recall due to a high rate of insulation failure
(Appendix A). Most of these are coaxial bipolar leads with 80A Pellathane™
polyurethane as the insulator between the two coils. This particular type of
polyurethane is subject to metal ion oxidation (MIO) and environmental
stress cracking (ESC). MIO is a reaction catalyzed by the metals of the con-
ductor coil. It results in a breakdown of the polyurethane between the con-
ductors such that it will fail to be capable of insulating. This was found to be
most prevalent in leads that utilized silver in the conductor coil. ESC may be
severe and result in cracks in the insulation resulting in electrical shorting. It
is critical that patients with these lower reliability leads be identified and
followed appropriately. In some cases prophylactic replacement may be in-
dicated. The newest methodology to insulate leads is known as “coated coil”
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Table 2.2.  Insulation types

silicone / silastic
80A polyurethane
55D polyurethane
other polyurethanes

Teflon “coated coil” technology

a. multi-filar design b. single-filar design

W WO

Fig. 2.11. a) Multi-filar design is made up of several thin filiments of wire twisted together
providing both strength and flexibility. b) Single-filar design is similar to a coat hanger. It
can be fractured easily by repeated bending and flexing.

insulation. This technology bonds an insulating coat to each individual fila-
ment of the wire, that are then wound together in a design known as coradial
construction. The whole wire is then covered with a standard insulator. Even
if this outer coating is breached, the individual filaments remain electrically
isolated. The types of insulation commonly in use are listed in Table 2.2.

Conductor Coil

The metal portion of the wire that carries the electrical impulse from the
pacemaker to the heart and the signal from the heart back to the pacemaker
is the conductor coil. Most coils are made of multi-filar (several strands)
components, as shown in Figure 2.11. This provides strength and flexibility
as compared with a solid wire (for example a coat hanger is a solid wire while
a lamp cord is multi-filar). As the conductor coils are constantly flexed in
and around the heart as well as under the clavicle or rib margin, fractures
may occur. This may lead to a complete or intermittent loss of pacing. Mul-
tiple conductor coils may be present in a lead. The more coils that are present,
the more complex the lead construction and therefore (generally speaking)
the less reliable the lead. Some newer conductor designs are being used that
consist of a cable like wire rather than a coil. These are very common in ICD
designs and are now making their way into pacemaker leads.

Fixation

Once the lead is placed, there is usually some type of fixation mechanism
present to prevent the lead from dislodging (Table 2.3, Fig. 2.12). Early lead
designs did not have a fixation mechanism and were often referred to as
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Table 2.3.  Fixation mechanisms

none (“kerplunk” leads)

tines

fins

talons

cones

flanges

fixed extended helix

retractable helix

specialized shape (e.g., preformed “J”)

“kerplunk” leads since they were heavy and stiff thus dropping into position.
Newer leads have either a passive mechanism that entangles the lead into the
trabeculae, or a helix that can be screwed into the myocardium. The helix
may be extendible and retractable, or may be fixed to the end of the lead.

Connector

The portion of the lead that connects it to the pacemaker is known as the
connector. There are many types of connectors (Table 2.4, Fig. 2.13), and
thus the opportunity for confusion and mismatches exists. It is imperative
that the implanting physician understands the differences and issues involv-
ing the connectors. Currently, all manufacturers have agreed upon the Inter-
national Standard-1 (IS-1). Prior to the IS-1 designation, a voluntary standard

Fig. 2.12. Fixation types. a)
Plain leads had no fixation
device and were held in
place by their weight and
stiffness. b) Tines were b. Tines
added to act as a “grappling
hook” to reduce dislodg-
ment. c) Fins are a variation
ontines. These may be less |- Fins
likely to become entangled
in the valve. d) Fixed helix
active fixation leads screw
into the myocardium by ro-
tating the entire lead. The
helix is always out. Some
manufacturers coat the he- | a, Extendible helix
lix with an inert and rapidly
dissolving substance (such
as a sugar) to protect the
helix during insertion. e)  |f. Preformed J with tines
Extendable helix leads have
a mechanism to extend and
retract the screw. f) Pre-
formed “)” lead for simpli-
fied atrial placement.

a. Plain

d. Fixed helix
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Table 2.4.  Connector types

6 mm unipolar

6 mm inline bipolar

5 mm unipolar

5 mm inline bipolar

5 mm bifurcated bipolar

3.2 mm unipolar

3.2 mm inline bipolar

Medtronic/CPI type (no seals, long pin)
Cordis type (seals, long pin)

VS-1/IS-1 (seals, short pin)

LV-1 (proprietary Guidant design)
IS-4 for connecting quadrapolar leads
DF-1 for ICD lead connections

had been established (VS-1), however these two designations are virtually
identical. This is finally eliminating the confusion generated by decades of
proprietary designs. Thus, an IS-1 lead from one manufacturer should be
compatible with an IS-1 connector block of another manufacturer. An even
newer standard has been proposed and is known as IS-4. This connector
allows up to 4 conductors to be attached via a single connector (e.g.,

C.
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Fig. 2.13. Connector types. a) 5 mm unipolar. b) 5 mm bifurcated bipolar. c) 3.2 mm “low
profile” in-line bipolar uses a long cathode pin but no sealing rings. d) 3.2 mm “Cordis
Type” in-line bipolar uses a long cathode pin and sealing rings. €) 3.2 mm IS-1 in-line
bipolar uses a short cathode pin and sealing rings. f) 3.2 mm DF-1 connection is a low
profile single pin design. g) 3.2 mm IS-4 connection combines high and low voltage
functions into a single connector, eliminating the “yoke”, 2 of the 3 connections and the
possibility of misconnecting the different connectors.
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Unipolar Bipolar

anode

'H cathode

cathode

S)

Fig. 2.14. a) Unipolar pacing system. The lead tip is the cathode and the pacemaker case
is the anode. b) Bipolar pacing system. The lead tip is the cathode and the anode is a ring
slightly behind the cathode. The pacemaker case is not part of the pacing circuit.

quadrapolar leads). Such designs have been made necessary due to ICD leads
having both pacing and defibrillation features in the same lead. Some inves-
tigational devices have sensors built into the leads that require additional
conductors as well. The IS-4 design simplifies the connections, and mini-
mizes the size of the connector block on the device.

Unipolar and Bipolar Pacing Systems

All electrical circuits must have a cathode (negative pole) and an anode
(positive pole). In general, there are two types of pacing systems with refer-
ence to where the anode is located. One type of system as shown in Figure
2.14a uses the metal can of the pacemaker as the anode (+), and the distal
electrode of the wire as the cathode (-). This is referred to as a UNIPOLAR
system, as the lead has only one electrical pole. Figure 2.14b shows the other
type of system where both the anode (+) and the cathode (-) are on the
pacing lead. This is referred to as a BIPOLAR system. In all pacing systems
the distal pole that is in contact with the heart muscle is negative. All cur-
rently implanted ICD systems are bipolar, however, based on the model of
lead being used, they may be dedicated bipolar or integrated bipolar. The
dedicated bipolar design has the anode separate from the shock coil. In the
integrated design, the distal shock coil also serves as the anode for pacing
and sensing. An integrated design allows for a more simple lead construc-
tion, as the distal shock coil does “double duty”. A dedicated bipolar system
may allow more reliability in regards to sensing, as the anode used for sens-
ing is not as affected by the high voltage shock delivered by the shared coil in
the integrated design.

Unipolar pacing systems have the advantage of a simpler and (many agree)
more reliable single coil lead construction. It is also much easier to see the
pace artifact with a unipolar system as the distance between the two
poles is long and the electrical path is closer to the skin surface. In some
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Fig. 2.15. Truncated exponential
waveform. This magnified view of
Amplitude a pacing impulse has both a
(V ormA) strength (or amplitude) measured in
volts or milliamps, as well as a du-
ration measured in milliseconds.
I" This type of waveform is used in
Duration both pacing and defibrillation ap-
(msec) plications.

cases sensing and capture thresholds may be better than in bipolar systems,
though the lead impedance (pacing resistance) may be lower resulting in
higher current drain from the battery. Due to the possibility of the pace-
maker stimulating the pectoralis muscle and/or of the device sensing the
electrical signals generated by this muscle, many of the older pacemakers
had a coating of paralyene (a type of plastic) on one side. This side was to be
the one placed against the muscle to reduce the incidence of the stimulation
and sensing problems.

Bipolar systems have several characteristics that have made this polarity
choice increasingly popular. This has been especially true as dual chamber
pacing has become more prevalent. Because the distance between the elec-
trodes is small (short antenna) and since both of the electrodes are located
deep within the body, these devices are much more resistant to electrical
interference caused by skeletal muscle activity or electromagnetic interfer-
ence (EMI) relative to unipolar systems. Also, at higher output settings one
may have stimulation of the pocket around the pacemaker in a unipolar
system. This is virtually unknown in normally functioning bipolar systems.
The one complaint that is often heard about the bipolar pacing polarity is
that the pace artifact is very small on the electrocardiogram. This makes
determination of function and malfunction more difficult. For this reason it
is not uncommon to see a pacemaker programmed to pace in the unipolar
polarity and to sense in the bipolar polarity.

Basic Concepts and Terms

Pacing Threshold

This is the minimum amount of energy required to consistently cause
depolarization and therefore contraction of the heart. Pacing threshold is
measured in terms of both amplitude (the strength of the impulse) and the
duration of time for which it is applied to the myocardium (Fig. 2.15). The
amplitude is most commonly programmed in volts (V), however some de-
vices still use milliamps (mA) as the adjustable parameter. The duration is
always measured in milliseconds (ms). A normally functioning pacemaker
that has a programmable voltage output will always deliver the programmed
voltage. The current delivered (mA) will vary with the resistance (in pacing
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Fig. 2.16. Strength-duration curve. Curve A represents a series of measurements taken at
the time of implant. Curve B represents the same lead after it has been implanted for 2
weeks. As the lead matures, the threshold rises causing the curve to move up and to the
right. Each curve represents the threshold value. Settings that are on or above the line
will cause a cardiac contraction while those below the line will not. Note that at some
point, though one may continue to increase the pulse width, no further reduction in
voltage threshold occurs.

this is referred to as impedance) of the lead system in accordance with Ohm’s
Law:

Volts = Current x Resistance (or) V = IR

V = Volts, I = Current and R=resistance

The latter are thus called “constant voltage” devices. Other devices (such
as many temporary pacemakers) are adjustable for their current in mA. These
are called “constant current”, as the current delivered remains fixed and the
voltage will depend on the impedance of the lead system in accordance with
Ohm’s Law.

The strength-duration curve is a property of a given lead in a specific
patient at a single point in time. An example of one of these curves is shown
in Figure 2.16. The shorter the duration (pulse width) of an impulse, the
higher the strength (voltage or current) needed to cause depolarization of
the heart. The relation of these two parameters changes as the lead matures
from acute at implant to chronic, moving the curve up and to the right.
There may be additional changes during significant metabolic or physiologic
abnormalities at the lead to myocardial interface that will acutely affect the
capture threshold (e.g., hypoxemia, hyperkalemia). Some medications may

also affect the threshold for capture (Table 2.5).

Sensing

Sensing is the ability of the device to detect an intrinsic beat of the heart.
This is measured in millivolts (mV). The larger the R-wave or P-wave in
mV, the easier it is for the device to sense the event as well as to discriminate
it from spurious electrical signals. Setting the sensitivity of a pacemaker is
often confusing. When programming this value it must be understood that
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Table 2.5. Medication effects on capture

Drugs that increase capture threshold:
Amiodarone
Bretylium
Encainide
Flecainide
Moricizine
Propafenone
Sotalol
Drugs that possibly increase capture threshold:
Beta-blockers
Lidocaine
Procainamide
Quinidine
Drugs that decrease capture threshold:
Atropine
Epinepherine
Isoproterenol
Corticosteroids

the value programmed is the smallest amplitude signal that will be sensed
(Fig. 2.17). There is an inverse relation between the setting and the sensitiv-
ity. The higher values are the less sensitive settings. Thus, a setting of 8 mV
requires az least an 8 mV electrical signal for the pacemaker to see it. A 2mV
setting will allow any signal above 2 mV to be sensed.

One question that frequently arises is when does sensing of an intrinsic
QRS actually occur? The answer to this is that it varies greatly from one
patient to the next, and also within the same patient depending on where

10+
R LT EEEE TR 8 mV sensitivity
Sensitivity
(mv) ~ ©7
4 -
24-----f- - t ———————— 2 mV sensitivity
A B

Fig. 2.17. Concept of sensitivity. Electrogram A is 3 millivolts in size and electrogram B is
10 millivolts in size. At a sensitivity setting of 2 mV both electrical signals have sufficient
amplitude to be sensed. At a setting of 8 mV, only the larger signal will be sensed. Note
that the higher the numerical value of the setting, the lower the sensitivity of the device
to electrical signals.
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Fig. 2.18a. Comparison of surface cardiogram and intracardiac electrogram recordings.
Tracing A shows sinus rhythm with the normal QRS on top and the intracardiac ventricu-
lar electrogram on the bottom.

the intrinsic electrical depolarization begins. The pacing lead does not see a
QRS or P-wave as we see it on the surface ECG. It sees an intracardiac
electrogram (Fig. 2.18) that is more like a “spike”. This spike occurs when
the electrical depolarization within the heart passes by the electrode. For
example, a PVC that comes from a focus in the right ventricle will be sensed
very early in the QRS complex by a lead located in the right ventricle. Con-
versely, that same electrode will sense a PVC from the left ventricle much
later. Thus, when working with calipers to determine proper device func-
tion, one may not be able to determine the exact point of sensing in many
cases. One tool to assist in determining when an event is sensed is the pace-
maker programmer. The pacemaker can telemeter the exact point of sensing
and mark the surface QRS for reference (Fig. 2.19). Note in this figure that
the PVC is sensed much later than the other beats.

Slew Rate

Measurement of the intrinsic electrical signal for sensing is not simple, as
the pacemaker does not use the entire signal that is present. This “raw” elec-
trical signal is filtered to eliminate a majority of noncardiac signals as well as
parts of the cardiac signal that are not needed. Because the filtering allows
only signals that have certain frequency content through to the sensing cir-
cuit, the final “filtered” signal may be substantially less than the original
(Fig. 2.20). One way of measuring the quality of the sensed signal is by
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Fig. 2.18b. Comparison of surface cardiogram and intracardiac electrogram recordings.
Tracing B shows the intracardiac atrial electrogram on the bottom. These tracings were
recorded at 12.5 mm/sec speed.

C.

Fig. 2.18. Comparison of surface cardiogram and intracardiac electrogram recordings.
Tracing C shows a paced rhythm with the intracardiac atrial electrogram on the bottom.
This tracing reveals that the atrium is in a slow flutter rhythm. This trace was recorded at
25 mm/sec speed.

looking at the “slew rate”. This refers to the slope of the intrinsic signal (Fig.
2.20c¢) and is measured in volts/second. High slew rates (>1.0 V/sec in the
ventricle and >0.5 V/sec in the atrium) are desirable at implant for consis-
tent sensing.

Impedance
In pacing, resistance (R) is referred to as impedance. The impedance of
the lead to flow of current is caused by a combination of resistance in the
lead, resistance through the patient tissues, and the polarization that takes
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PVC

Fig. 2.19. Surface recording (top) of a patient left bundle branch block and a PVC with a
right bundle branch block morphology (3rd beat from the left). Annotation (bottom) is
provided by the pacemaker showing the point at which the pacemaker actually senses
the QRS (VS = ventricular sensed event). As the depolarization begins in the left ventricle
when there is a right bundle branch block, the right ventricle depolarizes last. Note that
the sense marker of the PVC occurs near the end of the surface QRS complex. Since the
pacing lead is in the right ventricle, the pacemaker senses the beat late in the QRS.

place when voltage and current are delivered into living tissue. An abrupt
change in impedance usually indicates a problem with the lead system. Very
high resistance can indicate a conductor fracture or poor connection to the
pacemaker. A very low resistance can indicate an insulation failure (Note:
remember with Ohm’s Law that V = IR or R = V/I). It is important to note
that “normal” lead impedance may vary greatly from one lead to the next
(250 to 2000 Ohms) depending on the particular lead model and the method
used to measure the impedance. Thus, while an impedance trend is of great
assistance, a single impedance value (unless extremely high or low) may be
of little use without previous values for comparison.

Acute Implant Values

It is commonly recommended that at implant the capture threshold on
most pacing leads be less than 1.0 V @ 5 msec. One exception to this would
be for left ventricular leads that are placed via the coronary sinus and de-
scending cardiac veins. Though a low threshold is desirable, it is often not
achievable. The standard method to obtain a capture threshold is by increas-
ing the output until capture is obtained. The capture threshold obtained by
decreasing the voltage until capture is lost is often lower than the threshold
obtained as the voltage is increased (Wedensky effect). However, if the pa-
tient has no underlying rhythm, capture must be determined by decreasing
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Fig. 2.20a. Raw and filtered electrograms as ~ [>3 SN 0093863 25 F.

telemetered from a pacemaker. The top trace
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vent sensing of T-waves, far field signals and
myopotentials (see text).
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tually used by the pacemaker for sensing. Fil-
tering of the raw signal is necessary to pre-
as it will be stongly attenuated by the filtering
of the pacemaker.

is the filtered signal and is the one that is ac-
Fig. 2.20b. Comparison of a signal with a good
slew rate (complex on the left) and one with a
poor slew rate. The signal with the poor slew
rate is broad and contains less high frequency
energy. Even though it is the same height as
the good complex, it will not be sensed well

Fig. 2.20c. Slew rate as measured in volts/sec- Good Slew Poor Slew
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slew rate.
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the output until capture is lost then quickly increasing the output to restore
the heart beat. If a temporary pacemaker is present then the standard method
may be used. The amplitude of the sensed events should be at least twice the
nominal (standard) value for the device implanted, or an R-wave = 5.0 mV
and a P-wave = 2.0 mV. These values may be difficult to achieve in some
patients due to the presence of severe myocardial disease or endocardial fi-
brosis.

Postimplant Values
Capture thresholds typically rise for the first several weeks for pacing
leads, and then decline progressively towards their chronic values (Fig. 2.21).
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Most leads are now designed with a method of delivering a small dose of
steroid from the electrode tip to reduce the inflammatory response at the
myocardial interface. These steroid eluting leads tend not to have a signifi-
cant threshold rise during the acute period. The chronic phase for most
leads is reached at four to six weeks postimplant. Due to the possibility of a
threshold rise from lead maturation or movement, the programmed output
must provide a large safety margin during the acute phase to prevent a loss of
capture. The output may then be adjusted to a lower value during the post-
operative clinic visit one month later to prolong the life of the battery. Even
if a steroid lead is used it may be wise to use the higher output initially
should a threshold rise occur. An exception to using a large safety margin is
pacemakers that constantly monitor the capture threshold and manage the
paced output automatically.

Pacing Intervals

Although we tend to think of cardiac cycles in terms of “beats per minute”
(bpm), the pacemaker generally works in units of milliseconds (msec). Some
timing parameters such as the lower and upper rate are programmed in bpm,
while most other parameters are set in msec. Even though the programmer
presents a value to the user in bpm, the pacemaker actually “thinks” in msec.
Therefore, when evaluating the device function one must work with msec to
determine if an event is occurring at the proper time.

An easy way to convert from bpm to msec or the reverse is the “Rule of
60,000”. There are 1000 msec in a second, 60 seconds in a minute, thus
there are 60,000 msec in a minute. Dividing 60,000 by the bpm will result
in the msec. Conversely, dividing 60,000 by the msec will yield the bpm
(Fig. 2.22).
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Fig. 2.21. Capture threshold versus time plot. Curve A is typical of older leads showing a
threshold rise and fall during the four to six week period after implant. Curve B is typical
of a modern technology lead, such as one with steroid elution. Little or no threshold rise
is present due to the anti-inflammatory action of the steroid.
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60,000 Rule: 60,000 msec in a minute
60,000/Heart rate = Interval in milliseconds
60,000/Interval in milliseconds = Heart rate

Examples:
Heart rate = 70 bpm
60,000/70 = 857 msec cycle length

Cycle length = 857 msec
60,000/857 = 70 bpm

Fig. 2.22. Rate vs interval: The Rule of 60,000.

Programmability

When permanent pacemakers were first implanted in 1958 there was no
provision to change any parameter. The device was built to pace at one rate
and output at the factory and remained at these values for the life of the
device. As the patient presents a dynamic physiologic system with changing
needs, the ability to change certain values such as the pacing rate and output
amplitude became an obvious next step in pacemaker evolution. The first
method of changing a device setting required placing a triangular needle
through the skin into a receptacle on the pacemaker to make the adjust-
ment. Shortly thereafter magnetic fields were used. Finally radiofrequency
transmissions became the method that is used on all devices today. As will be
discussed later, magnets still have some uses to change device behavior or to
trigger recording of events. Programmability provides flexibility to decrease
battery drain, correct abnormal device behavior, and to adapt the device to a
patient’s specific and changing needs.

Basic programmable features are listed in Table 2.6. These are features
that are present on virtually all pacemakers sold in developed countries.
Additional parameters are also listed in this table and may be available de-
pending on the make and model of the device implanted. The cost of the
pacemaker is usually proportional to the degree of programmability and the
complexity of the built-in diagnostic capabilities. The functions of these
programmable features are explained in later chapters.

Magnet Response

All pacemakers have an internal switch that can be activated by the appli-
cation of an appropriate magnet directly over the device. The response to
magnet application may vary for each pacemaker model, the programmed
pacing mode, and programming specifically related to magnet application.
There is a great misconception by many people that placing a magnet over
the pacemaker will turn it off. I once had a physician tell me “I have six
magnets stacked on top of this guy’s pacemaker and it is still pacing!” The
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Table 2.6.  Programmable features of a single chamber pacemaker (VVI or AAl)

Basic
Mode
Rate
Output (V or mA)
Pulse width
Sensitivity
Refractory period
Additional rate settings
Hysteresis rate (or interval)
Sleep rate
Sensor driven rate settings
Maximum rate
Intermediate rate
Activities of daily living (ADL) rate
Activity threshold
Slope or rate response factor
Reaction time (Acceleration time)
Recovery time (Deceleration time)
Other sensor specific settings and diagnostics
Dual chamber parameters
Upper rate limit (maximum tracking rate)
Mode switch rate
A-V delay
adaptive
differential
positive AV hysteresis (Autointrinsic Conduction Search)
negative AV hysteresis
Post ventricular atrial refractory period (PVARP)
PMT options
PVARP extension on PVC (also “PEPVARP”)
DVI on PVC (previously “DDX")
A-Pace on PVC
Blanking period (atrial and ventricular)
Rate smoothing
Fallback rate
Fallback slope
Miscellaneous
Lead polarity for sensing and pacing
Histogram settings
Other refractory periods
AF suppression
Rate drop response
Other features and diagnostics

fact is that virtually all pacemakers will pace asynchronously (sensing of the
patient’s own rhythm is disabled) with the application of a magnet (Fig.
2.23). The rate of pacing relative to the programmed rate is often different
during the magnet application, but it may remain the same. It may be higher,
lower, or equal to the programmed rate depending on the device. In addi-
tion, be aware that in dual chamber devices the AV-interval and/or the mode
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Fig. 2.23a. A ring magnet is shown in
proper position placed over a pacemaker
to close the magnetic reed switch within
the pacemaker.
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Fig. 2.23b. Strip showing magnet response of a pacemaker. The device paces in an asyn-
chronous manner (no sensing of the underlying QRS or P waves). The response of each
manufacturer and model to the magnet may be unique.

of pacing may change (i.e., a pacemaker programmed to the DDD mode
may pace VOO instead of the expected DOO). The magnet rate is one
method used to determine the status of the battery. Application of the mag-
net elicits pacing at a rate specific to the make, model, programmed mode
and rate, and sometimes serial number. A change in this “magnet rate” ac-
cording to the specification by the manufacturer will indicate an intensified
follow-up period, recommended replacement time (RRT) or end of device
life (EOL). RRT is often expressed as “elective replacement interval” (ERI)
in relation to the pacing interval observed with (or without) magnet as the
pacemaker approached EOL. Use of the magnet rate allows some determi-
nation of device status by simple transtelephonic transmission of a cardiac
rhythm strip. Some devices allow the magnet response to be programmed
“On” or “Off”. If the response is programmed off, there will be no response
to magnet application. The magnet may also be used to trigger event and
electrogram recording by the device. Application of the magnet when this
feature is active may or may not elicit a change in pacing as well. Therefore,
it is necessary to be completely familiar with the device being evaluated, the
programming of the device, and to have access to a reference that contains
the expected behavior of the device when a magnet is applied.




Basic Single Chamber Pacing

Basic Pacing: Single Chamber Modes

In order to understand the basic timing of a pacemaker one must under-
stand the terminology commonly used to describe the events that occur. All
single chamber pacemakers have three basic timed events:

Automatic Interval

The period of time between two sequential paced beats uninterrupted by
a sensed beat (Fig. 3.1). It is also referred to as the base pacing interval and
may be converted to bpm (use the “Rule of 60,000”) and expressed as the
base pacing rate.

Escape Interval

The period of time after a sensed event until the next paced event (Fig.
3.2). The escape interval is usually the same as the automatic interval. It may
be different if a feature called “hysteresis” is enabled (see below).

Refractory Period

This is a period of time after a paced or sensed event during which the
pacemaker sensing is disabled (i.e., the pacemaker is refractory to external
stimuli). An event occurring during a refractory period will not be sensed, or
will be “tagged” by the pacemaker as a refractory sensed event and used by
the device for evaluation of possible abnormal rhythms (e.g., atrial fibrilla-
tion). The reason for having a refractory period in a ventricular pacemaker is
to prevent sensing of the evoked QRS and T-wave that occurs immediately
after the paced event. In atrial pacemakers the refractory period also pre-
vents sensing of the far-field R-wave or T-wave. Use of unnecessarily long
refractory periods may prevent sensing of an early intrinsic beat such as a
PAC or PVC (Fig. 3.3). In some devices the first part of the refractory period
may be an adjustable “Blanking Period”, during which no sensing at all oc-
curs, followed by the remainder of the refractory period during which sens-
ing occurs for diagnostic purposes only.

The most common single chamber mode is the VVI mode (actually VVIR,
but this will be described later). As described by the NBG code the Ventricle

is paced, the Ventricle is sensed, and when an intrinsic beat is sensed the

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
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Fig. 3.1. Automatic interval. This I Automatic
is the period of time between two | Interval |
uninterrupted paced events. In
this example, the automatic in-
terval is 1000 msec (or 60 beats
per minute).

Fig. 3.2. Escape interval. This is
the period of time from when an B —
intrinsic beat is sensed until a
paced beat will occur. In this ex-
ample the escape interval is 1000
msec (or 60 beats per minute).

device will Inhibit the output and reset the timing cycle. The device func-
tion in the VVI mode is shown in Figure 3.4.

A much less common mode of pacing the ventricle is VVT. In this mode
the Ventricle is paced, the Ventricle is sensed, and when a sensed event oc-
curs the pacemaker will Trigger a paced output immediately (Fig. 3.5). If
there is no intrinsic rhythm the pacemaker will pace at the programmed rate
and be indistinguishable from a device programmed to the VVI or VOO

Additional cardiogram Recorded: 5:44:27 pm 25 mm/sec, 8 mm/mV [ End
T [ ¥ | £ T ¥ T 1% T ¥
N ! | PNy | et - |
A 0 (EEEEEERE
|5 1 . L [TV

Fig. 3.3. Refractory period. The pacemaker will not respond to an intrinsic beat that
occurs during the pacemaker refractory period. In this example the pacemaker is set to
VVI at 55 bpm. The refractory period has been programmed to 475 msec. QRS #3 and #7
are PVCs that fall within the refractory period of the preceding paced beats. Since the
pacemaker sensing is refractory during the PVC, the PVC is not sensed. This is a program-
ming problem, not a malfunction of the pacemaker.

Presenting cardiogram o _F_{eiulde_d:lﬁs:sj_pfl_ 25 rnma'se_c.,amrnfm\c’ End
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Fig. 3.4. VVI pacing. The ventricle is paced and sensed. An intrinsic beat inhibits the
paced output.
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VVT mode Recorded: 1:07.01 pm 25 mmisec, 8 mm/mV
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Fig. 3.5. VVT pacing. The ventricle is paced and sensed. The pacemaker will pace at the
lower rate limit. However, an intrinsic beat triggers an immediate output from the pace-
maker.

mode. Remember that in VVT any sensed event, either intrinsic QRS or an
external electrical event is strong enough to be sensed, will cause the pace-
maker to deliver an output at that instant (i.e., it will be triggered). This
mode is primarily used for diagnostic reasons. It may also be used to over-
drive pace ventricular tachycardia if noninvasive programmed stimulation is
not available via the programmer. Overdrive pacing may be performed in
the triggered mode by placing two surface electrocardiogram electrodes near
the pacemaker. The electrodes are attached to a temporary pacemaker or
other stimulation source and electrical pulses are delivered to the skin. Each
time the pacemaker senses one of these external stimuli it will immediately
pace the heart. This technique can be used to overdrive pace monomorphic
ventricular tachycardia (or SVT and flutter in the atrium using the AAT
mode) or to perform programmed ventricular stimulation as with
electrophysiologic studies. The upper pacing rate is limited by the refractory
period of the pacemaker and the runaway protection feature of the circuitry
(see Chapter 11). Some devices allow the runaway protection to be disabled
and very short refractory periods to be programmed temporarily during thera-
peutic VVT (or AAT) pacing.

VOO was truly the “original pacing mode”. In this mode of operation,
the Ventricle is paced, there is no sensing and thus there is no response to a
sensed event (Fig. 3.6). VOO is a common mode of response in a ventricular
pacemaker when a magnet is placed over a pacemaker that has been pro-
grammed to the VVI or VVT mode. This causes pacing to occur asynchro-
nously at a specific rate as programmed regardless of the underlying rhythm.
The earliest pacemakers functioned in this fashion all of the time. The major

Asynchronous (Magnet-Mode) cardiogram Recorded: 125356 pm 25 mmi/sec, 8 mm/m\y
1T 1 1 T T TFT T 171 vlr| T T % 177 T L
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Fig. 3.6. VOO pacing. The ventricle is paced and there is no sensing of intrinsic beats.
This is seen most often during the application of a magnet.
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Fig. 3.7. AAl pacing. The atrium is paced and sensed. An intrinsic beat inhibits the paced
output.

drawback to a device functioning in the VOO mode continuously is that
there may be competition with the patient’s own rhythm as seen in Figure
3.6. Pacing in this fashion may waste considerable battery power if the pa-
tient has a good intrinsic heart rate most of the time. It may also result in the
induction of arrhythmias by pacing during the vulnerable period of the
T-wave. This would be similar to the “R on T” phenomenon that results in
ventricular tachycardia for some patients. VOO is rarely programmed as a
continuous mode of operation. It may be used for a patient that is pace-
maker dependent (has no significant intrinsic rate of their own above 40
beats per minute) when oversensing or inappropriate inhibition of the de-
vice is suspected. It may also be used for a pacemaker dependent patient
who is going to be having surgery that requires the use of unipolar electro-
cautery. The latter may cause inhibition of a VVI pacemaker each time it is
activated. Programming to VOO prior to the operation or placing a magnet
over the device during the use of electrocautery will prevent periods of asys-
tole in these patients.

The atrial single chamber modes operate identically to the ventricular
modes. In fact, the same single chamber pacemaker is used for atrial or ven-
tricular applications, the difference only being in which chamber the pacing
lead is placed.

The AAI mode operates just as the VVI mode, except that it paces the
Atrium, senses the Atrium, and is Inhibited by P-waves instead of R-waves
(Fig. 3.7).

The AAT mode, as with the VVT mode, is used only for diagnostic or
therapeutic reasons. A device programmed to AAT will pace the Atrium,
sense the Atrium, and will Trigger a paced output when any electrical event
is sensed on the atrial lead. If the intrinsic heart rate is slower than the pro-
grammed rate of the pacemaker, the appearance will be steady atrial pacing
at the programmed rate (Fig. 3.8).

Finally, the AOO mode paces asynchronously (without regard to the
underlying rhythm) and is shown in Figure 3.9. It paces the Atrium, but
there is no sensing or response to sensed events. As with VOO pacing, this
mode is seen with magnet application. The lack of sensing may result in
competition with the native atrial rhythm and thus cause atrial arrhythmias
and unnecessary battery wear.
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Fig. 3.8. AAT pacing. The atrium is paced and sensed. An intrinsic beat triggers an imme-
diate output from the pacemaker. Note the irregularity of the pacing interval. This is due
to the patient’s sinus arrhythmia and PACs.

ACO @ 60 Recorded: 3:17:54 pm 25 mmisec, 8 mm/mV End
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Fig. 3.9. AOO pacing. The atrium is paced and there is no sensing of intrinsic beats. This
is seen most often during the application of a magnet.

Additional Concepts

Hpysteresis

Hysteresis allows the pacemaker to refrain from pacing undil a special
lower rate known as the hysteresis rate is reached. When the hysteresis rate is
reached the device then paces at the higher automatic rate until it is inhib-
ited by a sensed event. Once an intrinsic beat occurs and inhibits the pace-
maker, the hysteresis rate is “reset” and the device will not pace until the
lower hysteresis rate is again reached (Fig. 3.10). It is in this situation that
the escape interval is longer than the automatic interval. Some people prefer
to think of the pacemaker as adding a hysteresis interval to the automatic
interval rather than there being two different rates. Hysteresis is useful in
patients with ventricular pacemakers and sinus rhythm that have infrequent
pacing needs, thus minimizing the loss of atrio-ventricular synchrony. It
may also be useful when a ventricular pacemaker causes symptoms in a patient
during pacing (see section on pacemaker syndrome in Chapters 4 and 11).

Fusion and Pseudo-Fusion

Fusion occurs when an intrinsic heartbeat and a paced impulse occur at
the same or nearly the same time (Fig. 3.11). The resultant QRS will re-
semble a standard paced beat if intrinsic conduction occurs late or is de-
layed. Conversely, the QRS will more closely resemble the patient’s own
QRS if intrinsic conduction occurs early. If the paced impulse has no effect
on the intrinsic QRS or T-wave it is referred to as “pseudo-fusion” (Fig.
3.12) as no true fusion actually occurs. The presence of fusion and
pseudo-fusion is frequently misinterpreted as a malfunction. This is usually
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Fig. 3.10. Hysteresis. This is the one time when the escape interval is longer than the
automatic interval. In this example the automatic rate is set to 70 bpm and the hysteresis
rate is set to 50 bpm. The device paces at 70 bpm until inhibited by a sensed beat (5th
beat on the top strip). It does not begin to pace again until the patient’s intrinsic rate falls
to 50 bpm (3rd beat on the bottom strip). The pacemaker then paces at 70 bpm until
another intrinsic beat is sensed (last beat on the bottom strip), at which time the hyster-
esis rate of 50 bpm is restored.

not the case. As noted in Chapter 2, sensing of an intrinsic beat may not
occur until late in the complex. Thus, even though the intrinsic QRS has
started, the pacemaker may deliver an output as programmed since the in-
trinsic depolarization did not reach the electrode by the time the paced out-
put is due to occur. Only when the pulse clearly appears in the ST segment
or T wave can one be certain that failure to sense is present.

225 ms AVI Recorded: 10:08:25 am 25 mmisec, 8 mmim\/ End

Y 5 | ] i LTI
! I 2 R S 2 N A~ ]
| ! |L

5 |

i 3 |

125 ms AVI Recorded: 1_0:03:28 am 25 mm/sec, B mm/mV End
[ ¥ T v L | T | s 5] B
| 1A [A N ri
AL\ ¥ A %
VL] [ v A O

0 i i [Ty

150ms AVI Recorded: 10:08:41 am 25 mm/sec, 8 mm/m\/ End

q.___.. ™ T ] ¥ | I | ¥ | T |w| l . |
A AL LA L] Lt AN I

EEEE T FREH 35 FEE FS1 i | G S S S | 1
T [ [ [ IEEEEEHE) I T T LTI

Fig. 3.11. Fusion. These three strips wre recorded from the same patient. The top strip
shows the intrinsic QRS without any pacing. The second strip shows a strip with a paced
QRS. The bottom strip shows a fused QRS that is intermediate between the paced and
nonpaced complexes.
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Additional cardiogram Recorded: 10:;6:19 am 25 rnmiser.,_a mm/my End
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Fig. 3.12. Pseudo-fusion. The arrows show 2 paced outputs that occurred after the intrin-
sic complex is formed. The pace output does not affect the depolarization or repolariza-
tion of the heart (if it does then it is a fusion beat or a paced beat). This is often seen in
normally functioning pacemakers, though in some situations it may also represent a mal-
function.
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Fig. 13.13. Latency. This strip is recorded from a patient being paced in the atrium. Note
the pause between the pace artifact (arrows) and the evoked P-wave. This patient had a
significant metabolic abnormality at the time this tracing was recorded.

Latency

Latency is an uncommon phenomenon usually associated with meta-
bolic derangement. Latency is apparent when the pacemaker output spike
occurs and captures, however there is a period (latent period) of isoelectric
baseline prior to the QRS or P wave following the spike (Fig. 3.13). Latency
is also seen at other times such as in patients with severe intramyocardial
conduction delays. As with fusion, this does is not a problem with the pac-
ing system.



Dual Chamber Pacing

Dual Chamber Concepts and Modes

Dual chamber devices are significantly more complex than their single

chamber cousins. There are several additional timing intervals that are added -
4

and there are interactions between the timers. There are also two different
methods for determining the basic timing of the device. Ventricular based
timing has historically been the most common. However, with the newer
sensor driven dual chamber devices atrial based timing is becoming more
common.

AV Interval (AVI)

The AV interval (also known as the AV-delay) is the period of time that
may elapse after a paced or sensed atrial event before a ventricular impulse
will be delivered (Fig. 4.1). Under most circumstances an intrinsic QRS
sensed before the end of the AVI will inhibit the ventricular output and the
timing cycle will be reset for the next atrial output (a new atrial escape inter-
val will start; see below). The intrinsic event may be a normally conducted
QRS due to intact AV node function or it may be a PVC or premature
junctional beat. Once a P-wave is sensed or an atrial stimulus is delivered,
atrial sensing for the purpose of tracking P-waves is turned off until after the
ventricular event occurs and the atrial blanking and refractory periods have
terminated.

Differential AV Interval

Differential AVI is an enhancement of the basic AVI timer. It is known
that the atrial contraction must be timed properly relative to the ventricular
contraction to allow optimal preload and valve positioning to occur. The AV
timing may be disrupted or sub-optimal when a dual chamber pacemaker is
in place. This is because when the pacemaker responds to a sensed P-wave
the atrial depolarization is well underway. In contrast, when the device is
pacing the atrium it is initiating the atrial contraction. In order to compen-
sate for this difference, a different AV interval is programmable for paced
and sensed atrial events. The AVT following a sensed P-wave is allowed to be
shorter than the AVI following a paced P-wave (Fig. 4.2). Some devices have
a fixed nonprogrammable setting in the range of 25-50 msec. Other devices

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
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AVI Fig. 4.1. AV interval: The period
of time in milliseconds between a
paced or sensed atrial event until

the paced ventricular event. If a
sensed ventricular event occurs
before the end of the AV, the ven-

tricular output will be withheld.

give many options for programming the difference between the two. How-
4 ever, in all devices the sensed AVI is shorter than the paced AVI. The result is

a small but significant improvement in cardiac output.

Adaptive AVI

In a normally functioning heart the PR interval is not static. It varies
with adrenergic tone and the heart rate. The PR interval shortens as the
heart rate increases to continue providing optimal preload. Most newer dual
chamber pacemakers now offer a feature known as adaptive AVI. As the
name suggests, the AVI adapts based on the heart rate. Faster heart rates
cause a shortening of the AVI (Fig. 4.3). This results in two benefits. The
first is more optimal hemodynamics for the patient by preserving the natu-
ral change in timing between atria and ventricles. The second will become
apparent when you learn about the total atrial refractory period (TARP) and
it’s effect on the upper rate that the pacemaker can achieve. A shorter AVI
will allow the pacemaker to operate normally at higher rates by allowing
atrial sensing to occur at higher rates.

Paced AVI Fig. 4.2. Differential AV interval:
The paced AVI is longer than the
sensed AVI.

A —

Sensed AVI

g —
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Fig. 4.3. Adaptive AVl interval: The AVI (both paced and sensed) will shorten as the
pacing rate increases. In this example the AVl is 175 ms when the pacing rate is 60
bpm. The AVI shortens (usually in a gradual manner) to 100 ms when the pacing
rate is 120 bpm.

Atrial Escape Interval (AEI)

The AEI is the maximum period of time that can elapse between the last
sensed or paced ventricular event and the next atrial event. In ventricular
based timing systems, the AEI begins at any sensed or paced ventricular
event (Fig. 4.4). It may be a sensed R-wave (or any sensed event on the
ventricular channel) or a ventricular pacemaker pulse. If no intrinsic atrial
beat occurs by the end of the AEL an atrial pace output will be delivered.
The AEI may be calculated by subtracting the AVI from the base pacing

[ AEI

7\

|
|
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|
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.
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Fig. 4.4. Atrial escape interval: The amount of time that is allowed to elapse after a
paced or sensed ventricular event, until the next atrial pace output will be delivered
(unless an intrinsic P-wave is sensed first).
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interval. For example, if the base pacing rate is 60 bpm this is a pacing
interval of 1000 msec. An AVI of 200 msec would result in an AEI of 800
msec. The AEI may also be determined by placing a pair of calipers on an
atrial pace artifact and tracking back to the previous R-wave or ventricular
pace artifact. Because of the variability of timing with R-wave sensing, it is
most accurate when mapped back to the pace artifact. Timing intervals with

the AEI
Post Ventricular Atrial Refractory Period (PVARP)

PVARP is an atrial refractory period that begins with each paced or sensed
ventricular event (Fig 4.5). This is a very important function of the device,
and it serves two purposes. It turns off the atrial amplifier to prevent the
atrial lead from sensing the ventricular depolarization (QRS and T-wave),
which could otherwise be misinterpreted by the pacemaker as another P-wave.
It also prevents sensing of retrograde P-waves should a PVC occur. If the
ventricle depolarizes before the atrium (as happens with a PVC), the electri-
cal impulse may travel retrograde up the AV node and cause an atrial con-
traction shortly after the ventricular contraction. This is not desired as the
hemodynamics are poor due to the drop in cardiac output and blood pres-
sure as well as other mechanisms that come into play. The result may be
weakness and a number of other symptoms that together represent an entity
known as pacemaker syndrome (see Chapter 11). In this situation the retro-
grade atrial contraction may be sensed by the atrial lead and start the
AV-interval timer again. The ventricle will be stimulated at the end of the
AV-interval and the retrograde cycle will be started again (see section on
Pacemaker Mediated Tachycardia in Chapter 11). One of the more com-
mon methods of preventing this undesired cycle from occurring or continu-
ing is by programming the PVARP long enough that the retrograde P-wave
falls in this refractory period. The retrograde event will not be sensed (or if
sensed will not be used to start an AVI), and the cycle will not be able to
begin or to perpetuate. PVARP is often divided into two segments. The first
portion is an absolute refractory period during which no sensing at all oc-
curs. This is also known as the Post Ventricular Atrial Blanking period (PVAB).
The second portion is a relative refractory period during which sensing may
occur. Sensed events in the relative refractory period will not start and AVI.
These events are used to enhance the diagnostic and therapeutic features
such as automatic mode switching in dual chamber devices. The PVARP
minus the atrial blanking period is the relative refractory period.

Total Atrial Refractory Period (TARP)

Since no atrial sensing for the purpose of tracking occurs during the AVI
and during the PVARP, the combination of the two adjacent intervals is
referred to as the total atrial refractory period (AVI + PVARP = TARP). An
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[ PVARP | Fig. 4.5. Postventricular atrial refractory
| | period (PVARP): An atrial refractory pe-
riod occurs after each paced or sensed
ventricular event.

| PVARP |

atrial event occurring during TARP will not start an AVI and therefore can-
not be tracked by the pacemaker. The TARP limits the upper rate limit of
the pacemaker (see below). An easy way to remember the concept of TARP
is to think of what happens when you put a “tarp” (or tarpaulin) over some-
thing; you can’t see it.

Adaptive PVARP

Though programming a long PVARP prevents sensing of retrograde
P-waves, the limitations imposed upon the timing cycles by programming a
longer PVARP may be substantial. It became apparent that a long PVARP is
not needed all of the time. These limitations have been overcome to a great
degree by allowing the PVARP to shorten (or adapt) with higher pacing
rates. This feature has become widely available in pacemakers that are sensor
driven. The pacemaker can use data from the activity sensor to shorten the
PVARP during periods of high metabolic need when higher heart rates are
expected and appropriate. Shortening PVARP (along with shortening the
AVI using adaptive AVI) allows the TARP to shorten and therefore allow
higher tracking rates without the development of upper rate behavior. The
PVARP remains longer at rest when it would be less likely that high atrial
rates would be normal, thereby protecting the patient from sensing retro-
grade P-waves. In summary, Adaptive PVARP provides protection against
retrograde conduction at rest and allows the shortened PVARP (and thus
TARP) with exercise that permits higher tracking rates.

Upper Rate Limit (URL)

The URL is also referred to as the maximum tracking rate (MTR) or the
maximum tracking interval (MTT). This is a programmable feature that lim-
its the maximum rate (or shortest interval) at which the pacemaker will al-
low the ventricle to pace. If the atrial rate exceeds this limit either pacemaker
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Fig. 4.6. Examples of upper rate Example 1
limit (URL) calculation.
PVARP=300ms + AVI=200ms: TARP=500ms
Using the “Rule of 60,000"

60,000/500 = 120bpm highest programmable URL

Example 2
PVARP=250ms + AVI=150ms: TARP=400ms

Using the “Rule of 60,000

60,000/400 = 150bpm highest programmable URL

Wenckebach or 2:1 (or higher degree) AV block will occur (see section on
Upper Rate Behavior). The URL is programmable but is limited by the
programmed TARP (remember that the TARP = PVARP+AVI). The longer
the TARP the lower the allowable URL (Fig. 4.6). This is because atrial
sensing is not present during TARP therefore any P-waves falling into this
period cannot be tracked. The URL may be separately programmable for
tracking P-waves and for the upper sensor driven rate. Allowing different
upper rates may be useful to prevent tracking of pathologic atrial rhythms
while allowing higher rates with exercise, or to prevent the pacemaker from
using it’s sensor to drive the heart to higher rates (e.g., a patient with angina
may need lower rates with activity to prevent exertional angina).

Ventricular Blanking Period

The ventricular blanking period (VBP) follows immediately after an atrial
pacing pulse is delivered. The purpose of this refractory period is to prevent
the ventricular sensing channel from sensing the large atrial pulse. A normal
ventricular sensitivity setting is in the range of 2 mV meaning that any elec-
trical signal greater than 2mV will inhibit the ventricular output. Given that
the atrial output pulse is commonly programmed between 2.5 and 5.0 V
(that is 2500 to 5000 mV), it is easy to see how the ventricular channel
could sense the atrial output and assume it saw a QRS. Should ventricular
sensing of the atrial output occur, the ventricular output pulse will be inhib-
ited and the patient will not have a ventricular beat. This problem is referred
to as “crosstalk”. The blanking period is usually set in the range of 12-50
msec. Long blanking periods are very effective against crosstalk but limit the
ability of the pacemaker to sense normal or premature ventricular beats. An
additional discussion of this concept is found in the chapter on pacemaker
malfunction.

Figure 4.7 shows a representation of the different timing mechanisms
just discussed. It is important to remember that there is interaction between
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Fig. 4.7. This diagram summarizes and demonstrates the relationship between the
major timing cycles: AVI, AEl, PVARP, TARP, URL. Note that the AVl + PVARP =
TARP.

many of these parameters such that a change in one will affect one or more
of the others.

Atrial Based Timing

The difference between ventricular based timing and atrial based timing
relates to when the AEI begins after a sensed ventricular event. The two
operate identically when the ventricle is being paced. As described above, in
ventricular based timing the AEI will restart when a sensed ventricular beat
occurs. However, this may have the effect of accelerating the pacing rate. As
can be seen in Figure 4.8, the effect is rather small at slow rates. At high atrial
pacing rates the difference can be significant and even cause violation of the
URL. To prevent this from happening devices have been developed that use
the “atrial based” timing method. The purpose of this method is to assure
that the atrial pacing rate does not exceed the programmed URL. When an
R-wave is sensed before the end of the AVI, an atrial based device does not
begin the next AEI as would a ventricular based device. The atrial based
device will wait until the programmed AVI would have terminated if no
R-wave were detected. It then begins the next AEI and preserves the integ-
rity of the entire pacing cycle (Fig. 4.9). In this way the next atrial output
occurs when it should and is not accelerated.

Dual Chamber Pacing Modes
DDD Mode

There are many permutations of dual chamber pacing. The most widely
used at this time is the DDD mode (actually DDDR, but more on the “R”
later), also known as “universal” pacing mode. This provides dual chamber
pacing, dual chamber sensing, and dual mode of response to sensed events.
The dual mode of response allows the device to be inhibited by sensed events
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| cL=1000
a. Base Rate AV Rate=60
-+ CL=950
| Rate=62
b. Base Rate A-R

| CL=400
| Rate=150

c. Fast Rate AV

|| cL=3s0

d. Fast Rate A-R Rate=172

Fig. 4.8. Ventricular based timing at low and high rates in a DDDR pacemaker with
a lower rate of 60 bpm and an upper rate of 150 bpm. The AVI for pacing and
sensing is 200. a) At the base pacing rate of 60 with AV pacing, the interval between
QRS complexes is 1000 ms (60 bppm) as expected. b) In a patient with intrinsic AV
node function, the QRS occurs prior to the end of the AVI resulting in AR pacing.
This starts the next AEl early resulting in a shortening of the interval between the
QRS complexes by 50 ms in this example. The AEl begins 50 ms early, and this
advances the next atrial output. At low rates this does not change the pacing rate
significantly, with an increase of 2 bpm (to 62 bpm) in this example. ¢) At a sensor
driven rate of 150 and AV pacing present, the actual pacing rate is 150 as would be
expected. d) With intrinsic AV node function as in example (b), the QRS again
occurs before the end of the AVI. The shortening of the AV interval of 50 ms now
results in a pacing rate of 172 bpm, significantly higher than the maximum pro-
grammed rate.

(one mode of response) or to be triggered by a sensed event (second mode of
response). The triggering occurs when a sensed atrial event starts an AVI and
then “triggers” a paced ventricular event. This process, also known as “track-
ing”, maintains atrial-ventricular sequencing.

A pacemaker programmed to the DDD mode may appear on the ECG
in any of four ways. The function may change from beat to beat as the
patient’s sinus rate and AV conduction varies. To understand these different
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a, Base Rate AV

b. Base Rate A-R |~

c. Fast Rate AV

d.Fast Rate A-R |-

Fig. 4.9. Atrial based timing at low and high rates. a) At the base pacing rate of 60
with AV pacing, the interval between QRS complexes is 1000 ms (60 bpm) as with
ventricular based timing (see Fig. 4.8). b) In a patient with intrinsic AV node func-
tion, the QRS occurs prior to the end of the AVI resulting in AR pacing. Unlike
ventricular based timing, the AEl does not start when the QRS is sensed. The AEI
starts after adding the rest of the time that was lost during the AVI (in this case an
additional 50 ms). No change is seen in the base pacing rate which remains at 60
bpm. c) At a sensor driven rate of 150 and AV pacing present, the actual pacing rate
is 150 as would be expected, and does not differ from that of ventricular based
timing. d) With intrinsic AV node function as in example (b), the QRS again occurs
before the end of the AVI. The shortening of the AV interval of 50 ms is compen-
sated for by adding back the “lost” 50 ms. The correct cycle length continues to be
maintained, resulting in pacing at 150 bpm without violating the upper rate limit.

pacing states, we need to have a way to describe the operation of the pace-
maker. In pacing the cardiac events are often expressed as AS: atrial sensed,
AP: atrium paced, VS: ventricle sensed, and VP: ventricle paced. The method
that will be used here is also common.

P: a sensed P-wave or atrial event

R: a sensed R-wave or ventricular event

A: a paced atrial event

V: a paced ventricular event
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Fig. 4.10. PR pacing. Both the atrial and ventricular outputs are inhibited. The pro-
gramming of this device was DDD with a lower rate limit of 45 and AVI of 230 ms.
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Fig. 4.11. AR pacing. The atrium is paced, but the AV node conducts the impulse to
the ventricle before the end of the programmed AVI, inhibiting the ventricular out-
put. This device was programmed DDD with a lower rate of 80 and an AVI of 230
ms. Note that the PVC resets the entire timing cycle.

Totally Inhibited (PR)

This is seen when the intrinsic atrial rate is faster than the lower rate
limit, and AV-nodal conduction is more rapid than the programmed A-V
delay. No pace artifact will be seen (Fig. 4.10).

Atrial Pace / Ventricular Inhibited (AR)

Only the atrial artifact will be seen followed by the patient’s own QRS.
This occurs when the intrinsic atrial rate is slower than the lower rate limit,
and AV-nodal conduction is normal allowing the patient’s own QRS to oc-
cur before the end of the programmed AVI (Fig. 4.11).

Additional cardiogram Recorded: 9:23:03am 25 mm/sec, 8 mm/mV End
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Fig. 4.12. PV pacing. The atrium is inhibited by the intrinsic P-wave and pacing
occurs in the ventricle because it has not depolarized prior to the end of the pro-
grammed AVI. This device was programmed to DDD with a lower rate of 45 and an
AVI of 170 ms.
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Fig. 4.13. AV pacing. Both the atrium and the ventricle are paced. This device was
programmed to DDD with a lower rate of 80 and an AVI of 170 ms.

Atrial Inhibited, Ventricular Pace (PV)

Ventricular pacing will follow each intrinsic P-wave. This is seen when
the intrinsic atrial rate is faster than the lower rate limit and is often referred
to as “P-wave tracking”. The atrial output is inhibited due to the faster atrial
rate. Only ventricular pacing is seen, since AV-nodal conduction is either not
present or takes longer than the programmed AVI allows to occur (Fig. 4.12).

Atrial Paced and Ventricular Paced (AV)

Both atrial and ventricular pace artifacts will be present. This will be seen
when the intrinsic atrial rate is slower than the lower rate limitand the patient’s
AV-nodal conduction is either not present or takes longer to conduct than

the programmed AVI would allow (Fig. 4.13).
DVI Mode

DVI provides dual chamber pacing, but senses only in the ventricle. Since
there is no atrial sensing, the triggering of a ventricular response by intrinsic
atrial activity (tracking) is not possible. Since only ventricular sensing is present,
the only event that the device can respond to is a ventricular sensed event.
This will cause inhibition of the ventricular output. If the atrial output has
not yet occurred, it is inhibited as well. This mode was common before
DDD was available and is not commonly used now. It is still available
as a programmed mode on many DDD pacemakers. DVI may be seen in a

DVI-C
A PA V AV

Fig. 4.14. DVI-C (committed) mode will pace both atrium and ventricle but sense
only the ventricle. P-waves are never sensed resulting in competition with native P-
waves. Total inhibition of both atrial and ventricular output occurs only when a
QRS is sensed before the end of the AEL. In this variation of DVI, any time an atrial
output is delivered a ventricular output is “committed” as is seen on the third ARS.
This “committed” operation is frequently mistaken for undersensing of the ventricu-
lar lead.
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Dvi R R

Fig. 4.15. DVI-NC (noncommitted) mode will pace both atrium and ventricle but
sense only the ventricle. As with DVI-C, P-waves are never sensed. Total inhibition
of both atrial and ventricular output occurs only when a QRS is sensed before the
end of the AEL. In this variation of DVI, the ventricular output is NOT committed
after an atrial output. A QRS will inhibit the ventricular output at anytime up to the
end of the AVI.

functional sense when the atrial lead loses it ability to sense in a device pro-
grammed to DDD. DVI may exist in two forms:

1. Committed: Once the device delivers an atrial impulse it will ALWAYS
deliver a ventricular impulse even if an intrinsic R-wave occurs after the
atrial pace (Fig. 4.14). This is often misinterpreted as pacemaker malfunc-
tion with ventricular under-sensing. Though this wastes energy it does
provide complete protection against crosstalk (ventricular oversensing and
inhibition by sensing of the atrial pace output).

2. Noncommitted: The pacemaker will be inhibited as would be expected by
an intrinsic R-wave, even if it has delivered an atrial output (Fig. 4.15).

DDI Mode

This is a nontracking mode (as is DVI), but is becoming increasingly
popular for use in patients with intact AV node function. It provides Dual
chamber pacing, Dual chamber sensing, but only Inhibition on a sensed
event — no tracking of P-waves can occur. The operation in DDI is similar to
DVI except that there is atrial sensing. Therefore, in contrast to DVI, an
intrinsic atrial event will inhibit the atrial output (Fig. 4.16). Since this will
eliminate pacing shortly after a P-wave, DD is less likely than DVT to cause

Fig. 4.16. DDI mode will pace and sense both atrium and ventricle. This eliminates
the competition with intrinsic atrial beats as seen with the second P-wave. The
P-wave is sensed and inhibits the atrial output, but does not start an AVI as would
happen in a DDD system. The ventricular output will occur at the proper time to
maintain the programmed pacing rate.
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Fig. 4.17. Comparison of DDD, DDI and DVI: a) When atrial rates are slower than
the base rate, DDD, DDI and DVI operate in an identical fashion. b) DDD: P-wave
is sensed, starts an AVI and is tracked. c) DDI: P-wave is sensed and inhibits the
atrial output, but does not start an AVI. The ventricular output occurs to maintain
the base pacing rate. d) DVI: P-wave is not sensed at all. The paced atrial event is
delivered at the end of the AEI, and the ventricular output at the end of the AVI. This
results in competition between intrinsic and paced P-waves.

atrial arrhythmias. A device programmed to DDI cannot track the atrial
rthythm. It will pace the atrium when the patient’s atrial rate is lower than
the programmed pacing rate (or sensor indicated rate if programmed to
DDIR). It will also pace the ventricle if the patient’s ventricular rate is slower
than the programmed rate. If the intrinsic atrial rate exceeds the programmed
lower rate (due to sinus tachycardia, SVT, atrial flutter, or atrial fibrillation),
the atrial channel is inhibited and the pacemaker essentially functions in the
VVI mode until the atrial rate drops to the programmed rate. A comparison
of DDD, DVI and DDI modes is shown in Figure 4.17. This is a very useful
mode for patients with the diagnosis of sick sinus syndrome, carotid sinus
hypersensitivity, and bradycardia-tachycardia syndrome. It is a poor choice
in patients who have sustained or intermittent AV block and normal sinus
node function as it will not allow the pacemaker to maintain AV synchrony.

VDD at 60 Recorded: 1:46:42 pm 25 mm/sec, 8 mi
TTTT TP [T 1 T A TR
N i PAVEER
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Fig. 4.18. VDD mode. This mode will sense the atrium and ventricle, but can only
pace the ventricle. As the patient’s heart rate slows, the device will transition from
tracking the atrium to VVI pacing the ventricle. This can result in pacemaker syn-
drome due to a loss of AV synchrony. This mode is useful only for patients with
normal SA node function and AV block.
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VDD Mode
This provides Ventricular pacing, Dual chamber sensing, and a Dual mode
of response. Though a DDD device may be programmed to VDD, use of
dedicated VDD devices has increased over the past several years. Use of a
dedicated VDD device has the advantage of using a single lead that is placed
into the ventricle to pace and sense, with an extra electrode or set of elec-
trodes on the same lead that is/are capable of sensing but not pacing the
atrium. This method allows the atrium to be sensed and tracked for patients
with complete AV block (Fig. 4.18). The disadvantage of VDD is that if the
patient’s heart rate falls below the lower rate limit of the pacemaker, pacing
will be VVI as there is no capability to pace the atrium. VDD pacemakers
will also exhibit upper rate response behavior (2:1 and Wenckebach), and
may also allow pacemaker mediated tachycardia (PMT).




Upper Rate Behavior
in Dual Chamber Pacing

Upper rate behavior is intrinsic to the DDD and VDD pacing modes. It
may be seen any time a mode is used that allows the ventricle to be paced as
the result of an atrial sensed event. Upper rate behavior occurs when the
patient’s atrial rate is faster than the programmed upper rate limit (URL)
and/or exceeds the atrial sensing limits imposed by the programmed total
atrial refractory period (TARP). Since a dual chamber pacemaker acts as an
artificial AV node, it is not surprising that the upper rate responses seen are
similar to AV node behavior. When the patient’s atrial rate reaches the limits
imposed by the pacemaker in a patient with high degree AV block, one of
two types of responses can be seen. These responses will not be seen in pa-
tients with normal AV node function, as their own AV node will conduct
the atrial beats and therefore prevent the effects of this pacemaker behavior
from becoming apparent.

Block (Multiblock)

This type of behavior appears on the surface electrocardiogram in much
the same way as second degree (Mobitz-1I) AV block. 2:1 pacemaker block
will occur when the maximum tracking rate is set to the limits imposed by
the TARP (PVARP + AVI). For example, if the AVI is 200 msec and the
PVARRP is 300 msec, the TARP is 500 msec. Using the “Rule of 60,000” we
can calculate that 500 msec is equal to 120 bpm. A pacemaker with these
PVARP and AVT settings and the URL programmed to 120 bpm will ex-
hibit 2:1 block (also referred to as multiblock as higher degrees of block are
possible) behavior. In this situation the patient’s ventricular rate increases by
tracking the atrial rate until the URL is reached. Once the patient’s atrial
rate exceeds the URL every other P-wave will fall into the PVARP and is
thus not sensed. As shown in Figure 5.1, 2:1 block then occurs and the
patient’s ventricular rate falls abruptly, often with significant symptoms. As
the patient’s atrial rate slows below the URL, the pacemaker will resume
tracking the atrium and pace the ventricle 1:1 again.

Pseudo-Wenckebach
This appears like classic Mobitz-I (or Wenckebach) block (Fig. 5.2). Pace-
maker pseudo-Wenckebach behavior will occur rather than 2:1 type block

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
©2006 Landes Bioscience.




50 Cardiac Pacemakers and Defibrillators
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Fig. 5.1. 2:1 block will occur in a dual chamber pacing system when the interval be-
tween P-waves is shorter than the TARP. In this example the TARP is 600 ms creating a
2:1 block rate of 100 bpm. Once the atrial rate exceeds 100 bpm, P-waves begin to fall
into the PVARP and are not sensed. This usually occurs abruptly (especially when the
upper tracking rate is set to the same rate where 2:1 block will occur), causing significant
symptoms for the patient.

when the URL is programmed to a rate lower than the limits imposed by the
TARP. Using a slightly different example than above, a PVARP of 250 msec
and AVI of 150 msec yields a TARP of 400 msec limiting the upper tracking
rate to 150 bpm. Programming a URL to 100 bpm would result in
Wenckebach behavior for atrial rates that exceed the URL of 100 bpm but
are below the 2:1 block rate of 150 bpm. The difference between these two
rates is referred to as the Wenckebach interval. It is preferable to program a
device so that Wenckebach behavior will occur prior to the 2:1 block behav-
ior. This allows the patient some warning before the heart rate will drop
abruptly. Though the symptoms are not as severe as in 2:1 block, the tran-
sient changes in ventricular preload and the intermittent failure to track the
atrium 1:1 can be felt by most patients.

During the Wenckebach interval the P-waves ARE sensed as they do not
fall during the refractory period. The pacemaker delays the ventricular out-
put to prevent pacing the ventricle faster than allowed by the programmed
URL. Should the pacemaker pace at the end of the programmed AVI when
the atrial rate is faster than the URL, the ventricular rate would exceed the
URL. Because the ventricular output is delayed, the AVI appears prolonged
giving a Wenckebach appearance. Each successive AVI will lengthen until a
P-wave falls into the atrial refractory period. Since this last P-wave cannot be
tracked, the following ventricular output is “dropped” and the cycle starts
over again. If the atrial rate continues to rise and exceeds the atrial tracking
limit imposed by the TARP, then 2:1 block will occur.

Several other methods have been developed to are available minimize the
effect of abrupt onset 2:1 blocking:
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Fig. 5.2. Pseudo-Wenckebach behavior occurs when the upper tracking rate of the pace-
maker is set lower than the 2:1 block rate (as determined by TARP). The appearance of
the cardiogram will be identical to that of a patient with Mobitz-I AV block. As a P-wave
is sensed at an interval shorter than allowed by the upper tracking rate, the ventricular
output is delayed so as not to violate the upper rate limit. This results in an apparent
prolongation of the AVI. This sequence continues until a P-wave falls within the PVARP
and is therefore not sensed. This P-wave will not start an AVI, and thus the next QRS is
“dropped”. The cycle will continue until the atrial rate drops below the upper rate limit
at which time 1:1 conduction will resume.

Rate Smoothing

This is a feature available on some dual chamber pacemakers that limits
changes in R to R intervals to a percentage of the previous interval. For
example, by setting this parameter to a value of 6%, one cardiac cycle will
not be allowed to differ from the previous one by more or less than 6% of
the cycle length. By minimizing the beat-to-beat differences in cardiac cycles
the effects of 2:1 block and pseudo-Wenckebach behavior are minimized.
This feature may also be useful to reduce the pauses seen in patients with
frequent PVC'’s (see Fig. 5.3) and to reduce the risk of tracking retrograde
atrial beats.

Fallback Response

This is a useful feature in patients that develop atrial arrhythmias as well
as those who might have 2:1 upper rate behavior. Fallback allows the pace-
maker rate to gradually decrease after the upper rate is reached. By doing
this, 2:1 block does not result in an abrupt decrease in rate. In addition,
should atrial fibrillation or flutter occur exceeding the URL, the pacemaker
after initially tracking the pathologic atrial rate gradually reduces the
ventricular pacing rate to the lower rate limit. This rate will stay in effect
until the atrial rate drops below the URL at which time the pacemaker will
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Fig. 5.3. Rate smoothing prevents one cardiac cycle length from differing from the previ-
ous cycle length by more than a percentage of the previous cycle. Tracing (a) shows a
DDD pacemaker programmed to a lower rate of 60 without rate smoothing. In this ex-
ample a PVC occurs resulting in a pause. Tracing (b) shows the response of the same
pacemaker with rate smoothing enabled causing the pacemaker to reduce the effect of
the premature beat by pacing earlier than would be expected.

resume tracking the atrium. Fallback response is usually programmable as to
the lower rate to which it will fall and the period of time it will take to get to
the fallback rate. In other devices, these may not be programmable param-
eters.

Sensor Driven Rate Smoothing

Sensor driven pacemakers are unique in that the lower rate limit varies
based on a parameter other than the atrial rate. Chapter 6 discusses this
feature in detail. The response of a DDDR pacemaker to an atrial rate that
would normally cause 2:1 or Wenckebach behavior is essentially the same as
that for a DDD device. The difference is that instead of the rate dropping to
the programmed lower rate limit, the pacing rate will drop to the rate indi-
cated by the activity sensor at that point in time. This is referred to as “sensor
driven rate smoothing”. For example, a patient has a DDDR pacemaker
programmed to an upper rate and 2:1 block rate of 120 bpm. If the patient
is running and the sensor rate indicates a pacing rate of 115 bpm while the
atrial rate is 125 bpm, the device will act as if the lower rate limit is 115. The
pacing rate will vary between the URL of 120 and the sensor indicated rate
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of 115 until the native atrial rate falls below the URL. At that time 1:1
tracking of the atrial rate will resume. By preventing abrupt changes in paced
rate the sensor has “smoothed” out the rhythm.




CHAPTER 6

Sensor Driven Pacing

When the first pacemaker was impanted 1958, pacemakers were used
primarily in patients with compete AV block. The devices were literally life-
saving for these patients. As pacemakers have improved and the patient popu-
lation has changed, more patients now receive implants for sinus node disease
than for AV block. This is due to the aging population as well as the wide-
spread use of beta-blockers, calcium channel blockers, and anti-arrhythmia
drugs such as sotalol and amiodarone. More recently, the use of radiofrequency

catheter ablation techniques as applied to patients with chronic atrial fibril-
n lation has created a population of patients unable to adjust their own heart
rates appropriately. The importance of proper heart rate response becomes
apparent on review of the cardiac output equation:
Cardiac Output = Heart Rate x Stroke Volume

In patients with normal cardiac contractility, the stroke volume increases
to its maximal point when only 40% of maximal exertion has been achieved.
Thus, increasing the heart rate is very important during exercise to be able to
achieve peak cardiac output. Patients with a fixed stroke volume, such as
those with dilated cardiomyopathy, are not able to effectively increase their
cardiac output by changes in contractility. They must rely entirely on changes
in heart rate to increase the cardiac output.

The need to change the paced rate in proportion to metabolic demands
has become essential in pacing to normalize the hemodynamic response as
much as is possible. Patients unable to change their heart rates to meet meta-
bolic demands are said to have “chronotropic incompetence”. This may be
an absolute or relative problem. A person who has atrial fibrillation and
complete AV block would have absolute chronotropic incompetence. In
contrast, a patient who has a normal resting heart rate but can only achieve
50% of his/her age predicted maximal heart rate (220 — age in years) has
relative chronotropic incompetence. For patients with chronotropic incom-
petence, the use of a standard DDD, VVI or AAI pacemakers does not pro-
vide the dynamic rate changes that are needed to achieve or exceed the
hemodynamic needs of daily living activities. Therefore, artificial sensors
have been developed to compensate for this lack of normal heart rate re-
sponse that the healthy sinus node normally provides.

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
©2006 Landes Bioscience.
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Table 6.1.  Sensors that have been investigated to provide modulation
of the heart rate

Vibration

Accelerometer

Minute ventilation

Respiratory rate

Central venous temperature

Central venous pH

QT interval

Preejection period (by pressure or volume change in the RV)
Right ventricular dP/dt (change in pressure/change in time)
Right ventricular dV/dt (change in volume/change in time)
Right ventricular stroke volume

Mixed venous oxygen saturation

Right atrial pressure

There have been many sensors proposed and investigated (Table 6.1).
The following discussion of the sensors will be limited to those in common

clinical use.

Activity / Vibration

This method of adjusting the pacing rate by using a sensor was the first to
be approved by the United States Food and Drug Administration. A piezo-
electric crystal that generates an electrical signal when vibrated or stressed is
bonded to the inside of the pacemaker. When the patient walks, the vibra-
tions from the body are transmitted through the pacemaker causing an elec-
trical output to be generated from the crystal (Fig. 6.1). These vibrations
usually occur during and in proportion to the patient’s level of physical

Sensor Output Activity

MM Sedentary
AWV Walk

Pliezo sensor
glued to inside
MMMVM Run of pacemaker

case

Fig. 6.1. The output of a piezioelectric crystal is proportional to the vibration and activity
of the patient. The more the patient moves, the more rapid and higher amplitude the

signal from the sensor.
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activity. The electrical output from the sensor is proportional to the vibra-
tions. The response of the pacemaker to the body’s vibration is adjusted by
programming a threshold and slope value as well as a minimum and maxi-
mum rate. Other adjustments such as reaction and recovery time (also re-
ferred to as acceleration and deceleration time) are programmable. The latest
devices incorporate features to adjust some of these parameters automatically.

Simplicity is a major advantage of the vibration based systems. A stan-
dard implant technique, the use of standard unipolar or bipolar leads, a low
current drain and the widespread use of this type of system are the strengths
of activity sensors. Unfortunately vibration is not always proportional to
metabolic need. Swimming and bicycle riding are two of the more common
activities that vibration based devices do not handle well. Neither activity
produces the same vibration, and therefore sensor response, that walking or
running will produce. The response may be improved if the device is pro-
grammed to be more sensitive to vibration, however it will then over re-
spond to normal walking. Bicycle riders face the additional issue of paradoxical
sensor responses. When a bicycle rider starts up a hill the pedaling rate slows
and the vibrations decrease. This results in a slowing of the paced rate at a
time when increased rate is needed. We have taught some of our bike riders
to reach up with one hand and tap over the pacemaker to cause the sensor to
increase the pacing rate. This technique may also be used for patients with
orthostatic hypotension. Before the patient rises from the supine position
they can tap on the pacemaker causing an increase in pacing rate. The higher
heart rate then helps to blunt the drop in blood pressure when the patient
moves to the standing position. There is also the potential for spurious re-
sponses. Loud music with a deep bass, riding in a car going down a bumpy
road or even sleeping in a manner that puts pressure on the pacemaker will
cause increased pacing rates. Certain occupations that expose the patient to
severe vibration (operating a jack-hammer) may also cause unwanted rate
increases.

Programming a vibration device can be rather complex. In a device that
does not have automatic features or programmer based algorithms to assist
in setting these parameters one must adjust them all manually. Even on some
devices that have automatic algorithms, proper responses are not always
achieved. On all sensor driven pacemakers the first parameters that must be
set are the lower and upper rate. Changing either of these after the other
parameters are set may change the pacemaker response significantly. The
next setting to be addressed is the threshold. This sets the lowest level of
output from the sensor (or lowest level of activity that the pacemaker can
recognize) that will cause the pacing rate to rise. Any signals from the sensor
that exceed the threshold level will be counted and used to adjust the pacing
rate (Fig. 6.2). Threshold settings may be numeric (lower numbers reflect a
lower and more responsive threshold), or descriptive (such as low, medium and
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Threshold

Fig. 6.2. This diagram represents signals from a piezoelectric sensor. Those that exceed
the threshold (seven in this case) are counted. Alternatively, the area that exceeds thresh-
old (shaded) is determined.

high). T prefer to have the patient take a walk down a hallway in a normal
fashion and adjust the threshold so that at a reasonable sensor response occurs.
If no sensor response occurs then the threshold needs to be lowered. If an
excessive response occurs the threshold is increased.

After the threshold is adjusted, the slope is then set. This parameter is
responsible for the pacemaker reaching a desired rate for a given amount of
activity. It may respond to the number of sensor “counts” that exceed the
threshold value, or it may use the integral of the areas generated by the
sensor activity above threshold (Figs. 6.2 and 6.3). In either case, increasing
the slope will result in an increased pacing rate for the same amount of
activity. The response of the pacemaker will also depend on the shape of the
slope used in a particular pacemaker. Some use a linear algorithm while

10
8
6
Target
Heart 4
Rate
2
Base
Rate Increasing Sensor Activity
(Counts or Area)

Fig. 6.3. Once the counts or integrated area of the sensor activity are determined, the
slope value chosen will determine the target heart rate.
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a. b.
Fast
Sensor
Rate Slow
Slow Fast
Time —>» Time —>
Acceleration / Reaction Deceleration / Recovery

Fig. 6.4. a) Acceleration time: Once the target heart rate is determined, the acceleration
time will determine how quickly this new rate will be achieved. b) Deceleration time:
When the activity is stopped, the deceleration time will determine how long it will take
the paced rate to return to the base rate.

others use one that is curvilinear. A low slope using a curvilinear algorithm
may not allow the paced rate to reach a programmed high upper rate even
with maximum output of the sensor.

The use of a reaction and recovery time is necessary on vibration based
devices. This is due to the fact that when the patient begins to walk the
sensor response goes from zero to some increased value. One does not want
the heart rate to “jump” to the target rate in just a couple of beats. The
reaction/acceleration time allows a gradual increase in pacing rate to the new
target rate. Conversely, when the patient stops, the vibration rate and sensor
output plummets to zero. Since it would not be physiologic for the heart
rate to fall abruptly, a recovery/deceleration time is programmed to ease the
rate down to the lower rate limit (Fig. 6.4). Some recovery time algorithms
allow a decrease in heart rate that is proportional to the length of time that
the patient was being active. Though many patients do well with the “out of
the box” settings for these two parameters, patients with poor cardiac output
may benefit from faster reaction times and longer recovery times.

Accelerometer

A variation on the vibration based systems is the accelerometer. This may
be based on a piezoelectric crystal bonded to a platform that is then attached
to the circuit board of the pacemaker, or a specialized component designed
to respond to movement (Fig. 6.5). These devices have all of the same fea-
tures and advantages of the vibration based devices, but are less likely to have
spurious responses. Though more responsive to movements other than walk-
ing and running than vibration based devices, the failure to respond appro-
priately to certain types of activities (such as bike riding) remains a problem.
The programming of these devices is essentially the same as those with
the vibration type of sensor. Figure 6.5 shows four types of accelerometer
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a. Piezo sensor mounted
on a platform

<€— Circuit board

Weight

b. /
Piezoelectric material
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c.
Suspended
Piezoelectric
Material
d. Q/ Eliptical chamber
Metal ball

Fig 6.5. Accelerometers. a) Platform mounted piezoelectric crystal. b) Cantilevered pi-
ezoelectric crystal. ¢) Three layer silicon suspended bridge. d) Metal ball in an elliptical
chamber.

sensors. One type places a piezoelectric crystal on a “diving board platform”
mounted on the circuit board rather than on the pacemaker case. This iso-
lates the crystal from most vibration, but allows it to be flexed by forward
and backward motion. Another application using piezoelectric material places
it between two weights. As the patient moves the weights flex the material
generating electrical signals. A variation of this uses a weight suspended by
tethers such that it moves back and forth with body motion. A different
approach uses a specialized chip designed with interposed fingers to move
relative to each other with motion. This changes an electric field between
them to provide motion detection. Finally, a small metal ball that moves
within an elliptical chamber as the patient moves disturbs an electrical field
and provides the necessary signals to modulate the pacing rate.

Central Venous Temperature

The first true metabolic sensor to be approved for use in the U.S. was
based on measuring the blood temperature in the right ventricle. This
methodology has become one of historical importance only, as it is no longer
being manufactured. As the patient becomes physically active the muscle
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Pacing
Connector
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mounted
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Temperature
connection

Fig. 6.6. In a specialized lead design, a thermistor is incorporated into the lead to detect
small changes in right ventricular blood temperature. Note the additional connector on
the lead.

activity generates heat that warms the blood. As this blood returns to the
central circulation a thermistor in the pacemaker lead senses the increase in
temperature (Fig. 6.6). The pacing rate is then increased in proportion to
the rise in temperature. A minimum and maximum rate are programmed as
well as a slope and an intermediate rate. Additional parameters may require
programming as well. Systems based on temperature are sometimes slow to
respond due to an initial drop in blood temperature at the start of exertion.
The drop is caused by blood that had been circulating slowly (and thus
cooling) in the extremities returning to the heart at the onset of exercise.
The cool returning blood will actually cause an initial drop in central venous
blood temperature and will delay the sensor response. The best algorithms
take advantage of the initial temperature drop to signal the onset of exercise.
The drop will cause the pacemaker to increase the pacing rate to the inter-
mediate rate. It will then wait until the temperature begins to rise. If no rise
occurs, the rate will revert back to the lower rate limit. As seen in Figure 6.7,
the drop is most pronounced in patients with poor cardiac output. The vaso-
constriction and cooler temperature of the extremities in these patients when
at rest can explain this. Though this system is based on a metabolic param-
eter it may respond inappropriately to temperature changes caused by fever,
bathing, and drinking hot liquids. In addition, it requires a specialized sen-
sor in the lead system. Reliability has not been as good as with devices where
the sensor is based inside the pacemaker.

Minute Ventilation (Chest Wall Impedance Change)

The detection of changes in respiratory rate and depth has become an
accepted and reliable metabolic parameter to use in pacing. Minute ventila-
tion is closely related in a linear fashion to work rate and oxygen uptake.
Pacemakers using minute ventilation as a sensor are capable of determining
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Fig. 6.7. Graph of central venous temperature versus time with increasing exercise. With
this type of system an increase in central venous temperature leads to increase in pacing
rate. Curve A is of a patient with dilated cardiomyopathy and congestive heart failure
showing initial drop in temperature as cool blood returns to the central circulation. Curve
B is of a patient with a normal ventricle.

an approximation of minute ventilation using the technique of chest wall
resistance measurement (thoracic impedance plethysmography). This tech-
nique uses small pulses of electrical current delivered between the pacemaker
and the ring electrode (anode) of the lead (Fig. 6.8). These are not strong
enough or long enough to stimulate the heart, being in the range of ImA in
strength and 15 microseconds in duration. The pacemaker then measures
the voltage changes between the pacemaker and the lead tip (cathode). The
system uses the known amount of current delivered and the measured volt-
age to calculate changes in impedance (resistance) across the chest wall using
a reformulation of Ohm’s Law (Resistance = Volts / Current). The frequency
of change in resistance is equal to the respiratory rate, and the degree of
change is proportional to the tidal volume (Fig. 6.9). This yields an approxi-
mation of minute volume. As the minute volume increases the pacing rate
increases proportionately. Minimum and maximum rates are set, as well as a
slope (called the rate response factor in some of these systems). A reaction

Fig. 6.8. Minute ventilation concept with
lead and pacemaker. This system delivers a
known amount of current (1 mA) between
the ring electrode and the pacemaker case
(pathway A). The voltage across the chest
wall is then measured between the tip elec-
trode and the pacemaker case (pathway
B). The changes in resistance are calcu-
lated in accordance with Ohm’s Law (see
text).
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Fig. 6.9. Changes in chest wall resistance (impedance) are equal to the respiratory rate
and proportional to the tidal volume.

time may also be available as an option. The advantage of this type of system
is the use of a true metabolic parameter to drive rate changes. The disadvan-
tage is the need for a bipolar lead, and the slow reaction to the onset of
exercise. However, it is very accurate during the recovery phase. The only
contraindications to use of this sensor are in patients that can exceed 60
breaths per minute. This is seen only in the pediatric population, and rarely
in adults with psychogenic hyperventilation syndrome. It is also not recom-
mended for implants where the pacemaker is placed in an abdominal pocket.
This type of sensor responds well to a wide variety of exercise and emotional
demands as it is linked to a true metabolic parameter.

Evoked QT Interval

It is well known that as the heart rate increases the QT interval will de-
crease. Indeed, we routinely correct the QT interval and report it as the
corrected QT (QTc) based on the heart rate. There is a second component
to QT shortening that is based on the sympathetic state of the patient and
the degree of catecholamine response. This second component of QT short-
ening is independent of the heart rate. Pacemakers using this concept to
trigger an increase in pacing rate use the pace to T-wave interval. As the
sympathetic tone increases in response to exercise, the pace to T-wave inter-
val decreases (Fig. 6.10). In response to the QT shortening the pacemaker
will increase the pacing rate. Conversely, as the pace to T-wave interval length-
ens due to a decrease in sympathetic tone and catecholamines, the pacing
rate will be lowered. This technique will respond not only to exertion, but
also to emotional changes. A patient that is in pain or is startled will experi-
ence an increase in paced rate. While this may be a physiologic response, it
may not be desirable for the patient with ischemic heart disease and angina.
There are several limitations of this type of device. First, in order to measure
the pace to T-wave interval the device must pace intermittently, even if the
native rate is faster that the sensor indicated rate. Second, it can only be used
in the ventricle or in dual chamber systems. Stand alone atrial applications
such as AAIR will not work as the device cannot operate without the ven-
tricular lead. Third, it is possible for the algorithm to cause a “spiral” to the
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upper rate. This can occur due to the fact that faster pacing will cause a rate
dependent shortening of the QT interval, which will further increase the
rate. Because of this possibility a feature called “nulling” is present in these
devices. Nulling allows the device to return to the lower rate limit and
recalibrate if the pacing rate remains elevated for an extended period of time.
Nulling may be a limitation for patients who exercise for more than short
periods of time due to the drop in heart rate when the system is forced to
recalibrate in this manner.

Mixed Venous Oxygen Saturation

Though not in current use in a market released pacemaker, this is an
interesting and effective sensor. It utilizes a specialized pacing lead with a
light emitting diode (LED) and a photodetector (Fig. 6.11). The LED deliv-
ers brief pulses of light in the blood pool that are reflected back to the pho-

Photodetector

Photoemitter
(light emitting diode)

Fig. 6.11. A specialized lead for measuring the oxygen saturation in the right ventricle. A
photoemitter (light emitting diode) is combined with a photodetector on the lead body.
Note that a special quadrapolar lead is used with a 4 pole connector.
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Fig. 6.12. As oxygen saturation in the venous system decreases with exertion, the pacing
rate will be increased to match the workload.

todetector. The detector determines the color and thus the degree of oxy-
genation of the venous blood. As the oxygenation drops the paced rate in-
creases (Fig. 6.12). This is a very physiologic system, however reliability
problems with the specialized lead have kept it from mainstream use.

There are many other sensors that are not in general use at this time.
These have been listed in Table 6.1. The most important evolving concept
in sensor driven pacing is the use of more than one sensor (also known as
“blended sensors”) to determine the need for a rate change. These pacemak-
ers combine two sensors (e.g., activity with minute ventilation, or QT and
activity) to regulate the heart rate. The advantage of using a combination of
sensors relates to combining the strengths of each sensor to overcome their
individual shortcomings. Using the rapidly responding activity sensor with
the slower but more physiologic minute ventilation sensor, results in a fast
and accurate system. Each sensor may also be used to check the accuracy of
the other. Should one sensor indicate a need for rate increase to the maximal
rate, yet the other indicate that the patient is at rest, the device may use the
data of the more reliable sensor, recalibrate the system or limit the paced
response. These dual sensor systems provide additional challenges to prop-
erly program and follow two sensors instead of one.

I would like to emphasize the importance of programming the sensors
propertly for the individual patient. The vast majority of patients that we see
have their pacemakers set to the nominal (“out of the box”) settings. We find
that this is not optimal for approximately 80% if the patients. It should only
take two to five minutes to set the sensor properly, yet many physicians do
not routinely do this. The result is a device that paces either too slowly or
too rapidly for any given level of patient activity. Patients are thereby limited
or become symptomatic unnecessarily.



CHAPTER 7

Advanced Pacemaker Features

As additional features and capabilities have been added to pacemakers,
the need for advanced therapeutic and diagnostic capability within the de-
vices has grown. This chapter will explore these newer features and explain
their function and use.

AV / PV Hysteresis

The AV interval has already been discussed with regard to differential
and adaptive modulation. The application of a hysteresis interval to the AVI
may be done to provide consistent pacing of the ventricle, or to prevent
constant pacing of the ventricle.

Positive AV Interval Hysteresis (Autointrinsic
Conduction Search, AV Search)

It has been shown by many investigators that a narrow nonpaced QRS
achieves a greater stroke volume than a paced left bundle branch block (LBBB)
pattern QRS. Indeed, the DAVID trial (Dual-Chamber Pacing or Ventricu-
lar Backup Pacing in Patients with an Implantable Defibrillator, JAMA 2002;
288:3115-3123) concluded that in certain patient populations that pacing
the ventricle unnecessarily may result in a higher mortality rate.

The rationale behind positive AV hysteresis is to maintain a normal
nonpaced QRS whenever possible. This allows an optimal contraction pat-
tern and stroke volume. Positive AV hysteresis adds an additional interval
onto the programmed AVI for one cycle. If a sensed QRS occurs during this
prolonged AV interval, the device maintains the longer interval. If the de-
vice does not sense a QRS during the longer interval, pacing continues at
the normal programmed AVI. It will check (or “search”) for intrinsic con-
duction intermittently by inserting the extra interval after a specified num-
ber of cardiac cycles (Fig. 7.1). I like to refer to this as “functional mode
switching” as it allows the pacemaker to function as an AAI or AAIR system
until loss of AV-conduction occurs. It then appears to switch back to DDD
or DDDR functionality.

Recently, more “aggressive” algorithms have been developed, such as the
Medtronic “Minimum Ventricular Pacing” or “AAl<>DDD” mode. This
algorithm will even allow a nonconducted P-wave to occur in order to pre-
vent ventricular pacing. The mode is actually changed from AAI to DDD as

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
©2006 Landes Bioscience.
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Fig. 7.1. Positive AV interval hysteresis (autointrinsic conduction search). This feature is
designed to allow intrinsic AV node conduction to occur whenever possible. During AV
pacing, after 256 ventricular paced events, the pacemaker will insert an extra period
during the AV interval to search for intrinsic conduction. In this example the base AV
interval is programmed in 150 ms, and the positive AV hysteresis is programmed to 50
ms. The second AV interval is a “search interval”, and the QRS is conducted via the AV
node. The pacemaker output to the ventricle is withheld due to the extra 50 ms added to
the AV interval and the intrinsic conduction. On the last beat, the AV node fails to con-
duct and the pacemaker paces at the end of the extended interval. Following this beat the
original AV interval will be restored until the search occurs again 256 beats later. If
during the “search” no intrinsic conduction is seen, the base AV interval is restored for
the next 255 beats.

needed. Some patients may become symptomatic from not conducting each
P-wave, and this algorithm can create significant confusion if it is not clearly
understood.

Negative AV Interval Hysteresis

This feature works in a reverse fashion as compared to positive AVI hys-
teresis. This algorithm attempts to maintain a paced QRS at all times in-
stead of a nonpaced QRS. The intention is to maintain the longest AV interval
that results in a paced ventricular complex. There are some investigational
data to suggest that maintaining a LBBB pattern is beneficial in patients
with hypertrophic obstructive cardiomyopathy. By causing a LBBB pattern
via early depolarization of the right ventricular apex, the high ventricular
septum depolarizes in the later part of systole. This delayed contraction has
the effect of reducing the outflow tract obstruction. The effect can be pro-
found in some patients, though it is unfortunately not effective in all. How-
ever, one also wants to maintain the longest AVI that will cause the LBBB
thereby allowing the most ventricular filling time possible. Negative AV hys-
teresis works to shorten the AV interval if an intrinsic QRS is sensed before
the end of the programmed AV interval. Once this feature shortens the AVI,
it will be lengthened to the programmed AV interval intermittently to see if
intrinsic conduction is still present. If an intrinsic QRS is sensed the shorter
interval is maintained. If conduction is not present then the longer pro-
grammed AVT is restored (Fig. 7.2).
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Fig. 7.2. Negative AV interval hysteresis attempts to maintain constant pacing of the
ventricle. Any time a QRS is sensed after a P-wave, the AVl is shortened by a programmed
amount which, in this example, is 50 ms. This feature is useful in patients with obstruc-
tive hypertrophic cardiomyopathy.

Automaticity

As pacing systems become more complex, programming the parameters
to optimal values for each individual patient becomes more difficult. In ad-
dition, biological systems by their nature are constantly changing, making
settings that are appropriate at one point in time inappropriate at other times.
Some pacemakers now have algorithms to automatically adjust one or more
parameters.

Automaticity is commonly applied to the rate response sensor function.
This allows the device to respond in a reasonable manner without signifi-
cant intervention by the physician. In the vibration and accelerometer types
of devices an automatic threshold setting looks at the average amount of
signal coming from the sensor during the previous day. Since the majority of
time for virtually all patients is spent at rest, this provides a fairly accurate
and very reproducible baseline for threshold. Any activity that produces sen-
sor output exceeding this average threshold value will result in an increased
pacing rate. An offset may be added to make the threshold higher or lower
than the average as determined by the device allowing some customization
for each patient.

A similar automatic feature has been added to the rate response slope
parameter. The pacemaker has a “picture” of a normal heart rate response
stored in its memory. Some devices have several of these pictures stored (nor-
mal, very active and sedentary) allowing one to be chosen that best fits the
activity level of the particular patient. If the pacemaker sees that the heart
rate response at the current slope setting is lower than expected, the slope
will increase automatically. The opposite will occur if the sensor response
appears to be excessive. This change in slope will occur slowly (for example
one or two units per week), and it may be limited to a maximum change so
that the automatic adjustment does not vary too far from the initial pro-
grammed setting.

There are algorithms to adjust the atrial and ventricular sensitivity of the
pacemaker. I have found these to be somewhat less than useful. They may
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Fig. 7.3. a) Auto gain is a method of automating sensing function. The longer the de-
vice goes without sensing a signal, the more sensitive it becomes. Once a signal is sensed,
the sensitivity abruptly decreases to avoid oversensing the evoked response and the T
wave. b) Autosensing adjustment is a method to automatically set the sensitivity of the
pacemaker. An inner and upper target are set for sensing. When a beat is sensed on both
the inner and upper targets, the upper target is moved further out (made less sensitive)
until sensing no longer occurs. The upper target is then moved back in. In this way the
device can determine the amplitude of the signals and set the overall sensitivity of the
device appropriately.

result in reducing the sensitivity of the device such that some PAC’s or PVC’s
are not sensed. These algorithms assess the size of the sensed signal, then
attempt to provide a safety margin by adjusting the sensitivity. This tends to
result in movement towards a less sensitive setting in the ventricle, as much
of the time ventricular signals are very strong. Though this may result in less
susceptibility to EMI, it may also result in occasional undersensing of ec-
topic beats. For a bipolar pacing system, the nominal (“out of the box”
settings for sensitivity are usually quite adequate and rarely result in under
or over sensing. Some pacemakers are being designed with an automatic
gain feature similar to that of implantable defibrillators. This differs from
the automatic adjustment feature currently in use in that the programmed
values are not affected (Fig. 7.3).

The most critical parameter to be adjusted automatically is the pacing
output. This may be done by changing the amplitude, the duration of the
pulse, or both. Capture threshold testing is performed by the pacemaker on
a regular basis (houtly, daily, weekly, etc.). The output is then adjusted to
some value above the threshold value. By continuously adjusting the output
to remain just a small increment above the threshold, significant current
savings are possible while maintaining safety. This translates into much
better pacemaker longevity. Another feature of some devices that have
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Fig. 7.4. a) Automatic threshold determination occurs on a periodic basis, e.g., once a
day. The output stimulus is reduced until capture no longer occurs. At this point a rescue
pulse is delivered and the output of the pacemaker is reprogrammed to some value above
the threshold value. b) Capture confirmation occurs on a beat-to-beat basis. Each output
is evaluated for the presence of an evoked response. If no QRS occurs within the detec-
tion window, a high output rescue pulse is delivered. This occurs so rapidly (<65 ms) that
the patient is totally unaware that anything has happened.

automatic output regulation is “capture confirmation”. With this algorithm
each individual pace output is checked for effective capture. If capture does
not occur, a backup high output pulse is immediately delivered (Fig. 7.4).
Should more than one of these events occur consecutively, a threshold search
is initiated and a new output level is set. This scheme provides both longev-
ity and safety. For capture confirmation, the output is delivered in a unipo-
lar fashion from the tip of the lead to the pacemaker. The intracardiac signal
is then seen on the ring electrode (anode). Currently, capture confirmation
is available only when using a bipolar lead, while the more periodic output
regulation can be used on any type of lead. Both systems work best with low
polarization leads, and are challenged with the higher polarization leads.

Automatic Mode Switching

A problem that has plagued dual chamber pacemakers for many years is
the limitation imposed when utilizing the DDD or VDD based modes in
patients with intermittent atrial tachyarrhythmias. When the atrium fibril-
lates or develops a pathologic tachycardia, a standard DDD pacer “tracks”
this rhythm and paces the ventricle to the programmed upper rate limit.
Though use of the DDI or DVI modes can prevent this, patients with AV
block cannot track the atrium when the patient is in sinus rhythm. There are
several approaches to allowing the pacemaker to actually change it’s mode

from DDD, DDDR, VDD or VDDR to either DDI, DDIR, VVI, VVIR,
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VDI, or VDIR (though it appears to switch to VVI or VVIR, the device is
actually in VDI or VDIR as it is still sensing the atrium to determine when
the atrium returns to a normal rhythm). The mode that results from the
switch is dependent on the initial programmed mode and the model of the
pacemaker. Mode switching is especially useful in patients with AV block as
they are in need of tracking the atrium when it is in sinus rhythm. Patients
with intact AV node function and poor SA node function may be paced in
the DDIR mode without compromise, as they are capable of conducting
normal (as well as abnormal) atrial rhythms to the ventricle without the
need for tracking behavior. The DDIR mode will allow atrial pacing when
the patient is in sinus rhythm, but effectively pace VVIR when the atrial rate
is high.

DDDR devices can utilize the sensor to evaluate whether the atrial thythm
is appropriate (such as sinus tachycardia due to exercise) or inappropriate
(such as atrial fibrillation) for a given level of activity. If a rapid atrial rate is
seen at a time when the sensor indicates that the patient is at rest, the atrial
thythm is classified as pathologic. The pacemaker then converts to VVIR
until the atrial rate drops into the “physiologic range” again at which time
DDDR function is restored.

The most common approach to mode switching does not require a sen-
sor. A separately programmable “atrial tachycardia detection rate” (or “mode
switch rate”) is selected. If the atrial rate exceeds the mode switch detection
rate for a given period of time or a specific number of beats, the device will
switch to a nontracking mode. It will switch back when the atrial rate drops
back into the normal range (Fig. 7.5).

Another type of feature introduced in an attempt to deal with atrial
arrhythmias is known as “Smart Tracking” or “adaptive” mode switching.
This algorithm sets an upper rate for which the pacemaker will track the
atrial rate. Atrial rates exceeding this upper rate result in mode switch or
fallback to the sensor indicated rate. This algorithm will adjust this upper
tracking rate in response to the patient’s activity as determined by the sensor.
The higher the sensor indicated rate, the faster the pacemaker is allowed to
track the atrial rate. By adjusting this upper rate limit in response to the
patient’s activities, there is protection from atrial arrhythmias that is propor-
tional to expected atrial rates. This works without limiting the upper rate
response of the device.

Rate Drop Response

Some studies have shown an improved outcome by pacing patients who
have autonomic dysfunction with a cardioinhibitory response alone, or com-
bined with a vasodepressor response. The rate drop response feature was
designed specifically for this type of patient, and can be used effectively in
patients with carotid sinus hypersensitivity as well. The pacemaker is set
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Fig. 7.5b. Automatic mode switching offset. Once the atrial fibrillation terminates, the
pacemaker resumes dual chamber pacing. Contributed by Dr. Paul Levine, M.D.
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Fig. 7.6. Rate drop response is a feature that triggers a higher “therapeutic” pacing rate if
the patient’s own rate drops abruptly. Curve A shows a gradual slowing of the heart rate
through the shaded detection zone. This would be typical of a person going to sleep. No
therapeutic pacing would be delivered in this situation. Curve B shows an abrupt de-
creasing heart rate such as might be seen with carotid sinus hypersensitivity or a “vasova-
gal” episode. When the detection zone is crossed rapidly like this, the pacemaker re-
sponds with pacing at a higher rate for a period of time, then falls back to its “ready rate”.

with a lower pacing rate and a therapeutic pacing rate. It is also set with a
heart rate zone and a rate of change within that zone. If the patient’s heart
rate falls abruptly through this detection zone, the pacemaker will begin to
pace at the higher therapeutic rate for a specified period of time (Fig. 7.6).
The faster “therapeutic” pacing rate provides additional heart rate to coun-
teract the drop in stoke volume, hopefully maintaining the cardiac output.
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If the patient’s heart rate passes through this zone slowly, then the therapeu-
tic response is not initiated. This prevents rapid pacing when the patient is
at rest or sleeping. Alternatively, a simple lower zone may be used to trigger
the higher therapeutic rate. This is essentially a hysteresis rate, and may be
used alone or in combination with the rate drop zone trigger.

Sleep Mode / Circadian Response

It is routine to program the pacemaker to a lower rate limit in the range
of 60-80 bpm. This is done to support the patient during the waking hours
of the day. It is not physiologic to maintain these rates when sleeping. This is
the rationale behind features designed to slow the rate during periods of
inactivity or sleep. A common method of accomplishing this goal is the use of
a clock within the pacemaker. One can set the current time, the patient’s nor-
mal waking time and normal bedtime. A separate sleep rate is then programmed
to be in effect during the expected sleep time. If the patient gets up and
becomes active during the designated sleep time, the activity sensor notes
the patient movement and overrides the sleep rate. This clock based algo-
rithm works well except for the fact that (1) a patient’s sleep time may vary
greatly day to day, (2) patients may nap at odd hours during the day, (3)
daylight savings time comes and goes, but the device does not take this into
account, (4) patients and their pacemakers cross time zones but the internal
pacemaker clock has no way of knowing this. Another iteration of this fea-
ture uses the variability of patient activity as determined by the activity sen-
sor. The pacemaker notes inactivity of the patient after a period of time. It
will then allow the rate to drop to the sleep rate. As the patient becomes
active again, the pacemaker resumes the regular lower rate limit. This algo-
rithm has the advantage of being patient based rather than clock based.

Atrial Fibrillation Suppression Algorithms

Paroxysmal atrial fibrillation (PAF) continues to be a major therapeutic
challenge. Many approaches are available to prevent or suppress PAF, but
none are universally successful. The development of PAF suppression algo-
rithms is yet another attempt to assist in the maintenance of sinus rhythm. It
has been noted that premature atrial contractions (PACs) with the resulting
sinus pause may allow the atrium to become unstable and thereby predis-
pose to the development of PAF. These algorithms primarily attempt to sup-
press the PACs by overdrive pacing them, attempting to pace the atrium
100% of the time. When this algorithm is active, sensed atrial beats result in
an increase in the base pacing rate, which then slowly decays back to baseline
if no further ectopy is noted. In patients with a large number of PACs, this
algorithm can result in sustained higher pacing rates. Other algorithms avail-
able work in a fashion similar to rate smoothing (see Chapter 5). PAF sup-
pression works for a small but significant number of patients, and its use
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should be considered in those who have the appropriate indication and a
pacemaker with the feature. In addition, some devices not only have the
suppression algorithms, but allow therapy to be delivered in an attempt to
terminate atrial tachycardia, flutter, and even fibrillation with a burst of pac-
ing pulses.

Many different diagnostic features are now available to assist in deter-
mining whether the pacemaker has been operating and responding appro-
priately. They are also quite useful to determine what the patient’s heart rate
and rhythm have been over time as well. The following is a review of the
more common counters, trends and histograms that are widely used.

Automatic Polarity Change / Lead Monitor

One of the concerns regarding pacing is what happens when a lead breaks
or the insulation fails. If an inner conductor coil (cathode) fracture occurs in
a bipolar lead, the lead must be replaced. However, if the outer coil (anode)
fractures on this type of lead, a pacemaker with programmable polarity may
be reprogrammed to the unipolar configuration thus bypassing the failed
coil. By changing polarity, the pacemaker can becomes the anode and there
is no need for the outer coil of the lead. The same can be done if the lead
impedance falls to a low level on a bipolar lead indicating a failure of the
insulation between the two conductors. Changing to unipolar polarity pre-
vents a “dead short” between the two coils. Automatic polarity switching is
available on some pacemakers to provide this added measure of safety with-
out the intervention of a clinician. The change in polarity occurs via one of
two algorithms. The first uses abrupt changes in lead impedance as mea-
sured from time to time to trigger the change. The second uses a small uni-
polar electrical pulse down the anode after each cardiac cycle to look for
electrical noise that is typically present with a conductor coil failure.

Counters and Histograms

The simplest counters tell what percent of the time pacing is occurring or
how many paced events have occurred since the last evaluation. In a VVI
pacemaker placed in a patient with atrial fibrillation, a counter of this type
may be used to determine the effectiveness of medical therapy being used to
slow the AV node. If the percent paced is very low, the patient is likely hav-
ing a faster than desired ventricular response as it is inhibiting the pace-
maker most of the time. Figure 7.7 shows a more advanced counter that not
only counts the number of paced and sensed events, but also classifies them
as paced or sensed based on different heart rates. This is a much more pow-
erful tool to determine the effectiveness of medical therapy. When this same
feature is applied to a dual chamber pacemaker it becomes a bit more com-
plex. The device must now record pacing and sensing in both chambers,
what percent of the time this occurs, and the functional state of the device
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Fig. 7.7. Event histogram counts printout VVIR pacemaker shows the percent of time the
device is pacing and sensing. The device also provides for a breakdown of the heart rate
into ranges and whether these were paced or sensed events. This may be useful to adjust
medications that block the AV node or to adjust the rate response sensor.

for each event (Fig. 7.8). This type of histogram is quite useful to evaluate
the appropriateness of the programmed sensor and AVI values. In addition,
a significant number of beats recorded at a high rate in the atrial histogram
may indicate a pathologic condition, such as intermittent atrial fibrillation
(Fig. 7.9). The examples shown are representative, as every manufacturer
has a unique way of presenting the data.

The sensor indicated rate histogram evaluates the performance of the
sensor. It is important to understand that this will indicate the rate that the
pacemaker WOULD be pacing the heart if the patient was 100% paced
(Fig. 7.10). If the patient’s own heart rate exceeds the sensor indicated rate
thereby inhibiting the pacemaker, the histogram will underestimate the ac-
tual heart rate. It is for this reason that one needs both the actual heart rate
histogram as well as the sensor indicated rate histogram to most accurately
assess the interaction between patient and device. The sensor indicated rate
counter may also be used while the sensor is in a “passive” mode. It allows
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Fig. 7.8. Event histogram counts
printout DDDR pacemaker. Not
only does this show the heart rate
ranges and percent paced, but it
also provides a breakdown of the
state of pacing at these times. This
patient has complete AV block,
and this the majority of events are
in the “PV” state. Atrial pacing (AV
state) is seen only when the
patient’s sinus rate drops to the
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Fig. 7.9. This histogram was obtained from a device implanted in a patient with intermit-
tent atrial fibrillation. Note that approximately 20% of the atrial sensed events occur in
the >185 range. This histogram is useful in determining whether medical therapy is effec-

tive in controlling the atrial rhythm.
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Fig. 7.10. Sensor indicated rate histogram. This type of histogram shows what the sensor
activity has been since it was last cleared. It shows what the heart rates would be if the
patient was paced 100% of the time. The actual heart rates cannot be determined from
this type of plot if the patient’s intrinsic heart rate exceeds that of the sensor indicated
rate. However, this histogram is still very useful to determine if the sensor is adjusted

properly.

evaluation of sensor performance without actually pacing the patient at in-
creasing heart rates. This is very useful when first programming the sensor,
to avoid pacing the patient at an excessively fast rate if the sensor is set too
aggressively.

Trends

While histograms are very useful, they present a lot of data lumped to-
gether over time. It is not possible to determine when an event happened.
The trend graph is time based and provides a way to relate events to when
they occurred. Unfortunately, due to the limited memory of most pacemak-
ers these graphs are limited in their duration. Trends are programmable to
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Fig. 7.11. Rolling trend. This type of plot shows how events occur plotted against time.
The frequency of sampling may be from each event, or a number of consecutive events
may be averaged to give a single data point in time.

display either heart rate (atrial or ventricular) or sensor rate. In the “rolling”
or “final” mode, the events of a past period of time (e.g., 24 hours) are
displayed (Fig. 7.11). This uses the FIFO (first in, first out) algorithm such that

only the most recent period of time is available. Earlier data are overwritten as
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Fig. 7.11b. Enhanced Holter function. This 24 hour heart rate trend gives a much higher
resolution overview of the heart rates during the day. Patient symptoms can be corre-
lated to heart rates, and the effectiveness of medical therapy can be evaluated more
easily and accurately.
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the newest data are obtained. In the “frozen” or “initial” mode, events are
recorded until the memory is full. No more data are collected regardless of
the time that passes. In some cases the data recorded are not actual event
rates, but an average rate of a number of events. Each data point represents
the average of 4, 16, 64 or 264 events. Some trends will plot events over a
much longer period of time by totaling an entire day’s worth of data and
plotting it as a single point (Fig. 7.11b).

Some pacemakers now include the ability to trend internal diagnostic
features such as lead impedance, R and P wave amplitudes, and capture
thresholds. This is very useful to determine if a problem is developing or has
occurred on one of the leads. A progressive drop in the lead impedance would
be a clear visual signal that the lead insulation was failing, while an abrupt
rise would signal a conductor fracture (Fig. 7.12).

One of the more advanced methods of recording cardiac events is known
as the “event record”. This can be programmed to sample the heart rate and
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Fig. 7.13. The event record can be used to “zoom in” to individual heart rhythm events
that have occurred over the past several hours. This is an example of a DDD pacemaker.
Note the asterisk that corresponds to a PVE (premature ventricular event). The patient
was having palpitations which would correlate with these events. The presence of this
feature saved having to use a Holter monitor on the patient.

paced sequence of every beat over a 4 hour period (Fig. 7.13). It may also be
set to sample less frequently and maintain the data over a longer period.
These records present a lot of data and provide a “zoom in” feature on an
area that appears suspicious, or during a time when a patient was symptom-
atic. Some devices allow the patient to place a magnet over the pacemaker
when symptoms of palpitations or lightheadedness occur to freeze that por-
tion of the event record in the pacemaker memory. This valuable diagnostic
tool, known as a patient triggered event monitor, operates similar to a loop
memory event recorder. The saved events can be retrieved and played back
on the pacemaker programmer to show what the pacemaker was doing dur-
ing the symptomatic period.

The most advanced diagnostic recording capability available now is the
recording of the intracardiac electrograms. The latest devices can be trig-
gered to record the intracardiac signals during a high rate episode, a mode
switch episode, or on command by an external triggering device or magnet
application. These are similar to the electrograms recorded by implantable
defibrillators, and provide the best method of diagnosing the cause of a de-
tected high rate or patient symptom. Please see Chapter 13 for examples of
this type of feature.



CHAPTER 8

Indications for Permanent Pacemaker
Implantation

The indications for cardiac pacing are currently undergoing revision by a
joint task force of the American Heart Association and the American Col-
lege of Cardiology. The most recent revision to the guidelines was published
in 2002. As with most procedures the indications for pacing are divided into
three broad categories. Class I indications are generally agreed upon and
supported by data to be necessary for the patient. Class II indications are
those for which there is some disagreement and less data to support implant-
ing a pacemaker. Pacemakers are frequently implanted for Class II indica-
tions. Class II is now subdivided into Ila (weight of evidence/opinion is in
favor of usefulness and efficacy), and IIb (usefulness and efficacy are less well
established by available evidence or opinion). Class 11 is for situations where
pacing is not indicated or not proven to be of any benefit. It is generally
considered inappropriate to implant a pacemaker for a Class III situation.
The following is a listing by class of indication.

A. Class I: General agreement that a device is indicated
1. Complete heart block, permanent or intermittent, at any anatomic level
associated with any one of the following:
a. symptomatic bradycardia
b. conditions requiring the use of drugs that suppress escape rates re-
sulting in symptomatic bradycardia
c. asystole greater than 3 seconds or escape rate less than 40 bpm with-
out symptoms in awake patients
d. patients who have had the AV junction ablated
e. postoperative complete AV block that is not expected to resolve
f. AV block associated with neuromuscular disorders such as myotonic
dystrophy, Kearns-Sayre syndrome, Erb’s dystrophy, and peroneal
muscular atrophy
2. Second degree AV block, permanent or intermittent, regardless of type or
site, with symptomatic bradycardia
3. Chronic bi- or trifascicular block
a. Intermittent complete AV block
b. Type II second-degree AV block
c. Alternating bundle branch block

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
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Persistent second degree or third degree AV block (below the AV node)
with bilateral bundle branch block or complete AV block after acute myo-
cardial infarction

Transient advanced AV block (second or third degree) and associated bi-
lateral bundle branch block post myocardial infarction; EP Study may be
needed

Documented symptomatic sinus bradycardia, possibly due to long term
essential drug therapy for which there is no reasonable alternative
Symptomatic chronotropic incompetence (inability to increase heart rate
appropriately in response to physiologic and/or metabolic demands)
Sustained, pause dependent VT, when pacing has proven effective in pre-
venting the arrhythmia

Recurrent syncope with clear spontaneous events provoked by carotid si-
nus stimulation; minimal carotid sinus pressure causing a pause greater
than 3 seconds

10.Pacing in children and adults with congenital heart disease

DA

N

a. Advanced second or third degree AV block with symptomatic brady-
cardia, ventricular dysfunction or low cardiac output.

b. SA node dysfunction and bradycardia inappropriate for age, and/or
chronotropic incompetence

c. Postoperative second or third degree AV block not expected to re-
solve, or persistent at least 7 days post surgery

d. Congenital third degree AV block, wide QRS escape, complex ven-
tricular ectopy or ventricular dysfunction

e. Congenital third degree AV block in an infant and a ventricular rate
less than 50-55 bpm, or less than 70 bpm in the presence of congeni-
tal heart disease.

f. Sustained pause dependent VT (with or without long QT), pacing

proven to be effective

. Class ITa: Devices frequently used, but some divergence of opinion with

respect to the necessity of their insertion (weight of evidence/opinion is in
favor of usefulness/efficacy)

Asymptomatic complete heart block at any anatomic level of the conduc-
tion system and ventricular rates of 40 bpm or faster (especially if LV
enlargement or dysfunction is present)

Asymptomatic Mobitz-II block, permanent or intermittent (narrow QRS)
Asymptomatic Mobitz-I at the intra-His or infra-His levels.

First degree AV block with symptoms suggestive of pacemaker syndrome
Bi- or trifascicular block and syncope without proven AV block, when
other causes have been excluded

Bi- or trifascicular block and markedly prolonged HV interval (>100 ms)
Bi- or trifascicular block and pacing induced infra-His block

Heart rate less than 40 bpm without a clear correlation between symp-
toms and the bradycardia (may be due to essential drug therapy)
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9. Syncope of unexplained origin, major SA node function noted at EP study
10.Symptomatic, recurrent SVT that is reproducibly terminated by pace
therapy, when drug and/or ablation fail, or drugs are not tolerated.
11.Recurrent syncope, but no clear provocative events, and hypersensitive CS
response
12.Significant and recurrent symptomatic neurocardiogenic syncope with
associated and documented bradycardia (spontaneous or at tilt study)
13.Pacing in children and adults with congenital heart disease
a. Bradycardia-tachycardia syndrome, need to treat with drugs other
than digitalis
b. Congenital third degree AV block after the first year of life, average
HR less than 50 bpm, and pauses two to three times the basic cycle
length, or symptoms due to chronotropic incompetence
c. Long QT syndrome with second or third degree AV block
d. Asymptomatic sinus bradycardia in the presence of complex con-
genital heart disease, resting heart rate less than 40 bpm, or pauses
greater than 3 seconds
14. Biventricular pacing in refractory, symptomatic NYHA class IIT or IV con-
gestive heart failure due to dilated or ischemic cardiomyopathy and a QRS

greater than or equal to 130 msec, LV end-diastolic diameter greater than
55 mm, and ejection fraction less than 35%

C. Class IIb (Devices frequently used, but some divergence of opinion with
respect to the necessity of their insertion; usefulness/efficacy is less well
established by evidence/opinion)

1. First degree AV block in excess of 300 msec in patients with LV dysfunc-
tion and symptoms of CHE, in whom a shorter AV interval results in
hemodynamic improvement.

2. Asymptomatic patients with neuromuscular disorders such as myotonic
dystrophy, Kearns-Sayre syndrome, Erb’s dystrophy, and peroneal muscu-
lar atrophy and any degree of AV block (including Ist degree)

3. Asymptomatic patients with neuromuscular disorders such as myotonic
dystrophy, Kearns-Sayre syndrome, Erb’s dystrophy, and peroneal muscu-
lar atrophy and any degree of fascicular block (with or without symptoms)

4. Second or third degree AV block at the AV node post myocardial infarc-
tion

5. Minimal symptoms and heart rates less than 40 while awake

6. Atrial flutter or SVT that is responsive to pacing, as an alternative to drugs
or ablation

7. AV or AV node reentrant SVT not responsive to drugs or ablation

8. Prevention of symptomatic, drug-refractory, recurrent atrial fibrillation in
patients with SA node dysfunction

9. Pacing in children and adults with congenital heart disease

a. Transient postoperative third degree AV block that resolves with a
residual bifascicular block.
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b. Asymptomatic congenital third-degree AV block with an acceptable
ventricular rate and narrow complex QRS
c. Asymptomatic sinus bradycardia in an adolescent with congenital
heart disease and a resting rate less than 40 bpm or pauses greater
than 3 seconds
d. Neuromuscular diseases with any degree of AV block, with or with-
out symptoms
10. Medically refractory, symptomatic hypertrophic obstructive cardiomyopa-
thy with a significant resting or provoked LV outflow obstruction
. Class III: General agreement that device in NOT indicated
Asymptomatic 1st degree AV block
Asymptomatic Mobitz-I AV block (above the bundle of His)
Transient AV block that is expected to resolve and not likely to occur again

» N =g

(e.g., Lyme disease, drug toxicity)
Fascicular block with or without first degree AV block, no symptoms present
Transient AV block in the absence of an intraventricular conduction delay

bl

post myocardial infarction
6. Transient AV block with isolated left anterior fascicular block post myo-
cardial infarction
7. Acquired left anterior fascicular block without AV block post myocardial
infarction
8. Persistent 1st degree AV block and bundle branch block that is old or of
uncertain age post myocardial infarction
9. Asymptomatic heart rates less than 40 bpm (possibly due to drug therapy),
or when symptoms are clearly not associated with bradycardia
10. Sinus node dysfunction, but symptoms are clearly not associated with brady-
cardia.
11.Bradycardia associated with nonessential drug therapy
12. Tachycardias not responsive to, or worsened by pacing
13.The use of anti-tachycardia pacing in the presence of accessory pathways
with anterograde conduction
14.Frequent or complex ventricular ectopy without sustained VT in the ab-
sence of long QT
15. Torsades de Pointes VT due to reversible causes
16. Hypersensitive carotid sinus response without clinical symptoms, or with
vague symptoms (dizzy, lightheadedness)
17.Recurrent syncope, lightheadedness or dizziness in the absence of cardio-
inhibitory response to tilt table testing or carotid sinus massage
18. Situational vasovagal syncope that is avoidable by behavioral changes
19.Pacing in children and adults with congenital heart disease
a. Transient postoperative AV block
b. Asymptomatic postoperative bifascicular block (with or without a
long PR interval)
c. Asymptomatic Mobitz-I block
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d. Asymptomatic sinus bradycardia in an adolescent with a HR greater
than 40 and no pause in excess of 3 seconds
20.Patients with hypertrophic obstructive cardiomyopathy who are asymp-
tomatic and/or medically controlled
21.Hypertrophic cardiomyopathy without evidence of outflow obstruction.
22.Asymptomatic dilated cardiomyopathy
23.Symptomatic dilated cardiomyopathy rendered asymptomatic by drug
therapy
24.Symptomatic ischemic cardiomyopathy when the ischemia is amenable to
intervention
Virtually all of the Class I indications refer to the patient having symp-
toms as a direct result of the abnormal heart rhythm. It is critical that the
patient’s symptoms be documented in the medical record to show that the
pacemaker implant was indicated. It is also very valuable for medial, legal
and reimbursement reasons to have in the chart an ECG strip that shows the
bradycardia or heart block. Ideally, the correlation between the symptoms
and the bradycardia is documented in the medical record. The symptoms
that are looked for as being associated with bradycardia are:
1. Transient dizziness, lightheadedness
2. Presyncope or syncope
3. Confusional states
4. Marked exercise intolerance
5. Congestive heart failure
Sometimes the indication for pacing may be questionable or fall into a
borderline category. For these patients there are other issues that should be
considered:
1. Overall physical and mental state of the patient
. Presence of underlying cardiac disease
. Patient’s desire to operate a motor vehicle
. Remoteness from medical care
. Necessity of rate depressing drugs
. Slowing of basic escape rates

NN N R o

. Presence of significant cerebrovascular disease
8. Desires of patient and family

A patient with a life limiting disease or irreversible brain damage may not
be a suitable candidate for pacing. Patients with severe ischemic disease may
require a pacemaker to allow the administration of beta blockers or other
drugs that result in symptomatic bradycardia. If a patient lives a great dis-
tance from medical care, needs to operate a motor vehicle, or has the strong
urging of the family, a borderline indication may provide enough of a justi-
fication to implant a pacemaker. Conversely, if a patient or the family has
strong feelings against an implant, then a borderline indication might not
provide the physician with enough of a reason to push the issue.




CHAPTER 9

Follow-Up of Permanent Pacemakers

Follow-up of implanted pacemakers is an essential and critical part of
patient care. Failure to insure follow-up or to perform it properly may lead
to premature battery wear, failure to provide pacing support when needed,
and failure to identify problems with the pacemaker before they result in
serious consequences for the patient. Ideally, pacemaker follow-up should
be performed by qualified health care personnel that are familiar with both
the patient’s medical status as well as the device that is implanted. The use of
“sales representatives” to perform this function in an unsupervised setting
should not be considered acceptable. Due to the wide variation of training
and backgrounds, competency of medical and support personnel varies widely.
However, a person who has taken and passed the NASPE Exam for Compe-
tency in Pacing and Defibrillation (NASPEXAM) is likely to not only be
competent, but also has a specific interest and dedication to the task.

The rationale for regularly scheduled clinic evaluations is as follows:

1. Allow maximum utilization of the pacemaker power source without

n endangering the patient. This is accomplished by programming the pace-

maker to the lowest output that still provides an adequate safety margin

allowing for any periodic changes in capture threshold. It may also be

achieved by verifying the proper operation of automatic output regulation
algorithms.

2. Detect pacemaker system abnormalities through use of the telemetry
features and pacemaker self-diagnostic capabilities before symptoms
or device failure occur.

3. Permit diagnosis of the nature of device abnormalities before reoperating
and allowing correction noninvasively if possible.

4. Allow evaluation and adjustment of sensor driven pacemakers using
histograms, trending graphs, and in-office exercise (e.g., hall walks) to
insure that appropriate device response is present between evaluations.

5. Provide an opportunity for continuing patient education regarding their
device.

6. Serve as a periodic contact for the patient with the health care system for
patients that may otherwise not follow with a physician.

7. Obtain updated information concerning patient’s location and pacemaker
related data should there be a recall or alert for the pacemaker or pacing lead.

A simple pacemaker clinic consists of a room with ECG monitoring ca-
pability, a defibrillator, the appropriate programming equipment, and a pace-

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
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maker magnet. More sophisticated centers with dedicated pacemaker ser-
vices will have a selection of different programmers for many makes and
models of devices. They will also have equipment to measure the pulse dura-
tion of the pacemaker output and the ability to display a magnified view of
the pace artifact. Computer based databases for following the patient and
storing ECG data are widely used. The latter can facilitate searches to find a
patient with a specific device, or a group of patients when a recall occurs.

Protocol for Pacemaker Evaluation

There are many methods for evaluating a pacemaker’s function. The
approach to the patient presenting for a routine evaluation at our institution is
as follows.

1. Brief patient history related to heart rhythm symptoms, exertional
capability, and general cardiovascular status.

2. Examination of the implant site. Additional directed physical examination
such as blood pressure measurement or chest and cardiac auscultation are
performed as indicated.

3. The patient is attached to an ECG monitor and the baseline cardiac rhythm
is observed for proper device function as well as evaluation of the patient’s
presenting heart rhythm. A recording is made to document proper or
aberrant function and rhythms. Optionally, a 12 lead ECG may also be
obtained.

4. A magnet is applied over the pacemaker and another recording is made.
The magnet rate is measured and evaluated relative to the specifications
for the particular device being checked.

5. The pacemaker is interrogated and the initial programmed parameters,
the measured data, and the diagnostic patient data are printed. Failure to
print the data at this time may result in a loss of the data once the counters
are reset. The data are evaluated for proper device function and proper
response to the patient’s needs.

6. While carefully monitored, the patient’s intrinsic heart rhythm and degree
of dependency on the pacemaker are determined. The lower pacing rate of
the device is reduced to see if an intrinsic (nonpaced) rhythm is present.
The sensing threshold is evaluated while the intrinsic thythm is present by
making the pacemaker less sensitive until it is no longer inhibited by the
intrinsic events. Most devices have automated features that will measure
the amplitude of the P-wave, R-wave and (if necessary) T-wave ampli-
tudes. Note that measurement of these parameters may not be possible if
the patient has no underlying heart rhythm. However, an R-wave may still
be measured if the patient has sinus arrest by programming a long AVI,
assuming AV block is not present as well. Likewise, a P-wave may be
measured in a patient with AV block, but with normal SA node function.

7. If the pacemaker is functioning in the unipolar polarity for sensing,
evaluation for myopotential inhibition and/or tracking at the final
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sensitivity settings is checked for by having the patient perform isometric
arm exercises. During the exercise, the ECG is observed for inappropriate
inhibition. On dual chamber devices, one must also observe for tracking
of the myopotentials by the atrial channel.

8. The capture threshold is determined by reducing the output until capture
is lost. All modern devices have programmer assisted methods for
determining capture. These enhance the safety of the threshold check in
patients who do not have an escape rhythm (pacemaker dependent). This
feature should be used routinely due to the safety of this method. For
devices with automatic output regulation that is working properly, the
threshold is determined on a regular basis and will be reported on the
initial telemetry printout.

9. Based on the threshold determination, the final pacemaker parameters are
programmed. For chronic implants in devices without automatic threshold
testing or capture confirmation features, the voltage is programmed at 1.7
to 2 times the threshold value measured at a pulse width in the range of
0.3 t0 0.6 ms. Alternatively, if the threshold was measured by keeping the
voltage stable and reducing the pulse width, the pulse width may be tripled.
The latter method provides an adequate safety margin only if the pulse
width threshold is 0.3 msec or less. This is due to the nature of the
strength-duration relationship (see Chapter 2).

10.The patient is provided with a printout of the final programming
parameters, informing them of the lower and (if applicable) upper rate
limit. By allowing patients to keep a copy of the programmed parameters,
they are able to present it to health care personnel in the emergency room
or at other institutions This information can expedite medical care and
save many phone calls to the pacemaker clinic or the physician who is
on call.

1

—

. A chest X-ray may be taken at routine intervals (e.g., yearly) at the discre-
tion of the physician. It is our policy to perform radiography only if indi-
cated by an abnormal device evaluation.

Adjustments to the device and the frequency of device evaluation should
be made with consideration of the level of risk to the individual patient.
Factors to consider are listed in Table 9.1.

Traditional transtelephonic follow-up is a means by which the pacemaker
clinic is able to obtain a thythm strip over the phone. With newer and more
advanced transmitters we now have the capability to receive diagnostic data
and telemetry information from the pacemakers. The capability to repro-
gram the pacemaker over the telephone is not currently available. However,
the current standard methodology for obtaining heart rhythm and magnet
rates by telephone evaluation has not changed in decades. It provides for the
transmission of a real time rhythm strip by having the patient place a small
device on the chest, or by using a set of metal bracelets attached to the trans-
mitter (Fig. 9.1). This device generates a tone that is decoded into a rhythm
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Table 9.1.  Risk considerations for programming and follow-up frequency

Degree of pacemaker dependency

Device advisories or recalls on the pacemaker or leads
Changes in underlying heart disease

Severity of underlying heart disease

Epicardial electrodes

Pediatric patients

Exposure to cardioversion, defibrillation, or electrocautery
High stimulation thresholds with programmed high outputs
Undersensing, interference or other sensing problems
Concurrent use of ICD or other implanted device
Appearance of new symptoms suggestive of arrhythmia or device failure

strip by a receiving center (Fig. 9.2). This is useful in conjunction with mag-
net application to determine if the pacemaker is functioning, and to get a
general idea as to the condition of the battery. It does not replace the full
evaluation that is performed in the pacemaker clinic. An additional benefit
of these transmitters is that the patient can send a rhythm strip during an
episode of palpitations.

As noted, new systems are now available that are far more sophisticated.
These consist of a device that interrogates the pacemaker just as one would
do during an in office visit. The data obtained are sent via modem or Internet
connection to a secure site that formats the data into a report. The report is
then available to the pacemaker center to evaluate via dedicated website, or
the report may be faxed to the physician’s office. Some of the interrogation
systems are now wireless and do not even require the patient to place a wand
over the device. These systems can link with the pacemaker and send the
data with no action being required by the patient.

The rationale for routine transtelephonic follow-up is as follows:

1. Makes available a method for monitoring the continued safety and lon-
gevity of the pacing system between office visits.

2. Provides a method of detecting pacemaker system abnormalities before
symptoms occur.

3. Allows transmission of a rhythm strip into the clinic office when patient is
symptomatic.

4. For patients that are not able to come to the pacemaker clinic, this pro-
vides at least a minimal level of follow-up.

The standard procedure for routine transtelephonic evaluation at most
centers is as follows:

1. The patient is called and questioned as to their general health status as
well as any symptoms that relate to cardiac rhythm.

2. Transmission of the baseline rhythm for 30 seconds without a magnet.

3. Transmission of the rhythm for 30 seconds with a magnet over the pace-
maker.
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Fig. 9.1. a and b) Front and back of basic transmitter. The four metal feet are dampened
with water and applied to the chest. The mouthpiece of the telephone is held over the
front of the transmitter to send an analog signal to the receiving center. c) Cradle type
transmitter packaged with a magnet. The phone is placed in the cradle and the wrist
bands are placed on the patient to acquire the electrocardiogram. d) Cardiophone™
Transmitter integrated into a standard telephone set. The patient may use the phone for
routine calls, and plug in the wrist bands to transmit to the pacing center when needed.

4. The magnet is removed and another 30 seconds of rhythm is recorded.

5. If the device has the capability for more extensive data transfer, this is
performed and the data are evaluated.

6. The patient is assured that the pacemaker function is normal. If a problem
is found the patient has the situation explained, and arrangements are
made for a more thorough evaluation or corrective action in the clinic.
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Fig. 9.2. Typical transtelephonic receiving center. This Paceart™ system is computer based
and runs on a standard “PC”. Analysis, reporting and storage of the transmitted rhythm
strip is performed efficiently as opposed to the “cut and paste” method of the older style
heated pen strip recorders.

There is some concern that pacing a patient asynchronously during the
magnet application could provoke a ventricular or atrial arrhythmia. This
could occur by delivering a pace output during the vulnerable period of the
cardiac cycle (R on T). While this is theoretically possible, clinically signifi-
cant arrthythmias occur extremely infrequently in clinical practice. For any
patient that has demonstrated a predisposition towards significant arrhyth-
mia from magnet application, this type of testing should be avoided unless
done in a proper medically supervised environment.

Frequency of Follow-Up

There are two approaches for routine evaluation in the clinic and by tele-
phone; Medicare guidelines and the NASPE guidelines. The former were
developed for pacemakers that are no longer in general use. They are anti-
quated and are used by those who, in general, wish to maximize clinic rev-
enue by performing follow-up as often as Medicare will pay for it. The
Medicare guidelines are for reimbursement and do not reflect a practice stan-
dard. The NASPE guidelines are more rational and were developed by phy-
sicians, nurses and technical personnel with regard to modern pacemakers.
We use the NASPE guidelines and strongly encourage others to do so as
well. Follow-up frequency should be adjusted based on the patient’s needs.
These may be more frequent if medically justified. The Medicare and NASPE
guidelines are presented below:
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Medicare Guidelines for Pacemaker Follow-Up
Pacemaker Clinic Monitoring:
Single Chamber Pacemakers:
Twice the first 6 months following implant, then once every 12
months.
Dual Chamber Pacemakers:
Twice the first 6 months following implant, then once every 6
months.
Transtelephonic Monitoring (TTM): Guideline 1*
Single Chamber Pacemakers:
Ist month q 2 weeks
2nd - 36th months q 8 weeks
37th and later q 4 weeks
Dual Chamber Pacemakers:
1st month q 2 weeks
2nd - 6th months q 4 weeks
7th - 36th months q 8 weeks
36th month and later q 4 weeks
Transtelephonic Monitoring (TTM): Guideline 2**
Single Chamber Pacemakers
1st month q 2 weeks
2nd - 48th months q 12 weceks
49th - 72nd month q 8 weeks
73rd month and later q 4 weeks
Dual Chamber Pacemakers
1st month q 2 weeks
2nd - 30th months q 12 weeks
31st - 48th month q 8 weeks
49th and later q 4 weeks
**Medicare Guideline-2 is for pacemakers that have demonstrated better than
90% longevity at 5 years, and whose output voltage decreases less than
50% over at least 3 months, and whose magnet rate decreases less than
20% or 5 pulses per minute over the same period. Virtually all modern
pacemakers would fall under this guideline.
*Medicare Guideline-1 is for devices that do not meet the above criteria.
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NASPE Guidelines for Pacemaker Follow-Up

Predischarge:
Full clinic evaluation + PA & Lateral CXR and 12-lead ECG,

Provide TTM transmitter and training in its use.

Ist Outpatient F/U (6-8 weeks post implant):
Full clinic evaluation
Programming outputs to appropriate chronic values
Review patient education and retention of concepts
TTM prior to this visit only as required for symptoms

Early Surveillance Period (through 5th month):
One clinic or one TTM contact

Maintenance Period (beginning at 6 months):
Full clinic evaluation yearly
TTM with patient interview q 3 months, unless clinic
evaluation is performed near scheduled TTM.

Intensified Period (latest interval in the Medicare schedule or when
battery shows significant wear):
Full clinic evaluation yearly
TTM with patient interview q 1 month, unless clinic
evaluation is performed near a scheduled TTM.

For older pacemakers that are not showing significant signs of battery
wear there is really no need to perform monthly TTM evaluations unless
indicated for other reasons such as device reliability or recalls.




Preoperative, Operative
and Postoperative Considerations

Preoperative Preparation of the Patient
Education of the patient (and often times the patient’s family) is critical
to ensure that there are appropriate expectations regarding both the opera-
tive procedure as well as the outcome. It is important that the patient under-
stand not only what the pacemaker will do, but also what it will not do.
Patients expecting that their gout will be cured or that their aortic valve
stenosis will resolve with a pacemaker implant will be quite disappointed.
Patients with appropriate expectations will be very satisfied. Apprehension
and anxiety are normal before the operation, and can be reduced to a large
degree by preoperative preparation. Important points to cover during the
explanation include:
1. The indication for pacing.
2. An explanation of the type of pacemaker chosen.
3. A basic description of pacemaker function.
4. Determination of the site of the incision. This should be done with con-
sideration as to dominant hand, prior chest or breast surgery, dialysis shunts,
chest or clavicle injury, and special sporting or other needs.
5. The type of sedation, analgesia and anesthesia to be used.
6. A general description of the surgical technique.
7. The risks of the operation.
Prior to the operation, routine orders may include some or all of the
following:
1. NPO for 6 hours.
2. Basic laboratory studies (CBC, differential, electrolytes, BUN, creatinine,
PT, PTT, platelet count).
Discontinuation of anticoagulants, aspirin and clopidogrel if possible.
Good intravenous access.
Shave insertion area.
Antiseptic soap shower or bath to area where incision is to be made.
Void bladder on call to the operating room.
Prophylactic antibiotic (vancomycin, cefazolin, etc.).
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Analgesia/sedation.

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
©2006 Landes Bioscience.
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Pacemaker Pocket Location

As noted above, the location for the site of the pacemaker implant in the
body should be based on the patient needs and not on physician conve-
nience. It is preferred that the nondominant side be used to minimize the
exposure to flexion of the implanted lead as it passes under the clavicle.
Most patients find that having the pacemaker on the dominant side is less
comfortable and that it seems to “get in the way”. If the patient has had a
mastectomy then the opposite side should be used, as more tissue will be
present to cover the pacemaker. Patients that like to hunt may use either
shoulder to brace the weapon. They should be asked which shoulder they
use for shooting so the device may be placed on the opposite side. It is not
considered good medical practice to have a gun lover angry with the physi-
cian. A history of clavicle fracture or edema of an upper extremity should
alert one to the possibility of anatomic or vascular abnormalities respec-
tively. Either of these preexisting conditions could make the implant a chal-
lenge. Golfers present a true challenge as no matter which side one places
the device they will claim you ruined their game. In some cases the upper
chest is not appropriate for implant, or the transvenous route is not available
from above. In this case the pacemaker may be placed in the abdominal wall.
Epicardial leads are placed on the heart or alternate venous approaches such
as the femoral vein may be considered. For most pacemakers, the pocket is
made in the prepectoral region, one or two centimeters below and parallel to
the clavicle. Sub-pectoral implant may be chosen in patients lacking suffi-
cient subcutaneous tissues. If the cephalic vein is used the incision may be
more lateral or in the deltopectoral groove. In my opinion, even if the inci-
sion is made more laterally, the pacemaker should be positioned out of the
area where it might interfere with arm adduction.

Lead Insertion

The venous system is usually accessed for lead placement using a subcla-
vian vein cannulation, axillary vein cannulation, or cephalic vein cutdown.
The cutdown technique virtually eliminates the risk of pneumothorax or
hemothorax. It does take a bit more time to perform, and occasionally only
a small vein is found. Though both approaches are common, it us useful to
know which was used when attempting to diagnose postoperative complica-
tions. On rare occasions the internal jugular vein may be used and the lead
tunneled over or under the clavicle to the pocket area.

Lead Positioning

Transvenous ventricular leads have been typically placed in the right ven-
tricular apex, and transvenous atrial leads in the right atrial appendage. How-
ever, leads may be placed in other positions as well. The use of active fixation
leads with a helix to screw them into the myocardium allows stable positioning
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in virtually any position. Some data suggest that ventricular leads placed
high on the intraventricular septum or in the right ventricular outflow tract
will improve stroke volume as compared to lead placement in the apex. This
may be due to a more synchronized depolarization with the left ventricle.
Atrial leads may be placed anywhere in the right atrium as long as the thresh-
olds for sensing and pacing are good, and far-field sensing of the QRS is
minimal. If a lateral position for the atrial lead is used it is essential to be sure
that the phrenic nerve does not get stimulated with atrial pacing. There are
recent reports that pacing an area of the atrium known as Bachmann’s bundle,
the interatrial septum, or the area near the os of the coronary sinus, will
reduce the incidence of atrial fibrillation.

In some cases, transvenous insertion with endocardial placement of the
pacing lead(s) is not possible. In these cases the leads may be placed on the
epicardial surface of the heart. The approach to placing them on the heart
may be via sternotomy, thoracotomy (limited or thoracoscopic), or
subxiphoid. Epicardial leads may be screwed in, stabbed in, or sutured onto
the surface of the heart.

Congenital anomalies of the great vessels or corrective surgery for these
variants may make transvenous lead placement difficult or impossible. The
most common anomaly is the persistent left superior vena cava. In this situ-
ation the left inominate vein does not cross over to meet the right inominate
to form the superior vena cava. Instead, the left inominate stays on the left
side of the chest and empties into the coronary sinus. This anomaly occurs
in approximately 1% of the population. Though more difficult to place,
both single and dual chamber pacing systems may be inserted via this route.
Obviously, if the presence of this anomaly were known ahead of time the
implant would be best done on the right side. Other less common anomalies
are related to repairs of congenital defects such as transposition of the great
vessels. Issues regarding these problems are beyond the scope of this publica-
tion. One must be aware that they exist, as the X-ray appearance of the heart
may be unusual.

Complications

As with any surgical procedure there are many potential complications
possible as the result of a pacemaker implant. Careful planning and perfor-
mance of the procedure may avoid many of these complications. However,
problems may arise even in the best and most experienced hands. It is vital
that a problem be identified as soon as possible so that corrective action may
be initiated. I have divided the types of complications into three categories
as shown in Table 10.1. Most of the listed problems are self-explanatory.

Twiddler syndrome is caused by a patient (often with Alzheimer’s dis-
ease) flipping the pacemaker over and over in the pocket. This causes the
lead to wind up much like a telephone cord that twists over on itself. The
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Table 10.1. Complications of pacemaker insertion

Lead Insertion Related:
Pneumothorax
Hemothorax
Subclavian artery injury
Air embolus
Thoracic duct injury
Brachial plexus injury
Chordae or valve entanglement/rupture
Tricuspid insufficiency by the lead holding the valve open
Cardiac perforation
Pericardial tamponade
Lead Related (other):
Diaphragm pacing (chest wall or phrenic nerve)
Endocarditis
Insulation failure/damage
Lead conductor failure
Lead connector failure
Lead dislodgment
Exit block (high capture threshold)
Loss of sensing
Venous thrombosis
Poor connection at generator
Malposition in the coronary sinus
Malposition across a patent foramen ovale or septal defect
Pocket Related:
Hematoma
Erosion
Infection
Chronic pain
Migration of pacemaker
“Twiddler” syndrome
Pectoralis muscle stimulation
Pocket stimulation

lead may be pulled out of the heart by tension generated by the twisting of
the lead, or the lead may be damaged by the severe stress caused by torsion.

Pacemaker Lead Extraction

When a pacing lead becomes infected or when certain other complica-
tions arise, it may be necessary to remove a chronically implanted lead or
group of leads. If the lead has been implanted less than one year, it will likely
(but not always) pull out of the heart with minimal traction. Leads that have
been implanted for more than a year begin to aggressively fibrose to the
vascular and myocardial tissues. Over time they become encased in scar tis-
sue and even calcified. This makes them difficult and potentially dangerous
to remove. The indications for extraction of chronically implanted pacing
leads are listed in Table 10.2. Class I reasons for removing a pacing lead are
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Table 10.2. Indications for extraction of pacing leads

Class I (conditions for which there is general agreement that leads should be removed)
a. Sepsis (including endocarditis) as a result of documented infection of any intra-
vascular part of the pacing system, or as a result of a pacemaker pocket infection
when the intravascular portion of the lead system cannot be aseptically separated
from the pocket.

b. Life-threatening arrhythmias secondary to a retained lead fragment.

c. Aretained lead, lead fragment, or extraction hardware that poses an immediate
or imminent physical threat to the patient.

d. Clinically significant thromboembolic events caused by a retained lead or lead
fragment.

e. Obliteration or occlusion of all useable veins, with the need to implant a new
transvenous pacing system.

f. Alead that interferes with the operation of another implanted device (e.g., pace-
maker or defibrillator).

Class 2 (conditions for which leads are often removed, but there is some divergence of
opinion with respect to the benefit versus risk of removal)

a. Localized pocket infection, erosion, or chronic draining sinus that does not
involve the transvenous portion of the lead system, when the lead can be cut
through a clean incision that is totally separate from the infected area.

b. An occult infection for which no source can be found, and for which the pacing
system is suspected.

c. Chronic pain at the pocket or lead insertion site that causes significant discom-
fort for the patient, is not manageable by medical or surgical technique without
lead removal, and for which there is no acceptable alternative.

d. A lead that, due to its design or its failure, may pose a threat to the patient,
though is not immediate or imminent if left in place.*

e. A lead that interferes with the treatment of a malignancy.

f. A traumatic injury to the entry site of the lead for which the lead may interfere
with reconstruction of the site.

g. Leads preventing access to the venous circulation for newly required implant-
able devices.

h. Non-functional leads in a young patient.

Class 3 (conditions for which there is general agreement that removal of leads is
unnecessary)

a. Any situation where the risk posed by removal of the lead is significantly higher
than the benefit of removing the lead.

b. A single non-functional transvenous lead in an older patient.

c. Any normally functioning lead that may be reused at the time of pulse generator
replacement, provided the lead has a reliable performance history.

*The need for removal of these leads (such as the Accufix and Encor leads) will depend
on the individual patient and the risk benefit ratio as determined by the physician.
The actual classification for extraction of these leads will depend on the clinical
situation. Elderly patients with normal leads need not have them removed. Younger
patients ought to have the leads extracted as a precautionary measure. Patients with
failed leads and protruding wires should have the leads removed under most
circumstances. Consultation with a lead extraction expert is recommended in situations
involving this lead. ' The lead can be cut and the clean incision closed; then, the
infected area can be opened, the clean distal portion of the lead pulled into the
infected area, and that portion removed. This allows a total separation of the retained
lead fragment from the infected area.
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the result of a condition that is or could be life threatening or will not resolve
with other types of treatment. Class II indications are usually necessary to
resolve a problem, but other options may exist. Some problems do not cause
an immediate medical threat, but one might wish to prevent future prob-
lems by extracting the lead(s).

Leads, pacemakers and defibrillators that are infected present a difficult
therapeutic problem. An infection involving only the incision and not the
implanted hardware may be curable with antibiotics. If the pocket itself is
infected or if a portion of the lead, pacemaker or defibrillator has eroded,
antibiotics are unlikely to result in a cure. At best suppression of the infec-
tion will be possible until the antibiotics are stopped, at which time the
infection usually becomes apparent once again. All of the prosthetic mate-
rial must be removed from the patient to insure a cure. Infected pockets
must be excised or left open to heal by secondary intention. Patients with
sepsis or endocarditis caused by the pacing system must be treated aggres-
sively with antibiotics and removal of all hardware.

Removal of pacing leads used to require an open heart procedure when
they would not come out with traction. Eventually, the “weight and pulley®
method was used by exposing the pacing lead and tying a piece of suture to
it. The suture was then run over a pulley and a small weight was tied to it.
The patient was placed on a nursing unit until the weigh crashed to the
floor. It was at this time that all would know that the lead had pulled free
from the heart. While this was a somewhat effective (not to mention dra-
matic) method of removing leads, it was time consuming. In addition, the
same implant site could not be reused as it had often been exposed for a long
period of time. Over the past decade the use of locking stylets and counter
traction sheaths have been developed to provide a safe and rapid method to
consistently remove leads. The locking stylets provide stability and strength
to the lead, as well as the ability to put traction on the tip of the lead. Sheaths
are then passed over the lead to tear away adhesive scar tissue, and to provide
a localized force at the lead myocardial interface to prevent an avulsion. The
sheaths may be nonpowered or powered. Two types of powered sheaths are
now available. The first uses Excimer Laser energy delivered via a sheath that
includes a ring of optical fibers at the tip. Laser energy is delivered when a
binding site is reached to vaporize the scar tissue instead of tearing it away.
This is an effective, though expensive methodology. The second type of pow-
ered sheath uses radiofrequency energy from a standard electrocautery gen-
erator. RF energy is delivered at the end of a sheath that has 2 electrodes
running through it. When a binding site is reached, the sheath is energized
to cut through the tissue. This is also an effective method to remove leads
from dense scar tissue. Lead extraction is a difficult and potentially danger-
ous procedure. It should only be performed by physicians well trained and
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experienced in the technique, and at centers that are capable of dealing with
the potential life threatening problems that can occur.

Postoperative Management of the Pacemaker

Patient

Postoperative management of the patient is directed at insuring that the
device is functioning properly, and to minimize pain and the risk of wound
problems. Common postoperative orders include:

1. PA and Lateral chest X-ray to document the position of the lead(s), and to

evaluate for pneumothorax.
Ice pack to incision site.
IV antibiotics (usually one additional dose).
Oral and parenteral analgesics.
Maintain head of bed >30 degree angle for transvenous implants.
Resumption of diet.
Vital signs frequently at first then tapering to routine.
Wound dressing check for drainage and hematoma.
9. Respiratory status (evaluation for pneumothorax).
10. Monitor ECG rhythm for arrhythmias, capture and appropriate sensing.
11.Full pacemaker evaluation prior to discharge with activation of any special
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features, and adjustment of the sensor if present.

Some physicians obtain not only the PA and lateral chest X-ray on the
following day, but also a STAT portable film to rule out a pneumothorax.
We obtain this extra film only if there is a suspicion that the pleura was
penetrated or if the patient becomes symptomatic. An ice pack to the inci-
sion site helps to reduce edema and pain. The issue of IV antibiotics is al-
ways controversial. Surgical literature supports the use of a single dose
preoperatively as prophylaxis against infection. Though the use of additional
antibiotic postoperatively is not proven to reduce the incidence of infection,
many implanting physicians give at least one additional dose. Maintaining
the head of the bed slightly elevated will help to keep the venous pressures in
the upper body lower and reduce the amount of bleeding into the pace-
maker pocket. Some physicians restrict the movement of the patient’s arm
with a sling to reduce the risk of lead dislodgment in the early postoperative
period. We have found that if the leads are properly secured and are placed
with the right amount of slack that dislodgment is very unlikely with or
without the sling. Indeed, if a lead is going to dislodge it tends to do so when
the PA X-ray is taken. It is during this time that the patient is standing with
arms raised over the X-ray plate during a deep inspiration. I have found this
to be the ultimate test of lead stability.

The pacemaker should be thoroughly evaluated prior to patient discharge.
The evaluation should include capture and sensing threshold checks, activ-
ity sensor evaluation and adjustment, activation of special features and
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Table 10.3. Predischarge teaching

Wound care instructions include the following:

1. Continually assess wound for signs and symptoms of infection.

2. Keep wound clean and dry for 1 week.

3. Cover the incision with plastic when bathing

4. Remove steri-strips after 7 days. Do not wait until they fall off.

Activity restrictions

1. No lifting greater than 10 pounds for 2 weeks.

2. No repetitive arm extension over the head or vigorous exercise for
2 weeks.

3. If pacemaker dependent, driving should be restricted for 2 weeks
or as determined by the physician. Otherwise, 48 hours is usually
sufficient to allow the patient to recover from any anesthesia and
for the incisional pain to subside

Restrictions against possible electromagnetic interference

Arc welding (units less than 200 Amps are usually OK).
MRI scans

Diathermy

Therapeutic radiation over the pacemaker.
Electronic article surveillance scanners

Metal detectors

Supermarket checkout scanners

Cell phones held directly over the device

. Electric blankets

Contact the Pacemaker Clinic if:

Symptoms prior to implant return

The pulse rate seems too slow or too fast
Dizziness, lightheadedness, or passing out occurs
Unusual shortness of breath or chest pain develops
Muscle twitching around the pacemaker is present
Any sign of infection appears
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counters, and a final interrogation with printing of all programmed param-
eters. The patient will have many questions that will require answers. Final
instructions regarding wound care and follow-up must be discussed. A sum-
mary of the instructions that we give our patients is presented in Table 10.3.

Most of the issues listed (Table 10.3) are straightforward. However, is-
sues involving electromagnetic interference (EMI) are of concern to both
patients and physicians. If the pacemaker does sense EMI, it will usually
recognize this as abnormal and nonphysiologic. As the EMI will “blind” the
pacemaker to the patient’s heart rhythm, the pacemaker will revert to a “noise”
or “interference” mode and will begin to pace asynchronously. This rate is
usually around 60 or 70 bpm. The pacemaker does this to be sure that the
patient is not without pacing support during the time the device is unable to
determine the patients heart rhythm. The patient may notice a change in
the heart rhythm due to loss of AV synchrony or competition with the na-
tive thythm. Normal device function will be restored as soon as the source of
EMI is turned off or when the patient moves away from it.
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Virtually all household electrical items and power tools are safe for pa-
tients with implanted devices to use. Sources of high electrical energy such
as arc welders with a power rating in excess of 200 Amps, large power gen-
erators, large electromagnets, and the high voltage ignition system of gaso-
line engines may create enough EMI to affect pacemaker function. MRI
scanners are a problem for pacemakers due to the high energy radiofrequency
energy fields that they generate. The scanner is not likely to suck the pace-
maker and wires through the patient’s chest, as there is very little ferrous
metal in these devices other that the reed switch. However, complete inhibi-
tion of pacing, or pacing at very high rates may occur. Metal detectors and
electronic article surveillance systems (EAS) are a problem only if the pace-
maker is held directly against the scanner. Metal detectors may be triggered
at airports by an implanted device. Showing the security personnel the iden-
tification card is usually sufficient to satisfy them that the patient is not a
terrorist. However, the patient will be escorted around the detector and a
hand search will be conducted. Security personnel should be cautioned not
to use the hand held metal detector directly over the pacing device. Electric
blankets may occasionally cause enough EMI to cause the pacemaker to
revert to the interference mode, though this is relatively uncommon.

Finally, the issue of cell phones is constantly raised. The portable phones
that are used in the home present no problem to a pacemaker. Cell phones
may affect some models of pacemakers. There is significant variability be-
tween pacemaker manufacturers as to the resistance to EMI from these
phones. In addition, newer digital phones that have been used in Europe for
many years, and are now the standard in the United States, are more likely to
cause inhibition of a pacemaker than the analog phones that are being phased
out. Studies have shown that if the phone’s antenna is 6 inches or more away
from the pacemaker that interference with pacemaker function is very un-
likely. When patients have a hand held cellular phone, we recommend that
it be held to the ear opposite the site of the pacemaker implant. It is just as
important that the phone not be placed in a pocket over the pacemaker
while the phone power is on. This is because a cellular phone is in constant
contact with the local transmitters even if it is not “off the hook”.

Patients should also be instructed with regards to being around strong
magnetic fields. These may be encountered in certain industrial venues, and
at places such as scrap yards. Uncommonly, magnetic beds could pose a
problem as well. Small magnets, such as those used on refrigerators or in
bracelets and shoes are not strong enough to cause the reed switch in the
pacemaker to close.

General instructions regarding the patient’s disease and symptoms are
also reviewed prior to discharge. The indications for the pacemaker implant
and basics of pacemaker function are reviewed. Most patients have several
common questions that will need to be answered. These include:
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Can I cook with a microwave?
What about using household appliances and tools?
How long will my pacemaker last?
When can I drive?
How will T know if my pacemaker malfunctions?
What about airport security checks?

7. What happens to my pacemaker when I die?

Most of these questions have been addressed in the preceding section.
We tell patients that the microwave oven will only harm the pacemaker if
the pacemaker is placed into the oven. Since most patients will not fit in a
microwave oven, the pacemaker is unlikely to be affected. Older pacemakers
were not encased in metal (which reflects microwaves), and older ovens were
not sealed as well as the newer ones. It is therefore very uncommon to have
a pacemaker affected by this common appliance, even though restaurants
and many snack areas in hospitals still display a large sign warning pace-
maker patients about the presence of the microwave oven. Most modern
pacemakers will last in the range of five to ten years, with an average of
around 7 years. We tell our patients this and explain that it will depend on
how the pacemaker is finally programmed and how often they are paced.
Obviously a pacemaker that is inhibited 90% of the time will last longer
than one that paces 90% of the time. Some patients and family members
have concerns about the pacemaker continuing to operate after death has
occurred. The thought of the person being dead yet the pacemaker continu-
ing to make the heart beat is a chilling thought. The fact is that the pace-
maker will continue to deliver an impulse to the heart, but no contraction
will occur as the muscle ceases to function. We get an occasional urgent call
from monitored units to turn off the pacemaker because a patient has ex-
pired. We ask them to turn off their ECG monitor if the pacemaker spikes
bother them. In rare cases a patient may be near death with the pacemaker
simply prolonging the imminent event. The family and physician may then
decide that turning off the pacemaker is ethically appropriate at that time.

Prior to discharge a temporary pacemaker identification card that is pro-
vided with the registration material is given to the patient. This includes the
model, serial number and dates of implant for the pacemaker and lead(s). It
also has the name of the following physician and a contact phone number. A
copy of the programmed parameters is given to the patient as a reference. As
previously noted, this information is often useful for health care profession-
als should the patient require medical care elsewhere. It is essential that the
pacemaker and leads be registered with their manufacturers. Registration
assists other physicians in identifying the device, and allows the company to
track the device should there be a recall or alert. Federal law, through the
Safe Medical Devices Act of 1990, also mandates registration.
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Evaluation of Pacemaker Malfunction

The first step in evaluating pacemaker malfunction is to determine if the
function of the device is truly abnormal, or if one is seeing normal function
of the device. By far the largest number of consults we see for malfunction-
ing pacemakers are for devices that are functioning properly. With the ad-
vent of so many “special features”, it is easy for even a person experienced
with pacemakers to misinterpret the normal operation of a pacemaker. Be-
fore one spends a great deal of time attempting to troubleshoot a pacemaker,
it is imperative that the normal function of the pacemaker be understood.
This is accomplished by obtaining some basic information about the pa-
tient, the devices implanted, and the programmed parameters (Table 11.1).
Many patients carry an identification card that has the information related
to the implanted devices. Patients occasionally lose their card or do not bring
it with them. If no information at all is available, a chest X-ray may be taken
to identify the device. Pacemakers have a logo, code or distinct radio-
graphic “skeleton” that may be matched to a reference text (Fig. 11.1).
If the manufacturer can be identified, a call to the manufacturer’s patient
registration department can provide the basic information needed. Table
11.2 provides phone numbers in the United States for some of the pace-

maker companies.
As with any medical problem, the patient history is usually the key to mak-

ing a diagnosis, or at least to significantly narrowing the diagnostic options. If
the problem or complaint occurs shortly after the device implant, then lead
dislodgment, insufficiently tightened set screws, misalignment of a lead in

Table 11.1. Basic troubleshooting data requirements

Pacemaker manufacturer and model
Pacemaker serial number
Lead model(s)
Lead serial numbers(s)
Date(s) of implant
Current programming
Measured data
Lead impedancel(s)
Battery voltage and / or impedance
Indication for pacing
Chest X-ray (if needed or indicated)

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
©2006 Landes Bioscience.
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Fig. 11.1. Radiographic logos can be used to identify a device quickly. Either a code that
can be deciphered by using a book or calling a manufacturer, or a model number may be
present. In this radiograph the model number 262-14 is clearly seen, instantly identify-
ing the pacemaker.

Table 11.2. Phone numbers for pacemaker and ICD manufacturers

Biotronik 800-547-0394
Cardiac Control Systems (CCS) Out of Business
Cardiac Pacemakers, Inc (CPI) see Guidant
Cordis see St. Jude

Ela (now Sorin) see Sorin
Guidant 800-227-3422
In Control see Guidant
Medtronic 800-633-8766
Intermedics see Guidant
Pacesetter see St. Jude
Sorin (Canada) 905-889-0002
St. Jude Medical 800-777-2237
Telectronics see St. Jude
Ventritex see St. Jude
Vitatron (or Medtronic) 800-848-2876 (800-633-8766)

the connector block, or poor lead placement should be suspected as the
cause. In the acute period, battery depletion or lead fracture would be highly
unlikely. Conversely, a patient presenting with a problem regarding an older
device is more likely to be related to failure or battery depletion rather than
lead dislodgment or connection issues.

The presence or absence of symptoms is very important. This will deter-
mine if urgent action is required or if the luxury of a more leisurely approach
to problem solving is appropriate. The first step in a grossly symptomatic
patient is to establish a stable cardiac rhythm. Temporary pacing may be
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needed If the patient has symptomatic bradycardia and the pacemaker pro-
grammer is not available or programming changes to the device are ineffec-
tive. If necessary, external pacing may be used until transvenous pacing can
be established. If external pads are applied, these should be placed in an
anterior-posterior position, or if not possible, the pads should be as far away
from the implanted device as possible.

A tachycardia driven by the pacemaker presents a more difficult situa-
tion. In most cases application of a magnet or a programming change will
terminate the rapid rhythm. In rare cases the pacemaker will not respond to
these simple measures, and urgent surgical intervention may be required for
“runaway pacemaker” (Fig. 11.2). This uncommon malfunction is caused
by a major component failure in the pacing circuit. A DDD or VDD device
tracking atrial fibrillation or flutter causes the vast majority of rapid pacing
rates. The pacemaker will try to track the rapid atrial rate to the upper rate
limit of the pacemaker if mode switching is not enabled or not responding
appropriately. Placing a magnet over the device will drop the pacing rate to
the magnet rate of the device until reprogramming to a nontracking mode
such as DDI or VVI is possible. Sensor driven devices may cause rapid pac-
ing as well. In one case, we found a patient who was experiencing a wide
complex tachycardia during a tonic-clonic seizure. The wide complex tachy-
cardia was the result of a vibration based, sensor driven pacemaker respond-
ing to the seizure. Yet another reason for higher than expected pacing rates
are the new atrial fibrillation suppression algorithms. With this feature en-
abled for a patient having frequent PACs, the suppression algorithm will
ramp the pacing rate up to the highest rate allowed by the algorithm. This
reinforces the need to be aware of what is actually proper, though not de-
sired, device function. Note that it is still quite possible for a patient with an
intact AV node to have an atrial arrhythmia with rapid ventricular response
that is not related to the pacemaker. Unfortunately, most pacemakers are of
liccle help in this situation, though some specialized devices have atrial ta-
chycardia termination capability. Many times the patient and others expect
that we will be able to reduce the intrinsic heart rate by reprogramming of
the device. This is not true and represents a misunderstanding of pacemaker
capability and function.

After the condition of the patient is stabilized, the history obtained, and
the initial data concerning the device is obtained, the ECG is evaluated. An
approach to determining the general function of the pacing system is de-
tailed in Table 11.3.

Absence of a pacing output may be caused not only by output problems,
but also by oversensing. An easy way to remember this is that “oversensing
causes under-pacing, and undersensing causes over-pacing”. If the pacemaker
senses an electrical event, the output will be inhibited or an event triggered,
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Table 11.3. Approach to the ECG

1. Pacing
a. Spike present
1) Verify appropriate rate interval
2) Verify appropriate depolarization response
a) capture
b) pseudo-fusion
c) fusion
b. Spike absent
1) Apply magnet (magnet function must enabled)
(Note: a ventricular pacemaker spike falling in the absolute
refractory period of the myocardium will NOT result in capture.)
2) Observe on 12 lead ECG for pace artifact and capture.
2. Sensing
a. Patient must have a nonpaced rhythm
b. Appropriate escape interval
1) Hysteresis
3. Compare function to known technical information, observing for end of service
indications and other variations.

depending on the mode of the device. It is not uncommon for a premature
ectopic beat to be isoelectric on a single ECG monitor lead. For this reason,
multi-lead recordings are needed to evaluate the system properly. Oversensing
can be diagnosed quickly by placing a magnet over the device. If a pace-
maker is not pacing or pacing too slowly, and pacing resumes while the
magnet is in place, then oversensing is a problem. If there is no pacing with
the magnet on, then either the pacemaker is not putting out a pulse or the
pulse is not reaching the heart.

Once the nature of the problem is identified, consideration of the pos-
sible causes is necessary so that appropriate corrective action may take place.
It must also be understood that a failing pacemaker may manifest many
different types of malfunction due to the unpredictable nature of circuit

failure from the low battery voltage. Causes of true pacemaker failure are
noted in Table 11.4.

Noncapture

This potentially life-threatening problem is identified by the presence of
pacemaker pulse artifact without capture in the appropriate chamber fol-
lowing the impulse (Fig. 11.3). Causes of noncapture are listed (Table 11.5).

Corrective Action

Increase pacemaker output if possible. Where appropriate, revise or
replace lead or pacemaker, correct metabolic imbalances. For pseudo-
noncapture adjust the sensitivity to a more sensitive setting, or revise the
lead if sensing is very poor. Program to unipolar polarity.
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Table 11.4. Causes of pacemaker failure

Battery depletion

Defibrillation near or over the device

Use of electrocautery near or on the device

Random component failure

Severe direct trauma to the device

Therapeutic radiation directed at or near the device
Known modes of failure for devices on recall or alert
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Fig. 11.2. Runaway pacemaker. This strip shows VVI pacing at 180 bpm (the runaway
protect limit on this device). The pacemaker was programmed to the DDD mode with an
upper rate limit of 120 bpm. Therapeutic radiation delivered to the pacemaker in a pa-
tient with breast cancer resulted in circuit failure and rapid pacing. Even magnet applica-
tion did not slow the pacing rate. The device was replaced emergently.
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Fig. 11.3a. Atrial noncapture. In this dual chamber device, atrial capture is lost as can be
seen by the absence of a P wave, and the sudden appearance of a wide complex QRS.

loss of capture Recorded 2:44:54 pm 25 mmisec, 4 mm/mV End
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Fig. 11.3b. Ventricular noncapture. Paced output occurs without depolarizing the ven-
tricle resulting in an asystolic pause. This pacemaker was programmed to VVI at 70 bpm.

Undersensing

Recognized by the presence of pulse artifact occurring after an intrinsic
event that occurs, but does not reset the escape interval (Fig. 11.4). The pace
output may or may not capture depending on where in the cardiac cycle the
pace output falls. Causes of undersensing (thus “overpacing”) are listed in

Table 11.6.
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Table 11.5. Common causes of noncapture

Exit block (high capture threshold)

Inappropriate programming to a low output or pulse width

Malfunction or inappropriate programming of automatic capture output
algorithms

Lead dislodgment

Lead fracture

Lead insulation failure

Loose lead connection to pacemaker

Low battery output

Severe metabolic imbalance

Threshold rise due to drug effect

“Pseudo-noncapture” (pacing during the myocardial refractory period due
to undersensing of the preceding complex)

Fail

ure to Sense and failure to capture durind RP Recorded: 10:37:49 am 25 mm/sec, 8 mm/mV End
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Fig.

11.4. Undersensing. This pacemaker is not sensing any of the intrinsic complexes

(pacing asynchronously). The device is programmed to VVI at 45 bpm with a very low
sensitivity setting. Note that the 3rd paced output fails to capture as it occurs during the
refractory period of the ventricle.

Table 11.6. Causes of undersensing

Poor lead position with poor R-wave or P-wave amplitude
Lead dislodgment

Lead fracture

Lead insulation failure

Lead perforation of the myocardium

Severe metabolic disturbance

Defibrillation near pacemaker

Myocardial infarction of tissue near electrode
Ectopic beats of poor intracardiac amplitude
DVI-committed function

Safety pacing

Inappropriate programming

Magnet application

lea

Corrective Action
Increase pacemaker sensitivity. Where appropriate, revise or replace the
d. Try reprogramming polarity. If the problem is very infrequent then

careful observation may be acceptable.
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Myopotential Inhibition Recorded: 2:29:56 pm 25 mm/sec, 8 mm/mV End
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Fig. 11.5. Myopotential inhibition. As the patient begins to use the arm on the same side
of the pacemaker, the electrical signals of the pectoralis are sensed and mistaken to be
QRS signals. The device is inhibited until the patient relaxes. Note the muscle artifact on
the baseline of this rhythm strip.

Oversensing

In a single chamber system, this is recognized by inappropriate inhibition
of the pacemaker (Fig. 11.5). Oversensing may be seen as total inhibition of
output, or as prolongation of the escape interval. Myopotentials are a com-
mon cause of oversensing seen predominately in unipolar pacemakers, and
is usually caused by sensing noncardiac muscle activity (e.g., the pectoralis
muscle or the abdominal rectus muscles). Myopotentials are typically caused
by arm movements or lifting for prepectoral implants, and by sitting up for
abdominal implants. Oversensing may also be caused by the ventricular lead
sensing the T-wave. Though EMI in our environment has been increasing
over the years, pacemakers continue to get more resistant by design improve-
ments. Sensing of any of these intrinsic or extraneous signals “fools” the
device into believing a cardiac event has occurred. Pacemaker output is there-
fore inhibited as long as these signals continue. Dual chamber systems may
exhibit tracking of electrical signals such as myopotentials. This is caused by
the same mechanisms as is inhibition just discussed (inhibition may occur in
either the atrium, ventricle or both with a dual chamber pacemaker). How-
ever, rapid pacing may be the result of oversensing of electrical signals on the
atrial channel that are not strong enough to be sensed by (and thus inhibit)
the ventricular channel. The atrial channel is usually set to a more sensitive
value then the ventricular one. When the events are sensed on the atrial
channel an AVT is started each time oversensing occurs, triggering a ven-
tricular output at a rate up to the programmed URL. This is demonstrated
by tracking of myopotentials on a unipolar system as shown in Figure 11.6.
Additional causes of oversensing are listed in Table 11.7.

Corrective Actions

Decrease the sensitivity of the device. For far-field or T-wave sensing,
prolongation of the refractory period will also correct the problem. The sens-
ing polarity may be reprogrammed to bipolar if the option is available and
the patient has a bipolar lead. In some cases surgical intervention may be
needed to repair the lead, replace the lead, or change to a bipolar system. See
the section on crosstalk for additional information.
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Fig. 11.6. Myopotential tracking. This pacemaker is tracking the patient’s sinus rhythm.
As the patient begins to use the arm on the same side of the pacemaker, the atrial channel
of the pacemaker senses the electrical impulses generated by the pectoralis muscle. The
pacemaker “tracks” the myopotentials instead of the P-waves resulting in loss of AV syn-
chrony and rapid ventricular pacing. If the myopotentials inhibit the ventricular channel,
asystole may result.

Table 11.7. Causes of oversensing

Myopotentials

Electromagnetic Interference
T-wave sensing

Far-field R-wave sensing (atrial lead)
Lead insulation failure

Lead dislodgement

Lead fracture

Loose fixation screw

Crosstalk

Diaphragm Pacing and Extracardiac Stimulation

This was a relatively unusual problem, but may be caused by either an
atrial lead stimulating the right phrenic nerve, or by direct stimulation of
the diaphragm or chest wall muscle by the ventricular lead. With the advent
of transvenous left ventricular pacing (see Chapter 13), stimulation of the
left phrenic nerve or diaphragm has become a significant clinical issue.
Extracardiac stimulation occurs due to poor lead placement and/or high
output setting of the pacemaker. Occasionally perforation by the lead of the
myocardium may cause extracardiac stimulation as well. Unipolar pacemak-
ers and leads with failed outer insulation may also cause tissue stimulation at
the site of the exposed conductor coil.

Corrective Action

Decrease output if possible to do so and still maintain an adequate safety
margin for capture. Revision of a culprit lead may be necessary. Reprogram
to bipolar polarity if unipolar.

Pacemaker Syndrome
Pacemaker syndrome can occur in patients with sinus rhythm who re-
ceive VVI pacing systems, or in patients with dual chamber devices where
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Fig. 11.7. Retrograde conduction. In this example the pacemaker is programmed to VVI.
There is a retrogradely conducted and inverted P-wave in the T-wave. This can lead to
pacemaker syndrome and pacemaker mediated (endless loop) tachycardia.

the atrial lead does not properly capture or sense. When the atrial contribution
to ventricular filling is lost by pacing the ventricle alone, the cardiac output
drops and the patient feels fatigued and uncomfortable whenever the pace-
maker is pacing. They may have palpitations or chest pulsations due to the
“cannon A waves” caused by the atrium contracting against the closed mitral
and tricuspid valves. The classic patient to develop pacemaker syndrome is
one with retrograde AV node conduction. The latter occurs when the ven-
tricle is paced and contracts. The depolarization impulse travels in a retro-
grade manner up the bundle of His through the AV node to the atrium. The
atrium then contracts against the mitral and tricuspid valves which are closed
due to the ventricular contraction. The late atrial contraction causes retro-
grade blood flow in the venous system with “cannon A waves”, dyspnea,
hypotension, fatigue and even syncope. Clues to this phenomenon can be
seen on the surface ECG.

In many cases an inverted P-wave can be seen in the T-wave (Fig. 11.7).
This represents the retrograde conduction and the ineffective (as well as det-
rimental) atrial contraction. Patients without retrograde conduction may
also have a form of pacemaker syndrome due to loss of consistent
atrio-ventricular synchrony. Patients with diastolic dysfunction, pericardial
disease or other reason for loss of ventricular compliance are more likely
than others to experience pacemaker syndrome. Poor myocardial compli-
ance is seen in patients with hypertension, ischemic disease, hypertrophic
disease, and those who are elderly.

Corrective Action

For VVI devices, reduce the pacing rate or program a hysteresis rate to
allow more time in sinus rhythm. If programming changes do not provide a
satisfactory solution, then a change to an atrial or dual chamber device is
indicated. If the problem is due to a malfunctioning atrial lead on a dual
chamber system, then either reprogram to eliminate the problem or correct
the lead surgically.
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Dual Chamber Pacing

Many pacing problems are shared between single and dual chamber sys-
tems. However, there are a number of behaviors and malfunctions that are
unique to the dual chamber pacemakers.

Pacemaker Mediated Tachycardia (PMT)

PMT (also referred to as endless loop tachycardia or ELT) is an abnormal
state caused by the presence of an accessory pathway (the pacemaker). It is
essentially identical to the tachycardia seen in patients with Wolf-Parkinson-
White Syndrome. PMT often begins with a premature ventricular beat that
is either spontaneous or pacemaker induced (Fig. 11.8). The electrical im-
pulse travels retrograde up the Bundle of His to the AV node and then to the
atrium. If this retrograde P-wave occurs after PVARP has ended, the pace-
maker will sense it. This will start an AV-interval after which the pacemaker

A

PVC

Retrograde ' Retrograde ' Retrograde
P-wave P-wave P-wave

V-lead A-lead
(B) Retrograde P

(C) Paced ventricular beat
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Fig. 11.8. Pacemaker mediated tachycardia (PMT). A PVC occurs (A) causing the ven-
tricle to contract. The electrical impulse is conducted in a retrograde manner through the
AV node (B) causing the atrium to contract. The retrograde P wave is sensed by the
pacemaker which then starts an AV interval. At the end of the AV interval a pace stimulus
is delivered to the ventricle (C) and the cycle continues.
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will deliver an impulse into the ventricle. The cycle is then started over again.
It will continue until one of the following occurs: (1) the retrograde P-wave
blocks at the AV node, (2) the retrograde P-wave falls within PVARP, (3) a
magnet is applied to the pacemaker (disabling sensing), (4) the device is
reprogrammed to a longer PVARP. The patient may cause transient AV block
by using standard vagal maneuvers to block the AV node, thereby terminat-
ing the tachycardia. Though not commonly used for this purpose, adenos-
ine (or any other AV node blocking agent) may be given IV to break the
tachycardia. PMT may be initiated or restarted by anything that causes a
ventricular beat to occur before an atrial beat. This includes a PVC, PJC,
loss of atrial sensing or capture, and myopotential tracking or inhibition in
the atrium.

Appropriate programming of the PVARP may prevent PMT such that
any retrograde P-waves will fall within this interval and therefore not be
sensed by the atrial channel. Unfortunately, some patients have markedly
prolonged AV-nodal conduction. The long PVARP that is necessary to pre-
vent PMT in these cases may severely limit the maximum tracking rate of
the device due to the resulting long TARP. Most modern pacemakers have
options to prevent PMT, yet still allow a shorter PVARP to be programmed.
One option automatically extends PVARP for one cycle following a sensed
R-wave that is not preceded by a paced or sensed P-wave (presumably a
PVC). This event prolongs the PVARP for only one cycle, then reverts back
to the shorter one. Another variation of this method is to turn off atrial
sensing completely for the cycle following a PVC. This is known as “DVI on
PVC” since there is no atrial sensing at all for the one cycle. When first
introduced by Pacesetter, it was known as “DDX” (some of these older de-
vices are still in use today). The newest prevention algorithm will force an
atrial output on sensing of a PVC. By pacing the atrium at this time, the
anterograde and retrograde beats collide in the AV node, thus preventing the
onset of PMT. Finally, most devices now provide an automatic termination
algorithm if PMT is suspected. When the pacemaker is at its upper rate (or
a separately programmable PMT detection rate) for a specified number of
beats, the device may insert a single long PVARDP, DVI cycle, or pace into the
atrium. This action will terminate the PMT if it is present.

Crosstalk

This is a potentially dangerous or lethal problem in patients who are
pacemaker dependent. Crosstalk occurs when the ventricular sensing ampli-
fier senses the atrial pacing impulse and interprets the atrial pace as an in-
trinsic ventricular beat. The ventricular output is then inhibited and, if the
patient has no ventricular escape, asystole will occur (Fig. 11.9). Crosstalk is
seen on the ECG strip as paced atrial P-waves without a ventricular output.
Typically the atrial pacing interval is equal to the AEI rather than the AVI
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Recorded: 3:06:51 pm 25 mm/sec, 8 mm/mV Continues->

Fig. 11.9. Crosstalk. This pacemkaer is programmed to DDD at 80 bpm with an AVI of
200 ms. Note the paced atrial events with no paced ventricular events and a shorter AA
interval. The AEl begins shortly after the atrial pace, advancing the next atrial output by
the AVI. This results in a pacing rate above the base rate. If there is no ventricular escape
rhythm crosstalk may result in asystole.

plus AEL This shortened pacing interval occurs because the AVI is termi-
nated by the ventricular circuit’s sensing of the atrial pacing pulse, which
resets the pacemaker for the next cycle. However, in a device using atrial
based timing the AVI will be allowed to complete before the next AEI starts,
thus maintaining the programmed pacing rate. Crosstalk is most likely to
occur when the atrial output is set very high and the ventricular channel is at
a very sensitive setting.

The prevention of this problem is critical. Most modern pacemakers are
very resistant to crosstalk. Avoiding settings that predispose the system to
crosstalk may prevent this problem. Additional features may be present to
prevent or reduce the effect of crosstalk.

“Safety Pacing” (also known as “Ventricular Safety Standby” and
“Non-Physiologic AV-Delay”) allows a brief period of ventricular sensing
during the early post atrial output period. This special sensing interval that
follows the blanking period is known as the “crosstalk sensing window”, or
CTW. An event falling into the CTW may be the result of crosstalk, or of a
true ventricular beat. If an event is sensed on the ventricular lead during the
CTW, a ventricular pace is committed at a short AV-delay (usually 100-120
msec). Pacing in this manner provides ventricular rate support should crosstalk
actually be present. The short AVI used insures that the ventricular pulse
will not fall on the “vulnerable period” of the T-wave should a PVC or other

25 mmisec, B mmimV End

Additional cardiogram Recorded: 3:08:10 pm
TR E o ¥ E E 2 ¥¥

ﬁ_*' 1 ivl1

Fig. 11.10a. Safety pacing during crosstalk. This strip is from the same patient as de-
scribed in Fig. 11.9, however safety pacing is enabled. Instead of paced P waves with no
ventricular output, the pacemaker paces at the end of the crosstalk sensing period (see
text). The ventricular pace occurs between 110 and 120 msec after the atrial output
regardless of the programmed AVI. This feature guards against inappropriate inhibition of
the ventricular output.
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Fig. 11.10b. Safety pacing with PVC. In this example a PVC occurs during the crosstalk
sensing period. The pacemaker is not able to differentiate between crosstalk and an ac-
tual cardiac event during this period. It therefore will deliver a safety pace (SP). The short
AVI used in safety pacing insures that this pulse falls into the refractory period of the
ventricle and not onto the vulnerable area of the T-wave.

intrinsic beat be present (Fig. 11.10). Please note that this feature does not
prevent crosstalk. It is meant only to prevent the result of crosstalk. If crosstalk
is present, the cause should be identified and corrected as soon as possible.

Accufix / Encor Leads

A unique design for preformed atrial J-leads from Telectronics (originally
developed by Cordis, which was purchased by Telectronics) uses a small piece
of spring wire either under the insulation of the lead, or within the conduc-
tor coil(s) of the lead. The purpose of this spring wire is to assist in maintain-
ing the “J” shape of the lead. In a significant number of patients this spring
wire has been known to fracture. This can result in perforation of the insula-
tion by the spring wire (Fig. 11.11) with possible perforation of the atrium
and even the aorta. Should this occur, acute pericardial tamponade can re-
sult with a subsequent cardiovascular emergency. For a number of years,
patients with these leads were screened using cinefluoroscopy in four views
to assess the integrity of the lead. Most young patients have had these leads
removed by now. Older patients are now felt to be at higher risk from the
extraction of the lead than from the lead itself. If removal of the lead is
necessary or desired, the patient should be referred to a center with a reputa-
tion for excellence in the technique of lead extraction.

Figure 11.12 shows a typical lead fracture. Most of these occur as shown,
in the area just under the clavicle. Fractures in this area are caused by
the additional stress placed on the leads as they pass through the soft tissue
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Fig. 11.11. Teletronics Accufix lead radio-
graph showing fracture and protrusion of
the J-retention wire.

Fig. 11.12. Radiograph of a fractured lead. This lead has a failure of the outer coil as it
passes under the clavicle. This is the most common site of lead fracture.

structures (ligament and muscle) before entering the subclavian vein. Addi-
tional stress may be caused by compression of the leads from the first rib and
the clavicle when the leads are implanted in a medial position relative to the
first rib. Reduction in the risk of fracture is achieved by lateral access to the
subclavian vein, axillary vein implant or cephalic vein implant techniques.
Finally, Figure 11.13 shows a normal appearing PA and lateral chest X-ray.
In this example the leads are properly placed into the atrium and ventricle
with appropriate amounts of slack in each chamber.
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Fig. 11.13a. Normal appearing
lead placement Radiograph. PA
radiograph taken with the patient
upright with a full inspiration.
This is a dual chamber pace-
maker with normal appearing
lead placement. The atrial lead
is in the right atrial appendage
and the ventricular lead in the
right ventricular apex. The leads
have adequate slack, and there
are no defects or kinks noted.

Fig. 11.13b. Normal appearing
lead placement Radiograph. Lat-
eral radiograph of the same patient.
Note the anterior position of both
leads.




NBD Code for Implantable
Cardioverter Defibrillators

The Implantable cardioverter defibrillator (ICD) has revolutionized the
treatment of lethal tachyarrhythmias. Devices have been designed for the
treatment of atrial fibrillation as well. These devices are quite a bit different
in function and have different features than their pacemaker cousins. They
therefore need their own descriptive codes. As described in Chapter 1, the
North American Society of Pacing and Electrophysiology and the British
Pacing and Electophysiology Group (NASPE and BPEG or the NBG) de-
veloped a system known as the NBG Code to describe the functionality of
pacemakers. The fifth position of the code was originally meant to describe
the anti-tachycardia features of a device. In 1993, the NBG developed an-
other code that was directed at devices whose primary function was that of
treating tachycardia rather than bradycardia. This code is very similar to the
NBG Code and is known as the NBD Code (NASPE-BPEG Defibrillator
Code). Though published and accepted, it is has never really “caught on”,
and does not seem to be used very commonly.

The positions of the NBD code differ in meaning from those of the NBG
code, but many of the letters used have the same meanings (Table 12.1). As
with the NBG code, the first position of the NBD code represents the cham-
ber used for the primary purpose of the device; the delivery of a shock. The
chamber(s) shocked are V for Ventricle, A for Atrium, D for Dual, and O for
nO chamber shocked. The second methodology for tachycardia termina-
tion is anti-tachycardia pacing (ATP). The chambers with this type of therapy
activated are described by the second position in the code. The letters V, A,
D and O used in this position are identical to, and have the same meaning as
the letters of the first position. The third position describes the method of
tachycardia detection. The method for detecting arrhythmias in most
anti-tachycardia devices is the heart rate. Enhancement of the detection al-
gorithm using QRS morphology as seen from the intracardiac electrogram
is also used to improve specificity. Another method of detecting an arrhyth-
mia and the severity of the arrhythmia is to monitor a hemodynamic param-
eter for evidence of compromise or collapse. Therefore “E is used to designate
Electrogram detection and H is used for Hemodynamic detection. If you
remember these first three positions then the last one is easy as it describes

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
©2006 Landes Bioscience.
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Table 12.1. NBD codes (for implantable defibrillators)

1st position indicates the chamber shocked:
V = ventricle

A = atrium

D = dual

O = no shock therapy

2nd position indicates the chamber for anti-tachycardia pacing:
V = ventricle

A = atrium

D = dual

O = no anti-tachycardia pacing

3rd position indicates the method of tachycardia detection:
E = electrogram
H = hemodynamic

4th position indicates chambers for bradycardia pacing*
V = ventricle

A = atrium

D = dual

O = no bradycardia pacing.

*Alternatively the three or four letter NBG pacing code may be used following the
first three letters of the NBD code (e.g., VVE-VVIR indicating ventricular shock,
ventricular ATP, electrogram detection and VVIR pacing capability).

the bradycardia pacing capabilities of the defibrillator. This position uses the
same letters with the same meaning as the first position of both the NBG
and NBD code; V, A, D, and O. Many defibrillators have full dual chamber
and sensor driven pacing functions. Complex bradycardia pacing function-
ality of a defibrillator may be described by adding the first three or four
letters of the NBG code after the first three letters of the NBD code. A
hyphen is used to separate the two codes for clarity. An example of an ICD
that shocks the ventricle with no anti-tachycardia pacing, uses electrograms
for detection, and having ventricular bradycardia pacing capability would
be described as a VOE-VVI defibrillator.

The use of two different codes may be a bit confusing. To avoid misun-
derstanding, the type of device being used should follow the code. Examples
of this would be “VVEO defibrillator” or “VVIR pacemaker”. This implies
the NBD and NBG codes respectively. As many devices have both pacing
and anti-tachycardia features, one should use the code that is based on the
primary design function of the device. An ICD with backup VVI pacing
should be described using the NBD format, while a pacemaker with AT capa-
bility is best described using the NBG format. Also note that the NBD code
does not yet take into account the ability of ICDs to provide multisite pacing.



Basic Concepts of Implantable
Cardioverter Defibrillators

Though an implantable cardioverter defibrillator (ICD) may look like a
large pacemaker and have pacing ability, it is actually quite a different device
(Fig. 13.1). The differences are reflected in all aspects of the system from the
lead to the power source.

The earliest ICDs were very effective but very primitive relative to today’s
ICDs. They are even Spartan relative to the pacemakers of the time. The
first ICDs were implanted in humans in 1980 and approved for general use
by the United States Food and Drug Administration in 1985. These units
were similar to the first pacemakers implanted in 1958 as they were not
programmable. The device was ordered from the factory with a specific de-
tection rate and no changes were possible other than turning it on or off.
This presented significant problems since a given patient’s arrhythmia sub-
strate is subject to change. Ischemic events, progression of other underlying
cardiac disease, and changes in medical therapy may affect tachycardia rates.
A common situation that continues to be an issue concern is the institution
of a new drug, such as amiodarone, for a patient. If the drug slows the ven-
tricular tachycardia rate below the detection rate of the ICD, then the elec-
trical therapy is not be delivered. Prior to programmability, the options would
be to discontinue the medication, or to reoperate and replace the ICD using
one with a lower detection rate. The cost of an ICD and lead system is in the
range of $12,000 to $40,000, and until the early 1990s required a major
surgical procedure. Replacement is not an option that is done without a
great deal of consideration. ICDs that have programmable detection rates
have been available for general use since 1988. This allows the tailoring of
therapy as the patient’s needs change.

ICDs subsequently were developed that had several tiers of therapy. In-
stead of a single detection rate, up to 3 detection zones may be set up with
different therapy being delivered based upon the rate of the tachycardia. A
patient with a history of spontaneous ventricular fibrillation would typically
be set to a single zone for detection, with a series of shocks for therapy.
Another patient with a history of slow ventricular tachycardia might be set
with two detection zones and types of therapy. The first zone detects the
slower ventricular tachycardia, and treats the tachycardia with a series of

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love. ©2006
Landes Bioscience.
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Fig. 13.1. Picture of old and new
ICDs front (a, above) and profile (b,
below). Note the marked decrease
in size that has occurred over the
past 10 years.
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overdrive pacing pulses. If these are not effective a low energy cardioversion
is then performed, and if necessary a high energy shock would be delivered.
A second zone to detect faster rates would be entered if the patient devel-
oped spontaneous ventricular fibrillation, rapid ventricular tachycardia, or if
in attempting to pace the patient out of the slower tachycardia the arrhyth-
mia is accelerated. The device would then apply more aggressive therapy and
shock the patient immediately. Within each detection zone a series of differ-
ent therapies are available. There are literally thousands of detection and
therapy permutations that may be used. It should be clear that these devices
are very complex and that there may be life threatening consequences if
programmed improperly. Only persons who are thoroughly familiar with
the particular device, the patient’s needs, and electrophysiology should pre-
scribe and perform programming changes.

The first ICDs were implanted by opening the chest and placing wire
mesh patches directly on the heart or pericardium in order to deliver a high
energy shock. Epicardial pacing leads were also placed to sense the heart
rate. Multiple approaches to placing the leads on the heart were developed.
These included median sternotomy, lateral thoracotomy, sub-costal,
sub-xyphoid, as well as combinations of these approaches with a transvenous
endocardial lead for sensing and pacing the heart. Eventually nonthoracotomy
transvenous systems were devised to eliminate the need for opening the chest.
These required placing multiple leads in the right ventricle, superior vena
cava, subclavian vein, inominate vein, and/or the coronary sinus. In many
cases a subcutaneous patch or wire array were needed to provide effective
therapy. The most advanced devices now combine the ease of using a single
lead that combines pacing, sensing and one or more high energy coils for
shocking the heart with an “active” or “hot” ICD case that acts as another
shocking surface (Fig. 13.2). This advanced hardware in combination with
more efficient biphasic shock waveforms has allowed ICD implant to be
performed in 30 minutes under local anesthesia.

Basic Concepts
Externally, the ICD components are the same as those of a pacemaker.
Internally there are two major differences:

Battery

The battery of an ICD differs from the chemistry used in pacemaker
batteries. The battery of a pacemaker is designed to deliver small amounts of
current continuously over many years. The battery in an ICD must deliver
large amounts of current in a very short period of time. The chemistry most
commonly used in silver vanadium pentoxide. The shelf life of this chemis-
try is not as long as lithium iodine, and it does not last as long with the
low level constant drain required to run the circuitry and pacing functions.
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Fig. 13.2. a) Active can to coil design is currently the most popular. It is simple in
design, easy to implant, and highly effective in converting ventricular arrhythmias.
It uses a single coil in the heart (though some systems use an extra coil in the
superior vena cava), and the ICD itself is electrically active behaving as the anode
or cathode for shock. b) Inactive can and leads is an older design, but still occasion-
ally used, especially for replacement of an existing system of similar design. The
ICD itself is not part of the shock circuit. There must therefore be at least 2 coils in
the venous system, or 1 coil in the heart and a subcutaneous electrode. c) Epicar-
dial patches and leads are rarely used due to the higher morbidity of the operation,
and the high degree of efficacy of the transvenous systems.

However, it has the characteristics needed to provide the current quickly to
the capacitors without suffering internal damage. In some cases two batter-
ies may be used in series to improve the charging rate of the capacitors.
Some ICDs are being designed with two types of batteries, one to run the
circuitry and pacing functions, and one to charge the capacitors.

Capacitors

These large and bulky components are necessary to change the 3 to 6
Volts supplied by the battery into the 750 Volt shock required to defibrillate
a heart. Until recently, the basic design of the capacitors had been large and
round. This shape makes them very difficult to place into a device using a
space efficient shape. New technologies have produced “flat” capacitors and
ceramic designs that have lead to a dramatic decrease in size and much more
flexibility in device shape. The result of these advances is a much smaller
case for the components. Capacitors must be charged to full power at regu-
lar intervals to maintain their ability to charge to full capacity. This is known
as “reforming” the capacitor. Earlier devices required that the patient come
to the physician’s office to perform this maintenance once every several
months. Modern ICDs have an internal clock and calendar that allows the
performance of this function automatically if the patient has not required a
shock in several months.

In addition to device differences, the ICD lead is a very different design
than its standard pacing cousin. The function of the lead system for an ICD
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includes pacing and sensing the heart as in a standard pacing system. How-
ever, the lead must also have the ability to deliver approximately 750 Vols.
In the early designs, different lead systems were used to handle the different
functions. One set of leads was present for the sensing and pacing needs, and
a second set was present for the high energy needs. The latter are shown in
Figure 13.3. These electrodes are be applied directly to the heart, tunneled
into the subcutaneous tissues, or placed via the central venous circulation
into the right ventricle as with pacing leads, conductor fractures and insula-
tion failures are not uncommon, though reliability has improved signifi-
cantly over the past decade.

Sensing

Sensing the heart rate is very important as this is the primary method for
the ICD to determine if a tachycardia is present or not. There are two con-
figurations that are true bipolar and integrated bipolar; unipolar pacing and
sensing are not used by ICDs. True bipolar sensing for an ICD lead uses the
same methodology as in pacing leads. A lead with the cathode and anode are
present within the ventricle (Fig. 13.4a). These are dedicated to pacing and
sensing functions and do not perform any part of the shocking high voltage
circuit. The other type of configuration uses a cathode at the tip, however
the anode is the distal shocking coil (Fig. 13.4b). This configuration is re-
ferred to as “integrated bipolar”. This allows the lead to be of more simple
design. However, since the shock coil doubles as the sensing coil there may
be some difficulty with sensing immediately after a shock is delivered. The
polarization resolves shortly after the shock, and normal sensing then re-
sumes. Some devices use true bipolar sensing and integrated bipolar pacing
to overcome this limitation.

The standard sensing methodology in pacemakers using a fixed sensitiv-
ity value does not work well for ICDs. This is due to the possible extreme
differences in intracardiac electrograms between normal beats, premature
ventricular beats and ventricular fibrillation. The fixed sensitivity level is not
able to adapt to these wide swings in electrogram size. Most ICDs use some
variation of automatic sensitivity control, allowing for a “most sensitive value”
to be programmed (either as an absolute number, or as a general term such
as “least” or “most” sensitive). After a sensed event the device becomes less
sensitive, after which the device becomes increasingly sensitive. Changing
the sensitivity in the manner helps to prevent oversensing of noncardiac
events and the evoked T wave. The longer the device goes without sensing
an event, the more sensitive it becomes. This function provides the ability to
determine if the patient has gone into a fine ventricular fibrillation that
might otherwise be missed if the device were not as sensitive.
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Fig. 13.3. a) Originally, large patches such as this once were placed directly on the
surface of the heart. Later, they were also used subcutaneously to provide addi-
tional surface area for transvenously placed systems. b) As a variant on the patch, a
subcutaneous array was developed. These coils were inserted into the tissues be-
tween the ribs. c) Screw on electrodes were used to pace and sense the heart. These
are designed to be placed on the epicardial surface of the heart and were used in
most of the implants before the transvenous systems were introduced. d) Transvenous
electrodes have virtually replaced all epicardial lead systems for ICDs. They are
placed in a manner similar to pacing leads.
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Fig. 13.4. a) True bipolar [ty bipolar sensing
sensing occurs between a Shock

cathode and anode sepa-
rate from the defibrillation Sensing
coils. b) Integrated bipolar
sensing uses a cathode on
the lead with one of the
defibrilation coils as the
sensing anode. Sensing may Sensi
not be quite as reliable ®—\_\ensmg
compared with the true bi- (=)
polar configuration. Shock

“Integrated” bipolar sensing

Detection

The simplest method of determining if an arrhythmia is present is to use
a high rate criterion. This is very sensitive, but lacks specificity. In other
words, the device will sense virtually all life threatening arrhythmias, but
may also detect sinus tachycardia, SVT or atrial fibrillation with a rapid
ventricular response. In order to improve the specificity of arrhythmia de-
tection additional parameters may be used. These are listed in Table 13.1. It
must be remembered that as with any test, increasing the specificity means
decreasing the sensitivity. I always say that it is better to have an angry pa-
tient calling me due to an unnecessary shock rather than not to have a pa-
tient alive due to failure of the algorithm to detect a lethal arrhythmia. For
this reason, on many devices the additional detection criteria are available to
modify only the lower ventricular tachycardia zones and NOT the ventricu-
lar fibrillation zone. Medtronic devices do allow the use of “PR Logic” to
discriminate in the ventricular fibrillation zone within limits that are pro-
grammable.

The rate stability criterion is useful when a patient has atrial fibrillation
with a rapid ventricular response at times. If the ventricular tachycardia de-
tection rate and the ventricular rate when the patient is in atrial fibrillation
overlap, then the patient could get an unnecessary shock or series of shocks.
Ventricular tachycardia tends to be very regular in its rate while the ventricu-
lar response to atrial fibrillation tends to be very irregular. The rate stability

Table 13.1. Detection criteria

Rate only

Rate stability

Sudden rate onset
Sustained high rate
Morphology

Electrogram width

Wavelet analysis

Atrial rhythm discrimination
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Fig. 13.5. Rate stability may be used in addition to the ventricular rate as a second-
ary factor to determine the type of arrhythmia that is present. While ventricular
tachycardia tends to be quite regular, fast ventricular rates caused by atrial fibrilla-
tion with a rapid ventricular response tend to be irregular. This diagram shows a
situation where the ventricular tachycardia detection zone is set between 500 ms
and 350 ms, and the ventricular fibrillation zone is below 350 ms. Though the heart
rate is in the VT zone, it is quite irregular (compare with Fig. 13.6a), and thus may
be due to atrial fibrillation. The device can be programmed to not deliver pace or
shock therapy in this situation.

criterion allows the programming of a beat to beat variability that is acceptable
(Fig. 13.5). If the rhythm varies more than the specified range it is classified
as a nonlethal rhythm, and therapy is withheld. The shortcomings of this
methodology would be the presence of a polymorphic ventricular tachycar-
dia that would not be regular like monomorphic ventricular tachycar-
dia. However, polymorphic VT tends to be very fast and thus less likely to
overlap with the rates as seen in atrial fibrillation.

Another type of problem patient is one who is physically active and has a
slow ventricular tachycardia. In this case the sinus rates may overlap with the
slow ventricular tachycardia detection zone. In order to avoid shocking the
patient when the heart rate enters the detection zone due to normal activity,
a sudden onset criterion may be used. Sinus tachycardia tends to enter the
detection zone in a gradual manner with the heart rate slowly accelerating
into the detection zone. Ventricular tachycardia tends to enter the detection
zone rapidly, often after a premature ventricular beat. The sudden onset
criteria requires that entry into the tachycardia detection zone be abrupt as
defined by a programmed number of milliseconds or percentage of the pre-
vious R-R interval (Fig. 13.6).

Since it is possible for ventricular tachycardia to occur and be missed due
to the use of these algorithms, another criterion may be activated to act as a
backup system. This is known as “sustained high rate” (SHR), “extended
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high rate” (EHR) and “sustained rate duration” (SRD). These all perform
the same function, though each manufacturer calls is by a different name.
The purpose of this feature is to activate anti-tachycardia therapy if the heart
rate stays in the detection zone for a prolonged period of time. This feature
is a “safety net” after a specified period of time in the tachycardia range,
since it is possible for a patient to enter the tachycardia zone slowly by exer-
cising and then develop ventricular tachycardia. The same is true should a
patient to have a ventricular tachycardia with an irregular rate. It will deliver
therapy if it had been withheld after a specified period of time or number of
beats.

When a clinician attempts to determine whether a rhythm is ventricular
tachycardia or supraventricular tachycardia, the width of the QRS if often
quite helpful. Wide complex beats are most often ventricular and narrow
complex beats are usually supraventricular in origin. The ICD may use a
morphology criteria to determine whether a beat is wide or narrow. This
differentiation may not work in patients with underlying bundle branch
block, rate dependent bundle branch block, or narrow morphology ven-
tricular tachycardia. It does work in other patients, and may be used alone or
with one of the other criteria in addition to the detection rate.
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Fig. 13.7. a) This is a diagram of a [

truncated exponential monophasic  |Monophasic wave
waveform. This was the standard
waveform of the early ICDs, and
is still used in older external
defibrillators. b) The biphasic wave-
form as shown has been found to
be significanly more effective than b
the monophasic version for convert-
ing fibrillating heart rhythms to nor-
mal in most patients. It has allowed
the devices to be smaller due to the
lower DFTs achieved.

Biphasic wave

One of the more effective discrimination methods to be introduced is the
use of the intracardiac atrial signal and its relation to the ventricular signal.
The presence of atrio-ventricular dissociation (ventricular rate in excess of
the atrial rate) is diagnostic of a primary ventricular rhythm. Using this tech-
nique, a relatively slow ventricular rate that is present with an even slower
atrial rate can be assumed to be ventricular tachycardia as opposed to sinus
tachycardia or SVT. In addition, the atrial lead may be able to detect a rapid
atrial rate to determine that the fast irregular ventricular rate is more likely
to be due to atrial fibrillation with a rapid ventricular response. Obviously
one must be very cautious when making these determinations, especially if
1:1 retrograde conduction is present.

Defibrillation Waveform

Just as with pacemaker pulses, the defibrillation pulse has both an ampli-
tude and a duration. The initial type of shock waveform was the monopha-
sic truncated exponential shape (Fig. 13.7a). This delivered the energy in
one direction. Though this is often effective, there are many patients in whom
it was not successful. It was even less effective when being used with the
nonthoracotomy, transvenous configurations. All devices currently being
marketed use a biphasic waveform (Fig. 13.7b). During the delivery of en-
ergy with a biphasic pulse the initial direction of the current is reversed. A
biphasic shock has been found to be an excellent method of defibrillation,
and for the majority of patients results in a significantly lower amount of
energy required to restore the normal heart thythm. ICDs have an option to
change the initial polarity via the programmer should the standard polarity
be ineffective. Not only is polarity of the pulse important, but the duration
of the pulse (if monophasic) or duration of each segment of the pulse (if
biphasic) is critical. Pulses that are too short or too long will not be effective.
For biphasic devices, pulses that spend more time in the second phase than
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Fig. 13.8. DFT probability curve. Defibrillation is not an absolute occurrence. At
high energy levels there is still the possibility that the delivered energy may not
restore normal rhythm. Conversely, at low energy levels there may still be a small
chance that defibrillation will occur. To insure that a single defibrillation was not a
lucky conversion in the low probability zone, several tests of the system need to be
performed in order to verify that the subsequent probability of rescue is high.

the first phase will likewise be less effective. All devices manage the timing of
the shock duration automatically. However, some ICDs allow each phase of
the waveform to be programmed to specific time intervals. There may be an
advantage to having this enhanced flexibility in patients with high defibrilla-
tion thresholds (DFT).

Defibrillation Threshold

Unlike pacing where the threshold is a fairly reproducible point on a
strength duration curve, the DFT in a given patient with a given ICD system is
a probability. A probability curve (an example of which is shown in Fig.
13.8) can theoretically be produced for each patient. Unfortunately, given
the method of device implant this is rarely done due to the need for many
fibrillation inductions and defibrillations. Typically, two successful
defibrillations at a single energy level that is at least a 10] less than maximal
output are used to confirm that the device will be effective. This technique
has been used and proven in clinical trials. Some implanters will do repeated
testing until the lowest energy level that still defibrillates is found. Though
this seems much like pacemaker threshold testing; it is not. Pacemaker thresh-
olds are generally reproducible and are at a given energy level, while DFT is
a probability that a patient can be defibrillated with a given amount of en-
ergy. Without extensive and repeated testing, the shape and position of the
defibrillation threshold probability curve will not be known. For practical
purposes, the two shock method gives a relatively high probability of being
above the 90% confidence level for conversion of ventricular fibrillation at a
given energy level. When the additional 10] safety margin is added, the reli-
ability of this method is at or near 99%.
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Fig. 13.9. ATP success. This patient went into ventricular tachycardia at a cycle
length of 400-410 ms. The ICD delivers 8 paced pulses at 370 ms which terminates
the arrhythmia. The top trace is a far field electrogram recording from the shock
electrode and defibrillator case, bottom trace shows the events as noted and
telemetered by the defibrillator (TS=tachycardia sense, TD=tachycardia detected,
TP=anti-tachycardia pacing, VP=ventricular pace, VS=ventricular sense). The num-
bers are the intervals measured between events.

Anti-Tachycardia Pacing (ATP)

ATP is a very useful method to terminate monomorphic ventricular ta-
chycardia. It is most commonly used for slower tachycardias, and tachycardias
for which the patient is hemodynamically stable. The principle behind ATP
is to entrain the tachycardia by pacing at a rate faster than the tachycardia.
This can allow the electrical circuit within the myocardium that is perpetu-
ating the rhythm to fatigue or block. In either case the tachycardia termi-
nates (Fig. 13.9). Patients find this method of arrhythmia termination far
more preferable that receiving a shock. Not only is ATP painless, only a
fraction of the energy required to deliver a shock is used from the battery.
The most common way of delivering AT therapy is by the device measur-
ing the cycle length of the tachycardia. It then will deliver a short burst of
pacing pulses that begin at some percentage (e.g., 87%) of the tachycardia
cycle length. The pace pulses may all be at one cycle length, or there may be
a progressive shortening between each pulse. The latter is known as RAMP
pacing, and is often more effective than the fixed interval burst type. It is
common for each successive train of pulses to be faster and/or longer than
the preceding train. One concern that is present when using ATP is the
possibility of accelerating the tachycardia or fibrillating the heart. This is
more common with RAMP pacing than burst pacing. Should either one of
these happen, the next level of therapy is available to deliver a cardioversion
or defibrillation. ATP should rarely be programmed as a sole therapy with-
out shock therapy as a backup. Another issue that must be considered is that
ATP may cause a substantial delay in the delivery of definitive therapy. This
is usually not a problem except in patients with ischemic cardiac disease.
These patients may become severely ischemic during long courses of ineffec-
tive ATD, possibly causing defibrillation to be less effective as compared to a
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shock delivered quickly. Thus, ATP is indicated in patients with hemody-
namically stable ventricular tachycardia that has demonstrated termination
with overdrive pacing. It should be avoided in those patients where accelera-
tion of the tachycardia or induction of fibrillation has been shown to occur
readily. ATP should not be used in patients with hemodynamically unstable
rhythms, with the exception of devices capable of delivering ATP while charg-
ing to deliver a shock. However, the recent “Pain Free” trial showed that a
single burst of ATP to treat fast and hemodynamically unstable VT prior to
charging for a shock resulted in a very high termination success rate, thus
avoiding a shock. One should consider programming a single burst of ATP
prior to shock therapy based on these data.

Committed vs. Noncommitted Shock

Once the ICD has detected a thythm for which it is to deliver a shock
there are two possible courses of action. The first is to simply charge to the
programmed output and deliver the shock. This is referred to as a commit-
ted shock, as once the detection criteria are satisfied the device is committed
to deliver therapy. The second possibility is for the device to recheck or “take
a second look” at the rhythm either while it is charging or just before it
delivers the shock. This is referred to as noncommitted since the ICD can
“change its mind”. The advantage of a noncommitted device is that if the
tachycardia terminates spontaneously, the ICD will withhold an unneces-
sary shock. However, we are again faced with improving the specificity at
the expense of sensitivity. In withholding the shock it is possible that some
arrhythmias, such as low amplitude ventricular fibrillation waves or poly-
morphic ventricular tachycardia, might be undersensed during the second
look and therefore not treated. Most devices allow for the first shock to be
programmed as committed or noncommitted, but all of the subsequent thera-
pies are usually committed. Patients with a history of nonsustained ven-
tricular tachycardia or atrial fibrillation with periods of rapid response will
typically have the noncommitted shock feature on. Those with paroxysmal
ventricular fibrillation, especially when sensing problems exist, may have it
set to committed to insure that a shock is not delayed.

Bradycardia Backup and Postshock Pacing

All ICDs being implanted have at a minimum the ability to pace the
ventricle as a VVI pacemaker would. The ability to pace VVI may be present
even if ATP is not available. In the past, separate pacemakers were frequently
implanted for patients who required a primary source of rate support. Dual
chamber ICDs have become increasingly common, and in many institu-
tions represent the largest percentage of implants being performed. ICDs
have now evolved such that they incorporate complete state-of-the-art pac-
ing capability. It must be noted that the use of the ICD to pace constantly
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will reduce the expected life of the ICD by up to 50%, making it a very
expensive pacemaker. Most ICDs now have two levels of pacing output. The
first is a standard pacing output used for routine bradycardia pacing. The
second is applied for ATP and postshock pacing. The postshock and ATP
outputs are typically set higher due to the possibility of higher thresholds
when the patient may be hypoxemic, acidemic and ischemic. The postshock
settings are typically used for 30 seconds to several minutes, after which the
standard settings are restored. Some ICDs also allow the programming of a
postshock pause before pacing starts, as well as for a separate postshock pac-
ing rate.

Counters and Electrograms

The most vital function that the device can serve, other that rescuing the
patient from a cardiac arrest, is to assist the clinician in determining the
etiology of the event to which the device responded. Early ICDs had a simple
counter that simply indicated the number of device charges and discharges.
This was only useful to determine if a shock had occurred. There were no
data recorded regarding the rate of the arrhythmia, the date or time of oc-
currence, or the morphology of the QRS at the time. The first improvement
was the addition of a data logging system that detailed the date and time of
the arrthythmia and even of nonsustained events. This was combined with a
memory that would show the cycle lengths of the rhythm (Fig. 13.10). By
reviewing this information, decisions regarding the type of arrhythmia could
be inferred. Regular intervals were consistent with monomorphic ventricu-
lar tachycardia, while irregular intervals were assumed to be polymorphic
ventricular tachycardia, atrial fibrillation with a rapid ventricular response,
or even ventricular fibrillation if the intervals were short enough. If the in-
tervals were excessively short one would consider electromagnetic interfer-
ence or a lead failure that generated false signals (fractures and insulation
failures can cause this). ICDs are now capable of recording many minutes of

Date Interrogated: Nov ©5, 1997 13:55:20
Date Last Cleared: Apr 30, 1997 12:57:24

DATE TIME TYPE STATUS

Oct @7, 1997 14:44:10 VT VT Rx 1 Successful
Oct 05, 1997 15:25:43 VT VT Rx 1 Successful
Oct 05, 1997 14:21:57 VT VT Rx 1 Successful
Oct ®4, 1997 23:57:12 VT VT Bx 1 Successful
Oct 82, 1997 18:52:27 VT VT BRx 1 Successful

Fig. 13.10. The data log is a key element of the ICD evaluation. It details the date
and time of each event that met the detection criteria of the ICD, and the action
taken by the device.
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Fig. 13.11. Near and far field signals. The first group of complexes are recorded
between the distal shock coil and the defibrillator case. These are referred to as “far
field” because they are distant to the intraventricular sensing electrodes. The sec-
ond group of complexes are recorded from the sensing electrodes within the right
ventricle. These are referred to as “near field” or electrogram.

intracardiac electrogram and “far field” electrograms during tachycardia de-
tection and therapy. The “far field” electrogram is recorded from electrodes
that are not those typically used for sensing. This is done by using the two
shocking coils, shocking coil and device surface, or a combination of shock-
ing coil and intracardiac electrode (the typical sensing electrodes). The dif-
ference between the near field and far field signals is shown in Figure 13.11.
Note the appearance of the QRS and even the P wave of the far field electro-
gram, and the similarity of this complex to that of a surface ECG recording.
This is most useful on single chamber ICDs to see what the atrial activity is
during the arrhythmia. Dual chamber ICDs can record the intracardiac signals
of the atrium and ventricle simultaneously, giving excellent data to the per-
son attempting to interpret the heart rhythm at the time of the shock (Fig.
13.12). Most newer devices have the ability to record the electrograms prior
to the onset of the tachycardia, just as a loop memory recorder does. This
not only gives a picture of the arrhythmia, but also creates a record of the
initiation of the event. Information of this type is very valuable to the clini-
cian for diagnosis and management of the arrhythmias. It should be noted
that in some devices, activation of this onset recording feature may cause a
significantly accelerated battery drain, while in others little if any additional
drain occurs.

Magnet Response of the ICD

ICDs have a very different response to magnet application than do pace-
makers. In addition, the effect of sustained magnet application may differ
from one device to another and may even be programmable as to the effect
of the magnet. Suspension of tachycardia therapy is one feature that is con-
stant across all ICDs when a magnet is applied over the device. If a patient is
receiving inappropriate shocks or if for any reason suspending therapy be-
comes necessary, placing a ring type pacemaker magnet over the ICD will
immediately prevent further therapy from being delivered. Some devices




136 Cardiac Pacemakers and Defibrillators

25wmm 25mm 25mm 25w 25mw  25wm 25mm 2S5mm 25mm J5mw JS5awm 25aw

Fig. 13.12. Atrial and ventricular intracardiac signals. This is a tracing from a pa-
tient in ventricular tachycardia. The top tracing is an intracardiac atrial electrogram
with a sinus rate of around 105 bpm. The bottom trace is an intracardiac ventricular
electrogram showing a rate of 200 bpm. This is classic AV dissociation, with the
ventricle going faster than the atrium and is diagnostic of ventricular tachycardia. It
rules out atrial fibrillation, atrial flutter or supraventricular tachycardia as the cause
for the rapid ventricular rate.

can be programmed to the “off” setting by keeping the magnet in place for
30 seconds. If this feature known as “program off by magnet” feature is
active, the device can be turned back “on” by placing the magnet over it for
30 seconds as well. At this time, only Guidant devices have this capability.
Other devices, or those with this feature disabled, will immediately resume
detection and therapy when the magnet is removed no matter how long the
magnet has been applied. This is a useful feature for when a programmer is
not available. Even though the magnet disables tachycardia therapy, the brady-
cardia backup pacing remains active and unchanged. Thus, if the patient has
no heart rhythm without the pacing of the defibrillator, there will still be
rhythm support during magnet application. The “program off by magnet”
feature maybe disabled for patients that work or are exposed to strong mag-
netic fields. The latter have been known to disable an ICD without the
patient’s knowledge.
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Recommended Replacement Time

Unlike pacemakers where the magnet rate signals the need for device
replacement, there is no simple method to determine battery life on an ICD.
Some manufacturers allow the programming “on” of a beeping tone that
sounds regularly when the battery gets low. For most devices, the routine
follow-up in the clinic provides telemetry that indicates the battery voltage
and the time it takes to charge the capacitors to their full voltage. When
either one of these gets to a specified value then it is time to replace the
device. Most ICDs can now be expected to last between 4 to 7 years in
normal use. Recently, advanced home monitoring systems have become avail-
able. These are essentially mini-programmers that allow interrogation and
transmission of device settings and telemetry data. The data are then sent via
cellular phone, land phone or internet connection to a central monitoring
station where it is formatted into a report. The report is then made available
to authorized health care personnel who analyze it and determine if any
intervention is necessary. This provides the ability to evaluate information
about the device and the patient, without having the patient come to the
hospital or physician’s office.




Indications for Implantable
Cardioverter Defibrillators

Implantable defibrillators represent the most significant advance in our
ability to prevent sudden cardiac death due to ventricular arrhythmias. Studies
released over the past several years now support the use of ICDs for primary
prevention of sudden death as well. In general, an ICD should be used when
a patient is at high risk for initial or recurrent life threatening arrhythmias,
especially when no other effective therapy is available, reliable, or tolerated
to prevent a sudden death event. Situations that are preventable such as
digitalis toxicity with hypokalemia do not justify ICD insertion. The cur-
rent guidelines as published by the American College of Cardiology and the
American Heart Association are as follows:

A. Class I: General agreement that an ICD in indicated
1. Primary VT or VF not due to a transient or reversible cause (drug
toxicity, acute myocardial infarction, electrolyte disturbance, etc.)
2. Spontaneous sustained VT in association with structural heart disease
3. Syncope of uncertain cause with inducible poorly tolerated sustained
ventricular tachycardia or ventricular fibrillation (clinically relevant) at
EP study in a patient for whom drug therapy is ineffective, not toler-
ated, or not preferred
4. Spontaneous nonsustained VT in a patient post myocardial infarction
when inducible VT or VF is found that is not suppressed by a class-1
antiarrhythmic drug
5. Spontaneous sustained VT not amenable to other treatments in pa-
tients without structural heart disease.
B. Class Ila: Some disagreement as to the necessity for implant (weight of

evidence in favor of efficacy)
1. Patients with an LV ejection fraction of 30% or less as measured at

least 1 month post MI and/or 3 months post revascularization (note:
at the time of this writing, Medicare also requires a QRS duration of
120 msec or greater in order for payment to be made based on this
MADIT-II indication)
C. Class IIb: Some disagreement as to the necessity for implant (efficacy less

well established by weight of evidence)

1. Cardiac arrest due to VF when electrophysiologic testing is not pos-
sible due to medical reasons
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2. Symptomatic VT or VF in a patient awaiting cardiac transplantation
3. Familial or inherited conditions that place the patient at high risk (e.g.,
long QT syndrome or hypertrophic cardiomyopathy)
4. Spontaneous nonsustained VT in a patient post myocardial infarction
when inducible VT or VF is found during electrophysiology study
5. Recurrent syncope of uncertain cause in the presence of LV dysfunc-
tion, inducible VT or VF at electrophysiology study, and no other cause
of syncope is found
6. Syncope of uncertain origin, or family history of sudden death in asso-
ciation with typical or atypical RBBB and ST elevation (Brugada Syn-
drome)
7. Syncope in patients with advance structural heart disease, and in whom
thorough investigation has failed to define a cause
D. Class III
1. Recurrent syncope of uncertain cause in a patient without inducible
ventricular tachycardia, ventricular fibrillation, or structural heart disease
2. Incessant ventricular tachycardia or ventricular fibrillation
3. VT due to an arrhythmia amenable to catheter ablation or surgical
therapy
4. Ventricular tachycardia or ventricular fibrillation due to a reversible
cause such as drug, metabolic or ischemic conditions
5. Significant psychiatric illness that may prevent proper follow-up of the
device, or which may be adversely affected by a device implant
6. Terminal illness or life expectancy less than 6 months
7. Patients with LV dysfunction, prolonged QRS, absence of spontaneous
or inducible VT or VE who are undergoing coronary bypass surgery
8. NYHA class IV refractory heart failure in patients that are not candidates
for heart transplantation
Additional issues for ICD insertion:
1. Patient life expectancy should be greater than 6 months.
2. The patient should exhibit emotional stability.
3. The patient should be willing and able to cooperate in follow-up.
4. Patients with NYHA Class IV heart failure should not receive an ICD [
implant unless it is being used as a “bridge” to heart transplantation.
Recently, the results of the multicenter trial known as MADIT-II were
published. This was the Multicenter Automatic Defibrillator Implant Trial-I1.
The original MADIT trial was based on the knowledge that patients with
recent myocardial infarction, residual ejection fraction of 35% or less, and
spontaneous nonsustained ventricular tachycardia were at high risk for sud-
den arrhythmic death. The patients were evaluated by electrophysiolgy study.
Those that had inducible but non suppressed ventricular tachycardia had a
significantly better survival if they were treated with a prophylactic ICD as
opposed to medical therapy. MADIT-II enrolled patients with prior MI and
EF of 30% or less. These patients had no history of arrhythmias or sudden
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death. Once again, the patients who received an ICD had a significantly
lower mortality rate than those who did not. Both of these patient popula-
tions are now accepted as appropriate candidates for ICD implant. Com-
bined with the data now published from the MIRACLE, MIRACLE-ICD,
COMPANION, and SCD-HeFT trials, any patient with an ejection frac-
tion less than 35% is a candidate for an ICD. Note that under the current
guidelines, patients need to be reevaluated 40 days after a new myocardial
infarction, 90 days after a coronary intervention or bypass surgery, and 9
months after a new diagnosis of non-ischemic dilated cardiomyopathy prior
to implant of a primary prevention ICD.

If the QRS is greater than 120 msec with concomitant heart failure symp-
toms, a biventricular device should be considered to provide ventricular
resynchronization.



Preoperative, Operative
and Postoperative Considerations

for Implantable Cardioverter
Defibrillators

ICD implant has become much easier with the advent of the smaller,
active can, biphasic waveform devices combined with efficient defibrillation
lead systems. As previously noted, ICD implants originally required an open
chest procedure, or at the least a subxiphoid approach, to enter the pericar-
dium and place patches and screw in leads directly onto the myocardium.
The preoperative and postoperative issues for this type of procedure were far
more involved as was the recovery time for the patient prior to transvenous
implants. Mortality and morbidity rates were significantly higher from the
longer and more invasive approach. As greater than 99% of ICDs are im-
planted in a subcutaneous manner with transvenous leads, the following
discussion will be focused on this approach.

Preoperative Patient Issues

We approach the preoperative management of the patient who is about
to receive an ICD in much the same way as we do the patient who is going
to receive a pacemaker (see Chapter 10). The patient is first given informa-
tion about the ICD and the reason the device was recommended. It is very
important to stress that the ICD will NOT prevent the tachycardia. This is
a common misconception by patients. It must be clear that the device is
meant only to correct the arrhythmia once it occurs. Though many patients
may be able to reduce or discontinue their anti-arrhythmia medication, many
patients still require drug therapy to reduce the frequency of tachycardia and
the delivery of therapy. The patient should be allowed to see and hold a
model of the ICD. This helps provide a perspective of what the incision and
physical appearance of the implant area will look like. A description of the
lead system and the operation is provided. The fact that the patient will have
the ICD tested several times during the procedure should be discussed. The
possibility that death may occur should be raised with an emphasis on the
benefits of the procedure relative to the risks. Due to the size of the ICD and
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the lack of true surgical training of some physicians who implant these de-
vices, infections are more frequent than with pacemakers. The larger size of
the device may compromise blood flow to the adjacent tissues creating local
ischemia, possibly increasing the risk of erosion and infection.

The preparation of the patient is identical to that for a permanent pace-
maker. However, some physicians prefer the use of general anesthesia for
ICD implant. This may be a preference for all patients or only for selected
cases where the patient may require more aggressive sedation. In some cases
the patient may be at very high risk due to compromised cardiovascular or
pulmonary disease. Cases such as these should be done with prior consulta-
tion of an anesthesiologist. It is important to be sure that this consultant
understands the nature of the procedure. We have had cases where the anes-
thetist administered lidocaine when recurrent ventricular ectopy was ob-
served during our attempts to induce ventricular fibrillation. It is somewhat
difficult for an anesthesiologist who spends his time trying to keep the pa-
tient out of harm’s way to accept the intentional acts of the electrophysiolo-
gist who wants to fibrillate the ventricle.

Surgical Considerations

The implant has been greatly simplified with the advent of active can,
biphasic, and small defibrillators. Patch placement directly on the myocar-
dium or on the pericardium via median sternotomy, left lateral thoracotomy,
subxiphoid, or subcostal approaches has been virtually eliminated. Single
transvenous lead implants where the ICD is placed into the left chest are
successful greater than 95% of the time without the use of subcutaneous
patches, subcutaneous arrays or addition transvenous leads. Implants placed
into the right chest have a lower success rate due to the shock vector being
away from the left ventricle rather than towards the left ventricle.

In the operating room the following sequence of events takes place. All of
the equipment is checked for proper operation. The patient is sedated and
the lead is implanted. The lead is tested for routine pacing impedance, cap-
ture and sensing thresholds. A pocket is made for the ICD and the lead is
attached to the device. Capture, sensing, pacing and shock impedance are
confirmed, then the device is programmed and activated. The patient is then
further sedated if necessary and ventricular fibrillation is induced. A simple
method commonly used is to choose a moderate shock energy level around
15 to 20 Joules. If the patient can be converted twice with this amount of
energy then the incision is closed. A minimum of 3 to 5 minutes is allowed
to pass between each shock to allow the ventricle and the patient to recover.
Other physicians prefer to determine the actual defibrillation threshold
(DFT). This may be done by repeatedly fibrillating the patient and reducing
the shock energy to a level that no longer defibrillates the patient. The
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patient is then rescued internally or externally. Unless we are doing an in-
vestigational lead or ICD that requires testing of this type, we prefer the
rapid method. The patient may be returned to a telemetry unit and may be
discharged the following day if the postoperative evaluation and chest X-ray
are acceptable.

Additional postoperation patient care will be dictated by the surgical ap-
proach. The cardiovascular status should be monitored closely, especially in
patients who have undergone extensive DFT testing. Pulmonary care, early
mobilization and emotional support may also be necessary.

Predischarge Questions and Issues

Virtually all of the postoperative issues addressed in the pacing section
apply to patients with an ICD implant. However there is one subject that
will consistently cause the most anxiety for both the patient and the physi-
cian; driving. There are several issues that must be addressed regarding the
operation of motor vehicles. The first consideration is what the law requires.
This is very confusing and will vary significantly from state to state. Some
states have no requirements while others may have mandatory license sus-
pensions for up to two years following an arrhythmic event that results in a
loss of consciousness. In some states the physician is obligated to notify the
Bureau of Motor Vehicles, and in others the physician is forbidden from
doing so to prevent an invasion of the patient’s right to privacy.

The approach that I use is practical when the law is unclear or does not
cover these situations. If the patient has had an arrhythmic event where loss
of control or syncope has occurred, they are to abstain from driving for 6
months. If no further events occur in this period of time they may drive
again unless they are deemed to be at excessive risk. If a patient has no his-
tory of syncope or tachycardias, I permit them to resume driving in 1 week.
These cautions also apply to the use of machinery, lawn mowing equipment
and working on heights. Some patients will ask if they can “just drive around
town but stay off of the highway”. My answer to this inquiry is that my
children play in the front yard. The patient is far more likely to injure some-
one else or have a property damage accident in the city than on the highway.
The abstinence from driving is consistently the most difficult part of the
patient’s situation with which the physician or nurse must deal. In our clinic
we make a point of telling the patient that it is not the ICD that is prevent-
ing them from driving. It is the fact that they have a cardiac arrhythmia that
is the culprit. This removes inappropriate anger directed at the ICD and
allows the patient to accept the device more easily. It is often useful to com-
pare the arrhythmia patient to the patient with epilepsy. Seizure patients
also have to deal with periodic driving restrictions related to their loss of
consciousness.
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Emergency Care of Patients with an ICD

Standard emergency procedures should always be initiated for ICD pa-
tients in ventricular tachycardia or fibrillation. This includes the initiation
of standard Basic Cardiac Life Support and Advance Cardiac Life Support
procedures as indicated. If initial external anterior and lateral external elec-
trical defibrillation is not successful, repositioning the paddles to the ante-
rior and posterior position may be helpful. In all cases, the paddles or pads
should not be placed directly over the device, and should be kept as far away
from it as reasonably possible. If a rescuer or other person is in physical
contact with patient when the ICD discharges, a slight tingle may be experi-
enced. Though the rescuer may feel this it will not be harmful. If rubber or
latex gloves are worn then the rescuer will feel no electrical current.



Evaluation of Defibrillator
Malfunction

When an ICD malfunctions or repeated shocks are delivered to the patient,
a life threatening or very uncomfortable situation may occur. Failure of an
ICD to deliver a shock when it should can result in syncope, death or
prolonged episodes of ventricular tachycardia. Delivering inappropriate
shocks to the patient is very painful and can possibly induce an arrhythmia.
As clinicians we most often see patients due to inappropriate shocks. This is
an obvious problem for the patient and they will call the clinic or come to
the emergency department. If a device fails to shock we would at best see the
patient due to a sustained arrhythmia. The worst scenario would be failure
to shock ventricular fibrillation with subsequent death of the patient. In the
latter situation we might not even know of the death undil the patient fails to
show for the next clinic visit.

Since virtually all of the ICDs available in the market now have
anti-bradycardia pacing capability they are subject to virtually all of the same
problems as pacemakers. Please refer to Chapter 11 (Evaluation of Pace-
maker Malfunction) for a review of these issues. The conductors in a dedicated
bipolar lead provide pacing and sensing functions for the bradycardia section
of the ICD, and also provide the sensing function for tachycardia detection.
In the case of “integrated bipolar” systems, one of the shocking electrodes
functions as the sensing and pacing anode as well. This must be kept in
mind when analyzing a lead for malfunction or in designing possible solutions
for lead malfunction. It is now not only possible to evaluate the impedance of
the pacing portion of the system in a noninvasive and painless manner, but
we are also able to do the same for the high voltage portion of the circuit. All
ICDs will also measure the high voltage impedance when a shock is deliv-
ered. The ability to evaluate both the low and the high voltage components
separately allows one to localize the site of lead failure. If only the low volt-
age conductor is affected, simply adding a separate pace/sense lead may easily
resolve the problem. However, if it is the high voltage section that is disrupted,
we often extract this lead and replace it with a new one. There are some
circumstances where another shock coil may be added to replace a mal-
functioning one without removing the bad lead.

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
©2006 Landes Bioscience.




146 Cardiac Pacemakers and Defibrillators

The approach to the patient with a suspected ICD malfunction is essen-
tially the same as the approach to the pacemaker patient. Gathering the
basic data concerning the ICD, patient disease, indications for the device
implant, and circumstances surrounding the incident in question are all es-
sential. Interrogation of the ICD and retrieval of all available telemetry is
also required. Many times the issue is whether or not a device discharge was
appropriate or not. On devices with limited diagnostic capability the history
surrounding the shock is crucial. If the patient felt palpitations, lightheaded,
short of breath or had syncope, then the discharge was likely delivered for
the right reasons. However, the absence of these symptoms does not mean
that the shock was not proper. In many cases the patient may be sitting or
supine and is not sufficiently hypotensive for a long enough period of time
to become symptomatic. In other cases the patient may simply not remem-
ber the event since there was no perfusion of the brain during the arrhyth-
mia. If the ICD detected and treated the arrhythmia quickly there may have
been insufficient time for symptoms to occur. In some cases the patient may
even have been sleeping at the time of the arrhythmia. Indeed, nocturnal
myoclonus is frequently misinterpreted by the patient’s spouse as a device
discharge.

The most common problem in our clinic is not really an ICD problem,
but a response to atrial fibrillation. If atrial fibrillation occurs with a ven-
tricular response rate that exceeds the detection rate of the device, the ICD
will charge and shock the patient. It may even do so numerous times. Occa-
sionally the shock will convert the atrial fibrillation to sinus rhythm, though
this does not happen on a regular basis. Note that dual coil defibrillation
leads that have a coil located in the right atrium are more likely to convert
atrial fibrillation to sinus rhythm that single coil leads. These shocks do not
represent a device malfunction, and the situation is best described as an
undesirable patient-device interaction.

The specific categories of device malfunction are noted below. Sugges-
tions as to how to manage these problems follow each section.

Failure to Shock or Deliver Anti-Tachycardia

Pacing

The failure of an ICD to deliver anti-tachycardia therapy can be lethal.
The reasons for failure to shock are listed in Table 16.1. The two most com-
mon reasons for failure to deliver therapy that we see are lead failure and a
detection rate that is too high. Unfortunately, lead failures are not uncom-
mon. Some types of failure are visible on an X-ray, but many are not. The
fracture may occur on one of the inner conductors of a coaxial or triaxial
lead. If this happens the outer conductor may shield the fractured inner
conductor from being seen on X-ray. Other fractures may occur that result
in the two broken ends remaining in contact at times and being apart at
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Table 16.1. Failure to shock

Undersensing
Lead malposition
Lead dislodgment
Lead perforation
Lead fracture
Lead insulation failure
Lead to device connector problem
Sensitivity set too low (i.e., Insensitive)
Poor electrogram amplitude due to change in myocardial substrate
Myocardial infarction
Drug therapy
Metabolic imbalance
“Fine” ventricular fibrillation
Primary circuit failure
Battery failure
Shock therapy turned off (by programming or magnet)
Magnet placed over the device
Strong magnetic field present
Detection rate set too high
Failure to meet additional detection criteria
Rate stability
Sudden onset
Morphology criteria
Slowing of tachycardia below detection rate
Substrate changes
Metabolic changes
Electrolyte changes
Drug therapy changes
Interaction with permanent pacemaker

other times. These are also difficult to see by radiography. Figure 16.1 shows
failure of epicardial patches with the conductor broken where it meets the
patch. This is a common site of patch failure and should be looked for when
evaluating the X-ray. Several views may be required to visualize any conduc-
tor failure. A slightly over-penetrated film is best for seeing wire failures. We
find it optimal to ask the radiology department to use a “thoracic spine
technique” when determining the exposure settings on our chest films.

If an undersensing problem develops within 30 days after implant then
lead malposition, dislodgment or myocardial perforation should be suspected.
Fractures and insulation failures are more likely to occur after one or more
years. As older transvenous defibrillation leads are substantially thicker than
pacing leads, the former are exposed to more forces under the clavicle when
placed by the popular subclavian access technique. This is the area to pay
special attention to when reviewing the X-ray (see Fig. 11.12). Occasionally,
observation of the connector pins within the connector block of the ICD
will reveal an obvious loose connection. Though most ICDs are very reli-
able, there have been several alerts on different device models. Circuit failures,
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Fig. 16.1. Radiograph of a patch failure. Epicardial screw in leads are noted as well
as the patches. Note the discontinuity between the lead and the patch (arrows). This
system was nonfunctional and required replacement with a transvenous system.

software lock ups and other problems are known to occur. Interrogation of the
ICD will usually fail if any of these situations are present. In some cases, a
“system reset” may be able to be performed and resolve the problem. In
other cases, new software may be downloaded into the device to correct a
problem. Another mode of failure is battery depletion. If the patient does
not have routine clinic evaluations, then the battery may become depleted
to the point that the device will become either nonfunctional or will not
have sufficient power to charge the capacitors to the required voltage for
discharge. Most devices have a maximum time allowed for capacitor charg-
ing. Should the battery reserve be too low, or should the capacitors be defec-
tive (a common problem in earlier devices), the charge time will be too long
and the ICD will not deliver a shock. Occasionally the detection rate is
simply set too high. This occurs most commonly after a new drug such as
amiodarone or sotalol has been started, but may also be the result of inap-
propriate programming. The result of the drug therapy may be a slowing of
the ventricular tachycardia rate such that it falls below the programmed de-
tection rate. Significant metabolic or electrolyte abnormalities may affect
not only the tachycardia rate, but also the amplitude of the signals resulting
in undersensing or failure to detect. As noted previously, the addition of
extra detection criteria to improve detection specificity may delay or prevent
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the ICD from delivering therapy. Use of these modifiers must be done
cautiously. Occasionally the patient will sustain a myocardial infarction that
will result in a significant change of the intracardiac electrogram. The new
electrogram may not be a sufficient signal to sense for the purpose of detec-
tion. One might also see asynchronous pacing if the bradycardia backup
pacing is turned on. Be aware that a patient in close contact with a magnet
might have the device deactivated if the “program off by magnet” feature is
present. We have a patient who carried a stereo speaker (they have big mag-
nets inside) and deactivated his ICD.

In the past, many patients requiring pacing support were given a separate
pacemaker to prevent early depletion of the ICD battery from the constant
drain of pacing. This does not usually cause a problem unless the ICD can
sense the output pulses of the pacemaker. The worst case scenario for this
situation is a patient who develops ventricular fibrillation that is not sensed
by the pacemaker. The pacemaker would then continue to deliver pacing
pulses into the fibrillating myocardium thinking that asystole was present. If
the ICD senses these pacing pulses it will interpret them to be QRS com-
plexes and preferentially detect the pacing rate rather than the rate of the
fibrillating heart. Therapy would be indefinitely withheld and the patient
would never be rescued by the ICD. For this reason, special care is exercised
during the implant of an ICD in a pacemaker patient or a pacemaker in an
ICD patient. Be aware that, though less likely, the ICD can also oversense an
atrial pacemaker output with similar results.

Corrective Action

Lead related problems virtually always require a surgical procedure. Most
physicians feel that if the lead has failed that it should be removed due to its
large size and the potential interaction with a new lead. A recently implanted
lead that has moved or simply has poor sensing performance may be reposi-
tioned if it’s integrity is without question. A failed ICD that cannot be reset
by software or one with a depleted battery must be replaced. Reprogram-
ming of the device will resolve issues due to the rate of the tachycardia or if
the ICD is withholding therapy due to additional specificity criteria being
applied. Interaction with a permanent pacemaker may be eliminated by pro-
gramming the output and pulse width of the pacemaker to a lower value, if
this can be done safely. Bipolar pacemakers are mandatory if a separate pace-
maker is to be used with an ICD. In addition, the pacemaker should be
either a dedicated bipolar device or one that has bipolar pacing as the “power
on reset” polarity. The latter allows the device to begin pacing in the bipolar
mode if its power is temporarily interrupted rather than being reset to the
unipolar polarity (see below). With today’s fully featured pacing built into
the ICD, the need for separate devices is rarely necessary.
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Table 16.2. Failure to convert the arrhythmia

High defibrillation threshold
Poor cardiac substrate
Acute myocardial infarction
Metabolic abnormality
Electrolyte abnormality
Drug therapy
Drug proarrhythmia
High voltage lead fracture
High voltage lead insulation failure
High voltage lead migration
Inappropriate device programming
Low shock energy
Ineffective polarity
Sub-optimal “tilt”
Ineffective pacing sequence
Pacemaker polarity switch
Atrial arrhythmias
Sinus tachycardia
“VT Storm”

Failure to Convert Arrhythmia

The tachycardia may be detected and therapy delivered without conver-
sion to a more stable rhythm. As with failure to deliver therapy, this situa-
tion may be equally lethal to the patient. Table 16.2 lists many of the problems
that result in delivered therapy that fails to restore normal rhythm. Although
the ICD may perform properly when implanted, the patient may experience
additional changes in substrate that may make rhythm conversion difficult
or impossible. If an acute myocardial infarction occurs or a severe electrolyte
or metabolic imbalance is present, the heart may not respond to either shock
or pacing therapy. Some drugs may increase the defibrillation threshold.
Amiodarone is one drug that is very commonly given to patients with life
threatening arrhythmias that also has the potential to make defibrillation
more difficult. Other drugs may be proarrhythmic to the point that the
arrhythmia will not convert or resumes immediately after conversion. Frac-
tures or insulation failures related to the lead system will reduce the amount
of energy that actually reaches the heart with a resultant marked reduction
in efficacy. If a lead has moved it may not be in an optimal position to cause
the current to flow through the heart. Programming of the shock energy
output to a value below maximum is often done to conserve battery life,
allow delivery of therapy more quickly, and cause less pain to the patient.
However, if an insufficient safety margin is allowed, the probability of a
successful conversion is reduced. The pulse width of the shock is program-
mable on some devices and automatic on others. If this is set too short or too
long then defibrillation will not be successful. The optimal duration of the
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pulse is somewhat controversial and will vary based on the resistance of the
system. The duration of the positive and negative phase of the shock wave
may be programmable as well, and can significantly affect the efficiency of
the therapy. In some situations anti-tachycardia pacing therapy or a low en-
ergy cardioversion meant to convert a relatively stable ventricular tachycar-
dia may accelerate it or lead to ventricular fibrillation. If this occurs the
device is usually capable of defibrillating the patient. An anti-tachycardia
pacing sequence that is not aggressive enough will not be able to convert
ventricular tachycardia either. Finally, it may be that the tachycardia is due
to an atrial arrthythmia with a rapidly responding ventricle rather than a
primary ventricular arrhythmia. In this situation repeated therapies may be
delivered due to a fast ventricular rate caused by an atrial arrhythmia. Though
conversion of the atrial arrhythmia may occur from a shock, this is not al-
ways the case and the patient may receive multiple shocks. A pacemaker can
indirectly cause a failure to convert an arrhythmia. As noted in the previous
section on failure to shock, a pacemaker pulse can be interpreted by the
pacemaker as a normal QRS. Some pacemakers that have a programmable
pacing polarity can have their programming “reset” by the delivery of an
external or internal defibrillation shock. The result is a situation that could
cause the pacemaker to change from bipolar to unipolar output polarity. It is
possible should the first shock not convert the arrhythmia, then the pace-
maker would change to unipolar output and at the same time undersense
the ventricular fibrillation. This will result in asynchronous pacing. The ICD
could sense the unipolar pacing pulses and think that it had terminated the
arrhythmia. Unfortunately, this would result in the patient continuing to
fibrillate with the ICD failing to detect and convert the rhythm.

Corrective Action

If the failure to shock is caused by a reversible metabolic, drug or electro-
lyte problem, these should be corrected. Lead and device issues will likely
require a surgical revision. Device programming may be evaluated and cor-
rected if the detection rate is set too low or if additional criteria are being
applied unnecessarily or inappropriately. Atrial arrhythmias may require drug
therapy, ablation therapy aimed at the cause, or ablation of the AV node.
Appropriate pacemaker selection and programming are mandatory if two
devices are being used in the same patient. One should consider replace-
ment of the two devices with a single device.

Inappropriate Delivery of Therapy

Inappropriate shocks are far more common than failure to convert an
arrhythmia or failure to deliver therapy. Patients frequently believe that a
shock may have been inappropriate, but on evaluation of the telemetry data
and stored electrograms it is apparent that an arrhythmia was actually present.
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Table 16.3. Inappropriate delivery of therapy

Oversensing
Electromagnetic interference
Interaction with another implanted device
Lead fracture
Lead insulation failure
Loose connections
Myopotentials
T-Waves
Permanent pacemaker pulses
“Y" adapted biventricular adapters and connectors
Detection rate set too low
Supraventricular arrhythmias
Paroxysmal supraventricular tachycardia
Atrial fibrillation
Atrial flutter
Sinus tachycardia

However, once a determination is made that a shock was not due to an
actual ventricular arrhythmia, the cause must be found and corrected quickly.
Patients do not tolerate repeated shocks due to the pain and fear that are
experienced. The patient will often become angry, frustrated and might even
demand that the device be removed. Though an inappropriate shock is less
likely to result in a patient death than the previous two situations, it must be
addressed quickly as in many cases a failure of one or more components is
present. Table 16.3 summarizes the causes of inappropriate therapy delivery.
The most common cause of inappropriate shocks is the presence of an
atrial arrhythmia (as discussed above). Atrial fibrillation is by far the most
common arrhythmia leading to spurious shock in our clinic. Many patients
who receive ICD implants have enlarged hearts predisposing them to atrial
arrhythmias. Another common situation is a patient with a slow ventricular
tachycardia who has sinus rates that overlap with the tachycardia rate. Pa-
tients who exercise, have vigorous sexual intercourse or become emotionally
aroused may get their sinus rates into the tachycardia detection zone and
receive a shock. Oversensing may also lead to inappropriate detections. Strong
electromagnetic interference or myopotentials may cause detection to occur.
We published a case of a cable television worker with an ICD who grabbed
a live power cable while kneeling in a damp utility tunnel. The AC current
passed through his body preventing him from releasing the wire. The ICD
sensed the EMI as ventricular fibrillation and shocked the man causing him
to be thrown back and release the wire. Most oversensing caused by EMI is
not as dramatic as this and is the result of strong electrical fields. A fractured
lead or one with failed insulation is a common source of false signals. These
leads produce large spurious signals that can be easily sensed by the ICD. If
enough of these signals are present and are fast enough, detection will occur.
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Figure 16.2. Double sensing in a biventricular device. Due to the long conduction
time (and thus wide QRS), the RV lead will sense early given a LBBB, and the LV
lead will sense late. This can result in double counting of the heart rate, and inap-
propriate tachycardia detections by the device.

As noted in the previous two sections, pacemakers can interact with ICDs.
Unipolar pacemakers and some bipolar pacemakers can be easily sensed by
the ICD resulting in counting of the QRS, the ventricular pacing pulse, and
even the atrial pacing pulse. This would result in the ICD “seeing” a double
sensed ventricular rate of 140 for a VVI paced rate of 70, and a triple sensed
ventricular rate of 210 for a DDD rate of 70. Double sensing is also com-
mon on some biventricular implants when the right and left ventricles are
wired into the same sensing circuit. This may occur due to the use of a “Y”
adapter on the pacing leads to place them into a single ventricular connector
in the device. It may also be the result of and older ICD design where,
though separate connectors are available for each of the RV and LV leads,
the leads are interconnected within the device and run through a single pace/
sense circuit. The net result of both of these configurations is the same, with
the RV and LV leads being sensed on the same channel. Double sensing can
occur due to the long conduction delay between the RV and LV if the pa-
tient has a heart rate in excess of the URL, or one of the two leads fails to
capture (see Fig. 16.2).
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Corrective Action

The detection rate of the ICD can be increased to avoid over detecting
sinus rates if possible. Occasionally, beta blocker therapy may blunt the si-
nus rates enough to prevent this problem, and may be used if tolerated by
the patient. Otherwise, additional discrimination criteria such as sudden
onset, rate stability, or QRS morphology may help if these features are avail-
able. The same is true for supraventricular arrhythmias. Ablation therapy of
the arrhythmia or the AV node may be an option in some patients as well. If
a device interaction has occurred and reprogramming to a lower output and
pulse width and/or bipolar polarity is not possible, a more appropriate pac-
ing system may need to be implanted. The latter is often necessary when
double sensing occurs from adapted leads or older ICD connector designs.
In some situations the pacing leads may require repositioning. Lead failures
and connection problems will require surgery to correct. The latter should
be corrected as soon as possible due to the possibility of failure to defibrillate
the patient. If EMI is the cause, patient avoidance of the source is manda-
tory. For some patients this may involve reassignment of duties at work or
even a change of employment.

Most ICD malfunctions and pseudo-malfunctions are readily diagnosed
if the patient history is carefully reviewed, a good X-ray is available, and the
data from the device is examined. Unnecessary replacement of the ICD may
be avoided and patient safety and comfort may be assured if competent
personnel address problems in a logical manner.



Follow-Up of Implantable
Cardioverter Defibrillators

Follow-up of the ICD patient is based on several factors. These patients
often have significant underlying cardiac disease requiring regular physician
contact. ICDs are similar to pacemakers in that they must be evaluated for
capture and sensing thresholds as well as lead integrity. It is not infrequent
that asymptomatic ICD lead failure occurs. This would present the possibil-
ity of failure to detect an arrhythmia or failure to convert an arrhythmia,
resulting in obvious consequences. ICD longevity is getting better but many
of the implanted devices still have longevity in the 3 to 5 year range (though
some are lasting to 7 years as well). Battery depletion may occur without
warning, resulting in a device that is incapable of responding to an arrhyth-
mia. The capacitors of the high voltage circuit must be charged to their full
capacity on a periodic basis to maintain their ability to provide therapy.
Though this is done automatically, the charge time must be evaluated to be
sure these components are functioning properly. In addition, as the charge
time becomes longer, the device may require reprogramming to perform the
capacitor reform on a more frequent basis. Newer devices are also capable of
adapting to shorter reform intervals automatically as the battery voltage drops.

The rationale for regularly scheduled clinic evaluations is as follows:

1. Allow maximum utilization of the ICD power source without endanger-
ing the patient. This is accomplished by programming the bradycardia
backup pacing parameters to the lowest output that still provides an ad-
equate safety margin, thus allowing for any periodic changes in capture
threshold.

2. Detect ICD system abnormalities through use of the telemetry features
and diagnostic capabilities before symptoms or device failure occur.

3. Permit diagnosis of the nature of device abnormalities before reoperating,
and allowing correction noninvasively if possible.

4. Allow evaluation and adjustment of therapeutic and detection algorithms,
histograms, tachycardia intervals and stored electrograms.

5. Provide an opportunity for continuing patient education regarding their
device.

6. Serve as a periodic contact for the patient with the health care system for
patients that may otherwise not follow with a physician.

Cardiac Pacemakers and Defibrillators, Second Edition. Charles J. Love.
©2006 Landes Bioscience.
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7. Provide updated information concerning patient’s location and pacemaker
related data should there be a recall or alert for the ICD or lead system.

8. Allow download of diagnostic data to enable the best treatment of the
patient.

A simple ICD clinic is similar to the pacemaker clinic described in Chap-
ter 9. In addition to the equipment suggested for pacemaker follow-up, we
strongly recommend that an external defibrillator be available. This may
prove useful if an arrhythmia is unintentionally induced during a follow-up
session. We have a defibrillator available for all follow-ups, both pacemaker

and ICD.
Protocol for ICD Evaluation

The methods for evaluating ICD function will vary depending on the
model of device being tested. Pacing function, sensing function and capaci-
tor reformation (charging) is basic to all properly performed checks. The
approach to the patient presenting for a routine evaluation at our institution
is as follows.

1. Brief patient history related to heart thythm symptoms, palpitations, shocks,
syncope, and general cardiovascular status.

2. Examination of the implant site and any additional incisions used for lead,
patch or other hardware insertion. Additional directed physical examina-
tion such as blood pressure, chest auscultation, and cardiac evaluation are
performed as indicated.

3. The patient is attached to an ECG monitor and the baseline cardiac rhythm
is observed for proper device function. A recording is made to document
proper or aberrant function. Optionally, a 12 lead ECG may also be ob-
tained.

4. TheICD is interrogated and the initial programmed parameters, the mea-
sured data, and the diagnostic patient data are printed. If arrhythmia de-
tections have occurred and/or therapy has been delivered, these data are
downloaded to the programmer and printed. These data are evaluated for
proper device function and proper response to the patient’s needs. Special
attention is given to the heart rate intervals and electrograms to assure that
these do not appear to be caused by artifacts or oversensing. The latter
often appear as “spikes” rather than a more typical electrogram. Differen-
tiation may be difficult in some situations.

5. While monitored, the patient’s intrinsic heart thythm and, if being paced,
the level of pacemaker dependence is determined. The lower pacing rate
of the device is reduced to see if an intrinsic (nonpaced) rhythm is present,
just as is done with a standard pacemaker. The sensing threshold is evalu-
ated by measuring the telemetered electrogram, or by using the sensitivity
measurement feature built into the ICD and programmer software. Many
devices use automatic sensing algorithms and do not have adjustable sen-
sitivity. These devices allow one to program the most sensitive value that
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Figure 17.1. QRS amplitude measurement. This tracing is an intracardiac near field
recording. The scale is T mV per mm. Using this scale and measuring from the
baseline to the peak yields a 12.0 mV signal, and the peak-to-peak amplitude is 15
mV. This is an excellent signal and will be easily sensed by the device.

the device can achieve as it automatically adjusts the sensitivity. The am-
plitude of the intrinsic QRS may be determined by direct observation of
the telemetered electrogram (Fig. 17.1). The usual method of measure-
ment is from the upper peak to the lower peak. It is important to view the
electrograms and to evaluate the quality of the QRS as well as for any
evidence of abnormal artifacts that could indicate a lead failure. All ICDs
allow viewing the electrogram generated by the sensing configuration. This
is usually from the pacing tip to the ring electrode. Some are also able to
telemeter other configurations such as tip to coil, tip to can, and coil to
can. These additional configurations allow inspection of the electrogram
quality so that any evidence of lead failure may be noted. This may prove
very useful in trouble shooting lead problems, as the lead impedance of
the high voltage system is not easily obtained in some devices.

6. The pacing capture threshold is determined by reducing the output until
capture is lost. Many devices have semi-automatic methods for determin-
ing capture. These enhance the safety and speed of the threshold check in
patients who do not have an escape thythm (pacemaker dependent). This
feature should be used routinely due to the safety of this method.

7. Based on the threshold determination, the final pacemaker parameters are
programmed. For chronic implants, the voltage is programmed at 1.7 to 2
times the threshold value measured at a pulse width of .3 to .6 ms. Alter-

natively, if the threshold was measured by keeping the voltage stable and
reducing the pulse width, the pulse width may be tripled. The latter method
is valid only if the pulse width threshold is .3 msec or less. This does not
apply if the patient has anti-tachycardia pacing activated when the brady-
cardia and tachycardia pacing operations share the same outputs. Most
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ICDs now have a separate high output setting that is used for the
anti-tachycardia pacing as well as for the immediate postshock period when
the pacing threshold may be elevated. If the pacing output is shared be-
tween the normal, postshock and anti-tachycardia sections, then a larger
safety margin will be needed.

8. The patient is provided with a printout of the final programmed param-
eters, informing them of the tachycardia detection rate and the backup
pacing rate. If the ICD has AV sequential pacing and/or sensor driven
pacing ability, then they are also told the upper tracking and sensor rate as
appropriate.

Adjustments to the device and the frequency of device evaluation should
be made with consideration of the level of risk to the individual patient and
the requirements of the device manufacturer. Most devices will now auto-
matically reform the capacitors based on an internal clock. If the ICD does
not have this feature then the patient must be seen for capacitor reformation
as directed by the manufacturer. It is apparent that many ICD lead and
epicardial patch models have less than excellent reliability. A chest X-ray
may need to be performed should there be any concern regarding lead integ-
rity. We routinely see our patients one month post implant and then once
every six months thereafter. Many clinics see patients every 3 months, though
we do not feel this to be necessary for the vast majority of our patients.
Repeat testing of the ICD for effectiveness of defibrillation is only done if
one or more of the conditions listed in Table 17.1 are present. It should be
noted that some physicians perform routine ICD testing with arrhythmia
induction and delivery of a shock the day after implant, three months post
implant, and then annually thereafter. With the current generation of ICDs
and the enhanced diagnostic features in these devices, we do not feel that
this type of testing is justified on a routine basis. Additional factors to con-
sider when determining follow-up frequency are listed in Table 17.2.

When an ICD delivers a shock to a patient we ask that the patient call
our clinic. The patient is questioned about the events surrounding the shock.
If there were symptoms preceding the shock and a single shock corrected the
arrhythmia then no further action is usually needed. If multiple shocks are
delivered (suggesting ineffectiveness of the first shock or a refractory arrhyth-

Table 17.1. Reasons for defibrillation testing

Movement of a lead or patch

Questionable defibrillation threshold at implant
Change in drug therapy dose or type

Failure of the ICD to convert an arrhythmia
Failure of the ICD to detect an arrhythmia
Significant change in myocardial substrate
Replacement of the ICD
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Table 17.2. Risk considerations for programming and follow-up frequency

Degree of dependency on the pacing section

Device advisories or recalls on the defibrillator, leads or patches
Changes in underlying heart disease

Severity of underlying heart disease

Changes in medication that may affect tachycardia rate
Epicardial patches

Pediatric patients

Exposure to cardioversion, defibrillation, or electrocautery
High stimulation thresholds with high programmed outputs
Recurrent shocks

Undersensing, interference or other sensing problems

mia) the patient is seen as soon as possible in the clinic or sent to an emer-
gency room. Several shocks occurring in a short period of time (but not in
sequence for a single arrhythmic event) require that the patient be seen as
well. When multiple therapies are delivered for tachycardia, we obtain elec-
trolyte levels (K+ and Mg++), cardiac enzymes and anti-arrhythmia drug
levels if indicated. It must be remembered that when an ICD is implanted
that there is an expectation that it will be needed. Thus, it is not necessary to
see the patient each time it discharges for an apparently appropriate reason
in an effective manner.




Biventricular Pacemakers

and Defibrillators

As noted in Chapter 7, pacing the right ventricle creates a left bundle
branch block (LBBB) contraction pattern, and has been found to be poten-
tially deleterious not only to cardiac output, but it may also result in
increased mortality relative to a normally conducted QRS. It is also
known that patients who have native or paced LBBB frequently have a
“dysynchronous” contraction pattern. LBBB causes the lateral wall of the
left ventricle (LV) to contract very late relative to the LV septum (Fig. 18.1).
It is far more effective to push on two sides simultaneously. The inefficiency
of a LBBB beat will thus reduce the ejection of blood from the heart. The
concept of “cardiac resynchronization therapy” (also known as CRT) aims
to restore some of the coordination lost in the hearts of patients with ven-
tricular conduction defects such as LBBB.

Figure 18.2 shows the QRS of a patient with LBBB as well as the QRS of
the same patient with CRT applied. Note the change in axis as well as the
shortening of the QRS complex (though degree of patient improvement has
NOT been correlated to the degree of QRS shortening). The resulting im-
provement in contraction pattern can have a dramatic effect on some (but
not all) patients who are candidates for this type of therapy. Recent studies
such as MIRACLE and COMPANION have shown significant improve-
ment in patient quality of life, reduced hospital days due to congestive heart
failure, improved NYHA functional class, improved ejection fraction, and
improved exercise capability for patients who have received CRT. Though
there is currently much excitement about this form of therapy, much is yet
to be learned about which patients will benefit the most, and why some
patients seem not to respond as well as others.

CRT devices are similar to standard pacemakers and ICDs, except that
there is an additional port in the connector block of the device to accept the
LV lead. Prior to the development and approval of dedicated CRT devices, a
“Y” adapter was placed into the ventricular port of the device, and both the
LV and RV leads were attached to the same output. This created certain

- limitations and problems (see text below). The device is implanted in the
18
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Rest Early Systole
Late Systole Leads Implanted

Figure 18.1. Dyssynchrony. Note that the septum moves normally during early sys-
tole, but the lateral wall of the LV moves opposite to what is expected. During late
systole the reverse occurs. This results in a very inefficient pumping action. Place-
ment of pacing leads in the RV apex and on the LV lateral wall can be used to
resynchronize the ventricle.

a

Figure 18.2. a) These QRS complexes show a typical wide LBBB pattern. b) With
resynchronization pacing, note the change in QRS axis and significant shortening
of the QRS.
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Figure 18.3. Coronary venous anatomy. This is a view from behind the heart show-
ing the coronary sinus and the cardiac veins. The lateral veins are considered the
best for resynchronization therapy.

same fashion as a standard device. In addition to the right ventricular lead
and (in most cases) the right atrial lead, an additional lead is placed via the
coronary venous anatomy onto the epicardial surface of the heart. Alterna-
tively, a thoracic surgeon can place an epicardial lead directly on the LV
lateral wall if the transvenous approach is not available or is unsuccessful. In
order to place the LV lead transvenously, the coronary sinus (CS) is located
and entered (Fig. 18.3). Typically, this is done with an introducer sheath or
sheaths specifically designed for this task along with a guidewire. Alterna-
tively, a steerable catheter may be used to electrically map the area of the CS
(Fig. 18.4). Once the CS is entered, a retrograde venogram is typically per-
formed. This allows the operator to visualize the anatomy and choose a lat-
eral vein into which the LV lead will be placed (Fig. 18.5). One of two
techniques is then used to place the lead. The lead may be placed into the
vein using a stylet, driving the lead into the target vessel. This often times is
very difficult due to the small size of the target and the sharp bends in the
venous anatomy. Alternatively, an “over the wire” approach may be used in
the same manner that an angioplasty balloon is placed into a coronary
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Figure 18.4. Coronary sinus electrogram (EGM). The area of the coronary sinus can
be recognized electrically using a mapping catheter. The atrial EGM occurs over
the P-wave, and the ventricular EGM over the QRS. Note that the two are of equal
amplitude, which is characteristic of the area around the coronary sinus.

artery. This technique requires a lead that has a hole in the cathode. The
very thin guide wire is advanced into the target vessel, then the pacing lead is
advanced over the wire into the vessel (Fig. 18.6).

The ideal site for the LV lead is usually considered to be one of the lateral
cardiac veins. A position at the mid portion of the LV (between the base of

Figure 18.5. Coronary sinus venogram. During implant of a cardiac vein lead, a
venogram is done to show the anatomy and what targets are available. There are
two good lateral veins that are seen on this example.
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18.6a. Over the wire lead placement. This
radiograph shows a venogram with a good
lateral target vein.

18.6b. A guidewire has been advanced into the
target vein.

18.6¢. The pacing lead being advanced over
the wire into the vein.

18.6d. The guidewire is withdrawn, leaving the
lead in its final position.
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Figure 18.7. Mitral inflow by echo-Doppler examination. In this case, the optimal
timing is 150ms, which allows closure of the mitral valve right at the end of the A-
wave. A) AV interval of 100ms. B) AV interval of 150ms. C) AV interval of 200ms.

the heart and the apex) is optimal. However, it may be very difficult to enter
the vein, obtain a stable position in the vein, find a spot with a good capture
threshold, and find a spot that does not pace the diaphragm. The venous
anatomy is highly variable, and the angle that the veins enter the coronary
sinus my be very acute, making entry with a guidewire and lead difficult.
The addition of an LV lead to a pacing or ICD system may add from 10
minutes to more than 2 hours to the length of the operation, depending on
the difficulty of each lead placement procedure step.

Once the device has been implanted, programming the timing of the AV
interval becomes important. Most importantly, in order for the therapy to
be effective, the ventricles must be paced virtually all of the time. Allowing
intrinsic conduction to depolarize the ventricle defeats the aim of the therapy.
The programming should allow as much diastolic filling time as possible,
while providing enough time for the atrial contraction (when present) to
complete and preload the ventricle (Fig. 18.7). Determination of the opti-
mal AV interval is often done utilizing echocardiography with Doppler. Other
methods include attempting to fine tune the timing by assessment of
beat-to-beat stroke volume with impedance plethysmography (BioZ™).
Using these methods, the AV interval is adjusted shorter or longer to find
the optimal setting. It must be noted that most clinicians will empirically
program the AV interval to settings around 130 ms for paced AV, and 100ms
for sensed AV. If the patient does not respond well to the therapy, then they
are “fine tuned” using one of the methods described above. The latest de-
vices offer a new timing feature; V-V delay. This feature is useful when sig-
nificant conduction delays after pacing exist. By adjusting the V-V delay (in
milliseconds), even better synchrony between the septum and free wall may
be achieved. The timing between the RV and LV leads may be adjusted
using M-mode echo (Fig. 18.8). By looking at the contraction of the two
walls on the M-mode echo, the V-V timing is adjusted to align the contrac-
tion of the septum and lateral wall as much as possible.
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ISy Figure 18.8. Ventricular dyssynchrony. The top tracing is from a patient prior to V-V
timing optimization, with simultaneous LV and RV stimulation. Note the delay in
the lateral wall contraction. The top tracing is the same patient after programming
the device to pace the LV earlier than the RV, causing the septum and free wall to
contract nearly at the same time. This improves the stroke volume significantly.
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The follow-up of a biventricular device is essentially the same as a stan-
dard device, with the addition of another set of capture, sensing and imped-
ance numbers. Devices typically sense off of either the RV or LV lead, but
not both (unless a “Y” adapter was used). The reason for this is that due to
the long delay between the depolarization of the RV and LV, two electro-
grams are seen (Fig. 18.9). It is possible for the device to sense both of these,
thereby creating a problem. Though in brady pacing this extra sensed event
typically falls in the refractory period and is discarded, a true problem exists
for ICD patients. The second electrogram is sensed and counted, and the
actual heart rate is counted twice. Therefore, a patient with a heart rate of
100 bpm will be thought to have a rate of 200 bpm, likely causing the ICD
to deliver an unnecessary therapy. Many LV leads are unipolar, but bipolar
leads are becoming increasingly popular at this time. It needs to be noted
that though the LV leads are unipolar, that the circuit is 70t between the tip
of the lead and the pacemaker or ICD can. Pacing goes from the tip of the
LV lead to the ring of the RV lead. It is not uncommon for the LV lead to
require a high output to capture. The reason for this is not clear, but likely
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Figure 18.10. Anode stimulation. Close inspection of the QRS at the area marked
“1” shows a change from the previous complexes. Prior to that point, capture of the
ventricle was occurring at both the LV tip electrode and the ring of the RV lead.
Capture is lost in the RV at this point. LV capture is lost at the QRS marked “2".
Anode stimulation can prevent separate timing of RV and LV stimulation due to
unintended simultaneous pacing of both chambers with the LV pacing pulse.

includes issues such as the degree of electrode contact with the epicardial
surface, scar on the myocardium from infarct, fibrosis of the myocardium,
and movement of the lead after placement. By pacing the LV at high output,
the RV anode shares the same output. It is not uncommon to see RV stimu-
lation from the anode under these conditions. This does not seem to present
a clinical problem, but it does provide some confusion when attempting to
obtain threshold values, as the QRS morphology will change significantly
when anode capture is lost, but capture still occurs in the LV (Fig. 18.10).
CRT therapy is truly in its infancy regarding implant techniques, im-
plant tools, and optimizing programming. As we learn more about coronary
venous anatomy, the physiology of LV pacing, and as we develop more tools
to implant and to optimize these pacing systems, more patients will benefit
from this therapy. New techniques include placing LV leads directly on the
LV using minimally invasive surgical techniques, and even percutaneous tech-
niques. This will allow us a wider choice of sites on the LV to place the lead
systems, and possibly allow for optimal lead placement on nearly all patients.
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