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Cardiac pacemakers and implantable cardioverter-de®bril-

lators have revolutionized the treatment of patients with

cardiac arrhythmias. Since implantation of the ®rst pace-

maker in 1958, cardiac device therapy has seen a steady

expansion. This is mainly attributable to phenomenal

progress in device technology and software sophistication.

Recent data from landmark trials suggest that the

indications for cardiac pacing and implantable de®brillators

are set to expand further, to include, for example, heart

failure, sleep disordered breathing and perhaps even routine

de®brillator implantation in patients with myocardial

infarction and poor ventricular function. This will inevitably

result in more patients with cardiac devices being encoun-

tered by medical practitioners other than cardiologists.

This article reviews the basic principles of device

nomenclature, function and physiology for pacemakers

and de®brillators commonly encountered in surgical

patients who may require anaesthesia.

Pacemaker and de®brillator mode codes

Pacemaker mode codes

The fundamental information required to understand normal

pacemaker behaviour is the pacemaker code. The currently

used North American Pacing and Electrophysiology/British

Pacing and Electrophysiology Group (NASPE/BPEG)

pacemaker codes3 are used to describe pacemaker types

and function (see Table 1). The ®rst letter of this code

indicates the chamber(s) paced and is designated V for

ventricular pacing, A for atrial pacing and D for dual-

chamber (atrial and ventricular) pacing. The second letter

indicates the chamber in which the electrical activity of the

heart is being sensed and is also denoted by A, V or D. An

additional designation, O, has been used when pacemaker

discharge is not dependent on sensed electrical activity. The

third letter refers to the response to a sensed electrical

signal. The letter O represents no response to an underlying

electrical signal and is usually related to the absence of an

associated sensing function; I represents inhibition of

pacemaker output; T represents triggering of pacemaker

output; D indicates a dual response: spontaneous atrial and

ventricular atrial activity inhibiting atrial and ventricular

pacing and atrial activity triggers a ventricular response.

The fourth and ®fth positions are used to describe

additional features of programmability and therapeutic

pacing options. The fourth position of the code serves to

describe the presence or absence of rate modulation (R). The

®fth letter of the code, although seldom used, indicates the

presence of one or more `active' anti-tachycardia functions,

whether initiated automatically or by command from a

telemetric programmer.

De®brillator mode codes

In 1993 a NASPE/BPEG de®brillator code was approved.4

The four-position code describes de®brillator, arrhythmia

diagnostic and data storage capabilities. The ®rst position of

the code indicates the shock chamber ± none, atrium,

ventricle or dual (O, A, V or D). The second position

indicates the chamber in which anti-tachycardia pacing is

delivered ± also coded O, A, V or D. Position three indicates

the means by which tachyarrhythmia is detected, either with

the intracardiac electrogram (E) or by haemodynamic

means (H). It is assumed that haemodynamic monitors

include electrogram diagnostics. The fourth position of the

code is the three- or ®ve-letter code for the pacemaker

capability of the device. For example, a ventricular

de®brillator with haemodynamic or ECG tachyarrhythmia

detection and with adaptive rate ventricular antibradycardia

pacing would be labelled VOH-VVIR.

In Europe, patients with pacemakers or de®brillators

carry device identi®cation cards that include the current

device programme code, the indication for implantation,

and generator and lead information. Understanding the

programme code is fundamental to anticipating pacemaker

behaviour.
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Basic physiology of cardiac pacing

When permanent cardiac pacing was ®rst introduced, the

principle aim ± to prevent syncope or death from ventricular

asystole ± was easily achieved with single-chamber right

ventricular pacing. Today, improved understanding of

cardiac haemodynamics and parallel progress in pacemaker

technology have expanded the indications for pacing and

increased our expectations for symptomatic relief.

Rate-adaptive/rate-modulated pacing

A signi®cant proportion of pacemaker recipients will have

sinoatrial node disease or will eventually show sinoatrial

dysfunction. The resulting chronotropic incompetence can

manifest at rest, during exercise or both. Exercise is just one

of the many circumstances requiring heart rate variation;

emotion, anxiety, barore¯exes and vagal manoeuvres are all

potentially important. A compensatory response is espe-

cially important in pathophysiological conditions such as

hypovolaemia, fever and anaemia. The appropriateness of a

pacemaker-generated rate response to a physiological stress

is entirely dependent on the type of sensor used to detect the

increased demand for the response of heart rate and the

programmed algorithm to deliver the response.

The normal heart rate response to increased physiological

demand is linearly related to oxygen demand/consumption.

The ideal sensor and response algorithm would mimic this

relationship. In addition, the change in pacing rate should

occur with kinetics similar to those of the sinoatrial node.

Ideally, sensors should be sensitive enough to detect both

exercise and non-exercise needs for change in heart rate and

yet be speci®c enough not to be affected by spurious signals.

Physiological sensors that detect the primary determin-

ants of sinoatrial node function (e.g. circulating catechola-

mine levels or autonomic nervous activity) are still in

development and are not available for implantation. The

greater proportion of rate-adaptive sensors belong to a

secondary class of sensors that detect physiological changes

as a consequence of exercise, such as QT interval shorten-

ing,37 increase in respiratory or minute-ventilation

rate,30 31 38 39 increased mean atrial rate,16 rise in central

venous temperature,14 19 decrease in venous blood pH,8

increase in right ventricular stroke volume40 and increase in

ventricular inotropy (e.g. peak endocardial acceleration36

and ventricular impedence variation43). Each of these

sensors responds to an increased physiological stress with

its own kinetics and has a different proportionality to

demand. A third group of sensors and perhaps the most

common used in clinical practice are tertiary sensors that

detect external changes in response to exercise, for example,

body movement.23 As expected, the relationship between

this variable and actual rate demand is less reliable and is

therefore more susceptible to spurious signals.

There are few pre-anaesthetic considerations for the rate

modulation function of pacemakers. Generally, rate modu-

lation can safely be left activated during anaesthesia and

surgery. It is important, however, to consider the location of

an operative procedure in relation to the site of the generator

when a movement sensor for rate modulation is in use.

Operative movement in close proximity to such generators

may stimulate unwanted tachycardia. Deactivating or

reducing the sensitivity of rate-adaptive mode should be

considered in these circumstances.

The importance of atrioventricular timing

In addition to restoration of rate adaptation, the aim of

physiological pacing is to restore the sequence of activation.

Initially, patients with complete heart block were treated

with single-chamber right ventricular pacing. Although this

pacing mode affords no synchrony with atrial systole, its

bene®ts were clear as it prevented syncope and improved

survival. These bene®ts were entirely related to improved

heart rates. In patients with complete heart block,

ventricular pacing produces a more physiologically appro-

priate heart rate and increases cardiac output. The increased

cardiac output is associated with reductions in sympathetic

tone, atrial rate and end-diastolic ventricular volume, and

occurs despite a reduction in stroke volume and ventricular

contractility.25 41 46

Early studies suggested that the maximal increase in

cardiac output during ventricular pacing at rest occurs

between 70 and 90 beats min±1. Any further increase or

decrease in pacing rate diminishes cardiac output and

increases peripheral vascular resistance.25 41 46 Two patterns

of haemodynamic response to increased right ventricular

pacing rate were demonstrated by Sowton.46 In the ¯at

response, cardiac output increased initially with pacing rate,

and then remained relatively constant as stroke volume

began to decrease with an increasing heart rate. This type of

response was typical of patients with a structurally normal

Table 1 The North American Pacing and Electrophysiology/British Pacing and Electrophysiology Group (NASPE/BPEG) pacemaker codes

Position I Position II Position III Position IV Position V

Pacing chamber Sensing chamber Response to sensing Programmability Anti-tachycardia functions

0=none 0=none 0=none 0=none 0=none

A=atrium A=atrium I=inhibited R=rate modulation P=pace

V=ventricle V=ventricle T=triggered S=shock

D=dual (atrium and ventricle) D=dual (atrium and ventricle) D=dual (inhibited and triggered) D=dual (pace and shock)
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heart with normal function and suggested that, at rest,

cardiac output is relatively independent of heart rate. In the

peaked response, cardiac output rises more gradually with

heart rate until an optimum is reached, after which any

further increase in rate results in a fall in cardiac output.

This type of response is seen more commonly in patients

with myocardial disease, for example, dilated cardiomyo-

pathy, in whom cardiac output is more dependent on cardiac

preload, afterload and myocardial contractility. Increasing

pacing rate shortens diastolic ®lling times, reduces ven-

tricular compliance and increases systemic vascular resist-

ance, all of which limit the cardiac output achieved by

increasing ventricular pacing rate alone.

Ventricular pacing can successfully maintain resting

cardiac output and prevent syncope, yet it does not preserve

the physiological relationship between the atrium and

ventricle. The importance of synchronous atrial contraction

has long been appreciated. Loss of atrial systole in atrial

®brillation can cause symptoms of congestive heart failure

in individuals with normal hearts and a physiologically

appropriate ventricular rate.27 29 34 45 It was noticed that in

patients with ventricular pacing for complete heart block,

paced ventricular complexes which were immediately

preceded by a p wave produced signi®cantly greater stroke

volumes and systemic pressure than those complexes

without p waves. Moreover, the relative impact of a

fortuitously timed p wave on stroke volume was greater at

higher heart rates. These observations highlighted the

physiological importance of atrial and ventricular timing.

By the late 1970s, the appreciation of the haemodynamic

signi®cance of atrial systole and development in atrial lead

and pulse generator technology, resulted in the clinical

application of atrial-synchronous ventricular (AV) pacing.

Numerous non-invasive and invasive experiments have

demonstrated a 10±50% improvement in cardiac output

with AV sequential pacing compared with ventricular

pacing alone in patients with normal and diseased

hearts.10 13 18 24 35 42 Higher left ventricular (LV) end-

diastolic volumes35 42 and mean and systolic arterial pres-

sures10 13 and lower venous pressures and pulmonary wedge

pressures18 25 have all been reported in AV sequential

pacing compared with VVI pacing. The atrial contribution

to resting cardiac output is therefore substantial; moreover,

its proportion of contribution to cardiac output increases at

higher heart rates. In addition to the loss of atrial contri-

bution to cardiac output with VVI pacing, persistent AV

asynchrony can result in signi®cant mitral and tricuspid

regurgitation due to the mistiming of AV valve closure. A

variation of this phenomenon also occurs in ®rst-degree

heart block and can have signi®cant haemodynamic conse-

quences, especially if it occurs in the context of LV disease.

In such circumstances, the regurgitation at the AV valves

typically has a pre-systolic component and is particularly

evident in patients with a long PR interval and LV disease.

This pre-systolic (or late diastolic) component of regurgi-

tation encroaches into and thereby reduces the duration of

ventricular ®lling time, and becomes more adverse the

higher the heart rate. The pre-systolic component of

regurgitation can even occur with a normal PR interval in

patients with severe ventricular disease and broad QRS.9

This pathophysiology can be readily corrected by re-

establishing an appropriate AV delay with dual-chamber

(DDD) pacing. Brecker and colleagues6 ®rst described this

mechanism in the treatment of heart failure with dual-

chamber pacing in patients with dilated cardiomyopathy and

prolonged PR interval. However, with the development of

atrio-biventricular (BV) pacing and the growing evidence of

the harmful effects of chronic right ventricular pacing from

the apex of the chamber,50 the use of DDD pacing for the

speci®c treatment of heart failure has been somewhat

overshadowed by the ability to resynchronize the maltimed

ventricular contraction by pacing both the left and right

ventricles.

Ventricular asynchrony and biventricular pacing

Functional haemodynamic abnormalities in patients with

asynchronous ventricular contraction have been well docu-

mented, particularly in those with depressed systolic

function and delayed inter- and intra-ventricular conduc-

tion.20 49 QRS duration exceeds 140 ms in almost 30% of

symptomatic patients,1 44 52 and mortality from heart failure

increases dramatically with QRS duration greater than 170

ms.17 Such conduction delays are associated with AV

asynchrony, right and left interventricular asynchrony, and

LV septal-to-free-wall intraventricular asynchrony. These

patterns can result in prolonged isovolumic time, comprom-

ised diastolic ®lling time and ineffective atrial contribution

to LV ®lling. The aim of BV pacing or cardiac resynchro-

nization therapy is to optimize segmental electrical excita-

tion, timing of contraction and relaxation, and consequently

cycle ef®ciency.

Atrio-BV pacing uses a specialized LV lead in addition to

standard right atrial and right ventricular leads. The LV lead

is positioned (transvenously to the right atrium and thence to

the coronary sinus and epicardial veins) on the lateral wall

of the left ventricle. Simultaneous stimulation of the left and

right ventricles can, to some extent, overcome the

asynchrony caused by intraventricular conduction abnor-

malities. The advantages of ventricular `resynchronization'

with atrio-BV pacing have been demonstrated by improve-

ments in cardiovascular haemodynamics,5 26 28 32 exercise

performance and patients' quality of life.

Current indications for this atrio-BV pacing include

moderate or severe chronic heart failure. Therefore, unlike

most patients with conventional single- and dual-chamber

pacemakers, patients with these devices will already have

signi®cant morbidity and an increased anaesthetic risk. In

patients with chronic heart failure, optimizing medical

therapy before surgery with, for example, vasodilators,

diuretics or beta-blockers is vital. It is equally important,

however, to ensure that pacemakers are programmed
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optimally. This is particularly important for BV pacemakers

because, unlike most pacemakers, for which it is acceptable

that the device paces only when required, BV pacemakers

deliver a therapy (electrical ventricular resynchronization)

with each ventricular paced beat.

Electromagnetic interference

The principle sources of electromagnetic interference (EMI)

that affect implantable devices are found within the hospital

environment. Radio frequency waves with frequencies

between 0 and 109 Hz (e.g. AC power supplies and

electrocautery) and microwaves with frequencies between

109 and 1011 Hz (including ultra high frequency radio waves

and radar) can cause device interference. Higher frequency

waves such as X-rays, gamma rays and infrared and

ultraviolet light do not cause interference.

EMI may enter the pacemaker or de®brillator by direct

contact between the patient and the source, or exposure to an

electromagnetic ®eld, with the device leads acting as

antennae. Not surprisingly, bipolar leads (which have both

electrical poles located at the lead tip) are much less

vulnerable to EMI than unipolar leads, which sense and/or

pace between an electrical pole at the lead tip and another

within the pacemaker generator and therefore have a larger

antenna loop that is susceptible to EMI. Bipolar leads can be

programmed to be either unipolar or bipolar, whereas

dedicated unipolar leads cannot sense or pace in a bipolar

mode. Devices are generally protected by circuit shielding

using titanium casing and by noise protection algorithms

that ®lter out unwanted signals.

Possible responses to external interference include

inappropriate inhibition or triggering of a paced output,

asynchronous pacing, reprogramming (usually into a back-

up mode), damage to device circuitry and triggering a

de®brillator discharge. Asynchronous pacing and mode

resetting are the most common outcomes of EMI and should

be considered if pacing modes appear to change suddenly or

intermittently on ECG monitors.

Asynchronous pacing

The refractory period

To avoid inappropriate sensing of electrical signals which

may follow a paced ventricular beat, most devices have a

refractory period which consists of two parts. The ®rst

period ± the ventricular blanking period (VBP), also called

the absolute refractory period ± occurs immediately after

each paced or sensed beat and lasts 200±300 ms. During the

VBP, the lead is `blinded' and will ignore any signals; in

particular, it will not sense ventricular pacing pulse after-

potentials or the evoked QRS and T waves. The following

period is the noise sampling period (NSP) (also called the

relative refractory period), during which time any sensed

activity will reset the refractory period but does not reset the

counter controlling the pacing interval (see Figure 1).

Interference behaviour

If an event is sensed during the NSP, it is interpreted as

noise and, as a consequence, the entire refractory period is

restarted. If further noise is detected, the refractory period is

again restarted. Repetitive or continuous noise will eventu-

ally cause the lower rate (baseline pacing rate) to time out

and a pacing impulse is delivered. Continuous noise

therefore results in asynchronous pacing at the lower rate

limit. These temporary changes will occur as long as noise is

detected (see Figure 2). The lowest interference frequency

at which the pulse generator switches to asynchronous

pacing depends on the duration of the noise sampling

window, which is typically 125 ms and corresponds to a

frequency of 8 Hz.

Fig 1 Pacemaker refractory periods (RP). This ECG demonstrates the timings of an inhibited pacemaker: the escape interval (the maximum time

interval between ventricular complexes that the pacemaker will allow (i.e. the programmed basic pacing rate)), the absolute RP (ARP), the noise

sampling period (NSP) and the RP. A sensed or paced event starts the RP. Sensing outside the RP restarts the escape interval (®rst and second

complexes). The ®fth complex is detected during the NSP ± this restarts the RP but does not reset the escape interval. (Reproduced with permission

from Sutton R, Bourgeois I. The Foundations of Cardiac Pacing, Pt 1: an Illustrated and Practical Guide to Basic Pacing. Mount Kisco, NY: Futura

Publishing Company Inc., 1991.)
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Pulsed interference outside the refractory period will

reset the counter to allow an escape interval from the sensed

event. Repetitive pulsed interference with intervals longer

than the refractory period will continuously inhibit the

generator and lead to prolonged asystole (see Figure 3).

To improve electrogram detection, modern pacemakers

have a built-in interference monitor. The level of interfer-

ence is stored and detection results in an abrupt rise of the

input signal above the stored interference level. This type of

detector response will eliminate low and medium levels of

interference. At higher levels of interference, however, ECG

detection is dependent on the phase relation between the

electrogram and the interference. Because the electrogram

has its own repetition rate, which is different from the

interference rate, a quasi-random phase relationship for

detection between the two signals results in intermittent

sensing (see Figure 4). At extremely high interference levels

the interference detector is saturated, resulting in asyn-

chronous pacing.47

Mode resetting

In some devices EMI may also cause a pacing mode change.

This is usually the `backup' or `reset' mode and is often the

same mode as the `battery depletion' mode. This is a

potential cause of confusion, as EMI and mode resetting

may be misinterpreted as battery depletion and result in

unnecessary replacement. Conversely, battery depletion

may be misinterpreted as EMI and cause an unwary

operator to reprogram the device when the battery is truly

depleted. Both mistakes can easily be avoided with careful

attention to telemetric interrogation.

The backup or reset mode is usually VVI or VOO ± the

latter resulting in competition with intrinsic rhythm. If the

pulse generator has programmable polarity, then the backup

polarity is usually unipolar. This may be particularly

signi®cant in patients with implantable de®brillators. The

unipolar con®guration is more susceptible to EMI pulses,

which may be falsely interpreted by the device as a

Fig 2 The effect of continuous interference. The ECG (upper panel)

demonstrates continuous asynchronous pacing caused by continuous

interference. Interference sensed during the noise sampling period restarts

the refractory period, as shown in the middle panel. The lower panel

demonstrates the escape counter, which generates the pacing pulse.

(Reproduced with permission from Sutton R, Bourgeois I. The

Foundations of Cardiac Pacing, Pt 1: an Illustrated and Practical Guide

to Basic Pacing. Mount Kisco, NY: Futura Publishing Company Inc.,

1991.)

Fig 3 The effect of pulsed interference. The ECG (upper panel) demonstrates an asystolic pause with ventricular escape (second complex). The

pacemaker was inhibited by pulsed interference. The middle panel indicates when pulsed interference was sensed. The lower panel shows the

behaviour of the escape counter, which is reset three times because of interference and a fourth time by a ventricular escape beat. (Reproduced with

permission from Sutton R, Bourgeois I. The Foundations of Cardiac Pacing, Pt 1: an Illustrated and Practical Guide to Basic Pacing. Mount Kisco,

NY: Futura Publishing Company Inc., 1991.)
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tachycardia and result in delivery of unwanted electrical

therapy. It is therefore essential that the implanted

de®brillator is programmed bipolar or that a unipolar pacing

con®guration is thoroughly tested to prevent under- or over-

sensing by the device. Bipolar programming is always

preferable.

Hospital sources of interference

The most common sources of EMI are found within the

hospital environment and a few commonly encountered

sources are discussed here.

Electrocautery

Electrocautery remains one of the most common causes of

EMI. Electrocautery uses radio frequency current to cut or

coagulate tissues and is usually applied in a unipolar

con®guration between the handheld instrument (cathode)

and the anode plate attached to the patient's skin. The radio

frequency is usually between 300 and 500 kHz. The EMI

generated by electrocautery that may affect the device is

related to the distance and orientation of the current to the

patient's device and leads.11

Electrocautery can evoke several responses from the

pacemaker. Radio frequency signals may be interpreted as

cardiac impulses, leading to inappropriate inhibition.

Prolonged application of cautery can repeatedly trigger

the NSP, resulting in asynchronous pacing, with function

returning to normal when electrocautery is stopped. If

electrocautery interference results in mode resetting, for

example from DDD to VVI or VOO, AV synchrony will be

lost and may result in haemodynamic embarrassment. Such

resetting will persist even after electrocautery is stopped. In

addition, implanted de®brillators may interpret electrocau-

tery interference as ventricular ®brillation, resulting in an

inappropriate shock.

Other recognized complications of electrocautery inter-

ference include pacemaker circuitry damage resulting in

output failure, activation of maximum rate response pacing,

pacing lead overheating and myocardial damage and

transient threshold alteration. A prospective study has

shown that unipolar devices are far more susceptible than

bipolar devices to electrocautery inference.48

Diathermy

During short-wave diathermy, current is applied directly to

the skin and can be a source of interference. It should

therefore be avoided near the generator site. Potential

problems include overheating of the generator circuitry and

damage to electronic components.

External cardioversion/de®brillators

One of the largest amounts of electrical energy to which

implanted devices may be exposed is from external

cardioversion or de®brillation. Such energies are liable to

damage generator circuitry and cardiac tissue in contact

with leads. De®brillation with internal cardiac paddles

requires less energy but may also interfere with pacemaker

function.7 51 Although pacemaker circuits are protected with

cutout diodes, the high energies involved in cardioversion/

de®brillation may override these mechanisms. More com-

monly, backup or reset modes are activated.

External de®brillation may induce high-energy currents

through the pacemaker leads, which may be suf®ciently

high to cause burn trauma to the myocardium±electrode

interface. The risk of this type of injury is much greater in

unipolar con®gurations.47 Most device manufacturers rec-

ommend that paddles are positioned as far away from the

Fig 4 The effect of high levels of interference. The intracardiac electrogram (upper panel) demonstrates a high level of interference by a sine wave.

All electrical activity above the sensing threshold is detected by the pulse generator. Escape counter behaviour is demonstrated in the middle panel.

The ECG in the lower panel demonstrates intermittent sensing. (Reproduced with permission from Sutton R, Bourgeois I. The Foundations of Cardiac

Pacing, Pt 1: an Illustrated and Practical Guide to Basic Pacing. Mount Kisco, NY: Futura Publishing Company Inc., 1991.)
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generator as possible (at least 10 cm). For generators

positioned in the left pectoral region, apex±anterior or apex±

posterior positions are advised. For generators positioned in

the right pectoral region, apex±posterior positions are more

appropriate. It is always advisable to have the appropriate

programmer available and it is always good practice to

interrogate the device after external cardioversion/de®bril-

lation.

Magnetic resonance imaging

During magnetic resonance imaging (MRI), a large mag-

netic ®eld is generated with an electromagnet, using a radio

frequency electrical signal of 30±3000 Hz. When a pace-

maker is directly within an activated MRI electromagnet,

the reed switch within the device closes and asynchronous

VVO pacing occurs. Other reported problems have included

inhibition of pacing and rapid pacing induced by the radio

frequency signal,21 22 discomfort at the pacemaker pocket

and death of the unmonitored patient.15

Another serious complication is signi®cant heating of the

electrode tip during MRI exposure. Although the clinical

effects of overheating have not been documented, studies

with devices and leads placed within the ®eld have

generated electrode tip temperatures of up to 89 °C.2 In

general, patients with pacemakers should not routinely

undergo MRI scanning. If no alternatives exist then

scanning is best done in a carefully monitored environment

with full cardiac support facilities.

Transcutaneous electrical nerve stimulation

Transcutaneous electrical nerve stimulation (TENS) is a

widely used method of analgesia. The unit delivers

electrical impulses via several skin electrodes at a frequency

of 20±110 Hz in rectangular pulses of 1±200 V at 0±60 mA.

Each pulse lasts 20 ms. Although the frequency length of the

pulse falls within that of a normal heart beat, which

theoretically may cause pacemaker inhibition, only asymp-

tomatic inhibition detected on ambulatory monitoring has

been reported.12 33 Not surprisingly, these events were only

recorded in unipolar programmed devices. In general,

TENS can be used safely in patients with bipolar pace-

makers and de®brillators, although use in close proximity to

the device is not advised.

Pacemaker programming and the use of
magnets

The pacemaker clinic and device interrogation

Regularly scheduled pacemaker clinic follow-up is an

integral part of care for a patient with an implanted cardiac

device. The three primary aims of the clinic are to predict

the end of the life of the pulse generator battery, enabling

elective replacement; to identify and permit prompt therapy

of abnormality in the pacing system; and to provide clinical

cardiological follow-up services when appropriate.

Fundamental information gained from device interroga-

tion will include the pacing mode, stimulation thresholds, an

assessment of sensing function and battery life status.

Additional information useful for pre-anaesthetic evaluation

may include a history of generator events (e.g. the frequency

of de®brillator discharges or anti-tachycardia pacing).

When planning elective surgery and anaesthesia, resched-

uling pacemaker clinic appointments before the procedure is

advisable, especially if device interrogation facilities are not

available locally.

Pacemaker magnets

Magnet-operated reed switches within pacemakers were

originally incorporated to produce pacemaker behaviour

that would demonstrate remaining battery life and some-

times pacing thresholds. Activation of the reed switch shuts

down the demand function of the device. The pacemaker

will stimulate asynchronous pacing, allowing capture veri-

®cation (see Figure 5). Some manufacturers have developed

circuitry such that when the battery approaches depletion,

the magnet pacing rate is different from the programmed

baseline rate.

Applying the magnet can induce competitive pacing. This

occurs when the magnet-induced asynchronous pacing

competes with the patient's own heart rhythm, which may

result in stimulation during a vulnerable period and

introduce the risk of arrhythmia (see Figure 6). In modern

pacemakers, the switch to asynchronous pacing is coupled

to the next cardiac event to avoid competition at the outset.

In most programmable generators, applying the magnet

over the generator opens the telemetric channel. After

magnet application, some devices will pace, for a couple of

beats, at a higher pacing rate but with shorter pulse width as

a very basic threshold test (threshold margin test). This

sequence simply con®rms and reassures that capture still

occurs at a stimulation energy level lower than what is

actually programmed.

Magnets can be used to protect the pacemaker-dependent

patient during diathermy, electrocautery or other sources of

pulsed EMI and can be applied over the pacemaker to avoid

inhibition by such pulsed interference. However, not all

pacemakers will switch to a continuous asynchronous mode

when a magnet is applied. Depending on the manufacturer

and model, possible magnet responses include: no apparent

change in rate or rhythm; brief asynchronous pacing (10±64

beats); continuous or transient loss of pacing; asynchronous

pacing without rate response. It is always advisable to

con®rm magnet behaviour before magnet use. For any

device, the manufacturer is the most reliable source of

determining magnet behaviour. This information may be

sought from the manufacturer directly or via the pacing

clinic where the patient attends follow-up.
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Evaluation of the patient with an implanted
cardiac device

Preoperative assessment

When pre-assessing a patient with an implanted cardiac

device, identi®cation of the pacemaker, determination of

pacing mode and knowledge of the primary indication for

pacing is the ®rst crucial step in anticipating normal device

behaviour. Useful information from the patient includes

details of when the device was implanted, when and where it

was last checked and the anatomical position of the current

active generator. Telemetric data of particular importance

are battery status, reset mode information and con®rmation

of satisfactory thresholds.

The 12-lead ECG is an essential routine test for all

patients considered for general anaesthesia. Although it only

provides a 12-second snapshot of rate and rhythm, useful

information can be gained from it, including con®rmation of

expected function, for example, AV synchronicity, polarity

of pacing (determined by the amplitude of the pacing

artefact on most, but not all, ECG machines) and baseline

rate.

Re-programming the device will generally not protect the

device against internal damage or reset caused by EMI.

Re-programming is generally indicated to disable rate

responsiveness and other enhancements, for example,

hysteresis (dynamic AV delay). This is particularly

important for devices with minute ventilation sensors

for rate modulation, in order to avoid inappropriate

tachycardias as a result of mechanical ventilation. Other

indications that may require re-progamming include

patients with special pacing indications, for example,

paediatric patients and patients with hypertrophic obstruct-

ive cardiomyopathy or heart failure. In patients with a heart

failure indication for pacing, echocardiography combined

with telemetric programming is advisable for optimization

of timing intervals before anaesthesia. These re-program-

ming indications also apply to implanted de®brillators.

Current American College of Cardiology/American Heart

Fig 6 Ventricular ®brillation induced by a pacing stimulus in a vulnerable phase of a ventricular extrasystole. (Reproduced with permission from

Sutton R, Bourgeois I. The Foundations of Cardiac Pacing, Pt 1: an Illustrated and Practical Guide to Basic Pacing. Mount Kisco, NY: Futura

Publishing Company Inc., 1991.)

Fig 5 Magnet application to a VVI pacemaker. A three-lead ECG is shown. The ®rst three complexes are of normal sinus rhythm with normal

atrioventricular (AV) conduction. Magnet application at the fourth complex results in ventricular pacing, which continues. Note retrograde AV

conduction with ventricular pacing. (Reproduced with permission from Sutton R, Bourgeois I. The Foundations of Cardiac Pacing, Pt 1: an

Illustrated and Practical Guide to Basic Pacing. Mount Kisco, NY: Futura Publishing Company Inc., 1991.)
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Association (ACC/AHA) guidelines also advise that all

anti-tachycardia therapy should be disabled before

anaesthesia.

If the anticipated risk of EMI is high, for example, when

electrocautery in close proximity to the generator is

required, then precautions must be taken in case of the

most extreme outcome (loss of ventricular pacing and

ventricular asystole). Speci®cally, these precautions may

include the use of magnets or temporary cardiac pacing.

When magnet behaviour is unknown or is inappropriate in

the event of ventricular asystole (i.e. does not allow

asynchronous pacing), temporary transvenous or transthor-

acic cardiac pacing is an alternative. However, the ef®cacy

of transthoracic pacing in stimulating the myocardium is

highly dependent on electrode position and the patient's

girth. If there is any doubt over its effectiveness, a

transvenous approach with a temporary pacing wire before

the procedure is recommended.

Intraoperative care

For any patient with a pacemaker, it is essential to identify

the device so that its response to electrocautery is known. In

particular, the backup mode should be determined. If

extensive close-proximity electrocautery is required and

loss of AV synchrony may compromise the patient

haemodynamically (for example, heart failure patients),

then it is advisable that a telemetric programmer and an

experienced operator is present during surgery.

During surgery, bipolar electrocautery should be used

whenever possible; if not, then the anode plate should be

positioned as far away from the pacemaker generator as

possible. Similarly, the cathode should be kept as far away

from the device as possible, the lowest possible amplitude

should be used and the operator should apply electrocautery

in short bursts rather than continuously. Careful monitoring

of the pulse, pulse oximetry and arterial pressure is essential

during electrocautery, as ECG monitoring can also be

affected by interference.

For the patient with an implanted de®brillator, facilities

for external de®brillation should be available immediately

after the device is disabled. If possible, remote pads should

be used and applied in a suitable orientation (see above).

Postoperative care

Speci®c postoperative care should include a full telemetric

check and re-programming back to the original setting if

preoperative re-programming was required. Anti-tachycar-

dia therapies of implantable de®brillators should obviously

be re-programmed to their original settings.

Summary

The assessment and management of a patient who has an

implanted cardiac device does require some special atten-

tion. Anticipation of behaviour, both of the patient and of

the device, is the key to safe management and an

uncomplicated procedure. When device interrogation facil-

ities are not available locally, the most important informa-

tion can be gained from careful history taking, inspection of

the patient's device information card and by contacting the

pacing clinic that the patient attends. Device manufacturers

are also useful sources of information and support, and

contact details are available on device identi®cation cards.
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Disturbances of Conduction 

The wave of cardiac excitation which spreads from the sinoatrial node to the 
ventricles via the conduction pathways may be delayed or blocked at any 
point. 

First Degree Block  

 

There is a delay in the conduction from the sinoatrial node to the ventricles, 
and this appears as a prolongation of the PR interval ie greater than 0.2 
seconds. It is normally benign but may progress to second degree block - 
usually of the Mobitz type I. First degree heart block is not usually a problem 
during anaesthesia. 

Second Degree Block - Mobitz Type I (Wenkebach) 

 

There is progressive lengthening of the PR interval and then failure of 
conduction of an atrial beat. This is followed by a conducted beat with a short 
PR interval and then the cycle repeats itself. This occurs commonly after an 
inferior myocardial infarction, and tends to be self limiting. It does not normally 
require treatment although a 2:1 type block may develop with haemodynamic 
instability. 

Second Degree Block - Mobitz Type II  

 

If excitation intermittently fails to pass through the AV node or the bundle of 
HIS, this is the Mobitz type II phenomenon. Most beats are conducted 
normally but occasionally there is an atrial contraction without a subsequent 
ventricular contraction. This often progresses to complete heart block and if 
recognised preoperatively will need expert assessment. 



Second Degree Block - 2:1 Type 

There may be alternate conducted and non-conducted beats, resulting in 2 P 
waves for every QRS complex - this is 2:1 block. A 3:1 block may also occur, 
with one conducted beat and two non-conducted beats. This may also herald 
complete heart block, and in some situations the placing of a temporary 
transvenous pacing wire pre-operatively would be recommended. 

Complete Heart Block 

 

There is complete failure of conduction between the atria and the ventricles. 
The ventricles are therefore excited by a slow escape mechanism from a 
focus within the ventricles. There is no relationship between the P waves and 
the QRS complexes, and the QRS complexes are abnormally shaped. This 
may occur occasionally as a transient phenomenon in theatre as a result of 
vagal stimulation, in which case it often responds to stopping surgery and 
intravenous atropine. When it occurs in association with acute inferior 
myocardial infarction, it is due to AV nodal ischaemia and is often transient. 
Very rarely it may be congenital! However if it occurs with anterior myocardial 
infarction it indicates more extensive damage including to the HIS - Purkinje 
system. It may also occur as a chronic state usually due to fibrosis around the 
bundle of HIS. 

Management 

• Isoprenaline given by intravenous infusion can be used to increase the 
ventricular rate  

• In the acute situation a temporary transvenous pacing wire may be required. A 
permanent pacemaker will be required in the longer term if the block is 
chronic and before contemplating elective surgery. 

Bundle Branch Block 



 
If the electrical impulse from the SA and AV nodes reaches the 
interventricular septum normally the PR interval will be normal. However if 
there is a subsequent delay in depolarisation of the right or left bundle 
branches, there will be a delay in depolarisation of part of the ventricular 
muscle and the QRS complex will be wide and abnormal. 
A wide complex rhythm which is present at the start of surgery on initial 
attachment of the ECG monitor is usually due to bundle branch block (BBB), 
and is not an indication for cancelling the operation. However this does 
indicate the importance of attaching the ECG monitor before induction of 
anaesthesia, particularly where a pre- operative ECG is not available. Any 
changes on the ECG during anaesthesia and surgery can then easily be 
compared to the patients ' normal' ie pre-anaesthetic ECG tracing. The 
definition of which bundle is blocked can only be achieved by analysing a full 
12 lead ECG. Two types of BBB are recognised.  

• Right Bundle Branch Block (i). This may indicate problems with the right 
side of the heart, but a right bundle branch block type pattern with a normal 
axis and QRS duration is not uncommon in normal individuals.  

• Left Bundle Branch Block (ii). This often indicates heart disease and makes 
further interpretation of the ECG other than rate and rhythm impossible. 

Other forms of BBB 
Bi-Fascicular Block (i and iii). This is a diagnosis which can only be made on a 
formal 12 lead ECG, and is included for completeness. It is the combination of 
right bundle branch block and block of the left anterior or posterior fascicle 
and appears on the ECG as a RBBB pattern with axis deviation. This 
progresses to complete heart block in a few patients. 



Tri-Fascicular Block This is the term sometimes used to indicate the presence 
of a prolonged PR interval together with a bi-fascicular block.  
 

Pre - Operative Prophylactic Pacemaker Insertion 

Where facilities allow, pacemakers are sometimes inserted prior to surgery in 
patients who are at risk of developing complete heart block perioperatively. 
Those at risk of this complication have recently been described by the 
American college of cardiology and the American heart association. A 
pacemaker should be considered for: 

• 3rd degree AV block which is symptomatic or has a ventricular escape rate of 
less than 40 beats per minute. Where the rate is greater than 40, there is 
conflicting evidence of benefit but the weight of opinion is in favour of 
pacing.  

• 2nd degree AV block of any type if there is symptomatic bradycardia.  

• Asymptomatic 2nd degree heart block or first degree block with symptoms 
suggestive of sick sinus syndrome (intermittent tachycardia and bradycardia) 
plus documented relief of symptoms with a temporary pacing wire. In both of 
these cases the weight of current opinion favours pacing.  

• Any type of bundle branch block with intermittent second or third degree 
block, or syncope should be paced.  

• Bifascicular block is relatively common in the elderly and does not require 
pacing.  

 

Detection Of Myocardial Ischaemia  

 
Cardiac events are the main cause of death following anaesthesia and 
surgery. Perioperative myocardial ischaemia is predictive of intra and post 
operative myocardial infarction. The likelihood of detection of ischaemia 
intraoperatively on the ECG is increased by the use of the CM5 lead as 
discussed above. This lead has the highest probability of detecting ischaemia, 
particularly in the lateral wall of the left ventricle which is the zone at greatest 
risk. Lead II is more likely to detect infero-posterior ischaemia and is therefore 
useful in those patients whose pre-operative ECG shows evidence of inferior 
or posterior ischaemia or infarction. 



The ECG should always be recorded from before the start of the anaesthetic 
so that any subsequent changes can be observed. ST segment depression of 
1mm or more below the isoelectric line with or without T wave changes 
indicates myocardial ischaemia. The magnitude of ST depression correlates 
with the severity but not the extent of the ischaemia. The ST segment 
depression moves progressively from up-sloping to horizontal to down-sloping 
as ischaemia worsens. Down-sloping ST segment depression may indicate 
transmural ischaemia (through the full wall thickness). 
On a 12 lead ECG full thickness myocardial infarction results in ST segment 
elevation often with the subsequent development of pathological Q waves 
(greater than 1 mm thick and 2mm deep). In subendocardial infarction - 
typically there is deep symmetrical T wave inversion. In subepicardial 
infarction - there is loss of R wave amplitude without development of Q 
waves. 
Management 

• If ST segment depression develops during anaesthesia, 100% oxygen should 
be given, the volatile agent decreased and the blood pressure and heart rate 
normalised as far as possible. It is important to maintain diastolic blood 
pressure and systemic vascular resistance, in order to maintain coronary atery 
perfusion. In this situation methoxamine (if available) in 2mg iv increments 
titrated to effect may be useful.  

• Postoperative management in a high care environment should be considered 
where possible, with oxygen therapy, adequate analgesia and correction of 
fluid and electrolyte balance being of great importance. Monitoring should be 
continued into the postoperative period as this is the time when further (often 
silent ) ischaemia and infarction may occur. Oxygen should be given to all 
high risk patients post operatively, ideally for at least 48 hours.  

 

Other Ecg Changes Seen In Theatre 

Occasionally the ECG changes shape slightly with a change in position of the 
patient or during different phases of mechanical ventilation. This usually 
causes a slight change in the position of the heart and results in the ECG 
being recorded from a different angle. It is not usually of importance.  
 



Ecg Appearance Of Abnormal Potassium 
Concentrations. 
The ECG trace may develop characteristic changes with alterations in the 
concentration of various electrolytes. It is rarely possible to diagnose these 
from the ECG alone but the reading may give arise to a suspicion which 
should be confirmed by the laboratory. 
Hyperkalaemia 

• Tall peaked T waves  

• Reduced P waves with widened QRS complexes  

• Ultimately a sine wave pattern - pre-cardiac arrest  

• Cardiac arrest in diastole 

Hypokalaemia 

• Increased myocardial excitability - any arrhythmia may occur  

• Prolonged PR interval  

• Prominent U waves  

• Enhancement of digitalis toxicity  
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Summary

Epicardial wires allow temporary pacing after cardiac surgery. Pacing is often the best, and sometimes

the only method of treating temporary rhythm disturbances in this context. Temporary epicardial

pacing has evolved from simple one-chamber systems to dual chamber, biatrial, and even biventricular

systems. The first part of this two-part review provides an overview of the management of tempo-

rary epicardial pacing systems. Factors influencing the placement of the various types of epicardial

wires and the routine care of a pacemaker-dependent patient are outlined, followed by a description

of the diagnostic use of pacing wires, how to remove wires, and when to consider transition to

permanent pacing. Special circumstances such as compatibility with magnetic resonance imaging

and intra-aortic balloon pumps are also discussed. The second part of this review will describe the

various pacing modes, and solutions to common pacing problems using various adjustable parameters.
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Knowledge of epicardial pacing is required for the intra-

and postoperative management of patients undergoing

cardiac surgery. While the majority of patients do not

require pacing to facilitate separation from cardio-

pulmonary bypass, it is difficult to select those who may

subsequently require pacing during their early postoper-

ative course. Although decisions regarding placement of

epicardial wires are seldom made solely by anaesthetists,

and indeed much of the management of pacing systems is

performed by nursing staff in the ICU, it is essential that

anaesthetists have a sound understanding of the indica-

tions for, and management of, epicardial pacing. Opti-

misation of epicardial pacing systems can markedly affect

cardiovascular stability, and so the pacemaker interacts

with every other therapy controlled by the anaesthetist.

Indications for temporary pacing

Specific electrophysiological conditions that may benefit

from temporary pacing are listed in Table 1. Whereas many

of these indications are universally accepted (such as third

degree heart block), some have yet to achieve consensus.

For example, in non-operative patients with congestive

cardiac failure with intraventricular conduction delay, it has

been recognised for some time that in permanent pacing

there is benefit to delivering the pacemaker stimuli to both

ventricles [1]. The relative timing of left and right

ventricular pacing impulses is usually optimised using

echocardiography. This technique has not been widely

employed after cardiac surgery to date, but anecdotally can

improve cardiac output after valve replacement surgery by

10–30% [2]. No currently available temporary pulse

generator can differentially pace left and right ventricles.

A satisfactory result can be obtained by connecting both left

and right wires to the same output terminals of the pulse

generator. As patients with increasingly small physiological

reserve are considered for surgery, and as the technological

challenge is small, this method of pacing may gain

popularity. If so, a pulse generator capable of independently

pacing each ventricle may become available.
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Another new potential role for temporary epicardial

pacing is in the prevention of atrial fibrillation, which is

extremely common in the period immediately following

cardiac surgery (40% in some series). The incidence can

be reduced by prophylactic simultaneous pacing of both

right and left atria [3]. Bi-atrial pacing in this context

was recently recommended by the American College of

Chest Physicians [4], but has not yet gained widespread

adoption.

Set against the physiological advantage and extra

safety afforded by one or more epicardial wires is the

small, but definite, risk they entail. Complications of

epicardial wires include infection, myocardial damage,

perforation, tamponade, and disruption of coronary

anastomoses [5, 6]. Unfortunately, these risks have

never been well quantified. Many studies have shown

that the majority of patients never require pacing. In

the light of this, some centres limit their use of

epicardial wires to patients requiring pacing immedi-

ately prior to chest closure, for indications such as

bradycardia with low cardiac output, nodal or junc-

tional arrhythmias, or AV block [7]. Whereas in one

study only 2.6% of patients without diabetes, pre-

operative arrhythmia or the need for pacing to separate

from bypass required pacing in the postop period [8],

many centres find this risk unacceptably high, and

implant at least ventricular wires in all patients. Given

the multiple inputs to surgical decision-making, this

question is unlikely to be answered in a sufficiently

powered randomised controlled trial.

Epicardial pacing wires: atrial and ⁄ or

ventricular placement

Epicardial pacing wires were historically placed only on

the right ventricle. In this position they allow ventricular

stimulation, which is usually not as mechanically efficient

as endogenous depolarisation. More importantly, there is

no co-ordinated atrial contraction. Many patients, espe-

cially those with reduced ventricular compliance (as

occurs in ischaemia), have a substantially reduced cardiac

output in the absence of atrial contraction to assist in

ventricular preloading. One study found a 25% increase in

cardiac output with atrial or A-V sequential pacing

compared to ventricular pacing [9], and the effect was

particularly pronounced in patients with low ejection

fractions [10]. For this reason, placing wires on the right

atrium is often also desirable, but this must be balanced

with the risks described above.

Epicardial wires are manufactured with a small needle on

one end. This is used to embed the wire in the myocardium,

after which the needle is cut off. Some wires are coiled to

assist fixation; others can be clipped or loosely sutured in

place. A larger needle on the other end of the wire is used to

penetrate the body wall, bringing the wire to the surface.

The lead should be sufficiently well anchored in the

myocardium to avoid premature dislodgement, while still

allowing eventual removal by gentle traction. Although the

right ventricle is the most commonly used location, there is

no agreement on optimal wire position, or even whether

the intended position should be tested intra-operatively

while there is still the opportunity for repositioning. There

are competing influences: some positions give a better

haemodynamic profile, and others preserve the longevity of

the wires [11]. This question could form the subject of a

separate review, and as the decision will seldom rest with

the anaesthetist or intensivist, it will not be discussed further

here.

Epicardial pacing wires: unipolar and bipolar

Two epicardial wire systems are in common use: unipolar

and bipolar (Figs 1 and 2). A unipolar system consists of a

single wire (the negative anode) attached to the epi-

cardium, with the positive electrode attached at a distance

in the subcutaneous tissues. Which wire is which must be

clearly marked at the ends protruding through the skin.

The alternative bipolar system involves a single wire with

two conductors insulated from one another, which both

Table 1 Electrophysiological abnormalities that may benefit
from temporary cardiac pacing [25, 26].

Conduction abnormality
Prolonged AV delay (common after cardiac surgery;
artificially shortening this using AV sequential pacing
may improve mechanical coupling between the atria
and ventricles)

AV block: third degree, or type II second degree
During the insertion of a pulmonary artery catheter in a patient
with left bundle branch block (although this is noted to be
controversial)

Bifasicular block with first degree block
New onset bifasicular block (indicative of active ischaemia)
Prolonged QT syndrome in the presence of significant
bradycardia (to prevent torsades de pointes)

Tachycardia
AV junctional tachycardia (common after cardiopulmonary bypass):
may be terminated by a brief period of pacing, which can then
be discontinued

To terminate re entrant SVT or VT
Type I atrial flutter (rate < 320–340 beats.min)1)

Prophylactic
Bradycardia-dependent ventricular tachycardia
Prophylaxis of atrial fibrillation

Other
Sinus bradycardia (as an alternative to pharmacologic treatment)
To restore AV mechanical synchrony in underlying third degree
block, AV junctional or ventricular rhythms

Hypertrophic obstructive cardiomyopathy (in particular if effective
in reducing systolic anterior motion of the anterior mitral
leaflet)

Following heart transplantation
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run to the epicardial surface. The negative anode is

usually the more distal. The ends of the conductors are

8 mm apart in one commonly used wire (the Medtronic

bipolar coaxial 6495: Medtronic, Minneapolis, MN). As

the current must travel a much shorter distance between

electrode tips, the electrical potential required to bring

the myocardium to threshold is less than in the unipolar

system. This makes bipolar electrodes more suitable for

use in dual chamber applications, as the likelihood

of between-chamber interference is less when smaller

potential differences are applied. As explained below,

epicardial wires are also used by pacemakers to sense

endogenous electrical activity. The smaller current path of

bipolar electrodes makes them less susceptible to electrical

interference when performing the sensing function. The

larger current in a unipolar system creates much larger

pacing spikes on the surface ECG.

By informal convention, wires attached to the right

atrium are brought out through the skin on the right of

the sternum, and those from the right ventricle emerge on

the left. Again, the wire that should be connected to the

negative terminal of the pulse generator (epicardial for

unipolar; distal epicardial for bipolar) should be marked;

this is achieved by colour coding wires or with adhesive

tags, according to local convention.

A major problem with all epicardial wires is the

development of an inflammatory reaction around the

wire ⁄ myocardium interface. Inflammation is accelerated

when higher energy is applied, which is one reason to limit

pacemaker energy output. Unfortunately, the only remedy

for increased resistance is the application of increased

current or voltage – which further increases the inflamma-

tion. As bipolar electrodes require less energy to begin with,

they may have a greater longevity in pacing compared to

a unipolar system [12, 13]. Epicardial wires usually fail to

sense and capture after a few days. Increases in stimulation

threshold typically occur after 4 days in both atrial and

ventricular wires [14], and failure to pace is observed in

> 60% right and > 80% left atrial wires after 5 days [15].

Other than minimising the initial energy delivered to

the wire, techniques employed to extend wire longevity

include variations in placement site (which must be

balanced against haemodynamic optimisation) and the use

of steroids. High dose systemic steroids are sometimes given

to patients whose permanent pacemaker wires exhibit

rapidly increased thresholds in the first few days. However,

for patients with permanent pacing systems, this has largely

been replaced by the use of steroid-eluting endovascular

pacing wires. At present, steroid-eluting epicardial wires

are only available for permanent placement in paediatrics.

The efficacy of systemic steroids in extending the longevity

of temporary pacing wires has not been studied.

Diagnostic use of pacing wires

If not required for the transmission of a pacemaker

impulse, atrial pacemaker wires can be used to create an

atrial electrogram (AEG). Though seldom used, in some

circumstances the atrial electrogram may be the best

method of differentiating atrial and junctional arrhyth-

mias, and in defining the nature of an AV block.

On many modern ECG recorders, there are three

leads made specifically for this purpose: two for the

bipolar atrial wires and a third for a skin electrode on

the patient’s flank. When the AEG channel is set to

lead I, the potential between the tips of the two atrial

electrodes is recorded (a ‘bipolar’ recording). This

shows a large deflection with atrial depolarisation, but

almost no signal with ventricular depolarisation. When

set to lead II or III, the potential between one of the

wires and the skin electrode is recorded (a ‘unipolar’

recording). In comparison to the bipolar recording, a

larger ventricular signal is recorded. Alternatively, on an

+ve terminal

–ve terminal

Figure 1 Unipolar epicardial pacing electrodes.

+ve terminal

–ve terminal

Figure 2 Bipolar epicardial pacing electrodes.
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ECG machine without specific AEG leads, the con-

nectors that usually go to the right and left arm leads

can instead be attached to the bipolar atrial pacing

wires. In this arrangement, a bipolar AEG will be

similarly recorded in lead I, and a unipolar AEG in

leads II or III. The only disadvantage of this system is

the inability to record simultaneously from the standard

chest leads; for this reason some recommend connect-

ing the pacing wires to the chest leads instead.

Analysis of the AEG is useful in a number of situations,

particularly in some forms of heart block. Sinus node exit

block (resulting in dropped P waves), second degree AV

block, and third degree block with isorhythmic AV

dissociation are all more easily diagnosed. The AEG

allows timing of sinus depolarisation as opposed to P wave

activity and also the identification of sinus or other atrial

activity that might otherwise be lost within an ectopic

depolarisation. A more detailed treatment of the use of

AEGs is presented elsewhere [16].

Alternatives to epicardial pacing wires

Epicardial wires are not the only means of temporary

pacing after cardiac surgery. Alternative means of deliver-

ing the potential difference from the pacemaker box to the

myocardium include a temporary transvenous wire, an

electrode attached to an oesophageal probe, and transcu-

taneous electrodes. It is possible to pace the atrium using a

temporary transvenous ‘J-tip’ wire lodged in the right atrial

appendage, but this is technically difficult to place.

Temporary transvenous wires are more commonly used

to stimulate ventricular depolarisation. Oesophageal and

transcutaneous pacing may depolarise large areas of the

myocardium simultaneously, but the effect is usually

similar to ventricular pacing. If pacing is an anticipated

requirement after cardiac surgery, epicardial wires are the

preferred technique. They more reliably sustain capture

and are less prone to dislodgement and infection than a

temporary transvenous wire, and do not require sedation as

often do transcutaneous pacing or an oesophageal probe.

General care of a patient with epicardial wires

Epicardial pacemaker wires are a low resistance con-

nection to the heart. This creates the potential for

microshock-induced arrhythmia, particularly ventricular

fibrillation. Patients must be nursed in a cardiac-protected

electrical environment, which implies adequately isolated

electrical equipment and measures to prevent build-up of

static electricity (absence of carpet, for example). Wires

should only be handled with non-conductive gloves, and

a large metal object (the bed, for example) should be

touched first to discharge static potential prior to touching

the wires. The wires should be protected in a non-con-

ductive container (for example, a plastic syringe barrel)

when not in use.

To minimise unwanted electrical interference, by

default, modern digital ECG monitors apply a high

frequency filter to the incoming signal. In most cases this

filters out the brief pacemaker spike, making it difficult to

tell whether a pacing stimulus is being delivered. This can

be overcome on most modern monitors by selecting the

‘pacemaker’ mode, which will record each spike, often

highlighted with a marker. The small skin potentials

created by bipolar leads in particular may be difficult

to detect, and it may be necessary to inspect a variety

of leads. Extracardiac, high frequency interference may

become problematic, in which case the monitor can be

returned to its usual mode after pacing diagnostics have

occurred.

Electrical pacemaker output does not necessarily

equate to mechanical capture of the myocardium, and

as such it is helpful to have a monitor demonstrating

the timing of cardiac contraction. An arterial pressure

tracing or pulse oximeter waveform are the most

readily available, and can usually be printed next to the

ECG on a cardiac rhythm strip. This is much more

helpful than attempts at analysing the moving screen

image. If attempting to find pacing settings that

produce optimal cardiac output, it is also helpful to

have a high time-resolution monitor of cardiac output,

such as echocardiography, continuous cardiac output

pulmonary artery catheter, mixed venous oxygen, or

one of the pulse contour analysis devices.

Pacemaker-dependent patients are at risk of pacemaker

system failure or pacemaker-generated arrhythmia, and as

a minimum should have continuous ECG monitoring

and immediate access to a cardiac defibrillator with the

capacity for transcutaneous pacing.

Daily checks

Every day (and ideally with each change of nursing shift),

a number of checks should be made on the pacing system.

If the patient is cardiovascularly unstable for reasons

unrelated to pacing, these other problems should be

addressed before altering any pacing settings.

Underlying rhythm

The need for ongoing pacing should be regularly

reassessed. This is best done by turning down the

pacing rate and allowing the endogenous rhythm to

appear. This is a better strategy than turning down the

pacing energy output until capture is lost, as there may

be no underlying rhythm at all. It is occasionally

impossible to re-establish capture once it has been lost –
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leading to potential disaster if the underlying rhythm is

inadequate.

Sensitivity

The ‘sensitivity’ (as numerically represented on the pacing

generator) is the minimum current that the pacemaker is

able to sense. A lower number thus corresponds to a greater

sensitivity. This paradox causes considerable confusion.

To check the sensitivity, the pacemaker rate should be

set below the endogenous rate (if present), and placed in

VVI, AAI or DDD modes. An explanation of the various

pacing modes is presented in part 2 of this review. The

sensitivity number is increased (making the pacemaker less

sensitive) until the sense indicator stops flashing. Pacing

should then occur asynchronously in the chamber being

tested. This should not be allowed to persist for too long

because there is a risk of precipitating atrial or ventricular

fibrillation if the pacing spike is delivered late in the

repolarisation phase (an artificial ‘R-on-T’). The sensi-

tivity number is then turned down (making the pace-

maker more sensitive) until the sense indicator flashes

with each endogenous depolarisation (in time with the P

or R wave on the surface ECG). The number at which

this first occurs is the pacing threshold. Most institutional

protocols recommend leaving the pacing generator set at

half the pacing threshold, to allow for detection of

abnormally small signals, and for the possibility that peri-

lead fibrosis over the course of the day will reduce the

current transmitted to the pacemaker.

If there is no endogenous rhythm, it is impossible to

determine the pacemaker sensitivity, in which case the

sensitivity is typically set to 2 mV.

As explained in Part 2 of this review, if the sensitivity

value is too low (i.e. the pacemaker is too sensitive), there

may be inappropriate sensing of far field signals such as R

or T waves, which may inappropriately inhibit pacing.

Capture threshold

The capture threshold is the minimum pacemaker output

required to stimulate an action potential in the myo-

cardium. The capture threshold should not be checked if

there is no underlying rhythm (which will have been

established in the first step of these checks), for fear of

losing and not being able to regain capture. If this is the

case, careful continuous attention should be paid to the

development of occasional missed beats, which (other

causes having been excluded) will indicate a rise in the

capture threshold and a need to increase the pacing

output.

If it is safe to check the pacing threshold, the pacemaker

rate should be set above the patient’s endogenous rate,

such that the chamber of interest is being consistently

paced. The pacemaker energy output is then reduced

until a QRS complex no longer follows each pacing

spike. This is the capture threshold. Typically, the output

is left at twice the threshold, again to allow a margin of

safety. However, if the threshold is > 10 mA, the margin

of safety is set to a lesser value, so as not to accelerate

fibrosis at the lead ⁄ myocardium interface.

Rate

Cardiac output is the product of stroke volume and heart

rate. After a point, as heart rate increases, stroke volume

falls, so each patient will have an optimal heart rate for

cardiac output. However, increased cardiac output driven

by heart rate comes at the cost of increased oxygen

consumption. In practice, the optimal heart rate is rarely

accurately titrated to cardiac output and is usually left at

80–90 beats.min)1 after the above adjustments are made.

As a transition to complete reliance on endogenous

rhythm, some advocate a period of ‘backup’ pacing (with

the pacemaker set at around 40 beats.min)1), which

allows the patient to remain in an endogenous rhythm

until the point of significant haemodynamic compromise.

This approach has the advantage of allowing the sensing

threshold of the pacemaker to be continuously monit-

ored. If full pacing is again required, it can be commenced

with the confidence that the pacing threshold will not

have become too excessive.

Other pacing variables

The battery indicator should be checked. The appro-

priate pacing mode for the patient should be reassessed

as described in part 2 of this review. The less

commonly adjusted variables, such as the maximum

tracking rate, AV interval, and post ventricular (pacing

spike) atrial refractory period (PVARP) should be

noted. These are also described in part 2. In practice,

once these have been set (or left on automatic) and the

pacemaker is functioning well in the desired mode,

there is no reason to retest regularly whether they

remain optimal.

Pulse generators in common use

The Medtronic 5388 (Medtronic, Minneapolis, MN) and

St Jude Medical 3085 (St Jude Medical, Sylmar, CA) are

examples of currently marketed dual chamber temporary

pulse generators, and the St Jude 3077 (St Jude Medical)

and Medtronic 5348 (Medtronic) are single chamber

devices (Fig. 3). The manufacturers’ instructions for

setting the various parameters are readily available in

electronic format [17–19]. The different pacing modes

and other variables that can be adjusted are the subject of

the second part of this review. Typical settings are shown

in Table 2.
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Removal of the epicardial wires

Pacing wires should be removed only after therapeutic

heparin has been discontinued and before warfarin is

commenced. They are removed by constant gentle trac-

tion, allowing the motion of the heart to assist dislodge-

ment from the epicardial surface. Excessive traction should

not be applied: occasionally the wires are caught by a tight

suture either in the epicardium or somewhere along their

course through the chest. In this case they should be pulled

as far as is felt safe, and cut as close to the skin as possible.

This will allow the cut ends to retract. There is no evidence

that wires left like this have any adverse effect.

After lead removal the patient should be observed for a

few hours, as there is a small (but ill defined) risk of

tamponade at this point. Other complications noted with

epicardial wire removal include ventricular arrhythmia

[20] and damage to coronary anastomoses [21].

Considerations for transition to a permanent

pacemaker

Rarely, a patient will remain dependent on epicardial

pacing after cardiac surgery and may require implantation

of a permanent pacemaker. The optimal timing for this

decision will depend on the clinical course, but at 4–

5 days it is reasonable to consider this option as by then

many epicardial wires will have begun to fail. The patient

should not be anticoagulated at the time of pacemaker

box implantation.

Risk factors for requiring permanent pacing after

cardiac surgery include age, pre-operative bundle branch

block, prolonged cardiopulmonary bypass, and sub-

optimal intra-operative myocardial protection [6]. Com-

mon indications for permanent pacing after cardiac

surgery include complete heart block, sinus node dys-

function (sick sinus syndrome and other tachy–brady

syndromes), slow ventricular response to atrial fibrillation,

and second degree Mobitz type II heart block with an

inadequate ventricular rate.

Special circumstances

Magnetic resonance imaging (MRI)

MRI involves the application of both magnetic fields

and radiofrequency pulses. A temporary pulse generator

contains too much ferrous material to be allowed into the

magnetic field with the patient. MRI is therefore not

possible in a patient dependent on temporary epicardial

(b) (c)(a)

Figure 3 Commonly used temporary pulse generators. (a) Medtronic model 5388 (Medtronic, Minneapolis, MN, USA). (b) Med-
tronic model 5348 (Medtronic). (c) St Jude models 3085 (left) and 3077 (right) (St Jude Medical, Sylmar, CA, USA). Photographs
provided by St Jude Medical and Medtronic.

Table 2 Typical pacemaker settings.

Atrial and ventricular output 10 mA or V (10–20 mA or 10–20 V)

PR interval ⁄ AV delay 150 ms (20–300 ms) or ‘auto’,
determined by rate

Lower rate limit (‘rate’) 40 (backup); 80–100 (pacing)
Atrial overdrive stimulation up to 800 ppm
Atrial sensitivity 5 mV (0.4–10 mV)
Ventricular sensitivity 5 mV (0.8–20 mV)
PVARP 250 ms or ‘auto’, determined by

rate
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pacing. Whether a patient with epicardial wires in place,

which are not being used, may have an MRI scan is more

controversial. There is at least theoretical concern that a

current could be induced in the epicardial wire by either

the pulsating movement of the wire in the magnetic field,

or the effect of the MRI radiofrequency pulse. Such a

current could potentially precipitate an arrhythmia [22].

Energy transfer to the wire will also cause heating, with

an increase of up to 20 �C at the electrode tip [23].

For this reason, most authorities agree that MRI is

not advisable while epicardial leads remain in place. In

contrast, patients with retained epicardial wires that have

been cut off at the skin (and hence have no long

‘antennae’) have undergone MRI safely [24].

Intra-aortic balloon pump (IABP)

If the IABP is timed according to a cardiac monitor with

the high frequency filter disabled (to allow pacing spikes to

become visible), the spikes may be misinterpreted by the

IABP as QRS complexes. In the case of isolated ventricular

pacing, the adverse effect of this small timing difference can

be easily overcome by manual adjustment of the IABP

timing parameters. However, if both atrial and ventricular

spikes are misread as two QRS complexes, this will not

be possible to correct. Either the IABP should be timed

according to the arterial pulse, or the high frequency filter

applied. This problem is lessened with bipolar leads, which

have a smaller ECG representation than unipolar leads.

Conclusion

The first part of this review has concentrated on the

selection and routine management of temporary epi-

cardial pacing systems. The second part will describe the

indications for the various pacing modes and the optimal

methods of troubleshooting the most common problems.
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Practice Advisory for the Perioperative Management of
Patients with Cardiac Rhythm Management Devices:
Pacemakers and Implantable Cardioverter–Defibrillators

A Report by the American Society of Anesthesiologists Task Force on Perioperative
Management of Patients with Cardiac Rhythm Management Devices

PRACTICE advisories are systematically developed re-
ports that are intended to assist decision making in areas
of patient care. Advisories provide a synthesis and anal-
ysis of expert opinion, clinical feasibility data, open
forum commentary, and consensus surveys. Advisories
are not intended as standards, guidelines, or absolute
requirements. They may be adopted, modified, or re-
jected according to clinical needs and constraints.

The use of practice advisories cannot guarantee any
specific outcome. Practice advisories summarize the
state of the literature and report opinions derived from a
synthesis of task force members, expert consultants, open
forums, and public commentary. Practice advisories are not
supported by scientific literature to the same degree as
standards or guidelines because of the lack of sufficient
numbers of adequately controlled studies. Practice adviso-
ries are subject to periodic revision as warranted by the
evolution of medical knowledge, technology, and practice.

Methodology

A. Definition of Cardiac Rhythm Management
Devices
For this Advisory, a cardiac rhythm management de-

vice (CRMD) refers to any permanently implanted car-
diac pacemaker or any implantable cardioverter–defibril-
lator (ICD). The term CRMD also refers to any cardiac
resynchronization device. The term CRT refers to a
CRMD that provides cardiac resynchronization therapy
using biventricular pacing techniques. Generic pace-
maker and defibrillator codes are provided in appendix
1. Note that every ICD includes both pacing and shock
therapies for the management of bradyarrhythmias and
tachyarrhythmias.

B. Purposes of the Advisory
The purposes of this Advisory are to (1) facilitate safe

and effective perioperative management of the patient
with a CRMD and (2) reduce the incidence of adverse
outcomes. Perioperative management refers to the pre-
operative, intraoperative, postoperative or recovery pe-
riod in any setting where an anesthesia provider delivers
anesthesia care. Adverse outcomes associated with a
CRMD include (but are not limited to) damage to the
device, inability of the device to deliver pacing or
shocks, lead–tissue interface damage, changes in pacing
behavior, electrical reset to the backup pacing mode, or
inappropriate ICD therapies.* Adverse clinical outcomes
include (but are not limited to) hypotension, tachyarrhyth-
mia or bradyarrhythmia, myocardial tissue damage, and
myocardial ischemia or infarction. Other related outcomes
may include extended hospital stay, delay or cancellation of
surgery, readmission to manage device malfunction, or
additional hospital resource utilization and cost.

C. Focus
This Advisory focuses on the perioperative manage-

ment of patients who have a preexisting, permanently
implanted CRMD for treatment of bradyarrhythmia,
tachyarrhythmia, or heart failure. Both inpatient and
outpatient procedures are addressed by this Advisory.
This Advisory does not address the perioperative man-
agement of any patient undergoing CRMD implantation
or revision. It is not applicable to any patient (1) without

Additional material related to this article can be found on the
ANESTHESIOLOGY Web site. Go to http://www.anesthesiology.
org, click on Enhancements Index, and then scroll down to
find the appropriate article and link. Supplementary material
can also be accessed on the Web by clicking on the “Arti-
clePlus” link either in the Table of Contents or in the HTML
version of the article.
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* Inappropriate ICD therapy refers to the delivery of antitachycardia therapy
(paced or shock) in the absence of a clinically indicated tachyarrhythmia. Inap-
propriate ICD therapy can harm a patient by inducing ischemia, worsening the
arrhythmia, or causing the patient to move during a delicate procedure.
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a permanently implanted pacemaker or ICD, (2) with a
temporary CRMD, (3) with a noncardiac implantable
device (e.g., neurologic or spinal cord stimulator), or (4)
with an implantable mechanical cardiac assist device
(e.g., ventricular assist device). This Advisory does not
address any procedure where there are no known peri-
operative CRMD concerns, such as diagnostic radiation
(e.g., x-ray studies, fluoroscopy, or mammograms), com-
puted tomography scans, or ultrasound.

D. Application
This Advisory is intended for use by anesthesiologists

and all other individuals who deliver or who are respon-
sible for anesthesia care. The Advisory may also serve as
a resource for other physicians and healthcare profes-
sionals who treat patients with CRMDs.

E. Task Force Members and Consultants
The American Society of Anesthesiologists (ASA) ap-

pointed a Task Force of 12 members to (1) review and
assess currently available scientific literature, (2) obtain
expert consensus and public opinion, and (3) develop a
practice advisory. The Task Force members consisted of
anesthesiologists and cardiologists in private and aca-
demic practices from various geographic areas of the
United States and two methodologists from the ASA
Committee on Practice Parameters.

The Task Force used a six-step process. First, they
reached consensus on the criteria for evidence of effec-
tive perioperative management of cardiac rhythm man-
agement devices. Second, original published articles
from peer-reviewed journals relevant to these issues
were evaluated. Third, consultants who had expertise or
interest in CRMDs and who practiced or worked in
various settings (e.g., academic and private practice)
were asked to (1) participate in opinion surveys on the
effectiveness of various perioperative management strat-
egies and (2) review and comment on a draft of the
Advisory developed by the Task Force. Fourth, additional
opinions were solicited from random samples of active
members of both the ASA and the Heart Rhythm Society
(HRS).† Fifth, the Task Force held an open forum at a
national anesthesia meeting and at a major cardiology meet-
ing to solicit input on the key concepts of this Advisory.
Sixth, all available information was used to build consensus
within the Task Force on the Advisory.

The draft document was made available for review on the
ASA Web site, and input was invited via e-mail announce-
ment to all ASA members. All submitted comments were
considered by the Task Force in preparing the final draft.

F. Availability and Strength of Evidence
Practice advisories are developed by a protocol similar

to that of an ASA evidence-based practice guideline,
including a systematic search and evaluation of the liter-
ature. However, practice advisories lack the support of a
sufficient number of adequately controlled studies to
permit aggregate analyses of data with rigorous statistical
techniques such as meta-analysis. Nonetheless, litera-
ture-based evidence from case reports and other descrip-
tive studies is reported. This literature often permits the
identification of recurring patterns of clinical practice.

As with a practice guideline, formal survey information
was collected from Consultants and members of the ASA.
For this Advisory, surveys were also sent to members of the
HRS. Additional information was obtained from open fo-
rum presentations and other invited and public sources.
The advisory statements contained in this document rep-
resent a consensus of the current spectrum of clinical
opinion and literature-based findings.‡

Advisories

I. Preoperative Evaluation
Perioperative treatment of CRMD patients is a com-

mon occurrence. It has been reported that more than
500,000 individuals in the United States have perma-
nently implanted pacemakers or ICDs with 115,000 new
devices implanted each year.1 Perioperative manage-
ment of CRMD patients typically begins with a focused
preoperative evaluation consisting of (1) establishing
whether a patient has a CRMD, (2) defining the type of
device, (3) determining whether a patient is CRMD de-
pendent for antibradycardia pacing function, and (4)
determining device function.

Although no controlled trials of the clinical impact of
performing a focused preoperative evaluation for CRMD
patients were found, case reports suggest that incom-
plete preoperative examination of patients with CRMDs
may lead to adverse outcomes (e.g., inhibited CRMD
function, asystole).2–4 The majority of Consultants and
random samples from the ASA and HRS memberships
agree that the above four preoperative evaluation activ-
ities should be conducted.§

Advisory. The consensus of the Task Force is that a
focused preoperative evaluation should include establish-
ing whether a patient has a CRMD, defining the type of
device, determining whether a patient is CRMD dependent
for pacemaking function, and determining CRMD function.

Determining whether a patient has a CRMD should be
based on (1) a focused history including but not limited
to the patient interview, medical records review, review
of available chest x-ray films, electrocardiogram, or any
available monitor or rhythm strip information and (2) a
focused physical examination (checking for scars, pal-
pating for device).

† Formerly North American Society of Pacing and Electrophysiology (NASPE).

‡ Refer to appendix 2 for a summary of the advisories.

§ Refer to appendix 3 for results of the Consultant, ASA membership, and HRS
membership surveys.
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Defining the type of device is accomplished by (1)
obtaining the manufacturer’s identification card from the
patient or other source, (2) ordering chest x-ray studies if
no other data are available,� or (3) referring to supplemen-
tal resources (e.g., manufacturer’s databases, pacemaker
clinic records, consultation with a cardiologist).

Cardiac rhythm management device dependency for
pacemaking function may be determined by one or more
of the following: (1) a verbal history or an indication in
the medical record that the patient has experienced a
bradyarrhythmia that has caused syncope or other symp-
toms requiring CRMD implantation, (2) a history of suc-
cessful atrioventricular nodal ablation that resulted in
CRMD placement, or (3) a CRMD evaluation that shows
no evidence of spontaneous ventricular activity when
the pacemaking function of the CRMD is programmed to
VVI pacing mode at the lowest programmable rate.

Cardiac rhythm management device function is ideally
assessed by a comprehensive evaluation of the device.5

If a comprehensive evaluation is not possible, then, at a
minimum, confirm whether pacing impulses are
present and create a paced beat. Consultation with a
cardiologist or CRMD service may be necessary. Contact-
ing the manufacturer for perioperative recommenda-
tions may be a consideration.

II. Preoperative Preparation
Preparation for patient safety and proper maintenance

of the device during a procedure includes (1) determin-
ing whether electromagnetic interference (EMI) is likely
to occur during the planned procedure; (2) determining
whether reprogramming the CRMD pacemaking func-
tion to an asynchronous pacing mode or disabling any
special algorithms, including rate adaptive functions, is
needed; (3) suspending antitachyarrhythmia functions if
present; (4) advising the individual performing the proce-
dure to consider use of a bipolar electrocautery system or
ultrasonic (harmonic) scalpel to minimize potential adverse
effects of EMI on the pulse generator or leads; (5) assuring
the availability of temporary pacing and defibrillation
equipment; and (6) evaluating the possible effects of anes-

thetic techniques on CRMD function and patient–CRMD
interactions.

Numerous descriptive studies and case reports suggest
that the following procedures are likely to be associated
with EMI: (1) electrocautery,6–11 (2) radio frequency
ablation,12–20 (3) magnetic resonance imaging (MRI),21–31

and (4) radiation therapy.32–34 No studies were found that
reported EMI during electroconvulsive therapy (ECT).
Some descriptive studies report the occurrence of EMI
during lithotripsy,35,36 whereas other descriptive studies
and case reports indicate no apparent EMI effects.37–39 No
controlled trials of the clinical impact of programming the
pacemaking function to an asynchronous mode for a pro-
cedure were found. Although some case reports suggest
that such reprogramming is beneficial during electrocau-
tery,40–42 other reports indicate that EMI may continue to
affect reprogrammed pacemakers.43,44 The literature lacks
sufficient guidance regarding the potential perioperative
impact of anesthetic techniques on CRMD function. The
majority of Consultants as well as the samples of ASA and
HRS members agree that it should be determined whether
EMI is likely to occur before a planned procedure. The
majority of Consultants agree that a CRMD’s rate-adaptive
therapy should be turned off before a procedure, whereas
the ASA and HRS members are equivocal. The majority of
Consultants and HRS members disagree that all patients’
CRMDs should be programmed to an asynchronous mode
before surgery, whereas the ASA members are equivocal. In
addition, the majority of Consultants and HRS members
agree that pacemaker-dependent patients’ CRMDs should
be programmed to an asynchronous mode before surgery,
whereas the ASA members are again equivocal. The major-
ity of Consultants and ASA and HRS members agree that (1)
suspending antitachyarrhythmia functions if present, (2)
advising the individual performing the procedure to con-
sider use of a bipolar electrocautery system to minimize
potential adverse effects of EMI on the pulse generator or
leads, (3) assuring the availability of temporary pacing and
defibrillation equipment, and (4) evaluating the possible
effects of anesthetic techniques on CRMD function and
patient–CRMD interactions are important steps in promot-
ing patient safety and successfully treating patients with
CRMDs. The Consultants and ASA members agree and the
HRS members are equivocal regarding the consideration of
using an ultrasonic scalpel.

Advisory. The Task Force agrees that planned proce-
dures should include a determination as to whether EMI is
likely to occur for either conventional pacemakers or ICDs.

If EMI is likely to occur, the conventional pacing func-
tion of a CRMD should be altered by changing to an
asynchronous pacing mode# in pacemaker-dependent
patients and suspending special algorithms, including
rate-adaptive functions. These alterations may be accom-
plished by programming or applying a magnet when
applicable.** However, the Task Force cautions against
the use of the magnet over an ICD.†† In addition, an

� Most current CRMDs have an x-ray code that can be used to identify the
manufacturer of the device.

# The VVT mode (with attention to the upper rate limit) might also be
considered for a patient with ventricular ectopy where concern exists regarding
R-on-T pacing during an asynchronous pacing mode. However, the upper pacing
rate during VVT mode is manufacturer- and possibly generator-specific and can
approach 200 beats/min for many devices. Generally, VVT mode pacing would
not be a consideration except in very rare circumstances. Before using the VVT
mode, a cardiologist and the generator manufacturer should be consulted to
determine the suitability of the upper pacing rate for any patient.

** A magnet correctly applied to a pacemaker often results in asynchronous
pacemaker function at a predetermined rate without rate responsiveness. The
magnet rate and response varies by manufacturer. Magnet response can be
affected by programming and remaining battery life. The magnet rate may be
excessive for some patients. Some pacemakers may have no magnet response.

†† Magnet application to an ICD rarely alters bradycardia pacing rate and
function. A magnet correctly applied to an ICD often results in suspension of
tachyarrhythmia therapy. For most ICDs, there is no reliable means to detect
appropriate magnet placement. Some ICDs may have no magnet response. Some
ICDs can be permanently disabled by magnet application.
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ICD’s antitachyarrhythmia functions should be sus-
pended, if present. For ICD patients who depend on
pacing function for control of bradyarrhythmia, these
functions should be altered by programming as noted
above. Consultation with a cardiologist or pacemaker–
ICD service may be necessary.

For all CRMDs, consider advising the individual per-
forming the procedure to use a bipolar electrocautery
system or an ultrasonic scalpel when applicable. Tem-
porary pacing and defibrillation equipment should be
immediately available before, during, and after a
procedure.

Finally, the Task Force believes that anesthetic tech-
niques do not influence CRMD function. However, an-
esthetic-induced physiologic changes (i.e., cardiac rate,
rhythm, or ischemia) in the patient may induce unex-
pected CRMD responses or adversely affect the CRMD–
patient interaction.

III. Intraoperative Management
The primary activities associated with intraoperative

management of a CRMD include (1) monitoring the
operation of the device; (2) preventing potential CRMD
dysfunction; and (3) performing emergency defibrilla-
tion, cardioversion, or heart rate support.

1. Monitoring. Intraoperative monitoring includes
continuous electrocardiography as well as monitoring of
the peripheral pulse (e.g., palpation of the pulse, auscul-
tation of heart sounds, monitoring of a tracing of intraar-
terial pressure, ultrasound peripheral pulse monitoring,
or pulse plethysmography or oximetry).45 Although no
controlled trials were found that examine the clinical
impact of electrocardiography or peripheral pulse mon-
itoring for CRMD patients, case reports note the impor-
tance of intraoperative electrocardiographic monitoring
in the detection of pacemaker or cardiac dysfunction for
these patients.4,46–50 The majority of Consultants and
ASA and HRS members agree that (1) continuous elec-
trocardiographic monitoring should be done for all
CRMD patients and (2) continuous peripheral pulse
monitoring should be conducted.

Advisory. Electrocardiography and peripheral pulse
monitoring are important components of perioperative
treatment of patients with CRMDs. The Task Force
agrees that a patient’s electrocardiogram should be con-
tinuously displayed, as required by ASA standards, from
the beginning of anesthesia until the patient is trans-
ferred out of the anesthetizing location, with additional
electrocardiographic monitoring in the postoperative
period as indicated by the patient’s medical condi-
tion.45,51 The Task Force believes that these standards

should apply to all CRMD patients receiving general or
regional anesthesia, sedation, or monitored anesthesia
care. Continuous peripheral pulse monitoring should be
performed for all CRMD patients receiving general or
regional anesthesia, sedation, or monitored anesthesia
care. If unanticipated device interactions are found, con-
sider discontinuation of the procedure until the source
of interference can be eliminated or managed.

2. Managing Potential Sources of EMI. Procedures
using electrocautery, radiofrequency ablation, litho-
tripsy, MRI, or radiation therapy may damage CRMDs or
interfere with CRMD function, potentially resulting in
severe adverse outcomes. Sources of EMI are often
unique to specific procedures, and the management of
each of these potential EMI sources is reported sepa-
rately below.

A. Electrocautery. Management of potential sources of
EMI associated with electrocautery includes (1) assuring
that the cautery tool and current return pad‡‡ are posi-
tioned so that the current pathway does not pass
through or near the CRMD pulse generator and leads; (2)
avoiding proximity of the cautery’s electrical field to the
pulse generator or leads; (3) using short, intermittent,
and irregular bursts at the lowest feasible energy levels;
and (4) using a bipolar electrocautery system or an ul-
trasonic (harmonic) scalpel, if possible.

Two case reports52,53 and one observational study54

suggest that EMI may occur despite positioning the cur-
rent return pad as far as possible away from the gener-
ator and leads. However, the majority of Consultants and
ASA and HRS members agree that the current return pad
should be positioned so that the electrosurgical current
pathway does not pass through or near the CRMD pulse
generator or leads.

One case report suggested that application of unipolar
electrocautery on the sternum resulted in complete
pacemaker inhibition.55 Although some manufacturers
suggest substituting bipolar for monopolar electrocau-
tery to minimize CRMD interactions, no clinical litera-
ture was found to support this recommendation. The
majority of Consultants and ASA and HRS members agree
that direct contact between the electrocautery system
and the CRMD pulse generator or its leads should be
avoided.

Although no recent studies were found examining the
benefit of using short, intermittent bursts at the lowest
feasible energy levels, earlier literature§§ suggests that
short, intermittent bursts may be useful in completing
procedures without no1table EMI interference.56–60 The
majority of Consultants and ASA and HRS members agree
that short, intermittent bursts should be performed.

Finally, case reports suggest that surgery for pace-
maker patients may proceed uneventfully when bipolar
electrocautery systems42,43,46 or harmonic scalpels61,62 are
used. The majority of Consultants and ASA and HRS mem-
bers agree that bipolar electrocautery systems should be

‡‡ Although commonly referred to as the “grounding pad,” most operating
room power supplies in the United States are ungrounded.

§§ See appendix 3 for an explanation of the term earlier literature.
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used when possible. The majority of Consultants and ASA
members agree that harmonic scalpels should be used
when possible, and HRS members are equivocal.

B. Radiofrequency Ablation. Management of potential
sources of EMI associated with radiofrequency ablation
primarily involves keeping the radiofrequency current
path (electrode tip to current return pad) as far away
from the pulse generator and lead system as possible.
One observational study reports 3 of 12 cases that re-
sulted in a significant decrease in resistance on the pace-
maker leads when radiofrequency ablation was used in
proximity to the leads.63 One case report suggests that
positioning of the radiofrequency ablation cluster elec-
trode no closer than 5 cm from the pacer leads allowed
the procedure to continue uneventfully.40 The majority
of Consultants and ASA and HRS members agree that the
individual performing the procedure should avoid direct
contact between the ablation catheter and the CRMD
and leads and should keep the radiofrequency ablation
current path as far away from the pulse generator and
lead system as possible.

C. Lithotripsy. Management of potential sources of EMI
associated with lithotripsy includes (1) avoiding focus of
the lithotripsy beam near the pulse generator and (2)
disabling atrial pacing if the lithotripsy system triggers
on the R wave. The literature is silent regarding the
benefits of focusing the lithotripsy beam away from the
pulse generator as well as the benefits of disabling atrial
pacing during lithotripsy. The majority of Consultants
and ASA and HRS members agree that focusing the lith-
otripsy beam near the pulse generator should be
avoided, and all three groups are equivocal regarding
whether atrial pacing should be disabled before a pro-
cedure if the lithotripsy system triggers on the R wave.

D. Magnetic Resonance Imaging. The literature is not
sufficiently rigorous to examine the effects of specific
management activities related to CRMD patients receiv-
ing MRI. Some descriptive studies and case reports sug-
gest that MRI may be completed without notable EMI
under specific circumstances and with appropriate pa-
tient qualification and monitoring.30,31,64–71 However,
other literature generally suggests that MRI is contrain-
dicated.21–29 The majority of Consultants and ASA and
HRS members generally agree that MRI is contraindi-
cated for all CRMD patients.

E. Radiation Therapy. The literature does not provide
sufficient guidance regarding specific management activ-
ities related to CRMD patients undergoing radiation ther-
apy. However, none of the Consultants or HRS members
and only 10% of the ASA members agree that radiation

therapy is contraindicated for all CRMD patients. Fifty-
seven percent of the Consultants, 59% of the HRS mem-
bers, and 37% of the ASA members agree that radiation
therapy is contraindicated for some but not all CRMD
patients, whereas 43% of the Consultants, 41% of the
HRS members, and 53% of the ASA members agree that
radiation therapy is not contraindicated for any CRMD
patient.

F. Electroconvulsive Therapy. No clinical studies were
found that report EMI effects or permanent CRMD mal-
function associated with ECT. One study reports two
cases where patients’ ICDs were turned off before ECT
but does not report the effect of the therapy on ICD
function.72 However, the author indicates that treatment
with ECT might be associated with significant cardiac
risks. Transient electrocardiographic changes (e.g., in-
creased P-wave amplitude, altered QRS shape, T-wave
and ST-T abnormalities) may result from ECT, and addi-
tional cardiac complications (e.g., arrhythmia or isch-
emia) may occur in patients with preexisting cardiac
disease. Finally, physiologic stresses after ECT, such as a
period of bradycardia and reduced blood pressure, fol-
lowed by tachycardia and an increase in blood pressure,
may account for cardiac failure in the extended postop-
erative period (i.e., several hours or days after ECT)
among patients with marginal cardiac function.

Advisory. The Task Force believes that EMI could be
minimized during certain procedures using a variety of
intraoperative management techniques.

The Task Force agrees that the risk of intraoperative
interference from electrocautery systems may be mini-
mized by (1) positioning the cautery tool and current
return pad so that the current pathway does not pass
through or near the CRMD system� �; (2) avoiding prox-
imity of the cautery’s electrical field to the pulse gener-
ator and leads, including avoidance of waving the acti-
vated electrode over the generator##; (3) using short,
intermittent, and irregular bursts at the lowest feasible
energy levels; and (4) using bipolar electrocautery sys-
tems or ultrasonic (harmonic) scalpels if possible. Advis-
ing or reminding the individual performing the proce-
dure to implement these management techniques
should be considered.

Risk of interference from radiofrequency ablation may
be reduced by avoiding direct contact between the ab-
lation catheter and the pulse generator and leads and by
keeping the radiofrequency’s current path (electrode tip
to current return pad) as far away from the pulse generator
and leads as possible. During all radiofrequency ablative
procedures, consider discussing with the individual per-
forming the procedure any concerns regarding the prox-
imity of the ablation catheter to the CRMD leads.

During lithotripsy, the lithotripsy beam should not be
focused near the pulse generator. If the lithotripsy sys-
tem triggers on the R wave, atrial pacing might need to
be disabled before the procedure.

� � For some cases, the electrosurgical receiving plate will need to be placed
on a site different from the thigh. For example, in head and neck cases, the
receiving plate can be placed on the posterior superior aspect of the shoulder
contralateral to the generator position.

## An inhibitory effect could occur even when the active electrode of the
electrocautery is not touching the patient.
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The Task Force believes that MRI is generally contra-
indicated for CRMD patients. If MRI must be performed,
consult with the ordering physician, the patient’s pace-
maker specialist or cardiologist, the diagnostic radiolo-
gist, and the CRMD manufacturer.

The Task Force believes that radiation therapy can be
safely performed for CRMD patients.*** The device must
be outside the field of radiation. Therefore, some pulse
generators will require surgical relocation before com-
mencing radiation. Most manufacturers recommend ver-
ification of pulse generator function during and at the
completion of radiation. Problems may include pace-
maker failure and runaway pacemaker.†††

Although transient or long-term myocardial and ner-
vous system effects may be associated with ECT, the
Task Force believes that such therapies may be admin-
istered to CRMD patients without significant damage to
a disabled CRMD. If ECT must be performed, consult
with the ordering physician and the patient’s cardiolo-
gist to plan for the first and subsequent ECTs. All CRMDs
should undergo a comprehensive interrogation before
the procedure(s). ICD functions should be disabled for
shock therapy during ECT; however, be prepared to
treat ventricular arrhythmias that occur secondary to the
hemodynamic effects of ECT. CRMD-dependent patients
may require a temporary pacing system to preserve car-
diac rate and rhythm during shock therapy. Also, the
CRMD may require programming to asynchronous activ-
ity to avoid myopotential inhibition of the device in
pacemaker-dependent patients.

3. Emergency Defibrillation or Cardioversion.
During the perioperative period, emergency defibrilla-
tion or cardioversion may become necessary for a CRMD
patient. In this case, the primary concern is to minimize
the current flowing through the pulse generator and lead
system. Recent and earlier case reports suggest that
optimal positioning of the defibrillation or cardioversion
pads or paddles may be an important factor in the pre-
vention of adverse CRMD-related outcomes.73–77 The
majority of Consultants and ASA and HRS members agree
that the defibrillation or cardioversion pads should be
positioned as far as possible from the pulse generator.
The majority of Consultants and ASA and HRS members
also agree that the anterior–posterior position should be
used and that a clinically appropriate energy output
should be used regardless of the type of CRMD.

Advisory. The Task Force believes that before at-
tempting emergency defibrillation or cardioversion of a
patient with an ICD and magnet-disabled therapies, all

sources of EMI should be terminated, and the magnet
should be removed to reenable antitachycardia therapies.
The patient should then be observed for appropriate
CRMD therapy. For patients with an ICD and antiarrhyth-
mic therapies that have been disabled by programming,
consider reenabling therapies through programming. If the
above activities do not restore ICD function, proceed with
emergency external defibrillation or cardioversion.

Overriding the above discussion is the need to follow
existing Advanced Cardiac Life Support and emergency
guidelines78 to provide rapid cardioversion or defibrilla-
tion, and attention should be turned to providing this
therapy as quickly as possible.

If a life-threatening arrhythmia occurs, follow Ad-
vanced Cardiac Life Support guidelines for energy level
and for paddle placement. If possible, attempt to mini-
mize the current flowing through the pulse generator
and lead system by (1) positioning the defibrillation or
cardioversion pads or paddles as far as possible from the
pulse generator and (2) positioning defibrillation or car-
dioversion pads or paddles perpendicular to the major
axis of the CRMD pulse generator and leads to the extent
possible by placing them in an anterior–posterior loca-
tion. A clinically appropriate energy output should al-
ways be used regardless of the presence of a CRMD, and
the paddles should be positioned as best as can be done
in an emergency.

IV. Postoperative Management
Postoperative treatment of CRMD patients primarily

consists of interrogating and restoring CRMD function.
Although no recent studies were found examining out-
comes associated with interrogating or restoring CRMD
function, an earlier case report indicates that postoper-
ative evaluation resulted in the discovery and correction
of a pacemaker problem.79 The majority of Consultants
and ASA and HRS members agree that postoperative
patient treatment should include interrogating and re-
storing CRMD function in the postanesthesia care unit or
intensive care unit.

Advisory. The Task Force believes that cardiac rate
and rhythm should be continuously monitored through-
out the immediate postoperative period. Backup pacing
capability and cardioversion–defibrillation equipment
should be immediately available at all times.

Postoperative interrogation and restoration of CRMD
function are basic elements of postoperative manage-
ment. The CRMD first should be interrogated to assess
postoperative device functions. If interrogation deter-
mines that CRMD settings are inappropriate, the device
should be reprogrammed to appropriate settings. For an
ICD, all antitachyarrhythmic therapies should be re-
stored. Consultation with a cardiologist or pacemaker–
ICD service may be necessary.

*** Radiation shielding may not be feasible for some patients because of the
size and weight of the shield. This may be compensated for by relocating the
generator.

††† Runaway pacemaker is a potentially catastrophic pulse generator mal-
function characterized by the sudden onset of rapid, erratic pacing. Runaway
pacemaker is the result of multiple internal component failure, and it is relatively
uncommon in modern devices. Circuitry in modern pacemakers (and ICDs)
limits the runaway pacing rate to less than 210 beats/min.
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Appendix 1: Generic Pacemaker and
Defibrillator Codes

The generic pacemaker and defibrillator codes were developed as
joint projects by the North American Society of Pacing and Electro-

physiology (NASPE)‡‡‡ and the British Pacing and Electrophysiology
Group (BPEG).80,81 The five positions refer to the order of the pro-
grammed settings on the CRMD (tables 1 and 2).

Table 1. Generic Pacemaker Code (NBG*): NASPE/BPEG Revised (2002)

Position I, Pacing
Chamber(s)

Position II, Sensing
Chamber(s)

Position III, Response(s) to
Sensing

Position IV,
Programmability

Position V, Multisite
Pacing

O � none O � none O � none O � none O � none
A � atrium A � atrium I � inhibited R � rate modulation A � atrium
V � ventricle V � ventricle T � triggered V � ventricle
D � dual (A � V) D � dual (A � V) D � dual (T � I) D � dual (A � V)

Examples:

AAI � Atrial-only antibradycardia pacing. In the AAI mode, any failure of the atrium to produce an intrinsic event within the appropriate time window (determined by the lower
rate limit) results in an atrial pacing pulse emission. There is no ventricular sensing; thus, a premature ventricular event will not likely reset the pacing timer.

AOO � Asynchronous atrial-only pacing. In this mode, the pacing device emits a pacing pulse regardless of the underlying cardiac rhythm.

DDD � Dual-chamber antibradycardia pacing function in which every atrial event, within programmed limits, is followed by a ventricular event. The DDD mode
implies dual-chamber pacing with atrial tracking. In the absence of intrinsic activity in the atrium, it will be paced, and, after any sensed or paced atrial
event, an intrinsic ventricular event must occur before the expiration of the atrioventricular timer or the ventricle will be paced.

DDI � Dual-chamber behavior in which the atrial activity is tracked into the ventricle only when the atrial event is created by the antibradycardia pacing function
of the generator. In the DDI mode, the ventricle is paced only when no intrinsic ventricular activity is present.

DOO � Asynchronous atrioventricular sequential pacing without regard to the underlying cardiac rhythm.

VOO � Asynchronous ventricular-only pacing without regard to the underlying cardiac rhythm.

VVI � Ventricular-only antibradycardia pacing. In the VVI mode, any failure of the ventricle to produce an intrinsic event within the appropriate time window
(determined by the lower rate limit) results in a ventricular pacing pulse emission. There is no atrial sensing; thus, there can be no atrioventricular synchrony
in a patient with a VVI pacemaker and any intrinsic atrial activity.

* NBG: N refers to NASPE, B refers to BPEG, and G refers to generic.

Table 2. Generic Defibrillator Code (NBD): NASPE/BPEG

Position I, Shock
Chamber(s)

Position II,
Antitachycardia

Pacing Chamber(s)
Position III,

Tachycardia Detection

Position IV,*
Antibradycardia

Pacing Chamber(s)

O � none O � none E � electrogram O � none
A � atrium A � atrium H � hemodynamic A � atrium
V � ventricle V � ventricle V � ventricle
D � dual (A � V) D � dual (A � V) D � dual (A � V)

* For robust identification, position IV is expanded into its complete NBG code. For example, a biventricular pacing–defibrillator with ventricular shock and
antitachycardia pacing functionality would be identified as VVE-DDDRV, assuming that the pacing section was programmed DDDRV. Currently, no hemodynamic
sensors have been approved for tachycardia detection (position III).

‡‡‡ Now called the Heart Rhythm Society (HRS).
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Appendix 2: Summary of Practice Advisory

Preoperative Evaluation
● Establish whether a patient has a CRMD.

- Conduct a focused history (patient interview, medical records review, review of available chest x-ray films, electrocardiogram, or any available monitor
or rhythm strip information).

- Conduct a focused physical examination (check for scars, palpate for device).
● Define the type of CRMD.

- Obtain manufacturer’s identification card from patient or other source.
- Order chest x-ray studies if no other data are available.
- Refer to supplemental resources (e.g., manufacturer’s databases).

● Determine dependency on pacing function of the CRMD.
- History of symptomatic bradyarrhythmia resulting in CRMD implantation.
- History of successful atrioventricular nodal ablation.
- Inadequate escape rhythm at lowest programmable pacing rate.

● Determine CRMD function.
- Interrogate device (consultation with a cardiologist or pacemaker–ICD service may be necessary).
- Determine whether the device will capture when it paces (i.e., produce a mechanical systole with a pacemaker impulse).
- Consider contacting the manufacturer for perioperative recommendations.

Preoperative Preparation
● Determine whether EMI is likely to occur during the planned procedure.
● Determine whether reprogramming pacing function to asynchronous mode or disabling rate responsive function is advantageous.
● Suspend antitachyarrhythmia functions if present.
● Advise individual performing the procedure to consider use of a bipolar electrocautery system or ultrasonic (harmonic) scalpel.
● Temporary pacing and defibrillation equipment should be immediately available.
● Evaluate the possible effects of anesthetic techniques and of the procedure on CRMD function and patient CRMD interactions.

Intraoperative Management
● Monitor operation of the CRMD.

- Conduct electrocardiographic monitoring per ASA standard.
- Monitor peripheral pulse (e.g., manual pulse palpation, pulse oximeter plethysmogram, arterial line).

● Manage potential CRMD dysfunction due to EMI.
- Electrocautery.

y Assure that the electrosurgical receiving plate is positioned so that the current pathway does not pass through or near the CRMD system. For
some cases, the receiving plate might need to be placed on a site different from the thigh (e.g., the superior posterior aspect of the shoulder
contralateral to the generator position for a head and neck case).

y Advise individual performing the procedure to avoid proximity of the cautery’s electrical field to the pulse generator or leads.
y Advise individual performing the procedure to use short, intermittent, and irregular bursts at the lowest feasible energy levels.
y Advise individual performing the procedure to reconsider the use of a bipolar electrocautery system or ultrasonic (harmonic) scalpel in place of a

monopolar electrocautery system, if possible.
- Radiofrequency ablation.

y Advise individual performing the procedure to avoid direct contact between the ablation catheter and the pulse generator and leads.
y Advise individual performing the procedure to keep the radiofrequency’s current path as far away from the pulse generator and lead system as possible.

- Lithotripsy.
y Advise individual performing the procedure to avoid focusing the lithotripsy beam near the pulse generator.
y If the lithotripsy system triggers on the R wave, consider preoperative disabling of atrial pacing.

- MRI.
y MRI is generally contraindicated in patients with CRMDs.
y If MRI must be performed, consult with the ordering physician, the patient’s cardiologist, the diagnostic radiologist, and the CRMD manufacturer.

- Radiation therapy.
y Radiation therapy can be safely performed in patients who have CRMDs.
y Surgically relocate the CRMD if the device will be in the field of radiation.

- Electroconvulsive therapy.
y Consult with the ordering physician, the patient’s cardiologist, a CRMD service, or the CRMD manufacturer.

● Emergency defibrillation or cardioversion.
- For a patient with an ICD and magnet-disabled therapies:

y Advise individual performing the procedure to terminate all sources of EMI while magnet is removed.
y Remove the magnet to reenable antitachycardia therapies.
y Observe the patient and the monitors for appropriate CRMD therapy.
y If the above activities do not restore ICD function, proceed with emergency external defibrillation or cardioversion.

- For a patient with an ICD and programming-disabled therapies:
y Advise individual performing the procedure to terminate all sources of EMI while magnet is removed.
y Reenable therapies through programming if the programmer is immediately available and ready to be used.
y Observe the patient and the monitors for appropriate CRMD therapy.
y If the above activities do not restore ICD function, proceed with emergency external defibrillation or cardioversion.

- For external defibrillation:
y Position defibrillation/cardioversion pads or paddles as far as possible from the pulse generator.
y Position defibrillation/cardioversion pads or paddles perpendicular to the major axis of the CRMD to the extent possible by placing them in an

anterior–posterior location.
y If it is technically impossible to place the pads or paddles in locations that help to protect the CRMD, defibrillate/cardiovert the patient in the

quickest possible way and be prepared to provide pacing through other routes.
y Use a clinically appropriate energy output.

Postoperative Management
● Continuously monitor cardiac rate and rhythm and have backup pacing and defibrillation equipment immediately available throughout the immediate

postoperative period.
● Interrogate and restore CRMD function in the immediate postoperative period.

- Interrogate CRMD; consultation with a cardiologist or pacemaker–ICD service may be necessary.
- Restore all antitachyarrhythmic therapies in ICDs.
- Assure that all other settings of the CRMD are appropriate.

Refer to Table 3 for an example of a stepwise approach to the perioperative treatment of the patient with a CRMD.

ASA � American Society of Anesthesiologists; CRMD � cardiac rhythm management device; EMI � electromagnetic interference; ICD � implantable
cardioverter–defibrillator; MRI � magnetic resonance imaging.
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Table 3. Example of a Stepwise Approach to the Perioperative Treatment of the Patient with a CRMD

Perioperative Period Patient/CRMD Condition Intervention

Preoperative evaluation Patient has CRMD ● Focused history
● Focused physical examination

Determine CRMD type (pacemaker,
ICD, CRT)

● Manufacturer’s CRMD identification card
● Chest x-ray studies (no data available)
● Supplemental resources*

Determine whether patient is CRMD-
dependent for pacing function

● Verbal history
● Bradyarrhythmia symptoms
● Atrioventricular node ablation
● No spontaneous ventricular activity†

Determine CRMD function ● Comprehensive CRMD evaluation‡
● Determine whether pacing pulses are present and create paced beats

Preoperative preparation EMI unlikely during procedure ● If EMI unlikely, special precautions are not needed

EMI likely: CRMD is pacemaker ● Reprogram to asynchronous mode when indicated
● Suspend rate-adaptive functions§

EMI likely: CRMD is ICD ● Suspend antitachyarrhythmia functions
● If patient is dependent on pacing function, alter pacing functions as above

EMI likely: all CRMD ● Use bipolar cautery; ultrasonic scalpel
● Temporary pacing and external cardioversion–defibrillation available

Intraoperative physiologic changes
likely (e.g., bradycardia, ischemia)

● Plan for possible adverse CRMD–patient interaction

Intraoperative
management

Monitoring ● Electrocardiographic monitoring per ASA standard
● Peripheral pulse monitoring

Electrocautery interference ● CT/CRP—no current through PG/leads
● Avoid proximity of CT to PG/leads
● Short bursts at lowest possible energy
● Use bipolar cautery; ultrasonic scalpel

Radiofrequency catheter ablation ● Avoid contact of radiofrequency catheter with PG/leads
● Radiofrequency current path far away from PG/leads
● Discuss these concerns with operator

Lithotripsy ● Do not focus lithotripsy beam near PG
● R wave triggers lithotripsy? Disable atrial pacing�

MRI ● Generally contraindicated
● If required, consult ordering physician, cardiologist, radiologist, and

manufacturer

RT ● PG/leads must be outside of RT field
● Possible surgical relocation of PG
● Verify PG function during/after RT course

ECT ● Consult with ordering physician, patient’s cardiologist, a CRMD service, or
CRMD manufacturer

Emergency defibrillation–
cardioversion

ICD: magnet disabled ● Terminate all EMI sources
● Remove magnet to reenable therapies
● Observe for appropriate therapies

ICD: programming disabled ● Programming to reenable therapies or proceed directly with external
cardioversion–defibrillation

ICD: either of above ● Minimize current flow through PG/leads
● PP as far as possible from PG
● PP perpendicular to major axis PG/leads
● To extent possible, PP in anterior–posterior location

Regardless of CRMD type ● Use clinically appropriate cardioversion/defibrillation energy

Postoperative
management

Immediate postoperative period ● Monitor cardiac R&R continuously
● Backup pacing and cardioversion/defibrillation capability

Postoperative interrogation and
restoration of CRMD function

● Interrogation to assess function
● Settings appropriate?#
● Is CRMD an ICD?**
● Use cardiology/pacemaker–ICD service if needed

* Manufacturer’s databases, pacemaker clinic records, cardiology consultation. † With cardiac rhythm management device (CRMD) programmed VVI at lowest
programmable rate. ‡ Ideally CRMD function assessed by interrogation, with function altered by reprogramming if required. § Most times this will be
necessary; when in doubt, assume so. � Atrial pacing spikes may be interpreted by the lithotriptor as R waves, possibly inciting the lithotriptor to deliver a shock
during a vulnerable period in the heart. # If necessary, reprogram appropriate settings. ** Restore all antitachycardia therapies.

CRP � current return pad; CRT � cardiac resynchronization therapy; CT � cautery tool; ECT � electroconvulsive therapy; EMI � electromagnetic interference;
ICD � internal cardioverter–defibrillator; MRI � magnetic resonance imaging; PG � pulse generator; PP � external cardioversion–defibrillation pads or paddles;
R&R � rhythm and rate; RT � radiation therapy.
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Appendix 3: Literature Review and
Consensus-based Evidence

A. State of the Literature
For this Advisory, a literature review was used in combination with

opinions obtained from experts and other sources (e.g., professional
society members, open forums, Web-based postings) to provide guid-
ance to practitioners regarding the perioperative treatment of patients
with CRMDs. Both the literature review and opinion data were based
on evidence linkages, consisting of directional statements about rela-
tions between specific perioperative management activities and CRMD
function or clinical outcomes.

A study or report that appears in the published literature is included
in the development of an advisory if the study (1) is related to one of
the specified linkage statements, (2) reports a finding or set of findings
that can be tallied or measured (e.g., articles that contain only opinion
are not included), and (3) is the product of an original investigation or
report (i.e., review articles or follow-up studies that summarize previ-
ous findings are not included). Because CRMDs represent a rapidly
changing technology, earlier literature (i.e., literature published before
1990) was rarely included in the evaluation of evidence for this Prac-
tice Advisory.

Although evidence linkages are designed to assess causality, few of
the reviewed studies exhibited sufficiently acceptable quantitative
methods and analyses to provide a clear indication of causality. There-
fore, the published literature could not be used as a source of quanti-
tative support (required for the development of practice guidelines).
However, many published studies were evaluated that provided the
Task Force with important noncausal evidence. For example, descrip-
tive literature (i.e., reports of frequency or incidence) is often useful in
providing an indication of the scope of a problem. Information regard-
ing whether a particular adverse outcome is common or rare may have
considerable bearing on the practicality of an advisory. Case reports
are typically used as a forum for reporting and recognizing unusual or
adverse outcomes and may suggest caution when devising an advisory.

For the literature review, potentially relevant studies were identified
via electronic and manual searches of the literature. The electronic
search covered a 39-yr period from 1966 through 2004. The manual
search covered a 45-yr period from 1961 through 2005. More than
1,500 citations were initially identified, yielding a total of 411 nonover-
lapping articles that addressed topics related to the evidence linkages.
After review of the articles, 283 studies did not provide direct evidence
and were subsequently eliminated. A total of 128 articles (from 39
journals) contained direct linkage-related evidence. No evidence link-
age contained enough studies with well-defined experimental designs
and statistical information to conduct a quantitative analysis (i.e.,
meta-analysis).

Interobserver agreement among Task Force members and two meth-
odologists was established by interrater reliability testing. Agreement
levels using a � statistic for two-rater agreement pairs were as follows:
(1) type of study design, � � 0.72–0.90; (2) type of analysis, � �
0.80–0.90; (3) evidence linkage assignment, � � 0.84–1.00; and (4)
literature inclusion for database, � � 0.70–1.00. Three-rater chance-
corrected agreement values were (1) study design, Sav � 0.81, Var
(Sav) � 0.010; (2) type of analysis, Sav � 0.86, Var (Sav) � 0.009; (3)
linkage assignment, Sav � 0.82, Var (Sav) � 0.005; and (4) literature
database inclusion, Sav � 0.78, Var (Sav) � 0.031. These values
represent moderate to high levels of agreement.

Future studies should focus on prospective methodologies, when
possible, that use traditional hypothesis testing techniques. Use of the
following methodologic procedures for assessing the impact of peri-
operative management of CRMDs is recommended: (1) comparison
studies (i.e., one technique vs. another) when clinically feasible; (2)
randomization; and (3) full reporting of sample size, effect size esti-
mates, test scores, measures of variability, and P values.

B. Consensus-based Evidence
Consensus was obtained from multiple sources, including (1) survey

opinion from Consultants who were selected based on their knowl-
edge or expertise in perioperative management of CRMDs, (2) survey
opinions from randomly selected samples of active members of the
American Society of Anesthesiologists and active members of the HRS,
(3) testimony from attendees of two publicly held open forums at a
national anesthesia meeting and at a major cardiology meeting,§ § §
(4) Internet commentary, and (5) Task Force opinion and interpreta-
tion. The survey rate of return was 56% (n � 23 of 41) for Consultants,
15% (n � 89 of 600) for the ASA membership, and 15% (n � 44 of 300)
for the HRS membership. Survey results are presented in the text of the
document and in table 4.

The ASA Consultants were also asked to indicate which, if any, of the
evidence linkages would change their clinical practices if the Advisory
was instituted. The rate of return was 39% (n � 16 of 41). The percent
of responding Consultants expecting no change associated with each
linkage were as follows: preoperative evaluation—67%; preoperative
patient preparation—67%; intraoperative monitoring of CRMDs—
67%; emergency defibrillation or cardioversion—87%; postoperative
monitoring of CRMDs—73%; postoperative interrogation and restora-
tion of CRMD function—60%; intraoperative management of EMI dur-
ing: electrocautery—73%, radiofrequency ablation—73%, lithotripsy—
80%, MRI—80%, radiation therapy—80%, and electroconvulsive
therapy—73%. Forty percent of the respondents indicated that the
Advisory would have no effect on the amount of time spent on a typical
case. Nine respondents (60%) indicated that there would be an in-
crease in the amount of time they would spend on a typical case with
the implementation of this Advisory. The amount of increased time
anticipated by these respondents ranged from 5 to 30 min.

§ § § International Anesthesia Research Society; 78th Clinical and Scientific
Congress, Tampa, Florida, March 28, 2004, and NASPE Heart Rhythm Society
Annual Meeting, San Francisco, California, May 20, 2004.
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Table 4. Consultant and Membership Survey Responses: Percent Agreement/Disagreement*

Survey Item

Consultants ASA Members HRS Members

n % Agree/Disagree n % Agree/Disagree n % Agree/Disagree

1. To perform a preoperative evaluation:
Establish whether a patient has a CRMD. 23 100/0 89 100/0 44 100/0
Define the type of device. 23 100/0 87 95/0 44 100/0
Determine whether a patient is CRMD dependent for

pacemaking function.
23 96/0 89 96/0 44 96/4

Determine CRMD function. 23 96/0 89 88/3 44 71/11
2. To prepare a CRMD patient for a procedure:

Determine whether EMI is likely to occur. 23 96/4 89 91/2 44 96/2
Turn pacemaking rate-adaptive therapy off. 23 52/35 89 35/35 44 34/34
Program pacemaking function to asynchronous mode:

All CRMD patients. 22 0/82 88 21/48 43 9/84
Pacemaker-dependent patients only. 22 73/23 83 47/27 43 54/28

Suspend antitachyarrhythmia functions. 21 86/5 87 54/21 43 63/21
Consider using a bipolar electrocautery system (when

applicable).
22 91/0 86 90/2 44 77/14

Consider using an ultrasonic (harmonic) scalpel (when
applicable).

22 68/18 88 63/3 44 34/9

Assure the availability of temporary pacing and
defibrillation equipment.

22 100/0 87 95/1 44 89/7

Consider the possible effects of anesthetic agents or
techniques on CRMD function.

22 64/18 86 779 44 66/21

3. Intraoperative monitoring should include:
Continuous electrocardiography. 23 100/0 88 100/0 44 100/0
Continuous peripheral pulse monitoring. 23 96/0 88 86/11 44 61/18

4. For procedures using electrocautery:
Position the electrosurgical receiving plate so current

pathway does not pass through or near the generator or
leads.

23 100/0 88 97/0 44 96/0

Avoid proximity of the cautery’s electrical field to the
pulse generator or leads.

23 100/0 87 100/0 44 96/2

Use short, intermittent, and irregular bursts at the lowest
feasible energy levels.

23 96/0 87 83/2 44 91/7

Use a bipolar electrocautery system (when applicable). 23 91/0 88 94/1 44 84/2
Use an ultrasonic (harmonic) scalpel (when applicable). 23 57/13 88 65/1 44 41/9

5. For radiofrequency ablation:
Avoid direct contact between the ablation catheter and

the CRMD and leads.
23 83/0 87 76/0 44 91/2

Keep the current path (electrode tip to return plate) as far
away from the pulse generator and lead system as
possible.

23 87/0 87 78/0 44 89/5

6. For lithotripsy:
Avoid focusing the lithotripsy beam near the pulse

generator.
23 91/0 86 78/1 44 86/0

If the lithotripsy system triggers on the R wave, disable
atrial pacing before procedure.

23 39/26 86 38/13 44 39/9

7. For MRI:†

MRI is contraindicated for all CRMD patients. 21 81 79 80 44 55
MRI is contraindicated for some but not all CRMD

patients.
21 19 79 18 44 39

MRI is not contraindicated for any CRMD patient. 21 0 79 2 44 6
8. For RT:†

RT is contraindicated for all CRMD patients. 21 0 73 10 44 0
RT is contraindicated for some but not all CRMD patients. 21 57 73 37 44 59
RT is not contraindicated for any CRMD patient. 21 43 73 53 44 41

9. For emergency defibrillation or cardioversion:
Position the defibrillation or cardioversion pads as far as

possible from the pulse generator.
23 83/0 87 69/13 44 91/7

Use an anterior–posterior position. 23 74/9 84 61/6 44 68/25
Use a clinically appropriate energy output regardless of

the device.
23 100/0 87 87/0 44 100/0

10. To treat CRMD patients postoperatively:
Interrogate and restore CRMD function in the PACU or

ICU.
23 96/4 88 98/1 44 77/21

* The percentages of respondents who agreed/disagreed with each item are presented. The percentages of respondents who were uncertain are not
presented. † Respondents were asked to select one of the three choices. Therefore, the numbers represent percent agreement only.

ASA � American Society of Anesthesiologists; CRMD � cardiac rhythm management device; EMI � electromagnetic interference; HRS � Heart Rhythm Society;
ICU � intensive care unit; MRI � magnetic resonance imaging; PACU � postanesthesia care unit; RT � radiation therapy.
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Cardiac arrhythmias are a signi®cant cause of morbidity and

mortality in the perioperative period. While literature on

antiarrhythmic agent use in postoperative and non-surgical

intensive care settings is expanding, randomized clinical

trials examining the use of these agents in the perioperative

period are scarce. Nonetheless, as our understanding of the

relevant molecular targets for manipulating cardiac excit-

ability grows, the range of options for treating arrhythmias

during surgery expands. In the sections that follow, these

molecular targets are used as a basis for clinical manage-

ment strategies for arrhythmias in adults during surgery and

anaesthesia. In addition, the controversy surrounding

droperidol and its reported proarrhythmic effects will be

addressed. Finally, since pacemakers and implantable

cardioverter-de®brillators (ICD) have gained widespread

use in the treatment of tachyarrhythmias and bradyarrhyth-

mias, a basic understanding of their perioperative function

and management is discussed.

Basic science

Ion channel mechanisms

Antiarrhythmic pharmacology is focused primarily on the

cardiac ion channels and adrenergic receptors as drug

targets. The number of drug targets for antiarrhythmic

therapy is expanding exponentially, and detailed discussion

is provided in recent reviews.41 Recognizing this com-

plexity, it is still useful to consider the ion channel targets in

three general classes (based on the cation they conduct):

sodium (Na+), calcium (Ca2+) and potassium (K+) channels.

Virtually all drugs that modulate the heart rhythm work

through the adrenergic receptor/second-messenger systems,

through one or more of the ion channel classes, or both. The

classi®cation scheme provided (Table 1) is not exhaustive,

but lists the agents currently available for use in the US in

i.v. form.1 55 Although the molecular targets are distinctive,

the drug receptor sites among the ion channel classes are

highly homologous, causing some of the `class overlap'

(and clinical side-effects) associated with antiarrhythmic

therapy.

Drug effects on the surface ECG can be predicted from

their effects on the cardiac action potential, which in turn

result from activity towards molecular targets (Fig. 1). The

action potential represents the time-varying transmembrane

potential of the myocardial cell during the cardiac cycle. As

such, the ECG can be viewed as the ensemble average of the

action potentials arising from all myocardial cells, and is

biased toward the activity of the left ventricle because of its

greater overall mass. The trajectory of the cardiac action

potential is divided into ®ve distinct phases, which re¯ect

changes in the predominant ionic current ¯owing during the

cardiac cycle (Fig. 2). The current responsible for `phase 0',

the initial period of the action potential, initiates impulse

conduction through the cardiac tissue. A critical feature of

arrhythmia management is the understanding that the

current responsible for impulse initiation in the atria and

ventricles differs from that of the sinoatrial (SA) and

atrioventricular (AV) nodes. In the atria and ventricles, the

impulse is initiated by Na+ current through Na+ channels.

Hence, drugs that suppress Na+ current (class I agents,

Fig. 1) slow myocardial conduction and prolong the QRS

complex (ventricle) and the P wave (atrium). In AV and SA

nodal cells, phase 0 is produced by Ca2+ current through

L-type Ca2+ channels. Drugs that suppress Ca2+ current

therefore slow the atrial rate (by acting on the SA node), and

also slow conduction through the AV node. The latter effect

prolongs the PR interval on the ECG, making the AV node a

more ef®cient `®lter' for preventing rapid trains of atrial

beats from passing into the ventricle (hence the rationale for

AV nodal blockade during supraventricular tachyarrhyth-

mias (SVT), see below). Because Ca2+ currents do not
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initiate impulse propagation in the atria and ventricles, these

agents only slow the ventricular response to atrial

tachycardia, and usually do not acutely terminate arrhyth-

mias arising in either the atrium or the ventricle.

The later phases of the action potential (phases 1, 2 and 3;

Fig. 1) inscribe repolarization. The long plateau (phase 2) is

maintained by Ca2+ current and is terminated (phase 3) by

K+ current. Hence, the QT interval on the ECG re¯ects the

length of the action potential, and is determined by a

delicate balance between these and many other smaller

inward and outward currents. Drugs that reduce Ca2+

current, namely those with class II or class IV activity,

abbreviate the action potential plateau, shorten the QT

interval and reduce the inward movement of Ca2+ into the

cardiac cell. Hence, all agents that reduce Ca2+ current have

the clinical potential to act as negative inotropes.

Conversely, agents with class IA or III activity block

outward K+ current, prolonging the action potential and the

QT interval on the ECG. The electrophysiological mani-

festations of QT prolongation may be either therapeutic or

arrhythmogenic, as discussed below (Re-entry, automaticity

and arrhythmias).

During phase 4 (Fig. 1) the properties in SA and AV

nodal tissue are again distinctive from those in atrial and

ventricular muscle. Nodal cells spontaneously depolarize

(`pace'), and activation of the adenosine A1 receptor

triggers outward K+ currents5 that hyperpolarize the nodal

cell and oppose pacing. Since atrial and ventricular tissues

are normally hyperpolarized, adenosine has little or no

effect in these tissues. However, in SA and AV nodal tissue,

adenosine slows the SA node (reducing the sinus rate) and

blocks conduction through the AV node, creating `transient'

third-degree AV block. Adenosine also slows nodal con-

duction by inhibiting Ca2+ current through reducing cyclic

AMP (cAMP).

These transient and speci®c effects make adenosine a

choice agent for terminating SVT that involves SA or AV

node re-entrant pathways, and it is therefore possible to

classify supraventricular arrhythmias according to their

response to adenosine (Table 2).16 SVT due to re-entry in

atrial tissue, such as atrial ¯utter or ®brillation, responds to

adenosine with transient slowing of the ventricular response

rate, but does not terminate. Similarly, atrial tachycardias

that result from enhanced phase 4 depolarization will

transiently slow, but rarely cease. Atrial tachycardia due to

cAMP-mediated triggered activity in the SA node is a

rare exception, where adenosine-mediated inhibition of

adenylate cyclase sometimes terminates the arrhythmia.16

Conversely, SVTs that utilize the AV nodal tissue as a

substrate for re-entry are terminated by bolus adenosine

administration (Table 2). Junctional tachycardias, common

during the surgical period, also sometimes convert to sinus

rhythm in response to adenosine. Ventricular arrhythmias

exhibit no response to adenosine since these rhythms

originate in tissues distal to the AV conduction pathway.

The vasodilatory properties of adenosine, and all other AV

nodal blocking agents used for rate control in SVT, may be

harmful in patients with `stable' ventricular tachycardias

(VT) because of their marginal haemodynamic stability.

Hence, i.v. adenosine is no longer recommended as a means

to distinguish wide-complex SVT from VT.2

Re-entry, automaticity and arrhythmias

Re-entry

Re-entry is a mechanism that may precipitate a wide variety

of supraventricular and ventricular arrhythmias, and implies

Table 1 Antiarrhythmic agents principally used in anaesthesiology and critical

care, listed by their molecular targets. Classi®cation by functional effect

according to the Vaughan Williams scheme 2 is also provided. *Available

commercially in oral form only. (Modi®ed Balser JR. Perioperative management

of arrhythmias. In: Barash PG, Fleisher LA, Prough DS, eds. Problems in

Anaesthesia. Lippincott-Raven, Philadelphia, 1998; Vol 10(2): 199)

Receptor Class2 Drugs

Na+, K+ channels IA Procainamide, quinidine, amiodarone

Na+ channels IB Lidocaine, phenytoin, *mexiletine, *tocainide

Beta adrenoceptors II Esmolol, amiodarone, propranolol, atenolol,

*sotalol

K+ channels III Bretylium, ibutilide, *sotalol, *dofetilide

Ca2+ channels IV Verapamil, diltiazem, amiodarone

Fig 1 The action potential in ventricular muscle and its temporal

relationship with the surface ECG. The QRS interval is related to the rate

of upstroke of the action potential, which partly determines the rate of

impulse conduction through the ventricular myocardium. The QT interval

is related to the length of the action potential (the absolute refractory

period). The phases of the action potential are indicated, as are the major

ionic currents (I) that ¯ow during each phase. The dotted lines indicate

anticipated effects on the action potential and ECG when drugs suppress

either the sodium (Na+) current (class IA or IB) or potassium (K+)

current (class IA or III). ACh, acetylcholine; Ado, adenosine; Cl,

chloride; To, transient outward K+ current; Ks, slow component of

recti®er K+ current; Kr, rapid component of recti®er K+ current.

(Adapted from Balser JR. Perioperative management of arrhythmias. In:

Barash PG, Fleisher LA, Prough DS, eds. Problems in Anaesthesia.

Lippincott-Raven, Philadelphia, 1998; Vol 10(2): 199.)
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the existence of a pathological circus movement of electical

impulses around either an anatomic (i.e. Wolff±Parkinson±

White syndrome) or functional (i.e. myocardial ischaemia)

loop. Fibrillation, in either the atrium or ventricle, is

believed to involve multiple coexistent re-entrant circuits of

the functional type. These re-entrant loops may result from

disparities in either the repolarization rates or conduction

rates between normal and ischaemic myocardium, or even

from refractory period differences between epicardial and

endocardial layers.32 Unfortunately, our understanding of

re-entry and its pharmacological termination by ion channel

current suppression is incomplete. Drugs can terminate re-

entry through at least two mechanisms. Agents that suppress

currents responsible for phase 0 of the action potential (INa

in atrium and ventricle, ICa in the SA and AV node, Table 1)

may slow or block conduction in a re-entrant pathway, and

thus terminate an arrhythmia. Alternatively, by prolonging

the action potential, drugs with K+ channel blocking activity

(Table 1) prolong the refractory period of cells in a re-

entrant circuit, and thus `block' impulse propagation

through the circuit. In clinical trials, agents operating

through this latter mechanism have proven to be more

successful in suppressing ®brillation.34

Automaticity

This refers to abnormal depolarization of atrial or

ventricular muscle cells during periods of the action

potential normally characterized by repolarization (phases

2 or 3) or rest (phase 4). Studies over the last decade have

identi®ed some of the key molecular substrates that underlie

triggered automaticity. Although K+ channel blockade is

highly effective for treating certain arrhythmias in the

atrium and ventricle, delaying repolarization (manifest as

prolongation of the QT interval) may at the same time

provoke ventricular arrhythmias in 2±10% of patients. Low

serum potassium concentrations slow the heart rate, and K+-

channel blocking drugs (class IA or III) synergistically

induce a polymorphic VT known as `torsades de pointes'.45

Similarly, mutations in ion channels critical to repolariza-

tion have also been identi®ed in the genes of patients with

inherited forms of the long-QT syndrome.41 Hence, the

proarrhythmic features of drug therapy with repolarization-

prolonging agents appear to be acquired manifestations of

the same molecular mechanisms involved in forms of the

congenital long-QT syndrome.47 To extend this connection

further, `silent' mutations have been identi®ed in the protein

substituents of K+ channels that do not cause excessive QT

prolongation unless patients are also exposed to K+-channel

blocking drugs.3 These mutations sensitize the cardiac cell

to K+-channel blockade, and provide a pharmacogenetic

rationale for the `idiosyncratic' incidence of torsade upon

exposure to QT-prolonging drugs.44 (See also Ventricular

arrhythmias below and Table 4.)

Supraventricular arrhythmias

Acute management of perioperative supraventricular

arrhythmias

A cascade of adverse physiological phenomena can pre-

cipitate SVT in critically ill or anaesthetized patients. The

management of the surgical patient who suddenly develops

SVT requires a thorough but rapid consideration of potential

aetiologies. Aetiology should be considered before therapy

is instituted, except in cases of extreme haemodynamic

instability. SVT is among the clinician's most valuable

warning signs, often foreshadowing life-threatening condi-

tions that may be easily corrected (Table 3). Antiarrhythmic

therapy should only be considered after these aetiologies

have been excluded. Patients with narrow complex

tachycardias who are dangerously hypotensive (e.g. loss

of consciousness, cardiac ischaemia, or a systolic pressure

below 80 mm Hg) require immediate synchronous DC

cardioversion in order to prevent the life-threatening

complications of hypoperfusion, such as central nervous

system or cardiac ischaemia. While some patients may only

respond transiently to cardioversion in this setting (or not at

all), a brief period of sinus rhythm may provide valuable

time for correcting the reversible causes of SVT (discussed

above), instituting pharmacological therapies, or both. In

less urgent cases, adenosine may be administered as a 6 mg

i.v. bolus (repeated with 12 mg if no response). In practice,

the SVTs most commonly seen in the perioperative period

(such as atrial ®brillation, Table 2) do not involve the AV

Table 2 The response of common supraventricular tachyarrhythmias (SVT) to i.v. adenosine. AV, atrioventricular; WPW, Wolff±Parkinson±White. (Adapted

from Balser JR. Perioperative management of arrhythmias. In: Barash PG, Fleisher LA, Prough DS, eds. Problems in Anaesthesia. Lippincott-Raven,

Philadelphia, 1998; Vol 10(2): 201)

SVT Mechanism Adenosine response

AV nodal re-entry Re-entry within AV node Termination

AV reciprocating tachycardias

(orthodromic and antidromic)

Re-entry involving AV node and accessory pathway

(WPW)

Termination

Intra-atrial re-entry Re-entry in the atrium Transiently slows ventricular response

Atrial ¯utter/®brillation Re-entry in the atrium Transiently slows ventricular response

Other atrial tachycardias 1 Abnormal automaticity 1 Transient suppression of the tachycardia

2 cAMP-mediated triggered activity 2 Termination

AV junctional rhythms Variable Variable

Thompson and Balser
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node in a re-entrant pathway, and AV nodal block by

adenosine will therefore produce only transient slowing of

the ventricular rate. According to the 2000 American Heart

Association guidelines, adenosine is no longer recom-

mended to differentiate wide-complex SVT from ventricu-

lar tachycardias because of its vasodilatory properties.2

Patients with underlying structural heart disease are at

greatest risk for developing either supraventricular or

ventricular arrhythmias during the induction of anaesthesia

secondary to hypotension, autonomic imbalance or airway

manipulation.56 In addition, during cardiac or major vascu-

lar surgery, patients may experience SVT during dissection

of the pericardium, placement of atrial sutures or insertion

of the venous canulae required for cardiopulmonary bypass.

If haemodynamically unstable SVT occurs during cardiac

surgery, the surgeon will usually attempt open synchronous

DC cardioversion. However, in patients with critical

coronary lesions or severe aortic stenosis, SVT may be

refractory to cardioversion and provoke a malignant cascade

of ischaemia and worsening arrhythmias that requires the

institution of cardiopulmonary bypass. Hence, early prepar-

ation for cardiopulmonary bypass is recommended before

inducing anaesthesia in cardiac surgery patients who are at

exceptionally high risk for SVT and consequent haemo-

dynamic deterioration.

The majority of patients who develop intraoperative SVT

remain haemodynamically stable and do not require

cardioversion. Ventricular rate control is the mainstay of

therapy for SVT that does not require immediate DC

cardioversion. The advantages of slowing the ventricular

rate during SVT are twofold. First, lengthening diastole

serves to enhance left ventricular ®lling, thus enhancing

stroke volume and improving haemodynamic stability.

Second, slowing the ventricular rate reduces myocardial

oxygen consumption and lowers the risk of cardiac

ischaemia. Intraoperatively, rate control is readily achieved

with one of a variety of AV nodal blockers (agents with

class II or IV activity, Table 1). Among the i.v. beta

blockers, esmolol has ultra-rapid elimination properties that

render it titratable on a minute-by-minute basis,9 allowing

meaningful dose adjustments during periods of surgery that

provoke changes in haemodynamic status (i.e. bleeding,

abdominal traction). While esmolol is largely b1-receptor

selective and is generally well tolerated by patients with

chronic obstructive lung disease, the drug has obligatory

negative inotropic effects that may not be well tolerated in

patients with severe left ventricular dysfunction. Both i.v.

verapamil and i.v. diltiazem are calcium channel blockers

that are less easily titrated than esmolol but nonetheless

provide rapid slowing of the ventricular rate in SVT within

minutes. The agents are therapeutically equivalent for

purposes of AV nodal blockade,46 but i.v. diltiazem has

less negative inotropic action and is preferable in patients

with heart failure.7 57 Thus, for patients with congestive

heart failure, digitalis, diltiazem and amiodarone are all

recommended for rate control management of SVT.2 In a

prospective randomized study of 60 patients in a cardiology

intensive care unit who had atrial arrhythmias and heart

rates over 120 beats min±1, diltiazem was found to have

better heart rate control than amiodarone (load and load plus

infusion); however, diltiazem was more frequently discon-

tinued because of hypotension.10 I.V. digoxin slows the

ventricular response during SVT through its vagotonic

effects, but should be either substituted or temporarily

supplemented with other agents because of its slow onset

(about 6 h).53

Paroxysmal SVT (PSVT) due to re-entrant circuits that

involve accessory pathways (congenital electrical connec-

tions between the atrium and ventricle that bypass the AV

node, such as Wolff±Parkinson±White Syndrome) pose

caveats in the management of SVT. A detailed discussion of

this interesting subgroup is beyond the scope of this review.

However, it should be noted that patients with accessory

pathways, in addition to PSVT, may also develop atrial

®brillation, and in the latter situation are at increased risk for

developing ventricular ®brillation (VF) upon exposure to

classic AV-nodal blocking agents (digoxin, calcium channel

blockers, beta blockers, adenosine) because these agents

reduce the accessory bundle refractory period. In such cases,

i.v. procainamide, which slows conduction over the acces-

sory bundle, is an acceptable option. Flecainide and

amiodarone should also be considered, and cardiology

consultation may be helpful.2

Chemical cardioversion of SVT

Efforts to chemically convert SVT to sinus rhythm using

antiarrhythmic agents in the operating room should be

aimed at those patients who cannot tolerate (or do no

respond to) rate control therapy, or who fail DC cardio-

version and remain haemodynamically unstable. For

intraoperative patients who are stable and rate controlled

in SVT, the wisdom of chemical cardioversion is question-

able. First, the 24 h rate of spontaneous conversion to sinus

rhythm for recent-onset perioperative SVT exceeds 50%,

Table 3 Reversible causes of supraventricular tachycardias and non-

sustained ventricular tachycardia. Listed are some of the most common

conditions in the operating room environment that predispose patients to

arrhythmias. These conditions are usually reversible, and should be treated

before considering use of pharmacological antiarrhythmic therapies

Hypoxaemia

Hypercarbia

Acidosis

Hypotension

Electrolyte imbalances

Mechanical irritation

Pulmonary artery catheter

Chest tube

Hypothermia

Adrenergic stimulation (light anaesthesia)

Proarrhythmic drugs

Micro/macro shock

Cardiac ischaemia
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and many patients who develop SVT under anaesthesia will

remit spontaneously before or during emergence. Moreover,

most of the antiarrhythmic agents with long-term activity

against atrial arrhythmias have limited ef®cacy when

utilized for rapid chemical cardioversion. While 50±80%

ef®cacy rates are cited for many i.v. antiarrhythmics in

uncontrolled studies, these ®ndings are largely an artifact of

high placebo rates of conversion. For example, the ef®cacy

of i.v. procainamide for conversion of SVT has not been

established in placebo-controlled trials.43 Moreover, a

placebo-controlled trial of patients with atrial ®brillation

recently found a 60% 24 h conversion rate for patients in the

placebo arm, statistically indistinguishable from that of

patients treated with i.v. amiodarone (68%).18 Although

improved rates of chemical cardioversion are seen with high

doses of i.v. amiodarone (approximately 2 g per day),27 the

potential for undesirable side-effects in the operating room

requires further study.

While the most effective agents for converting atrial

®brillation are K+ channel blockers that prolong atrial

repolarization, the use of these agents is hampered by the

proarrhythmic risk inherent in coexistent prolongation of

ventricular repolarization (manifest as QT prolongation and

torsades de pointes). Ibutilide, a rapid-acting antiarrhyth-

mic, produced a 31% rate of conversion in non-surgical

patients with atrial ®brillation, with a mean time from

treatment to conversion of only 27 min.51 Unfortunately,

rates of torsades de pointes as high as 8% have been

reported, and the risk/bene®t ratio for i.v. ibutilide use in

periopertive SVT remains questionable. Intraoperative

elective DC cardioversion in an otherwise stable patient

with SVT also carries risks (VF, asystole, stroke).

Moreover, the underlying factors provoking SVT during

or shortly after surgery are likely to persist beyond the time

of cardioversion, inviting recurrence.56 A recent trial of

patients with SVT (mainly atrial ®brillation) who had

undergone coronary artery bypass grafting (CABG) did ®nd

that low-energy DC cardioversion (utilizing indwelling

atrial pacing leads) was 80% effective and minimized

sedation requirements, but the rate of recurrence within

1 min was nearly 50%.31 Hence, when elective DC

cardioversion is considered, it may be prudent to ®rst

establish a therapeutic level of an antiarrhythmic agent that

maintains sinus rhythm (i.e. procainamide, amiodarone) in

order to minimize the risk of SVT recurrence following

electrical cardioversion.

Ventricular arrhythmias

Non-sustained ventricular arrhythmias

Ventricular arrhythmias can be subdivided according to

their morphology (monomorphic vs polymorphic) and their

duration (sustained vs non-sustained). Non-sustained ven-

tricular tachycardia (NSVT) is de®ned as three or more

premature ventricular contractions that occur at a rate

exceeding 100 beats min±1 and last 30 s or less without

haemodynamic compromise. These arrhythmias are

routinely seen in the absence of cardiac disease, and may

not require drug therapy in the perioperative period.

Conversely, in patients with structural heart disease, these

non-sustained rhythms do predict subsequent life-threaten-

ing ventricular arrhythmias.29 However, particular anti-

arrhythmic drug therapies in patients with structural heart

disease and NSVT may either worsen (encainide, ¯ecai-

nide)13 or improve (amiodarone)49 survival.

NSVT occurs in nearly 50% of patients during and after

cardiac and major vascular surgery, but does not in¯uence

early or late mortality in patients with preserved left

ventricular function.4 39 50 These patients usually do not

require antiarrhythmic drug therapy; however, their arrhyth-

mias, like SVT, may signal reversible aetiologies that

should be treated (Table 3). Conversely, nearly 2% of

patients experience sustained VT or VF after cardiac

surgery,4 28 54 and low cardiac output following CABG

(requiring pressor support) has been identi®ed as an

independent predictor of life-threatening VT/VF within

72 h of surgery.14 In most cases, symptoms of postoperative

ischaemia are not apparent, although one trial did identify

saphenous vein graft failure at angiography in three out of

seven patients experiencing unanticipated VT/VF, suggest-

ing that subclinical graft occlusion is a frequent aetiology of

postoperative VT/VF.54 After aortic valve replacement, a

retrospective analysis found that patients who died un-

expectedly had an elevated incidence of NSVT on their

postoperative ECG (44%) compared with survivors (10%,

P<0.05).48 Nonetheless, the incidence of NSVT after aortic

valve replacement approaches 50%,36 and the role for

electrophysiological diagnostic evaluation in this popula-

tion has not been clari®ed.

There are few studies available to guide therapeutic

decision-making for patients with ventricular arrhythmias in

the early postoperative period. While NSVT has not been

linked to increased morbidity or mortality after cardiopul-

monary bypass, unstable patients with marginal perfusion

may deteriorate with recurrent episodes of NSVT (problem-

atic ventricular pacing or intra-aortic balloon counter-

pulsation) and may bene®t from suppression with

lidocaine26or beta blockade.4 50 In addition, repletion of

post-bypass hypomagnesaemia (MgCl2 2 g i.v.) reduces the

incidence of NSVT after cardiac surgery,17 and is now

standard at most centres. A retrospective evaluation has

suggested a survival bene®t with electrophysiological-

guided prophylaxis in post-CABG patients with low ejec-

tion fraction who survive an episode of sudden cardiac

death,25 although a de®nitive role for prophylactic anti-

arrhythmic drug therapy in this setting has not been

evaluated prospectively. A multicentre trial (CABG Patch)

found no survival advantage with implantation of a cardiac

de®brillator in high-risk patients (those with low ejection

fractions) at the time of elective cardiac surgery.6 Hence,

identi®cation of effective strategies for preventing ventri-
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cular arrhythmias after thoracic surgery is an ongoing

challenge.

Sustained VT generally falls into one of two categories:

monomorphic and polymorphic. In monomorphic VT, the

amplitude of the QRS complex remains constant, while in

polymorphic ventricular tachycardia the QRS morphology

continually changes. The best understood mechanism for

monomorphic VT is formation of a re-entrant pathway

around scar tissue from a healed myocardial infarction.33

Although lidocaine has traditionally been the primary drug

therapy for all sustained ventricular arrhythmias, a recent

study of 29 patients with haemodynamically stable mono-

morphic VT found termination within 24 h was more

common with i.v. procainamide therapy (12 out of 15

patients) than with i.v. lidocaine (3 out of 14; P<0.01).19

I.V. amiodarone is also recommended for management of

monomorphic VT.2

In contrast, the therapeutic approach for polymorphic VT

depends critically on whether the QT interval during a prior

interval of sinus rhythm was prolonged. Polymorphic VT in

the setting of a normal QT interval usually occurs in a

setting of ischaemia or structural heart disease, although

idiopathic cases are seen.15 The rhythm degenerates into

VF; pharmacological management is discussed in the

section below. Conversely, polymorphic VT in the setting

of a prolonged QT interval (torsades de pointes) is focused

at reversal of the QT prolongation. As discussed above, a

predisposition to torsades may be inherited and usually

manifests as an acquired complication of therapy with drugs

that prolong the QT interval. In addition to QT-prolonging

antiarrhythmic drugs (class IA or III), a number of other

medications used in the perioperative period may evoke QT

prolongation and torsades de pointes (see, for example,

www.Torsades.org/druglist.cfm for a current on-line

summary).

The management of torsades de pointes differs markedly

from other forms of VT, and includes i.v. magnesium sulfate

(2±4 g), repleting potassium, and manoeuvres aimed at

increasing the heart rate (atropine, isoprenolol or temporary

atrial or ventricular pacing). Haemodynamic collapse with

torsades requires asynchronous DC countershocks. When

antiarrhythmic therapy is deemed necessary, agents devoid

of K+-channel blocking properties such as lidocaine or

phenytoin (Table 1) are usually chosen to avoid further

prolongation of the QT interval.42 In practice, it may be

relatively unclear whether an observed episode of poly-

morphic VT is related to QT-interval prolongation. In such

cases, magnesium and Na+-channel blocking agents may be

administered empirically. Among the antiarrhythmic agents

that prolong the QT interval, the incidence of torsades de

pointes is lowest with amiodarone;35 hence, i.v. amiodarone

may be a rational alternative therapy for refractory

polymorphic VT of unclear aetiology. The risk of pro-

arrhythmic events may be increased by the simultaneous use

of more than one antiarrhythmic agent, and should be

avoided if possible.

Drug selection for acute management of unstable VT

and VF

The necessity to treat life-threatening arrhythmias in the

operating room is self-evident, and in this setting the risks of

drug therapy would appear to be small. However, objective

evidence to support the notion that i.v. antiarrhythmic

therapy improves survival during cardiac arrest has

developed only recently. The most important ®rst

manoeuvres in patients who experience VF intraoperatively

are non-pharmacological and are nearly the same as those

utilized in haemodynamically destabilizing SVT: rapid

de®brillation (as opposed to synchronous cardioversion in

SVT), and correction of reversible aetiologies (Table 3).

In the realm of pharmacological intervention, there are no

human clinical studies available to suggest that i.v.

lidocaine, the putative Na+-channel blocker most often

used during intraoperative cardiac arrest, promotes the

conversion of sustained VT or VF to sinus rhythm in any

setting. Recent evidence-based recommendations by the

American Heart Association have therefore changed the

recommendation for lidocaine to `indeterminate', below

amiodarone and procainamide. In support of this change, a

recent prospective trial in Seattle, WA, USA (ARREST)

examined the ef®cacy of i.v. amiodarone compared with

placebo (the amiodarone carrier) in patients experiencing

out-of-hospital cardiac arrest due to pulseless VT or VF

refractory to DC cardioversion.30 Of the 504 patients

enrolled, those who received amiodarone had a higher

survival to hospital admission (44% vs 34%, P=0.03). These

were the ®rst randomized prospective data to show a short-

term survival advantage to the use of an antiarrhythmic

agent during cardiac arrest. A more recent comparable study

in Toronto (ALIVE) compared amiodarone with lido-

caine.11 Enrollment required VF resistant to three shocks,

epinephrine and a fourth shock, or alternatively recurrent

VF after initially successful de®brillation. The lidocaine

group was treated with lidocaine 1.5 mg kg±1 and placebo

amiodarone, followed by a second dose of lidocaine 1.5 mg

kg±1 if de®brillation was not successful. The amiodarone

group received amiodarone 5 mg kg±1 and placebo

lidocaine, followed by amiodarone 3.5 mg kg±1 if the

de®brillation was not successful. Of the 347 patients

enrolled, 22.8% in the amiodarone-treated group survived

to hospital admission, compared with 12% of the lidocaine

group (P=0.0083).

There was no signi®cant advantage to amiodarone

therapy in survival to hospital discharge in either

ARREST or ALIVE. At the same time, neither study

controlled the elements of patient management after

emergency room admission, and both trials were under-

powered for detecting longer-term survival differences. In

ALIVE, the time between cardiac arrest and administration

of drug also in¯uenced survival to hospital admission. In the

amiodarone group, short-term survival for those treated

within 24 min was 28%, vs only 18% for those receiving
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later therapy (P=0.001). In the surgical venue, successful

use of i.v. amiodarone in ventricular arrhythmia manage-

ment has been reported,23 40 although placebo-controlled

trials are not yet available (for any antiarrhythmic agent). It

should be recognized that amiodarone has non-competitive

alpha- and beta-blocking effects, so that rapid i.v. loading

may exacerbate haemodynamic instability during the initial

(rapid) loading phase in patients with severe left ventricular

dysfunction. In these cases, systemic perfusion may be

maintained during the initial bolus with additional pressors,

and occasionally intra-aortic balloon counterpulsation.23 If

time permits, the negative inotropic effects of i.v.

amiodarone are also mitigated by slowing the loading

infusion.

Droperidol and ventricular arrhythmias

A recent controversy surrounds the association between

ventricular arrhythmias and droperidol, and has caused a

`black box' warning to be issued by the US Food and Drug

Administration (FDA) (Table 4). Droperidol, a butyro-

phenone, is a dopamine subtype-2 receptor antagonist which

exhibits mild alpha-adrenergic receptor blockade and peri-

pheral vasodilation. Since its approval by the FDA in 1970,

droperidol has been used as a ®rst-line agent in the

prevention and treatment of postoperative nausea and

vomiting. Its properties as a cost-effective antiemetic have

been well established in large-scale randomized

trials.21 22 52 Droperidol was widely used for three decades

in the ®elds of psychiatry, emergency medicine and

anaesthesia; therefore, many physicians were surprised

when the FDA issued a `black box' warning for droperidol

in December 2001.

The decision to recommend caution with droperidol

administration was based on several reports of adverse

cardiac events associated with less-than-maximal doses of

droperidol. The cases reported to the FDA suggest an

association between droperidol, QT prolongation and

malignant arrhythmias such as torsades de pointes.24

While the relative risk of arrhythmia from droperidol,

compared with other antiemetics or placebo, has not been

clearly established, the labelling for droperidol now recom-

mends a 12-lead ECG before administration, with con-

tinuous ECG monitoring for 2±3 h after administration. If

the corrected QT interval is prolonged on the baseline

ECG, droperidol administration is not recommended.

Additionally, extreme caution is recommended when

droperidol is used in patients with risk factors for develop-

ing a prolonged QT interval, such as congestive heart

failure, bradycardia, diuretic use, ventricular hypertrophy,

hypokalaemia, hypomagnesaemia, or use of drugs known to

increase the QT interval (Table 4).

I.V. pacemakers and implantable
cardioverter de®brillators

Pacemaker and ICD placement has risen tremendously over

the past few years, partly because of the expanded

indications for insertion of these devices. Worldwide, the

number of pacemakers implanted has risen from 780 000 in

2000 to more than 900 000 in 2003. The increase in

de®brillator implantation is even more impressive, rising

from 80 000 in 2000 to more than 160 000 in 2003. The

ACC/AHA/NASPE Guidelines for implantation of pace-

makers and ICDs have been updated recently, with some

important additions to the indications for placement,

particularly regarding ICD insertion. According to the

updated guidelines, ICD insertion is a class IIa indication

(weight of evidence/opinion in favour of usefulness/

ef®cacy) for patients with an ejection fraction of 30% or

lower for whom it is at least 1 month since myocardial

infarction and 3 months since coronary artery revascular-

ization surgery.20 This recommendation was based on a

published study where 1232 patients with a prior myocardial

Table 4 Droperidol black box warning, issued by the US Food and Drug Administration in December 2001. http://www.fda.gov/medwatch/safety/2001/

safety01.htminapsi

WARNING
Cases of QT prolongation and/or torsade de pointes have been reported in patients receiving INAPSINE at doses at or below recommended doses. Some cases have

occurred in patients with no known risk factors for QT prolongation and some cases have been fatal.

Due to its potential for serious proarrhythmic effects and death, INAPSINE should be reserved for use in the treatment of patients who fail to show an acceptable

response to other adequate treatments, either because of insuf®cient effectiveness or the inability to achieve an effective dose due to intolerable adverse effects

from those drugs (see WARNINGS, ADVERSE REACTIONS, CONTRAINDICATIONS, AND PRECAUTIONS).

Cases of QT prolongation and serious arrhythmias (e.g., torsade de pointes) have been reported in patients treated with INAPSINE. Based on these reports, all

patients should undergo a 12-lead ECG prior to administration of INAPSINE to determine if a prolonged QT interval (i.e., QTc greater than 440 msec for males or

450 msec for females) is present. If there is a prolonged QT interval, INAPSINE should NOT be administered. For patients in whom the potential bene®t of

INAPSINE treatment is felt to outweigh the risks of potentially serious arrhythmias, ECG monitoring should be performed prior to treatment and continued for 2±3

hours after completing treatment to monitor for arrhythmias.

INAPSINE is contraindicated in patients with known or suspected QT prolongation, including patients with congenital long QT syndrome. INAPSINE should be

administered with extreme caution to patients who may be at risk for development of prolonged QT syndrome (e.g., congestive heart failure, bradycardia, use of a

diuretic, cardiac hypertrophy, hypokalemia, hypomagnesemia, or administration of other drugs known to increase the QT interval). Other risk factors may include

age over 65 years, alcohol abuse, and use of agents such as benzodiazepines, volatile anaesthetics, and i.v. opiates. Droperidol should be initiated at a low dose and

adjusted upward, with caution, as needed to achieve the desired effect.
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infarction and reduced left ventricular ejection fraction

(<30%) were randomized to receive an implantable

de®brillator or conventional medical therapy. No electro-

physiological testing was required before randomization.

There was a 31% reduction in the risk of death in patients

receiving de®brillators compared with those receiving

conventional medical therapy.37 This study is signi®cant

because in the US alone, 3±4 million patients have coronary

artery disease and advanced left ventricular dysfunction,

with 400 000 new cases annually.8 38 With the increase in

patients who may bene®t from de®brillator placement, the

likelihood that these patients will present for non-cardiac

surgery also increases. Therefore, anaesthetists will require

a basic understanding of these devices in order to safely,

effectively and expeditiously manage patients with pace-

makers and de®brillators.

The major perioperative issue regarding pacemakers and

ICDs is the risk of electromagnetic interference (EMI) from

electrocautery or cardioversion. EMI can result in inhibition

of pacemaker output, activation of rate-responsive sensor

resulting in increased pacing rate, ICD ®ring and myocar-

dial injury at the lead tip resulting in failure to sense or

capture, or both.12 Improved pacemaker and ICD design,

including the nearly universal use of bipolar leads and better

shielding from EMI, has greatly reduced the probability of

the aforementioned adverse interactions. Except in urgent or

emergent situations, management of pacemakers and ICDs

in the perioperative setting begins with the preoperative

visit, which should include documentation of the patient's

cardiac history, including the type of device, indication and

date of device implantation. Since pacemakers and ICDs are

programmable, obtaining the most recent interrogation

report can be helpful in determining magnet response, and

while de®nitive guidelines have yet to be established, it is

recommended that, to prevent unintended therapy due to

EMI, ICDs be reprogrammed to suspend arrhythmia detec-

tion in cases where electrocautery is used. Magnet suspen-

sion of arrhythmia detection can also be used with most

ICDs if the feature is programmed into the device, leaving

the pacemaker function of some ICDs unaffected. All of the

three major manufacturers of arrhythmia devices (Guidant/

CPI, Medtronic, Ventritex/St Jude) recommend interroga-

tion of ICDs after surgical procedures to ensure EMI or

magnet use has not altered the device. All three manufac-

turers have technical support available to assist with device

issues, and cardiology consultation may be helpful.
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MINI-SYMPOSIUM

Rhythm control and cardioversion
N Sulke, F Sayers, G Y H Lip, on behalf of the Guideline Development Group for the NICE clinical
guideline for the management of atrial fibrillation
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T
he three main aims of treatment for paroxysmal atrial
fibrillation are: (1) to suppress paroxysms of atrial
fibrillation and maintain long-term sinus rhythm; (2) to

control heart rate during paroxysms of atrial fibrillation if they
occur; and (3) to prevent the complications associated with
paroxysmal atrial fibrillation—that is, stroke and tachycardia-
induced cardiomyopathy.1

Many patients with paroxysmal atrial fibrillation can be
highly symptomatic, although asymptomatic paroxysms are
common.2 However, the abolition of symptoms of paroxysmal
atrial fibrillation does not necessarily mean abolition of the
atrial fibrillation per se, as heart rate slowing may abolish
symptoms but still allow asymptomatic episodes to continue.3

In some patients, it may be appropriate to document the
frequency of arrhythmia by Holter monitoring or event
recording. Of note, most pharmacological studies of paroxysmal
atrial fibrillation have concentrated on the reduction of
symptomatic recurrences of paroxysmal atrial fibrillation.

If attacks of paroxysmal atrial fibrillation are frequent,
current clinical practice usually uses chronic prophylaxis with
drugs to reduce the frequency of paroxysms after removal of
precipitating factors such as caffeine, alcohol, stress, and
adequate treatment of underlying diseases such as myocardial
ischaemia, thyrotoxicosis, and heart failure.1

In the long term, few patients achieve complete suppression
of paroxysms of atrial fibrillation. Drug treatment for parox-
ysmal atrial fibrillation may be administered as prophylaxis
against recurrent atrial fibrillation, but in those patients who
are asymptomatic or have rare paroxysms (eg, only a few
paroxysms a year) may decide not to take routine medication or
to use a ‘‘pill-in-the-pocket’’ strategy, and the patient’s views
need to be considered.

Based on the systematic review undertaken as part of this
guideline development, propafenone appears to be at least as
effective as sotalol in preventing the recurrence of atrial
fibrillation for up to 12 months following administration,4 5

although for longer periods propafenone may be more
effective.6 The two drugs were comparable in terms of side
effects.5 It was noted that class Ic agents (propafenone and
flecainide) should be used with caution in patients with
structural heart disease or coronary artery disease.

Amiodarone was found to be more effective than sotalol7 8

and propafenone9 in the prevention of recurrent atrial fibrilla-
tion. Due to concerns regarding contraindications of class Ic
agents in patients with left ventricular dysfunction, amiodar-
one was regarded as the drug of choice in these patients with
symptomatic paroxysms despite initial b-blocker treatment
(fig 1).

The concerns over the long-term toxicity of amiodarone were
not addressed in the evidence. Although the clinical evidence
demonstrated that amiodarone was the most effective drug, its
long-term use in patients with infrequent paroxysms needed to
be fully weighed against the risk of side effects, especially since
some (eg, lung fibrosis) could be serious. As an alternative to

amiodarone, patients with paroxysmal atrial fibrillation could
be considered for non-pharmacological approaches, such as
pulmonary vein isolation.10 However, the latter approach is not
the magic cure, as illustrated by one recent study, where at the
6-month follow-up period, only 54% and 82% of patients
remained free of arrhythmia-related symptoms after circumfer-
ential pulmonary vein ablation and after segmental pulmonary
vein ablation, respectively.11 Asymptomatic episodes may be
significantly increased after catheter ablation, especially among
previously symptomatic patients.12

Pill-in-pocket approach
In selected patients with recurrent paroxysmal atrial fibrilla-
tion, the out-of-hospital initiation of antiarrhythmic drugs may
be possible, allowing for earlier treatment, a shorter duration of
atrial fibrillation and a presumed likelihood of restoring and
maintaining sinus rhythm. A pill-in-pocket approach is used in
those not taking drugs regularly owing to infrequent symptoms
or paroxysms, or taken as an extra drug dose in those already
on a low maintenance of that particular drug.

The main concern with a pill-in-the-pocket approach is the
risk of pro-arrhythmia often associated with antiarrhythmic
drugs. Thus, this approach has generally been advocated only in
those patients with a low risk of pro-arrhythmia and other
adverse side effects. Such patients are typically those with no
structural heart disease, absence of heart failure or left-
ventricular dysfunction, and patients in whom there is evidence
that the antiarrhythmic drug used has previously worked
successfully with no adverse effects (eg, after at least one in-
patient trial of the drug given as a single oral dose, under
electrocardiographic monitoring).13 14 The antiarrhythmic drugs
amiodarone and propafenone have both been considered in
several trials comparing the safety and efficacy of a single oral
dose of the drug with the intravenous administration of the
same drug.15–18

Treatment for paroxysmal atrial fibrillation should therefore
be tailored to the patient. Patients with infrequent and brief
paroxysms may be suitable for the pill in the pocket approach.
However, for infrequent but protracted and symptomatic
paroxysmal atrial fibrillation, rapid cardioversion of each event
or antiarrhythmic drug prophylaxis may be considered. In cases
where drug treatment is ineffective or not tolerated, referral for
non-pharmacological approaches should be considered. Table 1
summarises the National Institute for Health and Clinical
Excellence (NICE) guideline recommendations for the manage-
ment of paroxysmal atrial fibrillation.

PERSISTENT ATRIAL FIBRILLATION
Currently, there are two main treatment strategies for
persistent atrial fibrillation, a rate-control and a rhythm-control
strategy. Rate control involves the use of chronotropic drugs or

Abbreviations: ECV, electrical cardioversion; PCV, pharmacological
cardioversion; TOE, transoesophageal echocardiography
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electrophysiological or surgical interventions to reduce the
rapid heart rate (ventricular rate), which improves symptoms
and potentially reduces the risk of associated morbidity.

Rhythm control involves the use of electrical or pharmaco-
logical cardioversion or electrophysiological or surgical inter-
ventions to convert the arrhythmia associated with atrial
fibrillation to normal sinus rhythm. Patients who have been
successfully cardioverted are generally given antiarrhythmic
drugs for long term to help prevent the recurrence of atrial
fibrillation. The rhythm-control strategies also require the
appropriate administration of antithrombotic treatment to
reduce the risk of occurrence of stroke and thromboembolic
events.

Electrical versus pharmacological cardioversion
Cardioversion is performed as part of a rhythm-control
treatment strategy, and if successful restores sinus rhythm.
However, not all attempts at cardioversion are successful, and

at 1 year after cardioversion approximately 50% of patients
again contract atrial fibrillation.19

There are two types of cardioversion: electrical cardioversion
(ECV) and pharmacological cardioversion (PCV). The optimal
techniques and recommended protocols for performing cardi-
oversion have been widely discussed in the literature.20–22

Current clinical practice regards PCV as the preferred strategy
in patients presenting with recent-onset atrial fibrillation
(within 48 h); ECV is regarded as the preferred strategy when
the atrial fibrillation is more prolonged.

Few studies have compared which patients would benefit
most from ECV versus PCV. Two studies23 24 failed to find any
difference between these strategies when used as the initial
treatment option. The evidence also failed to deal with many
issues (ie, incidence of thromboembolism and stroke and
improvements to quality of life). The choice of strategy was
considered to be dependent on local facilities and available
expertise. It was recognised that some clinicians perform
elective cardioversion under general anaesthesia, whereas
others performed the procedure under sedation.25–27 Also, there
has been a move towards nurse-led cardioversion services.27–29

As the treatments were considered equally effective, high-
lighting patient choice was important. Informing patients that

Figure 1 Management of paroxysmal atrial fibrillation (AF). (1) Based on
stroke risk stratification algorithm. (2) A pill-in-the-pocket strategy should
be considered in those who (a) have no history of left ventricular
dysfunction, or valvular or ischaemic heart disease; (b) have a history of
infrequent symptomatic episodes of paroxysmal AF; (c) have a systolic
blood pressure .100 mm Hg and a resting heart rate .70 bpm; (d) are
able to understand how to, and when to, take the medication. (3) Sotalol to
be progressively titrated from 80 mg twice daily up to 240 mg twice daily.
(4) Referral for further specialist investigation should be considered,
especially in those with lone AF or electrocardiogram evidence of an
underlying electrophysiological disorder (eg, Wolff–Parkinson–White) or
where pharmacological treatment has failed. CAD, coronary heart disease;
LV, left ventricular; LVD, left ventricular dysfunction.

Table 1 NICE guidelines for the management of
paroxysmal atrial fibrillation

In patients with infrequent paroxysms and few symptoms, or where
symptoms are induced by known precipitants (such as alcohol, caffeine), a
‘‘no drug treatment’’ strategy or a ‘‘pill-in-the-pocket’’ strategy should be
considered and discussed with the patient
In patients with symptomatic paroxysms (with or without structural heart
disease, including coronary artery disease), a standard b-blocker should be
the initial treatment option

In patients with paroxysmal atrial fibrillation and no structural heart disease:
N where symptomatic suppression is not achieved with standard b-blockers,

either
–a class Ic agent (such as flecainide or propafenone), or
–sotalol* should be given

N where symptomatic suppression is not achieved with standard b-blockers,
class Ic agents or sotalol, either
–amiodarone, or
–referral for non-pharmacological intervention should be considered

In patients with paroxysmal atrial fibrillation and coronary artery disease:
N where standard b-blockers do not achieve symptomatic suppression,

sotalol should be given
N where neither standard b-blockers nor sotalol achieve symptomatic

suppression, consider either
–amiodarone, or
–referral for non-pharmacological intervention

In patients with paroxysmal atrial fibrillation with poor left-ventricular
function:
N where standard b-blockers are administered as part of the routine

management strategy and adequately suppress paroxysms, no further
treatment is needed

N where standard b-blockers do not adequately suppress paroxysms, either
–amiodarone, or
–referral for non-pharmacological intervention should be considered

Patients on long-term medication for paroxysmal atrial fibrillation should be
kept under review to assess the need for continued treatment and the
development of any adverse effects

In patients with paroxysmal atrial fibrillation, a pill-in-the-pocket strategy
should be considered in those who:
N have no history of left-ventricular dysfunction, or valvular or ischaemic

heart disease; and
N have a history of infrequent symptomatic episodes of paroxysmal atrial

fibrillation; and
N have a systolic blood pressure greater than .100 mm Hg and a resting

heart rate above .70 bpm; and
N are able to understand how to, and when to, take the drugs

*Progressively titrated from 80 mg twice daily up to 240 mg twice daily.
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neither treatment has been shown to be more effective than the
other is important and can help prevent disillusionment among
patients when cardioversion fails.

Thus, the available evidence suggested PCV and ECV to be of
comparable efficacies. However, it was believed that in more
prolonged cases of atrial fibrillation electrical cardioversion is the
preferred option based on clinical experience and current clinical
practice. It was also considered preferable to attempt cardiover-
sion as soon as possible after onset of atrial fibrillation, to
maximise the likelihood of a successful outcome (table 2).

Pharmacological cardioversion
Clinical practice commonly uses Vaughan–Williams class Ia, Ic
and III antiarrhythmic drugs for PCV.22 However, these agents
are associated with a risk of proarrhythmia in the presence of
electrolyte abnormalities and ischaemic or structural heart
disease.30–32 This risk should be considered when choosing drugs
for individual patients. Of note, the fast-acting intravenous b-
blocker esmolol has also been used and shown to be
effective.33 34 Digoxin has been shown to be ineffective for use
in PCV.35–37

Patients undergoing PCV are usually admitted to hospital
and receive the antiarrhythmic drug intravenously, under
electrocardiographic monitoring. These drugs may also be given
orally, and have been shown to have comparable efficacies with
intravenous administration at 24 h. For example, one study38—
with a relatively small number of patients (n = 100)—
suggested that class Ic drugs (flecainide and propafenone) are
more effective than amiodarone at cardioverting patients with
recent-onset atrial fibrillation at 2, 5 and 8 h after administra-
tion. However, at 24 h, the difference in efficacy disappeared,
indicating that amiodarone had a longer period of onset than
the class Ic drugs. This result is also consistent with all of the
primary studies, with no study finding any significant
difference in efficacy at >24 h periods of observation. A
separate, unblinded study39 suggested that amiodarone and
sotalol were comparable with each other for use in PCV in
terms of both efficacy and safety.

The trials excluded patients with structural or functional
heart disease (left ventricular dysfunction). There were
concerns about the use of class I and class III antiarrhythmic

drugs in these patients, although amiodarone was considered to
be safe (table 3).

ECV with concomitant antiarrhythmic drugs
In some cases, there is complete failure of ECV (complete shock
failure or no conversion). In other cases, atrial fibrillation
recurs within a few minutes after a short period of sinus
rhythm (immediate recurrence); sometimes recurrence is
delayed from 1 day to 2 weeks (subacute or early recurrence)
and sometimes it occurs at beyond 2 weeks (late recurrence).40

Complete shock failure and immediate recurrence are esti-
mated to occur in approximately 25% of patients undergoing
ECV, and subacute or early recurrences occur within 2 weeks in
another 25%.40 The concomitant administration of antiarrhyth-
mic drugs is perceived to increase the likelihood of successful
cardioversion and the maintenance of sinus rhythm after
cardioversion, and this section delineates the evidence for this.

Amiodarone and sotalol generally increased the likelihood of a
successful cardioversion in comparison with the control drug.41–44

The historical literature regarding the amount of energy delivered
during ECV were not considered to reflect current practice, as
these studies administered a low-energy level shock and then
escalated to a higher energy level shock. Therefore, it was unclear
whether the administration of antiarrhythmic drugs decreased
the energy requirement for successful cardioversion.
Furthermore, biphasic defibrillators (which deliver lower energy
shocks) are increasingly used in UK.

From the limited data available for small patient numbers,
there was supporting evidence for the use of amiodarone,
sotalol and, possibly, propafenone in reducing the recurrences
of atrial fibrillation after cardioversion (fig 2). None of the
evidence reflected concerns regarding the potential adverse
effects of antiarrhythmic drugs such as amiodarone. It was
therefore not considered appropriate to recommend these drugs
for routine ECV, although they may be beneficial in cases with a
perceived increased risk of unsuccessful electrical cardioversion
(eg, long duration of atrial fibrillation; table 4).

Antiarrhythmic drugs to maintain sinus rhythm
In persistent atrial fibrillation, antiarrhythmic drugs are
prescribed to increase the likelihood of maintaining sinus
rhythm after successful ECV or PCV.

In the UK, prophylactic drug treatment is not usually used in
cases of a first-detected episode of atrial fibrillation, especially if
atrial fibrillation is secondary to a precipitant that has since
been corrected. Without antiarrhythmic drugs, the recurrence
rate is high. Clinical studies have shown the efficacy of various
antiarrhythmic drugs (amiodarone, propafenone, disopyra-
mide, sotalol, flecainide, quinidine and azimilide) against no
treatment, placebo or digoxin.22 45 It is clear from these trials
that the use of antiarrhythmic drugs improves the maintenance
of sinus rhythm after cardioversion, but even despite treatment,
relapse to atrial fibrillation occurs in approximately 50% at
12 months. Moreover, the need for antiarrhythmic drugs has to
be balanced against adverse effects and a higher mortality in
some patients46 (fig 3, table 5).

TRANSOESOPHAGEAL ECHOCARDIOGRAPHY-
GUIDED CARDIOVERSION
Cardioversion of atrial fibrillation is associated with an
increased risk of stroke and thromboembolism. To minimise
this risk, anticoagulation is conventionally recommended for a
minimum of 3 weeks before, during, and for a minimum of
4 weeks after cardioversion. Even when precardioversion
transoesophageal echocardiography (TOE) fails to show left
atrial thrombus, some patients have a thromboembolism after

Table 2 Cardioversion of patients with atrial fibrillation
without haemodynamic instability

In patients with atrial fibrillation without haemodynamic instability in whom
cardioversion is indicated:
N the advantages and disadvantages of both pharmacological (PCV) and

electrical cardioversion (ECV) should be discussed with patients before
initiating treatment

N where onset of atrial fibrillation was within 48 h previously, either PCV or
ECV should be performed

N for those with more prolonged atrial fibrillation (onset .48 h previously),
ECV should be the preferred initial treatment option

Table 3 Pharmacological cardioversion for patients with
persistent atrial fibrillation

In patients with persistent atrial fibrillation, where the decision to perform
pharmacological cardioversion using an intravenous antiarrhythmic agent
has been made:
N In the absence of structural heart disease*, a class 1c drug (such as

flecainide) should be the drug of choice
N In the presence of structural heart disease*, amiodarone should be the

drug of choice

*Coronary artery disease or left-ventricular dysfunction.
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cardioversion (especially if no anticoagulation has been
given).22

As it may take some time to achieve therapeutic international
normalised ratio for three consecutive weeks, some patients
may wait for months before cardioversion is attempted. As it is

perceived that patients are more likely to successfully cardiovert
the shorter the time they have been in atrial fibrillation,
strategies to facilitate early cardioversion have been explored.

One strategy is TOE-guided cardioversion, where a patient
with atrial fibrillation of .48 h duration undergoes a TOE to
assess for intracardiac thrombus. In the absence of thrombus,
heparin is usually given and cardioversion is performed.
Anticoagulation with warfarin is subsequently continued for a
minimum of 4 weeks. Patients in whom a thrombus is

Figure 2 Cardioversion treatment algorithm. (1) Perform transthoracic
echocardiograph (TTE) examination before rhythm-control treatment
strategy involving cardioversion. (2) Also consider patient preference after
a discussion of the advantages and disadvantages of each option. (3)
Administer therapeutic anticoagulation for at least 3 weeks before
transoesophageal echocardiogram (TOE)-guided cardioversion,
depending on preference, contraindications and practicalities. (4) High risk
of cardioversion failure suggested by previous failure of recurrence of atrial
fibrillation (AF). (5) Intravenous amiodarone as drug of choice in those with
structural heart disease; flecainide in those without structural heart disease.
(6) As determined by the stroke risk stratification algorithm or where there
is a high risk of recurrence of AF. Patients with a history of AF of
.12 months, mitral valve disease, left ventricular dysfunction, enlarged left
atrium and a history of recurrence of AF are at a higher risk of recurrence
of AF. (7) Anticoagulation should be given to a target international
normalised ratio (INR) of 2.5 (range 2–3).

Figure 3 Rhythm-control treatment algorithm for persistent atrial
fibrillation (AF). *If rhythm control fails, consider the patient for rate-control
strategy or specialist referral in those with lone AF or electrocardiogram
evidence of underlying electrophysiological disorder (eg, Wolff–Parkinson–
White syndrome). (1) Patients with persistent AF who have been selected
for a rhythm-control treatment strategy. (2) Based on stroke risk
stratification algorithm and cardioversion treatment algorithm. (3) An
antiarrhythmic drug is not required to maintain sinus rhythm for those
patients in whom a precipitant (such as chest infection, fever, etc) has been
corrected and cardioversion has been successfully performed. (4) Routine
follow-up to assess the maintenance of sinus rhythm should take place at 1
and 6 months after cardioversion. Any patients found at follow-up to have
relapsed back into AF should be fully re-evaluated for a rate-control or a
rhythm-control strategy*. (5) Class Ic agents include flecainide and
propafenone. Sotalol to be progressively titrated from 80 mg twice daily up
to 240 mg twice daily. TOE, transoesophageal echocardiography.

Table 4 Drugs to facilitate electrical cardioversion in
patients with atrial fibrillation

When patients with atrial fibrillation are to undergo elective electrical
cardioversion and there is cause for heightened concern about successfully
restoring sinus rhythm (such as previous failure to cardiovert or early
recurrence of atrial fibrillation), concomitant amiodarone or sotalol* should
be given for at least 4 weeks before the cardioversion

*To be progressively titrated from 80 mg twice daily up to 240 mg twice
daily.
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identified by TOE are considered to be at high risk of
thromboembolism after cardioversion, and are usually treated
with conventional therapeutic anticoagulation for at least 3–
4 weeks before the TOE is repeated (fig 4).

Overall, the clinical studies suggest that TOE-guided cardi-
oversion has efficacy comparable to conventional strategy.47 48

Although bleeding was reduced in the TOE-guided strategy,
this was perceived to be a result of the lesser time spent on
anticoagulation, and therefore TOE-guided cardioversion could
be deemed preferable in patients with an increased bleeding
risk. The health economic studies suggested that TOE-guided
cardioversion may be a cost-effective treatment strategy.

The theoretical advantage of early cardioversion being more
likely to be successful was not supported by the current clinical
trial data. Nonetheless, the studies were underpowered to
detect major differences in this, and in mortality and embolic
event rates. TOE-guided cardioversion was considered a
specialised procedure requiring adequately experienced staff
and appropriate facilities. TOE-guided cardioversion should be
an available treatment, as some patients would prefer the

option of not undergoing prolonged anticoagulation, or where a
minimal period of precardioversion anticoagulation is indicated
due to patient choice or bleeding risks.
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Brain abscess associated with an unusual cause of right to left shunt

A
33-year-old woman with a history
of brain abscess 4 years earlier was
admitted with an infected cranial

bone flap requiring surgical debridement.
Four days postoperatively she was found
collapsed, presumed secondary to a sei-
zure. She was resuscitated but developed
severe aspiration pneumonia. Systemic
pressures were recorded from a left
internal jugular line, and a chest x ray
(panel A) suggested that it had passed via
a persistent left superior vena cava (SVC)
into the left atrium and ventricle and into
the ascending aorta. The diagnosis was
confirmed by echocardiography: intrave-
nous agitated saline contrast from the left
arm showed immediate opacification of
the left heart (panel B). She died from
multiorgan failure 24 h later. Postmortem
examination confirmed this isolated
anomaly.

Right to left shunts predispose to
cerebral abscess. A left SVC draining
directly to the left atrium is a rare cause
of right to left shunt (,5:100 000 of the
general population).

This case highlights two very important
clinical issues. Firstly, a brain abscess in
the absence of an obvious precipitating
cause should prompt a search for a right

to left shunt with saline contrast echo-
cardiography. Secondly, saline contrast
studies should be performed from the left
and not the right arm, to prevent over-
looking a persistent left SVC to left atrium
communication.

A Hirth, P Disney, S Thorne
ahir@mac.com
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Anteroposterior chest x ray showing central
venous catheter (dotted line) emerging from the
left internal jugular vein/persistent left superior
vena cava, entering the left atrium, looping in the
left ventricle with the tip in the ascending aorta.
Ao, aorta; LA, left atrium; LV, left ventricle.

RV

RA

LV

B

Transthoracic echocardiography-modified apical
four-chamber view showing dense left ventricle
opacification only (white) following left arm
intravenous agitated saline injection. LV, left
ventricle, RA, right atrium; RV, right ventricle.
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Basic science

Ion-channel mechanisms

Antiarrhythmic pharmacology focuses primarily on the cardiac ion channels

and adrenergic receptors as drug targets. The number of drug targets for

antiarrhythmic therapy is expanding exponentially, as discussed in recent reviews

[1]. Nevertheless, ion-channel targets may be grouped into three general classes,

based on the particular cation they conduct: sodium (Na+ ), calcium (Ca+ + ), and

potassium (K+ ). Nearly all the drugs that modulate the heart rhythm work

through the adrenergic receptor/second messenger systems, one or more of the

ion-channel classes, or both of these mechanisms. Table 1 lists the principal

antiarrhythmic agents presently available for intravenous (IV) use in the United

States [2,3]. (This classification scheme is not exhaustive). Although the

molecular targets are distinctive, the drug receptor sites among the ion-channel

classes are highly homologous, causing some class overlap (and clinical side

effects) with antiarrhythmic therapy.

Drug effects on the surface electrocardiogram (ECG) can be predicted from their

effects on the cardiac action potential, which, in turn, result from activity directed

toward molecular targets (Fig. 1). The action potential represents the time-varying

transmembrane potential of the myocardial cell during the cardiac cycle. The ECG

can be viewed as the ensemble average of the action potentials arising from all the

myocardial cells. It is biased toward the activity of the left ventricle because that
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Table 1

Principal antiarrhythmic agents used for anesthesiology and critical care, listed according to their

molecular target

Receptor Classa Drugs

Na+ , K+ channels IA Procainamide, quinidine, amiodarone

Na+ channels IB Lidocaine, phenytoin, mexiletine,b tocainideb

Beta receptors II Esmolol, amiodarone, propranolol, atenolol, sotalolb

K+ channels III Bretylium, ibutilide, sotalol,b dofetilideb

Ca+ + channels IV Verapamil, diltiazem, amiodarone

a Classification by functional effect according to the Vaughan Williams scheme. [2]
b Available commercially only in oral form.

Modified from Balser JR: Perioperative management of arrhythmias. In: Barash PG, Fleisher LA,

Prough DA, editors. Problems in Anesthesia 2. Philadelphia: Lippincott-Raven; 1998. p. 199.

L.A. Hastings, J.R. Balser / Anesthesiology Clin N Am 21 (2003) 569–586570
cardiac chamber has the greatest overall mass. The trajectory of the cardiac action

potential is divided into five distinct phases, which reflect changes in the

predominant ionic current flowing during each phase of the cardiac cycle

(Fig. 1). The current responsible for ‘‘phase 0,’’ the first period of the action

potential, initiates impulse conduction through the cardiac tissue. A key concept in

arrhythmia management is the understanding that the current responsible for

impulse initiation in the atria and ventricles differs from that responsible for

impulse initiation in the sinoatrial (SA) and atrioventricular (AV) nodes. In the atria

and ventricles, the impulse is initiated by a Na+ current through Na + channels.
Fig. 1. The ventricular action potential and its temporal relationship with the surface electrocardiogram

(ECG). TheQRS interval is related to the rate of upstroke of the action potential, which partly determines

the rate of impulse conduction through the ventricular myocardium. The QT interval is related to the

length of the action potential (the absolute refractory period). The phases of the action potential are

indicated, as are the major ionic currents that flow during each phase. The dotted lines indicate

anticipated effects on the action potential and ECGwhen drugs suppress either the Na + current (class IA

or IB) or the K + current (class IA or III). (From Balser JR. Perioperative management of arrhythmias.

In: Barash PG, Fleisher LA, Prough DS, editors. Problems in Anesthesia 2. Philadelphia: Lippincott-

Raven; 1998, p. 197–214; with permission.
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Hence, drugs that suppress the Na + current (class I agents) (Fig. 1, Table 1) slow

myocardial conduction and prolong the QRS complex (ventricle) and the P wave

(atrium). In AVand SA nodal cells, phase 0 is produced by a Ca+ + current through

L-type Ca+ + channels. Therefore, drugs that suppress the Ca+ + current (Table 1)

slow the atrial rate (by acting on the SA node) and conduction through the AV node.

The latter effect prolongs the PR interval on the ECG, making the AV node a more

efficient ‘‘filter’’ for preventing rapid trains of atrial beats from passing into the

ventricle (hence, the rationale for AV nodal blockade during supraventricular

tachycardia (SVT), as discussed later). Because Ca+ + currents do not initiate

impulse propagation in the atria and ventricles, the agents listed in Table 1 only

slow the ventricular response to atrial tachycardia and seldom acutely terminate

arrhythmias that arise in either the atrium or the ventricle.

The later phases of the action potential (phases 1, 2, and 3) (Fig. 1) inscribe

repolarization. The long plateau (phase 2) is maintained by the Ca+ + current and is

terminated (phase 3) by the K + current. Hence, the QT interval on the ECG reflects

the length of the action potential and is determined by a delicate balance between

these and many other smaller inward and outward currents. Drugs that reduce the

Ca+ + current, namely those with class II or class IV activity (Table 1), abbreviate

the action potential plateau, shorten the QT interval, and reduce the inward

movement of Ca+ + into the cardiac cell. Hence, all the agents that reduce the

Ca+ + current (Table 1) have the clinical potential to act as negative inotropes.

Conversely, agents with class IA or III activity block the outward K + current,

prolonging the action potential and the QT interval on the ECG. The electrophys-

iologic manifestations of QT prolongation may be either therapeutic or arrhythmo-

genic, as discussed later.

During phase 4 (Fig. 1), the electrical properties in SA and AV nodal tissue are

again distinct from those in atrial and ventricular muscle. Nodal cells spontane-

ously depolarize (‘‘pace’’), and activation of the adenosine A1 receptor triggers

outward K+ currents [4] that hyperpolarize the nodal cell and oppose pacing.

Because atrial and ventricular tissue are normally hyperpolarized, adenosine has

little or no effect in these tissues. In contrast, adenosine slows the SA node

(reducing the sinus rate) and blocks conduction through the AV node, creating

‘‘transient’’ 3rd-degree AV block. Adenosine also slows nodal conduction because

it inhibits the Ca+ + current by reducing the amount of cyclic AMP (cAMP).

These transient and specific effects make adenosine a choice agent for

terminating SVTs that involve SA or AV node reentrant pathways. Therefore,

it is possible to classify supraventricular arrhythmias according to their response

to adenosine (Table 2) [5]. Those caused by reentry in atrial tissue, such as atrial

flutter or fibrillation, respond to adenosine with transient slowing of the

ventricular response rate but do not terminate. Similarly, atrial tachycardias that

result from enhanced phase 4 depolarization will slow transiently but rarely

cease. Atrial tachycardia related to cAMP-mediated triggered activity in the SA

node is a rare exception, in which adenosine-mediated inhibition of adenylate

cyclase sometimes terminates the arrhythmia [5]. Conversely, SVTs that use the

AV nodal tissue as a substrate for reentry are terminated by bolus administration



Table 2

Response of common supraventricular tachyarrhythmias to intravenous adenosine therapy

SVT Mechanism Adenosine response

AV nodal reentry Reentry within AV node Termination

AV reciprocating

tachycardias (orthodromic

and antidromic)

Reentry involving AV

node and accessory

pathway (WPW)

Termination

Intraatrial reentry Reentry in the atrium Transient slowing of the

ventricular response

Atrial flutter/fibrillation Reentry in the atrium Transient slowing of the

ventricular response

Other atrial tachycardias Abnormal automaticity

cAMP-mediated

triggered activity

Transient suppression of

tachycardia termination

AV junctional rhythms Variable Variable

Abbreviations: AV, atrioventricular; cAMP, cyclic adenosine monophosphate; SVT, supraventricular

tachycardias; WPW, Wolff-Parkinson–White syndrome. Adapted from Balser JR: Perioperative

management of arrhythmias. In: Barash PG, Fleisher LA, Prough DA, editors. Problems in Anes-

thesia 2. Philadelphia: Lippincott-Raven; 1998. p. 201.
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of adenosine (Table 2). Also, junctional tachycardias, which are common during

surgery, occasionally convert to sinus rhythm in response to adenosine.

Ventricular arrhythmias do not respond to adenosine, because these rhythms

originate in tissues distal to the AV conduction pathway. The vasodilatory

properties of adenosine, and of all the other AV nodal blocking agents used for

rate control in SVT, may be harmful in patients with ‘‘stable’’ ventricular

tachycardia (VT) owing to the marginal nature of their hemodynamic stability.

Hence, IVadenosine is no longer recommended as a means of distinguishing wide-

complex SVTs from VTs [6].

Reentry, automaticity, and arrhythmias

Reentry may precipitate a variety of supraventricular and ventricular arrhyth-

mias, and it implies the existence of a pathologic circus movement of electrical

impulses around either an anatomic loop (as in Wolff-Parkinson–White syn-

drome) or a functional loop (as in myocardial ischemia). Fibrillation, in either the

atrium or ventricle, is believed to involve multiple coexistent reentrant circuits of

the functional type. These reentrant loops may result from disparities in the

repolarization or conduction rates between normal and ischemic myocardium or

even from refractory period differences between the epicardial and endocardial

layers [7]. Unfortunately, our understanding of reentry phenomena and pharma-

cologic termination by ion-channel current suppression is not yet complete.

Drugs may terminate re-entry by two mechanisms. Agents that suppress

currents responsible for phase 0 of the action potential (INa
+ in the atrium and

ventricle; ICa
+ + in the SA and AV node) (Table 1) may slow or block conduction

in a re-entrant pathway and, thus, terminate an arrhythmia. Other agents with

K+ -channel blocking activity (Table 1) prolong the action potential and thereby



Table 3

Incidence of chronic arrhythmias following congenital heart defects

Atrial flutter,

fibrillation

Sinus, junctional

bradycardia SVPBs

Complete

AV block Pacemaker VPBs

Ventricular

tachycardia

Sudden

death

Mustard, senning operation + + to + + + ++ + to + + + + +, * + to + + + + + + + +, y + + to

+ + + +, y
Fontan operation + + + + ** ** + + + to

+ + ++

+ + +, y + +

Tetralogy of Fallot ** + + ** Up to

+ + ++ + */yz
Up to + + + +,

y/#
+ +

Ebstein’s anomaly + + +, ## + + + + to

+ + +, ##

Pulmonic stenosis Up to + + + + Up to + + +

to + ++ +

Up to + + +, * +

Atrial septal defect + to + ++ + +, z ** Up to + +

Ventricular septal defect Up to

+ + ++ +, y
+ +

Aortic stenosis Up to

+ + ++ +, y
+ + + to

+ + ++, y
+ + to

+ + +

Abbreviations: SVPBs, supraventricular premature beats; VPBs, ventricular premature beats.

* related to time since surgery; **, reported but incidence not established; y, highest with hemodynamic compromise; z, highest with longer time since surgery; #, includes

ventricular tachycardia inducibility during electrophysiology study; ##, related to the presence of a preoperative arrhythmia; +, 0%–1% incidence; + +, 1%–5% incidence;

+ + +, 5–10% incidence; + + ++, 10%–20% incidence; + + + ++, 20%–60% incidence. Data from Kanter RJ, Garson A: Arrhythmia in congenital heart disease.

In: Podrid PJ, Kovey PR, editors. Cardiac arrhythmias: Mechanisms, Diagnoses, and Management. Baltimore: Williams & Wilkins; 1995.

L
.A
.
H
a
stin

g
s,
J.R

.
B
a
lser

/
A
n
esth

esio
lo
g
y
C
lin

N
A
m

2
1
(2
0
0
3
)
5
6
9
–
5
8
6

5
7
3



L.A. Hastings, J.R. Balser / Anesthesiology Clin N Am 21 (2003) 569–586574
prolong the refractory period of cells in a reentrant circuit, thus ‘‘blocking’’

impulse propagation through the circuit. In clinical trials, the latter agents have

been more successful than the former ones in suppressing fibrillation [8].

Automaticity refers to abnormal depolarization of atrial or ventricular muscle

cells during portions of the action potential that are normally characterized by

repolarization (phases 2 or 3) or by rest (phase 4). Studies performed during the past

decade have identified some of the key molecular substrates that underlie triggered

automaticity. Potassium-channel blockade is effective for treating certain arrhyth-

mias in the atrium and ventricle. Delaying repolarization, manifest as prolongation

of the QT interval, may provoke ventricular arrhythmias in 2% to 10% of patients.

Low serum K+ concentrations, slow heart rates, and K+ –channel-blocking drugs

(class IA or III) synergistically induce a polymorphic VT known as torsades de

pointes [9]. Also, mutations in ion channels critical to repolarization have been

identified in the genes of patients with inherited forms of long-QT syndrome

[10]. Hence, the proarrhythmic features of repolarization-prolonging therapy

appear to be acquired manifestations of the same molecular mechanisms

involved in congenital forms of long-QT syndrome [11]. To extend this

connection further, ‘‘silent’’ mutations have been identified in the protein

substituents of K+ channels that do not cause excessive QT prolongation except

in the presence of K+ -channel-blocking drugs [12,13]. These mutations sensitize

the cardiac cell to K+ -channel blockade, and provide a pharmacogenetic rationale

for the ‘‘idiosyncratic’’ incidence of torsades on exposure to QT-prolonging drugs

(see Ventricular Arrhythmias and Table 3) [14].
Supraventricular arrhythmias

Acute management of perioperative supraventricular arrhythmias

A cascade of adverse physiologic phenomena can precipitate SVTs in

critically ill or anesthetized patients. Hence, when surgical patients suddenly

develop SVTs, their management requires an organized approach. The immediate

focus should not be on pharmacologic therapy directed at the heart but, rather, on

the patient as a whole. The SVTs are a valuable warning sign, which often

foreshadows life-threatening conditions that may be easily corrected. Table 4 lists

some of the most common perioperative conditions that predispose patients to

arrhythmias. These conditions are usually reversible and should be treated before

pharmacologic antiarrhythmic therapies are considered.

Antiarrhythmic therapy should be considered only after dangerous etiologies

have been excluded. Patients with narrow-complex tachycardias who are severely

hypotensive (ie, with loss of consciousness, cardiac ischemia, or a systolic blood

pressure of < 80 mmHg) require immediate synchronous direct-current (DC) car-

dioversion to prevent a stroke, a myocardial infarction, or some other life-threat-

ening complication of hypoperfusion. Whereas some patients may respond only

transiently to cardioversion in this setting, a brief period of sinus rhythm may



Table 4

Reversible causes of sustained and nonsustained ventricular tachycardia

Hypoxemia

Hypercarbia

Acidosis

Hypotension

Electrolyte imbalances

Mechanical irritation

Pulmonary artery catheter

Chest tube

Hypothermia

Adrenergic stimulation (light anesthesia)

Proarrhythmic drugs

Micro/macro shock

Cardiac ischemia
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provide valuable time for correcting the reversible causes of SVT (discussed ear-

lier) or instituting pharmacologic therapies. In less urgent cases, adenosine may be

administered as a 6-mg IV bolus (repeated with 12 mg if the lower dose yields no

response). In practice, the SVTs most commonly seen during the perioperative

period, such as atrial fibrillation (Table 2), do not involve the AV node in a reentrant

pathway, so AV nodal blockage by adenosine will produce only transient slowing

of the ventricular rate. Because of adenosine’s vasodilatory properties and theoret-

ical risk for causing angina and bronchospasm, the American Heart Association’s

guidelines no longer recommend this drug for differentiating SVTs from VTs [6].

Patients with underlying structural heart disease are at greatest risk for

developing either supraventricular or ventricular arrhythmias during the induction

of anesthesia; these complications are usually related to hypotension, autonomic

imbalance, or airway manipulation [15]. In addition, during cardiac or major

vascular surgery, patients may experience SVTs during dissection of the pericar-

dium, placement of atrial sutures, or insertion of the venous cannulae required for

CPB. If hemodynamically unstable SVT occurs, the surgeon usually attempts to

perform open synchronous DC cardioversion. In patients with critical coronary

lesions or severe aortic stenosis, however, SVT may be refractory to cardiover-

sion and may provoke a malignant cascade of ischemia and worsening arrhyth-

mias that necessitates CPB. Hence, early preparation for CPB is recommended

before anesthesia is induced in cardiac surgery patients at high risk for SVTs and

consequent hemodynamic deterioration.

Most patients who develop intraoperative SVTs remain hemodynamically

stable and do not require cardioversion. Ventricular rate control is the mainstay

of therapy for SVT that does not require immediate DC cardioversion. The advan-

tages of slowing the ventricular rate during SVT are twofold. First, lengthening

diastole serves to enhance left ventricular filling and coronary arterial perfusion,

thus enhancing the stroke volume and improving hemodynamic stability. Second,

slowing the ventricular rate reduces myocardial oxygen consumption and the risk

for myocardial ischemia.
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Intraoperatively, rate control is readily achieved with one of various AV nodal

blockers (agents with class II or IV activity) (Table 1). Among the class IV beta

blockers, esmolol has ultra-rapid elimination properties that render it titratable on a

minute-to-minute basis [16]. Thus, meaningful dose adjustments are possible

during periods of surgery that provoke hemodynamic changes, such as bleeding

or abdominal traction. Whereas esmolol is largely b1 selective and generally well

tolerated by patients with chronic obstructive lung disease, this drug has negative

inotropic effects that may not be well tolerated by patients with severe left

ventricular dysfunction. Both IV verapamil and IV diltiazem are Ca+ + -channel

blockers that are less titratable than esmolol but that, nonetheless, slow the

ventricular rate in SVT patients within minutes. The two agents are therapeutically

equivalent for AV nodal blockade [17], but IV diltiazem has less negative inotropic

action and is preferable in patients with heart failure [18,19]. Thus, for patients with

congestive heart failure, digitalis, diltiazem, and amiodarone are all recommended

for rate control management of SVTs [6]. In a prospective, randomized study of

60 patients in a cardiology intensive care unit with atrial arrhythmias and heart rates

of > 120 bpm, diltiazem provided better heart rate control than amiodarone (with

load and load plus infusion); however, diltiazem was more frequently discontinued

because of hypotension [20]. By its vagotonic effects, IV digoxin slows the

ventricular response during SVT; because of its slow onset (� 6 hours), however,

it should be temporarily supplemented with other agents [21].

For the management of paroxysmal supraventricular tachycardias (PSVTs)

related to reentrant circuits that involve accessory pathways (congenital electrical

connections between the atrium and ventricle that bypass the AV node, as

exemplified by Wolff-Parkinson–White syndrome), certain caveats are invoked.

A detailed discussion of this interesting subgroup is beyond the scope of this

article. Nevertheless, it should be noted that patients with accessory pathways, in

addition to having PSVT, may also develop atrial fibrillation; in this situation,

they are at increased risk for developing ventricular fibrillation (VF) upon

exposure to classic AV nodal blocking agents (digoxin, Ca+ + channel blockers,

beta blockers, adenosine) because these agents reduce the accessory bundle

refractory period. In such cases, IV procainamide, which slows conduction

through the accessory bundle, is an acceptable option. Flecainide and amiodarone

should also be considered [6]. A cardiology consultation may be helpful.

Chemical cardioversion of SVTs

Pharmacologic efforts to convert SVTs to sinus rhythm using antiarrhythmic

agents in the operating room should be aimed at patients who cannot tolerate, or do

not respond to, rate-control therapy or DC cardioversion and who remain in a

hemodynamically unstable condition. In intraoperative patients who have SVT but

are in stable condition with a controlled ventricular rate, the wisdom of chemical

cardioversion is questionable for several reasons. First, for recent-onset perioper-

ative SVT, the 24-hour incidence of spontaneous conversion to sinus rhythm

exceeds 50%. Furthermore, many patients who develop SVT under anesthesia will
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revert to sinus rhythm spontaneously before or during emergence from anesthesia.

In addition, most of the antiarrhythmic agents with long-term activity against atrial

arrhythmias have limited efficacy for rapid chemical cardioversion. Whereas 50%

to 80% efficacy rates are cited for many IVantiarrhythmics in uncontrolled studies,

these findings are largely an artifact of high placebo conversion rates. For example,

the efficacy of IV procainamide for converting SVT has not been established in

placebo-controlled trials [22]. Moreover, a placebo-controlled trial of patients with

atrial fibrillation recently showed a 60% 24-hour conversion rate for patients in the

placebo arm; statistically, this rate was indistinguishable from that of patients

treated with IV amiodarone (68%) [23]. Although improved rates of chemical

cardioversion are seen with high doses of IV amiodarone (� 2g/d) [24], the

potential for undesirable side effects in the operating room requires further study.

Whereas the most effective agents for converting atrial fibrillation are

K + -channel blockers that prolong atrial repolarization, use of these agents is

hampered by the proarrhythmic risk inherent in concomitant prolongation of

ventricular repolarization (manifesting as QT prolongation and torsades de

pointes). Stambler and associates [25] found that, in nonsurgical patients with

atrial fibrillation, ibutilide, a rapid-acting antiarrhythmic, produced an astounding

31% rate of conversion, with a mean time of 27 minutes from treatment to

conversion [25]. Unfortunately, there was an 8% incidence of torsades de pointes

(affecting 15 of 180 ibutilide-treated subjects), so the risk/benefit ratio for IV

ibutilide in treating perioperative SVT remains questionable.

Intraoperative elective DC cardioversion in an otherwise stable patient with

SVT also carries risks (VF, asystole, and stroke). Moreover, the underlying factors

that provoke SVT during or shortly after surgery are likely to persist beyond the

time of cardioversion, inviting recurrence [15]. In a recent trial of patients with

SVTs (mainly atrial fibrillation) after coronary artery bypass grafting (CABG),

low-energy DC cardioversion (using indwelling atrial pacing leads) was 80%

effective and minimized sedation requirements, but the rate of recurrence within 1

minute was nearly 50% [26]. Hence, when elective DC cardioversion is considered,

it may be prudent to first establish a therapeutic level of an antiarrhythmic agent that

can maintain sinus rhythm (eg, procainamide or amiodarone), thereby preventing

SVT recurrence after cardioversion.
Ventricular arrhythmias

Nonsustained ventricular arrhythmias

Ventricular arrhythmias may be subdivided according to their morphology.

Nonsustained ventricular tachycardia (NSVT) is defined as three or more prema-

ture ventricular contractions (PVCs) that occur at >100 bpm and last for � 30 sec

without causing hemodynamic compromise. These arrhythmias are routinely seen

in the absence of cardiac disease and may not require drug therapy during the

perioperative period. In patients with structural heart disease, these nonsustained
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rhythms predict life-threatening ventricular arrhythmias [27] and certain anti-

arrhythmic drugs may either worsen survival (encainide and flecainide) [28] or

improve survival (amiodarone) [29].

Nonsustained VTs occur in nearly 50% of patients during and after cardiac and

major vascular operations but do not influence the early or late mortality in patients

with preserved left ventricular function [30–32]. These patients do not usually

require antiarrhythmic drug therapy; however, as with SVT, the ventricular

arrhythmia may signal reversible etiologies that should be treated (Table 3).

Conversely, nearly 2% of patients have sustained VT or VF after cardiac surgery

[30,33,34]. Low cardiac output after CABG (requiring pressor support) is an

independent predictor of life-threateningVT/VFwithin 72 hours of surgery [35]. In

most cases, symptoms of postoperative ischemia are not apparent. One trial did

identify saphenous vein graft failure at angiography in 3 of 7 patients with

unanticipated VT/VF, suggesting that subclinical graft occlusion is a frequent

etiology of postoperative VT/VF [33]. After aortic valve replacement, a retrospec-

tive analysis found that, compared with survivors, patients who died unexpectedly

had an elevated incidence of NSVTon their postoperative ECG (10% versus 44%,

respectively; P < 0.05) [36]. Nonetheless, the incidence of NSVTafter aortic valve

replacement may be nearly 50% [37]; therefore, the role of electrophysiologic

diagnostic evaluation in this population has not been clarified.

There are few studies available to guide therapeutic decision-making for

patients with ventricular arrhythmias in the early postoperative period. Whereas

NSVT has not been linked to increased morbidity or mortality after CPB, the con-

dition of unstable patients with marginal perfusion may deteriorate with recurrent

episodes of NSVT (eg, owing to problematic ventricular pacing or intraaortic

balloon counterpulsation). Such patients may benefit from arrhythmia suppression

with lidocaine [38] or beta blockade [30,31]. In addition, repletion of postbypass

hypomagnesemia (with 2 g of IV MgCl2) reduces the incidence of NSVT after

cardiac surgery [39] and is now standard therapy at many centers. In a recent

retrospective evaluation, electrophysiologic-guided prophylaxis had a survival

benefit in post-CABG patients with a low ejection fraction who survived sudden

cardiac death [40]. However, a definitive role for prophylactic antiarrhythmic drug

therapy in this setting has not been prospectively evaluated. Themulticenter CABG

Patch Trial showed that implantation of a cardiac defibrillator in high-risk patients

(with a low ejection fraction) at the time of elective cardiac surgery conferred no

survival advantage [41]. Hence, identification of effective strategies for preventing

ventricular arrhythmias after cardiothoracic surgery is an ongoing challenge.

Sustained ventricular tachycardias

Sustained VTs generally fall into one of two categories: monomorphic and

polymorphic. In monomorphic VT, the amplitude of the QRS complex remains

constant, whereas in polymorphic VT, the QRS morphology continually changes.

The best-understood mechanism for monomorphic VT is formation of a reentrant

pathway around scar tissue from a healed myocardial infarction [42]. Although
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lidocaine has traditionally been the primary pharmacologic therapy for all

sustained ventricular arrhythmias, a recent study of 29 patients with hemody-

namically stable monomorphic VT found that termination within 24 hours was

more common with IV procainamide therapy (12/15 patients) than with IV

lidocaine (3/14 patients; P < 0.01) [43]. Intravenous amiodarone is also recom-

mended for management of monomorphic VT [6].

In contrast, the therapeutic approach to polymorphic VT is critically dependent

on whether the QT interval during a previous interval of sinus rhythm was

prolonged. If the QT interval is normal, polymorphic VT is usually associated

with structural heart disease, although idiopathic cases are seen [44]. The rhythm

degenerates into VF (pharmacologic management is discussed later). Conversely,

therapy for polymorphic VT associated with a prolonged QT interval (torsades de

pointes) is focused on reversal of the QT prolongation. As discussed earlier,

a predisposition to torsades may be inherited, but it is more often an ac-

quired complication of therapy with drugs that prolong the QT interval. In addition

to QT-prolonging antiarrhythmic drugs (class IA or III), several other medications

used during the perioperative period may evoke QT prolongation and torsades de

pointes (for a current on-line summary, see www.torsades.org/druglist.cfm). With

respect to management, torsades de pointes differs markedly from other forms of

VT. Therapy includes administration of IV magnesium sulfate (2–4 g), repleting

potassium, and agents aimed at increasing the heart rate (atropine, isoproterenol, or

temporary atrial or ventricular pacing). Hemodynamic collapse with torsades

requires asynchronous DC countershocks.When antiarrhythmic therapy is deemed

necessary, agents devoid of K + -channel blocking properties, such as lidocaine or

phenytoin (Table 1), are usually chosen to avoid further prolongation of the QT

interval [45]. In practice, it may be relatively unclear whether an observed episode

of polymorphic VT is related to QT-interval prolongation. In such cases, magne-

sium and Na + -channel-blocking agents may be administered empirically. Of the

antiarrhythmic agents that prolong the QT interval, amiodarone is associated with

the lowest incidence of torsades de pointes [46], hence, IV amiodarone may be a

rational alternative therapy for refractory polymorphic VTof unclear etiology. The

risk for proarrhythmic events may be increased by the simultaneous use of more

than one antiarrhythmic agent, which should be avoided if possible.

Drug selection for acute management of unstable ventricular tachycardia and

ventricular fibrillation

The necessity of treating life-threatening arrhythmias in the operating room is

self-evident, and the risks of drug therapy in this setting seems to be small. Only

recently has objective evidence emerged, however, to support the notion that IV

antiarrhythmic therapy improves survival during cardiac arrest. In patients who

have VF intraoperatively, the most important first maneuvers are nonpharmaco-

logic and are similar to those used for hemodynamically destabilizing SVT: rapid

defibrillation (as opposed to synchronous cardioversion in SVT) and correction

of reversible etiologies (Table 3).

 http:\\www.torsades.org\druglist.cfm 
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Regarding pharmacologic intervention, no human clinical studies are available

to suggest that IV lidocaine, the putative Na + -channel blocker most often used

during intraoperative cardiac arrest, promotes the conversion of sustained VTor VF

to sinus rhythm in any setting. Therefore, in its recent evidence-based guidelines,

the American Heart Association changed the recommendation for lidocaine to

‘‘indeterminate,’’ ranking this agent lower than amiodarone and procainamide. In

support of this change, a recent prospective trial (ARREST) examined the efficacy

of IVamiodarone compared with placebo (the amiodarone carrier) in patients with

out-of-hospital cardiac arrest related to pulseless VT or VF refractory to DC

cardioversion [47]. Of the 504 patients enrolled, those who received amiodarone

had a higher survival to hospital admission (44% versus 34%; P = 0.03). These

were the first randomized prospective data to show that use of an antiarrhythmic

agent during a cardiac arrest offers a short-term survival advantage. A more recent,

comparable study (ALIVE) compared amiodarone with lidocaine [48]. For

enrollment, patients had to have VF resistant to three shocks, epinephrine, and a

fourth shock, or (alternatively) recurrent VF after initially successful defibrillation.

The lidocaine group was treated with 1.5 mg/kg of lidocaine and placebo

amiodarone, followed by a second dose of 1.5 mg/kg of lidocaine if defibrillation

was unsuccessful. The amiodarone group received 5 mg/kg of amiodarone and

placebo lidocaine, followed by 3.5 mg/kg of amiodarone if the defibrillation was

unsuccessful. Of the 347 patients enrolled, 22.8% in the amiodarone-treated group

survived to hospital admission compared with 12% in the lidocaine group

(P = 0.0083). In neither ARREST nor ALIVE was there a significant difference

in survival to hospital discharge. However, neither study controlled the elements of

patient management after emergency room admission, and neither trial had

sufficient power to detect longer-term survival differences. In ALIVE, the time

between cardiac arrest and drug administration also influenced survival to hospital

admission. In the amiodarone group, survival for those treated within 24 minutes

was 28%, versus only 18% for those receiving later therapy (P = 0.001).

During the perioperative period, successful use of IVamiodarone in ventricular

arrhythmia management has been reported [49,50], although placebo-controlled

trials are not yet available (for any antiarrhythmic agent). Amiodarone has non-

competitive alpha and beta blockade effects, so rapid IV loading may exacerbate

hemodynamic instability during the initial (rapid) loading phase in patients with

severe left ventricular dysfunction. In these cases, systemic perfusion may be

maintained during the initial bolus with additional pressors and, occasionally,

intraaortic balloon counterpulsation [49]. If time permits, the negative inotropic

effects of IV amiodarone will also be mitigated by slowing the loading infusion.
Pediatric arrhythmias

In general, the treatment of pediatric arrhythmias is based on extrapolating

adult data to the pediatric population. Like adult arrhythmias, pediatric arrhyth-

mias can be either congenital (eg, congenital heart block or long QT syndrome) or
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acquired. The acquired variety is usually associated with the structural anomalies

resulting from congenital heart defects. Arrhythmias, however, linked to con-

genital heart defects may also be caused by corrective surgery, and the risk for

arrhythmias after surgical repair may be distinct from the preoperative risk.

General incidence and anesthetic factors

Outside the cardiac surgery setting, intraoperative arrhythmias are relatively

uncommon in the pediatric population. In 1993, the Pediatric Closed Claims

Study reviewed 238 pediatric cases in which a malpractice claim was raised

against anesthesia personnel; no arrhythmias were reported [51]. Subsequently,

the Pediatric Cardiac Arrest Registry was formed, with 63 institutions enrolling

voluntarily. Arrhythmias were implicated in only 5 of 289 cardiac arrests [52].

Halothane is a popular agent for both inducing andmaintaining anesthesia in the

pediatric population. In a prospective study that evaluated 402 children who

underwent halothane anesthesia in 338 cases [53] there were no arrhythmias in

patients less than 2 years of age; however, 24 of the 249 children aged 2 years or

older had 27 arrhythmic episodes. Overall, arrhythmias occurred in 11.6% of the

halothane-treated patients compared with 2% of those treated with other agents

(P = 0.035). There was also an association between hypercarbia, light anesthesia,

and arrhythmias. Sevoflurane is significantly less soluble in blood than halothane,

facilitating drug titration. In a randomized, double-blinded study of 180 infants and

children with congenital heart disease, sevoflurane was found to have hemody-

namic advantages over halothane, but there was no difference in the incidence of

ventricular dysrhythmias [54]. Hence, initial treatment of pediatric arrhythmias

includes normalizing ventilation and oxygenation, maintaining an adequate blood

pressure, and ensuring an adequate depth of anesthesia. In adults, DC cardioversion

is indicated when arrhythmias provoke hemodynamic distress. For rhythms that are

supraventricular in origin, IV adenosine is usually the first choice because the

rhythms often involve a reentrant pathway near the conduction system. In rare

cases in which adenosine fails or the rhythm is ventricular in origin, procainamide

or amiodarone are both acceptable options.

Arrhythmias and congenital heart disease

Patients with congenital heart disease have lesion-specific preoperative risks for

arrhythmias, and repair-specific postoperative risks. (see also article: Anesthetic

implications of treated [corrected or palliated] congenital heart disease). As cardiac

surgical procedures for congenital heart disease continue to evolve, so does the

complexity of the postoperative arrhythmia substrates. Despite tremendous tech-

nical advances in congenital cardiac surgery, the follow-up ‘‘data set’’ for many

repairs is limited because, until recently, these procedures entailed a high mortality

that prohibits long-term studies.

Factors that contribute preoperatively to the risk for arrhythmias, include

chronic chamber enlargement (pressure overload), specific lesions, and the use of
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medications. Table 5 summarizes the incidence of preoperative arrhythmias

associated with several congenital heart defects. Because children are not able

to provide a history of palpitations or chest pain, vigilance is necessary in

preoperative monitoring. These arrhythmias may profoundly affect the hemody-

namic response to anesthetic induction, as many of these children rely heavily on

sinus rhythm (normal AV conduction) to maintain an adequate cardiac output.

During the early postoperative period after congenital heart surgery in the pedi-

atric population, the risk factors for arrhythmia are procedure-specific (Table 3).

Pfammatter and colleagues [55] prospectively monitored arrhythmias in children

undergoing three different procedures: transatrial closure of a ventricular septal

defect (VSD), total correction of tetralogy of Fallot (TOF), and total correction of a

complete AV septal defect (CAVC). Of the 75 children who had VSD closure,

20 (30%) had early postoperative arrhythmias, usually frequent supraventricular

and ventricular ectopic beats. Arrhythmias were associated with longer CPB

and aortic crossclamp times; all arrhythmias resolved within 72 hours. Of the

52 children who had correction of TOF, 18 (35%) had arrhythmias, most

commonly accelerated junctional rhythm. These arrhythmias were associated with

longer aortic crossclamp times but not longer CPB times. Most of the patients who

underwent CAVC repair (36/45) also had Down’s syndrome, and 21 of them

(47%) had postoperative arrhythmias. Accelerated junctional tachycardia and

sinus node dysfunction were most common and were associated with longer CPB

and crossclamp times. In general, studies suggest that the total CPB time and

crossclamp time are more predictive of postoperative arrhythmias than is the

particular cardiac incision (ie, atriotomy or ventriculotomy).

Junctional ectopic tachycardia (JET) is a malignant postoperative arrhythmia

that is almost unique to the pediatric population. Although the etiology remains

unclear, this complication has been reported after most types of cardiac surgical

repair. It is most commonly seen in infants undergoing surgery in the area of the AV

node or the His-Purkinje system. This arrhythmia has an early onset, within the first

24 hours after repair, and appears as a narrow QRS complex with AV dissociation.

Although heart rates of < 180 bpm are usually well tolerated, overdrive pacing

can be attempted as a conversion measure. Any abnormalities such as hypoxia,

hypercarbia, light anesthesia, and acidosis should be treated, and catecholamine

infusions should be minimized. At rates of >180 bpm, the cardiac output is

frequently compromised, and other measures may be necessary. Overall, JET

contributes significantly to postoperative morbidity and mortality. In a review of

343 patients aged 2 years or older, the overall JET-related mortality was 2.9% [56].

Once JET developed, the mean ventilation time increased from 83 to 187 hours

(P < 0.0001). Similarly, time in the intensive care unit increased from 107 to

210 hours (P < 0.0001).

Moderate hypothermia (32 to 34�C) has been used to terminate JET, and this

goal is achievedwith a cooling blanket, iced saline gastric lavage, or cool peritoneal

dialysis if a dialysis catheter is present. However, cooling causes shivering, which

may increase the myocardial oxygen demand while causing peripheral vasocon-

striction, both of which cause worsening acidosis. Intravenous amiodarone has also



Table 5

Incidence of arrhythmias in patients with preoperative congenital heart defects

Cardiac defect

Atrial flutter

fibrillation PSVBs

Sinus bradycardia,

junctional rhythm

Wolff Parkinson

White syndrome

Supraventricular

tachycardia AV block PVBs

Ventricular tachycardia,

sudden death

Sinus venosus and

secundum ASD

+ to + + +, * + to + + ** ** 0 to +, *

Ebstein’s anomaly + to + +, * + + + + **, y
Pulmonary valve stenosis + +

VSD ++ ** ** ++ +

AVSD ** **

PDA 0 to + ++ +, *

Tetralogy of Fallot ** + 0 to + + +, *

Aortic valve stenosis 0 to + + +, * + ** + to + + ++, y **, y
Coarctation of the aorta ** **/**, y **, y
d-TGA 0 to + 0 to + + to + + +

(intermittent)

** + to + + 0 to +

l-TGA z ** + + + to + + + + to + ++

Polysplenia z + to + + +, * ** ** + +

Asplenia z + ** ** **

Tricuspid atresia z + +

Eisenmenger physiology **, y (paroxysmal) + + + + + +

+, up to 10% incidence; + +, 10%–40% incidence; + + +, 40%–60% incidence; + + + +, 60%–90% incidence; *, progressive incidence with age; **, reported but incidence

not established; y, progressive incidence with advancement of hemodynamic abnormality; z, related to highly prevalent associated abnormalities; AV, atrioventricular; AVSD,

atrioventricular septal defect; PDA, patent ductus arteriosus; PSVBs, premature supraventricular beats exceeding normal number for age; PVBs, premature ventricular beats

exceeding normal number for age; TGA, transposition of the great arteries; VSD, ventricular septal defect. Data from Kanter RJ, Garson A: Arrhythmias in congential heart

disease. In: Podrid PJ, Kovey PR, editors. Cardiac Arrhythmias: Mechanisms, Diagnoses, and Management. Baltimore: Williams & Wilkins; 1995.
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been used in this population [50]. Amulti-institutional study has been performed to

evaluate the efficacy and safety of IVamiodarone in 40 patients in whom standard

management failed [57]. Acute resolution of tachycardia, with improved hemo-

dynamics, was seen in 32 patients (80%) without serious adverse effects. Thirteen

of the 14 patients with JET improved with amiodarone.
Summary

Cardiac arrhythmias remain a major source of morbidity, mortality, and pro-

longed postoperative hospital stay in surgical patients. Recent studies in patients

experiencing out-of-hospital cardiac arrest have expanded our knowledge in the

management of cardiac arrhythmias. Future advances require additional studies

focused on the unique proarrhythmic substrates in surgical patients, to provide a

clear rationale for antiarrhythmic drug therapy in the perioperative period.
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Atrial fibrillation (AF) is the most common sustained cardiac rhythm dis-
turbance encountered in clinical practice [1]. The estimated overall preva-
lence of AF is 0.4%, and it increases with age, so that it occurs in fewer
than 1% of those under 60, but in more than 6% of the population aged
80 years or older [2]. Based on data from the Framingham study, the lifetime
risk of developing AF, starting at 40 years of age, is approximately 1 in 6 in
both men and women who have no previous congestive heart failure (CHF)
or myocardial infarction (MI), and 1 in 4 for patients who had a prior his-
tory of either of these cardiac conditions [3]. Although prevalence is higher
among men in every age group, it is important to recognize that the total
number of cases is approximately equally distributed across both genders
because of a greater longevity in women. The prevalence is thought to be
similar in the United States and Europe, but lower in Asia [4]. Extrapolation
of population data from the Marshfield Epidemiological Study suggests that
there are half a million new cases of AF each year in the United States [5]
and that the number of patients who have AF is projected to increase
from estimates of 2.1 million in 2001 to 5.6 million in 2050 [6].

Even allowing for increases in aging of the population, the prevalence of
AF in the United States has more than doubled in the decades between the
1960s and the 1980s, particularly among men, according to the Framingham
Study [7]. This is also in spite of a reduction in the number of cases of rheu-
matic mitral stenosis, the predominant etiology in the earlier years of the
study. Similar trends have been reported from Europe [8]. Some authors be-
lieve this is because of the better short-term and mid-term survival rates
once diagnosis has been made. The incidence of AF among white patients
is approximately twice that among African Americans [9].

Studies indicate that AF is an independent risk factor for morbidity
and mortality; whether it is secondary to other treatable causes or is an
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independent finding [5,10]. The independent risk of AF for mortality in
women is consistently higher than in men, allowing for age, sex, and other
cardiovascular risk factors. In the Framingham Study, AF was indepen-
dently associated with mortality in women with an odds ratio of 1.9 (95%
CI: 1.5 to 2.2) and 1.5 among men (95% CI: 1.2 to 1.8) after adjustment
for age, sex, and other cardiovascular risk factors [11]. A 20-year follow-
up study of over 15,000 patients in Europe [12] identified a significant, inde-
pendent increase in all-cause mortality among women (RR ¼ 2.2; 95% CI:
1.5–3.2) and men (RR¼1.5; 95% CI: 1.2–2.2) associated with AF.

It also appears that conversion from AF to sinus rhythm (SR) with the
maintenance of SR confers a survival advantage. In a series of trials assessing
the efficacy and safety of dofetilide to treat AF, the Danish Investigations of
Arrhythmia and Mortality on Dofetilide (DIAMOND) studies [13] showed
that patients who maintained SR, either with or without anti arrhythmic
therapy, had a better prognosis compared with patients who had continued
AF. Although the initial findings of the Atrial Fibrillation Follow-Up Inves-
tigation of Rhythm Management (AFFIRM) trial suggested that there was
no difference in survival between patients managed by rate versus rhythm
control, further analysis of the data demonstrated an independent effect of
AF on mortality regardless of therapeutic regimen [14]. Data on 2796
patients who had AF and were enrolled into the AFFIRM study revealed
an improved survival when SR was maintained (hazard ratio of 0.53, which
is almost half the death rate) compared with patients who had AF [14].

AF has also independently predicted mortality in certain clinical or pro-
cedural settings, including in patients who have acute coronary syndrome
[15] or CHF [16,17], and patients undergoing esophagectomy [18] and other
major thoracic surgery [19].

Recognizing and diagnosing atrial fibrillation

AF is a supraventricular tachyarrhythmia characterized by uncoordi-
nated atrial activation that ultimately leads to a deterioration in atrial func-
tion, and therefore in cardiac performance. On the ECG, AF is recognized
by the replacement of uniform P waves by fibrillatory waves (rapid oscilla-
tions that vary in size, shape, and timing). The associated ventricular re-
sponse is irregular, and may be rapid when atrioventricular (AV)
conduction is intact. The actual ventricular response to AF depends on
the activity of the AV node, autonomic tone, and current drug therapy. Reg-
ular RR intervals are possible in the presence of AV block or a ventricular
or junctional tachycardia. A rapid, irregular, wide-QRS-complex tachycar-
dia strongly suggests AF with conduction over an accessory pathway, or AF
with underlying bundle-branch block. Extremely rapid rates (over 200 beats
per minute) are usually associated with the presence of an accessory
pathway.
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AF can be isolated or associated with other arrhythmias, often atrial flut-
ter or atrial tachycardia. Atrial flutter is more organized than AF, with flut-
ter waves (a sawtooth pattern of regular atrial activation on the ECG)
visible in leads II, III, and aVF. In untreated atrial flutter, the atrial rate typ-
ically ranges from 240 to 320 beats per minute, with F waves inverted in
ECG leads II, III, and aVF but upright in lead V1. Two-to-one AV block
is common, producing a ventricular rate of 120 to 160 beats per minute.
Atrial flutter can degenerate into AF, AF can initiate atrial flutter, or the
ECG pattern can alternate between atrial flutter and AF, reflecting changing
atrial activation. Thus a patient may present with one or the other of the two
arrhythmias and oscillate between the two.

Classification of atrial fibrillation

In the past, AF has been variously described, leading to difficulties in
interpreting evidence-based medicine and challenges in transferring study
results to clinical practice. Recent practice guidelines for AF have there-
fore been introduced to simplify the classification system and make it
more applicable to everyday patient management [1]. This classification
system was the result of a combined task force with members from the
American College of Cardiology (ACC), the American Heart Association
(AHA), and the European Society of Cardiology (ESC), and was devel-
oped in collaboration with the North American Society of Pacing and
Electrophysiology.

The classification scheme recommended in this document represents
a consensus driven by a desire for simplicity and clinical relevance.
A first-detected episode of AF is classified as a separate entity, recognizing
that there can be uncertainty about the duration of the episode and about
previous undetected episodes. This is now termed an ‘‘initial event.’’ AF
may or may not recur thereafter. When a patient has had 2 or more epi-
sodes, AF is considered ‘‘recurrent.’’ If AF spontaneously terminates within
7 days (and in the majority of patients it is usually less than 48 hours) it is
called ‘‘paroxysmal.’’ If AF is not self-limiting, it is called ‘‘persistent AF.’’
Termination of AF that was not self-limiting by pharmacological therapy or
electrical cardioversion does not change the designation of persistent AF.
Persistent AF can be either the first presentation or a culmination of recur-
rent episodes of paroxysmal AF. Persistent AF includes cases of long-standing
AF in which cardioversion has not been indicated or attempted, usually lead-
ing to permanent AF [1].

The terminology defined in the preceding paragraph applies to episodes
of AF that last more than 30 seconds and that are unrelated to a reversible
cause. AF that is secondary to a precipitating condition, such as acute myo-
cardial infarction, cardiac surgery, myocarditis, pericarditis, hyperthyroid-
ism, pulmonary embolism, or acute pulmonary disease, is considered to
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be a separate entity, termed ‘‘secondary AF’’ [1]. In these settings, it is rec-
ognized that AF is not likely to recur or have prognostic significance after
the elimination of the underlying pathology; however, some evidence has re-
cently emerged that survival in this group of patients who have secondary
AF may be reduced, even after reversal of the underlying pathology [10].

Putting this classification system into perspective [20], 135 consecutive
hospital discharges with a principal diagnosis of AF were classified accord-
ing to the ACC/AHA/ESC guidelines [21]. Seventy four of the discharged
patients (55%) had first-detected episode, 28 (21%) had recurrent paroxys-
mal AF, 17 (13%) had recurrent persistent AF, and 16 (12%) had perma-
nent AF. For the 102 patients who had either first-detected or recurrent
paroxysmal AF, 71 (69%) converted spontaneously to normal sinus rhythm
within 48 hours of admission. Therefore, most hospital discharges with a prin-
cipal diagnosis of AF represent the first-detected episode, and most convert
spontaneously to normal sinus rhythm within 48 hours of admission.

Treatment of atrial fibrillation

The therapy of AF has essentially two aspects: rhythm management, and
thromboembolism prophylaxis. Within rhythm management, there are basi-
cally two strategies: control of the ventricular rate without any specific effort
to restore and maintain sinus rhythm (known as heart rate control), and res-
toration and maintenance of sinus rhythm (known as heart rhythm control).
A number of large prospective, randomized trials comparing rate control to
rhythm control have been completed in an attempt to define which is the
better of the two strategies. Although these trials have included several thou-
sands of patients, patients who have AF and CHF, young patients who have
structural heart disease, and highly symptomatic patients who have parox-
ysmal AF are grossly underrepresented. Furthermore, to date only pharma-
cological therapies have been compared in these trails; no trails exist in
which rhythm control has been achieved by nonpharmacologic means
such as catheter ablation, device therapy, or surgical procedures and com-
pared with rate control in a randomized manner. In spite of these shortcom-
ings, a meta-analysis of the largest clinical trials has determined that there is
no distinct advantage of the rhythm control strategy over rate control [22].
Rather, clinical advantage appears to side with the rate control strategy, and
includes fewer adverse drug effects, fewer hospitalizations, and lower overall
cost. Nevertheless, the authors of this meta-analysis point out that the AF-
FIRM trial [14], which enrolled 75% of the patients in the meta-analysis and
ran for the longest period, demonstrated a trend toward excess mortality in
the rhythm control group that did not appear until approximately 18
months after randomization. Further subgroup analyses from the AFFIRM
[14] and the RAte Control versus Electrical cardioversion (RACE) [23] trials
suggest that some groups of patients appear to do better with rate control
(hypertensives, patients who have ischemic heart disease, females, and
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patients who do not have CHF), whereas younger patients and those who
have a history of CFH do better with rhythm control.

With respect to rate control, a resting heart rate of 80 to 100 beats per
minute is the favored rate, based on old data that observed that above a rest-
ing heart rate of 90 to 100 beats per minute, any increase in heart rate results
in a decrease in forward blood flow in some patients [24]. Target heart rates
during activity are arbitrary, with no objective data to suggest that routine
treatment to lower exercise-induced heart rate in patients who have AF be-
ing treated by the heart rate control strategy provides any advantage over
merely treating the resting heart rate [22].

The second part of the treatment of AF is thromboembolism prophylaxis
and prevention of stroke. The Framingham Heart Study has recently pub-
lished a prediction model to stratify the risk of stroke for patients who
have new-onset AF [25]. Factors that predict stroke in this population in-
clude age, female sex, hypertension, diabetes, and prior stroke or transient
ischemic attack (TIA).

In dealing with thromboembolism prophylaxis, the question always arises
whether a patient should be maintained on an anticoagulation regimen once
sinus rhythm has been achieved and established. Until recently it was ac-
cepted practice to discontinue anticoagulation once sinus rhythm had
been established, the assumption being that the risk of stroke in AF oc-
curred secondary to cardioemboli that form in the left atrial appendage dur-
ing stasis. The meta-analysis of rate versus rhythm control [22], however,
found no difference between the propensity toward intracerebral bleed, em-
bolic events, or thrombotic stroke with either of the treatment strategies.
Both the AFFIRM study [14] and the RACE study [23] noted that regard-
less of the treatment strategy, thrombotic strokes occurred in patients who
had stopped taking anticoagulation or whose international normalized ratio
(INR) remained subtherapeutic. These findings point to the importance of
continued anticoagulation therapy in high-risk patients, regardless of the
rhythm management approach taken. Furthermore, there appears to be ev-
idence that AF is accompanied by a generalized thrombotic state, particu-
larly in the elderly. In a study of 162 patients in the Netherlands (mean
age 78 years) [26], a positive relationship between AF and plasma von Wil-
lebrand Factor (used as a marker for endothelial dysfunction) was observed,
particularly among women. In the light of these findings, a number of stud-
ies have addressed the adequacy of anticoagulation in patients who have
AF. In a study of almost 1000 patients who had AF in a US multicenter trial
[27], most (86%) had factors that stratified them as at high risk of stroke,
and only 55% of those received warfarin. Neither warfarin nor aspirin
was prescribed in 21% of high-risk patients, including 18% of those who
had a previous stroke, TIA, or systemic embolic event. Age greater than
80 years and perceived bleeding risk were negative predictors of warfarin
use. Persistent or permanent AF and history of stroke, TIA, or systemic
embolus were positive predictors of warfarin use, whereas high-risk



514 GARWOOD
stratification was not. Physician compliance with two international guide-
lines [1,28] on the prevention of thromboembolic complications of AF
was examined in a population of hospitalized patients in New Zealand
[29]. The proportions of patients managed in accordance with the ACC/
AHA/ESC guidelines [1] and the American College of Chest Physicians
(ACCP) guidelines [28] were 47.5% and 31.2%, respectively. High-risk pa-
tients were less likely to be given warfarin if they were older. In an Italian
study [30] only 10% of patients who had known AF were receiving an ad-
equate antithrombotic treatment according to current guidelines. By com-
parison, a study from Canada [31] revealed that 72.0% of patients
presenting at an outpatient electrocardiographic clinics in Nova Scotia
were receiving antithrombotic therapy in accordance with the 2001 guide-
lines of the American College of Chest Physicians, with no difference in
the rates between individuals younger or older than 75 years.

To re-emphasize the basic concepts in the treatment of AF (rhythm con-
trol and prevention of thromboembolism) specific guidelines intended for
primary care physicians and for newly detected AF published by a joint
panel from the American Academy of Family Physicians and American Col-
lege of Physicians [32] reiterate the findings that rate control with chronic
anticoagulation is the recommended strategy for the majority of patients
who have AF:

1) Rhythm control has not been shown to be superior to rate control (with
chronic anticoagulation) in reducing morbidity and mortality, and may
be inferior to rate control in some patient subgroups. Rhythm control
may be appropriate when based on other special considerations, such
as patient symptoms, exercise tolerance, and patient preference.

2) Patients who have AF should receive chronic anticoagulation with ad-
justed-dose warfarin, unless they are at low risk of stroke or have a spe-
cific contraindication to the use of warfarin (thrombocytopenia, recent
trauma or surgery, alcoholism).

3) Most patients converted to sinus rhythm from AF should not be placed
on rhythm maintenance therapy, because the risks outweigh the
benefits.

4) For patients who have AF, the following drugs are recommended for
their demonstrated efficacy in rate control during exercise and while
at rest: atenolol, metoprolol, diltiazem, and verapamil (drugs listed al-
phabetically by class). Digoxin is only effective for rate control at rest,
and therefore should only be used as a second-line agent for rate control
in AF.

5) In a selected group of patients whose quality of life is compromised by
AF, the recommended pharmacologic agents for rhythm maintenance
are: amiodarone, disopyramide, propafenone, and sotalol (drugs listed
in alphabetical order). The choice of agent predominantly depends on
specific risk of side effects based on patient characteristics.
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Atrial fibrillation in the perioperative perioddthe patient

who has known atrial fibrillation

According to the guidelines discussed above, in general a patient who has
AF and who has not converted to sinus rhythm should have a resting heart
rate in the 80 to 100 beats per minute range, and should be on an anticoag-
ulant regimen. Patients who have had a AF, are now in sinus rhythm, but
are at high risk for stroke should also be maintained on an anticoagulant
regimen. The question is, how to manage the anticoagulant status of the pa-
tient during the perioperative period. The guidelines published by the ACC/
AHA/ESC [1] recommend that the target intensity of anticoagulation is an
INR of 2 to 3, which balances between prevention of ischemic stroke and
risk of bleeding [28]. It is the consensus of the working group preparing
these guidelines that patients who have AF, do not have a mechanical heart
valve, and are scheduled for a procedure that carries a risk of bleeding can
have their anticoagulation regimen interrupted for up to 1 week without
substituting heparin. In high-risk patients (prior stroke or TIA, hyperten-
sion, CHF, advanced age, diabetes, coronary artery disease [CAD]), or
those patients scheduled to undergo a series of procedures spread over a pe-
riod longer than a week, unfractionated or low-molecular weight heparin
can be administered intravenously or subcutaneously. Anticoagulation is
recommended for 3 to 4 weeks before and after cardioversion for patients
who have AF of unknown duration or that has lasted more than 48 hours.
When acute AF produces hemodynamic instability, immediate cardiover-
sion should not be delayed, but intravenous heparin or low molecular
weight heparin should be administered first. Protection against late embo-
lism might require continued anticoagulation after the procedure. This de-
pends on the likelihood of the recurrence of AF and the patient’s intrinsic
risk for thromboembolism. Alternatively, a much referenced review of anti-
coagulation in patients who have AF [28] recommends that AF patients un-
dergo anticoagulation, then undergo transesophageal echocardiography,
and have cardioversion performed without delay if no thrombi are seen.
For these patients, warfarin therapy should still be continued until normal
sinus rhythm has been maintained for at least 4 weeks. The risk of embolism
following cardioversion in patients who have been in AF for less than 48
hours appears to be low; however, the authors of that review recommend
the use of anticoagulation during the pericardioversion period [28].

A study from the Mayo Clinic [33] reviewed over 1000 patients who had
AF and were undergoing endoscopies, and calculated the stroke risk among
patients who had AF and in whom anticoagulation was adjusted for endo-
scopic procedures, identifying factors that may increase the risk of stroke.
No strokes occurred in patients who had AF and in whom anticoagulation
was not adjusted. Age, history of stroke, hypertension, hyperlipidemia, and
family history of vascular disease increased the risk of stroke. The risk of
stroke in patients who had AF and whose anticoagulation was adjusted
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for endoscopies was low for patients who had nonvalvular AF undergoing
routine procedures (0.31%), but almost tenfold higher in patients who had
complex clinical histories (2.93%). Considering that the sequelae of stroke
in these patients were significant (50% dead or with moderate disability),
the study authors urged that clinicians should consider continuing anticoa-
gulation where possible, or taking great care with periprocedural manage-
ment, particularly in patients with features predicting increased risk for
stroke [33].

In a meta-analysis of patients on oral anticoagulants undergoing surgical
procedures [34], thirty-one reports were identified. The quality of the iden-
tified reports was generally poor; no randomized controlled trials had
been performed, and duration of follow-up was typically not stated. Overall,
29 thromboembolic events occurred among 1868 patients. Thromboembolic
event rates by management strategy were 0.4% for continuation of oral anti-
coagulation, 0.6% for discontinuation of oral anticoagulation therapy with-
out administration of intravenous heparin, 0% for discontinuation of oral
anticoagulation therapy with administration of intravenous heparin, 0.6%
for discontinuation of oral anticoagulation therapy with administration
of low molecular-weight heparin, and 8.0% for unspecified or unclear
strategies. Major bleeding while receiving therapeutic oral anticoagulation
was rare for dental procedures, arthroscopy, cataract surgery, and upper
endoscopy or colonoscopy with or without biopsy. The conclusions of the
meta-analysis were that most patients can undergo dental procedures,
arthrocentesis, cataract surgery, and diagnostic endoscopy without alter-
ation of their regimen [34]. For other invasive and surgical procedures,
oral anticoagulation needs to be withheld, and the decision whether to pur-
sue an aggressive strategy of perioperative administration of intravenous
heparin or subcutaneous low molecular-weight heparin should be individu-
alized, but the current literature is substantially limited in its ability to help
choose an optimal strategy.

In the emergency situation, when a patient on oral anticoagulants re-
quires extensive surgery, to temporarily reverse the effect of warfarin when
there is a need to continue warfarin therapy, vitamin K1 should be given
in a dose that will quickly lower the INR to a safe, but not subtherapeutic,
range and that will not cause resistance once warfarin is reinstated [34].

Atrial fibrillation in the perioperative perioddthe atrial fibrillation patient

developing apparent new-onset atrial fibrillation

Perioperative AF occurs more frequently after certain surgical proce-
dures than others. Cardiac surgery is a particularly high-risk surgery for
perioperative AF, but is not be considered in detail in this article. An exten-
sive set of guidelines has been published by the American College of Chest
Physicians for the prevention of postoperative AF after cardiac surgery [35].
Following cardiac surgery, thoracotomy for noncardiac surgery is the next



517ATRIAL FIBRILLATION
most common surgery associated with postoperative AF, occurring in al-
most one fourth of the patients in some series [36]. AF following thoracic
surgery has been recognized since the 1940s [37]. AF in this context typically
occurs on the second or third postoperative day. A number of etiologies
have been proposed, including changes in right ventricular performance
[38,39], ischemia [40], inflammation, or imbalance of the autonomic systems
[41], but the pathophysiologic mechanisms are still not well-understood.
With respect to risk factors for and associated outcome of AF after thoracic
surgery, a prospective study of 233 consecutive patients undergoing opera-
tion for lung cancer (12% of whom developed AF) [42] determined that
there was a strong relationship between AF and age, history of hyperten-
sion, and associated lymph node resection. There was no difference in hos-
pitalization time between those who did and those who did not develop AF.
Also, no difference was observed between the two groups with regard
to short- or long-term mortality or to long-term AF recurrences during
a 3-year follow-up period.

AF also occurs after video-assisted thoracoscopy (VAT). A retrospective
investigation of 205 patients either having thoracotomy (124) or VAT (81)
over a 2-year period revealed an incidence of AF in 17% of thoracotomies
and 10% in VAT, there being no statistically significant difference [43]; how-
ever, it was noted that patients receiving digoxin were at higher risk for post-
operative arrhythmias, regardless of the surgical method. Patients older
than 65 years were at risk for arrhythmias after thoracotomy, and patients
older than 80 years were at risk for arrhythmias after VAT. In this study,
patients who had postoperative arrhythmias had prolonged hospital stays
compared with patients who did not have arrhythmias [43].

In view of the findings in some series that AF after thoracotomy (or
VAT) is associated with prolonged hospitalization, a number of studies
have addressed the issue of pre-emptive treatment with antiarrhythmic
drugs. Favorable results have been published for the use of perioperative
metoprolol in a prospective randomized, placebo controlled trial [44]. Thirty
patients scheduled for elective thoracotomy received 100 mg of metoprolol
(or placebo) preoperatively and once daily in the postoperative period. AF
developed in 6.7% of the patients after metoprolol, compared with 40% in
the placebo group. AF developed a mean of 2.9 days postoperatively. Addi-
tionally, the metoprolol patients demonstrated a lower oxygen consumption
and lower cardiac index after metoprolol. Patients developing atrial fibrilla-
tion had much higher oxygen consumption and postoperative cardiac index
than other patients, regardless of treatment group [44]. Pretreatment with
low-dose amiodarone also appears to prevent postoperative AF after thora-
cotomy [44]. In a retrospective chart review of patients undergoing elective
pulmonary resection at the Mayo Clinic [45], 31 patients were identified as
having received low-dose amiodarone (200 mg orally every 8 hours) while
hospitalized as prophylactic treatment, and were compared with 52 patients
who did not have receive prophylactic treatment before their surgery.
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Twenty of the 83 patients (24%) had postoperative AF: 17 of 52 patients
(33%) without prophylaxis, and 3 of 31 (9.7%) with prophylaxis. With
the use of prophylactic amiodarone, any AF was controlled faster and the
duration of the arrhythmia was shorter. Although there was no overall dif-
ference in hospital stay between the two groups of patients, those receiving
prophylactic amiodarone had lower accumulated charges per day of hospi-
tal stay.

Evidence for an inflammatory contribution to AF after cardiac surgery
[46] has stimulated the research into the possibility of other pre-emptive
treatment for AF after thoracic surgery. C-reactive protein (CRP) was
found to be raised in patients developing AF after cardiac surgery [46]
and noncardiac thoracic surgery [47]. Statins by their anti-inflammatory
role have been found to protect against AF after cardiac surgery [48] and
in medical patients at risk for AF [49,50]. These interrelations lead to the
hypothesis that preoperative use of statins might confer a protective role
against AF in noncardiac thoracic surgery [51]. A prospective study was
conducted in a tertiary-care cancer center of 131 patients (mean [�SD]
age, 73 � 6 years) who had undergone major lung or esophageal resection
[51]. High-sensitivity CRP and interleukin (IL)-6 levels were measured be-
fore surgery, on arrival at the postanesthesia care unit, and on the first
morning after surgery. AF occurred in 38 of 131 patients (29%) at a median
time after surgery of 3 days. In a stepwise logistic regression, statin use was
associated with a threefold to fourfold decrease in the odds of developing
AF, even though the risk factors were greater for postoperative AF in those
patients receiving statins (patients with hypertension, CAD). Interestingly in
this study, however, this reduction in AF risk in patients receiving statins
was independent of CRP and IL-6 levels, suggesting that the beneficial
role of statins may have been because of their role in antioxidant activity
or cell membrane ion channel stabilization. Although the picture is not
yet clear as to whether statins will in fact prove to be useful in preventing
postoperative AF, this early and preliminary work is novel and exciting.
Further analysis of the large cohorts of patients currently taking routine sta-
tins in the perioperative period may indeed reveal a protective role for sta-
tins in postoperative AF, and may also open the door for specific
preoperative dosing of statins as a therapeutic regimen for AF prevention.

The postoperative treatment of new-onset postoperative AF after lung re-
section remains a controversial topic. Opinions differ as to whether AF
should be treated with beta-blockers, calcium channel blockers, or other an-
tiarrhythmic drugs (eg, amiodarone, ibutilide). Digoxin has traditionally
been used for the prophylaxis of supraventricular arrhythmias after pneu-
monectomy, but in spite of its continued use, its efficacy remains unproven.
Amiodarone is becoming the drug of choice for the treatment of AF in
many clinical situations, and its safety in the context of pulmonary resection
has been addressed with encouraging results [52]. Two hundred and fifty pa-
tients undergoing pulmonary resection for lung cancer were followed up in
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a prospective study [52]. Once AF had been detected in the postoperative
period, intravenous infusion of amiodarone was started, with a loading
dose of 5 mg/kg in 30 minutes and a maintenance dose of 15 mg/h until re-
mission of AF. Forty-three episodes (21.6%) of supraventricular arrhyth-
mias were documented, with AF being the most common (88.3%). Sinus
rhythm was achieved with amiodarone in 37 out of 43 patients (86%). Elec-
trical cardioversion was necessary for 6 patients who were hemodynamically
unstable. The most common amiodarone-related complication was brady-
cardia (13.5%), and the study authors concluded that amiodarone is both
safe and effective in establishing sinus rhythm. Of interest, these results
are in concordance with the recommendations set out in the national guide-
lines for the prevention and treatment of AF after cardiac surgery [35]. A
relatively strong recommendation was made for the preoperative use of
beta-blockers in patients in whom prophylaxis is indicated, and amiodarone
in those for whom beta-blockers are contraindicated. When AF develops af-
ter cardiac surgery and does not require urgent cardioversion, amiodarone
therapy is recommended in patients who have depressed left ventricular
function, whereas sotalol is suitable for patients who do not have CHF.

AF may also occur in the perioperative period in other surgeries, and ap-
pears to be particularly associated with the known risk factors for AF in the
general population, such as age, hypertension, diabetes, and significant
CAD. Studies of surgeries of the elderly population, such as total joint re-
placement and hip fractures, reveal that AF is not uncommon. In a series
of 1210 patients undergoing either total knee or knee arthroplasty [53],
AF (or other supraventricular tachycardia) occurred in 3.1% of the patients.
Variables found to be independently associated with the development of
these arrhythmias included a prior history of AF, a left anterior hemiblock,
atrial premature depolarizations on the preoperative EKG, and age. In pa-
tients over 60 years of age who had one or more of the other risk factors, the
incidence was 18.2%, compared with 1.9% in those patients younger than
60 who had none of the identified risks.

Summary

Over 2 million people in the Untied States are known to have AF, and
this number is expected to rise to 5 to 6 million in the next 50 years. In spite
of advances in detection and treatment of AF, it is still associated with sig-
nificant morbidity and mortality. Treatment currently consists of rhythm
management and prevention of embolic events (anticoagulation). Although
two strategies of rhythm management exist (heart rate control and heart
rhythm control), a distinct advantage of one over the other has not yet
been determined.

Because of the increasing numbers of patients who have AF in the general
population and newer surgical approaches to dealing with AF, the anesthe-
siologist encounters patients who have AF on an almost daily basis.
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Fortunately, national and international guidelines exist for the treatment of
pre-existing AF and dealing with anticoagulated patients in the perioperative
period, clearly indicating whether a patient is adequately managed or not by
current standards of practice. With respect to the new development of AF in
the perioperative period, cardiac and thoracic surgeries are particularly asso-
ciated with this phenomenon. Guidelines have been published for the perio-
perative management of AF after cardiac surgery, and are in accordance with
the findings from studies in thoracic surgery. Beta-blockers and amiodarone
are strongly recommended for the pre-emptive treatment of AF in high-risk
patients, whereas amiodarone and sotalol are the agents of choice in those
patients developing AF after surgery not requiring urgent cardioversion.

The recent discoveries of properties of statins other than their lipid-
lowering abilities has sparked wide interest in the possibility of this family
of drugs having a protective role against AF in many scenarios. It remains
to be seen whether statins will prove to be adjunct in patients at high risk for
AF in the perioperative period.
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Acute management of atrial fibrillation with acute
haemodynamic instability and in the postoperative setting
C J Mann, S Kendall, G Y H Lip, on behalf of the Guideline Development Group for the NICE clinical
guideline for the management of atrial fibrillation
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Heart 2007;93:45–47. doi: 10.1136/hrt.2006.099929

A
lthough most patients with atrial fibrillation present
without haemodynamic compromise, there is a small
group of patients who are considerably compromised by

the onset of atrial fibrillation. These patients require immediate
hospitalisation and urgent intervention to prevent further
deterioration.

The rate versus rhythm debate and the efficacy and safety of
anticoagulation are just two examples of key management
decisions the clinician and patient must face. This situation is
compounded in the haemodynamically unstable patient, both
by the need to act speedily and by the lack of research in this
area. Although there is general agreement that such patients
should be immediately hospitalised, supportive treatment (eg,
oxygen) provided, and treatment of any precipitants (eg, fever
and myocardial infarction) started, the decision regarding what
specific atrial fibrillation treatment should be embarked on is
more controversial.

Consensus statements by the Resuscitation Council (UK)1

and the American College of Cardiology/American Heart
Association Task Force/European Society of Cardiology2 have
given guidance on those patients considered at highest risk of
haemodynamic instability—that is, those with atrial fibrillation
with a ventricular rate .150 bpm, ongoing chest pain or critical
perfusion. Patients with lower rates and certainly rates
,120 bpm are more probably compromised by co-morbidities,
such as myocardial ischaemia, pneumonia or chronic obstruc-
tive pulmonary disease exacerbation, and treatment should be
aimed at resolving these. In the setting of haemodynamic
instability, concerns about intervention in the absence of
anticoagulation and echocardiography are counterbalanced by
the need for urgent treatment. This may include the need to
treat important problems such as hypoxia, left ventricular
failure, acute ischaemia, pyrexia and electrolyte disorders.

There are several specific precipitants and comorbidities that
mandate specific treatments. These include primary cardiac
electrophysiological abnormalities, such as Wolf–Parkinson–
White syndrome, in which patients may develop ventricular
rates .200 bpm with the potential for acute ventricular
dysfunction, and non-cardiac conditions, such as thyrotoxicosis,
in which atrial fibrillation will not respond to any strategy that
does not first treat the underlying thyroid disease.

Certain treatments are also known to be contraindicated or
ineffective in the above groups. For example, the slow onset of
action of digoxin makes it an inappropriate choice in haemodyna-
mically unstable patients, and drugs which block or delay
atrioventricular nodal conduction (eg, digoxin, verapamil and
diltiazem) are contraindicated in patients with Wolf–Parkinson–
White syndrome and other accessory pathway syndromes. If given,
the atrioventricular nodal blocking action of these drugs will
potentiate the ventricular response in atrial fibrillation, leading to
greater haemodynamic instability. In contrast, theuseof flecainide,
although contraindicated in most haemodynamically unstable

patients, as most will have ischaemic or structural heart disease, is
appropriate in patients with Wolf–Parkinson–White syndrome.

In patients with permanent atrial fibrillation in which
haemodynamic instability is associated with an unacceptably
high ventricular rate the primary aim is that of rate control. In
other patients with acceptable ventricular rates whose cardiac
function has been compromised by onset of atrial fibrillation in
the context of other cardiac abnormalities (eg, hypertensive
heart disease and valvular heart disease), rate control is
unlikely to bring about clinical improvement, and there is a
need for the restoration of sinus rhythm.

The systematic review for this guideline found limited trial
evidence to inform recommendations for the management of
atrial fibrillation in patients with acute haemodynamic instabil-
ity.

In patients with acute-onset atrial fibrillation and a mean
ventricular rate of 122 bpm, one retrospective observational
study3 found that of the 83% who were refractory (for at least
1 h) to intravenous procainamide, 89% were successfully
restored to sinus rhythm using DC cardioversion. Moreover,
the rate of adverse incidents or complications was 9% v 0% for
the two treatments. This study explicitly excluded patients who
were judged to require immediate electrical cardioversion or
intubation. Therefore, DC cardioversion was recommended in
all patients with atrial fibrillation presenting with haemody-
namic instability.

The use of amiodarone, which allows a fairly rapid reduction in
ventricular rate in most patients, with a proportion of these
reverting to sinus rhythm, is more common in UK clinical practice.
The guideline development group reviewed three studies4–6 which
determined the effectiveness of amiodarone. In these studies
(n = 60), 46% reverted to sinus rhythm at 30 min,4 73% at 12 h4

and 80% at 24 h.5 A considerable proportion of patients with
relatively low ventricular rates (mean heart rate 103/min)
developed a paradoxical bradycardia. The one study which
specifically examined the use of amiodarone in patients with
proven severe cardiac dysfunction (left ventricular ejection fraction
,15%) showed that 75% reverted to sinus rhythm within 30 min,
with a decrease in heart rate in all patients but a non-significant
increase in cardiac index.6 Thus, it was recommended that
amiodarone be used in patients when there is an unacceptable
delay in providing DC cardioversion.

A third study7 assessed the efficacy of diltiazem, a rate-limiting
calcium antagonist which resulted in an effective reduction in
ventricular rate in 75% of the patients studied, with 50%
achieving a rate of ,100 bpm and 80% achieving a rate reduction
of .20%. Thus, pharmacological rate control (with b-blockers or
rate-limiting calcium antagonists) is recommended in patients in
whom haemodynamic instability is related to an excessive
ventricular rate.

It was recognised that the evidence relating to amiodarone
toxicity should inform treatment strategies and that at all
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times, attention should be paid to the side effect profile of any
treatment used in the treatment of atrial fibrillation. The
Guideline Development Group were concerned that in the
absence of relevant published studies, the widespread use of
amiodarone has become a practice born of custom rather than
evidence. To this end, the guideline highlights that amiodarone
is a second-line choice for patients with known permanent
atrial fibrillation, where rate control is the primary aim, because
if it is used acutely there is an inherent risk that the drug will be
continued long term and thereby expose the patient to
potentially avoidable toxicity (fig 1).

None of the identified studies dealt with the issue of
anticoagulation in patients with acute haemodynamically
unstable atrial fibrillation. It is known that the onset of atrial
fibrillation is associated with a cluster of thromboembolic
events,8 but the development of intra-atrial thrombi and hence
the immediate risk of thromboembolism is regarded as very
small (but not insignificant) in the first 48 h. A study of 357
patients with symptoms indicating the onset of acute atrial
fibrillation showed that thromboembolism occured in three

patients in whom sinus rhythm was restored within 48 h (250
reverted spontaneously and 107 underwent cardioversion; none
were anticoagulated);9 indeed, similar rates of thromboembo-
lism have been found in other studies.10 However, intra-atrial
thrombus has been detected by transoesophageal echocardio-
graphy in 15% of patients with atrial fibrillation of ,72 h
duration.11

There have been no studies on patients with acute-onset
atrial fibrillation directly comparing the risk of thrombo-
embolism with the risks of anticoagulation. Thus, it was
recommended that heparin (either unfractionated or low
molecular weight) be used as soon as possible. If, however,
the patient was in extremis, no intervention should delay the
treatment directed specifically at reverting or controlling the
atrial fibrillation.

Oral anticoagulation should also be continued in patients in
whom the prior duration of atrial fibrillation is unknown.
When atrial fibrillation has started and sinus rhythm success-
fully restored within 48 h, and when the patient has no other
risk factors for atrial fibrillation, recurrence and reference to the
stroke risk stratification algorithm indicates anticoagulation to
be unnecessary, it need not be commenced. The risk factors for
recurrence of atrial fibrillation include previous recurrences of
atrial fibrillation, a history of failed attempts at cardioversion,
and structural heart disease (eg, mitral valve disease, left
ventricular dysfunction or an enlarged left atrium).

MANAGEMENT OF ATRIAL FIBRILLATION IN
PATIENTS POSTOPERATIVELY
Postoperative atrial fibrillation after cardiothoracic surgery is a
major problem occurring in approximately one third of patients
after coronary heart surgery.12 The occurrence of atrial fibrilla-
tion after valvular heart surgery is even higher.13 Postoperative
atrial fibrillation is associated with a greater risk of mortality
and morbidity.14 Furthermore, postoperative atrial fibrillation
predisposes people to a considerably increased risk of stroke
and thromboembolism, suggesting that patients should be
anticoagulated when postoperative atrial fibrillation persists for
.48 h.15 16

Although postoperative atrial fibrillation can be transient and
generally self-limiting, treatment is indicated for those patients
who remain symptomatic, as well as for those who become
haemodynamically unstable, or develop cardiac ischaemia or
heart failure. Conventional treatment strategies have included
electrical cardioversion, atrial overdrive pacing using temporary
epicardial pacing leads (if atrial flutter is the dominant
rhythm), pharmacological rate control and antithrombotic
treatment. Cardioversion may also be attempted before
discharge from hospital.

Management of medical comorbidities (eg, hypoxia) and the
correction of underlying electrolyte imbalance (especially potas-
sium and magnesium) is part of the management strategy for the
prevention of postoperative atrial fibrillation.17 Most cardiothor-
acic units have strategies to maintain the serum potassium at
.4 mmol/l and some will often endeavour to maintain the serum
potassium at .4.5 mmol/l.18 One recent meta-analysis found that
giving magnesium is an effective prophylactic measure for the
prevention of postoperative atrial fibrillation, but it did not
markedly alter the length of stay or in-hospital mortality.19

Currently, there is a marked variation in the management of
postoperative atrial fibrillation. The National Institute for Health
and Clinical Excellence (NICE) guideline investigated whether
the perioperative administration of antiarrhythmic drugs is an
effective prophylaxis in preventing postoperative atrial fibrilla-
tion, and in those cases where postoperative atrial fibrillation
develops, which is the most effective treatment strategy.

 

Figure 1 Haemodynamically unstable atrial fibrillation (AF) treatment
algorithm. (1) Diagnosis to be confirmed by electrocardiogram. Check
electrolytes and review chest x ray. Attempt to establish the aetiology of
acute haemodynamic instability. (2) Any emergency intervention should be
performed as soon as possible and the initiation of anticoagulation should
not delay any emergency intervention. (3) Where urgent pharmacological
rate control is indicated, intravenous treatment should be with (a) b-
blockers or rate-limiting calcium antagonists, (b) amiodarone, where b-
blockers or calcium antagonists are contraindicated or ineffective. (4)
Where there is a delay in organising electrical cardioversion, intravenous
amiodarone should be used. In those with known Wolf–Parkinson–White
syndrome, flecainide is an alternative (atrioventricular node blocking
agents such as diltiazem, verapamil or digoxin should not be used)
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Prophylaxis
In the prophylaxis and management of postoperative atrial
fibrillation, the appropriate use of antithrombotic therapy and
correction of identifiable precipitants (such as electrolyte
imbalance or hypoxia) are recommended. The systematic
review of this guideline identified that evidence was available
for amiodarone, a b-blocker, sotalol or rate-limiting calcium
antagonists as prophylactic treatments against postoperative
atrial fibrillation, although there were a few direct comparative
trials. In patients undergoing cardiothoracic surgery, the risk of
postoperative atrial fibrillation should be reduced by giving one
of the following: amiodarone, a b-blocker, sotalol or a rate-
limiting calcium antagonists. In patients undergoing cardiac
surgery or pre-existing b-blocker therapy, this treatment should
be continued unless contraindications develop (such as post-
operative bradycardia or hypotension).

Treatment
Unless contraindicated, a rhythm control strategy should be the
initial option for the treatment of postoperative atrial fibrilla-
tion after cardiothoracic surgery. Unless contraindicated, post-
operative atrial fibrillation after non-cardiothoracic surgery
should be managed in a similar manner to acute-onset atrial
fibrillation from any other precipitant.

CONCLUSION
The purpose of this guideline is the production of a rationale for
the treatment of patients with acute atrial fibrillation. One group
of patients would be those presenting to the emergency
department or any other acute hospital setting in whom atrial
fibrillation is associated with haemodynamic instability. As the
subject of atrial fibrillation with acute haemodynamic instability
has received little robust methodological study, some of the
recommendations in the NICE guideline necessarily had to be
extrapolated from other studies. The guideline highlights the
need for thorough initial evaluation to exclude relevant
comorbidites (eg, thyrotoxicosis), identify specific subgroups
(eg, patients with accessory pathways) and determine how long
atrial fibrillation has been present. It then directs the clinician
through a clear rationale to the conclusions that properly balance
the need for rapid treatment with an understanding of the risks

involved. Thus, the management algorithm recommends the use
of rapid-onset but low-toxicity modalities as preferred treatments
and discourages a single ‘‘one therapy fits all’’ approach.

In the setting of postoperative atrial fibrillation, the NICE
guideline provides recommendations for prophylaxis and
treatment of atrial fibrillation (table 1).
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Table 1 Recommendations for the management of acute
atrial fibrillation with haemodynamic compromise

1. In patients with a life-threatening deterioration in haemodynamic stability
after the onset of atrial fibrillation, emergency electrical cardioversion should
be performed, irrespective of the duration of the atrial fibrillation.
2. In patients with non-life-threatening haemodynamic instability after the
onset of atrial fibrillation, the following should be considered:

a. electrical cardioversion
b. where there is a delay in organising electrical cardioversion,

intravenous amiodarone should be used
c. in those with known Wolff–Parkinson–White syndrome:

–flecainide is an alternative for attempting pharmacological
cardioversion

–atrioventricular node blocking agents (such as diltiazem, verapamil
or digoxin) should not be used.

3. In patients with known permanent atrial fibrillation in which
haemodynamic instability is caused mainly by a poorly controlled ventricular
rate, a pharmacological rate control strategy should be used.
4. Where urgent pharmacological rate control is indicated, intravenous
treatment should be given with one of the following:

a. b-blockers or rate-limiting calcium antagonists
b. amiodarone, where b-blockers or calcium antagonists are

contraindicated or ineffective.
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Postthoracotomy atrial fibrillatio
n
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Purpose of review

Rapid atrial arrhythmias affect the elderly who undergo

cardiac or noncardiac operations annually and have been

associated with prolonged hospital stays. This article

focuses on new issues leading to the improved

understanding of the pathophysiology and mechanisms of

postoperative atrial arrhythmias.

Recent findings

New risk factors and a prediction rule for postthoracotomy

atrial fibrillation are discussed. Settings in which

amiodarone prophylaxis against atrial fibrillation after

cardiac surgery is appropriate are contrasted with evidence

for postthoracotomy atrial fibrillation. Once atrial fibrillation

develops, rate versus rhythm control strategies are

reviewed. The most recent recommendations of

the American Heart Association Task Force on the

management of patients with atrial fibrillation are

highlighted.

Summary

Recent approaches directed at prophylaxis and acute

therapy of atrial arrhythmias are discussed as are

recommendations to prevent thromboembolic events.
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Introduction
Perioperative rapid atrial arrhythmias are estimated to

affect close to one million elderly Americans annually and

are often associated with significant morbidity, longer

hospital stay and related costs [1]. A greater number of

patients undergoing noncardiac surgery may suffer these

arrhythmias (but with a lower overall incidence) since

many more patients undergo noncardiac surgery com-

pared with cardiac surgery [1]. The incidence of atrial

fibrillation is very low after exploratory thoracotomy or

wedge or segmental resection of lung. In contrast, in age-

matched patients who undergo an anatomical resection

for lobectomy, bi-lobectomy, pneumonectomy or eso-

phagogastrectomy, the incidence of atrial fibrillation is

very similar and ranges between 12.5 and 33% [1,2�,

3–6,7��,8–10]. Despite the belief that minimally invasive

surgery is associated with fewer adverse effects, we found

no difference in atrial fibrillation occurring after lobec-

tomy done by open thoracotomy versus that done by the

video-assisted approach in age and gender-matched con-

trols [4]. One retrospective analysis found that patients

who undergo single or bilateral pulmonary transplant had

a 39% atrial fibrillation incidence within 14 days of

surgery [11]. When comparing rates of arrhythmia occur-

rence in the literature, one must consider atrial fibrillation

definitions, monitoring techniques and age matching of

groups. At the onset of these arrhythmias patients often

present with one or more of the following: dyspnea,

palpitations, dizziness, syncope, respiratory distress, or

hypotension. Although usually well tolerated in younger

patients, perioperative atrial arrhythmias can be associ-

ated with life threatening hemodynamic instability in the

elderly. As a result, in nonsurgical patients presenting

with new onset atrial fibrillation newly revised consensus

guidelines recommend performing a transthoracic echo-

cardiogram to rule out significant structural heart disease

as part of a minimum evaluation [12��]. A prospective

study of 4181 patients (�50 years) in sinus rhythm sched-

uled for major noncardiac (including intrathoracic)

surgery showed that supraventricular arrhythmia reported

as persistent or requiring treatment occurred in 2% of

patients during surgery and in 4% after surgery [3]. The

clinical symptoms, time of onset and natural course of

atrial arrhythmias are identical regardless of whether a

patient has had cardiac, thoracic or other surgery [1,4].

Atrial arrhythmia onset peaks 2–3 days after surgery with

close to 85% of these episodes reverting to sinus rhythm

with rate or rhythm control strategies during hospitaliz-

ation [1,2�,3–6,7��,8–10]. The timing of onset of atrial

arrhythmias is intriguingly similar to that of postoperative
orized reproduction of this article is prohibited.
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myocardial ischemia and is likely related to autonomic

nervous system changes. Few patients have persistent

atrial fibrillation on discharge from the hospital and of

these, 98% are free of atrial fibrillation 2 months after

surgery [1,13]. Despite this good prognosis, patients with

postoperative atrial fibrillation have a greater risk of

stroke, especially when atrial fibrillation is persistent

[1,13,14].

Risk factors and mechanisms
To date, the only consistent preoperative risk factor for

an increased incidence of atrial arrhythmias following

surgery has been age at least 60 years [1,2�,3–6,7��,

8–10]. In addition to older age, male gender, history of

atrial fibrillation, and hypertension have also been impli-

cated as independent albeit softer predictors of atrial

fibrillation after cardiothoracic surgery [1]. Using logistic

regression analysis and weighted scores for atrial fibrilla-

tion occurrence, we found that male gender (1 point),

preoperative heart rate over 72 beats per minute (1 point),

age 55–74 years (3 points), and age over 75 years (4

points) were predictive of atrial fibrillation risk in both

the derivation and validation models [7��]. Patients who

had scores of 4, 5 and 6 had a risk of developing atrial

fibrillation of approximately 14%, 21%, and 32%, respect-

ively [7��]. We recently showed that a twofold elevation

in white blood cell count on the first postoperative day

corresponded to a 3.3-fold increase in the odds of devel-

oping atrial fibrillation after thoracic surgery. Adrenergic

predominance after surgery is responsible for the lym-

phocytosis and leukocytosis that is mediated by b-2-

adrenergic receptors of the spleen, and venular system

[15�].

Aging is well known to cause degenerative and inflam-

matory changes in atrial myocardium that lead to altera-

tions in electrical properties of the sinoatrial and

atrioventricular nodes and atria, including prolonged

sinoatrial and atrioventricular nodal conduction times

and shorter atrial effective refractoriness, all of which

contribute to fragmentation of the propagating impulse

[16]. The concept of a preexisting anatomic or electro-

physiologic substrate for arrhythmias due to aging which

may be present in varying severity among individuals

who are susceptible to atrial fibrillation, possibly explains

why some but not other patients who undergo the exact

same operation develop postoperative atrial arrhythmias

[1].

In comparison to the overall 4% incidence of post-

operative atrial arrhythmias among elderly patients

who undergo major noncardiac surgery, the greater

incidence of postoperative arrhythmias observed in

elderly patients who had thoracic (20%) or cardiac

(30% average for coronary artery bypass grafting and

up to 65% for valvular surgery) operations most likely
opyright © Lippincott Williams & Wilkins. Unautho
corresponds to the amount of blunt or sharp surgical

trauma to the atria and to sympathovagal fibers inner-

vating the sinus node [1,2�,3–6,7��,8–10]. Autonomic

neural injury may then sensitize the atrial myocardium

to catecholamines (denervation supersensitivity) to

promote arrhythmias. Atrial fibrillation and supraven-

tricular tachycardia (SVT) are often initiated by an atrial

premature contraction and later degenerate into one or

more circuits that continuously reenter themselves or

one another (random reentry) [1,16]. Once initiated,

atrial arrhythmias cause alterations in atrial electrical

and structural properties (remodeling), including both

rapid functional changes and slower alterations in ion

channel gene expression, which promote the mainten-

ance of the arrhythmia and facilitate its re-initiation

should it terminate [17]. In comparison to matched

controls, patients who developed atrial fibrillation

after major noncardiac thoracic surgery demonstrated

significant changes in heart rate variability that are

consistent with vagal resurgence competing in a

background of increasing sympathetic activity as

the primary autonomic mechanism responsible for

the trigger of postoperative atrial fibrillation [18].

These novel results represented the largest study using

heart rate variability to understand autonomic influ-

ences preceding postoperative atrial fibrillation and

suggest that interventions that modulate both the sym-

pathetic and parasympathetic nervous systems may be

beneficial in suppressing postoperative atrial fibrillation

[18].

An association could not be shown between right or left

heart dysfunction on serial transthoracic echocardiograms

done before and after major thoracic surgery [5,19].

Elevations in C-reactive protein levels were described

in patients with atrial arrhythmias unrelated to surgery

but not in comparably large studies involving cardiac or

thoracic surgery patients [20,21,22��]. The role of

inflammation and a genetic predisposition to postopera-

tive atrial arrhythmias has been recently proposed by

assessment of the interleukin-6 promoter gene variant

[21]. Other pathophysiologic mechanisms proposed

for the occurrence of postoperative atrial fibrillation

are alterations in atrial oxidative stress and elevations

in the gap-junctional protein connexin40 expression

[23,24].

Prevention
In a comprehensive review the results of numerous

studies examining the efficacy of a variety of drugs to

prevent postoperative atrial arrhythmias were summar-

ized [1]. It is unclear whether prophylactic treatment

against postoperative atrial arrhythmias improves clinical

outcomes (i.e. stroke) or shortens hospital stay. We

have found diltiazem to be moderately effective and safe

in reducing postoperative atrial fibrillation and SVT
rized reproduction of this article is prohibited.
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[13,19]. b-Blockers have not been found to be useful

after thoracic surgery and were associated with a signifi-

cant incidence of hypotension and bradycardia [25].

Prophylactic amiodarone to reduce the incidence of post-

operative atrial fibrillation has been safe and particularly

effective when given orally for 1 week prior to cardiac

surgery [26�]. Only one randomized study, however,

examined amiodarone’s efficacy to prevent atrial fibrilla-

tion after thoracic surgery and showed no difference

when compared with verapamil at an interim analysis

following which the study was discontinued for fear of the

drug contributing to postpneumonectomy respiratory

failure [27]. Since then, the short-term use of amiodarone

in the treatment or prevention of atrial fibrillation after

thoracic surgery was not associated with a greater risk for

respiratory failure [28–30]. The results of these studies,

however, showed that amiodarone’s efficacy was not

superior to and perhaps somewhat inferior to conversion

rates reported with diltiazem in a similar population [13].

Furthermore, a recent randomized study comparing

amiodarone with diltiazem in preventing atrial fibrillation

after coronary surgery found no difference in efficacy

between the drug groups in comparison to historical

controls [31]. Guidelines of the American College

of Cardiology/American Heart Association task force

[12��] do not recommend the use of amiodarone as first

line treatment for acute management of atrial fibrillation

unless there is evidence of preexcitation conduction

abnormality. Amiodarone is a Vaughan Williams class

three drug, but also has a and b-adrenergic blocking

properties, as well as class one and four actions and

potential for proarrhythmia. Partial sympathectomy with

epidural analgesia did not reduce atrial fibrillation after

cardiac surgery and only marginally attenuated the inci-

dence after thoracic surgery in a small study in which the

control and treated arms were poorly matched for age

[32,33]. Unless hypomagnesemia is present, the role of

prophylactic administration of magnesium during general

thoracic surgery to reduce the incidence of postoperative

supraventricular arrhythmias is not clear and data are

available only from one study in which some control

patients who had hypomagnesemia received magnesium

after randomization [34]. Intriguingly, the use of statins

before thoracic or cardiac surgery has been associated

with a reduced incidence of postoperative atrial fibrilla-

tion but further study is needed to determine whether

this strategy can be added to proven prevention strategies

[22��,35�].

Treatment
SVT but not atrial fibrillation responds well to treat-

ment with adenosine but both arrhythmias respond to

intravenous rate control drugs such as b-blockers or cal-

cium channel antagonists [12��]. In patients with

Wolff-Parkinson-White syndrome with atrial fibrillation,

amiodarone is recommended as first-line therapy [12��].
opyright © Lippincott Williams & Wilkins. Unauth
Recent data suggest that once atrial fibrillation has

occurred postoperatively, rhythm control by pharmaco-

logic means or direct current electrical cardioversion

offers little advantage to a rate control strategy

[12��,36–38]. Once sinus rhythm is restored, rate or

rhythm control drugs may be discontinued at 4–8 weeks

after surgery, since 98% of patients are free of atrial

fibrillation by this time [1]. In general, digoxin may be

used as a first-line drug only in patients with congestive

heart failure, since it is not effective in high adrenergic

states such as after surgery [12��,19]. b-Blockers are

preferred in patients with ischemic heart disease but

may be relatively contraindicated in patients with proven

bronchospastic potential, in those with congestive heart

failure, or those with severe sinus bradycardia or high

degree atrioventricular-block [12��]. Of the class 3 anti-

arrhythmic drugs, ibutilide has been used with mod-

erate success to convert acute atrial fibrillation in 57%

of patients after cardiac surgery; however, polymorphic

ventricular tachycardia was reported in 1.8% of patients

and was attributed primarily to electrolyte imbalance

[12��]. In the case of chronic atrial fibrillation unrelated

to surgery, evidence from well controlled randomized

trials shows that management with the rhythm control

strategy offers no survival advantages over the rate con-

trol strategy [39]. Other options available in patients with

recent onset atrial fibrillation without structural heart

disease (defined as the presence of one of the following:

left ventricular hypertrophy, mitral valve disease, coron-

ary artery disease or heart failure) include single oral dose

of the class 1c drugs flecainide (300 mg) or propafenone

(600 mg), which have been shown to be safe with con-

version rates at 8 h of up to 91% and 76%, respectively

[12��].

Thromboembolism prevention
The overall risk of a perioperative stroke in all patients

undergoing anesthesia has been estimated at 0.08% in a

retrospective study of 24 641 patients who had general

and vascular surgery [40]. In a study of patients under-

going noncardiac thoracic surgery we found a 1.7% inci-

dence of stroke related to postoperative atrial fibrillation

[13]. The reported incidence of stroke or transient neuro-

logical injury of 1.6–3.3% after cardiac operations is

consistently greater for patients who develop persistent

postoperative atrial fibrillation compared with 0.2–1.4%

for those without atrial fibrillation [1,14]. Since the

potential for thromboembolism with new onset atrial

fibrillation develops early (24–48 h), prompt attempts

to restore sinus rhythm within this period should be

made [1,12��]. If the arrhythmia persists beyond

24–48 h anticoagulant therapy should be considered after

weighing the risk of postoperative bleeding. Whether

these individuals require long-term or even short-term

anticoagulation is not clear, and the decision must be

individualized for each patient based on the intrinsic risk
orized reproduction of this article is prohibited.
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for thromboembolism [12��]. Several large trials have

established that oral anticoagulation with warfarin is

associated with 60–70% reduction from the 9.2% overall

risk of ischemic stroke in patients with persistent or

chronic nonvalvular atrial fibrillation not receiving war-

farin [12��]. High risk factors for stroke in patients with

atrial fibrillation unrelated to surgery include mitral ste-

nosis, previous transient ischemic attack, stroke or embo-

lism, and prosthetic heart valve. Moderate risk factors

include age of 75 years or greater, hypertension (includ-

ing treated hypertension), heart failure or left ventricular

ejection fraction less than 35% and diabetes mellitus

[12��]. Short or long-term therapy in nonsurgical patients

may range from aspirin 81–325 mg daily (no risk factors),

to aspirin and/or anticoagulation depending on the pre-

sence of moderate or high-risk factors [12��]. Random-

ized, controlled trials assessing the perioperative use of

intravenous heparin in patients with different indications

for long-term anticoagulation would provide better data

on which to base management decisions. Later, warfarin

may be given to maintain an international normalized

ratio in the range of 2.0–3.0. In patients with multiple risk

factors for thromboembolism who are not candidates for

or do not wish to receive systemic anticoagulation the

‘fast-track’ approach to conversion of atrial fibrillation

using transesophageal echocardiography is an acceptable

and frequently used approach in settings in which such

services are available [1,12��]. Patients who received

standard anticoagulation upon discharge from the hospi-

tal can return for cardioversion between 3 and 12 weeks

after initiation of anticoagulant therapy [12��].

Conclusion
In this cost containment era, the use of proposed predic-

tion rules defining the subgroup of patients who are at

highest risk for perioperative atrial arrhythmias will

help target the most aggressive pharmacologic therapies

to these patients [7��]. Utilization of a minimally

invasive, nonrib spreading video-assisted thoracic surgery

approach does not decrease the incidence of postopera-

tive atrial fibrillation when compared with standard thor-

acotomy [4]. Patients deemed at high risk preoperatively

should be considered for proven prophylactic therapy

regardless of the planned operative approach [13]. This

important step will lead to more useful studies to deter-

mine whether reduction of atrial arrhythmias among

high-risk patients improves outcomes and shortens

length of hospital stay. Finally, current data suggest that

once postoperative atrial fibrillation has occurred, a rate

control strategy during the first 24 h is reasonable, since

>85% of those episodes will resolve during this period.

Beyond this period, a more aggressive approach utilizing

class 1c or 3 antiarrhythmic drugs will hopefully

reduce related drug toxicity and the number of patients

requiring anticoagulation [1,12��]. Early anticoagulation
opyright © Lippincott Williams & Wilkins. Unautho
in high-risk patients is likely to reduce the risk of devas-

tating cerebrovascular events.
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Arrhythmias are significant source of morbidity in the period surrounding surgery and 
anesthesia, and arrhythmia management strategies for perioperative patients are distinctive.  The 
evidence linking arrhythmias to the length of hospital stay and cost of surgery has motivated new clinical 
investigation. At the same time, our understanding of the molecular targets for manipulating cardiac 
excitability has expanded the range of options for antiarrhythmic therapy. This summary will examine 
the clinical management of perioperative arrhythmias, using molecular targets as an organizing 
framework.   
 
I. Molecular Targets and Drug Classification  

Antiarrhythmic pharmacology focuses primarily on the cardiac ion channels and adrenergic 
receptors as therapeutic targets, and detailed discussion is provided in recent reviews1.  For therapeutic 
purposes, it is useful to consider the ion channel targets in three general groups, based on the cation they 
conduct: sodium (Na), calcium (Ca), and potassium (K) channels.  The target-based classification scheme 
provided (Table 1)2 is not exhaustive, and highlights the agents available for use in the U.S. in 
intravenous (IV) form. Although the molecular targets are distinctive, many agents such as sotalol and 
amiodarone fall in more than one class. 
 
Table 1. Antiarrhythmic agents used in the perioperative period.3 *indicates unavailable or rarely 
used in IV form 

Receptor Target Class (ECG changes) Drugs  
Na and K channels IA (QRS and QT 

prolonged) 
procainamide, amiodarone *quinidine, 
*disopyramide  

Na channels IB (QRS prolonged) lidocaine, phenytoin, *mexiletine, *tocainide 
Beta receptors II (PR prolonged) esmolol, amiodarone, propranolol, atenolol, 

labetalol, *sotalol 
K channels III (QT prolonged) bretylium, ibutilide, *sotalol, *dofetilide 
Ca channels IV (PR prolonged) verapamil, diltiazem, amiodarone 

In this chapter, the term supraventricular tachycardia (SVT) refers to all rhythms originating 
outside the ventricle. Recognizing that some practitioners reserve the term SVT for non-ventricular 
rhythms other than atrial fibrillation (AF) or flutter, we will refer to AF specifically when the therapy or 
concepts discussed are unique. Pharmacologic arrhythmia management relies heavily upon the different 
ion channels responsible for impulse propagation in the atria and ventricles versus the SA and AV nodes. 
In the atria and ventricles, impulse propagation is maintained mainly via Na current, and Na channel 
blockers (Table 1) slow conduction and prolong the QRS complex. In AV and SA nodal cells, Ca 
currents primarily support impulse conduction, and Ca channel blockers (Table 1) slow the atrial rate (by 
acting on the SA node), and also slow conduction through the AV node (prolonging the PR interval). The 
latter effect makes the AV node a more efficient “filter” for preventing rapid trains of atrial beats from 
passing into the ventricle, and forms the rationale for AV nodal blockade during SVT.  Because Ca 
currents do not initiate impulse propagation in the atria and ventricles, Ca channel blockers (Table 1: 
verapamil, diltiazem) slow the ventricular response to atrial tachycardia, but usually do not terminate 
arrhythmias that are initiated in either the atrium or the ventricle. 

IV adenosine activates K channels that hyperpolarize nodal tissue, causing a transient (~ 15 sec) 
3rd degree AV nodal block. Adenosine has less effect in the atrium since atrial cells are already fully 
hyperpolarized. Hence, adenosine is a choice agent for terminating SVTs that involve the AV node in 
reentrant pathways, but only transiently slows the ventricular response for other SVTs due to reentry in 
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atrial tissue, such as atrial flutter or atrial fibrillation (Table 2). Junctional tachycardias variably respond 
to adenosine.4  
Table 2. The response of common SVTs to IV adenosine.3 

SVT Mechanism Adenosine response 
AV nodal reentry Reentry within AV node Termination 
AV reciprocating tachycardias  Reentry involving AV node and 

accessory pathway (WPW) 
Termination 

Intraatrial reentry reentry in the atrium transiently slows 
ventricular response 

Atrial flutter/fibrillation reentry in the atrium transiently slows 
ventricular response 

Other atrial tachycardias abnormal automaticity  
cAMP-mediated triggered activity 

transient suppression of 
the tachycardia 
termination 

AV junctional rhythms Variable Variable 
 
Ventricular tachycardias (VTs) exhibit no response to adenosine since these rhythms originate in tissues 
distal to the AV conduction pathway. While adenosine has been used to discriminate wide-complex 
supraventricular rhythms from ventricular tachycardia, this is no longer recommended as a general 
practice.5 It is increasingly recognized that adenosine, like other AV nodal blockers, has potent 
vasodilatory properties, and its use may cause hemodynamic collapse in patients with ventricular 
tachycardia and marginal hemodynamic stability.  Rather, the decision to treat a wide complex rhythm as 
either SVT or VT should be based on history (usually VT in patients with coronary artery disease or 
structural heart disease) and inspection of the ECG (SVT if a P wave precedes each QRS complex).  If in 
doubt, the most conservative approach is to consider the rhythm VT, and avoid the use of AV nodal 
blockers (especially long-acting agents) with vasodilatory properties.  

Atrial and ventricular arrhythmias often arise from reentry, impulse loops induced by electrical 
inhomogeneities between adjacent regions of myocardium. Although Na or K channel block may 
interrupt reentry, by slowing conduction or increasing the refractory period respectively, clinical trials 
suggest that K channel blockade is a more effective strategy. At the same time, K channel blockade may 
also prolong the ECG QT interval and induce triggered activity in the ventricle, causing a polymorphic 
VT known as “Torsades de Pointes.” Low serum K, slow heart rates, and pre-existing QT prolongation 
due to genetic factors may predispose patients to these drug-induced arrhythmias. Torsades occurs in 1-
8% of patients who receive QT-prolonging drugs, and may be viewed as an “acquired” form of the rare 
congenital long-QT syndrome. With rapid advances in sequencing the human genome, ion channel 
mutations have been identified that only provoke arrhythmias when patients are exposed to K-channel 
blocking drugs.6 These “silent” mutations provide a genetic rationale for the untoward response of 
patients to a myriad of drugs that prolong the QT interval, many of which are used routinely in 
anesthesiology and ICU medicine (Table 3). Technologies to identify these “acquired” long QT patients 
through efficient genetic screens are developing. At present, clinical awareness of the family history, 
recognition of potential triggering agents, and judicious use of QT interval monitoring are clinical 
practices that should be considered alongside steps taken to prevent complications from other inherited 
disorders (ie. malignant hyperthermia).  
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Table 3. QT-Prolonging drugs in general use 
Antiarrhythmics 
 

quinidine, procainamide, disopyramide, sotalol, amiodarone, 
ibutilide, dofetilide 

Antipsychotics haloperidol, risperidone 
Antihistamines terfenadine, astemizole 
Antifungal ketoconazole, fluconazole, itraconazole 
Antibiotics trimethoprim-sulfamethoxasole, pentamidine, erythromycin 
Antidepressants amitriptyline, imipramine, doxepin 
Phenothiazines chlorpromazine, thioridazine 
Volatile anesthetics isoflurane, enflurane 
GI cisapride, dolasetron, droperidol 

 
II. Managing Perioperative SVT  
 Patients with narrow complex tachycardias who are dangerously hypotensive (e.g. loss of 
consciousness, cardiac ischemia, or a systolic BP < 80 mmHg) require immediate synchronous DC 
cardioversion in order to prevent irreversible complications of hypoperfusion (stroke, myocardial 
infarction). At the same time, attention should be focused on the many reversible causes of SVT, rather 
than on heart-directed pharmacologic therapies. SVT is among the anesthesiologist’s most valuable 
warning signs, often foreshadowing life-threatening conditions that may be correctable.  These include 
hypoxemia, hypoventilation, hypotension (absolute or relative hypovolemia due to bleeding, 
anaphylaxis), and cardiac ischemia. In addition, light anesthesia and electrolyte abnormalities may 
precipitate SVT. Drug therapy should be considered after these etiologies have been excluded. 

In less urgent cases, adenosine may be administered as a 6 mg IV bolus (repeated with 12 mg if 
no response) instead of DC countershocks. Unfortunately, the rhythms most commonly seen in the 
perioperative period (Table 2: atrial fibrillation, intraatrial tachycardias) do not involve the AV node in a 
reentrant pathway, and AV nodal block by adenosine will therefore produce only transient slowing of the 
ventricular rate. The vast majority of patients who develop intraoperative or postoperative SVT are 
hemodynamically stable and do not require cardioversion. In these patients, ventricular rate control is 
the mainstay of therapy. Lengthening diastole serves to enhance left ventricular filling, thus enhancing 
stroke volume, and slowing the ventricular rate reduces myocardial oxygen consumption and lowers the 
risk of cardiac ischemia. Intraoperatively, rate control is readily achieved with one of a variety of AV 
nodal blockers (agents with class II or IV activity, Table 1).  Among the IV beta blockers, esmolol has 
ultra-rapid elimination properties that render it titratable on a minute-to-minute basis, allowing 
meaningful dose adjustments during periods of surgery that provoke changes in hemodynamic status (ie. 
bleeding, abdominal traction). While esmolol is relatively beta1 selective and often well-tolerated by 
patients with reactive airways, the drug has obligatory negative inotropic effects that may be problematic 
for patients with left ventricular dysfunction.  Both IV verapamil and IV diltiazem are Ca channel 
blockers that are less titratable than esmolol, but slow the ventricular rate within minutes. In addition, IV 
diltiazem has less negative inotropic action than verapamil or esmolol and is preferable in patients with 
heart failure. IV digoxin slows the ventricular response during SVT through its vagotonic effects, but 
should be supplemented with other IV agents due to its slow onset (~ 6 hours).  

AV reciprocating SVTs (Table 2) arising from reentrant circuits that involve accessory 
pathways (congenital electrical connections between the atrium and ventricle that bypass the AV node) 
require distinctive management. During sinus rhythm, forward (antegrade) conduction through the 
accessory pathway may produce ventricular pre-excitation (known as Wolff-Parkinson-White Syndrome, 
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or WPW), manifest on the ECG as a short PR interval (< 0.12 sec), a slurred QRS upstroke (delta wave) 
and a wide QRS complex. Episodes of AV reciprocating SVT usually do not provoke a marked 
deterioration in hemodynamic status.  However, patients with SVT and WPW will sometimes develop 
AF. In this case, the rapid rate of atrial excitation (> 300 impulses/min), normally transmitted to the 
ventricle after considerable “filtering” by the AV nodal system, may instead be transmitted to the 
ventricle via the accessory bundle at a rapid rate.  The danger of inducing ventricular fibrillation in this 
scenario is exacerbated by AV nodal blocking agents (digoxin, Ca channel and beta blockers) because 
they reduce the accessory bundle refractory period. Hence, WPW patients who experience SVT should 
not receive these AV nodal blockers. Because of its short half-life, IV adenosine may be used to break 
SVT in WPW patients, as long as facilities for defibrillation are readily available should AF or VF occur. 
IV procainamide, which slows conduction over the accessory bundle, may be used to convert SVT in 
WPW in less urgent circumstances, or if AF occurs. 

Most patients who develop SVT under anesthesia will remit spontaneously prior to or during 
emergence. Efforts to convert SVT to sinus rhythm in the operating room should therefore be aimed at 
those patients who cannot tolerate (or do not respond to) rate control therapy and are judged to be at high 
risk for ischemia or hemodynamic instability. Intraoperative elective DC cardioversion in an otherwise 
stable patient with SVT carries risks (ventricular fibrillation, asystole, stroke). Moreover, the underlying 
factors provoking SVT during or shortly after surgery are likely to persist beyond the time of 
cardioversion, inviting rapid recurrence. At the same time, most of the IV antiarrhythmic agents have 
limited efficacy when utilized alone for “chemical” cardioversion. However, bolus administration of an 
IV antiarrhythymic drug (IV procainamide or IV amiodarone) prior to administering DC countershocks 
may improve the chances of sustained cardioversion.  Ibutilide, a rapid-acting class III antiarrhythmic 
(Table I), produces an impressive 30-45% rate of conversion of atrial fibrillation within 30 minutes 
(without DC countershocks), but unfortunately provokes polymorphic VT (Torsades) in up to 8% of 
patients, so its use in the surgical period has been limited.  
 
III. Managing Perioperative Ventricular Arrhythmias  

Ventricular arrhythmias may be subdivided according to their morphology, but are less 
distinctive than SVTs in their response to drug therapies. Nonsustained ventricular tachycardia (NSVT) 
is defined as three or more premature ventricular contractions (PVCs) that occur at a rate exceeding 100 
beats/min, and last 30 sec or less without hemodynamic compromise. In patients with preserved 
ventricular function, NSVT does not predict more serious VT, and in the absence of hemodynamic 
instability does not require antiarrhythmic therapy. At the same time, new PVC’s during the surgical 
period should not be ignored, and potential etiologies (hypoxemia, hypotension, cardiac ischemia, 
electrolyte disorders, or light anesthesia) should be rapidly evaluated and treated. In patients with poor 
ventricular function or severe LVH, the advent of NSVT may predict more serious arrhythmias. 
Prophylaxis with lidocaine is often used in this circumstance, although clinical trials evaluating this 
practice in high-risk patient groups are not available. 

Therapy for most forms of sustained VT (either monomorphic or polymorphic) or ventricular 
fibrillation (VF) is similar, and is discussed below.  The management of polymorphic VT with marked 
prolongation of the QT interval (Torsades de Pointes) is distinctive, and deserves separate discussion. 
Like all sustained ventricular arrhythmias that are accompanied by hemodynamic collapse, patients with 
Torsades de Pointes require asynchronous DC countershocks. Additional therapies are aimed at 
preventing recurrence of these arrhythmias, and include IV Mg2+ (2 – 4 g), K+ repletion, increasing the 
heart rate (atropine, isoproterenol, or temporary ventricular pacing), and rarely class IB antiarrhythmic 
drugs (lidocaine or phenytoin). If it is unclear whether an observed episode of polymorphic ventricular 
tachycardia is related to QT interval prolongation, Mg2+ and Na channel blockers may be administered 
empirically. 
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IV antiarrhythmic agents are commonly used as adjuncts to DC cardioversion during 
cardiopulmonary resuscitation. The IV antiarrhythmic agents most often used for this purpose include 
lidocaine, procainamide, and amiodarone. Until the late 1990’s, there was a paucity of prospective 
clinical data evaluating the efficacy of all antiarrhythmic agents during cardiac arrest. Of the available 
agents, IV amiodarone is the only agent studied in prospective, randomized clinical trials involving more 
than 1000 patients.7 In hospitalized patients, IV amiodarone and IV bretylium are equally effective for 
suppressing VT refractory to procainamide or lidocaine, although significantly more patients treated with 
bretylium experienced hypotension (33% versus 21%) or congestive heart failure (5% versus 0%), 
leading to substantial between-group crossover from bretylium to amiodarone.8 In addition, randomized, 
blinded trials have examined the efficacy of IV amiodarone in patients experiencing out-of-hospital 
cardiac arrest refractory to DC cardioversion.9,10 In the Seattle study (ARREST), of the 504 patients 
enrolled, recipients of amiodarone were more likely to be resuscitated and admitted to the hospital than 
recipients of a placebo infusion (44% vs. 34%, p = 0.03). A Toronto study (ALIVE) comparing 
amiodarone to lidocaine, of 347 enrolled patients, survival to hospital admission was 22.8% in patients 
treated with amiodarone versus 12% in patients treated with lidocaine. Neither study revealed an effect 
on survival to discharge. 

Should these findings influence our selection of antiarrhythmic therapy in surgical patients 
experiencing life-threatening VT and VF? Clearly, no drug has been evaluated prospectively for 
perioperative cardiac arrest, and survival-to-hospital discharge benefits have not been identified for any 
antiarrhythmic agent. At the same time, IV antiarrhythmic drugs are measures of last resort when patients 
remain pulseless following repeated DC countershocks. The motivation to use IV amiodarone in this 
setting is strengthened by the evidence that the agent does produce a short-term survival benefit over 
placebo and lidocaine when administered during out-of-hospital cardiac arrest. 9,10 Amiodarone is 
recommended over lidocaine as a “IIB” agent in the revised American Heart Association guidelines.5  
While compelling, given the unique circumstances of the perioperative period, antiarrhythmic trials that 
focus on cardiac arrest in perioperative patients are needed. 
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History 
The combined techniques of modern CPR developed primarily from the fortuitous assemblage of innovative 
clinicians and researchers in Baltimore in the 1950s and early 1960s.  Building on the long history of 
contributions from around the world, these investigators laid the framework for current CPR practice.  In the 
late 1950s, Elam, Safar and Gordon established mouth-to-mouth ventilation as the only effective means of 
artificial ventilation.1,2  Internal defibrillation was described in 1933 but general use was not possible until the 
development of external cross-chest defibrillation in 1956-7.3,4  In spite of these advances, widespread 
resuscitation from cardiac arrest was not possible until Kouwenhoven, Jude and Knickerbocker described 
success with closed chest cardiac massage in a series of patients.5  The final major component of modern CPR 
was added in 1963 when Redding and Pearson reported improved success when epinephrine or other 
vasopressor drugs are administered.6  Since these early studies, many additional scientific investigations have 
given us a better understanding of physiology and pathophysiology of the cardiac arrest state and resuscitation 
techniques.  These studies have caused rescuers and investigators to focus on aspects of resuscitation known to 
be effective. The American Heart Association (AHA), in conjunction with numerous other national and 
international agencies, has developed guidelines for the clinical practice of CPR.7  The purpose of this 
refresher course is not to review the protocols from the Advanced Cardiac Life Support(ACLS) course but to 
examine the scientific basis upon which these protocols are based and to discuss some of the current 
controversies. 

Physiology of the Circulation During Closed Chest Compression 
Two mechanisms of blood flow during closed chest compression have been described.5,8  In the cardiac pump 
mechanism, the heart is compressed between the sternum and spine, resulting in ejection of blood from the 
heart into the aorta with the atrioventricular valves preventing backward blood flow.  In the thoracic pump 
mechanism, chest compression raises intrathoracic pressure, forcing blood out of the chest, with venous valves 
and dynamic venous compression preventing backward flow and the heart acting as a passive conduit.  The 
two mechanisms are not mutually exclusive.  Fluctuations in intrathoracic pressure play a significant role in 
blood flow during most resuscitations and the cardiac pump mechanism contributes under some circumstances.  
Which mechanism predominates probably varies from victim to victim and even during the resuscitation of the 
same victim. 

Cardiac output is severely depressed during CPR, ranging from 10 to 33 percent of prearrest values in 
experimental animals.  Nearly all of the cardiac output is directed to organs above the diaphragm.  Brain blood 
flow is 50 to 90% of normal and myocardial blood flow 20 to 50% of normal while lower extremity and 
abdominal visceral flow is reduced to less than 5% of normal.  Total blood flow tends to decrease with time 
but the relative distribution of flow does not change.  Flow to the brain and heart are improved by the 
administration of vasopressors while flow to organs below the diaphragm is unchanged or further reduced. 

Assessing the Adequacy of Circulation During CPR 
Successful resuscitation in experimental models is associated with myocardial blood flows of 15 to 30 
ml/min/100g.9  To obtain such flows, closed chest compressions must generate adequate cardiac output and 
coronary perfusion pressure.  During CPR, coronary perfusion occurs primarily during the relaxation phase 
(diastole) of chest compression.  The critical myocardial blood flow is reached when aortic 'diastolic' pressure 
exceeds 40 mm Hg and myocardial perfusion pressure (aortic diastolic minus right atrial diastolic pressure) 
exceeds 20-25 mm Hg.9-12  Invasive pressure monitoring, when available during CPR, should be used to guide 
resuscitation efforts.  If pressures are below the critical levels, adjustments should be made to improve chest 
compressions and additional vasopressor therapy should be considered.  Vascular pressures below the critical 
levels are associated with poor results even in patients that may be salvageable.  However, obtaining pressures 
above the critical levels does not ensure success.  Damage to the myocardium from underlying disease may 
preclude survival no matter how effective the CPR efforts are.   
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Although invasive pressure monitoring may be the ideal, exhaled end-tidal CO2 is an excellent noninvasive 
guide to the effectiveness of standard CPR.  After intubation, CO2 excretion during CPR is dependent 
primarily on blood flow rather than ventilation.  Decreased pulmonary blood flow during CPR causes lack of 
perfusion to many non-dependent alveoli. The alveolar gas of these lung units has no CO2. Consequently, 
mixed alveolar (i.e., end-tidal) CO2 will be very low (frequently <10 mm Hg) and correlate poorly with 
arterial CO2. However, end-tidal CO2 does correlate well with cardiac output during CPR. As flow increases, 
more alveoli are perfused, there is less alveolar deadspace, and end-tidal CO2 measurements rise (usually to 
>20 mm Hg during successful CPR).  When spontaneous circulation resumes, the earliest sign is a sudden 
increase in end-tidal CO2 to greater than 40 mm Hg. Within a wide range of cardiac outputs, end-tidal CO2 
during CPR correlates with coronary perfusion pressure, cardiac output, initial resuscitation and survival.  
End-tidal CO2 measured during human CPR can be used to predict outcome.  Two studies have demonstrated 
that no patient with an end-tidal CO2 <10 mm Hg could be successfully resuscitated.13,14  In the absence of 
invasive pressure monitoring, end-tidal CO2 monitoring can be used to judge the effectiveness of chest 
compressions.16  Attempts should be made to maximize the value by alterations in technique or drug therapy.  
Sodium bicarbonate administration results in the liberation of CO2 in the venous blood and a temporary rise in 
end-tidal CO2.  Therefore, end-tidal CO2 monitoring will not be useful for judging the effectiveness of chest 
compressions for three to five minutes following bicarbonate administration. 

Alternative Techniques of Circulatory Support 
Better understanding of circulatory physiology during CPR and the development of the thoracic pump theory 
of blood flow have generated several proposed alternatives to standard CPR techniques.  Most are intended to 
provide better hemodynamics and, thus, to improve survival or to extend the time when CPR can successfully 
support viability.  However, none has reliably outperformed the standard technique.  Initial studies suggested 
hemodynamic advantages for techniques that raised intrathoracic pressure (simultaneous 
ventilation/compression, abdominal binding with compression, pneumatic antishock garment).  Further 
investigations found that right atrial pressure and intracranial pressure were raised by these techniques, 
frequently more than aortic pressure.  Consequently, there was no improvement in cerebral or myocardial 
blood flow.  Outcome studies with these techniques found no improvement in resuscitation success compared 
to standard CPR.16,17  They are currently not recommended for support of the cardiac arrest victim.  

Other techniques continue to be actively studied.  The pneumatic CPR vest relies entirely on the thoracic pump 
mechanism of blood flow.18  Experimental animal studies have shown excellent hemodynamics and the ability 
to maintain viability for prolonged periods.  A small clinical study found better aortic and coronary perfusion 
pressure with the vest but survival was not improved.19 Randomized human trials are now being conducted.  
Interposed abdominal compression CPR (IAC-CPR) uses abdominal compression during the relaxation phase 
of chest compressions.  Initial hemodynamic studies were encouraging but a large randomized study of out-of-
hospital arrest found no improvement in survival compared to standard CPR.20  Two studies have reported 
improved survival from in-hospital cardiac arrest with this technique.21  The safety of IAC-CPR has been 
established and it is recommended as an alternative to standard CPR for in-hospital resuscitation.  Further 
studies will be needed to establish out-of-hospital efficacy.  Another proposed alternative is active 
compression-decompression CPR.22 With this technique, CPR is performed with a suction device applied to 
the chest over the sternum allowing active decompression.  Animal and human studies have often shown 
improvement in resuscitation hemodynamics.  Early out-of-hospital trials were discouraging, but more recent 
reports have had conflicting results.  A large randomized trial in France found improved outcome in out-of-
hospital arrest with the technique.23  However, a large study in Canada involving in-hospital and out-of-
hospital arrests found no difference in immediate resuscitation or survival.24   Two new devices are undergoing 
investigation.  The impedance threshold valve lowers intrathoracic pressure, enhancing venous return during 
CPR.25 Phased chest and abdominal compression CPR is a combination of ACD- and IAC-CPR.26 
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The Importance of the Timing of Interventions during CPR 
The factors most related to poor outcome from cardiac arrest are 1) long arrest time before CPR, 2) prolonged 
ventricular fibrillation without definitive therapy and 3) inadequate coronary and cerebral perfusion during 
cardiac massage.  The only modalities universally accepted as effective during CPR are rapid application of 
closed chest compression and early defibrillation.  Even these accepted therapies have controversial aspects.  It 
is now clear that cardiac arrest due to ventricular fibrillation can be characterized in three phases.  The 
electrical phase occurs during the first 4-5 minutes of the arrest and early defibrillation is critical for success 
during this time.  The hemodynamic phase follows for the next 10 – 15 minutes when perfusing the 
myocardium with oxygenated blood is critical.  This is followed by what has been called the metabolic phase 
when the ischemic injury to the heart is so great that it is not clear what interventions will be successful.  What 
is obvious from this timeline is that early intervention is necessary for resuscitation attempts to be successful.  
This requires not only rapid response emergency medical systems for out-of-hospital arrests and appropriate 
code teams for in-hospital arrests, but it requires immediate intervention by bystanders when cardiac arrest 
victims collapse.  Unfortunately, the incidence of bystander CPR has been falling for three decades.  The 
reasons for this reluctance to intervene are multiple but seem to be primarily 1) lack of training, 2) the 
complexity of the task and 3) fear of harm.  Many of these concerns focus on the mouth-to-mouth ventilation 
part of the CPR intervention and many experts are now stressing the importance of continuous chest 
compressions, even at the expense of ventilation, by bystanders and early rescuers.  There is no doubt that 
chest compression only CPR by bystanders is more acceptable for most, easier to learn and retain, and 
provides better hemodynamic support.   

Early studies in anesthetized humans suggested that the airway would not remain open in the unconscious, 
leading to the teaching that airway control and artificial ventilation must accompany chest compressions.  
There is considerable data to suggest that eliminating mouth-to-mouth ventilation early in the resuscitation of 
witnessed fibrillatory cardiac arrest is not detrimental to outcome and may improve survival.  Data from the 
Belgian CPCR Registry has demonstrated that 14-day survival and neurological outcome is the same if 
bystanders initiate full basic life support or only do chest compressions.  Both are significantly better than if 
the bystanders only do mouth-to-mouth ventilation or attempt no CPR.27,28  The necessity for ventilation 
during basic life support has been studied in animal models.  Multiple studies by two research groups used a 
swine model with up to 5 minutes untreated fibrillatory cardiac arrest and 10 minutes of chest compressions 
without airway control or ventilation.29-31  All the animals survived for 24 hours and were neurologically 
normal.  A similar study in an asphyxial arrest model showed that assisted ventilation during bystander CPR 
was critical for survival.32  The animal studies are supported by a study of telephone dispatcher instructions in 
CPR techniques to inexperienced bystanders.  Instruction in chest compressions only resulted in the same 
survival as instruction in both compressions and ventilation.33  These observations suggest that when arrest is 
witnessed, likely to be of cardiac (rather than respiratory) cause, and intubation will be available within a short 
time, closed chest compressions alone may be as efficacious as compressions and mouth-to-mouth ventilation.  
In many venues, basic life support teaching for the lay rescuer is being simplified to eliminate mouth-to-mouth 
ventilation.  Just as importantly, there is renewed interest in importance of not interrupting chest compressions.  
In many resuscitation attempts both in- and out-of-hospital, chest compressions are performed for less than 
50% of the time.  Compressions are interrupted for repeated patient assessment, ventilations, intubation, 
central line placement, changing rescuers, and defibrillation (especially with AED’s).  These interruptions are 
significantly detrimental to maintaining myocardial perfusion and, therefore, to the ultimate success of the 
resuscitation attempt.   

Epinephrine 
An older approach to improving hemodynamics and prolonging viability during CPR is the administration of 
epinephrine.  Epinephrine has been used in resuscitation since the 1890's and has been the vasopressor of 
choice in modern CPR since the studies of Redding and Pearson in the 1960's.6,34  The efficacy of epinephrine 
lies entirely in its α-adrenergic properties.35  Animal studies demonstrate that all strong vasopressors (α-
adrenergic agonists and non-adrenergic vasoconstrictors) are equally successful in aiding resuscitation 
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regardless of the β-adrenergic potency.  β-Adrenergic agonists without α-activity are no better than placebo.  
α-Adrenergic blockade precludes resuscitation while β-adrenergic blockade has no effect on the ability to 
restore spontaneous circulation.  It is generally believed that the β-adrenergic effect of epinephrine increasing 
the amplitude of ventricular fibrillation makes defibrillation easier.  In fact, animal studies have shown that 
epinephrine does not improve the success of or decrease the energy necessary for defibrillation36 and clinical 
studies have found no effect of epinephrine on defibrillation success.37 The β-adrenergic effects of epinephrine 
are potentially deleterious during cardiac arrest.  In the fibrillating heart, epinephrine increases oxygen 
consumption and reduces subendocardial perfusion.  In spite of these theoretical considerations, survival and 
neurological outcome studies have shown no difference when epinephrine is compared to a pure α-agonist 
(methoxamine or phenylephrine) during CPR in animals or humans.38,39  It should be noted that, in spite of its 
success in many animal studies over the years, epinephrine has never been shown to be superior to a placebo in 
any large scale human study.  Because other drugs have not definitively been shown to be superior, 
epinephrine remains the drug of choice during CPR.  Any other agent with strong vasopressor properties 
(phenylephrine, norepinephrine, methoxamine, dopamine, vasopressin) is an acceptable alternative if 
epinephrine is unavailable. 

When added to chest compressions, epinephrine helps develop the critical coronary perfusion pressure 
necessary to provide enough myocardial blood flow for restoration of spontaneous circulation.  The standard 
dose of epinephrine used for many years has been 1.0 mg or approximately 0.01-0.02 mg/kg.  In the 1980’s, 
dose-response studies in swine suggested that doses ten times as high as the standard may be necessary to 
improve hemodynamics to levels compatible with successful resuscitation,40  leading to speculation that higher 
doses of epinephrine in human CPR might improve success of resuscitation.  Anecdotally, initial or escalating 
high dose epinephrine has occasionally improved ROSC and early survival.  However, eight adult prospective 
randomized clinical studies involving over 9000 cardiac arrest patients have found no improvement in survival 
to hospital discharge or neurologic outcome, even in subgroups, when initial high dose epinephrine is 
compared to standard doses.7  

It should be noted that, in all these studies, high dose epinephrine was used as initial therapy.  High doses may 
not be necessary for most resuscitations and the excessive adrenergic stimulation could be deleterious under 
those circumstances.  The successful case reports of high dose epinephrine were all in patients that had failed 
conventional treatment.  The high doses of epinephrine were given late in CPR when the vasculature may not 
be as responsive to catecholamines.  In other words, high dose epinephrine was used as rescue therapy.  This 
may be its appropriate place in CPR.  Certainly, there is an extremely large individual variation in response to 
catecholamines administered during CPR.  In the absence of invasive monitoring to judge the effectiveness of 
administered epinephrine, lack of response to standard doses may indicate the need for higher doses. 

Vasopressin 
The newest addition to the pharmacologic armamentarium in CPR is arginine vasopressin.  In experimental 
studies, it has been used as an alternative to epinephrine throughout resuscitation.  However, it is currently 
recommended clinically only as an alternative to the first dose of epinephrine during ventricular fibrillation 
cardiac arrest in a dose of 40 units IV.  If additional vasopressor therapy is necessary or the rhythm is asystole 
or PEA, epinephrine is the recommended drug.  Vasopressin is a naturally occurring hormone (antidiuretic 
hormone) that, when administered in high doses, is a potent non-adrenergic vasoconstrictor, acting by 
stimulation of smooth muscle V1 receptors.  It is usually not recommended for conscious patients with 
coronary artery disease, because the increased peripheral vascular resistance may provoke angina.  The half-
life in the intact circulation is 10 to 20 minutes, and longer than epinephrine during CPR.  Animal studies have 
demonstrated that vasopressin is as effective or more effective than epinephrine in maintaining vital organ 
blood flow during CPR.41-43 Repeated doses during prolonged CPR in swine were associated with significantly 
improved rates of neurologically intact survival compared to epinephrine and placebo.44  Post-resuscitation 
myocardial depression and splanchnic blood flow reduction are more marked with vasopressin than 
epinephrine but they are transient and can be treated with low-doses of dopamine.45  Preliminary clinical 
studies indicate that vasopressin is as effective as epinephrine, but have not definitively shown it to be 



 107 
Page 5 

superior.  A small randomized, blinded study comparing vasopressin and standard dose epinephrine in 40 
patients with out-of-hospital ventricular fibrillation found improved 24 hour survival with vasopressin but no 
difference in ROSC or survival to hospital discharge.46  A larger, clinical trial of 200 in-patients found no 
difference between the drugs in survival for 1 hour or to hospital discharge.47  In this study, response times 
were short, indicating that CPR outcome achieved with both vasopressin and epinephrine in short-term cardiac 
arrest may be comparable. .  A recently completed multicenter, randomized study of 1186 patients comparing 
vasopressin 40U and epinephrine 1mg for the first two doses of vasopressor during resuscitation from out-of-
hospital cardiac arrest found no overall difference in survival to hospital admission (36% vs. 31%) or 
discharge (10% vs. 10%).48  However, in subgroup analysis, in patients presenting in asystole, there was a 
significant improvement in survival to hospital admission (29% vs. 20%) and discharge (4.7% vs. 1.5%).  In 
those patients who did not resuscitate following two doses of study drug, approximately 60% received 
additional epinephrine.   In these difficult to resuscitate patients, irrespective of presenting rhythm, those that 
received vasopressin followed by epinephrine had better outcomes than those that received only epinephrine, 
suggesting that the combination of the drugs may have advantages.   The hemodynamic effects of vasopressin, 
compared to epinephrine, are especially impressive during long cardiac arrests.  Thus, vasopressin may find 
most use in CPR during prolonged resuscitation.   

Amiodarone and Lidocaine  
Amiodarone and lidocaine are used during cardiac arrest to aid defibrillation when ventricular fibrillation is 
refractory to electrical countershock therapy or when fibrillation recurs following successful conversion.  
Lidocaine, primarily an antiectopic agent with few hemodynamic effects, tends to reverse the reduction in 
ventricular fibrillation threshold caused by ischemia or infarction.  It depresses automaticity by reducing the 
slope of phase-4 depolarization and reducing the heterogeneity of ventricular refractoriness. When ventricular 
tachycardia or ventricular fibrillation has not responded to or have recurred following epinephrine and 
defibrillation, lidocaine should be considered.  To rapidly achieve and maintain therapeutic blood levels during 
CPR, relatively large doses are necessary.  An initial bolus of 1.0-1.5 mg/kg should be given and additional 
boluses of 0.5 to 1.5 mg/kg can be given every five to 10 minutes during CPR up to a total dose of 3 mg/kg.  
Only bolus dosing should be used during CPR but an infusion of two to four mg/minute can be started after 
successful resuscitation. 

Amiodarone is a pharmacologically complex drug with sodium, potassium, calcium, alpha- and beta-
adrenergic blocking properties that is useful for treatment of atrial and ventricular dysrhythmias.  Amiodarone 
can cause hypotension and bradycardia when infused too rapidly.  This can usually be prevented by slowing 
the rate of drug infusion, or treated with fluids, vasopressors, chronotropic agents or temporary pacing.  There 
are two randomized, blinded, placebo-controlled clinical trials demonstrating improved admission alive to 
hospital with amiodarone treatment although there was no difference in survival to discharge.49,50  This is more 
evidence of efficacy than exists for lidocaine or bretylium, suggesting that amiodarone should now be first line 
treatment for shock resistant fibrillation.  In cardiac arrest, amiodarone is initially administered as a 300 mg 
rapid infusion.  Supplemental infusion of 150 mg can be repeated as necessary for recurrent or resistant 
dysrhythmias to a maximum daily dose of 2 grams. 
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Preoperative Key Points 
 
• Have the pacemaker or defibrillator 

interrogated by a competent authority shortly 
before the anesthetic.  

• Obtain a copy of this interrogation. Ensure 
that the device will pace the heart.  

• Consider replacing any device near its elective 
replacement period in a patient scheduled to 
undergo either a major surgery or surgery 
within 25 cm of the generator. 

• Determine the patient’s underlying rhythm / 
rate to determine the need for backup pacing 
support. 

• Identify the magnet rate and rhythm, if a 
magnet mode is present and magnet use is 
planned. 

• Program minute ventilation rate 
responsiveness off, if present. 

• Program all rate enhancements off. 
• Consider increasing the pacing rate to 

optimize oxygen delivery to tissues for major 
cases. 

• Disable antitachycardia therapy if a 
defibrillator. 

Intraoperative Key Points 
 
• Monitor cardiac rhythm / peripheral pulse 

with pulse oximeter or arterial waveform. 
• Disable the “artifact filter” on the EKG 

monitor. 
• Avoid use of monopolar electrosurgery 

(ESU). 
• Use bipolar ESU if possible; if not possible, 

then pure cut (monopolar ESU) is better than 
“blend” or “coag.” 

• Place the ESU current return pad in such a 
way to prevent electricity from crossing the 
generator-heart circuit, even if the pad must 
be placed on the distal forearm and the wire 
covered with sterile drape. 

• If the ESU causes ventricular oversensing and 
pacer quiescence, limit the period(s) of 
asystole. 

 
Postoperative Key Points 
• Have the device interrogated by a competent 

authority postop. Some rate enhancements 
can be re-initiated, and optimum heart rate 
and pacing parameters should be determined. 
The ICD patient must be monitored until the 
antitachycardia therapy is restored. 

 
Introduction  Battery operated pacemakers were developed in 1958, and implantable cardioverter-
defibrillators (ICDs) followed in 1980. Advances in ICD technology have two important results. First, a 
pectoral (rather than abdominal) ICD with pacing capability might be mistaken, by virtue of pacing 
“spikes” on the surface EKG, for a (non-ICD) pacemaker. If EKGs are routinely collected from patients 
with “pacemakers” using a magnet, then some ICDs from Guidant/CPI might be permanently deactivated 
with magnet placement.1 Second, ICD brady-pacing functions often respond to magnet placement and 
electromagnetic interference (EMI) differently than a pacemaker.  
 The complexity of cardiac generators limits generalizations that can be made about the perioperative 
care of these patients. Population aging, continued enhancements, and new indications for implantation 
of cardiac devices will lead to increased implantations. These issues led the American Society of 
Anesthesiologists (ASA) to publish a Practice Advisory for these patients.2 Other guidelines have been 
published as well,3-6 although not all authors recommend ICD disablement in the perioperative period.7  
ICDs also perform permanent cardiac pacing, so ICD issues related primarily to antibrady pacing should 
be reviewed in the Pacing section.  
 Finally, not all generators implanted in the chest are cardiac devices, and devices resembling cardiac 
pulse generators are being implanted at increasing rates for pain control, thalamic stimulation to control 
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Parkinson’s disease, phrenic nerve stimulation to stimulate the diaphragm in paralyzed patients, and 
vagus nerve stimulation to control epilepsy.8  
Pacemaker Overview  Almost 2,000 pacemaker models have been produced by 26 companies, and 
more than 250,000 adults and children in the US undergo new pacemaker placement yearly. Nearly 3 
million US patients have pacemakers. Factors leading to confusion regarding pacemakers and 
perioperative care include outdated literature reviews and frequent misinformation. 
 Intrathoracic cardiac gadgets consist of an impulse generator and lead(s). Leads can have one 
(unipolar), two (bipolar), or multiple (multipolar) electrodes with connections in multiple chambers. In 
unipolar pacing, the generator case serves as an electrode, and tissue contact can be disrupted by pocket 
gas.9 Pacemakers with unipolar leads produce larger “spikes” on an analogue-recorded ECG, and they 
are more sensitive to EMI. Most pacemaking systems use bipolar pacing / sensing configuration, since 
bipolar pacing usually requires less energy and bipolar sensing is more resistant to interference from 
muscle artifacts or stray electromagnetic fields. Often, bipolar electrodes can be identified on the chest 
film since they will have a ring electrode 1 to 3 cm proximal to the lead tip. Generators with bipolar leads 
can be programmed to the unipolar mode for pacing, sensing, or both.  
 The Pacemaking Code of the North American Society of Pacing and Electrophysiology (NASPE) 
and the British Pacing and Electrophysiology Group (BPEG) describes basic pacing behavior (Table 1).10 
Most pacemakers in the US are programmed either to the DDD (dual chamber) or VVI mode (single 
chamber). DDI is used for atrial dysrhythmias, and VDD pacing (single wire device providing AV 
synchrony) can be found in patients with AV nodal disease but normal sinus node function. Atrial-only 
pacing (AAI) is uncommon in the US. Biatrial pacing is being investigated as a means to prevent atrial 
fibrillation,11 and biventricular (BiV) pacing (also called Cardiac Resynchronization Therapy [CRT]) is 
used to treat dilated cardiomyopathy (DCM).12-14 

Indications  Permanent pacing indications (Table 2) 
are reviewed in detail elsewhere.17  In order to be 
effective, HOCM or DCM pacing must provide the 
stimulus for ventricular activation, and A-V 
synchrony must be preserved.18 Pacemaker inhibition, 
loss of pacing (i.e.; from native conduction, junctional 
rhythm, EMI), or AV dys-synchrony can lead to 
deteriorating hemodynamics in these patients.  BiV 
pacing can lengthen the Q-T interval in some patients, producing torsade-de-pointes.19 Thus access to 
rapid defibrillation is required for the patient with BiV pacing. 
Pacemaker Magnets  Despite oft-repeated folklore, magnets were never intended to treat pacemaker 
emergencies or prevent EMI effects. Rather, magnet-activated reed switches were incorporated to 
produce pacing behavior that demonstrates remaining battery life and, sometimes, pacing threshold 
safety factors. Placement of a magnet over a generator might produce no change in pacing since NOT 
ALL PACEMAKERS SWITCH TO A CONTINUOUS ASYNCHRONOUS MODE WHEN A 

Table 1: NASPE / BPEG Revised (2002) Generic Pacemaker Code (NBG) (revised 2002) 
Position I Position II Position III Position IV Position V 

Chambers Paced  Chambers Sensed Response to Sensing Programmability Multisite Pacing
 O = None  O = None  O = None  O = None  O = None 
 A = Atrium  A = Atrium  I = Inhibited  R = Rate Modulation   A = Atrium 
 V = Ventricle  V = Ventricle  T = Triggered   V = Ventricle 
 D = Dual (A+V)  D = Dual (A+V)  D = Dual (T+I)   D = Dual (A+V))

Table 2: Permanent Pacemaker Indications
Sinus Node Disease 
Atrioventricular (AV) Node Disease 
Long Q-T Syndrome 
Hypertrophic Obstructive Cardiomyopathy 

(HOCM)15,16 
Dilated Cardiomyopathy (DCM)16  
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MAGNET IS PLACED. Also, not all models from a given company behave the same way. Effect(s) of 
magnet placement are shown in Table 3.20-22 Magnet behavior can be altered or disabled via 
programming in some devices.  For all generators, calling the manufacturer remains the most reliable 
method for determining magnet response and using this response to predict remaining battery life (phone 
numbers for the manufacturers are shown in the Guide). For generators with programmable magnet 
behavior [Biotronik, CPI, Guidant Medical, Pacesetter, St Jude Medical], only an interrogation with a 
programmer can reveal current settings. 
Preanesthetic Evaluation; Pacemaker 
Reprogramming  Preoperative management 
of the patient with a pacemaker includes 
evaluation and optimization of coexisting 
disease(s).  No special laboratory tests or x-
rays are needed for the patient with a 
conventional pacemaker.  A patient with a BiV 
pacer (or ICD) might need a chest film to 
document the position of the coronary sinus 
(CS) lead, especially if central line placement 
is planned, since spontaneous CS lead 
dislodgement can occur.23,24 
 Important features of the preanesthetic 
device evaluation are shown in Preoperative 
Key Points (above). Current NASPE and 
Medicare guidelines include telephonic 
(magnet) evaluation every 4-12 weeks 
(depending upon device type and age) and a 
direct evaluation (i.e.; a device interrogation 
with a programmer) at least once per year.25  
Direct interrogation with a programmer 
remains the only reliable method for 
evaluating battery status, lead performance, 
and adequacy of current settings. Some devices 
retain pacing histograms and information about 
tachydysrhythmia(s). 
 Appropriate reprogramming (Table 4) is 
the safest way to avoid intraoperative 
problems, especially if monopolar "Bovie" 
electrosurgery will be used. The pacemaker 
manufacturers stand ready to assist with this 
task (see Appendix for company telephone 
numbers); however, any industry-employed 
allied professional must be supervised by an 
appropriately trained physician.26 
 Reprogramming the pacing mode to 
asynchronous, at a rate greater than the 
patient’s underlying rate, usually ensures that 
no over- or undersensing from EMI will take 
place.  Reprogramming a device will not 

Table 3: Pacemaker Magnet Behavior 
No apparent rhythm or rate change 
 No magnet sensor (some pre-1985 Cordis, Tele 

models) 
 Magnet mode disabled (possible with Biotronik, 

CPI, Guidant, Pacesetter, St Jude models) 
 EGM mode enabled (CPI, Guidant, Pacesetter, St 

Jude) 
 Program rate pacing in already paced patient (many 

CPI, Intermedics, Pacesetter, St Jude, Tele) 
Brief (10-100 beats) asynchronous pacing, then return 

to program values (all Intermedics; most Biotronik 
models when programmed to their default state) 

Continuous or transient loss of pacing 
 Discharged battery (some pre-1990 devices) 
 Diagnostic "Threshold Test Mode" (Siemans) 
Asynchronous “high rate” pacing  
 Medtronic (most models) 85 bpm, 65 if battery 

depleted 
 Guidant Medical / CPI (current models since 1990, 

magnet mode enabled) > 85 bpm (max 100), 85 if 
battery depleted 

 Pacesetter / St Jude Medical (current models since 
1990, magnet mode enabled) > 87 bpm (max 98.6 
bpm), 86.3 if battery depleted 

 ELA Medical (current models since 1989) > 80 bpm 
(max 96 bpm), 80 if battery depleted. ELA devices 
take 8 additional asynchronous cycles (six at 
magnet rate, then two at programmed rate) upon 
magnet removal. Magnet placement increases the 
pacing voltage to 5v 

 Biotronik (when programmed to asynchronous 
mode, [not the default state]) 90 bpm, 80 if battery 
depleted 

Asynchronous pacing without rate responsiveness 
using parameters possibly not in patient's best 
interest 
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protect it from internal damage or reset caused 
by EMI. Additionally, setting a device to 
asynchronous mode has the potential  
to create a malignant rhythm in the patient 
with structurally compromised myocardium.36

 In general, rate responsiveness and 
"enhancements" (dynamic atrial overdrive, 
hysteresis, sleep rate, A-V search, etc.) should 
be disabled by programming.3,31,37 Note that 
for many Guidant and/or CPI devices, Guidant 
Medical recommends increasing the pacing 
voltage to "5 volts or higher" when monopolar 
electrosurgery will be used. Few cardiologists 
follow this recommendation, but there are 
reports of threshold changes during both 
intrathoracic38 and non-chest surgery.39 
Recently, pacing threshold was shown to be 
increased by disease states.40  Special attention 
must be given to any device with a minute 
ventilation (bioimpedance) sensor (Table 5), 
since inappropriate tachycardia has been 
observed secondary to mechanical 
ventilation,32,41 monopolar (“Bovie”) 
electrosurgery,32,42,43 and connection to an 
EKG monitor with respiratory rate 
monitoring.29,30,33,44-46 Sometimes, this 
pacemaker driven tachycardia has led to 
inappropriate anesthetic therapy.41 
Intraoperative (or Procedure) 
Management of Pacemakers  No special 
technique or monitoring is needed for the 
pacemaker patient, but attention must be 
given to a number of concerns (Table 6).  
Monopolar "Bovie" electrosurgery (ESU) use 
remains the principal intraoperative issue for 
the patient with a pacemaker. Between 1984 
and 1997, the US FDA was notified of 456 
adverse events with pulse generators, 255 
from electrosurgery, and a "significant 
number" of device failures.47 Monopolar ESU 
is more likely to cause problems than bipolar 
ESU.48 Magnet placement during 
electrosurgery might prevent aberrant 
pacemaker behavior.  Spurious 
reprogramming with magnet placement is 
unlikely.  If monopolar electrosurgery is to be used, then the ESU current-return pad must be placed to 
ensure that ESU current path does not cross the pacemaking system. Some authors recommend 

Table 4: Pacemaker Reprogramming Likely Needed 
Any rate responsive device – see text (problems are 

well known,27,28 and have been misinterpreted with 
potential for patient injury,29-32 and the FDA has 
issued an alert regarding devices with minute 
ventilation sensors (Table 5)33 

Special pacing indication (HOCM, DCM, pediatrics)  
Pacemaker-dependent patient 
Major procedure in the chest or abdomen 
Rate enhancements are present that should be disabled 
Special Procedures  
 Lithotripsy 
 Transurethral or Hysteroscopic Resection 
 Electroconvulsive Therapy 
 Succinylcholine use  

MRI (usually contraindicated by device 
manufacturers), possible in some patients34,35  

Table 5: Devices with Minute Ventilation Sensors 
ELA Medical  Symphony, Brio (212, 220, 222), Opus 

RM (4534), Chorus RM (7034, 7134), Talent (130, 
213, 223) 

Guidant Medical and/or CPI Pulsar (1172, 1272), 
Pulsar Max (1170, 1171, 1270),Pulsar Max II (1180, 
1181, 1280),Insignia Plus (1194, 1297, 1298) 

Medtronic Kappa 400 series (401, 403) 
Telectronics / St Jude Meta (1202, 1204, 1206, 1230, 

1250, 1254, 1256),Tempo (1102, 1902, 2102, 2902) 

Table 6: Essentials of Pacemaker Monitoring 
EKG monitoring of the patient must include the ability 

to detect pacemaker discharges (“artifact filter” 
disabled) 

Perfused (peripheral) pulse must be monitored with a 
waveform display 

The pacemaker rate might need to be increased due to 
an increased oxygen demand 

BiV and HOCM patients probably need beat-to-beat 
cardiac output monitoring 

Appropriate equipment must be on hand to provide 
backup pacing and/or defibrillation 
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placement of this pad on the shoulder for head and neck procedures or the distal arm (with sterile draping 
of the wire) for breast and axillary procedures.48,49 
Pacemaker Failure  Pacemaker failure has three etiologies: 1) failure to capture; 2) lead failure; or 3) 
generator failure. Failure to capture can result from myocardial ischemia / infarction, acid-base 
disturbance, electrolyte abnormalities, or abnormal antiarrhythmic drug level(s). External pacing might 
further inhibit pacemaker output at pacing energies that will not produce myocardial capture.50,51  
Sympathomimetic drugs generally lower pacing threshold.  Outright  generator and/or lead failure is rare. 
Post Anesthesia Pacemaker Evaluation  Any pacemaker that was reprogrammed for the operating 
room should be reset appropriately. For non-reprogrammed devices, most manufacturers recommend 
interrogation to ensure proper functioning and remaining battery life if any electrosurgery was used.  
 
Implantable Cardioverter-Defibrillator (ICD) Overview  The development of an implantable, battery 
powered device able to deliver sufficient energy to terminate ventricular tachycardia (VT) or fibrillation 
(VF) has represented a major medical breakthrough for patients with a history of ventricular 
tachydysrhythmias or cardiomyopathy. These devices reduce deaths in the setting of ventricular 
tachydysrhythmias,52,53 and they remain superior to antiarrhythmic drug therapy.54 Initially approved by 
the US FDA in 1985, nearly 100,000 devices will be placed this year, and more than 240,000 patients 
have these devices today. Further, studies suggesting prophylactic placement in patients without evidence 
of tacharrhythmias (Multicenter Automatic Defibrillator Implantation Trial – II [MADIT-II] - ischemic 
cardiomyopathy, ejection fraction less than 0.30 and Sudden Cardiac Death – Heart Failure Trial [SCD-
HeFT] – any cardiomyopathy, ejection fraction less than 0.35) has significantly increased the number of 
patients for whom ICD therapy is indicated.55  Like pacemakers, ICDs have a four-place code (Table 
7).56 The Pacemaker Code can be used instead of Position IV. 

ICDs measure each cardiac R-R interval and categorize the rate as normal, too fast (short R-R interval), 
or too slow (long R-R interval). When enough short R-R intervals are detected, an antitachycardia event 
is begun. The internal computer chooses antitachycardia pacing (ATP - less energy use, better tolerated 
by patient) or shock, depending upon the presentation and device programming. Most ICDs are 
programmed to “reconfirm” VT or VF after charging to prevent inappropriate therapy. Typically, ICDs 
deliver 6 - 18 shocks per event. Once a shock is delivered, no further ATP can take place. Despite 
improvements in detection of ventricular dysrhythmias (Table 8),57 more than 10% of shocks are for 
rhythm other than VT or VF.58 Supraventricular tachycardia remains the most common etiology of 
inappropriate shock therapy,59,60 and causes of inappropriate shock have been reviewed elsewhere.61 
Most ICDs will begin pacing when the R-R interval is too long. ICDs with sophisticated, dual and three 
chamber pacing modes (including rate responsiveness) are approved for patients who need permanent 
pacing (about 20% of ICD patients).  Note that a recent report suggests that use of dual chamber (DDD) 
pacing in an ICD patient might decrease survival when compared to single chamber (VVI) pacing. 62 

Table 7: NASPE / BPG Generic Defibrillator Code (NBD) 

Position I Position II Position III 
Position IV  
(or use Pacemaker 
Code) 

Shock Chambers Antitachycardia Pacing 
Chambers Tachycardia Detection Antibradycardia 

Pacing Chambers 
 O = None  O = None  E = Electrogram  O = None 
 A = Atrium  A = Atrium  H = Hemodynamic  A = Atrium 
 V = Ventricle  V = Ventricle    V = Ventricle 
 D = Dual (A+V)  D = Dual (A+V)    D = Dual (A+V) 
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ICD Indications  Initially, ICDs were 
placed for VT or VF. Table 9 shows 
current, expanded indications. 
ICD Magnets  Like pacemakers, 
magnet behavior in some ICDs can be 
altered by programming. Most devices 
will suspend tachydysrhythmia 
detection (and therefore therapy) when 
a magnet is appropriately placed.  
Some devices from Angeion, CPI, 
Pacesetter (St Jude Medical) or 
Ventritex can be programmed to ignore 
magnet placement. Depending upon 
programming, antitachycardia 
therapy in some Guidant or CPI devices can be 
permanently disabled by magnet placement for 30 
seconds, and some patients have been discovered 
with their ICD antitachycardia therapy 
unintentionally disabled.1  In general, magnets will 
not affect the brady pacing mode or rate (except ELA 
[rate change] and Telectronics Guardian 4202/4203 
[disabled]). Intermedics devices change pacing rate 
(VVI mode) to reflect battery voltage. Interrogating 
the device and calling the manufacturer remain the 
most reliable method for determining magnet 
response. 
Preanesthetic Evaluation; ICD Reprogramming  
In addition to evaluating and optimizing comorbid 
disease(s), every ICD patient should undergo 
preoperative ICD interrogation. ALL ICD patients 
should have their antitachycardia therapy disabled 
during their procedure2,3. The comments in the pacing 
section apply here for antibradycardia pacing.  
Intraoperative (or Procedure) ICD Management  
No special monitoring or anesthetic technique (due to 
the ICD) is required for the ICD patient.  EKG 
monitoring and the ability to deliver external 
cardioversion or defibrillation must be present during 
the time of ICD disablement. Note that an 
inappropriate shock can be delivered without prior 
EKG changes if a lead is damaged or defective.68  If 
cardioversion or defibrillation is needed, the 
defibrillator pads should be placed to avoid the pulse 
generator to the extent possible. Nevertheless, one 
should remember that the patient, not the ICD, is being treated.  The recommendations in the section 
“Intraoperative (or Procedure) Management of Pacemakers” apply here as well. ICDs should be disabled 
prior to insertion of a central line to prevent inappropriate shock and possible ICD failure.69 

Table 8: ICD Features to Reduce Undesired Shock 
Onset criteria - usually, onset of VT is abrupt, whereas onset 

of SVT has sequentially shortening R-R intervals 
Stability criteria - usually, the R-R interval of VT is relatively 

constant, whereas the R-R interval of atrial fibrillation with 
rapid ventricular response is quite variable 

QRS width criteria - usually, QRS width in SVT is narrow 
(<110 msec), whereas QRS width in VT is wide (>120 
msec) 

"Intelligence" in dual chamber devices attempting to 
associate atrial activity to ventricular activity 

Morphology waveform analysis with comparison to stored 
historical templates 

Table 9: ICD Indications 
Ventricular tachycardia 
Ventricular fibrillation 
Post-MI patients with EF ≤ 30% (MADIT II)55

Cardiomyopathy from any cause with EF ≤ 
35% (SCD-HeFT)63 

Hypertrophic cardiomyopathy 
Awaiting heart transplant64 
Long Q-T syndrome65 
Arrhythmogenic right ventricular dysplasia 

Brugada syndrome (right bundle branch block, 
S-T segment elevation in leads V1-V3)66,67 

Appendix: Company Phone Numbers 
 Angeion 800-264-2466
 Biotronik 800-547-0394
 Cardiac Pacemakers, Inc - CPI 
 (Guidant Medical) 800-227-3422

 ELA Medical 800-352-6466
 Guidant Medical 800-227-3422
 Intermedics (Guidant Medical) 800-227-3422
 Medtronic 800-505-4636
 Pacesetter (St Jude Medical) 800-722-3774
 St Jude Medical 800-722-3774
 Telectronics (St Jude Medical) 800-722-3774
 Ventritex (St Jude Medical) 800-722-3774
 Vitatron (Medtronic) 800-328-2518
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Post Anesthesia ICD Evaluation   The ICD must be reinterrogated and re-enabled, and pacing 
parameters should be checked and reset as necessary.  All events should be reviewed and counters should 
be cleared.  
 
Summary  Electronic miniaturization has permitted the design and use of sophisticated electronics in 
patients who have need for artificial pacing and/or automated cardioversion / defibrillation of their heart. 
These devices are no longer confined to keeping the heart beating between a minimum rate (pacing 
function) and a maximum rate (ICD functions), as they are  being used as therapy to improve the failing 
heart. The aging of the population and our ability to care for a patient with increasingly complex disease 
suggest that we will be caring for many more patients with these devices, and we must be prepared for 
this situation. Safe and efficient clinical management of these patients depends upon our understanding 
of implantable systems, indications for their use, and the perioperative needs that they create. 
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Cardiac arrhythmias are a signi®cant cause of morbidity and

mortality in the perioperative period. While literature on

antiarrhythmic agent use in postoperative and non-surgical

intensive care settings is expanding, randomized clinical

trials examining the use of these agents in the perioperative

period are scarce. Nonetheless, as our understanding of the

relevant molecular targets for manipulating cardiac excit-

ability grows, the range of options for treating arrhythmias

during surgery expands. In the sections that follow, these

molecular targets are used as a basis for clinical manage-

ment strategies for arrhythmias in adults during surgery and

anaesthesia. In addition, the controversy surrounding

droperidol and its reported proarrhythmic effects will be

addressed. Finally, since pacemakers and implantable

cardioverter-de®brillators (ICD) have gained widespread

use in the treatment of tachyarrhythmias and bradyarrhyth-

mias, a basic understanding of their perioperative function

and management is discussed.

Basic science

Ion channel mechanisms

Antiarrhythmic pharmacology is focused primarily on the

cardiac ion channels and adrenergic receptors as drug

targets. The number of drug targets for antiarrhythmic

therapy is expanding exponentially, and detailed discussion

is provided in recent reviews.41 Recognizing this com-

plexity, it is still useful to consider the ion channel targets in

three general classes (based on the cation they conduct):

sodium (Na+), calcium (Ca2+) and potassium (K+) channels.

Virtually all drugs that modulate the heart rhythm work

through the adrenergic receptor/second-messenger systems,

through one or more of the ion channel classes, or both. The

classi®cation scheme provided (Table 1) is not exhaustive,

but lists the agents currently available for use in the US in

i.v. form.1 55 Although the molecular targets are distinctive,

the drug receptor sites among the ion channel classes are

highly homologous, causing some of the `class overlap'

(and clinical side-effects) associated with antiarrhythmic

therapy.

Drug effects on the surface ECG can be predicted from

their effects on the cardiac action potential, which in turn

result from activity towards molecular targets (Fig. 1). The

action potential represents the time-varying transmembrane

potential of the myocardial cell during the cardiac cycle. As

such, the ECG can be viewed as the ensemble average of the

action potentials arising from all myocardial cells, and is

biased toward the activity of the left ventricle because of its

greater overall mass. The trajectory of the cardiac action

potential is divided into ®ve distinct phases, which re¯ect

changes in the predominant ionic current ¯owing during the

cardiac cycle (Fig. 2). The current responsible for `phase 0',

the initial period of the action potential, initiates impulse

conduction through the cardiac tissue. A critical feature of

arrhythmia management is the understanding that the

current responsible for impulse initiation in the atria and

ventricles differs from that of the sinoatrial (SA) and

atrioventricular (AV) nodes. In the atria and ventricles, the

impulse is initiated by Na+ current through Na+ channels.

Hence, drugs that suppress Na+ current (class I agents,

Fig. 1) slow myocardial conduction and prolong the QRS

complex (ventricle) and the P wave (atrium). In AV and SA

nodal cells, phase 0 is produced by Ca2+ current through

L-type Ca2+ channels. Drugs that suppress Ca2+ current

therefore slow the atrial rate (by acting on the SA node), and

also slow conduction through the AV node. The latter effect

prolongs the PR interval on the ECG, making the AV node a

more ef®cient `®lter' for preventing rapid trains of atrial

beats from passing into the ventricle (hence the rationale for

AV nodal blockade during supraventricular tachyarrhyth-

mias (SVT), see below). Because Ca2+ currents do not
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initiate impulse propagation in the atria and ventricles, these

agents only slow the ventricular response to atrial

tachycardia, and usually do not acutely terminate arrhyth-

mias arising in either the atrium or the ventricle.

The later phases of the action potential (phases 1, 2 and 3;

Fig. 1) inscribe repolarization. The long plateau (phase 2) is

maintained by Ca2+ current and is terminated (phase 3) by

K+ current. Hence, the QT interval on the ECG re¯ects the

length of the action potential, and is determined by a

delicate balance between these and many other smaller

inward and outward currents. Drugs that reduce Ca2+

current, namely those with class II or class IV activity,

abbreviate the action potential plateau, shorten the QT

interval and reduce the inward movement of Ca2+ into the

cardiac cell. Hence, all agents that reduce Ca2+ current have

the clinical potential to act as negative inotropes.

Conversely, agents with class IA or III activity block

outward K+ current, prolonging the action potential and the

QT interval on the ECG. The electrophysiological mani-

festations of QT prolongation may be either therapeutic or

arrhythmogenic, as discussed below (Re-entry, automaticity

and arrhythmias).

During phase 4 (Fig. 1) the properties in SA and AV

nodal tissue are again distinctive from those in atrial and

ventricular muscle. Nodal cells spontaneously depolarize

(`pace'), and activation of the adenosine A1 receptor

triggers outward K+ currents5 that hyperpolarize the nodal

cell and oppose pacing. Since atrial and ventricular tissues

are normally hyperpolarized, adenosine has little or no

effect in these tissues. However, in SA and AV nodal tissue,

adenosine slows the SA node (reducing the sinus rate) and

blocks conduction through the AV node, creating `transient'

third-degree AV block. Adenosine also slows nodal con-

duction by inhibiting Ca2+ current through reducing cyclic

AMP (cAMP).

These transient and speci®c effects make adenosine a

choice agent for terminating SVT that involves SA or AV

node re-entrant pathways, and it is therefore possible to

classify supraventricular arrhythmias according to their

response to adenosine (Table 2).16 SVT due to re-entry in

atrial tissue, such as atrial ¯utter or ®brillation, responds to

adenosine with transient slowing of the ventricular response

rate, but does not terminate. Similarly, atrial tachycardias

that result from enhanced phase 4 depolarization will

transiently slow, but rarely cease. Atrial tachycardia due to

cAMP-mediated triggered activity in the SA node is a

rare exception, where adenosine-mediated inhibition of

adenylate cyclase sometimes terminates the arrhythmia.16

Conversely, SVTs that utilize the AV nodal tissue as a

substrate for re-entry are terminated by bolus adenosine

administration (Table 2). Junctional tachycardias, common

during the surgical period, also sometimes convert to sinus

rhythm in response to adenosine. Ventricular arrhythmias

exhibit no response to adenosine since these rhythms

originate in tissues distal to the AV conduction pathway.

The vasodilatory properties of adenosine, and all other AV

nodal blocking agents used for rate control in SVT, may be

harmful in patients with `stable' ventricular tachycardias

(VT) because of their marginal haemodynamic stability.

Hence, i.v. adenosine is no longer recommended as a means

to distinguish wide-complex SVT from VT.2

Re-entry, automaticity and arrhythmias

Re-entry

Re-entry is a mechanism that may precipitate a wide variety

of supraventricular and ventricular arrhythmias, and implies

Table 1 Antiarrhythmic agents principally used in anaesthesiology and critical

care, listed by their molecular targets. Classi®cation by functional effect

according to the Vaughan Williams scheme 2 is also provided. *Available

commercially in oral form only. (Modi®ed Balser JR. Perioperative management

of arrhythmias. In: Barash PG, Fleisher LA, Prough DS, eds. Problems in

Anaesthesia. Lippincott-Raven, Philadelphia, 1998; Vol 10(2): 199)

Receptor Class2 Drugs

Na+, K+ channels IA Procainamide, quinidine, amiodarone

Na+ channels IB Lidocaine, phenytoin, *mexiletine, *tocainide

Beta adrenoceptors II Esmolol, amiodarone, propranolol, atenolol,

*sotalol

K+ channels III Bretylium, ibutilide, *sotalol, *dofetilide

Ca2+ channels IV Verapamil, diltiazem, amiodarone

Fig 1 The action potential in ventricular muscle and its temporal

relationship with the surface ECG. The QRS interval is related to the rate

of upstroke of the action potential, which partly determines the rate of

impulse conduction through the ventricular myocardium. The QT interval

is related to the length of the action potential (the absolute refractory

period). The phases of the action potential are indicated, as are the major

ionic currents (I) that ¯ow during each phase. The dotted lines indicate

anticipated effects on the action potential and ECG when drugs suppress

either the sodium (Na+) current (class IA or IB) or potassium (K+)

current (class IA or III). ACh, acetylcholine; Ado, adenosine; Cl,

chloride; To, transient outward K+ current; Ks, slow component of

recti®er K+ current; Kr, rapid component of recti®er K+ current.

(Adapted from Balser JR. Perioperative management of arrhythmias. In:

Barash PG, Fleisher LA, Prough DS, eds. Problems in Anaesthesia.

Lippincott-Raven, Philadelphia, 1998; Vol 10(2): 199.)
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the existence of a pathological circus movement of electical

impulses around either an anatomic (i.e. Wolff±Parkinson±

White syndrome) or functional (i.e. myocardial ischaemia)

loop. Fibrillation, in either the atrium or ventricle, is

believed to involve multiple coexistent re-entrant circuits of

the functional type. These re-entrant loops may result from

disparities in either the repolarization rates or conduction

rates between normal and ischaemic myocardium, or even

from refractory period differences between epicardial and

endocardial layers.32 Unfortunately, our understanding of

re-entry and its pharmacological termination by ion channel

current suppression is incomplete. Drugs can terminate re-

entry through at least two mechanisms. Agents that suppress

currents responsible for phase 0 of the action potential (INa

in atrium and ventricle, ICa in the SA and AV node, Table 1)

may slow or block conduction in a re-entrant pathway, and

thus terminate an arrhythmia. Alternatively, by prolonging

the action potential, drugs with K+ channel blocking activity

(Table 1) prolong the refractory period of cells in a re-

entrant circuit, and thus `block' impulse propagation

through the circuit. In clinical trials, agents operating

through this latter mechanism have proven to be more

successful in suppressing ®brillation.34

Automaticity

This refers to abnormal depolarization of atrial or

ventricular muscle cells during periods of the action

potential normally characterized by repolarization (phases

2 or 3) or rest (phase 4). Studies over the last decade have

identi®ed some of the key molecular substrates that underlie

triggered automaticity. Although K+ channel blockade is

highly effective for treating certain arrhythmias in the

atrium and ventricle, delaying repolarization (manifest as

prolongation of the QT interval) may at the same time

provoke ventricular arrhythmias in 2±10% of patients. Low

serum potassium concentrations slow the heart rate, and K+-

channel blocking drugs (class IA or III) synergistically

induce a polymorphic VT known as `torsades de pointes'.45

Similarly, mutations in ion channels critical to repolariza-

tion have also been identi®ed in the genes of patients with

inherited forms of the long-QT syndrome.41 Hence, the

proarrhythmic features of drug therapy with repolarization-

prolonging agents appear to be acquired manifestations of

the same molecular mechanisms involved in forms of the

congenital long-QT syndrome.47 To extend this connection

further, `silent' mutations have been identi®ed in the protein

substituents of K+ channels that do not cause excessive QT

prolongation unless patients are also exposed to K+-channel

blocking drugs.3 These mutations sensitize the cardiac cell

to K+-channel blockade, and provide a pharmacogenetic

rationale for the `idiosyncratic' incidence of torsade upon

exposure to QT-prolonging drugs.44 (See also Ventricular

arrhythmias below and Table 4.)

Supraventricular arrhythmias

Acute management of perioperative supraventricular

arrhythmias

A cascade of adverse physiological phenomena can pre-

cipitate SVT in critically ill or anaesthetized patients. The

management of the surgical patient who suddenly develops

SVT requires a thorough but rapid consideration of potential

aetiologies. Aetiology should be considered before therapy

is instituted, except in cases of extreme haemodynamic

instability. SVT is among the clinician's most valuable

warning signs, often foreshadowing life-threatening condi-

tions that may be easily corrected (Table 3). Antiarrhythmic

therapy should only be considered after these aetiologies

have been excluded. Patients with narrow complex

tachycardias who are dangerously hypotensive (e.g. loss

of consciousness, cardiac ischaemia, or a systolic pressure

below 80 mm Hg) require immediate synchronous DC

cardioversion in order to prevent the life-threatening

complications of hypoperfusion, such as central nervous

system or cardiac ischaemia. While some patients may only

respond transiently to cardioversion in this setting (or not at

all), a brief period of sinus rhythm may provide valuable

time for correcting the reversible causes of SVT (discussed

above), instituting pharmacological therapies, or both. In

less urgent cases, adenosine may be administered as a 6 mg

i.v. bolus (repeated with 12 mg if no response). In practice,

the SVTs most commonly seen in the perioperative period

(such as atrial ®brillation, Table 2) do not involve the AV

Table 2 The response of common supraventricular tachyarrhythmias (SVT) to i.v. adenosine. AV, atrioventricular; WPW, Wolff±Parkinson±White. (Adapted

from Balser JR. Perioperative management of arrhythmias. In: Barash PG, Fleisher LA, Prough DS, eds. Problems in Anaesthesia. Lippincott-Raven,

Philadelphia, 1998; Vol 10(2): 201)

SVT Mechanism Adenosine response

AV nodal re-entry Re-entry within AV node Termination

AV reciprocating tachycardias

(orthodromic and antidromic)

Re-entry involving AV node and accessory pathway

(WPW)

Termination

Intra-atrial re-entry Re-entry in the atrium Transiently slows ventricular response

Atrial ¯utter/®brillation Re-entry in the atrium Transiently slows ventricular response

Other atrial tachycardias 1 Abnormal automaticity 1 Transient suppression of the tachycardia

2 cAMP-mediated triggered activity 2 Termination

AV junctional rhythms Variable Variable
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node in a re-entrant pathway, and AV nodal block by

adenosine will therefore produce only transient slowing of

the ventricular rate. According to the 2000 American Heart

Association guidelines, adenosine is no longer recom-

mended to differentiate wide-complex SVT from ventricu-

lar tachycardias because of its vasodilatory properties.2

Patients with underlying structural heart disease are at

greatest risk for developing either supraventricular or

ventricular arrhythmias during the induction of anaesthesia

secondary to hypotension, autonomic imbalance or airway

manipulation.56 In addition, during cardiac or major vascu-

lar surgery, patients may experience SVT during dissection

of the pericardium, placement of atrial sutures or insertion

of the venous canulae required for cardiopulmonary bypass.

If haemodynamically unstable SVT occurs during cardiac

surgery, the surgeon will usually attempt open synchronous

DC cardioversion. However, in patients with critical

coronary lesions or severe aortic stenosis, SVT may be

refractory to cardioversion and provoke a malignant cascade

of ischaemia and worsening arrhythmias that requires the

institution of cardiopulmonary bypass. Hence, early prepar-

ation for cardiopulmonary bypass is recommended before

inducing anaesthesia in cardiac surgery patients who are at

exceptionally high risk for SVT and consequent haemo-

dynamic deterioration.

The majority of patients who develop intraoperative SVT

remain haemodynamically stable and do not require

cardioversion. Ventricular rate control is the mainstay of

therapy for SVT that does not require immediate DC

cardioversion. The advantages of slowing the ventricular

rate during SVT are twofold. First, lengthening diastole

serves to enhance left ventricular ®lling, thus enhancing

stroke volume and improving haemodynamic stability.

Second, slowing the ventricular rate reduces myocardial

oxygen consumption and lowers the risk of cardiac

ischaemia. Intraoperatively, rate control is readily achieved

with one of a variety of AV nodal blockers (agents with

class II or IV activity, Table 1). Among the i.v. beta

blockers, esmolol has ultra-rapid elimination properties that

render it titratable on a minute-by-minute basis,9 allowing

meaningful dose adjustments during periods of surgery that

provoke changes in haemodynamic status (i.e. bleeding,

abdominal traction). While esmolol is largely b1-receptor

selective and is generally well tolerated by patients with

chronic obstructive lung disease, the drug has obligatory

negative inotropic effects that may not be well tolerated in

patients with severe left ventricular dysfunction. Both i.v.

verapamil and i.v. diltiazem are calcium channel blockers

that are less easily titrated than esmolol but nonetheless

provide rapid slowing of the ventricular rate in SVT within

minutes. The agents are therapeutically equivalent for

purposes of AV nodal blockade,46 but i.v. diltiazem has

less negative inotropic action and is preferable in patients

with heart failure.7 57 Thus, for patients with congestive

heart failure, digitalis, diltiazem and amiodarone are all

recommended for rate control management of SVT.2 In a

prospective randomized study of 60 patients in a cardiology

intensive care unit who had atrial arrhythmias and heart

rates over 120 beats min±1, diltiazem was found to have

better heart rate control than amiodarone (load and load plus

infusion); however, diltiazem was more frequently discon-

tinued because of hypotension.10 I.V. digoxin slows the

ventricular response during SVT through its vagotonic

effects, but should be either substituted or temporarily

supplemented with other agents because of its slow onset

(about 6 h).53

Paroxysmal SVT (PSVT) due to re-entrant circuits that

involve accessory pathways (congenital electrical connec-

tions between the atrium and ventricle that bypass the AV

node, such as Wolff±Parkinson±White Syndrome) pose

caveats in the management of SVT. A detailed discussion of

this interesting subgroup is beyond the scope of this review.

However, it should be noted that patients with accessory

pathways, in addition to PSVT, may also develop atrial

®brillation, and in the latter situation are at increased risk for

developing ventricular ®brillation (VF) upon exposure to

classic AV-nodal blocking agents (digoxin, calcium channel

blockers, beta blockers, adenosine) because these agents

reduce the accessory bundle refractory period. In such cases,

i.v. procainamide, which slows conduction over the acces-

sory bundle, is an acceptable option. Flecainide and

amiodarone should also be considered, and cardiology

consultation may be helpful.2

Chemical cardioversion of SVT

Efforts to chemically convert SVT to sinus rhythm using

antiarrhythmic agents in the operating room should be

aimed at those patients who cannot tolerate (or do no

respond to) rate control therapy, or who fail DC cardio-

version and remain haemodynamically unstable. For

intraoperative patients who are stable and rate controlled

in SVT, the wisdom of chemical cardioversion is question-

able. First, the 24 h rate of spontaneous conversion to sinus

rhythm for recent-onset perioperative SVT exceeds 50%,

Table 3 Reversible causes of supraventricular tachycardias and non-

sustained ventricular tachycardia. Listed are some of the most common

conditions in the operating room environment that predispose patients to

arrhythmias. These conditions are usually reversible, and should be treated

before considering use of pharmacological antiarrhythmic therapies

Hypoxaemia

Hypercarbia

Acidosis

Hypotension

Electrolyte imbalances

Mechanical irritation

Pulmonary artery catheter

Chest tube

Hypothermia

Adrenergic stimulation (light anaesthesia)

Proarrhythmic drugs

Micro/macro shock

Cardiac ischaemia
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and many patients who develop SVT under anaesthesia will

remit spontaneously before or during emergence. Moreover,

most of the antiarrhythmic agents with long-term activity

against atrial arrhythmias have limited ef®cacy when

utilized for rapid chemical cardioversion. While 50±80%

ef®cacy rates are cited for many i.v. antiarrhythmics in

uncontrolled studies, these ®ndings are largely an artifact of

high placebo rates of conversion. For example, the ef®cacy

of i.v. procainamide for conversion of SVT has not been

established in placebo-controlled trials.43 Moreover, a

placebo-controlled trial of patients with atrial ®brillation

recently found a 60% 24 h conversion rate for patients in the

placebo arm, statistically indistinguishable from that of

patients treated with i.v. amiodarone (68%).18 Although

improved rates of chemical cardioversion are seen with high

doses of i.v. amiodarone (approximately 2 g per day),27 the

potential for undesirable side-effects in the operating room

requires further study.

While the most effective agents for converting atrial

®brillation are K+ channel blockers that prolong atrial

repolarization, the use of these agents is hampered by the

proarrhythmic risk inherent in coexistent prolongation of

ventricular repolarization (manifest as QT prolongation and

torsades de pointes). Ibutilide, a rapid-acting antiarrhyth-

mic, produced a 31% rate of conversion in non-surgical

patients with atrial ®brillation, with a mean time from

treatment to conversion of only 27 min.51 Unfortunately,

rates of torsades de pointes as high as 8% have been

reported, and the risk/bene®t ratio for i.v. ibutilide use in

periopertive SVT remains questionable. Intraoperative

elective DC cardioversion in an otherwise stable patient

with SVT also carries risks (VF, asystole, stroke).

Moreover, the underlying factors provoking SVT during

or shortly after surgery are likely to persist beyond the time

of cardioversion, inviting recurrence.56 A recent trial of

patients with SVT (mainly atrial ®brillation) who had

undergone coronary artery bypass grafting (CABG) did ®nd

that low-energy DC cardioversion (utilizing indwelling

atrial pacing leads) was 80% effective and minimized

sedation requirements, but the rate of recurrence within

1 min was nearly 50%.31 Hence, when elective DC

cardioversion is considered, it may be prudent to ®rst

establish a therapeutic level of an antiarrhythmic agent that

maintains sinus rhythm (i.e. procainamide, amiodarone) in

order to minimize the risk of SVT recurrence following

electrical cardioversion.

Ventricular arrhythmias

Non-sustained ventricular arrhythmias

Ventricular arrhythmias can be subdivided according to

their morphology (monomorphic vs polymorphic) and their

duration (sustained vs non-sustained). Non-sustained ven-

tricular tachycardia (NSVT) is de®ned as three or more

premature ventricular contractions that occur at a rate

exceeding 100 beats min±1 and last 30 s or less without

haemodynamic compromise. These arrhythmias are

routinely seen in the absence of cardiac disease, and may

not require drug therapy in the perioperative period.

Conversely, in patients with structural heart disease, these

non-sustained rhythms do predict subsequent life-threaten-

ing ventricular arrhythmias.29 However, particular anti-

arrhythmic drug therapies in patients with structural heart

disease and NSVT may either worsen (encainide, ¯ecai-

nide)13 or improve (amiodarone)49 survival.

NSVT occurs in nearly 50% of patients during and after

cardiac and major vascular surgery, but does not in¯uence

early or late mortality in patients with preserved left

ventricular function.4 39 50 These patients usually do not

require antiarrhythmic drug therapy; however, their arrhyth-

mias, like SVT, may signal reversible aetiologies that

should be treated (Table 3). Conversely, nearly 2% of

patients experience sustained VT or VF after cardiac

surgery,4 28 54 and low cardiac output following CABG

(requiring pressor support) has been identi®ed as an

independent predictor of life-threatening VT/VF within

72 h of surgery.14 In most cases, symptoms of postoperative

ischaemia are not apparent, although one trial did identify

saphenous vein graft failure at angiography in three out of

seven patients experiencing unanticipated VT/VF, suggest-

ing that subclinical graft occlusion is a frequent aetiology of

postoperative VT/VF.54 After aortic valve replacement, a

retrospective analysis found that patients who died un-

expectedly had an elevated incidence of NSVT on their

postoperative ECG (44%) compared with survivors (10%,

P<0.05).48 Nonetheless, the incidence of NSVT after aortic

valve replacement approaches 50%,36 and the role for

electrophysiological diagnostic evaluation in this popula-

tion has not been clari®ed.

There are few studies available to guide therapeutic

decision-making for patients with ventricular arrhythmias in

the early postoperative period. While NSVT has not been

linked to increased morbidity or mortality after cardiopul-

monary bypass, unstable patients with marginal perfusion

may deteriorate with recurrent episodes of NSVT (problem-

atic ventricular pacing or intra-aortic balloon counter-

pulsation) and may bene®t from suppression with

lidocaine26or beta blockade.4 50 In addition, repletion of

post-bypass hypomagnesaemia (MgCl2 2 g i.v.) reduces the

incidence of NSVT after cardiac surgery,17 and is now

standard at most centres. A retrospective evaluation has

suggested a survival bene®t with electrophysiological-

guided prophylaxis in post-CABG patients with low ejec-

tion fraction who survive an episode of sudden cardiac

death,25 although a de®nitive role for prophylactic anti-

arrhythmic drug therapy in this setting has not been

evaluated prospectively. A multicentre trial (CABG Patch)

found no survival advantage with implantation of a cardiac

de®brillator in high-risk patients (those with low ejection

fractions) at the time of elective cardiac surgery.6 Hence,

identi®cation of effective strategies for preventing ventri-
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cular arrhythmias after thoracic surgery is an ongoing

challenge.

Sustained VT generally falls into one of two categories:

monomorphic and polymorphic. In monomorphic VT, the

amplitude of the QRS complex remains constant, while in

polymorphic ventricular tachycardia the QRS morphology

continually changes. The best understood mechanism for

monomorphic VT is formation of a re-entrant pathway

around scar tissue from a healed myocardial infarction.33

Although lidocaine has traditionally been the primary drug

therapy for all sustained ventricular arrhythmias, a recent

study of 29 patients with haemodynamically stable mono-

morphic VT found termination within 24 h was more

common with i.v. procainamide therapy (12 out of 15

patients) than with i.v. lidocaine (3 out of 14; P<0.01).19

I.V. amiodarone is also recommended for management of

monomorphic VT.2

In contrast, the therapeutic approach for polymorphic VT

depends critically on whether the QT interval during a prior

interval of sinus rhythm was prolonged. Polymorphic VT in

the setting of a normal QT interval usually occurs in a

setting of ischaemia or structural heart disease, although

idiopathic cases are seen.15 The rhythm degenerates into

VF; pharmacological management is discussed in the

section below. Conversely, polymorphic VT in the setting

of a prolonged QT interval (torsades de pointes) is focused

at reversal of the QT prolongation. As discussed above, a

predisposition to torsades may be inherited and usually

manifests as an acquired complication of therapy with drugs

that prolong the QT interval. In addition to QT-prolonging

antiarrhythmic drugs (class IA or III), a number of other

medications used in the perioperative period may evoke QT

prolongation and torsades de pointes (see, for example,

www.Torsades.org/druglist.cfm for a current on-line

summary).

The management of torsades de pointes differs markedly

from other forms of VT, and includes i.v. magnesium sulfate

(2±4 g), repleting potassium, and manoeuvres aimed at

increasing the heart rate (atropine, isoprenolol or temporary

atrial or ventricular pacing). Haemodynamic collapse with

torsades requires asynchronous DC countershocks. When

antiarrhythmic therapy is deemed necessary, agents devoid

of K+-channel blocking properties such as lidocaine or

phenytoin (Table 1) are usually chosen to avoid further

prolongation of the QT interval.42 In practice, it may be

relatively unclear whether an observed episode of poly-

morphic VT is related to QT-interval prolongation. In such

cases, magnesium and Na+-channel blocking agents may be

administered empirically. Among the antiarrhythmic agents

that prolong the QT interval, the incidence of torsades de

pointes is lowest with amiodarone;35 hence, i.v. amiodarone

may be a rational alternative therapy for refractory

polymorphic VT of unclear aetiology. The risk of pro-

arrhythmic events may be increased by the simultaneous use

of more than one antiarrhythmic agent, and should be

avoided if possible.

Drug selection for acute management of unstable VT

and VF

The necessity to treat life-threatening arrhythmias in the

operating room is self-evident, and in this setting the risks of

drug therapy would appear to be small. However, objective

evidence to support the notion that i.v. antiarrhythmic

therapy improves survival during cardiac arrest has

developed only recently. The most important ®rst

manoeuvres in patients who experience VF intraoperatively

are non-pharmacological and are nearly the same as those

utilized in haemodynamically destabilizing SVT: rapid

de®brillation (as opposed to synchronous cardioversion in

SVT), and correction of reversible aetiologies (Table 3).

In the realm of pharmacological intervention, there are no

human clinical studies available to suggest that i.v.

lidocaine, the putative Na+-channel blocker most often

used during intraoperative cardiac arrest, promotes the

conversion of sustained VT or VF to sinus rhythm in any

setting. Recent evidence-based recommendations by the

American Heart Association have therefore changed the

recommendation for lidocaine to `indeterminate', below

amiodarone and procainamide. In support of this change, a

recent prospective trial in Seattle, WA, USA (ARREST)

examined the ef®cacy of i.v. amiodarone compared with

placebo (the amiodarone carrier) in patients experiencing

out-of-hospital cardiac arrest due to pulseless VT or VF

refractory to DC cardioversion.30 Of the 504 patients

enrolled, those who received amiodarone had a higher

survival to hospital admission (44% vs 34%, P=0.03). These

were the ®rst randomized prospective data to show a short-

term survival advantage to the use of an antiarrhythmic

agent during cardiac arrest. A more recent comparable study

in Toronto (ALIVE) compared amiodarone with lido-

caine.11 Enrollment required VF resistant to three shocks,

epinephrine and a fourth shock, or alternatively recurrent

VF after initially successful de®brillation. The lidocaine

group was treated with lidocaine 1.5 mg kg±1 and placebo

amiodarone, followed by a second dose of lidocaine 1.5 mg

kg±1 if de®brillation was not successful. The amiodarone

group received amiodarone 5 mg kg±1 and placebo

lidocaine, followed by amiodarone 3.5 mg kg±1 if the

de®brillation was not successful. Of the 347 patients

enrolled, 22.8% in the amiodarone-treated group survived

to hospital admission, compared with 12% of the lidocaine

group (P=0.0083).

There was no signi®cant advantage to amiodarone

therapy in survival to hospital discharge in either

ARREST or ALIVE. At the same time, neither study

controlled the elements of patient management after

emergency room admission, and both trials were under-

powered for detecting longer-term survival differences. In

ALIVE, the time between cardiac arrest and administration

of drug also in¯uenced survival to hospital admission. In the

amiodarone group, short-term survival for those treated

within 24 min was 28%, vs only 18% for those receiving
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later therapy (P=0.001). In the surgical venue, successful

use of i.v. amiodarone in ventricular arrhythmia manage-

ment has been reported,23 40 although placebo-controlled

trials are not yet available (for any antiarrhythmic agent). It

should be recognized that amiodarone has non-competitive

alpha- and beta-blocking effects, so that rapid i.v. loading

may exacerbate haemodynamic instability during the initial

(rapid) loading phase in patients with severe left ventricular

dysfunction. In these cases, systemic perfusion may be

maintained during the initial bolus with additional pressors,

and occasionally intra-aortic balloon counterpulsation.23 If

time permits, the negative inotropic effects of i.v.

amiodarone are also mitigated by slowing the loading

infusion.

Droperidol and ventricular arrhythmias

A recent controversy surrounds the association between

ventricular arrhythmias and droperidol, and has caused a

`black box' warning to be issued by the US Food and Drug

Administration (FDA) (Table 4). Droperidol, a butyro-

phenone, is a dopamine subtype-2 receptor antagonist which

exhibits mild alpha-adrenergic receptor blockade and peri-

pheral vasodilation. Since its approval by the FDA in 1970,

droperidol has been used as a ®rst-line agent in the

prevention and treatment of postoperative nausea and

vomiting. Its properties as a cost-effective antiemetic have

been well established in large-scale randomized

trials.21 22 52 Droperidol was widely used for three decades

in the ®elds of psychiatry, emergency medicine and

anaesthesia; therefore, many physicians were surprised

when the FDA issued a `black box' warning for droperidol

in December 2001.

The decision to recommend caution with droperidol

administration was based on several reports of adverse

cardiac events associated with less-than-maximal doses of

droperidol. The cases reported to the FDA suggest an

association between droperidol, QT prolongation and

malignant arrhythmias such as torsades de pointes.24

While the relative risk of arrhythmia from droperidol,

compared with other antiemetics or placebo, has not been

clearly established, the labelling for droperidol now recom-

mends a 12-lead ECG before administration, with con-

tinuous ECG monitoring for 2±3 h after administration. If

the corrected QT interval is prolonged on the baseline

ECG, droperidol administration is not recommended.

Additionally, extreme caution is recommended when

droperidol is used in patients with risk factors for develop-

ing a prolonged QT interval, such as congestive heart

failure, bradycardia, diuretic use, ventricular hypertrophy,

hypokalaemia, hypomagnesaemia, or use of drugs known to

increase the QT interval (Table 4).

I.V. pacemakers and implantable
cardioverter de®brillators

Pacemaker and ICD placement has risen tremendously over

the past few years, partly because of the expanded

indications for insertion of these devices. Worldwide, the

number of pacemakers implanted has risen from 780 000 in

2000 to more than 900 000 in 2003. The increase in

de®brillator implantation is even more impressive, rising

from 80 000 in 2000 to more than 160 000 in 2003. The

ACC/AHA/NASPE Guidelines for implantation of pace-

makers and ICDs have been updated recently, with some

important additions to the indications for placement,

particularly regarding ICD insertion. According to the

updated guidelines, ICD insertion is a class IIa indication

(weight of evidence/opinion in favour of usefulness/

ef®cacy) for patients with an ejection fraction of 30% or

lower for whom it is at least 1 month since myocardial

infarction and 3 months since coronary artery revascular-

ization surgery.20 This recommendation was based on a

published study where 1232 patients with a prior myocardial

Table 4 Droperidol black box warning, issued by the US Food and Drug Administration in December 2001. http://www.fda.gov/medwatch/safety/2001/

safety01.htminapsi

WARNING
Cases of QT prolongation and/or torsade de pointes have been reported in patients receiving INAPSINE at doses at or below recommended doses. Some cases have

occurred in patients with no known risk factors for QT prolongation and some cases have been fatal.

Due to its potential for serious proarrhythmic effects and death, INAPSINE should be reserved for use in the treatment of patients who fail to show an acceptable

response to other adequate treatments, either because of insuf®cient effectiveness or the inability to achieve an effective dose due to intolerable adverse effects

from those drugs (see WARNINGS, ADVERSE REACTIONS, CONTRAINDICATIONS, AND PRECAUTIONS).

Cases of QT prolongation and serious arrhythmias (e.g., torsade de pointes) have been reported in patients treated with INAPSINE. Based on these reports, all

patients should undergo a 12-lead ECG prior to administration of INAPSINE to determine if a prolonged QT interval (i.e., QTc greater than 440 msec for males or

450 msec for females) is present. If there is a prolonged QT interval, INAPSINE should NOT be administered. For patients in whom the potential bene®t of

INAPSINE treatment is felt to outweigh the risks of potentially serious arrhythmias, ECG monitoring should be performed prior to treatment and continued for 2±3

hours after completing treatment to monitor for arrhythmias.

INAPSINE is contraindicated in patients with known or suspected QT prolongation, including patients with congenital long QT syndrome. INAPSINE should be

administered with extreme caution to patients who may be at risk for development of prolonged QT syndrome (e.g., congestive heart failure, bradycardia, use of a

diuretic, cardiac hypertrophy, hypokalemia, hypomagnesemia, or administration of other drugs known to increase the QT interval). Other risk factors may include

age over 65 years, alcohol abuse, and use of agents such as benzodiazepines, volatile anaesthetics, and i.v. opiates. Droperidol should be initiated at a low dose and

adjusted upward, with caution, as needed to achieve the desired effect.
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infarction and reduced left ventricular ejection fraction

(<30%) were randomized to receive an implantable

de®brillator or conventional medical therapy. No electro-

physiological testing was required before randomization.

There was a 31% reduction in the risk of death in patients

receiving de®brillators compared with those receiving

conventional medical therapy.37 This study is signi®cant

because in the US alone, 3±4 million patients have coronary

artery disease and advanced left ventricular dysfunction,

with 400 000 new cases annually.8 38 With the increase in

patients who may bene®t from de®brillator placement, the

likelihood that these patients will present for non-cardiac

surgery also increases. Therefore, anaesthetists will require

a basic understanding of these devices in order to safely,

effectively and expeditiously manage patients with pace-

makers and de®brillators.

The major perioperative issue regarding pacemakers and

ICDs is the risk of electromagnetic interference (EMI) from

electrocautery or cardioversion. EMI can result in inhibition

of pacemaker output, activation of rate-responsive sensor

resulting in increased pacing rate, ICD ®ring and myocar-

dial injury at the lead tip resulting in failure to sense or

capture, or both.12 Improved pacemaker and ICD design,

including the nearly universal use of bipolar leads and better

shielding from EMI, has greatly reduced the probability of

the aforementioned adverse interactions. Except in urgent or

emergent situations, management of pacemakers and ICDs

in the perioperative setting begins with the preoperative

visit, which should include documentation of the patient's

cardiac history, including the type of device, indication and

date of device implantation. Since pacemakers and ICDs are

programmable, obtaining the most recent interrogation

report can be helpful in determining magnet response, and

while de®nitive guidelines have yet to be established, it is

recommended that, to prevent unintended therapy due to

EMI, ICDs be reprogrammed to suspend arrhythmia detec-

tion in cases where electrocautery is used. Magnet suspen-

sion of arrhythmia detection can also be used with most

ICDs if the feature is programmed into the device, leaving

the pacemaker function of some ICDs unaffected. All of the

three major manufacturers of arrhythmia devices (Guidant/

CPI, Medtronic, Ventritex/St Jude) recommend interroga-

tion of ICDs after surgical procedures to ensure EMI or

magnet use has not altered the device. All three manufac-

turers have technical support available to assist with device

issues, and cardiology consultation may be helpful.
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Long QT syndrome (LQTS) is an arrhythmogenic cardio-

vascular disorder resulting from mutations in cardiac ion

channels. LQTS is characterized by prolonged ventricular

repolarization and frequently manifests itself as QT interval

prolongation on the electrocardiogram (ECG). The age at

presentation varies from in utero to adulthood. The majority

of symptomatic events are related to physical activity and

emotional stress. Although LQTS is characterized by

recurrent syncope, cardiac arrest, and seizure-like episodes,

only about 60% of patients are symptomatic at the time of

diagnosis.3

The clinical features of LQTS result from a peculiar

episodic ventricular tachyarrhythmia called `torsade de

pointes'. `Twisting of the points' describes the typical

sinusoidal twisting of the QRS axis around the isoelectric

line of the ECG. Usually torsade de pointes start with a

premature ventricular depolarization, followed by a com-

pensatory pause. The next sinus beat often has a markedly

prolonged QT interval and abnormal T wave. This is

followed by a ventricular tachycardia that is characterized

by variation in the QRS morphology, and a constantly

changing R-R interval (Fig. 1). The `short-long-short' cycle

length sequence heralding torsade de pointes is a hallmark

of LQTS. Commonly, the episode of torsade de pointes is

self-terminating, producing a syncopal episode or pseudo-

seizure, secondary to the abrupt decrease in cerebral blood

¯ow. The majority of episodes of sudden death in LQTS

result from ventricular ®brillation triggered by torsade de

pointes, although the mechanism of this deterioration is

unknown.

Traditionally, LQTS has been classi®ed as either familial

(inherited) or acquired. However, it is likely that many

patients with previously labelled acquired LQTS carry a

silent mutation in one of the genes responsible for

congenital LQTS.22 119 The evidence for this hypothesis

has been gradually emerging over the past few years. It is

important for anaesthetists to be aware of this concept, as it

means that a much higher proportion of the general

population may be affected by asymptomatic mutations in

genes encoding cardiac ion channels than was thought

previously. The prevalence of LQTS in developed countries

may be as high as 1 per 1100±3000 of the population.32 119

About 30% of congenital LQTS carriers have an appar-

ently normal phenotype, and thus a normal QT interval, and

remain undiagnosed until an initiating event.105 Fatal

arrhythmias associated with primary electrical disease of

the heart such as the Brugada and LQTS, probably account

for 19% of sudden deaths in children between 1 and 13 yr of

age, and 30% of sudden deaths that occur between 14 and

21 yr of age.10 Furthermore, there is a strong association

between prolonged corrected QT interval (QTc) in the ®rst

week of life and risk of sudden infant death syndrome.86

Diagnosis

The QT interval normally varies with heart rate, lengthening

with bradycardia and shortening at increased rates. The

measured QT interval is therefore corrected for heart rate

according to the formula of Bazette:15

QTc = Measured QT / Ö RR interval (all measured in

seconds).

A QTc interval of >440 ms is considered prolonged,

although about 6% of patients with symptomatic LQTS

have a normal QTc interval.35 As the QT interval on the

ECG represents the total duration of both the depolarization

and repolarization phases of the ventricular action potential,

a lengthening of the QT interval occurring because of a
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prolongation in QRS complex duration does not constitute

LQTS. Hence, measurement of the JT interval, which

avoids incorporation of the QRS duration, has been

advocated as a more accurate re¯ection of ventricular

repolarization.17

The QT interval is generally measured in lead II, as the

T-wave ending is usually discrete, and the QT interval in

lead II has a good correlation with the maximal QT

measurement from the whole 12-lead ECG. In many LQTS

patients, the QT interval is not only prolonged but also has

increased variability in length as measured in the individual

leads of the 12-lead ECG. QT dispersion (QTD) is an index

of this variation and is the difference between the longest

and shortest QT interval measured from all 12 leads of the

standard surface ECG. QTD is signi®cantly increased in

symptomatic LQTS patients, but may not be signi®cantly

different to control values in asymptomatic LQTS

patients.95

T wave and U wave abnormalities are common in LQTS.

T waves may be larger, prolonged, or have a notched, bi®d

or biphasic appearance.32 A pathognomonic feature of

LQTS is so-called T wave alternans, where there is beat-to-

beat variation in T wave amplitude. This sign of enhanced

electrical instability is a highly speci®c but very insensitive

marker for LQTS.42 Exercise testing of patients with LQTS

may provoke prolongation of the QTc. Patients with LQTS

also have reduced heart rates at maximal exercise, although

there is considerable overlap with the normal distribution.96

A notched T wave during the recovery phase of exercise is

highly suggestive of LQTS. Holter recordings may be

helpful in establishing the diagnosis by revealing abnormal

QT prolongation during bradycardias, and ventricular

arrhythmias. Head up tilt testing may also provoke abnor-

mal QT prolongation and arrhythmias.

Schwartz and colleagues ®rst proposed formal criteria to

help the clinical diagnosis of LQTS in 1985;80 these were

revised in 1993.83 The current criteria are based on clinical

history, family history, and ECG ®ndings (Table 1).

The different subtypes of LQTS may display speci®c

ECG phenotypes. Thus, LQT1 typically has a prolonged

T wave duration, the LQT2 subtype has lower amplitude

T waves in the limb leads and, characteristically, LQT3

patients have a late appearing T wave preceded by a long

isoelectric ST segment.120 There is, however, considerable

variation between patients, and the morphology varies with

age. These patterns are useful in directing the search for a

mutation by genetic testing, but cannot be relied upon in

isolation in directing genotype-speci®c treatment without

con®rmation.

Diagnosing LQTS in patients is dif®cult, because of

variable penetrance and genetic heterogeneity. Examination

of clinical and ECG features cannot always accurately

identify gene carriers in affected families and genetic testing

is usually recommended.42 However, only 60% of families

diagnosed with LQTS can be genotyped to one of the known

mutations. Moreover, sporadic cases occur because of

spontaneous new mutations, so at present negative genetic

screening cannot rule out the disease. In addition, as several

mutations have been discovered in each of the known LQTS

genes, diagnostic genotyping is extremely expensive,

laborious, and equivalent to searching a haystack for the

proverbial needle. Currently, diagnostic genotyping within a

realistic time frame is not routinely available in the UK, so

such a policy of perfection is not practicable, even in

patients with a suggestive family history. Examination of

clinical and ECG features therefore remains the mainstay of

diagnosing LQTS in this country.

Fig 1 Part of a Holter ECG recording, which was originally recorded at

5 mm s±1 but now expanded to 25 mm s±1, showing a torsade de pointes

arrhythmia. (A) A sinus tachycardia followed by a pause. The next RS

complex is not preceded by a P wave, has a markedly prolonged QT

interval and an abnormal T wave. This is followed by an R-on-T and

then a typical torsade de pointes ventricular tachycardia, continued on in

(B), which shows simultaneous recordings in leads I and II.

Table 1 Diagnostic Criteria in LQTS.83 The ECG ®ndings, clinical history

and family history are all individually scored as detailed below. If the total

score is <1 point, the patient has a low probability of having the syndrome,

whereas if the total score is 2±3 points, there is an intermediate probability,

and a score of >4 points implies a high probability. aIn the absence of

medications or disorders known to affect these ECG features. bQTc

calculated from Bazette's formula, where QTc = QT/ÖRR. cMutually

exclusive. dResting heart rate below the second percentile for age. eThe same

family member cannot be counted twice. fDe®nite LQTS is de®ned by a

LQTS score >4

Points

ECG ®ndingsa

QTcb

>480 ms 3

460±470 ms 2

450 ms (in males) 1

Torsades de pointesc 2

T wave alternans 1

Notched T wave in three leads 1

Low heart rate for aged 0.5

Clinical history

Syncopec

With stress 2

Without stress 1

Congenital deafness 0.5

Family historye

Family members with de®nite LQTSf 1

Unexplained sudden cardiac death before age 30 in immediate

family members

0.5
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Screening

ECGs should be obtained in all ®rst-degree relatives of a

patient with LQTS. The identi®cation of QTc interval

prolongation and T wave abnormalities in family members

of a victim of sudden cardiac death is suggestive of a LQTS

gene in the family. Routine genetic screening is not yet

feasible, however, for all the reasons outlined above;

automated analysis is required before routine screening

becomes a possibility.

Ion channel physiology

In order to understand the underlying pathophysiology of

LQTS, it is necessary to appreciate the current concepts of

ion channel function in human myocardial cells.

The cardiac action potential, which represents variation

in the transmembrane potential of the myocyte during one

cardiac cycle, is traditionally divided into ®ve phases. These

phases re¯ect the variation in the composition of ionic

currents ¯owing during this time period. Ionic currents arise

mainly from passive movements of ions through ion

channels, which are composed of transmembrane proteins.

The ionic basis of the `fast' response action potential, seen

in atrial and ventricular muscle cells and Purkinje ®bres, is

different from that of the `slow' response action potential,

seen in sinoatrial and atrioventricular nodal cells. However,

as nodal cell function is not relevant to this review, it is not

discussed further.

In the resting myocyte, the potential of the cell interior is

about 90 mV less than that of extracellular ¯uid. When the

myocyte is stimulated, the cell membrane rapidly depo-

larizes. During depolarization, the potential difference

reverses such that the potential of the cell interior exceeds

that of the exterior by about 20 mV. This rapid change in

potential difference is re¯ected by the upstroke of the action

potential and is designated phase 0. The upstroke is

followed immediately by a brief period of partial early

repolarization (phase 1), and then by a plateau (phase 2) that

persists for about 0.1±0.2 s. The membrane then further

repolarizes (phase 3), until the ®nal resting state of

repolarization (phase 4) is again attained.

Ionic basis of the fast response action potential

Phase 0; the upstroke

Any stimulus that abruptly changes the resting membrane

potential to a critical `threshold' value results in an action

potential; human ventricular myocytes have a threshold

value of about ±65 mV. At this potential, there is a sudden

increase in sodium conductance because of opening of fast

Na+ channels; the resultant in¯ux of Na+ into the myocyte

causes rapid depolarization (phase 0). The opening and

closing of fast Na+ channels is controlled by voltage-

dependent gating; Na+ channels, like all other ion channels,

are dynamic molecules that change their structural con-

formation in response to changes in transmembrane poten-

tial. The Na+ channel consists of a principal a-subunit, the

pore-forming component, and one or more smaller, regu-

latory b-subunits. There are at least three different types of

b-subunit genes widely expressed in mammalian cardiac

Na+ channels; they may affect the rate of channel activation

and inactivation, although their precise function is

uncertain.18 30 36

The a-subunit is composed of four homologous domains,

each containing six transmembrane segments (S1±S6).

Cytoplasmic chains of amino acids link the four domains

to each other. Links between the ®fth and sixth segments

line the transmembrane pore, hence the term `P-loop'

(Fig. 2). The P-loops for each domain are different and their

speci®c structure de®nes the permeation characteristics of

the ion channel. Na+ channels permit selective ¯ux of Na+

over other monovalent cations by a factor of 10:1 or more,

and are not normally conductive to divalent cations such as

Ca2+. However, a change in one amino acid in the domain

III P-loop can convert a Na+ channel into a Ca2+ selective

channel.13

Cell membrane depolarization triggers activation

(opening) of the Na+ channels, but if the depolarization is

maintained, the channels become inactivated and non-

conducting. Subsequent to complete repolarization, the

channels return to a closed state capable of being activated

once again. All these processes are the result of complex

Fig 2 Schematic depiction of Na+ channel topology. The four domains of

the channel fold around a central ion-conducting pore. Each of the four

homologous domains contains six membrane-spanning segments of

amino acid residue sequences; the S4 segment, which is affected by

changes in membrane potential and is responsible for activation gating, is

coloured grey. The interdomain linkages and the N- and C-terminal ends

of the channel protein are all located at the cytoplasmic end of the

molecule. The central pore is lined by the S5±S6 linker or P-loop from

each domain. Each of the four P-loops, which are shown in bold, has a

unique structure, and that speci®c structure de®nes the ion selectivity of

the channel. (Modi®ed from Balser,13 with permission.)
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interactions among the structural domains of the channel

protein. The fourth transmembrane segment (S4 in Fig. 2) in

each domain is affected by changes in membrane potential,

and is responsible for activation gating. Depolarization

causes these helical segments to rotate outwards, leading to

opening of the channel pore.36

Inactivation has an initial rapid component and one with a

slower recovery time constant. The cytoplasmic linker

between the third and fourth domains (DIII and DIV)

mediates fast inactivation. A portion of this linker acts as a

hinged lid, that docks against receptor sites surrounding the

inner vestibule of the pore, thereby occluding it (Fig. 3).

These receptor sites become available only when the

channel is activated. Slow inactivation involves conforma-

tional changes in the outer pore that probably involve the

P-loops.18

Inactivation is coupled to activation; the rate of inactiva-

tion increases as a consequence of conformational changes

in the channel protein associated with activation. This is

because movement of the S4 segments that initiate

activation of the channel, changes both the position of the

DIII±DIV cytoplasmic linker relative to its docking sites,

and the orientation of the docking sites themselves (Fig. 3).

At the resting transmembrane potential of ±90 mV the

activation gates are all closed, the inactivation gates are

open, and the conductance of the resting cell to Na+ is very

low. As the transmembrane potential becomes less negative,

activation gates start to open. The precise potential required

to open activation gates varies from one channel to another

in the cell membrane. As the transmembrane potential

becomes progressively less negative, more and more gates

open, and the in¯ux of Na+ accelerates. The entry of Na+

into the cell neutralizes some of the negative charges within

the cell and thereby makes the transmembrane potential still

less negative, which in turn results in more gates opening

and the Na+ current increasing. As the transmembrane

potential approaches about ±65 mV, virtually all the

activation gates are open.

Although Na+ ions that enter the cell during one action

potential alter the transmembrane potential by more than

100 mV, the actual quantity of Na+ that enters the cell is so

small that the resultant change in its intracellular concen-

tration is tiny. Hence, the chemical force (concentration

gradient) remains virtually constant, and only the electro-

static force changes throughout the action potential. As Na+

enters the cardiac cell during phase 0, the negative charges

inside the cell are neutralized, and the transmembrane

potential becomes progressively less negative until it

reaches zero, at which point there is no electrostatic force

attracting Na+ into the cell. As long as Na+ channels are

open, however, Na+ continues to enter the cell because of

the large concentration gradient. This continuation of the

inward Na+ current causes the inside of the cell to become

positively charged with respect to the exterior, resulting in

the `overshoot' of the cardiac action potential. As the Nernst

potential equilibrium for Na+ is approached, the electro-

static force opposing Na+ in¯ux starts to counter the

chemical force generated by the concentration gradient

across the cell membrane, and the rate of net inward Na+

¯ux starts to decrease. Nevertheless, this inward Na+ current

persists during phase 1 and 2, and only ®nally ceases when

all the inactivation gates have closed.

Inactivation gates are not directly affected by the value of

the transmembrane potential, and derive most of their

voltage dependence from being coupled to activation.

Whereas activation gates take about 0.1 ms to open,

inactivation gate closure, which can occur only after

activation has occurred, takes a few milliseconds. This

relative delay in pore closure provides suf®cient time for the

Na+ in¯ux seen in phase 0, which is terminated when all the

inactivation gates have closed. Inactivation gates remain

closed while activation gates are open. Once the cell has

partially repolarized (phase 3), the change in transmem-

brane potential triggers closure of the activation gates by

Fig 3 Model of Na+ channel gating. The Na+ channel is represented as a

pore spanning the cell membrane. In the resting state, the inactivation

(inner) gate is open but the (midpore) activation gate is closed (A). After

depolarization, the activation gate assumes the open position, and with

both gates open, Na+ ions move into the cell (B). Activation changes both

the position of the inactivation gate relative to its docking site, and the

orientation of the docking site itself, such that the inactivation gate

moves into the closed position, blocking ion movement (C). Inactivation

gates remain closed while activation gates are open. Once the cell has

partially repolarized (phase 3), the change in transmembrane potential

triggers closure of the activation gates, a process called deactivation (D).

The closure of the activation gates results, after a variable interval, in

opening of the inactivation gates; the cell is then ready to react to further

stimuli.
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reversal of the conformational changes in the S4 segments, a

process called deactivation. Deactivation results, after a

variable interval, in reversal of the inactivation mechanism

and hence, opening of the inactivation gates (Fig. 3).

Phase 1; early repolarization

This phase constitutes an early brief period of limited

repolarization, consequent upon activation of various types

of K+ channels. K+ channel opening results in a substantial

ef¯ux of K+ from the cell, because the interior of the cell is

positively charged and because the concentration of K+

inside the cell greatly exceeds that in the exterior. Phase 1

produces a notch in the action potential between the end of

the upstroke and the beginning of the plateau. It is

particularly prominent in Purkinje ®bres and in myocytes

in the epicardial and mid-myocardial regions; in endocardial

myocytes it is almost undetectable.

The con®guration and rate of repolarization of action

potentials are controlled by many types of K+ channel

currents that differ with respect to their kinetics and density

in the cell membrane. There are at least 20 different K+

channel proteins in the human myocardium, although all can

be assigned to one of four categories based on function:

transient outward, delayed recti®er, inward recti®er, and

leak channels. The delayed recti®er `current' is actually a

composite of at least three distinct currents: the ultra-rapid

(IKur), the rapid (IKr), and the slow (IKs) delayed recti®er

currents. These vary in their speed of activation and in their

pharmacological properties.101 Cloning and analysis of the

secondary structure of voltage-dependent Ca2+ and K+

channels have revealed that the relationship between

structure and gating function is similar to that described

above for Na+ channels.118 Recent reviews of the molecular

basis of cardiac K+ currents are recommended for interested

readers.60 101

The rapid partial repolarization of phase 1 is the result of

the transient outward (IKto), the IKur and leak currents.101 K+

channels carrying IKto activate very rapidly in response to

the rapid depolarization of phase 0. A membrane-spanning

helical portion of one of the K+ channel protein domains

senses membrane depolarization; it is coupled to other

regions of the protein that form the activation gate. When

the activation gate is open, the channel conducts K+ in a

direction that depends on the electrochemical gradient

across the cell membrane. Within 10±500 ms after

depolarization, the channels close and this state of

inactivation continues until such time as the membrane is

repolarized to the resting potential. Only then do these

channels recover from their inactivated state and again

become capable of opening in response to membrane

depolarization.

Channels carrying IKur activate during depolarization and

stay open for most of the duration of the action potential; the

magnitude of this current progressively decreases during

repolarization because of the progressive decrease in

electrostatic driving force (Fig. 4). Most cardiac cells also

have a very small background K+ conductance through

so-called leak K+ channels, which are open at all voltages;

they contribute to the maintenance of the resting potential

and repolarization of the action potential.

Phase 2; the plateau

The ef¯ux of positively charged K+ ions during phase 1

results only in a brief, partial repolarization because it

rapidly becomes counterbalanced by an in¯ux of Ca2+ ions

during phase 2. The voltage-regulated Ca2+ channels are

activated as the transmembrane potential becomes progres-

sively less negative during the upstroke of the action

potential. But because the predominant type of Ca2+

channel, the L-type, activates and inactivates much more

slowly than do the fast Na+ channels, Ca2+ conductance

does not increase until after most of the Na+ channels have

closed. Ca2+ ions move across the cell membrane down their

concentration gradient to cause a signi®cant increase in

intracellular Ca2+ concentration, although the amount of

Ca2+ that enters the cell from the interstitium is not

suf®cient in itself to induce myo®bril contraction; rather it

acts as a trigger to release Ca2+ from the sarcoplasmic

reticulum. Hence, peak force development does not occur

until repolarization is complete. Inactivation of L-type Ca2+

channels occurs in two phases: an initial fast phase that is

dependent upon a Ca2+±calmodulin complex binding to the

cytoplasmic side of the channel protein, and a slower phase

Fig 4 K+ currents responsible for repolarization. The top diagram (A)

shows the phases of a typical ventricular action potential (AP). The rapid

repolarization of phase 1 is the result of the contribution of the transient

outward (IKto), the ultra-rapid delayed recti®er (IKur), and the leak

currents (diagrams B and C). During the plateau of phase 2, the IKur,

rapid (IKr), and slow (IKs) delayed recti®er K+ currents, and leak currents,

counter the depolarizing in¯uence of the L-type Ca2+ current (not

shown). IKr and inward recti®er (IKir) currents provide repolarizing

current during the terminal phase of the AP. (Modi®ed from Tristani-

Firouzi and colleagues,101 with permission.)
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that is voltage-dependent.5 94 Both mechanisms act to

induce a conformational change in the channel protein, so

resulting in pore closure; the inward Ca2+ current (ICa) is

insigni®cant at potentials more negative than about

±50 mV.14

During the plateau of the action potential, the concentra-

tion gradient for K+ across the cell membrane is virtually the

same as that during the resting state, but the transmembrane

potential is positive. Therefore, both chemical and electro-

static forces favour ef¯ux of K+ from the cell. The activation

of the IKs channels by depolarization proceeds very slowly

and tends to increase K+ conductance only very gradually

during phase 2. In addition, IKur channels and leak channels

continue to allow K+ ef¯ux out of the cell. Towards the end

of the plateau phase, as the transmembrane potential starts

to become slightly more negative, IKr starts to assume

signi®cance. The amplitude of IKr increases during

repolarization, reaching a peak at about ±30 mV, before

decreasing again as the membrane potential reaches its

resting level. This increase in current occurs in spite of a

decrease in electrostatic driving force, because channels

recover from inactivation to an open state in a voltage-

dependent manner. The action potential plateau persists as

long as ef¯ux of charge carried mainly by K+ is balanced by

the in¯ux of charge carried mainly by Ca2+, together with a

small amount carried by Na+. Hence, administration of

either calcium or potassium channel blockers can substan-

tially diminish or prolong the duration of the plateau.

Action potential duration, which relates to the duration of

phase 2, shows considerable heterogeneity within the heart.

The action potential duration is longer in mid-myocardial

(M) cells than in epicardial or endocardial cells, because of a

smaller IKs, and larger INa and Na+/Ca2+ exchange (INa±Ca)

currents. It is the transmural differences in the time course

of repolarization of the three types of myocyte that are

largely responsible for T wave morphology on the ECG, and

it is the duration of the M cell action potential that

determines the QT interval.11

Phase 3; ®nal repolarization

The process of ®nal repolarization, phase 3, begins when the

ef¯ux of K+ signi®cantly exceeds the in¯ux of Ca2+ and

Na+. IKto takes no part in this phase, and IKur and leak

currents are relatively insigni®cant (Fig. 4). IKs and IKr are

the largest contributors during initial repolarization,

although both decrease substantially as the membrane

potential approaches its resting level. The inward recti®ed

K+ current (IKir) does not participate in the initiation of

repolarization because the conductance of these channels is

low at the transmembrane potential that prevails during

phase 2. However, once phase 3 has started and the net

ef¯ux of cations causes the membrane potential to become

increasingly negative, the conductance of IKir channels

increases dramatically; it is these particular K+ channels that

contribute the most to the rate of repolarization.47

Phase 4; restoration of resting state

In most myocytes, IKir largely determines the resting

membrane potential, as the conductance through these

channels at potentials between ±50 and ±90 mV is much

higher than that of any other K+ channel, with the exception

of certain inward recti®er channels that are inhibited by

cytosolic ATP; these so-called IKATP channels are only

activated under conditions where intracellular concentra-

tions of ATP are low.47 Multiple types of IKir channels are

present in most myocytes, and IKir channel density is higher

in ventricular cells than in atrial or Purkinje cells.

The excess Na+ that enters the cell rapidly during phase 0

and more slowly throughout the cardiac cycle is eliminated

by the action of the enzyme Na+/K+-ATPase. This enzyme

expels three Na+ ions in exchange for entry of two K+ ions,

the latter being ions that had left the cell during phases 2 and

3. Although an ATP-driven Ca2+ pump eliminates some

Ca2+ ions, a Na+/Ca2+ exchanger eliminates most of the

Ca2+ ions that enter the cell during phase 2. As three Na+

ions are exchanged for each Ca2+ ion, an inward current is

generated when Ca2+ is extruded from the cell, and an

outward current is generated when Ca2+ enters via this

transporter. The direction and magnitude of this Na+/Ca2+

exchange are dependent on the membrane potential and on

the intracellular and extracellular concentrations of the ions

in the direct vicinity of the exchanger protein. Under normal

conditions, the exchanger functions predominantly to gen-

erate inward current during most of the repolarization phase,

lengthening action potential duration.

Congenital LQTS

The syndrome of familial QT interval prolongation, poly-

morphic ventricular tachycardia, and sudden death, has been

linked to inherited defects of membrane ion channels or

their regulatory subunits. Congenital LQTS can be inherited

as an autosomal dominant (Romano-Ward syndrome), or

recessive (Jervell and Lange-Nielsen syndrome) condition.

Seven ion channel genes are known to cause LQTS, with

over 300 mutations so far identi®ed.57 93 Mutations of genes

coding for ion channel proteins can cause channel protein

dysfunction by a variety of mechanisms. Single amino acid

substitutions often cause dysfunctional, abnormally folded

channels that undergo rapid degeneration, reducing the

number of functional channels by more than 50%.

Sometimes the amino acid substitution may not affect

folding of the protein channel complex, but because of its

critical position may prevent normal ion ¯ow through the

narrowest region of the pore. Alternatively, mutations may

result in subunits that co-assemble with normal subunits to

produce a channel with altered properties, such as a shift in

voltage activation or inactivation. In some individuals the

mutated gene does not encode for the channel protein itself,

the a-subunit, but for an associated regulatory protein

(b-subunit).
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The different forms of LQTS are commonly referred to

by their original loci assignment. Hence, mutations in

KCNQ1, HERG, SCN5A, KCNE1, KCNE2, and KCNJ2

cause LQT1, LQT2, LQT3, LQT5, LQT6, and LQT7 forms

of LQTS, respectively. The very rare LQT4 phenotype has

not yet had a speci®c gene or functional current identi®ed,

and will not be discussed further.73 Over 90% of individuals

with the Romano±Ward phenotype (i.e. no deafness) are

heterozygous for a mutation in one of these genes. Some

individuals with the autosomal recessive Jervell and Lange-

Nielsen (JLN) phenotype are homozygous for mutations in

KCNQ1 (JLN 1) or KCNE1 (JLN 2). Some families with

congenital LQTS do not have one of the identi®ed gene

mutations, implying that ascertainment of these remains

incomplete.105

The complexity of LQTS genotypes and phenotypes has

increased recently with the discovery of mutations that

generate only mildly dysfunctional protein products.

Heterozygotes with such mutations are phenotypically

normal, although genotypically they have autosomal dom-

inant LQTS with low penetrance. The discovery of a patient

with phenotypical Romano-Ward syndrome who was found

to be homozygous for a KCNQ1 mutation,70 suggests that

the function of the gene product is so little reduced from the

wild type that a `double dose' is needed to generate a

phenotype. The clinical signi®cance of mutations with very

low penetrance is that there may be a much larger reservoir

of heterozygous LQTS gene carriers in the population than

suspected previously, who are completely phenotypically

normal, but who nevertheless have a reduced functional

reserve with respect to their affected ion channel. Evidence

is accumulating that individuals with `acquired' LQTS may

in fact be `decompensating' when exposed to exogenous

in¯uences, such as drugs or electrolyte imbalances, which

affect repolarization mechanisms.

LQT1

Patients with this form of LQTS, who account for about

42% of all patients with congenital LQTS,93 usually present

before the age of 10 yr.85 They are heterozygous for a

mutation in the KCNQ1 gene, which encodes subunits that

form the K+ channel that carries IKs. When co-expressed

with normal subunits, they combine to form dysfunctional

channel proteins that are abnormally folded, and which

usually undergo rapid degradation. The ensuing signi®cant

reduction of IKs during the plateau phase of the action

potential results in prolonged ventricular repolarization.101

Homozygotes for mutations in KCNQ1 express only the

mutant subunits, which do not form functional channels.

This generates the rare and severe Jervell and Lange-

Nielsen phenotype (JLN 1), which is associated with

sensorineural deafness. Deafness results from dysfunctional

potassium channel function in the cochlea.73

Physical exercise and sympathetic stimulation are known

to precipitate syncope and sudden death in patients with

LQT1.85 b-Adrenoreceptor stimulation in normal individ-

uals augments a number of currents, including IKs and

INa±Ca, secondary to its activation of various protein kinases.

A net increase in the outward (repolarizing) current, because

of a relatively larger increase in IKs than in INa±Ca, results in

the reduction in action potential duration and QT interval

shortening seen in normal individuals in response to

b-adrenoreceptor stimulation. This does not occur in

LQT1 patients, ®rstly because of their de®ciency in

channels conducting IKs, and secondly, because mutant

channels cannot respond normally to protein kinase-

activated messenger protein complexes.48 Instead, sympa-

thetic stimulation causes an increase in both transmural and

spatial dispersion of repolarization, and hence an increased

susceptibility to arrhythmogenesis.90 97

This heterogeneity of cellular response to b-adreno-

receptor stimulation in LQT1 patients relates to the

anatomical distribution of potassium channels. The relative

density of the different potassium channels normally varies

both intramurally (between endo-, mid-, and epicardial

myocytes) and between each cell type in different regions of

the ventricle. M cells have a longer action potential

duration, greater prolongation of action potential duration

with slowing of rate, and a higher susceptibility to the

development of arrhythmogenic early after-depolarizations

(EADs) than surrounding epicardial or endocardial cells,

because they have a lower density of channels conducting

IKs than other cells in the vicinity.109 b-Adrenoreceptor

stimulation therefore disproportionately prolongs the action

potential duration of M cells in LQT1 patients, as stimu-

lation of Na+/Ca2+ exchange and the consequent increase in

inward Na+ current is relatively unopposed by a smaller

increase in the outward K+ current during phase 2, owing to

the low density of channels carrying IKs in M cells.90

b-Adrenoreceptor block in these patients is usually very

effective at preventing arrhythmia generation.

LQT2

Patients with this form of LQTS account for about 45% of

all patients with congenital LQTS.93 The median age of

presentation, because of a cardiac event, is 12 yr.85 These

patients have a mutation in the HERG gene, which encodes

subunits that form the K+ channel that carries IKr. The

reduced IKr seen in patients with HERG mutations is due

either to mutant subunits that do not co-assemble with

normal subunits, or the formation of dysfunctional channels,

in either case resulting in a greater than 50% reduction in

functional channels.59 LQT2 patients with dysfunctional

channels have a higher risk of arrhythmias than do patients

that form reduced numbers of normal channels.59

Experimental studies have demonstrated that suppression

of IKr does not necessarily prolong the mean action potential

duration, though it does increase dispersion of repolariza-

tion,39 as M cells exhibit a longer prolongation of action

potential duration following suppression of IKr than other
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cells. At rest, the transmural and spatial dispersion of

repolarization in LQT2 patients is similar to that seen in

LQT1 patients, but the increased heterogeneity of repolar-

ization seen after sympathetic stimulation is less marked in

LQT2 patients than LQT1 patients.97 b-Adrenoreceptor

stimulation only transiently prolongs the action potential

duration of M cells in LQT2 patients,90 so transmural

dispersion of repolarization is increased above normal but

not by as much as in LQT1 patients. This may explain why,

in contrast to LQT1 patients, exercise only rarely triggers a

cardiac event in LQT2 patients, and why b-adrenoreceptor

block is less successful at preventing arrhythmias. Sudden

auditory stimuli, and emotional stress are relatively com-

mon initiators of arrhythmias in LQT2 patients;85 that this is

because of a sudden adrenergic stimulation is mechan-

istically plausible, but speculative.

LQT3

This subtype accounts for about 5% of all LQTS. It is caused

by mutations in the gene that encodes the cardiac sodium

channel (SCN5A); nine distinct mutations, usually involv-

ing amino acid substitutions or deletions in segments

located in domains III and IV, have been reported to

date.18 All these mutations cause a signi®cant alteration in

the properties of the Na+ channel protein resulting, either

directly or indirectly, in a prolongation of ventricular

repolarization. Most of the mutations produce Na+ channels

that either re-open after inactivation at a later time during

depolarization or fail to inactivate altogether, causing the

Na+ channel to open repetitively.36 These late components

of Na+ current potentiate an otherwise very small inward

(depolarizing) Na+ current (INa) that normally occurs during

phase 2; this inward plateau current is suf®cient to delay

repolarization in affected patients and increase the vulner-

ability of the heart to arrhythmogenesis.18

One particular Na+ channel mutation is not associated

with a persistent inward Na+ current, but instead appears to

disrupt a±b1 subunit interaction, causing a reduction in Na+

channel availability at the resting transmembrane potential,

and an increase in the speed of onset of inactivation.8

Affected patients have a reduced inward Na+ channel

current during phase 0 of the action potential, resulting in a

slower upstroke and a less positive overshoot. The reduction

of action potential overshoot is thought to reduce the

electrostatic force tending to oppose the concentration

gradient driving Ca2+ entry into the cell once the Ca2+

channels open.111 The resulting increase in Ca2+ in¯ux

during phases 1 and 2 of the action potential both increases

the activity of the Na+/Ca2+ exchanger, and reduces IKs (as a

consequence of the change in transmembrane potential); the

ensuing net increase in inward plateau current causes an

increase in action potential duration.

Patients with LQT3 mutations are at particularly high risk

of developing an arrhythmia during a bradycardia, and a

relatively high percentage die when asleep.85 Conversely,

and in contrast to patients with LQT1 mutations, LQT3

patients are at relatively low risk during exercise. This is

because at rapid heart rates Na+ accumulates in the cell,

lowering the Na+ gradient across the membrane and

consequently the magnitude of the inward Na+ current.

The effect of such a reduction is negligible during the

upstroke (phase 0) of the action potential, but becomes

much more signi®cant during the plateau phase, and acts to

reduce the potential enhancement of the inward Na+ current

that occurs in LQT3 patients during this critical period.

LQT5

Patients with this form of LQTS, who account for about 3%

of all patients with congenital LQTS,93 have a mutation in

the KCNE1 gene, which encodes a regulatory b-subunit that

associates with the KCNQ1 a-subunit to form the IKs

channel protein. The association of the wild type KCNE1 b-

subunit with the KCNQ1 a-subunit alters the activation

kinetics of IKs channels, which activate much more slowly

than homomultimer KCNQ1 channels (i.e. those expressed

without regulatory b-subunits), and they require more

depolarized voltages for their activation.73 104

Two different mutations in KCNE1 have been shown to

cause an increase in the rate of IKs channel deactivation and

a reduction in current magnitude. Other mutations, that are

located in the cytoplasmic region of the protein, cause a shift

in the voltage dependence of current activation to more

positive potentials, and also increase the rate of deactiva-

tion. In all cases, these mutations result in a decrease in the

magnitude of IKs during repolarization, leading to a

signi®cant prolongation of action potential duration and

QT interval.39 101

LQT6

Patients with this form of LQTS, who account for about 2%

of all patients with congenital LQTS,93 have a mutation in

the KCNE2 gene, which encodes a regulatory b-subunit that

can co-assemble either with HERG a-subunits to form

channels that conduct IKr, or with the KCNQ1 subunit to

form channels that conduct IKs. The association of wild type

KCNE2 with the KCNQ1 subunit results in a transformation

of the voltage-dependent channel into a voltage-independ-

ent channel so that the KCNQ1 channel is permanently

open.99 Hence, it would appear that KCNQ1-KCNE2

channels normally provide a background current that may

have a role in the maintenance of the resting membrane

potential, and in¯uence the length of the refractory period.

KCNE2 mutations may modify the effects of this normal

interaction, resulting in a reduction in the speed of

activation and a shift in the voltage dependence of current

activation to more positive potentials, reducing IKs. In

addition, when mutant KCNE2 b-subunits assemble with

HERG they cause the channels to open more slowly and

close more rapidly than normal, thereby diminishing IKr.
2
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Hence, KCNE2 mutations may prolong repolarization by

reducing both IKs and IKr.

The KCNE family of b-subunits produce similar effects

on many different a-subunits. Furthermore, there is a

general correlation between location of the mutation and

alteration of function: mutations in the extracellular region

of subunits alter voltage-dependent activation and drug

block, whereas mutations in the transmembrane and

cytoplasmic segments in¯uence gating kinetics and ion

conduction.1

LQT7

This rare form of LQTS, also known as Andersen

Syndrome, produces a combination of both a skeletal and

a cardiac muscle phenotype. The disorder can be inherited

in an autosomal dominant fashion, but sporadic cases also

occur; penetrance is extremely variable. Clinical manifest-

ations include periodic paralysis, prolongation of the QT

interval and ventricular arrhythmias, and characteristic

physical features that include micrognathia, low set ears

and clinodactyly. These patients have mutations in the

KCNJ2 gene, which encodes the inward recti®er K+

channel, expressed in both skeletal and cardiac muscle.100

All known KCNJ2 mutations cause loss of IKir channel

function, resulting in prolongation of phase 3 of the action

potential. Computer simulations suggest that after-depolar-

izations and spontaneous action potentials are dependent

upon depolarizing current through the Na+/Ca2+ exchan-

ger.100 Hypokalaemia is one trigger known to induce

delayed after-depolarizations and spontaneous arrhythmias

in affected individuals. However, although episodes of

ventricular tachycardia are seen commonly in affected

patients, torsade de pointes is rare and sudden death has

never been reported.

Prolongation of repolarization vs propagation of
ventricular arrhythmias

The precise relationship between genetically determined

alterations of cellular repolarization, QT interval prolonga-

tion, and torsade de pointes remains unclear. It is increas-

ingly apparent that QT prolongation per se is not the

problem in LQTS; rather it is transmural heterogeneity of

action potential duration that provides the substrate for

torsade de pointes.92 Experimental studies have con®rmed

that abnormally prolonged repolarization can abruptly and

markedly exaggerate transmural dispersion of repolariza-

tion.7 Islands of M cells (which vary in spatial extent and

location across the heart), with their relatively low IKs

channel density, can form regions of increased relative

refractoriness in LQTS patients, and produce intramural

gradients of repolarization that result in areas of conduction

block and the potential for self-sustaining intramural re-

entrant circuits.

Prolongation of repolarization in myocytes favours the

generation of EADs.7 EADs are transient retardations or

reversals of repolarization during phases 2 and 3 of the

action potential that can trigger new action potentials,

depending on the level of the membrane potential at which

they are generated. EADs and triggered action potentials

can exacerbate and perpetuate electrical heterogeneity via

re-entrant circuits between areas that are still inexcitable

and those that have already recovered from refractori-

ness.110 EADs arising in spatially discrete areas of the

myocardium may result in triggered activity in competing

ventricular foci. Hence, EADs provide the trigger (prema-

ture ectopic beats) and exacerbate the substrate (electrical

heterogeneity with non-uniform repolarization and refrac-

toriness) for the initiation and perpetuation of torsade de

pointes. EADs have been recorded during phase 3 of the

action potentials in patients with LQT2 and LQT3, and in

LQT1 patients in the presence of adrenergic stimulation.

The ionic basis for the generation of EADs in LQTS

patients is multifactorial, but probably relates to increased

Ca2+ entry into the cell during an abnormally prolonged

phase 2, subsequently leading to an inward Na+ current

through the Na+/Ca2+ exchanger during phase 3, a process

that is particularly evident in M cells.110 This increased Ca2+

in¯ux may relate to slowed inactivation or reactivation of L-

type Ca2+ channels. The magnitude of the inward Na+

current relates to the cytoplasmic Ca2+ concentration, and so

is likely to be exacerbated by b-adrenoreceptor stimulation.

The concept of transmural dispersion of repolarization

helps explain why prolongation of action potential duration

is not necessarily pro-arrhythmogenic. As the M cell action

potential duration is physiologically longer than that of

epicardial and endocardial cells, drugs which preferentially

lengthen the latter will lengthen the overall action potential

duration (and hence the QT interval), but will reduce

transmural dispersion of repolarization. Such drugs do not

predispose to torsade de pointes. Conversely, drugs which

preferentially lengthen the M cell action potential duration

increase transmural dispersion of repolarization and hence

the risk of torsade de pointes.

`Acquired' LQTS

A variety of commonly prescribed drugs belonging to many

different therapeutic classes, including anti-arrhythmic,

antibiotic, antihistamine, and prokinetic drugs, possess the

adverse property of prolonging cardiac repolarization.

However, arrhythmias related to drug-induced QT pro-

longation do not occur in every patient treated with such

drugs, but only in `susceptible' patients. It is surmised that

these individuals may be silent LQTS gene carriers, as up to

70% have a normal QTc interval until exposed to a

provoking drug.29 87 The most common type of DNA

sequence variation, single nucleotide polymorphisms

(SNPs), are observed at a frequency of >1:1000 nucleo-

tides.24 Several SNPs result in variant products from genes
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coding for cardiac ion channel protein components. One

example of a SNP produces a KCNE2 variant found in 1.6%

of the population.87 These patients have a normal QT

interval at rest, but when exposed to sulphamethoxazole,

which has no signi®cant effect on wild type channels, they

exhibit a 50% reduction in IKr, because of an increase in the

channel deactivation time constant, and subsequent pro-

longed repolarization. The great genotypic and phenotypic

heterogeneity of the disease, and the signi®cant age-related

attenuation of its severity in males,45 means that an

unknown but potentially signi®cant number of genetically

affected patients will remain undiagnosed until an initiating

event unmasks their reduced repolarization reserve and

precipitates a malignant arrhythmia.

There are many different types of drugs that prolong the

QT interval, and which should be avoided by patients with

LQTS (Table 2).103 117 Many drugs, such as amitriptyline,

prolong the QT interval by blocking IKr, which is conducted

by HERG channel proteins.29 Some drugs partially block

IKto or rarely, activate an increase in IKir. Anti-arrhythmic

drugs that belong to class 1A (e.g. quinidine) or class III

(e.g. amiodarone) of the Vaughan-Williams classi®cation

are used to intentionally prolong cardiac repolarization,

(which can represent both a pro- and anti-arrhythmic

mechanism), although they can induce torsade de pointes

even after months of uncomplicated treatment in `suscep-

tible' patients.

Long-term treatment of LQTS

The objectives of long-term treatment of patients with

LQTS are the prevention of torsade de pointes and sudden

death. The estimated mortality in untreated, symptomatic

LQTS exceeds 20% in the ®rst year after diagnosis and

approaches 50% within 10 yr; with effective therapy, the

10-yr mortality risk can be reduced to 3±4%.35

b-Blocking drugs

The mainstay of treatment of congenital LQTS since 1975

has been b-block. Schwarz reported a decrease in mortality

from 71% in untreated historical controls to 6% in those

treated.81 However, 32% of patients on b-blockers for

symptomatic LQTS will have another cardiac event within

5 yr, and of those who present with aborted cardiac arrest,

14% will have further episodes of aborted sudden death or

die in the next 5 yr, in spite of b-blocker therapy.58

The dose of b-blocker is determined by ensuring a

reduction in maximal heart rate on treadmill exercise testing

to 130 beats min±1 or less; further reduction in symptomatic

events does not occur if the dose is increased.58 Propranolol

is the most widely used drug at a daily dose of 2±3 mg kg±1,

although b-blockers with longer half-lives may increase

compliance. Patients who develop marked bradycardia or

prolonged sinus arrest on treatment may require back up

permanent pacing. The QTc is unchanged despite ef®cacy

of treatment, although QTD is higher in patients who do not

respond to b-block.68

Anti-bradycardia pacing

Permanent cardiac pacing prevents bradycardia and pauses,

which are known to provoke arrhythmia in LQTS. Patients

in whom bradycardia is a prominent feature and patients

who remain symptomatic despite b-block should have a

pacemaker implanted to maintain heart rate, while b-

blockers are continued.107 Patients with the LQT3 subtype

are particularly likely to bene®t from pacing as they show

slow sinus rates at baseline, which are often exacerbated by

b-block.

Implantable automatic cardioverter-de®brillator

There has been a progressive reduction in the size of

implantable cardioverter-de®brillators (ICD), ®rst intro-

duced over 15 yr ago, such that they can now be implanted

in infants. Currently, ICDs are implanted when syncope or

documented torsade de pointes continue despite b-block and

pacing, or when the initial event is a resuscitated cardiac

arrest. ICD insertion is also advised in patients with a QTc

duration of >550±600 ms, a group where the risk of sudden

death does not correlate with symptoms.35 ICDs do not

prevent torsade de pointes; they reduce (but do not

eliminate) the incidence of sudden death when the episode

of torsade de pointes is prolonged or deteriorates to

ventricular ®brillation.113 Treatment with b-blockers has

Table 2 Non-anaesthetic drugs that affect repolarization.103 117 All listed

drugs prolong the QT interval. aRisk of precipitating torsade de pointes.
bDocumented cases of torsade de pointes

Type of drug Examples

Class Ia anti-arrhythmic agents Quinidinea

Disopyramidea

Procainamidea

Class Ic anti-arrhythmic agents Flecainidea

Class III anti-arrhythmic agents Sotalola

Amiodaronea

Butyrophenone antipsychotics Droperidola b

Haloperidola

Phenothiazine antipsychotics Thioridazinea

`Atypical' antipsychotics Pimozideb

Quetiapine

Risperidone

Zotepine

Selective serotonin re-uptake inhibitors Fluoxetinea

Paroxetinea

Sertralinea

Macrolide antibiotics Erythromycina

Clarithromycinb

Azithromycin

5-HT1 agonists Zolmitriptan

Naratriptan

Antimalarial agents Halofantrinea

Antihistamines Terfenadinea

Prokinetic agents Cisapridea
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to continue after ICD implantation, as many ICD algorithms

result in de®brillation when a pre-programmed ventricular

rate is exceeded. However, more sophisticated dual cham-

ber ICDs are now available that have anti-tachycardia

pacing and sensing capability.

Left cervicothoracic sympathectomy

Historically, left cervical sympathetic denervation was

recommended when episodes of torsade de pointes persisted

despite b-block. Adequate cardiac sympathetic denervation

requires removal of the ®rst 4±5 left thoracic ganglia and the

lower half of the left stellate ganglion. Schwarz and

colleagues used this technique in 123 patients who were

either unresponsive to or intolerant of b-block, and reported

signi®cant reductions in symptoms and cardiac events.27 82

However, the ef®cacy of this technique has not been

reproduced in other centres, and it is now reserved for

patients refractory to drugs, pacing and ICD therapy.

Genotype-directed therapy

Although experimental evidence exists to support genotype-

directed therapy, clinical trials have not yet corroborated the

bene®ts of this potential change in management.

Experimental models indicate that b-adrenergic block

confers maximum protection in patients with LQT1 and

LQT5, but confers much less protection in those with LQT2

and LQT6, and may actually increase the risk of torsade de

pointes in LQT3 patients. Such observations are entirely

compatible with data available on several hundred geno-

typed patients that indicate the existence of gene-speci®c

triggers for cardiac events.85 These differences in manifest-

ations according to mutation suggest the feasibility of gene-

speci®c therapy.108

Sodium channel blockers such as mexiletine can reduce

dispersion of repolarization and prevent torsade de pointes

in experimental LQT3 models.88 Moreover, preliminary

clinical studies have demonstrated that mexiletine can

normalize ventricular repolarization in LQT3 patients.84 116

However, as ¯ecainide may induce ST elevation in some

LQT3 patients, chronic sodium channel blocker therapy

may not be entirely risk free.69 Anti-bradycardia pacing has

a particularly important role in LQT3 patients, in whom

events are usually bradycardia mediated. Whether b-block

therapy is effective in LQT3 patients in preventing

arrhythmias remains unproven. In contrast, b-adrenergic

block appears to be most effective for LQT1 patients, whose

symptomatic episodes are almost always adrenergically

mediated, in whom paradoxical increases in QTc can be

induced by epinephrine, and in whom therapy reduces QT

hysteresis during exercise.4 85 89 In the absence of any

contradictory evidence from long-term trials, b-block

remains the ®rst line treatment for all patients at the present

time.

Anaesthesia and LQTS

The age at which LQTS becomes clinically manifest is gene

speci®c, but is usually before the age of 40 yr, and chie¯y in

childhood and adolescence.85 Genotypically susceptible

individuals may be completely asymptomatic, have a

normal QTc interval, and may present for the ®rst time

during the intra-operative period with torsade de pointes.

Alternatively, preoperative assessment of the patient may

reveal historical or ECG features compatible with a

diagnosis of LQTS; such patients can be presumptively

diagnosed on the basis of published probability criteria

(Table 1), and require full electrophysiological investigation

before surgery. The patient may be aware of their diagnosis,

allowing perioperative management to be optimized. LQTS

patients refractory to conventional therapy may present for

permanent pacing, insertion of ICD, or left cervical

ganglionectomy.

Anaesthesia in patients with untreated LQTS carries a

very high risk of intra-operative malignant ventricular

arrhythmias,6 19 26 31 38 66 67 71 which may prove refractory

to treatment.114 However, as discussed above, b-block is not

completely protective and treated patients remain at risk of

life-threatening episodes of torsade de pointes in the

perioperative period. The practical considerations of anaes-

thesia for patients with LQTS therefore include immediate

management of torsade de pointes, and, in known cases,

avoidance of factors that increase the risk of precipitating

torsade de pointes.

Patients with known LQTS

Preoperatively, all patients with known LQTS should be on

maintenance b-blocker therapy, which must be continued up

to and including the day of surgery. Preoperative assessment

of its adequacy should determine that the heart rate does not

exceed 130 min±1 during exercise; where exercise testing is

impractical, there should ideally be no change in the QT

interval in response to a Valsalva manoeuvre in a fully b-

blocked individual.56 In all patients with LQTS, serum

electrolytes must be normal, as hypokalaemia, hypomagne-

saemia, and hypocalcaemia all predispose to delayed

ventricular repolarization. Drug therapy that unintentionally

prolongs the QT interval should be avoided. The effect of

anaesthetic drugs on the QTc is discussed below. A

preoperative 12-lead ECG is mandatory and the QTc should

be calculated as a baseline, although the presence and

magnitude of any prolongation is not itself predictive of

arrhythmia.106 The presence and settings of any pacemaker

device or ICD should be sought and checked. Time and

effort should be expended in alleviating patient anxiety to

minimize sympathetic activation, and premedication, where

appropriate, should aim to produce a calm patient.

Intra-operative management should continue to focus on

prevention of excessive sympathetic activity and avoidance

of factors that can prolong the QT interval. Non-invasive
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monitoring should commence before the induction of

anaesthesia and ideally should include ECG monitoring of

more than one lead, as short bursts of torsade de pointes may

be dif®cult to distinguish from monomorphic ventricular

tachycardia, when only one lead is available for analysis. A

low threshold for intra-arterial monitoring is justi®ed, as it is

for central venous access, which facilitates rapid institution

of trans-venous pacing. Potent stimuli, such as laryngo-

scopy, intubation, and extubation may be covered with

boluses of esmolol or a potent, short-acting opioid; topical

anaesthesia to the vocal cords before intubation is appro-

priate, whilst extubation should be achieved in a surgical

plane of anaesthesia whenever feasible. Normoxaemia,

normocarbia, and normoglycaemia will help prevent

unnecessary sympathetic activity. Volume status must be

carefully monitored and judicious ¯uid replacement main-

tained, as b-blocked patients tolerate hypovolaemia poorly.

Positive pressure ventilation strategies should ensure that

sustained high intrathoracic pressures are avoided, as this

mimics a Valsalva manoeuvre, which can prolong the QT

interval in patients who are not completely b-blocked;56

such strategies include high peak and end expiratory

pressures, end inspiratory pauses, and prolonged inspiratory

times with low or reversed I:E ratios. During major surgery,

hypokalaemia, hypomagnesaemia, and hypocalcaemia

should be sought regularly and corrected promptly.

Hypothermia prolongs the QT interval, so core temperature

should be monitored and maintained. Trans-venous or

external pacing apparatus, a de®brillator, and all the

necessary drugs for management of cardiac arrhythmias

must be immediately available. In patients with permanent

pacemakers or ICD, the usual intraoperative precautions

should be taken to avoid disruption of function.

Throughout the recovery period, a calm and quiet

atmosphere must be strived for, as sudden auditory stimuli

can provoke onset of torsade de pointes, especially in

patients with LQT2 phenotype.85 ECG monitoring in the

postoperative period is mandatory, including during any

transfer from the operating theatre to the recovery area, and

should probably continue for at least 24 h postoperatively in

a high dependency or intensive care environment. Adequate

analgesia is essential. Postoperatively, b-block should be

maintained i.v. until resumption of oral maintenance

therapy is possible.

Although these are generic perioperative management

principles, ensuring adequate perioperative b-adrenergic

block and avoiding excessive sympathetic activity are

perioperative goals most likely to bene®t patients with

LQT1 or LQT5. The anaesthetist should be far less

reassured by the likely protection offered by effective

b-block to patients with LQT2 or LQT6. In addition, the IKr

channel is the most commonly affected by (non-anaesthetic)

drugs that are known to prolong the QT interval (Table 2);

such drugs are best avoided in all patients with LQTS, but

particularly LQT2 or LQT6. IKr channel block is also

particularly augmented by hypokalaemia. Experimental

models have suggested that potassium channel opening

drugs such as nicorandil may be bene®cial in LQT2,23 91

and patients presenting on such medication as part of a

therapeutic trial should be maintained on it perioperatively.

For patients with LQT3, the emphasis during periopera-

tive care must be to avoid physiological, pharmacological,

and surgical factors that cause bradycardia. At a molecular

level, the delayed inactivation of the channel conducting the

INa current shows steep rate-dependence, being much

greater at slow heart rates. The onset of torsade de pointes

in experimental models of LQT3 is highly pause-dependent

and both pacing and b-adrenergic stimulation are protective,

whilst b-adrenergic block provokes torsade de pointes.90 It

must seem counterintuitive to ensure that such patients are

adequately b-blocked, but it must be remembered that most

patients with known LQTS will not have been genotyped,

and are statistically likely to bene®t from b-block. Even if a

patient is known to have the LQT3 genotype, clinical trials

are lacking to corroborate the experimental model evidence

of increased risk from b-block. Given that LQT3 only

accounts for 5% of genotyped LQTS, itself a small

population, it is unlikely that such clinical evidence will

be obtained easily and, in recognition of the experimental

model evidence, patients with genotypic LQT3 or pheno-

typical features suggestive of LQT3 should have anti-

bradycardia pacing in addition to b-block. Patients with

LQT3 who are taking mexiletine or ¯ecainide should have

their therapy maintained.

Management of torsade de pointes

Episodes of torsade de pointes may be short-lived and self-

terminating, but long bursts cause severe haemodynamic

compromise and may degenerate into ventricular ®brilla-

tion. Such episodes should be treated with cardioversion/

de®brillation. The arrhythmia may be preceded or suc-

ceeded by beats of sinus bradycardia that alternate with

ventricular ectopics, to produce ventricular bigeminy.

Short-term control of recurrence can be achieved with

magnesium sulphate or temporary pacing.

Magnesium sulphate is the treatment of choice for torsade

de pointes, even if the serum level is normal: an initial bolus

of 30 mg kg±1 over 2±3 min is usually effective, and should

be followed by an infusion at 2±4 mg min±1.102 The bolus

can be repeated after 15 min if bursts of torsade de pointes

persist. Although the mechanism by which magnesium

suppresses torsade de pointes is unknown, it may block

inward Na+ or Ca2+ currents involved in generating EADs.12

Magnesium does not shorten the QT interval. Serum levels

of magnesium should be monitored during the infusion to

avoid toxicity, and the augmentation of neuromuscular

block must be borne in mind. Serum potassium should be

checked and high normal levels of 4.5±5 mmol litre±1

maintained, if necessary by a potassium infusion.

Temporary trans-venous pacing is an effective way of

controlling torsade de pointes if i.v. magnesium is ineffect-
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ive.28 Pacing is particularly effective in controlling torsade

de pointes that is pause-dependent or bradycardia-depend-

ent (LQT3, some LQT2 and most drug-induced QT

prolongation). If central venous access is available, trans-

venous pacing of the right atrium is recommended, at a rate

of 90±110 beats min±1. Ventricular pacing can be used if

atrioventricular block preceded the onset of torsade de

pointes. Pacing eliminates pauses that may predispose to

onset of torsade de pointes and enhances repolarizing

currents, thus reducing the likelihood of EADs reaching

threshold and inducing action potentials.25 There are no

reports of the use of temporary cardiac pacing to control

torsade de pointes during anaesthesia.

Anaesthetic drugs and ventricular repolarization

The effect on the QT interval of various drugs used during

the conduct of anaesthesia has been investigated in vivo, but

conclusions from these studies are dif®cult to draw because

of co-administration of several drugs. Moreover, some

drugs with documented effects on the QT interval in healthy

subjects appear to have different effects in patients with

LQTS. Animal studies can examine the effect of a single

drug on the QT interval and electrophysiological studies on

isolated cardiac myocytes provide insight into the in¯uence

of anaesthetics on the ionic currents involved in generating

cardiac action potentials. Many studies of anaesthetic drugs

were conducted before the signi®cance of M cells and

transmural dispersion of repolarization were known. Thus,

although information on the effects of some anaesthetic

drugs on the QT interval is available, the clinical signi®-

cance is often unclear, and it remains dif®cult to advise with

authority on which are the safest anaesthetic agents to use in

patients with LQTS. Our summary of anaesthetic manage-

ment (Table 3) should, therefore, be treated with a degree of

circumspection.

Inhalation agents

Halothane, en¯urane, iso¯urane, and sevo¯urane, when

administered as the sole agent for induction and mainten-

ance, all prolong the QT interval in unpremedicated healthy

humans, and can extend the QTc to beyond the upper limit

of the normal range.44 79 Sevo¯urane depresses IK currents

in isolated guinea-pig cardiac myocytes, which would

account for observed prolongation of action potential

duration.64 Similarly, depressed IK currents occur with

equipotent doses of halothane and iso¯urane, albeit in

different species.37 63 Halothane increases transmural

dispersion of repolarization in dogs.112 A direct effect

upon repolarization is supported by the observation that QT

prolongation by these volatile anaesthetics is independent of

autonomic tone in chronically instrumented dogs.72

All four volatile agents have been used as a component of

uneventful anaesthesia in known LQTS patients who were

b-blocked,21 34 61 62 although sevo¯urane further prolonged

the QTc. However, en¯urane and iso¯urane have also been

administered to b-blocked LQTS patients whose anaes-

thetics were complicated by ventricular bigeminy,19 and

torsade de pointes respectively,40 whilst halothane was the

volatile agent in use in six reported cases of malignant

intraoperative arrhythmia that subsequently proved to be

attributable to undiagnosed LQTS.6 38 40 50 71 114 None of

these patients were b-blocked.

Con¯icting reports, in healthy adults and children, of the

effect of halothane on the QT interval in the presence of

other drugs include suggestions that it has no signi®cant

effect or shortens the QT interval.33 41 46 52 53 In some of

these studies, halothane has been compared with iso¯urane,

although not in equianaesthetic doses; these investigations

have consistently reported prolongation of the QT interval

by iso¯urane.41 52 53 However, in the only two studies to

serially monitor intra-operative QTc in LQTS patients,

iso¯urane actually shortened the QT interval towards

normal in two b-blocked individuals.50 115

Hence, no inhalation agent is known to be completely

safe in LQTS patients. Uneventful anaesthesia with all of

these agents has been reported with perioperative b-block in

patients with LQTS whose subtype at the time was unknown

and unknowable. Halothane increases transmural dispersion

of repolarization in dogs, and should probably be avoided.

Iso¯urane and sevo¯urane reduce IK currents but their effect

on transmural dispersion of repolarization awaits investi-

gation. Sevo¯urane seems to have a consistent propensity to

prolong the QTc, but all four volatile agents discussed

should probably be added to the list of drugs that can

prolong the QT interval. The effect of des¯urane is

unreported.

Intravenous induction agents

Thiopental prolongs the QTc in healthy, premedicated

adults and children,49 75 77 but its effect has only been

studied in one patient with LQTS, whose QTc of 0.49 s was

unaffected by thiopental induction.115 Sodium pentobarbital

has the ability in in vivo animal models to inhibit the

spontaneous or stimulated onset of torsade de pointes in

controls, and in the presence of inhibitors of ion channels

that mimic LQT2 and LQT3. The drug prolongs the overall

action potential duration (and hence the QT interval), but

reduces transmural dispersion of repolarization through a

relatively greater prolongation of the epicardial and

endocardial cell action potential durations compared to M

cells.11

Propofol appears to be potentially bene®cial with respect

to the QTc interval and QTD in individuals at high risk of

torsade de pointes; its use in two patients with LQTS

undergoing insertion of ICD after midazolam premedication

suggests that it is worthy of further study.51 There are no

reports of its effect on the QTc interval when used as the

sole anaesthetic agent in unpremedicated patients with or

without LQTS. Propofol may prolong the QT interval in

healthy, premedicated adults,76 and children74 (although by

a lesser magnitude than thiopental),49 but other investigators
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have found no effect on the QTc interval.43 44 54 65 Propofol

reduces QTc at induction in patients with subarachnoid

haemorrhage.98 Midazolam alone has no effect on the QTc

in healthy adults.54 55 The effect of other benzodiazepines is

unknown. Methohexital prolongs the QTc in healthy

adults,76 but apparently not children (despite atropine

premedication).74 The effect of ketamine on the QT interval

is unreported, but it should probably be avoided because of

its sympathomimetic properties.

In summary, very limited clinical experience suggests

that propofol may be a useful agent in patients with LQTS,

particularly as it can be used for maintenance of anaesthesia;

electrophysiological evidence of a bene®cial effect on

transmural dispersion of repolarization would be very

helpful in con®rming propofol's suitability. Such evidence

exists for pentobarbital, making thiopental a good choice in

theory; the prolongation of QTc in clinical studies would be

acceptable if a reduction in transmural dispersion of

repolarization were to be con®rmed. Midazolam appears

safe, although no information is available on its effect on

transmural dispersion of repolarization and the studies

examining QTc were small.

Neuromuscular blocking drugs

Among the modern agents in common use, only succinyl-

choline consistently prolongs the QTc.54 77 Inevitably, study

of the isolated effects of these agents is impossible in the

clinical setting. Succinylcholine and pancuronium have

featured as components of eventful and uneventful case

reports in LQTS patients; in retrospect, it is again usually

the presence or absence of b-block that distinguishes the

two types of report. Vecuronium has been used in several

LQTS patients, the rationale being its lack of autonomic

effects. It is impossible, on the basis of the published

evidence, to identify agents that are de®nitely safe, but

vecuronium at least has been used without reported event in

LQTS patients. Although relevant experience with atracur-

ium and cisatracurium is lacking, the latter is a theoretically

attractive choice, combining excellent haemodynamic sta-

bility (vs atracurium) with greater ability to omit reversal

(vide infra) after a suitable period of time (vs vecuronium).

Further study into the electrophysiological effects of

neuromuscular blocking drugs on the relevant cardiac ion

channels is urgently needed.

Anticholinesterases and anticholinergic agents

Atropine and glycopyrrolate prolong the QT interval in

healthy individuals.9 78 This is perhaps surprising given that

they increase heart rate, and should therefore shorten the QT

interval. However, it has long been known that unopposed

sympathetic tone can prolong the QT interval and this

observation is compatible with the in vitro prolongation of

Table 3 Anaesthetic management of patients with known LQTS

Preoperative Ensure therapeutic b-block continues

Ensure normal K+, Ca2+, Mg2+

Avoid drugs that further prolong QT interval

Continue genotype-directed therapy

Prescribe anxiolytic premedication

If symptomatic, consider pacingÐliaise with cardiologist

If pacemaker/ICD in situ, check settings

Perioperative Pre-induction monitoring of >1 ECG lead

Low threshold for intra-arterial monitoring

Establish central venous access:

to facilitate emergency pacing

to ensure adequate ®lling in face of b-block

Thiopental or propofol for induction

Consider propofol maintenance

Avoid halothane; all volatiles prolong QTc

Vecuronium probably safe

Cisatracurium theoretically attractive but no clinical experience

Avoid reversal if possible

Minimize sympathetic stimulation:

topical LA/esmolol during laryngoscopy and intubation

regional techniques where appropriate

extubation during surgical anaesthesia/esmolol cover

Maintain normoxia, normocarbia, normothermia, and normoglycaemia

Maintain normal serum K+, Ca2+, and Mg2+

Postoperative Continuous ECG monitoring

Recovery in quiet environment

Ensure maintenance of therapeutic b-block

High dependency/intensive care unit monitoring

Good analgesia

Management of torsades de pointes

(i) Treatment of sustained torsades de pointes

DC cardioversion

(ii) Treatment/prevention of short bursts of torsades de pointes

Mg2+ 30 mg kg±1 i.v. bolus over 2±3 min, followed by infusion of 2±4 mg h±1

Repeat bolus after 15 min if bursts of torsades de pointes not suppressed

Trans-venous pacing at 90±110 beats min±1
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action potential duration by b-adrenergic stimulation.

Diabetics who gradually develop vagal denervation also

exhibit prolongation of the QTc and have an increased

incidence of arrhythmias during anaesthesia.20 Admin-

istration of atropine has been reported to precipitate torsade

de pointes in a patient with LQTS.16 As neostigmine is

never given in isolation to reverse neuromuscular block, its

true effect is unknown, but one would predict that the

inevitable resultant bradycardia would be undesirable, given

the pause dependency of some forms of LQTS. Overall,

until further information is available, reversal of neuromus-

cular block in known LQTS patients is probably best

avoided whenever possible.

Conclusions

LQTS represents a group of cardiac ion channelopathies.

Although relatively rare, its importance lies in the signi®-

cant morbidity and mortality associated with failure to

recognize and treat symptomatic patients, and the potential

for anaesthesia to induce malignant arrhythmias in asymp-

tomatic carriers with reduced repolarization reserve. The

perioperative period is a time of high risk for patients with

LQTS. The anaesthetist is faced with dif®cult decisions

about the best way to conduct anaesthesia, and has scant

information or evidence on which to base them. LQTS

pathophysiology illustrates the clinical relevance of basic

science research into the effects of anaesthetic agents at

molecular and cellular levels; in order to improve scienti®c

rationale in the anaesthetic management of LQTS patients,

future investigations should focus on perioperative physio-

logical and pharmacological in¯uences on transmural

dispersion of repolarization.
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INTENDED USERS 

Advanced Practice Nurses 
Allied Health Personnel 
Emergency Medical Technicians/Paramedics 
Health Care Providers 
Hospitals 
Nurses 
Physician Assistants 
Physicians 
Public Health Departments 

GUIDELINE OBJECTIVE(S) 

To provide guidance on defibrillation including the sequence of shock delivery and 
the use and effectiveness of various waveforms and energies during defibrillation 

TARGET POPULATION 

Individuals experiencing cardiac arrest or ventricular fibrillation 

INTERVENTIONS AND PRACTICES CONSIDERED 

Treatment 

1. Strategies before defibrillation  
• Precordial thump 
• Cardiopulmonary resuscitation 

2. Use of automatic external defibrillators (AEDs)  
• Ensuring quality and maintenance of AED programs 
• AED use in hospitals 
• Electrode pad/paddle position and size 
• Use of paddles vs. self adhesive defibrillation pads 
• Biphasic vs. monophasic waveforms for ventricular defibrillation 
• Energy levels for defibrillation 
• Second and subsequent shocks (fixed vs. escalating energy, one shock 

3-shock sequences) 
• Defibrillator data collection 
• Prevention of oxygen related fire during defibrillation 

MAJOR OUTCOMES CONSIDERED 

• Return of spontaneous circulation 
• Resuscitation success 
• Survival rate 
• Long-term clinical outcome 
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METHODOLOGY 

METHODS USED TO COLLECT/SELECT EVIDENCE 

Hand-searches of Published Literature (Primary Sources) 
Hand-searches of Published Literature (Secondary Sources) 
Searches of Electronic Databases 

DESCRIPTION OF METHODS USED TO COLLECT/SELECT THE EVIDENCE 

All reviewers were instructed to search their allocated questions broadly. 
Reviewers documented their search strategies to ensure reproducibility of the 
search. The minimum electronic databases searched included the Cochrane 
database for systematic reviews and the Central Register of Controlled Trials 
(http://www.cochrane.org/), MEDLINE (http://www.ncbi.nlm.nih.gov/PubMed/), 
EMBASE (www.embase.com), and the master reference library collated by the 
American Heart Association (AHA). To identify the largest possible number of 
relevant articles, reviewers were also encouraged to perform hand searches of 
journals, review articles, and books as appropriate. 

The reviewers documented the mechanism by which studies relevant to the 
hypothesis were selected. Specific study inclusion and exclusion criteria and study 
limitations were documented. Inclusion of all relevant evidence (from animal and 
manikin/model studies as well as human studies) was encouraged. 

NUMBER OF SOURCE DOCUMENTS 

Not stated 

METHODS USED TO ASSESS THE QUALITY AND STRENGTH OF THE 
EVIDENCE 

Weighting According to a Rating Scheme (Scheme Given) 

RATING SCHEME FOR THE STRENGTH OF THE EVIDENCE 

Levels of Evidence 

Level 1: Randomized clinical trials or meta-analyses of multiple clinical trials with 
substantial treatment effects 

Level 2: Randomized clinical trials with smaller or less significant treatment 
effects 

Level 3: Prospective, controlled, nonrandomized cohort studies 

Level 4: Historic, nonrandomized cohort or case-control studies 

Level 5: Case series; patients compiled in serial fashion, control group lacking 

http://www.cochrane.org/
http://www.ncbi.nlm.nih.gov/PubMed/
http://www.embase.com/
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Level 6: Animal studies or mechanical model studies 

Level 7: Extrapolations from existing data collected for other purposes, 
theoretical analyses 

Level 8: Rational conjecture (common sense); common practices accepted before 
evidence-based guidelines 

METHODS USED TO ANALYZE THE EVIDENCE 

Review of Published Meta-Analyses 
Systematic Review 

DESCRIPTION OF THE METHODS USED TO ANALYZE THE EVIDENCE 

A worksheet template was provided with step-by-step directions to help the 
experts document their literature review, evaluate studies, and determine levels 
of evidence. When possible, 2 expert reviewers were recruited to undertake 
independent evaluations for each topic. 

Assessing the Quality of Evidence 

In this step reviewers were asked to determine the level of evidence of relevant 
studies (Step 2A), assess the quality of study research design and methods (Step 
2B), determine the direction of results (Step 2C), and cross-tabulate assessed 
studies (Step 2D). 

The levels of evidence used for the 2005 consensus process were modified from 
those used in 2000. In many situations summary conclusions were based on lower 
levels of evidence because human clinical trial data was not available. The 
reviewers assessed the quality of research design and methods and allocated each 
study to 1 of 5 categories: excellent, good, fair, poor, or unsatisfactory. Studies 
graded as poor or unsatisfactory were excluded from further analysis. 

Reviewers evaluated the direction of the study results as supportive, neutral, or 
opposed and then depicted the data in 1 of 2 grids. The grids were 2-dimensional, 
showing quality and levels of evidence. The reviewers completed a Supporting 
Evidence grid and a Neutral or Opposing Level of Evidence grid. 

Controversies Encountered  

Studies on Related Topics (Level of Evidence [LOE] 7) 

Many reviewers identified studies that answered related questions but did not 
specifically address the reviewer's initial hypothesis. Examples include the 
extrapolation of adult data for pediatric worksheets and extrapolation of the 
results of glucose control in critically ill patients to the postresuscitation setting. 
Worksheet reviewers were instructed to clearly designate evidence that 
represented extrapolations. Reviewers could designate such studies as LOE 7, or 
they could assign a level of evidence based on the study design but include terms 
such as "extrapolated from" with specific relevant details in the draft consensus 
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on science statements to indicate clearly that these were extrapolations from data 
collected for other purposes. 

Animal Studies and Mechanical Models 

Animal studies can be performed under highly controlled experimental conditions 
using extremely sophisticated methodology. Irrespective of methodology, all 
animal studies and all studies involving mechanical models (e.g., manikin studies) 
were classified as LOE 6. Specific details about these studies (including 
methodology) are included in the summary of science where appropriate. 

Studies Evaluating Diagnosis or Prognosis 

The default levels of evidence used for the 2005 consensus process were not 
designed for the review of studies that evaluate diagnosis or prognosis. For these 
studies other methods of assigning levels of evidence were considered (such as 
those proposed by the Oxford Centre for Evidence-Based Medicine 
[http://www.cebm.net/]). Worksheet reviewers planning to include alternative 
levels of evidence were asked to define such levels clearly and to retain the 
default levels of evidence. 

METHODS USED TO FORMULATE THE RECOMMENDATIONS 

Expert Consensus 
Expert Consensus (Consensus Development Conference) 

DESCRIPTION OF METHODS USED TO FORMULATE THE 
RECOMMENDATIONS 

Worksheet reviewers created a summary of the science. In the summary format 
reviewers were encouraged to provide a detailed discussion of the evidence, 
including the outcomes evaluated and the strengths and limitations of the data. 

The final step in the science summary process was the creation of draft consensus 
on science statements and treatment recommendations. Statement templates 
were provided to standardize the comprehensive summary of information. 
Elements of the consensus on science statement template included the specific 
intervention or assessment tool, number of studies, levels of evidence, clinical 
outcome, population studied, and the study setting. Elements of the treatment 
recommendation template included specific intervention or assessment tool, 
population and setting, and strength of recommendation. 

The statements drafted by the reviewers in the worksheets reflect the 
recommendations of the reviewers and may or may not be consistent with the 
conclusions of the 2005 Consensus Conference. 

All 380 participants at the 2005 Consensus Conference received a copy of the 
worksheets on CD-ROM. Expert reviewers presented topics in plenary, concurrent, 
and poster conference sessions. Presenters and participants then debated the 
evidence, conclusions, and draft summary statements. Each day the most 
controversial topics from the previous day, as identified by the task force chairs, 

http://www.cebm.net/
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were presented and debated in one or more additional sessions. The International 
Liaison Committee on Resuscitation (ILCOR) task forces met daily during the 
conference to discuss and debate the experts' recommendations and develop 
interim consensus science statements. Each science statement summarized the 
experts' interpretation of all the relevant data on a specific topic. Draft treatment 
recommendations were added if a consensus was reached. 

RATING SCHEME FOR THE STRENGTH OF THE RECOMMENDATIONS 

Not applicable 

COST ANALYSIS 

A formal cost analysis was not performed and published cost analyses were not 
reviewed. 

METHOD OF GUIDELINE VALIDATION 

External Peer Review 
Internal Peer Review 

DESCRIPTION OF METHOD OF GUIDELINE VALIDATION 

Completed worksheets were posted on the Internet for further review. The initial 
process involved posting the worksheet to a password-protected area of the 
American Heart Association Intranet (accessible to worksheet reviewers). In 
December 2004 the completed worksheets were posted on an Internet site that 
could be accessed by the public for further review and feedback before the 2005 
Consensus Conference in Dallas (www.C2005.org). 

Wording of science statements and treatment recommendations was refined after 
further review by International Liaison Committee on Resuscitation (ILCOR) 
member organizations and the international editorial board. This format ensured 
that this final document represents a truly international consensus process. 

The manuscript was ultimately approved by all ILCOR member organizations and 
by an international editorial board. The American Heart Association (AHA) Science 
Advisory and Coordinating Committee and the editor of Circulation obtained peer 
reviews of this document before it was accepted for publication. The document is 
being published simultaneously in Circulation and Resuscitation, although the 
version in Resuscitation does not include the sections on stroke and first aid. 

RECOMMENDATIONS 

MAJOR RECOMMENDATIONS 

Strategies Before Defibrillation 

Precordial Thump 

http://www.c2005.org/
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One immediate precordial thump may be considered after a monitored cardiac 
arrest if an electrical defibrillator is not immediately available. 

Cardiopulmonary Resuscitation (CPR) before Defibrillation 

A 1-1/2 to 3-minute period of CPR before attempting defibrillation may be 
considered in adults with out-of-hospital ventricular fibrillation (VF) or pulseless 
ventricular tachycardia (VT) and Emergency Medical Services (EMS) response (call 
to arrival) intervals >4 to 5 minutes. There is no evidence to support or refute the 
use of CPR before defibrillation for in-hospital cardiac arrest. 

Use of Automatic External Defibrillators (AEDs) 

AED Programs 

Use of AEDs by trained lay and professional responders is recommended to 
increase survival rates in patients with cardiac arrest. Use of AEDs in public 
settings (airports, casinos, sports facilities, etc.) where witnessed cardiac arrest is 
likely to occur can be useful if an effective response plan is in place. The response 
plan should include equipment maintenance, training of likely responders, 
coordination with local EMS systems, and program monitoring. No 
recommendation can be made for or against personal or home AED deployment. 

AED Program Quality Assurance and Maintenance 

AED programs should optimize AED function (rhythm analysis and shock), battery 
and pad readiness, operator performance, and system performance (e.g., mock 
codes, time to shock, outcomes). 

AED Use in Hospitals 

Use of AEDs is reasonable to facilitate early defibrillation in hospitals. 

Electrode-Patient Interface 

Electrode Pad/Paddle Position and Size 

Paddles and electrode pads should be placed on the exposed chest in an 
anterolateral position. Acceptable alternative positions are anteroposterior 
(paddles and pads) and apex posterior (pads). In large-breasted patients it is 
reasonable to place the left electrode pad (or paddle) lateral to or underneath the 
left breast. Defibrillation success may be higher with 12-cm electrodes than with 
8-cm electrodes. Small electrodes (4.3 cm) may be harmful; myocardial injury 
can occur. 

Self-Adhesive Defibrillation Pads Versus Paddles 

Self-adhesive defibrillation pads are safe and effective and are an acceptable 
alternative to standard defibrillation paddles. 

Initial Shock Waveform and Energy Levels 
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Biphasic Versus Monophasic Waveforms for Ventricular Defibrillation 

Biphasic waveform shocks are safe and effective for termination of VF when 
compared with monophasic waveform shocks. 

Energy Level for Defibrillation 

There is insufficient evidence for or against specific selected energy levels for the 
first or subsequent biphasic shocks. With a biphasic defibrillator it is reasonable to 
use 150 J to 200 J with biphasic truncated exponential (BTE) waveforms or 120 J 
with the rectilinear biphasic waveform for the initial shock. With a monophasic 
waveform defibrillator, an initial shock of 360 J is reasonable. 

Second and Subsequent Shocks 

Fixed Versus Escalating Energy 

Nonescalating- and escalating-energy biphasic waveform defibrillation can be used 
safely and effectively to terminate VF of both short and long duration. 

1-Shock Protocol Versus 3-Shock Sequence 

Priorities in resuscitation should include early assessment of the need for 
defibrillation (see National Guideline Clearinghouse [NGC] summary for the 
American Heart Association guideline Adult Basic Life Support), provision of CPR 
until a defibrillator is available, and minimization of interruptions in chest 
compressions. Rescuers can optimize the likelihood of defibrillation success by 
optimizing the performance of CPR, timing of shock delivery with respect to CPR, 
and the combination of waveform and energy levels. A 1-shock strategy may 
improve outcome by reducing interruption of chest compressions. A 3-stacked 
shock sequence can be optimized by immediate resumption of effective chest 
compressions after each shock (irrespective of the rhythm) and by minimizing the 
hands-off time for rhythm analysis. 

Related Defibrillation Topics 

Defibrillator Data Collection 

Monitor/defibrillators modified to enable collection of data on compression rate 
and depth and ventilation rate may be useful for monitoring and improving 
process and outcomes after cardiac arrest. 

Oxygen and Fire Risk During Defibrillation 

Rescuers should take precautions to minimize sparking (by paying attention to 
pad/paddle placement, contact, etc) during attempted defibrillation. Rescuers 
should try to ensure that defibrillation is not attempted in an oxygen-enriched 
atmosphere. 

CLINICAL ALGORITHM(S) 

http://www.guideline.gov/summary/summary.aspx?doc_id=8480&nbr=004731
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The International Liaison Committee on Resuscitation (ILCOR) Universal Cardiac 
Arrest Algorithm is provided in the "Introduction" section of the original guideline 
document (see "Availability of Companion Documents" field). 

EVIDENCE SUPPORTING THE RECOMMENDATIONS 

TYPE OF EVIDENCE SUPPORTING THE RECOMMENDATIONS 

The type of evidence supporting the recommendations is not specifically stated. 

BENEFITS/HARMS OF IMPLEMENTING THE GUIDELINE RECOMMENDATIONS 

POTENTIAL BENEFITS 

Appropriate application of cardiopulmonary resuscitation and defibrillation 
techniques to increase the chance of successful intervention 

POTENTIAL HARMS 

• Potential complications of the precordial thump include rhythm deteriorations, 
such as rate acceleration of ventricular tachycardia (VT), conversion of VT 
into ventricular fibrillation (VF), complete heart block, and asystole. 

• The use of small electrodes (4.3 cm) may be harmful to patients; myocardial 
injury can occur. 

• There is the potential of fire risk during defibrillation in the presence of an 
oxygen enriched atmosphere. 

QUALIFYING STATEMENTS 

QUALIFYING STATEMENTS 

This document summarizes current evidence for the recognition and response to 
sudden life-threatening events, particularly sudden cardiac arrest in victims of all 
ages. The broad range and number of topics reviewed and the inevitable 
limitations of journal space require succinctness in science statements and, where 
recommendations were appropriate, brevity in treatment recommendations. This 
is not a comprehensive review of every aspect of resuscitation medicine; some 
topics were omitted if there was no evidence or no new information. 

IMPLEMENTATION OF THE GUIDELINE 

DESCRIPTION OF IMPLEMENTATION STRATEGY 

An implementation strategy was not provided. 

IMPLEMENTATION TOOLS 

Clinical Algorithm 
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For information about availability, see the "Availability of Companion Documents" and "Patient 
Resources" fields below. 

INSTITUTE OF MEDICINE (IOM) NATIONAL HEALTHCARE QUALITY REPORT 
CATEGORIES 

IOM CARE NEED 

Getting Better 

IOM DOMAIN 

Effectiveness 
Safety 
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Resuscitation and Emergency Cardiovascular Care Science with Treatment 
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Not applicable: The guideline was not adapted from another source. 
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A robust conflict of interest policy was developed to ensure full disclosure of 
potential conflicts and to protect the objectivity and credibility of the evidence 
evaluation and consensus development process. This policy is described in detail 
in an editorial companion document (see "Availability of Companion Documents" 
field). Representatives of manufacturers and industry did not participate in this 
conference. 

Potential conflicts of interest of the editorial board are listed in Appendix 3 of the 
original guideline document (see "Availability of Companion Documents" field). 
Potential conflicts of interest of the worksheet authors are noted in the 
worksheets and can be accessed through the links to the worksheets contained in 
the original guideline document. All 380 attendees were required to complete 
forms in order to document their potential conflicts of interest. Most attendees 
were also worksheet authors. The information from the conflict of interest forms 
completed by all conference attendees, including worksheet authors, can also be 
accessed at the website 
http://circ.ahajournals.org/content/vol112/22_suppl/#APPENDIX. Readers of the 
print version can also access the statements at the American Heart Association 
website: www.C2005.org. 

GUIDELINE STATUS 

This is the current release of the guideline. 

GUIDELINE AVAILABILITY 

Electronic copies: Available from the American Heart Association Web site. 

Print copies: Available from the American Heart Association, Public Information, 
7272 Greenville Ave, Dallas, TX 75231-4596; Phone: 800-242-8721 

AVAILABILITY OF COMPANION DOCUMENTS 

The following are available: 

• Introduction. 2005 International Consensus Conference on Cardiopulmonary 
Consensus Conference on Cardiopulmonary Resuscitation and Emergency 
Cardiovascular Care Science with Treatment Recommendations. Circulation 
2005 Nov 29;112(22 Supplement):III-1-III-4. 

• The evidence evaluation process for the 2005 International Consensus 
Conference on Cardiopulmonary Resuscitation and Emergency Cardiovascular 
Care Science with Treatment Recommendations. Circulation 2005 Nov 
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• Conflict of interest management before, during, and after the 2005 
International Consensus Conference on Cardiopulmonary Resuscitation and 
Emergency Cardiovascular Care Science with Treatment Recommendations. 
Circulation 2005 Nov 29;112(22 Supplement):III-131-III-132. 

• Controversial topics from the 2005 International Consensus Conference on 
Cardiopulmonary Resuscitation and Emergency Cardiovascular Care Science 
with Treatment Recommendations. Circulation 2005 Nov 29;112(22 
Supplement):III-133-III-136. 

http://circ.ahajournals.org/content/vol112/22_suppl/
http://www.c2005.org/
http://circ.ahajournals.org/cgi/content/full/112/22_suppl/III-17
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• Appendix 1: Worksheet topics and authors. Circulation 2005 Nov 29;112(22 
Supplement):B1-B14. 

• Appendix 3: Conflict of interest for editors, editorial board, special 
contributors and reviewers, and honorees. Circulation 2005 Nov 29;112(22 
Supplement):B16-B18. 

• Interdisciplinary topics: 2005 International Consensus Conference on 
Cardiopulmonary Resuscitation and Emergency Cardiovascular Care Science 
with Treatment Recommendations. Circulation 2005 Nov 29;112(22 
Supplement):III-100-III-108. 

Electronic copies: Available from the American Heart Association Web site. 

Print copies: Available from the American Heart Association, Public Information, 
7272 Greenville Ave, Dallas, TX 75231-4596; Phone: 800-242-8721 

PATIENT RESOURCES 

None available 

NGC STATUS 

This NGC summary was completed by ECRI on February 2, 2006. The information 
was verified by the guideline developer on March 7, 2006. 

COPYRIGHT STATEMENT 

Copyright to the original guideline is owned by the American Heart Association, 
Inc. (AHA). Reproduction of the AHA Guideline without permission is prohibited. 
Single reprint is available by calling 800-242-8721 (US only) or writing the 
American Heart Association, Public Information, 7272 Greenville Ave., Dallas, TX 
75231-4596. Ask for reprint No. 71-0276. To purchase additional reprints: up to 
999 copies, call 800-611-6083 (US only) or fax 413-665-2671; 1000 or more 
copies, call 410-528-4121, fax 410-528-4264, or email kgray@lww.com. To make 
photocopies for personal or educational use, call the Copyright Clearance Center, 
978-750-8400. 

DISCLAIMER 

NGC DISCLAIMER 

The National Guideline Clearinghouse™ (NGC) does not develop, produce, 
approve, or endorse the guidelines represented on this site. 

All guidelines summarized by NGC and hosted on our site are produced under the 
auspices of medical specialty societies, relevant professional associations, public 
or private organizations, other government agencies, health care organizations or 
plans, and similar entities. 

Guidelines represented on the NGC Web site are submitted by guideline 
developers, and are screened solely to determine that they meet the NGC 

http://circ.ahajournals.org/content/vol112/22_suppl/
mailto:kgray@lww.com
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Inclusion Criteria which may be found at 
http://www.guideline.gov/about/inclusion.aspx. 

NGC, AHRQ, and its contractor ECRI make no warranties concerning the content 
or clinical efficacy or effectiveness of the clinical practice guidelines and related 
materials represented on this site. Moreover, the views and opinions of developers 
or authors of guidelines represented on this site do not necessarily state or reflect 
those of NGC, AHRQ, or its contractor ECRI, and inclusion or hosting of guidelines 
in NGC may not be used for advertising or commercial endorsement purposes. 

Readers with questions regarding guideline content are directed to contact the 
guideline developer. 
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