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Abstract

The ability to diagnose basic arrhythmias and conduction disorders in

infants, children, adolescents, and adults with congenital heart disease is

a fundamental of pediatric and adult congenital cardiovascular medicine.

This chapter provides basic knowledge regarding the physiology of car-

diac conduction, practical information on the diagnosis of common rhythm

disturbances, and general instruction on the primary methods for acquisi-

tion of electrocardiographic data, including body surface electrocardiog-

raphy, ambulatory monitoring, and provocative electrophysiology study.

The knowledge obtained from this chapter will form a foundation for

further understanding rhythm disturbances in even the most complex

patients with congenital heart disease.
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Introduction

The cardiac rhythm strip and multichannel elec-

trocardiogram represent the summative contribu-

tion of structural, metabolic, hemodynamic, and

electrical influences on the atrial and ventricular

myocardia and on the specialized cardiac con-

duction system. The overarching intent of this

chapter is to convey a practical approach toward

diagnostic accuracy when confronted with car-

diac arrhythmias and conductive disorders in

children and all patients having congenital heart

disease. However, most of the principles of

arrhythmia interpretation are applicable to

humans of all ages. This foundation will be aug-

mented by more specific comments regarding

certain arrhythmias, especially pediatric

bradyarrhythmias and conduction defects, in an

effort to supplement other chapters in this text.

The remainder of this chapter is devoted to the

technical acquisition of cardiac rhythm data in

the youngster. To that end, noninvasive rhythm

recording instruments will be emphasized, but an

introduction to intracardiac electrophysiologic

testing will also be included. This chapter will

not emphasize electrocardiographic characteris-

tics of specific pre- and postoperative congenital

heart defects, rhythm strip interpretation from

patients having implanted cardiac rhythm man-

agement devices, interpretation of immediate

postoperative arrhythmias from temporary pac-

ing wires, and arrhythmias related to orthotopic

cardiac transplantation. Also, this chapter is not

intended to be a primer for basic pediatric 12- or

15-lead electrocardiogram (ECG) interpretation.

Cardiac Electrophysiology

Cardiac electrogenesis is necessary for electro-

mechanical coupling, and it initiates and pro-

ceeds in an anatomic sequence which optimizes

hemodynamic performance. The primary molec-

ular “parts” include plasma membrane-linked

voltage- and ligand-gated channel proteins (and

their interacting proteins) whose activities result

in ionic flow according to their electrochemical

gradients (e.g., the hyperpolarization-activated,

cyclic nucleotide-gated (HCN) channels of the

sinoatrial node and rapid and slow delayed recti-

fier potassium channels of cardiac muscle (Ikr

and Iks)), cell-to-cell gap junction proteins for

passive ion and other small molecule movement

(e.g., connexin43 in working cardiac myocar-

dium and connexin40 in the AV node), and

energy-requiring ionic pumps and nonenergy-

requiring exchangers for reestablishing cytoplas-

mic and organelle ion concentrations (e.g., the

sodium/potassium ATPase pump, the sodium-

calcium exchanger). Each cardiac cell type has

its own constitution of these structures, especially

of plasma membrane channels (Fig. 157.1). Tis-

sue endowment of these fundamental structures

changes through fetal and early postnatal devel-

opment, under hypoxic and other metabolic

stresses, and related to persistent electrical and

mechanical (hemodynamic) changes.

The tissue “parts” capable of cardiac conduc-

tion include what is euphemistically considered

the specialized conduction system and working

myocardium. The only cardiac tissues normally

incapable of electrical conduction are the annulus

fibrosis and AV valves and the semilunar valves

and annuli. Critical to this discussion is the con-

cept of anisotropic conduction, which refers to

the influences on cardiac conduction by cell

geometry, cell alignment, and density of cell-to-

cell connections [1]. This phenomenon is espe-

cially vital in understanding the electrical prop-

erties of the right atrium, with its regions of

smooth walls and dense pectinate muscles. In

temporal order, according to fastest automaticity,

the specialized conduction system normally

“begins” with spontaneous discharge by the sino-

atrial node (SAN), a comma-shaped structure,

which is subepicardial and lies along the superior

portion of the sulcus terminalis. Wavefronts

emanating from the SAN were once thought to

activate the right atrium and preferentially con-

duct to the AV node and left atrium via four

specialized tracts (of Thoral, of Wenckebach,

descending tract, and Bachmann’s bundle).

Only Bachmann’s bundle, which is a tract of

working atrial myocardium connecting the

superomedial right atrium posterior to the
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ascending aorta to the anterior roof of the left

atrium, has survived in modern parlance. As

with all working myocardium, atrial muscle has

relatively rapid conduction properties, which is

enhanced or subdued according to principles of

anisotropy. The AV node (AVN) is an oval-

shaped structure, which lies on the right side of

the atrial septum, just posterior to the hinge-point
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Fig. 157.1 Cardiac myocyte action potentials and the

primary ion channels. In the top portion are illustrated

idealized action potentials from cells from the major car-

diac tissues: nodal (sinoatrial and atrioventricular) tissue,

atrial myocardium, and ventricular myocardium (includ-

ing His bundle, bundle branches, and Purkinje fibers).

Voltages represent intra- versus extracellular potentials,

and the numerals 0–4 represent the classical stages of the

action potential: 4 is the resting membrane potential,

0 results from unopposed depolarization via inward cur-

rents, 1 and 2 result from competing inward depolarizing

and outward repolarizing currents, and 3 results mostly

from outward repolarizing currents. The specific currents

and their time courses are depicted beneath each action

potential. Each current results from specific ion flow along

its electromotive gradient and through a (relatively) ion-

specific channel. The channel pores, in turn, are formed

from conformational changes that occur in multimeric

channel proteins (listed to the left). Each channel protein

multimer (usually tetramer) changes configuration based

upon the voltage milieu, hence, resulting in channel pore

“openness.” The orderly opening and closing of myocyte

cell membrane channels result in the action potential. This

accounts for the following critical phenomena: (a) spon-

taneous (phase 4) depolarization of those tissues having

the property of automaticity (sinoatrial and atrioventricu-

lar nodes); (b) Achievement of activation threshold (onset

of phase 0) in resting cells downstream from already

depolarized cells via passive movement of sodium ions

across gap junctions; (c) Initiation of excitation-contrac-

tion, as inward calcium current activates calcium-induced

calcium release from the sarcoplasmic reticulum; and (d)

tissue refractoriness to protect against tetany and inappro-

priate reentry. CHACNGC ¼ cationic hyperpolarization-

activated, cyclic nucleotide-gated (pacemaker) channel;

dashed lines by IKACh imply variable influence of acetyl-

choline-gated potassium channel activity according to

parasympathetic tone. Steeper negative slope enhances

automaticity. Sinoatrial rate variability is influenced by

this channel, the calcium clock (not pictured), and sym-

pathetic nervous system influences on c-AMP gating por-

tion of the HCN gene product
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of the septal leaflet of the tricuspid valve,

anterosuperior to the coronary sinus ostium, infe-

rior to the tendon of Todaro, posterior to the

membranous septum, and anterosuperior portion

of the triangle of Koch. Like the SAN, the AVN

has slow conduction properties and capacity for

automaticity, though at a slower rate than the

SAN. Anatomical approaches to the AVN, espe-

cially from superiorly and from postero-inferiorly,

contain cell types (so-called transitional cells)

which are intermediate between atrial myocar-

dium and AVN cells with respect to histological

appearance, channel constitution, and cell-to-cell

connections [2]. These characteristics may be

important in potentiation of the common form of

supraventricular tachycardia, AVN reentrant

tachycardia. The anterosuperior portion of the

AVN transitions into tissue containing parallel

bundles of cells having fast conduction properties,

the penetrating bundle (or “bundle of His”). This

well-insulated structure penetrates the central

fibrous body, whereupon it splits within the crest

of the muscular septum into the cord-like right

bundle branch (RBB) and the fan-shaped left bun-

dle branch (LBB). The RBB is subendocardial

within the anterior right ventricular septum, trav-

eling in the moderator band and terminating in the

right ventricular free wall. The LBB is very super-

ficial on the surface of the left ventricular septum,

where it roughly divides into anterior and posterior

(actually, superior and inferior) divisions. Criti-

cally, the terminal elements of the bundle branches

continue as the rapidly conducting – and defini-

tively endocardial – Purkinje cell network. The left

side of the base of the ventricular septum is the site

of earliest ventricular myocardial depolarization

from this network. Depolarization is completed

within the working ventricular myocardium.

There are differences in action potential character-

istics of the different layers of the ventricular walls

(endocardial, m-cell, and epicardium) and

between right and left ventricles, according to

differences in repolarizing channel constitutions.

An anatomical summary of the specialized con-

duction system appears as in Fig. 157.2.

The cardiac rhythm is determined by the influ-

ences of intrinsic automaticity and conduction

and refractoriness properties (as determined by

features of channel endowment and anisotropic

conduction) and by external influences of the
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Fig. 157.2 Anatomical

correlates of cardiac

depolarization with the

surface ECG. Note that AV

nodal depolarization

mostly occurs during the

terminal portions of the

P wave, and that the PR

segment largely represents

depolarization of the His-

bundle branch-Purkinje

system. cAVN compact AV

node, F fast transitional cell

inputs to the compact AV

node, S slow transitional

cell inputs to the compact

AV node
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autonomic nervous system and of hemodynamic

circumstances. Sympathetic nervous system

influences enhance automaticity of automatic tis-

sues and increase conduction velocity and

shorten refractoriness of most tissues. Parasym-

pathetic nervous system influences decrease

automaticity of automatic tissues, slow conduc-

tion through sinoatrial and AV nodal tissues, and

shorten refractoriness in working atrial myocar-

dium. Arrhythmias occur related to congenital

channel abnormalities, congenital abnormalities

of elements of the specialized conduction system,

congenital (or rarely acquired) accessory

conducting pathways, abnormal automaticity

or conduction in metabolically deranged tissue,

or from mechanisms created by micro- or

macroregions of fibrosis or artificial obstacles

to conduction. Developmental changes that

occur in channel properties, channel abundance,

electrogenic pumps, channel interacting proteins,

cell-to-cell connections, gross tissue and

chamber structure, and autonomic innervation

account for the normal changes in electrocardio-

graphic intervals (especially heart rate, heart rate

variability, PR interval, and QRS duration) and

contribute to propensity to age-specific dysrhyth-

mias. The remainder of this chapter is intended to

serve as the foundation for other chapters in this

textbook. Therefore, the definitions and concepts

to follow are generic to the human cardiac conduc-

tion system; only the section on “Bradycardias”

is specific to the pediatric age range.

Mechanisms of Tachyarrhythimia and
of Improved Conduction

Reentry

When a conducting wavefront is capable of

renegotiating a structure which it had just

depolarized and it does so prior to (“faster

than”) depolarization from the ambient pace-

maker, reentry is said to have occurred. Tradi-

tional criteria necessary for reentry to occur

include a tissue source (site A) which is electri-

cally conductive and bypasses a region which is

transiently not electrically available (site B), sub-

sequent capacity for conduction through site B in

a retrograde direction, and recovery (from refrac-

toriness) of site A after the wavefront has retro-

gradely traversed site B (Fig. 157.3). Reentry is

by far the most common mechanism of patholog-

ical tachycardias. The reentry circuit may be

Beat n

(antegrade
block in 
Site B)

(slow conduction in
Site A)

Beat n+1
(first beat of 

reentry)

(retrograde 
conduction

in Site B)

Fig. 157.3 Schematic of the reentry mechanism in car-

diac tissue. Sites A and B may represent widely separated

structures (e.g., the specialized AV conduction system and

an accessory AV pathway, in the case of orthodromic AV

reciprocating tachycardia), regions separated by normal

anatomic obstacles to conduction (e.g., the tricuspid valve

annulus, in the case of typical atrial flutter), or regions

separated by acquired conduction obstacles (e.g., the

atriotomy scar, in the case of postoperative intraatrial

reentry tachycardia)
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large (so-called macro-reentry), as in the case of

AV reciprocating tachycardia (in which the crit-

ical circuit includes an accessory AV pathway,

atrial muscle, the normal specialized AV conduc-

tion system, and ventricular muscle), or very

small (so-called micro-reentry), involving a small

region of atrial or ventricular muscle, some of

which has altered conduction/refractoriness prop-

erties. In mathematical terms, reentry may only

occur within an anatomical region whose net

length is larger than the presenting electrical wave-

length (l), defined as the product of the conduction
velocity (CV) times the functional refractory

period (FRP) of that tissue [3]. (The FRP is defined

as the minimum duration in milliseconds during

which a particular structure can be depolarized

twice.) Hence, structures having regions of slow

conduction and having a net relatively short refrac-

tory period are conducive to reentry. This concept

is also highly applicable to the mechanisms of

antiarrhythmic and proarrhythmic drugs.

Reentry may occur within any conductive car-

diac structure. When there is a single reentrant

event (i.e., the wavefront extinguishes after a

single revolution), the surface electrogram

will register a single extrasystole involving

those structures depolarized by the reentrant

wavefront. Such a premature event is then called

a reciprocating beat or echo beat. This may be

indistinguishable from atrial or ventricular pre-

mature beats using other mechanisms of impulse

formation.

Enhanced Automaticity

When the channel milieu results in spontaneous

phase 4 depolarization in a sufficient volume of

cells to enable depolarization of surrounding tis-

sues and at a rate faster than the SANmechanism,

enhanced automaticity is said to be present.

Although any diseased tissue is capable of such

a rhythm, common examples include junctional

tachycardia postcongenital heart surgery (ema-

nating from the penetrating bundle or AVN),

idiopathic atrial ectopic tachycardia, and ventric-

ular tachycardia immediate postmyocardial

infarction. Enhanced automaticitymay also result

from mechanical stretching and from hypokale-

mia, and it is enhanced by catecholamines. This

mechanism is the second most common cause of

pathological tachycardias. Due to their incessant

nature, idiopathic automatic tachycardias which

are sufficiently slow that they do not cause initial

symptoms are notorious for eventually causing

tachycardia-induced cardiomyopathy.

Triggered Activity

This term refers to early (EAD) or delayed

afterdepolarizations (DAD) which result from

very different action potential perturbations

(Fig. 157.4). EADs result from action potential

prolongation (phase 2 or 3 phenomenon) and

are promoted by bradycardia, extracellular

•  Reduced outward current (IK)
•  Increased inward current (ICa,L; INCX)
•  Exacerbated by bradycardia

Early afterdepolarization
(EAD)

Phase 2

Phase 3

Delayed Afterdepolarization
(DAD)

•  Increased intracellular calcium
•  Digoxin toxicity
•  Exacerbated by catecholamines
•  Catecholaminergic polymorphic
    ventricular tachycardia

Fig. 157.4 Ventricular

myocyte action potentials

perturbated by after

depolarizations (dashed
lines). Illustrated on the left
are early after

depolarizations during

phase 2 and phase 3 which

do not result in fully

regenerated action

potentials. On the right are
delayed

afterdepolarizations, one of

which results in a fully

regenerated action potential
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hypokalemia, and potassium channel blocking

drugs. Mechanistically, EAD’s occur when

there is reduced repolarization reserve due to

limited outward potassium currents, and the

countervailing depolarizing currents (such as

L-type calcium current or sodium/calcium

exchanger) are sufficiently strong to regenerate

a full-action potential [4]. Some polymorphic

ventricular tachycardias and torsades de pointes

ventricular tachycardia are malignant arrhyth-

mias caused by EADs. The pulmonary vein trig-

gers for paroxysmal atrial fibrillation in adults

likely also use this mechanism [5]. DADs result

from excessive intracellular calcium loading dur-

ing phase 4 of the action potential and are asso-

ciated with digoxin toxicity and very serious

genetic abnormalities of myocardial intracellular

calcium trafficking, catecholaminergic polymor-

phic ventricular tachycardia (CPVT). In vulnera-

ble patients, catecholamines contribute to DADs.

Increased cytosolic calcium promotes DADs via

the sodium/calcium exchanger. The hallmark

tachycardia in digoxin toxicity and in CPVT is

bidirectional ventricular tachycardia. In addition,

less serious tachycardias thought to use triggered

activity include some outflow tract monomorphic

ventricular tachycardias and some focal atrial

tachycardias.

Other Mechanisms

Parasystole refers to an automatic rhythm which

eminates from a protected focus; that is, it depo-

larizes adjacent tissue which has recovered excit-

ability but cannot, itself, be depolarized or reset

by neighboring wavefronts. This focus is said to

demonstrate “entrance block” but not “exit

block.” Although this phenomenon has been

described in many cardiac tissues, ventricular

premature beats caused by a ventricular

parasystolic focus are best known. Classical

parasytolic foci have a constant discharge rate,

resulting in a rate of surface eletrocardiographic

phenomena (e.g., wide complex QRS in the case

of ventricular parasystole), which is a multiple of

the underlying rate of discharge. Therefore, it is

not associated with a regular coupling interval to

normal electrical events from the same chamber

(e.g., between the QRS of a sinus beat and the

ventricular premature beat). Despite the presence

of entrance block, electrotonic conduction from

other ambient impulses may slightly delay the

discharge rate of the parasystolic focus when

that external influence occurs in the early portion

of the parasystolic cycle and accelerate the

discharge rate when it occurs in the latter portion,

so-called modulated parasystole (Fig. 157.5).

Some forms of the very common (and thought

to be benign) automatic idioventricular rhythm

(AIVR) may be due to a ventricular parasystolic

focus, whose discharge rate is very similar to the

ambient sinus rate.

Reflection is a potential form of reentry, in

which a proximal area of tissue, usually electri-

cally depressed, conducts to a distal area by slow

electrotonic conduction, followed, in turn, by

reactivation of the depressed region by normal

depolarization (Fig. 157.6, left) [6]. Summation is

a theoretical mechanism of improved conduction,

wherein two wavefronts, each separately incapa-

ble of conduction through a depressed region,

converge and successfully conduct across that

zone (Fig. 157.6, right). Beyond the scope of

this chapter, but worthy of mention, experimental

evidence exists for the presence of relatively

large and electrically stable spiral waves and

rotors (Fig. 157.7) [7]. A kind of reentry in

which involved tissue has a very short refractory

period, these phenomena may be the source of

some examples of atrial and ventricular fibrilla-

tions [7]. Depolarization of neighboring tissues

which are repeatedly and irregularly terminated

by wavebreaks due to their longer rectory periods

results in the characteristic chaotic chamber

electrograms.

Supernormal conduction is said to exist when

conduction occurs at a time when it is not

expected to do so, that is, during the tissue’s

refractory period. This phenomenon occurs

when a wavefront encounters a tissue that is at

the end of phase 3 of its repolarization and, there-

fore, nearing its activation threshold (from the

opposite direction) (Fig. 157.8 top) [8]. A smaller

than expected stimulus can elicit a depolarization
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at that time. This form of excitability has been

demonstrated in the bundle branch-Purkinje fiber

system, Bachmann’s bundle, and probably acces-

sory AV connections. The gap phenomenon also

represents improved conduction at a time when it

does not seem like conduction should occur. It

may be demonstrated in any portion of the heart

beyond the sinoatrial node and occurs following

wavefront delay in a structure (say, structure

“A”) proximal to the tissue in question (say,

structure “B”). That is, a less premature event

delivered to structure “A” encounters “B” in its

effective refractory period and cannot depolarize

“B,” but a more premature event finds “A” in its

relative refractory period, slowing the wavefront

and allowing its presentation to a now recovered

“B” (Fig. 157.8 bottom).

Mechanisms of Bradyarrhythmia and
of Impaired Conduction

Reduced Automaticity

Since the SAN is the natural cardiac pacemaker,

reduced automaticity in this structure is most clin-

ically relevant. Mechanistically, reduced automa-

ticity results either from a reduced slope of phase 4

spontaneous depolarization or from a lower (less

negative) activation threshold of the involved pace-

making tissue. Intrinsic channelopathic, inflamma-

tory/infectious, mechanical (stretch), autonomic,

pharmacologic, and metabolic causes may cause

transient or permanent impairment of automaticity.

In the case of the sinus node, sudden sinus pauses

Fig. 157.5 A continuous rhythm strip illustrating “mod-

ulated parasystole.” Uniform premature ventricular con-

tractions (PVCs) have a fundamental discharge cycle

length of about 1,300 ms. In parasystole, due to entrance

block but not exit block (meaning that normal tissue

cannot reset the parasystolic focus), all inter-PVC inter-

vals should be a multiple of 1,300 ms. In modulated

parasystole, the inter-PVC intervals vary slightly from

a multiple of the fundamental discharge cycle length

likely due to electrotonic influences (i.e., spread of current

without creation of action potential) by surrounding nor-

mal tissue. * illustrates that the coupling interval from the

sinus QRS to PVCs is variable, typical of ventricular

parasystole
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exceeding twice the prevailing sinus rate, or exag-

gerated sinus arrhythmia (in which there is slight

sinus acceleration prior to any pause) should

invoke consideration of sinoatrial exit block

ahead of a defect in automaticity (see below).

Conduction Block

Although conduction block or delay may exist in

any normally conductive cardiac tissue, the prac-

tical use of the term block is most commonly

applied to structures of the specialized conduc-

tion system. However, the term delay may be

applied to working myocardium. For example,

when there is age-specific conduction delay in

atrial depolarization, the surface ECG may or

may not provide criteria for right or left atrial

enlargement, and the intracardiac electrophysio-

logic study (EPS) may demonstrate specific

regions of slow conduction in atrial muscle.

Likewise, in the presence of age-specific QRS

prolongation, if the ECG does not satisfy criteria

for right or left bundle branch block, the term

intra- or interventricular conduction delay

applies. This is indicative of pharmacologic,

fibrosis-related, hemodynamic, metabolic, or

intrinsic channelopathic impairment of myocar-

dial conduction. Irrespective of etiology, the

mechanism of conduction delay or block may

involve macrostructural fibrosis, impediment to

cell-to-cell connectivity, functional molecular

abnormality, or some combination thereof.

The concept of conduction block necessarily

refers to cardiac structures which normally have a

hierarchal sequence of conduction, that is, from a

proximal to a distal structure. From the perspec-

tive of clinical relevance, the terms first-, second-,

and third-degree conduction blocks are primarily

applied to atrial-to-ventricular, or AV, conduc-

tion, although second-degree block may also be

clinically applied to SAN-to-atrial muscle or

OR

AND

Reflection Summation

a

b

c

a b

bc

1 sec

50

mV

0
0

Fig. 157.6 “Reflection” has been demonstrated in ische-

mic canine Purkinje fibers. In this form of reentry,

a spontaneous depolarization from partially depolarized

ischemic tissue (a) conducts to healthy tissue by electro-

tonic influences (dotted arrow, b). The resulting action

potential conducts back to the damaged tissue by normal

cable conduction properties (c) after that tissue’s refrac-
tory period has expired. The stippled area represents

ischemic myocardium (The top portion is reproduced

with permission from Rosenthal et al [6]). “Summation”

is a theoretical mechanism by which conduction over an

electrically depressed region (cross-hatched in figure)

may only occur secondary to convergence of wavefronts,

each arising in a separate anatomic structure and each of

which, separately, cannot conduct across the depressed

tissue. This mechanism has been hypothesized to account

for some examples of unidirectional conduction block.

The double line (//) represents conduction block
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sinoatrial conduction. First-degree block refers to

delayed but persistent conduction from

a proximal to a distal structure. Third-degree

block implies complete absence of conduction

between proximal and distal structures. Second-

degree block can exist as “type I” and “type II.”

The concept of second-degree block is abstractly

illustrated at the top of Fig. 157.9. In that figure,

the proximal structure (triangle) and distal struc-

ture (diamond) represent the SAN and atrial mus-

cle (P wave), respectively, when considering

sinoatrial block and the P wave and QRS, respec-

tively, for AV block. For AV block, the precise

structure exhibiting blocked conduction (i.e.,

AVN or His bundle-Purkinje system) may be

determined during EPS, because a septal atrial

electrogram (representing the proximal extent

of the AVN) and a His bundle electrogram

(representing the distal extent of the AVN and

the His bundle proper) may be recorded.

Because the SAN does not produce an easily

recordable electronic signal, SAN conduction

block must be determined by inference. Hence,

first-degree SAN block cannot be diagnosed, and

third-degree SAN block cannot be discriminated

from impaired SAN automaticity. However, as

illustrated in Fig. 157.9, middle, a rhythm strip

which shows a shortening P-to-P interval prior to

a pause suggests type I second-degree SAN

block, and one that shows a pause equivalent to

two prevailing P-to-P intervals suggest type II

second-degree SAN block. Likewise, in the

case of type I second-degree AV block, the pro-

gressive PR interval prolongs but relatively less

so with subsequent beats (resulting in R-to-R

interval shortening), prior to the nonconducted

P wave, whereas, in type II second-degree AV

block, the PR interval (and, therefore, R-to-R

interval) is constant prior to the nonconducted

P wave. Type I mostly occurs in the AV node,

Wavebreak and Fibrillatory Conduction

TAILWL

a b

117 120 122

CORE

ACTIVATION FRONT
WL

Fig. 157.7 Top: schematic

example of a rotor, whose

core has a very abbreviated

action potential due to

electrotonic effects,

resulting in a very short

wavelength (WL). The
rotor’s peripheral spiral

wave has a longer

wavelength at its periphery

(action potential having

solid line at upper right)
than at its inner curvature

(more abbreviated action

potential having dotted line
at upper right). This results
in functional reentry.

Bottom: computer-

generated rotor illustrating

fibrillatory conduction due

to wavebreaks.

Wavebreaks, themselves,

may result from anatomic

obstacles, thus creating

daughter spiral waves.
Numbers represent time in

ms (Both figures are

reproduced with permission

from Vaquero et al [7])
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and it is not necessarily clinically important. Type

II mostly occurs in the His-Purkinje system and is

considered an unstable rhythm.

Other Mechanisms

Concealed conduction refers to a limited depo-

larization within a portion of the specialized

conduction system (or, theoretically, an

accessory pathway) which then leaves a wake of

relative or absolute refractoriness. The next

wavefront either dies out or traverses that region

more slowly than expected. This is a form of

phase 3 block. Since the normal specialized con-

duction system does not provide an electrocar-

diographic signature per se, the only evidence for

concealed conduction is poorer than expected

P1

I

II

III
V1

RA5
RA4
RA3
RA2
Stim

S1 S2

600 ms 300 ms 

303 ms

600 ms 290ms 

P1 P1 P2

314 ms

S1 S1 S2

AV conductionAV block
II

Gap Phenomenon in the Atrium

200 mm/sec 200 mm/sec

P1 P2

S1

Supernormal Conduction in an Accessory AV connection
(V2)
90

bpm

(V2)

(V2)
a

b

e

c25 mm/sec

d

95
bpm

95
bpm

Fig. 157.8 “Supernormal conduction” and “gap phe-

nomenon” are two examples of improved conduction at

times when conduction is expected to be worse. Top: an
example of absent conduction through an accessory AV

connection at sinus rate of 90 bpm, followed by alternating

beats having pre-excitation once sinus rate increased to

95 bpm. This is explained at the top, right, with an ideal-

ized action potential from accessory pathway tissue.

A faster wavefront (e) encounters the accessory pathway

tissue closer to its activation threshold voltage (b) than
a wavefront at a slower rate (d). Hence, a wavefront

occurring during the supernormal period (c) allows depo-
larization of the accessory pathway tissue. (a) represents
the resting membrane potential. (Top-right figure is

reproduced with permission from Kinoshita et al [8].)

Bottom: During electrophysiologic testing and single

atrial extrastimulus (S2, resulting in P2) placement fol-

lowing a drivetrain of 8 beats at 600 ms (100 bpm) (S1-S1,

resulting in P1-P1), a less prematurely delivered atrial beat

(S1-S2 coupled to the last beat of drivetrain by 300 ms,

resulting in P1-P2) does not propagate to the ventricles,

whereas a more premature atrial beat (S1-S2 of 290 ms,

resulting in P1-P2) does propagate to the ventricles (note

QRS following P2 in right example but not in left exam-

ple). In this example, the “gap phenomenon” occurs in the

atria between the pacing site and the atrial tissue near the

AV node. This is indicated by a longer P1-P2 (314 ms)

following S1-S2 of 290 ms than the P1-P2 (303 ms) fol-

lowing S1-S2 of 300 ms. S stimulation artifact, // repre-

sents conduction block
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conduction by the subsequent impulse,

manifesting as PR interval prolongation, bundle

branch block, or even a completely blocked

P wave (Fig. 157.10) [9]. Phase 4 block (known

as critical rate block) also manifests with poorer

than expected conduction, usually within the

bundle branches. These are structures which ordi-

narily maintain a stable phase 4 resting mem-

brane potential. However, when diseased, they

may spontaneously slowly depolarize. A nor-

mally occurring wavefront would then encounter

a partially depolarized membrane, resulting in a

phase 0 slope which is less steep (i.e., more

slowly conducting) than had the normal

wavefront encountered that membrane earlier in

phase 4. Hence, bundle branch block would occur

at a slower but not faster rate.

Discriminating Supraventricular from
Ventricular Tachycardia

Because this textbook includes separate chapters

on the entities supraventricular tachycardia (SVT)

and ventricular tachycardia (VT), this chapter will

only provide diagnostic algorithms based upon the

surface ECG and rhythm strip for discrimination

of diagnoses within each entity. However, the

ability to discriminate supraventricular from ven-

tricular tachycardia is of paramount importance,

due to the potential difference in hemodynamic

consequences and to the differences in treatment;

hence, this subject requires specific attention.

In the broadest sense, SVT refers to any

nonsinus tachycardia that includes as a critical

2nd degree
SAN block

Type I 

2nddegree
AV block

Type I

II

I

0.75 0.61 1.09 0.69 0.64 1.05P-P interval:

9 14 16

38

36

36 36 36 36

12 12 12 12

36 72

3636 36 36

Type 
I

Type
II

Interval 41

Block

Block 9

Fig. 157.9 The phenomenon of “second-degree block”

may exist in any cardiac tissue. The concepts of types

I and II second-degree block are illustrated at the top,
using a triangle as a surrogate for the proximal cardiac

structure and a diamond as a surrogate for the distal

cardiac structure. Numbers represent arbitrary conduction
intervals between structures. See text for further explana-

tion. Below: type I second-degree block in sinoatrial nodal

(SAN) and AV nodal structures
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anatomic component of its substrate any structure

between and inclusive of the atrial muscle and His

bundle. Ventricular tachycardia, therefore, neces-

sarily includes some portion of the bundle

branches, Purkinje system, or ventricular

myocardium, as its substrate. Normal pacemaking

tissues (the sinus node and, potentially, the AVN)

will always discharge unless they are depolarized

by a faster rhythm.With the single possible excep-

tion of junctional ectopic tachycardia, SVT does

II 25 mm/sec

II

25 mm/sec

A

AV

V

. . . .
A

R–R
.72

.72

1.0 1.0

1.091.09

P–P

AV

V

25 mm/sec

Fig. 157.10 In top rhythm strip, example of “phase 3

block” in one and then the other bundle branch (*) or the

AV node ({) following premature atrial contractions (note

P waves altering previous T waves). In middle rhythm

strip, there is “concealed conduction” in the AV conduc-

tion system. Premature ventricular contractions

retrogradedly penetrate into the AV conduction system,

making these structures partially depolarized (but not

completely refractory); this results in reduced conduction

velocity by the ensuing atrial wavefront and a longer than

normal PR segment (*). This phenomenon is graphically

depicted by a ladder diagram below the rhythm strip as

lines having flatter slopes in the AV panel ({). The bottom
rhythm strip shows sinus rhythm, sinus slowing, and

a junctional escape rhythm. Because the junctional escape

mechanism does not retrogradedly conduct to the atrium,

the slower sinus P waves should eventually be capable of

conducting to the ventricles as “sinus capture beats.”

However, concealed retrograde conduction into portions

of the AV junction that are proximal to the junctional

escape focus (black dot in ladder diagram) renders that
tissue entirely refractory (gray region in ladder diagram),
an example of concealed conduction and phase 3 block. In

this and all subsequent ladder diagrams, A atria, AV AV

junctional structures, and V ventricles (Middle rhythm
strip is reproduced with permission from Marriott &

Conover [9])
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indeed overdrive suppress the sinus node, but VT

will only suppress the sinus and AV nodes if there

is persistent retrograde (ventriculoatrial ¼ VA)

conduction from the VT substrate through the

AV conduction system and into the atria. In the

absence of VA conduction, sinus or junctional

discharges during VT will occasionally penetrate

the AV conduction system and depolarize a

portion of or even the entire ventricular mass

“between beats” of VT, resulting in what is

referred to as “sinus capture beats” or “fusion

beats” (Fig. 157.11). A relatively slow VT and/or

rapid sinus rhythm improve the likelihood of this

observation. This phenomenon strongly suggests

the diagnosis of ventricular tachycardia (or junc-

tional ectopic tachycardia). Frequent sinus capture

or fusion beats can present a picture of a somewhat

chaotic tachycardia. For completion’s sake, if the

R-R interval varies and the QRS morphology

varies from beat to beat, there are two other entities

to consider: complex SVTs with variable bundle

branch aberrancy or pre-excitation and

nonsustained but frequently repetitive VT (or

SVT with bundle branch aberrancy).

In the presence of a tachycardia with regular

R-R interval and a QRS duration which is normal
for age, SVT is the diagnosis, although VTs

eminating from the ventricular septum may have

a relatively short QRS duration. A nonsinus tachy-

cardia having a prolonged QRS duration has its

own differential diagnosis: VT, SVT with bundle

branch aberrancy, and a pre-excited tachycardia.

If a prior ECG during sinus rhythm is available

from the patient, the presence of inherent bundle

branch block (as may occur following congenital

heart surgery) or pre-excitation (especially the

Wolff-Parkinson-White pattern) provides the cli-

nician a template of the patient’s baseline atrial-

determined QRS morphology. That information

notwithstanding, discriminating VT from SVT

with bundle branch aberrancy is by far the most

common dilemma. A 12-lead ECG during tachy-

cardia with special attention to V1 is most help-

ful. Based upon nuances of the QRS morphology

in either a basic right (RBBB) or left bundle

branch blocklike (LBBB) pattern, the basic diag-

nosis can often be made (Fig. 157.12) [10, 11].

Pharmacological interventions may also be help-

ful. The use of a short-acting AV nodal blocking

agent, such as adenosine, is diagnostic for

a primary atrial tachyarrhythmia if it results in

transient AV block but persistent of the atrial

arrhythmia. Its ability to terminate a tachycardia

suggests the presence of an AVN-dependent

SVT, but some outflow tract VTs may also be

terminated by these agents. Ultimately, intracar-

diac electrophysiological testing may be required.

Algorithms such as the one in Fig. 157.12 are

based upon adult data, and, unfortunately, analo-

gous applications of electrocardiograms from

infants and young children are not available.

For example, a QRS duration of only 100 ms

25 mm/sec

Fig. 157.11 Ventricular tachycardia at a rate of about

200 bpm. There is a sinus capture beat in the middle of the
tracing. Discrimination of sinus P waves from baseline

artifact is difficult in this tracing, but variable morphology

of ST segments and T waves, especially during the

first three beats, strongly suggests absence of retrograde

(ventricular-to-atrial) conduction
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from a regular nonsinus tachycardia in a neonate

would be considered ventricular tachycardia until

proven otherwise.

Regular Narrow Complex
Tachycardias

These tachycardias are best analyzed from a

rhythm strip or, preferably, from a multichannel

ECG. If the R-R interval is irregular, a primary

atrial tachyarrhythmia is assumed, especially

atrial fibrillation or atrial flutter. Other entities

such as junctional ectopic tachycardia with sinus

capture beats, certain septal VTs with sinus cap-

ture beats, and non-reentrant AV nodal tachycar-

dia rounds out the differential diagnosis.

Comprising the vast majority of narrow complex

tachycardias are those with a regular R-R interval,

in which that interval only varies (often as alter-

nating intervals) by less than 40 ms. Attention to

the inter-R-R electrogram is then necessary. This

interval is comprised of fusion of T waves and

atrial depolarizations. Here, again, knowledge of

the patient’s baseline ECG and T wave morphol-

ogy may help inform that which is atrial. Like-

wise, the underlying ECG during sinus rhythm

may provide clues about the SVT substrate, such

as the delta wave of the Wolff-Parkinson-White

pattern. The presence of two or more atrial depo-

larizations for every QRS nearly always makes

the diagnosis of a primary atrial tachycardia. If

there is a 1:1 QRS-to-P wave relationship, their

temporal relationship becomes helpful. A “short

R-P” interval (defined as QRS onset-to-onset of

P wave being less than the P-to-next QRS) has

a discrete differential diagnosis, as does a “long

R-P” interval (defined conversely), though with

significant overlap (Fig. 157.13). Tachycardias,

which are incessant, show variations in rate

according to autonomic nervous system milieu

or show “warm-up” and “cooldown” behaviors

most likely use enhanced automaticity as their

mechanism. Nearly all others are paroxysmal,

using either reentrant or, less commonly, trig-

gered mechanisms. Following basic rhythm strip

andmultichannel ECG analysis and consideration

of their spontaneous initiation and termination,

pharmacologic maneuvers may be considered.

Right Bundle Branch-Like QRS
Morphologies in V1-V2

Left Bundle Branch-Like QRS
Morphologies in V1-V2

Morphology Tendencies

•  QR or RS favors VT
•  Triphasic QRS favors SVT
•  Monophasic R favors VT

•  R duration >30 ms favors VT
•  Onset-to-S nadir >60 ms favors VT
•  Notched S wave favors VT
•  (Monophasic R in V6 favors SVT)

Diagnostic Algorithm†

Absence of
R-S in ALL

V leads

R-to-S
interval >100

ms in ANY
V lead

A-V
dissociation

Morphology
Criteria:

Sensitivity>95%
Specificity>95%

Yes: VT Yes: VT Yes: VT

No No No

Fig. 157.12 Discrimination of supraventricular tachy-

cardia (SVT) with bundle branch block from ventricular

tachycardia (VT), based upon adult criteria. The intervals

mentioned in this figure may not apply to infants and small

children. {: This portion of figure is later referenced by

Fig. 157.15 (“Diagnostic algorithm” is modified with per-

mission from Brugada et al [10])
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A diagnostic algorithm of SVT subtypes within

the broader context of all nonsinus tachycardias

and considering some of the above principles

appears as in Fig. 157.14. In many patients, intra-

cardiac electrophysiological testing is required to

make a definitive diagnosis.

Regular Wide Complex Tachycardias

Discrimination of the three categories of wide

complex tachycardia (VT, SVT with bundle

branch aberrancy, and pre-excited tachycardias)

is worthy of comment. Any form of SVT may

exist in a patient coincidentally having pre-

excitation and in which the accessory pathway

alters the QRS but does not participate in the SVT

mechanism.We say that the accessory pathway is

an “innocent bystander.” The only pre-excited

SVT which utilizes the accessory pathway as

a necessary antegrade portion of the tachycardia

mechanism is the antidromic form of atrioven-

tricular reciprocating tachycardia (AVRT).

Hence, most of the concepts described in the

narrow complex tachycardia section apply to

both SVT with bundle branch aberrancy and to

pre-excited tachycardias. A diagnostic algorithm

for wide complex tachycardias in children

appears as in Fig. 157.15, with the same caveats

as for Fig. 157.14.

Bradycardias

Sinoatrial Node Dysfunction

The synonymous terms “sinus node dysfunc-

tion,” “sinoatrial node dysfunction (SAND),”

and “sick sinus syndrome” imply some

combination of depressed SAN automaticity and

sinoatrial conduction block. These terms are

often used carelessly, depending upon the con-

text: clinical signs and symptoms, rhythm strip

observations, or observations in the electrophys-

iology laboratory. Most experts agree that the

terms best apply when there is a combination

of symptoms with electrocardiographic abnor-

malities. The term “tachy-brady syndrome”

applies to the combination of SAND and parox-

ysmal atrial tachycardias, especially atrial flutter,

which may occur long term following atrial

surgery.

The symptoms associated with SAND in chil-

dren relate to low cardiac output and may be

Short R-P narrow complex tachycardia

Long R-P narrow complex tachycardia

R-P

R  -   P

QRS

QRS

P

P

I

II

III

I

II

III

Fig. 157.13 Examples of

short- and long-RP

supraventricular

tachycardia. The top
tracing represents

orthodromic AV

reciprocating tachycardia

from a 9-year-old male

having a left lateral

accessory pathway. The

bottom tracing represents

atypical variety of AV

nodal reentrant tachycardia

from an 18-year-old female
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paroxysmal and dramatic, such as syncope or

presyncope or subtle and very nonspecific,

such as persistent fatigue, nausea, irritability,

daytime somnolence, behavior changes, declin-

ing school performance, and headaches. The

electrocardiographic findings may be similarly

nonspecific. These include persistent sinus

bradycardia (with average heart rates < 2SD for

age); excessive pauses (greater than twice the

ambient sinus interval), especially in the presence

of exaggerated sinus arrhythmia; wandering

atrial pacemaker; and subsidiary escape rhythms,

especially nonaccelerated junctional or low atrial

rhythms (Fig. 157.16).

Electrophysiologic features of sinoatrial node

dysfunction may also be sought in the electro-

physiology laboratory. Abnormally long sinus

delays (relative to the ambient sinus rate) follow-

ing >30-s periods of rapid atrial pacing, the

so-called sinus node recovery time (SNRT),

may indicate depressed sinus node automaticity

[12]. It is even thought that the sinoatrial conduc-

tion time may be estimated by introducing pro-

gressively earlier single premature atrial events

from the high right atrium into sinus rhythm (or

a slow atrial-paced rhythm) and subtracting the

prevailing sinus cycle length (or the slow-atrial-

paced cycle length, S1-S1) from the – eventually

Non-Sinus Tachycardia

Irregular R-R interval Regular R-R interval

Narrow (or mixed) 
complex QRS

Narrow (or mixed) 
complex QRS

Only wide 
complex QRS

Only wide 
complex QRS

Very low amplitude,
indistinct P waves

Easily recognized P 
waves

Paroxysmal; 
constant rate∗∗

Warm-up, cool-
down; or incessant

>1:1 A-V 1:1 A-V
Constant P 

wave 
morphology

Variable P 
wave 

morphology

Discrete 
P waves

Sawtooth
pattern

•  AFl

Long 
R-P

Short
R-P

Short
R-P, 
V-A 

dissoc
or

>1:1 
V-A

Long
R-P

•  FAT
•  aAVNRT
•  PJRT

•  tAVNRT
•  OAVRT

•  Atrial 
fibrillation

•  JET

•  AET

Appearance of inter-QRS interval∗ Behavior of onset & termination

Wide 
complex 

tachycardia
algorithm

•  CAT

•  FAT

Wide 
complex 

tachycardia
algorithm

Fig. 157.14 Diagnostic algorithm for diagnosing types

of nonsinus tachycardias, specifically, narrow-complex

tachycardias. aAVNRT atypical form of AV nodal reen-

trant tachycardia, AET atrial ectopic tachycardia, AFl
atrial flutter, CAT chaotic atrial tachycardia, FAT focal

atrial tachycardia, JET junctional ectopic tachycardia,

OAVRT orthodromic form of AV reciprocating tachycar-

dia, PJRT permanent form of junctional reciprocating

tachycardia, tAVNRT typical form of AV nodal reentrant

tachycardia, and *, ** these portions of figure are later

referenced by Fig. 157.15
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stable – return cycle (S2-S3, with S2 representing

the premature stimulus and S3 the subsequent

recovery sinus node-produced electrogram)

[13, 14]. These techniques require certain

assumptions, and they suffer from poor positive

predictive accuracy and reproducibility [15]. In

the past, SNRT measurement during pharmaco-

logic blockade of autonomic influences has been

championed in children to help improve the value

of this test [16]. Clinical application of these

techniques has waned greatly in the last two

decades. More recently, specialized filtering and

frequency settings have permitted direct mea-

surement of sinoatrial node depolarization [17],

but this technique has also not been embraced by

clinicians.

Sinoatrial node dysfunction is a condition of

advancing age, and it is rare in infants, children,

adolescents, and young adults except following

congenital heart surgery. A list of associations in

the young appears in Table 157.1 [18–26].

Atrioventricular Conduction
System Block

First- and Second-Degree
Atrioventricular Block
First-degree AV block is defined as a prolonged

PR interval while in sinus rhythm. This interval

normally prolongs with age. The PR interval,

ordinarily defined as the electrocardiographic

Non-Sinus Wide Complex Tachycardia

Irregular R-R interval
Regular R-R interval 
with sinus capture 

or fusion beats

Regular R-R interval

Same QRS as 
preexcited

NSR

Same 
QRS as 
BBB in 

NSR

Preexcited
SVT (use ∗

from Fig. 14)
SVT with BBB 
(use ∗ from 

Fig. 14) 

VT

Behavior of onset & termination

Warm-up, cool-
down; or incessant

Same QRS 
as BBB in 

NSR 

Same QRS as 
preexcited

NSR 

Short
 R-P 
or 

>1:1 
V-A

Long 
R-P 

Long 
R-P 

JET with 
BBB 

AET 
with 
BBB

Preexcited
AET

Paroxysmal; 
constant rate

SVT with 
BBB (use 
∗∗ from 
Fig. 14) 

Not SVT 
with 
BBB

See † from Figure 12

Response to adenosine

Termination Persistence

(+) Preexcitation in NSR (−) (+) Preexcitation in NSR (−)

•  ART 
•  AVNRT w/PE 
•  Some FAT 
    w/PE

•  Rare 
   RVOT 
      VT

•  AFl w/PE
•  Some FAT 
    w/PE 

•  VT

Fig. 157.15 Diagnostic algorithm for diagnosing types

of nonsinus wide complex tachycardias. AET atrial

ectopic tachycardia, AFl atrial flutter, ART antidromic

reciprocating tachycardia, AVNRT AV nodal reentrant

tachycardia, BBB bundle branch block, FAT focal atrial

tachycardia, NSR normal sinus rhythm, PE pre-excitation,

RVOT right ventricular outflow tract, VT ventricular

tachycardia, { refers to portion of Fig. 157.12 also labeled
with {, and * or ** refers to portions of Fig. 157.14 also

labeled with * or **
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interval from the sinus P wave onset to the QRS

onset, comprises the conduction time from the

sinoatrial node transatrially to the AV node,

the trans-AV nodal conduction time, and the con-

duction time through the His bundle, bundle

branches, and Purkinje network. (A portion or

the entirety of these structures may be bypassed

by pathological accessory pathways, the subject

of another chapter.) Hence, first-degree AV block

may result from delay in any of these anatomic

structures. Accordingly, the etiology and clinical

significance of this common finding reflect the

anatomic structure responsible for the delay. For

example, first-degree AV block caused by right

atrial volume overload due to an atrial septal

defect does not predict progression to higher

grades of AV block. However, the development

of first-degree AV block, especially when com-

bined with QRS axis change in a young person

having a mitochondrial disease such as Kearns-

Sayre syndrome, likely represents evolving HPS

damage and is a harbinger of dangerous complete

AV block. A nonexhaustive list of etiologies of

all levels of AV block appears in Table 157.2. In

the absence of congenital heart disease/surgery,

acquired cardiac disease, metabolic or electrolyte

disorder, acute infectious disease, neuromuscular

disease, channelopathy, or drug/toxin effect, first-

degree AV block in young people merely repre-

sents enhanced parasympathetic influences or is

idiopathic and does not represent risk to the

patient. It occurs in up to 12 % of ambulatory

rhythm recordings from healthy teenagers [27]

and in 0.65–1.1 % of random 12-lead ECGs in

children [28]. Isolated first-degree AV block in

young athletes is considered a normal variant,

occurring in 23 % of ambulatory rhythm record-

ings from teenaged athletes [29]. Rarely,

especially following surgery for congenital

heart disease, very prolonged PR intervals

result in ventricular contraction not yet being

completed by the time of the next atrial contrac-

tion. Hence, atrial contraction against closed

AV valves ensues, with possible symptoms of

light-headedness, fatigue, and nausea, so-called

pseudo-pacemaker syndrome [30].

I

II

25 mm/sec

25 mm/sec

Fig. 157.16 Rhythm

strips from patients having

sinoatrial node dysfunction

following congenital heart

surgery. The top strip
shows sinus bradycardia

and a sinus pause. The

pause could be due to

failure of sinoatrial node

discharge (decreased

automaticity) or to second-

degree sinoatrial

conduction block. The

bottom strip is continuous

and shows junctional

bradycardia and

nonsustained episodes of

atrial flutter
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Type I second-degree AV block usually

results from blocked conduction in the AV con-

duction system, usually the AV node, and only

requires therapy if clearly causing symptoms of

dizziness, presyncope, or fatigue. This finding

exists in up to 11 % of asymptomatic teenagers

during sleep [27] and in up to 20 % of athletic

teenagers [29], based upon ambulatory rhythm

monitoring. Its presence during wakefulness is

much less common and is probably worthy of

long-term patient surveillance. Type II second-

degree AV block usually represents infranodal

AV conduction system disease and represents an

unstable conduction system, but it too has been

identified in apparently healthy young athletes

[29]. It may be associated with bundle branch

block. Knowledge of the underlying etiology or

type of prior heart surgery also helps inform the

anatomic level of block and attendant risk

(Table 157.2). Treadmill exercise testing may

be helpful in discriminating the anatomic level

of second-degree AV block. As a rule, autonomic

factors favor improved AV conduction at faster

atrial rates when the disease is in the AV node and

AV block worsens at faster atrial rates when the

disease is infranodal.

Table 157.1 Sinoatrial node dysfunction: associations in

the young

Genetic etiologies

Primary channelopathies

HCN4 gene mutations [18]

SCN5A gene mutations (with atrial standstill, due to

sinoatrial conduction block?) [19]

Cx40 gene mutations (with atrial standstill) [20]

Secondary associations with other cardiac

channelopathies

Long QT syndrome, type 1

Long QT syndrome, type 3

Brugada syndrome

Catecholaminergic polymorphic ventricular

tachycardia

Transcription factors

TBX5 gene mutations (Holt-Oram syndrome, often

with structural heart defects)

Nkx2.5 gene mutations (often with structural heart

defects)

Congenital heart disease

Congenital

Heterotaxy (especially left atrial isomerism)

Associated with single left superior vena cava [21]

Postoperative (***, **, and * refer to relative

prevalence)

Fontan operations with atrial inclusion ***

Atrial redirection operations (Mustard/Senning) ***

Sinus venosus atrial septal defect **

Total and partial anomalous pulmonary venous

return repair **

Ross procedure ** [22]

Tricuspid valve surgery **

Orthotopic heart transplantation **

Hypoplastic left heart syndrome surgeries *

Tetralogy of Fallot repair *

Arterial switch for d-transposition of great arteries *

Secundum atrial septal defect repair *

AV septal defect repair *

Cardiomyopathies

Left ventricular noncompaction (especially withWPW)

[23]

Dilated (especially laminopathies, SCN5A mutations)

Hypertrophic (especially glycogen storage disease

caused by PRKAG2 mutation)

Neuromuscular and neurodegenerative disorders

Emery-Dreifuss muscular dystrophy (X-linked)

Myotonic dystrophy, type I

Laminopathies (lamin AC mutations)

Mitochondrial myopathies

Fatty acid oxidation disorders

(continued)

Table 157.1 (continued)

Congenital central hypoventilation syndrome [24]

Neuronal ceroid lipofuscinosis (Batten’s disease) [25]

Infectious and immunologic

In utero exposure to maternal anti-SSA/Ro or anti-SSB/

La antibodies (with AV block)

Chronic Kawasaki syndrome [26]

Acute myocarditis

Diphtheritic myocarditis

Typhoid fever

Acute dengue fever

Other

Elevated central nervous system pressure from any

etiology

Central nervous system disorders affecting brainstem or

hypothalamus

Hypothermia

Anorexia nervosa

Hypothyroidism

Medication/drug effect

Hypervagotonia from any etiology
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Bundle Branch Block
Conduction abnormalities that manifest as pertur-

bations in the QRS morphology and lengthening

of the QRS duration represent abnormalities

within the bundle branches, Purkinje fibers,

and/or ventricular myocardium. In children, they

are often components of an underlying condition,

including many of those listed in Table 157.2.

Progressive bundle branch block or nonspecific

interventricular conduction delay is especially

important, as it may represent disease progression

to complete AV block (e.g., Kearns-Sayre

syndrome). The coexistence of distal conduction

system disease with other conditions appears in

discussion of those underlying disorders. This

section addresses isolated bundle branch disease.

Right bundle branch block (RBBB) is diag-

nosed by the electrocardiographic pattern of

a dominant broad S wave in lead I (and often

aVR) and R’ in lead V1. “Complete” RBBB

requires that the QRS duration be sufficiently

long for the patient’s age and that the conduction

delay be concentrated in the terminal portions of

the QRS. That is, if the QRS is uniformly

prolonged, even with a dominant R versus

S wave in V1, interventricular conduction delay

with right ventricular hypertrophy is also possible.

If the QRS duration is somewhat prolonged (but

not having a z score of >2) and has a similar

pattern as RBBB, “incomplete RBBB” (iRBBB)

is diagnosed. Discriminating iRBBB from right

ventricular hypertrophy in a youngster having a

right ventricular volume overload condition may

be impossible. These patterns are common in

children, representing 2.9 % (iRBBB) and

0.16 % (RBBB) of healthy 6–17-year olds [31],

with a female predominance. Incomplete RBBB

having an rSr’ pattern in V1 is now considered a

normal variant in physically conditioned teen-

agers [32].

Isolated familial complete RBBB (i.e., not

coexisting with a cardiomyopathy) has been rec-

ognized for decades, but its clinical significance

remains in dispute. If there is, in addition, left

axis deviation of the initial 40 ms of the QRS

(therefore, comprising one form of bifascicular

block), progression to complete AV block has

been reported in some series [33, 34] but not in

others [35]. Even in the presence of a normal

initial QRS axis, progression to AV block has

been reported in some series [36, 37] but not in

others [38]. It is reasonable to obtain ECGs in

first-degree family members and grandparents,

when isolated complete RBBB is first identified

in a child. The role of long-term surveillance

when the family history is negative and ECGs

are normal is unknown.

Complete left bundle branch block (LBBB) is

diagnosed when the QRS duration exceeds a z

score of 2, and there is a pure S or rS in V1. This

diagnosis may be confused with the Wolff-

Parkinson-White pattern and a right free wall

accessory pathway; the PR interval should

always be carefully measured, as it will be very

short in the presence of Wolff-Parkinson-White

pattern. As an isolated finding, LBBB in a young-

ster is rare and always raises the concern of pro-

gressive conduction system disease, with or

without cardiomyopathy. Affected youngsters

require ambulatory rhythm monitoring and exer-

cise testing in order to identify periods of AV

block, especially at higher atrial rates. At mini-

mum, long-term surveillance is required. LBBB

may occur following left ventricular outflow tract

surgery.

Congenital Complete Atrioventricular
Block
Congenital complete atrioventricular block

(CCAVB) occurs in 1 in 11,000 live births [39].

Approximately two-thirds of cases are considered

immune mediated, related to transplacental pas-

sage of anti-ribonucleoprotein antibodies (anti-

SSA, Ro (especially anti-Ro52 and anti-Ro60);

or anti-SSB, La) from women who are ANA pos-

itive, though only a minority of these women have

active systemic lupus erythematosus or Sjögren

syndrome. These antibodies result in an immune-

mediated fibroelastic destructive process starting

at about 18 weeks of gestation and resulting in

CAVB (>90 %) and/or SAND (10 %). The path-

ogenesis of CAVB (and, less commonly, SAND

or endocardial fibroelastosis) is incompletely

understood, although there are currently three

active theories: [1] The calcium channel theory,

in which cell surface L-type calcium channel
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Table 157.2 Conditions associated with first-, second-, or third-degree AV block. Italicized entities are exclusive to

the older adult population

Cardiac-genetic and

congenital structural Cardiac acquired

Cardiac post- or

periprocedural

Neuromuscular/

inborn errors Metabolic

Right atrial volume

overload lesions

l-TGA

Heterotaxy

Nkx2.5 mutations

TBX5 mutations

Dilated cardiomyopathy

(lamin A/C mutations,

desmoplakin

mutations ¼ Carvajal

syndrome)

Restrictive

cardiomyopathy

(desmin mutations)

Hypertrophic

cardiomyopathy

(PRKAG2 mutations)

SCN5A mutations

(loss of function)

KCNQ1 mutations

(loss of function)

KCNJ2 mutations

(loss of function,

Andersen-Tawil

syndrome)

TRPM4 mutations

(gain of function)

Connexin40 gene

mutations

Any LQTS with marked

QT prolongation

(neonatal)

Inferior myocardial

infarction (as with

Kawasaki disease)

Acute bacterial

endocarditis

(periaortic abscess)

Tumors of AVN region

(cystic, rhabdomyoma,

myxoma, lymphoma)

Endocardial fibrosis

Calcification of annulus

fibrosis (e.g., secondary

hyperparathyroidism in

chronic renal failure)

Maternal anti-Ro (SSA)

or anti-La (SSB)

antibodies (fetal or

neonatal)

Infiltrative cardiac
disease (sarcoidosis,
Fabrys, amyloid)
Lènegre-Lev syndrome

LV outflow tract surgery

(e.g., Konno, subaortic

membrane resection, aortic

valve replacement)

Mitral valve replacement

Tricuspid valve

replacement

Ventricular septal defect

closure (especially with

l-TGA, d-TGA/arterial

switch)

AV septal defect repair

Catheter ablation

(midseptal or anteroseptal

accessory pathways,

triangle of Koch atrial

tachycardias)

Percutaneous ASD closure

Percutaneous membranous

VSD closure

Percutaneous ethanol

septoplasty for

hypertrophic

cardiomyopathy

Any catheter manipulation

in heart (across tricuspid

valve, in atrial septum,

beneath aortic valve)

Percutaneous aortic valve

replacement

Orthotopic heart

transplantation (rejection)

Thoracic or lumbar spinal

block

Mediastinal radiation

Emery-Dreifuss

muscular

dystrophy

(X-linked form)

Myotonic

dystrophy type I

Other

laminopathies

Neuronal ceroid

lipofuscinosis

Kearns-Sayre

syndrome

Lafora’s

disease

Ochronosis

Hyperkalemia

Hypokalemia

Hyponatremia

Hypermagnesemia

Hypocalcemia

(premature

infants)

Thyrotoxic

hypokalemic

periodic paralysis

Hyperthyroidism

Collagen vascular Infectious Toxins Medications Others

Systemic lupus erythematosus

Sjögren syndrome (especially

with mixed connective tissue

disease)

Ankylosing spondylitis

Progressive systemic sclerosis

Acute rheumatic fever

Behçet syndrome

Takayasu’s arteritis
Rheumatoid arthritis

Lyme carditis

Leptospirosis

Dengue

hemorrhagic

fever

Chagastic

carditis

Scrub typhus

Parvovirus

myocarditis

Varicella

virus

myocarditis

Coxsackie

virus

myocarditis

Rhododendron

(grayanotoxin,

“bitter honey”)

Oleander

Toluene

Ethanol

Oolong tea

Scorpion

envenomation

Class

I antiarrhythmic

drugs

Class III

antiarrhythmic

drugs

Beta-adrenergic

blocking drugs

Calcium channel

blocking drugs

Digitalis

alkaloids

Adenosine

Acetylcholine

Tricyclic

antidepressants

Anorexia nervosa

Hypothermia

Closed head injury

Subarachnoid

hemorrhage

Sleep apnea

Advanced athletic

training

Hypervagotonia

(vasovagal reflex,

swallow syncope)

Pancreatitis

Familial

(continued)
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proteins (Cav1.3) are targeted by maternal anti-

bodies; [2] The apoptotic theory, in which the

normally antibody-inaccessible ribonucleopro-

teins, Ro and La, are exteriorized during apopto-

sis, prompting an antibody-mediated

inflammatory response with collateral damage to

neighboring healthy myocytes; and [3] The sero-

toninergic theory, in which cross-reactivity

between the 52 kD portion of the nuclear (and

therefore unavailable) Ro antigen and cell surface

5-HT4 receptors, occurs. This causes reduction of

L-type calcium channel proteins, because 5-HT4

receptor binding is important for L-type calcium

channel activation. A combination of the first two

theories is currently favored [40].

About 5 % of pregnancies in women having

antibodies result in CCAVB, but after a first-

affected infant, that incidence increases to about

18 % for subsequent pregnancies [39]. New data

suggest that recurrences are more likely in older

women and when the vulnerable portion of ges-

tation (12–24 weeks) occurs during the months of

January–March [41]. Affected newborns may

also have transient rashes, hepatitis, or

cytopenias, which may persist until about

6 months of age. The presence of isolated

neonatal lupus rash is associated with a 6- to

10-fold increase risk of CCAVB in subsequent

pregnancy [42]. Rarely, AV block does not occur

until weeks to a few months postpartum.

Nonimmune CCAVB occurs with a higher

than expected incidence in fetuses having certain

structural congenital heart defects, especially

congenitally corrected transposition and some

forms of heterotaxy (particularly, left atrial isom-

erism, or “polysplenia”). Uncommon genetic

etiologies, which may or may not have associated

structural defects, includemutations in the Nkx2.5

transcription factor gene [43] or the Tbx5 tran-

scription factor gene.When the latter is associated

with Holt-Oram syndrome, sinoatrial node dys-

function may coexist or predominate [44].

CCAVB is a morbid condition, carrying a

20–30 % incidence of fetal or neonatal death.

This risk is highest when there is associated

SAND and endocardial fibroelastosis [45]. In the

presence of hydrops fetalis, the mortality rate of

immune-mediated CCAVB is 73–100 %. The

diagnosis of congenital heart block is made during

fetal ultrasound, and once identified, patients

should be observed closely in utero for signs of

heart failure and hydrops fetalis. Early delivery

and immediate postbirth pacing may be indicated

and weighed against the risks of prematurity.

Among antibody-exposed fetuses, especially fol-

lowing a prior-affected infant, there are several

ultrasound-guided methods of monitoring the

mechanical AV interval. The goal is to identify

progressive AV interval lengthening or develop-

ment of second-degree AV block, in hopes of

providing maternal therapy to prevent progression

to CAVB. That said, there is still no conclusive

proof that PR prolongation in these fetuses predicts

progression to CAVB. Once CAVB is present, no

therapies are effective. Several anecdotal series

have championed the use of maternal steroids,

plasmapheresis, and/or IVIG to prevent progres-

sion to CAVB and even reversal of second-degree

AV block [46–49]. However, IVIGwas shown not

to be effective in a recent large experience [50],

and the PRIDE study, in which dexamethasone

was used in a randomized protocol, also failed

Table 157.2 (continued)

Collagen vascular Infectious Toxins Medications Others

Mycoplasma

myocarditis

HIV infection

Carbamazepine

Clonidine

Dexmetatomidine

Interferon

Lithium

Cimetidine/

ranitidine
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to demonstrate efficacy [51]. For fetuses with

CCAVB who have signs of hydrops or an exces-

sively slow rate (<55 bpm) and in whom early

delivery is felt to be highly undesirable, maternal

administration of the beta-adrenergic agent,

ritodrine, has been reported to be helpful [52].

Once an infantwith heart failure is born, aggres-

sive therapy is required for all other aggravating

factors, including pleural and pericardial effusions,

lung disease of prematurity, and coexisting

structural heart defects. Duration of temporary

transcutaneous pacing is limited by skin fragility,

so placement of temporary transvenous or epicar-

dial wires in the intensive care nursery may be

necessary.

The rhythm strip from an affected patient

demonstrates atrioventricular dissociation,

usually with a normal sinus P wave rate

(Fig. 157.17). However, in up to 10 % of infants

having immune AV block, the sinus node will

also be affected, resulting in sinus P wave brady-

cardia, as well. In the more common circum-

stance, the P wave rate is often coincidentally

about twice that of the escape junctional pace-

maker. This can result in the QRS having

a relatively constant relationship with the pre-

ceding and following P waves, at least for brief

periods of time. This can simulate second-degree

AV block and 2:1 AV conduction. The true diag-

nosis will become evident after prolonged

rhythm strip surveillance. Another interesting

phenomenon is often observed in children having

congenital AV block and periods of a relatively

constant QRS and P wave relationship: The P-P

interval bracketing the QRS is often slightly lon-

ger than the alternating P-P interval. Theories

abound for this observation, including the

mechanical effect of atrial stretch associated

with right atrial contraction against a closed tri-

cuspid valve and alterations in blood flow to the

sinoatrial nodal artery.

Specific indications for permanent pacing in

newborns and in children with congenital com-

plete heart block are included in the 2008 guide-

lines for device-based therapy of cardiac rhythm

abnormalities [53]. Even asymptomatic adults

with CCAVB have a 5 % incidence of sudden

death at long-term follow-up [54]. It has there-

fore become standard practice to permanently

pace all such patients by their late teenage

years. Among patients with congenital complete

heart block who require pacing, perhaps up to

10 % will develop significant ventricular dys-

function [55]. Whether this is due to intrinsic

muscle disease related to the initial immune-

mediated process or whether this is purely due

to dyssynchronous ventricular depolarization is

unknown. Ventricular function benefits from

ventricular resynchronization pacing in this

patient group [56]. Lastly, an association

Atrium…

A-V junction…

Ventricle…

25 mm/sec

II

Fig. 157.17 Rhythm strip from a 6-year-old having con-

genital complete AV block. It illustrates AV dissociation,

a faster P wave rate than QRS rate, and a regular R-R

interval. The associated ladder diagram below illustrates

blocked atrial impulses (symbol, //) in the upper portion of

the AV node and an AV conduction system escape mech-

anism (symbol, •) from the more distal AV conduction

system
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between immune-mediated CCAVB, but not

non-immune CCAVB, and aortic root dilatation

has recently been discovered [57].

Interpreting the Rhythm Strip

Rhythm strip interpretation can be most daunting

in the presence of irregular rhythms. By catego-

rizing the pattern of irregularity, the clinicianmay

then reduce the differential diagnosis to more

manageable considerations. All available clinical

information should be brought to bear when

weighing the possibilities within each category.

For example, when considering an infant having

just undergone surgery for AV septal defect and

who now has “group beating” and a normal

P wave appearance and rate, second-degree AV

block would move to the top of the list. Or, in

a teenager who has Wolff-Parkinson-White pat-

tern and narrowQRS complex “premature beats,”

reciprocating beats related to the accessory path-

way should come to mind. Based upon the clas-

sical textbook by Marriott and Conover,

Advanced Concepts in Arrhythmias Second Edi-

tion [9], we have found certain sequential steps to
be a good approach to complex arrhythmia inter-

pretation. First, the clinician is advised to utilize

as many leads as possible. This is critical for

determining the origin of the atrial impulse, the

type of bundle branch block, and the QRS axis

and to identify events which may be isoelectric,

and therefore not visible, in one lead or the other.

Next, the QRS is identified, and even if the

amplitude is very low, it is always followed by a

T wave. One or the other is always visible. Third,

the P wave should be sought. It may appear as

only a distortion of the QRS, ST segment, or

T wave. If available, the normal QRS, ST

segment, and T wave will serve as an unaltered

template. Finally, subtle changes in the rates of

the P and QRS complexes should be measured, so

that the perturbation of the rate of one can be

related to that of the other; that is, depolarization

of which chamber is dictating the rhythm? This

provides mechanistic insight into the underlying

arrhythmia. What follows is a summary of

etiologies of various QRS arrhythmic patterns

according to the arrhythmia phenotype, with

some additional comments when appropriate.

A “ladder diagram” is used to illustrate the

anatomical electrical connections that account

for some of these phenomena.

Etiologies of Premature QRS
Complexes

Premature atrial complexes (PACs; often referred

to as atrial premature beats, or APBs) result in

early ventricular depolarizations only if the AV

conduction system components have recovered

from their refractory periods from the prior normal

beat (Table 157.3). If not, a distortion of the prior

T wave may be the only evidence that an atrial

extrasystole has occurred. If only one or the other

Table 157.3 Etiologies of premature beats

Extrasystoles (atrial, ventricular, rarely manifest

junctional)

When multiple, usually constant coupling interval to

prior sinus beat

Figure 157.10, middle (ventricular)

Figure 157.18 (ventricular)

Figure 157.10, top (*atrial)

Parasystole (atrial, ventricular, rarely manifest junctional)

Varying coupling interval to prior sinus beat

Interectopic beat intervals are a multiple of a basic

discharge rate

Figure 157.5

Capture beats

Example: Sinus beat interrupting period of junctional

escape rhythm

Figure 157.19, top

Reciprocal beats

Atrioventricular or AV nodal reentrant beats

Figure 157.19, bottom

Better conduction interrupting poorer conduction

Example: Second-degree AV block, in which 2:1 AV

conduction suddenly changes to 3:2 conduction for one

cycle

Supernormal conduction during period of AV block

Spontaneous resolution of inapparent nonconducted atrial

bigeminy

Note change (loss of distortion) in T wave following

termination of atrial bigeminy
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bundle branch has recovered from refractoriness,

the resultant QRSwill have a bundle branch block

appearance. A rhythm strip showing both prema-

ture narrow and wide QRS complex beats

should raise the suspicion of conducted PACs.

Nonconducted PACs result in a QRS pause (see

below) and may only be identified by distortion of

the T wave corresponding the prior normal QRS.

PACs are common in patients having an otherwise

normal conduction system, especially in neonates,

and usually do not require therapy. Premature

junctional complexes (PJCs) are exceedingly

rare, occur when there is abnormal automatic

discharge from the AV node or His bundle, and

are considered pathologic. Unapparent conducted

PACs and low atrial PACs are sometimes

miscategorized as PJCs. Premature ventricular

complexes (PVCs; often referred to as ventricular

premature beats, or VPBs) are also common

normal variants and may eminate from any por-

tion of the ventricular myocardium. The more

septal their origin, the more narrow the QRS.

PVCs are discriminated from PACs with bundle

branch aberrancy, based upon the normal T wave

associated with the prior sinus beat. If the PVC is

available by full 12-lead ECG, the QRS morphol-

ogy may also be useful (Fig. 157.12). When the

PVC does not conduct retrogradedly through the

specialized conduction system into the atria, sinus

node discharges continue unabated. If the sinus

discharge which occurs nearly contemporane-

ously with the PVC slows sufficiently in the AV

conduction system, a propagated QRSmay result.

In that instance, the PVC is said to be interpolated.

Otherwise, there is a post-PVC pause in the

ventricular rhythm; the interval between the

sinus-conducted QRS complexes which bracket

the PVC would then be twice the ambient

sinus rate, and the interval from the PVC to the

next sinus conducted QRS is considered a

“compensatory pause” (Fig. 157.18).

“Capture beats” occur when there are compet-

itive rhythms and on occasion they fail to sup-

press each other. For example, this is seen in

patients having SAND, a predominantly slow

junctional escape rhythm, the absence of retro-

grade conduction from the AVN up to the atrium,

and an occasional sinus node discharge which

3 33

Atrium

A-V
junction

Ventricle

V-V
Interval: xX 2x 2x x 2x

25 mm/sec

Ch1

Ch2

Ch3

Fig. 157.18 A 3-channel rhythm strip showing mono-

morphic ventricular trigeminy with its associated ladder

diagram. The premature ventricular focus (symbol • in the

ladder diagram) blocks retrogradedly in the AV conduc-

tion system (indicated by the symbol, //), a common char-

acteristic of the human heart. Therefore, sinoatrial

discharges continue uninterrupted but block in the distal

AV conduction system, which is refractory (gray shaded
regions), due to concealed conduction from the ventricular

extrasystoles. This results in a compensatory pause,

because the interval between conducted QRS complexes

is twice the ambient sinus rate
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enters the AVN prior to the next expected junc-

tional depolarization. Similarly, changes in auto-

nomic nervous system tone or other dynamic

influences may cause sudden improvement in

AV conduction such that 1:1 AV conduction

briefly interrupts constant high-grade AV block.

“Reciprocating beats” can be viewed as single

beats of a reentrant SVT, classically occurring

when a sinus node-driven QRS reenters the atria

via conduction up an accessory AV connection,

followed by normal AV conduction back to the

ventricles (Fig. 157.19).

Etiologies of Pauses of the QRS
Complex

Most entities in this category have been previ-

ously discussed. Nonconducted atrial bigeminy

of the fetus and neonate probably represents the

most common cause of sustained QRS bradycar-

dia in young humans (Table 157.4). The only

clue to this diagnosis in a brief rhythm strip

may be the distorted T wave by the PACs.

A longer period of surveillance will likely

reveal either resumption of sinus rhythm

.

Atrial…
A-V jcn…

Ventricle…

50 mm/sec

I
II
III

Atrial…

Atrial…

A-V jcn…

A-V jcn…

Ventricle…

Ventricle…

25 mm/sec

Fig. 157.19 Examples of premature beats with associ-

ated ladder diagrams. The top rhythm strip shows primary

junctional rhythm (the discharging focus is indicated by

the symbol, •, in the ladder diagram), no evidence for

retrograde conduction from the junction into the atria,

and a brief period of a faster atrial rhythm. The fourth

and fifth QRS complexes are premature and are sinus

“capture beats,” which result from sinus P waves (*)

conducting to the ventricles. The longer PR interval pre-

ceding the first of these two beats (and denoted by the

dashed line in the ladder diagram) is due to slower

antegrade conduction, because it is relatively refractory

due to retrograde concealment from the prior junctional

beat. // indicates conduction block. The bottom rhythm

strip shows a single premature conducted P wave. The

mechanism cannot be determined from this rhythm strip

and, as indicated by the two ladder diagrams beneath it,

could represent a true premature atrial contraction (top
ladder diagram) or a reciprocating beat related to an

accessory AV connection (bottom ladder diagram),
among others
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without PACs or conducted PACs. Concealed

junctional extrasystoles probably represent

the most common manifestation of PJCs

(see above). Using the mechanism of concealed

conduction, as previously described, an early

His bundle extrasystole may both find the distal

conduction system refractory and leave its own

wake of refractoriness; hence, it results in neither

its own QRS nor AV conduction of the ensuing

atrial depolarization (Fig. 157.20) [9]. This

diagnosis is best made during intracardiac

electrophysiologic testing.

Etiologies of Bigeminal QRS Complex
Rhythm

A bigeminal rhythm implies a monotonous pattern

of alternatingQRS-to-QRS intervals (Table 157.5).

Although the entities in this category overlap with

“premature beats,” 3:2 conduction deserves

further mention. Either second-degree sinoatrial

or AV block in which conduction block occurs

after every third depolarization of the proximal

structure will give the appearance of bigeminy,

because there will always be an alternating inter-R

wave interval.

Etiologies of Group Beating of QRS
Complexes

“Group beating” means that there are repetitive

clusters of ventricular impulses separated by

a beat or several beats of a normal or, at least,

slower rhythm (Table 157.6). The only forms of

SVT which may fall into this category are those

in which the AV node is not a portion of the

reentrant circuit, i.e., primary atrial tachycardias.

Orthodromic AV reciprocating tachycardia and

nearly all forms ofAVnodal reentrant tachycardia

have a 1:1VA relationship and do not present with

QRS group beating. The only exception is the

Table 157.4 Etiologies of QRS pauses

Nonconducted atrial extrasystole

Figure 157.10, top

Second-degree sinoatrial block

Figure 157.9, middle

Second-degree atrioventricular block

157.9, bottom

Sinoatrial nodal dysfunction

Figure 157.16, top

Figure 157.10, bottom

Concealed conduction

Figure 157.10, middle (second *, {)
Concealed junctional extrasystoles

Figure 157.20

I

PR interval: 280 230 300 240 290 230 ms.

Atrium

AV jcn.

Ventricle

Fig. 157.20 In the differential diagnosis of QRS pauses,

this rhythm strip illustrates the unusual diagnosis of

“concealed junctional extrasystoles.” These discharges

(indicated by the symbol, •, in the ladder diagram) most

likely originate in the His bundle. Although they do not

conduct antegradedly to the ventricles, they do leave

a wake of refractoriness in the AV junction (indicated by

the gray regions and representing another example of

concealed conduction). When the sinoatrial impulse

encounters the AV junction partially depolarized in its

relatively refractory state (*), conduction slows, as indi-

cated by PR interval prolongation (beats 1, 3, and 5).

When the sinoatrial impulse encounters the AV junction

in its absolute refractory period, there is no conduction,

resulting in the QRS pause. If, as in this case, the junc-

tional extrasystoles do not result in a depolarizing signal

on the surface ECG, the diagnosis must be made by

inference, unless intracardiac electrograms are available

(Modified with permission from Marriott & Conover [9],

p. 375)
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permanent form of junctional reciprocating tachy-

cardia (a form of orthodromic AVRT), in which

the tachycardia may spontaneously terminate and

restart (after brief sinus rhythm) incessantly.

Etiologies of Regular QRS Bradycardia

The practitioner should always be cognizant of

the developmental changes in the sinus rate

when considering the presence of bradycardia.

The relevance of sinus bradycardia must take

into account the clinical milieu, especially in

older children and teenagers, when there is

a high incidence of isolated heightened vagal

tone. In addition to some of the manifestations

of SAND (sinus bradycardia, junctional brady-

cardia, and regular type II second-degree sino-

atrial block (which cannot be diagnosed from the

surface rhythm strip)), this category includes per-

sistent nonconducted atrial bigeminy and third-

degree (complete) AV block.

Electrocardiography

Electrocardiography is the measurement and

interpretation of voltages generated by the heart

and recorded on the body surface. While clinical

interpretation of the electrocardiogram may be

based solely on the recognition of patterns across

leads on the recorded page, this methodology

may ultimately lead to a flawed diagnosis when

the basic assumptions about the recording of a

patient’s electrocardiogram are violated. Such

can be the case in congenital heart disease,

where anatomy and physiology vary vastly.

Therefore, the interpretation of the electrocardio-

gram must be grounded in a basic understanding

of its genesis.

Electrical Generator in a Volume
Conductor

In the simplest form, the heart can be considered

a battery within a bounded volume of electrically

conductive fluid (the body). A battery in a

conductive medium passes current from one

pole to the other pole continuously, until

exhausted, with the amount of current being

determined by the resistance. The current is

driven throughout the entire volume of the con-

ductor. The direction and density of the current is

determined by factors related to the uniformity of

the conductive medium. The current density is

highest close to the source and is less at farther

points, such as the body surface. Nonuniformity

of conductivity, the presence of nonconductive

Table 157.5 Etiologies of bigeminal QRS complex

rhythm

Conducted atrial, conducted junctional (rare), or

ventricular bigeminy

Reciprocating atrioventricular or AV nodal beat after

every sinus/atrial beat

Double AV nodal and ventricular activation by each sinus

beat (rare)

Due to dual AV nodal physiology, plus very discrepant
conduction times through “fast” and “slow” inputs to

AV node, plus failure of concealment of “fast” inputs

into “slow” inputs

Conducted atrial, conducted junctional (rare), or

ventricular parasystole with fortuitous discharge rate

a multiple of ambient sinus rate

3:2 conduction

Atrioventricular if atrial/sinus rhythm

Nodoventricular if junctional rhythm

Multilevel junctional block during atrial flutter (2:1

alternating with 4:1)

Table 157.6 Etiologies of group beating of QRS

complexes

Second-degree sinoatrial or AV block having a ratio of 4:3

or greater

Atrial flutter having complex AV junctional block having

a ratio other than 1:1, 2:1, or 3:2

Sinus/atrial rhythm repeatedly having >2 consecutive

conducted atrial, conducted junctional (rare), or

ventricular extrasystoles

Nonsustained but incessant conducted atrial, conducted

junctional (rare), or ventricular tachycardia

Nonsustained but incessant permanent form of junctional

reciprocating tachycardia

Frequent interpolated premature ventricular complexes
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objects, or irregularities of the boundaries can all

affect the path of the electric current. In the body,

there are many influences on these current paths.

These include the shape, position, and mass of the

myocardium as well as the lungs, vessels, rib

cage, musculature, and skin. The volume and

location of blood, or fluid, within the thorax is

also influential.

Body Surface Potentials

The myocardium generates current in complex

patterns throughout the heterogeneous conductive

structure of the body. If these patterns were visible

on the skin, a unique and abstract line drawing

would be present that would be a representation of

the underlying system. A battery in the thorax

would generate a static pattern that would remain

unchanged as long as energy remained in the bat-

tery and there were no changes in the conductivity

of the system, such as no breathing. However,

the heart is not static. With each beat, an electri-

cally active wavefront propagates throughout the

myocardium. This wavefront acts as thin layer of

electric bipoles with positive and negative sides.

In fact, one can think of the activation wavefront

as tiny batteries adjacent to each other in a curvi-

linear formation that moves through the myocar-

dium in time. At an instant in time, the wavefront

generates a particular pattern of current on the

body surface. The pattern is determined by the

position, shape, and density of the wavefront

within the myocardium. As these change during

the cardiac cycle, so does the body surface pattern.

The purpose of electrocardiography is to record

and reconstruct the body surface patterns through-

out the cardiac cycle in order to make inferences

about the characteristics of the electrical generator

that produced them. For further detailed informa-

tion regarding the generation of cardiac and body

surface biopotentials, see reference [58].

Leads

The body surface patterns of electricity must be

sampled extensively in order to characterize the

underlying myocardium. However, instead of

measuring the current flowing at each point, it is

practical to measure the electric potential. The

driving force for current flow is the difference in

electrical potential between two points, better

known as the voltage. Electrode pairs are placed
on the skin surface in order to measure the volt-

age between two points. An electrode pair is a

“lead.” The voltage recorded from a lead is one-

dimensional. That is, without the knowledge of

the positions of the electrodes, the measurement

is only a value. However, in knowing the lead

position on the body, two-dimensional informa-

tion is obtained and more accurate inferences can

be made regarding the source. With multiple

leads, a three-dimensional picture can start to be

constructed.

Yet, the cardiac cycle is not static. Therefore,

the voltage from a lead must be recorded period-

ically over time at a sampling rate that is frequent

enough to accurately measure and reproduce the

continual changes in voltage. An electrogram is a

tracing of how the voltage between two points on

the body varies over time. Through the combina-

tion of spatial sampling by using multiple leads

and temporal sampling by recording over time, a

complete multidimensional representation of the

cardiac cycle, as viewed from the body surface, is

created.

Mapping the Cardiac Cycle

Since the inception of electrocardiography, there

has been a quest for optimizing body surface

measurements. The ultimate goal is to be able

to fully infer the status of the cardiac electrical

generator: its shape, function, position, and

rhythm. The electrical potentials on the body,

and within the body, are continuous. Therefore,

there are an infinite number of electrode pairs

that can be placed. From a mathematical stand-

point, the equations that govern the flow of elec-

trical current in time and space are known.

Therefore, if the body shape and all of its con-

tents and electrical characteristics were known,

then a complete and accurate model of the
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myocardium could be recreated from measure-

ments on the skin. This is known as the inverse

solution – perhaps the Holy Grail of

electrocardiography.

Body surface mapping has been performed

using vests with hundreds of electrodes to mea-

sure as many sites as physically possible in order

to create a three-dimensional rendition of the

electrical potentials on the human torso [59].

Imagine a topographical map of a mountainous

area showing elevations with peaks and valleys.

A body surface map is an electrical “topo map.”

Areas of negative or positive potential can be

identified and tracked throughout the cardiac

cycle. The time-dependent changes in the map

can give diagnostic information. The increased

number of lead sets and higher density of spatial

sampling could potentially reveal more detailed

information. However, both practical and clini-

cal limitations are dominant and the standard

approach is to use 12 leads.

Vectorcardiography
In vectorcardiography, changes in the body sur-

face potentials are represented as a single vector

centered in the chest in a three-dimensional coor-

dinate system. The length of the vector represents

the magnitude of the surface voltage. The direc-

tion and length of the vector changes with the

cardiac cycle and the tip inscribes a loop during

one cardiac cycle. The interpretation of the shape

and direction of the loop in three dimensions is

used to make diagnostic inferences. The benefit

of the vectorcardiogram is that it incorporates

both time and space to give a two-dimensional

rendition of the cardiac cycle. In this manner, the

activation wavefront in the myocardium is almost

“visualized” as it propagates within the ventricles

during the cardiac cycle. Alterations of the mag-

nitude and direction of the vector loop can be

used to identify abnormalities of conduction that

could suggest the presence of cardiac structural

abnormalities.

Standard Electrocardiogram
The mainstay of present day electrocardiography

is the standard 12-lead electrocardiogram. The 12

leads are recorded using electrodes placed on each

limb and across the chest in a reproducible pat-

tern. The standardization is critical, since, from

a practical standpoint, the interpreting physician

is not typically performing the measurement. The

interpreter is blind to the method of data collec-

tion and makes assumptions that the data are

collected in the same manner each time. Correct

electrode placement is critical in order to properly

interpret the electrocardiogram.

For example, imagine that an object under

frosted glass is photographed from multiple

directions. You are handed a stack of pictures of

the shadows on the glass created by the underly-

ing object, and you are asked to draw the object in

three-dimensions. Without knowledge of the

direction from which the pictures were obtained,

you would not be able to accurately perform the

task. However, if you knew the positions of the

camera, then you would have a chance. Further-

more, you would be able to perform the task

repeatedly with different objects under the glass

as long as the camera positions did not change

with each instance.

Much like a camera lens having a field of view

from which it gathers light, each set of electrodes

has a lead field. A lead will be most sensitive to

electrical events in the direction of its lead field.

Therefore, to “reconstruct” the cardiac electrical

cycle over time, multiple leads with different lead

field directions are used. Lead sets are used in

order to maximize recording sensitivity in two

planes. In the frontal plane, lead fields most sen-

sitive to measurement parallel to a coronal sec-

tion of the body are used. In the horizontal plane,

lead fields are used which are sensitive in a plane

parallel to a transverse section.

For the frontal plane, the standard limb leads,

labeled I, II, and III, (Fig. 157.21) are measured

from the surface potentials recorded between

electrodes placed on the distal extremities: lead

I left arm(+)/right arm(-), lead II left leg (+)/right

arm(-), lead III left arm(-)/left leg (+). A right-leg

electrode is also placed and acts as a ground to

reduce environmental electromagnetic noise.

Note, there has been interest in moving the

distal-limb electrodes to a proximal position on

the torso. This is commonly employed in clinical
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settings with bedside monitoring or with ambula-

tory monitors. Although an electrocardiogram is

obtained and may help with rhythm interpreta-

tion, these electrode positions are not standard

and final diagnosis should always be made using

the standardized electrode positions and lead sets.

By convention, a lead “points” in the positive

direction. That is, if activation in the heart is

propagating in the direction of the lead (i.e., the

“positive” electrode), then the measured voltage

will be positive as well. However, if activation

proceeds in the exact opposite direction, just as

much information will be obtained, albeit as

a negative deflection of the recorded electrogram.

Similarly, if two activation wavefronts are pro-

ceeding in opposite directions simultaneously,

then there will be cancelation of voltages in the

electrocardiogram, and the degree of positive or

negative deflection will depend upon the domi-

nance of voltage from one wavefront or the other.

Lead I is sensitive along the horizontal axis in the

frontal plane, pointing to the left side. Leads II

and III add sensitivity along an axis tilted at 60�

and 120� below the horizontal, respectively. To

record from more directions in the frontal plane,

the augmented leads, aVR, aVL, and aVF, are

added. The lead fields for these leads are created

using combinations of the standard limb leads.

For example, aVF is measured between the left

leg electrode and a combination of right-arm and

left-arm electrodes. This combination yields

a lead field which “points” nearly vertically and

inferiorly. The leads aVL and aVR add recording

sensitivity along an axis tilted at 30� and 150�

above the horizontal, respectively. The six frontal

leads (I, II, III, aVF, aVR, and aVL) provide lead

fields with nearly 360� of sensitivity in the frontal
plane. Of note, leads II, III, and aVF are called the

inferior leads. Since the positive electrodes of

these leads are positioned below the horizontal

axis, the lead fields are particularly sensitive to

activation in a superior to inferior, or top to

−

− − − −

−
−

− −+

+ +

-

++

+

V1 V3
V4

V5
V6

WCT -
WCT -

Limb Leads

Augmented limb leads

Lead I Lead II Lead III

aVR aVL aVF

Precordial leads(back)

(chest)

4thICS
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V6

V4
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Fig. 157.21 Twelve ECG recording leads. The

Einthoven’s triangle (shaded gray) and the hexaxial

reference system depicting frontal plane ECG leads

are shown in the top and middle panels. Direction of

chest (precordial) lead axis with corresponding recording

sites on the chest is shown at the bottom, with grounding

to the Wilson Central Terminal (WCT). ICS intercostal

space
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bottom, direction. This directional information is

valuable for determining the axis of activation

and repolarization.

Measurements in the horizontal plane, orthog-

onal to the frontal plan, are accomplished using

six leads created from precordial electrodes

placed across the chest. Whereas the frontal lead

fields are generated by measurements between

physical electrodes, the horizontal lead fields

are created by measuring between a single elec-

trode on the skin surface and a reference point

called the Wilson Central Terminal (WCT). The

WCT is formed by connecting the right-arm, left-

arm, and left-leg electrodes to each other via

resistors. For the purpose of understanding the

lead field directions, the WCT can be considered

as an electrode centered in the heart in the thorax.

Lead fields with differing directions of sensitivity

are thereby created by measuring between an

electrode on the chest surface and the WCT.

The standard 12-lead electrocardiogram includes

six positions for these electrodes on the chest,

resulting in leads V1-V6.

The electrode placement for the precordial

leads is standardized and specific with respect to

landmarks on the thorax. The precordial elec-

trodes are placed at the following positions: V1,

4th intercostal space at the right sternal border;

V2, 4th intercostal space at the left sternal bor-

der; V3, the midpoint between electrodes V2 and
V4; V4, 5th intercostal space aligned at the

midclavicular line; V5, horizontally in line with

V4 but at the anterior axillary line (or midway
between V4 and V6); and V6, horizontally in line

with V4 but at the midaxillary line.

Any deviation in placement of the electrodes

(e.g., one interspace too high or too low) can

result in significant changes of the signal and

affect interpretation. This must be emphasized

in training those who will be recording electro-

cardiograms. While hasty electrode placement

and acquisition of signals may be desirable in a

critical situation or with an uncooperative young

child, attention to detail is critical since it is

much more difficult for the interpreting individ-

ual to suspect abnormal precordial lead place-

ment than inadvertent limb lead electrode

reversal.

The lead fields for the precordial leads fan out
in the horizontal plane. The lead field for V1

assumes more of an anterior and rightward direc-

tion. The remainder of the lead fields point to the

left chest. In pediatric electrocardiography, addi-

tional precordial leads have been used with elec-

trodes placed in mirror image positions on the

right chest – such as lead V4r. Given the normal

rotated position of the heart relative to the chest

wall, the theoretical lead field axis for V4r, which

points anterior and rightward, may deliver

a better delineation of “right” and “left” cardiac

electrical events compared to lead I, for example.

In some institutions, lead V4r is added as

a standard lead. Additionally, in dextrocardia,

the right precordial leads may be used to

record a “standard” set of the leads despite the

abnormal cardiac position. In the presence of

dextrocardia, some institutions have adopted var-

iations of lead placement, including right-left

mirror image placement of all leads (limb and

precordial), right-left mirror image placement of

the precordial leads only, or even sliding the

precordial leads rightward (e.g., V1 placed in

right fifth intercostal space in midaxillary line

and V6 in left fourth intercostal space at

left sternal border). These nonstandard arrange-

ments may be confusing when viewed by clini-

cians unfamiliar with a particular institution’s

conventions.

Signal Recording and Processing

Low-amplitude biopotential signals in the body

are difficult to record. Careful signal acquisition

techniques must be employed to obtain an ade-

quate signal-to-noise ratio for electrocardio-

graphic interpretation. Reduction of noise

begins with proper electrical isolation of the

patient. Attention should be given to ensure

there is no contact with noise sources, such as

other medical equipment. Artifacts that are

introduced by other sources can appear as

a periodic signal in the electrocardiogram base-

line. These artifacts could easily be mistaken

for signals generated by the patient and

misinterpreted as an arrhythmia, such as atrial
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flutter or fibrillation, by the interpreting individ-

ual. If possible, heating or cooling blankets or

other equipment near or attached to the patient

should be turned off. Electric and magnetic

fields, such as those created by electric lighting,

are present throughout our environment. Electric

fields create small differences of electric poten-

tial in space that could be detected when

there is high electrode resistance and high

amplification – such as in electrocardiography.

In addition, magnetic fields can induce small,

but detectable, electric current in lead wires.

Consideration should be given to turning off

overhead fluorescent lighting to reduce the

field. In addition, the wires to individual elec-

trodes attached to the body should be twisted

together and bundled, if possible, to reduce mag-

netic and electric field-induced currents in the

wires themselves. Noise control at the tissue-

electrode interface is also essential. Electron

transfer must occur between the skin, the elec-

trolyte gel, and the Ag/AgCl metal electrode

interface. Simple attention to cleaning the skin

prior to electrode placement reduces electrical

impedance at this interface and reduces noise.

In addition, the electrodes must not overlap or

have any electrical connection between elec-

trodes on the skin surface – such as fluid or

electrode gel. This may be especially difficult

in small infants where infant-sized electrodes

may not all fit on the chest surface. In this set-

ting, it may be necessary to reduce the number of

electrode sites on the chest wall (Fig. 157.22).

The electrical shielding of lead wires and

the grounding of equipment is paramount in

the high-amplification environment of an

Fig. 157.22 Examples of electrocardiographic artifacts.

Top: A rhythm strip generated during chest physiotherapy

on an infant creates high-amplitude motion artifacts which

simulate ventricular tachycardia. Narrow QRS complexes

are seen marching through the artifact. Middle: A rhythm

strip generated from a Holter’s magnetic tape illustrates

drag of the recording medium, causing crowding of the

signal and suggesting tachycardia. The nonphysiologic

abbreviation of the T waves provides the clue that this is

artifactual. Bottom: A 12-lead ECG from an infant in

which merging contact gel from overlapping electrodes

creates a nearly identical QRS complex among all leads
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electrocardiographic recording machine. The

machines are manufactured with this noise pro-

tection in place. However, the ground for the

machine is obtained through the wall socket

power source. Yet, this ground may not be

entirely adequate or “clean.” If there is

substantial noise in the recordings, consider-

ation should be given to plugging the machine

into a different power source to obtain

a different ground point.

From a signal analysis standpoint, the elec-

trocardiogram is complex and contains compo-

nents having a variety of frequencies with

varying periodicity. The challenge with signal

processing of the electrocardiogram comes in

being able to filter noise from the biological

signal without removing clinically important

wave frequencies. These range from the lower-

frequency T wave to the higher-frequency QRS.

Respiratory variation produces a low frequency

baseline drift, generally slower (lower fre-

quency) than that of the T wave. Electrical

noise at higher frequencies can be present

throughout the tracing. In the United States, the

standard frequency for alternating current is

60 Hz. Unfortunately, this frequency falls in

the range of useful frequencies obtained in the

electrocardiogram. In addition to substantial

noise that can alter the baseline, 60 Hz artifacts

can alter the shape and amplitude of the QRS.

Therefore, a combination of high-pass and low-

pass filters in addition to “notch” filters (to

remove specific frequencies such as 60 Hz)

must be used to isolate the clinically useful fre-

quencies from the recording. Filtering can be

performed to make a very “clean” appearing

signal. However, this may come at the expense

of the fidelity of the cardiac waveform.

The electrocardiogram is classically presented

on a printed page in a standard format with four

columns and three leads per row in each column

(4� 3 format). The frontal leads are presented in

the first two columns, and the precordial leads

are presented in the last two columns. One or

more rows of continuous tracings may be printed

from left to right along the bottom of the paper as

a rhythm strip. Tracings were originally only

printed on thermal graph paper with gridlines

having minor divisions every 1 mm and major

divisions every 5 mm. At the standardized

“paper speed” of 25 mm/s, the minor and major

divisions represent 0.04 s (40 ms) and 0.2 s

(200 ms), respectively. With 10 s of signal per

page, each column in a 4 � 3 format presents

2.5 s of data. The amplitude of signals printed on

the page is also standardized. At a “full stan-

dard” height, each 1 mm minor division (hori-

zontal), represents 0.1 mV – or alternatively, as

may be printed on the paper, 10 mm/mV. It is

conventional for a rectangular wave to be

printed at the edge of the printed page to act as

a calibration mark. If the mark is a rectangle that

is 10 mm in height (two major divisions), then

full standard applies for the entire page. If the

mark is a stair-step that is 10 mm initially, but

“steps” down to 5 mm for the last half, then the

first two columns (frontal leads) are at the full

standard height, and the last two columns

(precordial leads) are at a half-standard height

of 5 mm/mV. Alternatively, the entire page may

be presented at half standard. This is necessary

when the lead voltages (especially the QRS) are

so large that they overlap the tracings in

a subjacent row. For proper interpretation, it is

critical to recognize the format, paper speed, and

amplitude calibration of the presented electro-

cardiogram. In the current age of paperless elec-

tronic recording and online interpretation, the

presentation standards are preserved. However,

at the user’s discretion, the format can be

changed. This flexibility presents a distinct ben-

efit given that leads can easily be rearranged on

the page, for example, as a simultaneous 12-lead

rhythm strip for improved interpretation and

diagnosis of nonsustained arrhythmias.

International standards are established for the

methodology of recording the electrocardiogram

with respect to sampling rate, amplification, elec-

trical filtering, and presentation of the information.

A comprehensive review of the recommended

standards for electrocardiography, and their scien-

tific basis, are found in the 2007 consensus state-

ment from the American College of Cardiology/

American Heart Association/Heart Rhythm Soci-

ety/and the International Society for Computer-

ized Electrocardiology [60].

157 Diagnosis of Arrhythmias and Conductive Disorders 2917



Signal-Averaged Electrocardiography
(SAECG) and Microvolt T Wave
Alternans

The acquired signals from the body surface

contain more information than that which is

presented in the standard 12-lead electrocardio-

gram. Extremely low-amplitude and high- or

low-frequency signals that are generated by

the myocardium are either filtered out of the

final electrocardiogram or of such low ampli-

tude that they are not readily apparent. The

signal-averaged ECG (SAECG) and microvolt

T wave alternans (mTWA) acquisition methods

are aimed at detecting some of these component

signals. SAECG focuses on depolarization

with analysis of the QRS. mTWA focuses on

repolarization with analysis of the T wave. With

both methods, multiple QRST complexes are

acquired during a stable, periodic rhythm and

then analyzed with mathematical techniques

that take advantage of the repetition of beats

over time to detect the small amplitude signals.

Without delving deeply into concepts of signal

processing, a periodic signal can be thought

of as a summation of sine waves of different

frequencies and amplitudes. Through the

Fourier transform, a time-based signal (such as

an electrocardiogram) can be analyzed to deter-

mine the combination of sine waves that, if

added together, would reconstruct the signal.

The output is a transformation to a histogram

of frequencies that make up the original time-

based signal. The height of the histogram at a

particular frequency represents the relative con-

tribution of the sine wave at that particular

frequency. With Fourier transformation to

the frequency domain and with multibeat aver-

aging in the time domain, extremely low-

amplitude signals, in the microvolt range, can

be detected.

SAECG is utilized to detect low-amplitude

potentials that occur late during the QRS. These

late potentials represent the terminal events of

activation in the cardiac cycle and are ordinarily

buried in the low-amplitude “noise” of a standard

electrocardiogram. The presence of prolonged,

low-amplitude potentials at the end of the QRS

would suggest that late activation occurs in areas

of diseased or scarred myocardium and would

furthermore imply that an arrhythmogenic sub-

strate may be present. In order to detect these

late, high-frequency, low-amplitude signals, dif-

ferent recording techniques are employed than

are used for standard electrocardiography,

including different lead sets on the body surface

and different signal filters. The acquisition is

performed at rest with as much noise reduction

as possible, including particular attention to skin

preparation and room electrical noise. The output

of the SAECG is a filtered QRS (fQRS) based on

a composite of all recorded beats and a statistical

determination of the amount of late activation

present relative to the amplitude of the fQRS.

Clinical criteria are used to declare the presence

or absence of abnormal late potentials. These

criteria include the duration of the fQRS (nor-

mal, <114 ms), the magnitude of signal in the

last 40 ms of the fQRS (normal,>20uV), and the

duration of the signal having magnitude less than

40 uV (normal, <38 ms). A late potential is

thought to be present if one or more of

those three measurements are abnormal.

SAECG testing is relevant in pediatrics, particu-

larly as a minor criterion for the diagnosis of

arrhythmogenic right ventricular dysplasia/

cardiomyopathy [61].

T wave alternans (TWA) is present when the

amplitude and/or duration of the T wave oscil-

lates on a beat-to-beat basis. Visible TWA is

seen with severe abnormalities of repolariza-

tion, such as in long QT syndrome (LQTS) or

severe electrolyte disturbances. Invisible TWA

at the microvolt level (mTWA) may also be

present and represent electrical instability.

These tiny beat-wise changes may be detected

with specialized recording techniques, as with

SAECG. As with SAECG, specific body surface

leads and lead sets are used. Over 100 beats are

acquired at stable heart rates. Fourier transfor-

mation and frequency analysis are used to

detect the minute oscillations of the T wave.

Since the criteria for abnormal mTWA includes

its development after reaching a particular

threshold heart rate, signal acquisition is

performed during gradual exercise testing
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using a treadmill or stationary cycle. The pres-

ence of mTWA above a particular amplitude,

lasting for a particular duration and occurring at

a low heart rate, is an indicator of repolarization

instability in adults. The utility of mTWA in the

pediatric population is undetermined.

Ambulatory Monitoring

Ambulatory monitoring is invaluable in the diag-

nosis of arrhythmias in pediatric patients. It is far

more common for rhythm disturbances to occur

sporadically than continuously. Common

presenting symptoms of palpitations, “my heart

is beeping” or “my heart hurts” in younger chil-

dren, are unlikely to be occurring at the time of

the office visit. Therefore, while the 12-lead elec-

trocardiogram has the benefit of interrogating

electrical activity in the myocardium from multi-

ple vantage points, the recording period is lim-

ited. By sacrificing the advantage of many leads

for prolonged recording time, ambulatory moni-

toring provides an opportunity to capture an

arrhythmia “in the wild.”

Ambulatory monitoring can be categorized by

type. Typically this division is between continu-

ous and event monitors. In nearly all circum-

stances, monitoring is performed noninvasively

from the body surface. However, specialized

long-term monitoring, in the form of an implant-

able loop recorder may be necessary [62]. Tech-

nological advances continue to blur the distinction

between continuous and event monitors, simply

because there are fewer electrical and mechanical

limitations to recording and storing electrocardio-

graphic data over long periods of time. A critical

component, unique to event monitoring, is the

ability to “call in” or transmit data for review

and interpretation of the electrocardiogram in the

immediate aftermath of a symptomatic event.

Continuous (Holter) Monitoring

The Holter monitor is an externally worn device

for continuous recording of electrocardiograms

from, typically, 1–3 body surface leads.

Holter monitor recording has the benefit of con-

tinuous recording and storage of all electrocar-

diogram tracings without user input. The clinical

indications for monitoring of this type are numer-

ous and supplying an exhaustive list of clinical

scenarios is not practical. Common uses in the

outpatient pediatric cardiology setting include:

quantitative assessment of atrial or ventricular

ectopy, rhythm surveillance in patients with

daily or more frequent symptoms, rhythm sur-

veillance for conduction defects or ectopy in

asymptomatic patients with congenital heart dis-

ease, and rhythm surveillance for pacing or sens-

ing abnormalities in patients with pacemakers.

Other uses take advantage of the modern age of

sophisticated quantitative software analysis of

the electrocardiogram. These include beat-wise

QT interval analysis, heart rate variability, and

beat-wise ST segment analysis.

Recording electrodes are adhered to the skin

of the chest. As with the standard ECG, attention

to detail regarding skin preparation and electrode

adhesion is important for success. This is espe-

cially the case if the patient will be physically

active while being monitored. Critical informa-

tion may be missed if one or more electrodes

become dislodged during the recording period.

Typically, five electrodes are used: right and left

“arms,” right and left “legs,” and a single

precordial position. However, for practical pur-

poses of patient comfort, the arm and leg posi-

tions are in a “proximal” position where all

electrodes are placed on the torso. This allows

lead wires to be worn completely under

clothing – important for compliance in the ado-

lescent concerned about appearance and in the

young child. Since interpretation of the record-

ings is focused on the rhythm, conforming to the

electrode position standards of the 12-lead ECG

is not critical. Despite the thoracic location of all

of the electrodes, lead field differences are still

satisfactory.

Historically, Holter monitors were battery-

powered devices slightly larger than a paperback

book, and they had a shoulder strap for wearing,

much like a purse or satchel. The recorded data

from the electrodes were stored on an analog

magnetic cassette tape. In these devices, at the
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end of the recording period, the tape was removed

from the device and “played” back to obtain

the recorded signals. Analog to digital conversion

was performed at the time of playback. Computer

software was then used to analyze the recordings.

Holtermonitoring in the current age has benefitted

greatly from solid-state miniaturized electronics.

Current monitors are a fraction of the size of prior

devices and can be worn clipped to a belt or even

worn as a necklace. The device is silent, and

there are nomoving parts. The electronic circuitry

now allows for direct digital sampling of the sig-

nals with high fidelity. The recordings are stored

digitally on “flash” memory chips or inserted

cards. While the most common Holter recording

period is 24 h, perhaps dictated historically by

electromechanical limitations, some of the

newest devices allow continuous recordings

for up to 14 days or more. At the end of the

recording period, data from the memory card can

be uploaded to a computer for analysis either

using local software or by having the data sent

remotely to the monitoring company via the

internet.

Holter monitors provide a wealth of informa-

tion. Automated analysis is performed for the

entire recording period. Typical summary data

include heart rate maximum, minimum, and aver-

age, in addition to histograms of heart rate and RR

intervals. Following automatic creation of the

individual’s normal QRS template, detection of

premature beats and discrimination of supraven-

tricular versus ventricular beats is performed.

A complete tabular and graphical summary of

ectopic beats, couplets, and runs is provided as a

function of time of day. This is critical for deter-

mining diurnal variation of arrhythmias or other

influences on ectopy frequency, such as activity.

Other data are also commonly available, such as

heart rate variability analysis or QT interval mea-

surement. Although less commonly relevant to

pediatric populations, beat-wise ST analysis may

also be performed. Following computerized data

analysis, manual over-reading by a technician is

then performed. The technician manually scans

the data for rhythm disturbances and flags sec-

tions of data for further review by the clinician.

This is especially important when a patient has

maintained a diary of symptoms during the

recording period. These periods of the recorded

data can be evaluated closely for findings that may

correlate with the patient’s symptoms. Finally, at

the clinician user level, “full disclosure” can be

requested and the entirety of the recorded sample

can be visually scanned for abnormalities.

Event Monitoring

There are two types of event monitors, loop and

handheld. Loop monitors are similar to their

Holter counterpart in that body surface record-

ing is performed for a prolonged period. How-

ever, loop monitors are generally worn for up to

1 month as opposed to 24 h. Loop monitors

utilize continual recording and storage of sig-

nals in a limited amount of memory. When the

memory space is filled with data, then signals

are saved to the beginning of the memory and

overwrite the earliest recordings. In this man-

ner, a “loop” is made, with only the most recent

information being available. The continuous

looping of the recording allows essentially

endless monitoring periods, only limited by

battery life.

The main value of these monitors is based

upon the ability to save an event. If a patient

experiences a symptom, then a button can be

pressed on the monitor to signify an “event.”

When an event is signaled, the recorder stores a

timed segment of the data in memory outside of

the “loop.” A period of time preceding the button

press and a period after the press are stored.

This allows the possibility of capturing a short-

lived rhythm change that ended prior to the

physical button push. Automation within the

monitoring device also exists and can allow for

auto-triggered event capture based upon

predetermined rate and rhythm criteria. The util-

ity of auto-triggered event capture in the pediatric

population must take into account the fact that an

active child’s sinus tachycardia can easily exceed

preset rates that would trigger an event capture

for an adult. Once event data are stored, these

data must then be “uploaded” or transmitted to a

receiving facility for evaluation. For many
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monitors, this is accomplished via transduction of

the stored data to an audible signal. The audio

signal is then transmitted to the receiving com-

pany simply by calling in, holding the monitor to

the phone, and pressing a button for playback. At

the receiving end, the audio signal is recorded and

converted to an electrical signal for analysis and

presentation as an electrocardiographic tracing.

Newer monitors perform this task using cellular

transmitters within the device; they automatically

transmit the data to the receiving company

immediately after an event has been signaled.

Typically, the data from an event are reviewed

by company technicians, and then, based upon

established criteria that stratify an urgent versus

nonurgent event, the ordering clinician is

notified and can review the electrocardiographic

recording.

Handheld event monitors are a type of ambu-

latory monitor that is not worn continually. The

monitor is generally a thin, small device, approx-

imately the size of a cellular phone, with two

electrode contacts on the back of the casing. If

an event is occurring and ongoing, the user places

the monitor against the skin somewhere on the

chest and then presses an event button on

the device. The monitor records the electrocar-

diogram measured between the two external

electrodes. Depending on the storage capabilities

of the device, a number of event recordings can

be saved. Then, as with the loop monitor, the data

are uploaded via the telephone to the receiving

company.

The decision regarding which type of monitor

to recommend for a patient is not always straight-

forward. A short list of benefits, drawbacks, and

general indications are given in Table 157.7 for

each type of monitor. Holter monitors have

a clear benefit of recording continually frommul-

tiple leads. Therefore, there is no dependence on

the patient to “capture” an event, except to doc-

ument symptoms if they occur. Holter monitors

can be used for all ages, including infants. Event

monitors require user input, and, as such, a deci-

sion must be made as to whether a child is mature

enough to perform the task. For school-age

children who are willing and capable, a loop

monitor may be preferable, given that it is worn

at all times and will not likely get lost or dam-

aged. For children and teens who are self-

conscious about a continuously attached “piece

of medical equipment,” a handheld device may

be preferable. Nonetheless, the decision is also

determined by the suspected cause of symptoms.

If the patient is only experiencing symptoms

for less than 30 s, then the likelihood of success-

fully capturing the event using a handheld device

is low.

Table 157.7 Benefits, drawbacks, and indications for different monitor types

Holter monitor Handheld event monitor Loop monitor

Implantable loop

recorder

Benefits Noninvasive

Multiple leads

Convenient Low noise Long-duration

recordingPre- and post event

data capture User intervention

not required to

capture data

Potential
drawbacks

Limited recording

period

Single lead Worn continuously Requires surgical

implant and

explant

Noise artifacts Not practical for very

young childrenMust be readily available
Requires longer episodes

General
indications

Daily symptoms

Need for heart rate,

arrhythmia, or other

trends throughout day

and during sleep

Older children and adolescents,

or child with adult available

to perform monitoring, with

frequent prolonged symptoms

Children and

adolescents with

frequent but brief

symptoms

Very rare events

(less than

monthly)

Severe symptoms

Unable to record

event with other

methods
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In general, the use of implantable loop

recorders is limited, due to the need for surgical

implantation and ultimate explantation. However,

in the case of rare events with severe symptoms,

such as syncope with concern for an arrhythmia

mechanism in patients in whom it is impractical to

record an event using other noninvasive means, an

implantable loop recorder may be needed.

Exercise Testing

The exercise “stress” test is an important

tool for the pediatric cardiologist. Testing may

be useful in patients who present with symptoms

that are only elicited during exertion, such as

chest pain, light-headedness, or palpitations; all

of which may be related to cardiac arrhythmias.

However, exercise testing has many applications

beyond the cardiac conduction system: patients

having hypertrophic cardiomyopathy to determine

if left ventricular outflow obstruction worsens or if

the blood pressure response is normal, patients

having exertional chest pain to determine the pres-

ence of exercise-induced reactive airway disease

(requiring pre-/postexercise pulmonary function

testing), and a general assessment of cardiopulmo-

nary-neuromuscular function in patients with con-

genital heart disease or cardiomyopathy. In

the latter example, full metabolic exercise testing

is performed. This combines standard exercise

testing with continuous measurement

of respiratory gas exchange. The metabolic exer-

cise test is a powerful tool for helping determine if

symptoms are due to cardiac, pulmonary, or neu-

romuscular limitations or due to deconditioning.

A complete description of exercise testing in chil-

dren appears elsewhere in this textbook.

The remaining comments in this section will

be directed toward the use of exercise testing

for suspected or known cardiac arrhythmias or

conduction abnormalities. In the presence of

atrial or ventricular ectopic beats, exercise testing

may be indicated for determining if increased

levels of endogenous catecholamines exacerbate

the arrhythmia. This may indicate the presence

of a channelopathy, such as CPVT or certain

forms of long QT syndrome. Exercise testing

may be useful for sudden death risk stratification

in asymptomatic patients with ventricular pre-

excitation (Wolff-Parkinson-White syndrome

[63]). A list of arrhythmias or conduction

abnormalities for which exercise testing in

children is considered valuable appears in

Table 157.8.

The standard exercise test is performed in a

clinic or hospital setting with resuscitation

equipment available using a motorized treadmill

or stationary cycle ergometer. At minimum,

12-lead electrocardiograms, pulse oximetry,

and automated noninvasive blood pressure data

are measured. The patient is asked to wear com-

fortable athletic clothing. Electrocardiographic

Table 157.8 Exercise testing for arrhythmia evaluation

in children

Known condition or

symptom Goals of testing

Sinoatrial node dysfunction Determine maximum heart

rate

Assess symptoms during

postexercise heart rate

decline

First- or second-degree AV

block

Determine if conduction

improves (suggesting AVN

involvement) or worsens

(suggesting His Purkinje

system involvement) with

exercise

Wolff-Parkinson-White

pattern

Determine loss or

persistence of pre-

excitation

Premature ventricular

contractions (PVCs)

Determine if PVCs become

more prevalent and

complex with exercise

(suggesting certain

channelopathies)

Consideration of long QT

syndrome

Assess for QTc

prolongation

Palpitations, syncope, or

unusual dyspnea during

exercise

Reproduce symptoms

during rhythm monitoring

Nonspecific symptoms

during exercise following

repair of congenital heart

disease

Identify exercise-related

tachyarrhythmias,

bradyarrhythmias, or

conduction abnormalities

Cardiac rhythm

management device in situ

Optimize programming

Identify sensing

abnormalities
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leads are attached after the skin is prepared to

gain maximal adhesion and decrease the chance

of electrode displacement during exercise due to

perspiration. Typically, baseline measurements

of blood pressure, heart rate, and ECG are

recorded at rest in the supine and standing posi-

tions. Exercise is then begun in a graded fashion.

The machine is typically programmed to per-

form a standard protocol where, for a treadmill,

the rate and angle of incline are increased or, for

a cycle ergometer, the load is increased, in

a stepwise fashion after a specified amount of

time. Coincident with these changes in loading

conditions for the patient, 12-lead electrocardio-

grams are recorded as well as other vital signs

including heart rate and blood pressure. Multiple

protocols exist, including the Bruce or Balke

protocols for treadmill and the James,

McMaster, and Strong protocols for cycle

ergometer [64]. The standard or a modified form

of the Bruce protocol is commonly used in the

pediatric cardiac population. For example, in

a modified Bruce protocol, there are seven incre-

mental stages, starting with a slow, walking rate

and zero incline in stage one. The stages are

changed every 3 min until an end point is reached:

The patient reaches a goal heart rate (typically

over 80 % of maximum predicted rate based on

age), reproduction of symptoms, and occurrence

of concerning changes in the electrocardiogram or

blood pressure or the patient becomes too fatigued

and cannot proceed. In the recovery stage, moni-

toring is continued, while the patient rests and

recovers to baseline. While some arrhythmias

may be induced during the initial or peak phases

of exercise, others may appear during recovery.

Therefore, ongoing observation is important dur-

ing this stage.

Transesophageal Electrophysiology
Testing

An esophageal, or transesophageal, electrophys-
iology study is a useful diagnostic test when

noninvasive electrocardiography or ambulatory

monitoring is not adequate for diagnostic

purposes. An esophageal EP study is less inva-

sive than an intracardiac catheter EP study.

Among practitioners who use this modality,

indications for esophageal EP testing include

[1] in patients having recurrent symptoms sug-

gestive of paroxysmal supraventricular tachy-

cardia that occur too infrequently for practical

ambulatory monitoring; [2] in patients having

recurrent symptoms suggestive of paroxysmal

supraventricular tachycardia and who are not

able to successfully use an event recorder; [3]

in infants having known supraventricular tachy-

cardia in order to prove antiarrhythmic drug

efficacy; [4] for risk assessment in asymptom-

atic patients with Wolff-Parkinson-White syn-

drome, in whom exercise testing and/or Holter

monitoring show persistent pre-excitation [63],

[5] therapeutically, for entrainment and termi-

nation of atrial flutter and its subtypes in new-

borns and in older children following congenital

heart surgery; and [6] in currently asymptomatic

toddlers who had had SVT as an infant. In the

latter example, esophageal testing would be

performed with the patient off medications to

determine inducibility of SVT and the need for

further treatment. The esophageal electrophysi-

ology study is not useful for induction of

ventricular tachycardia, since stimulation is sup-

raventricular. The lone exception is fascicular

left ventricular tachycardia, in which atrial pac-

ing alone may induce the arrhythmia.

Esophageal electrophysiology studies are

primarily performed in a cardiac catheterization

laboratory setting. This is for both safety

and practical reasons, given that sedation is

typically necessary, there is a potential need

for resuscitation, and electophysiologic record-

ing equipment is present. To perform the study,

intravenous sedation is given. Medications for

this purpose include propofol, fentanyl,

midazolam, ketamine, or some combination.

If ketamine is selected, the addition of

glycopyrrolate will reduce the associated

increase in airway secretions. Once the patient

is moderately sedated and electrocardiographic

monitoring is underway, a 10-French bipolar

esophageal catheter is lubricated with lidocaine

jelly and is passed from the nares to the
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Table 157.9 Indications for electrophysiology study in children

Class I (general expert agreement)

1. Symptomatic patients in whom sinus node dysfunction is suspected as the cause of symptoms but a causal relation

between an arrhythmia and the symptoms has not been established after appropriate evaluation

2. Symptomatic patients in whom His-Purkinje block, suspected as a cause of symptoms, has not been established

3. Patients with second- or third-degree AV block treated with a pacemaker who remain symptomatic and in whom

another arrhythmia is suspected as a cause of symptoms

4. Symptomatic patients with intraventricular conduction delay in whom the cause of symptoms is not known

5. Patients with an undiagnosed narrow QRS tachycardia that cannot be distinguished from sinus tachycardia

6. Patients with frequent or poorly tolerated episodes of narrowQRS tachycardia that do not adequately respond to drug

therapy and for whom information about site of origin, mechanism, and electrophysiological properties of the

pathways of the tachycardia is essential for choosing appropriate therapy (drugs, catheter ablation, pacing, or

surgery)

7. Patients who prefer ablative therapy to pharmacological treatment

8. Patients with wide QRS complex tachycardia in whom correct diagnosis is unclear after analysis of available ECG

tracings and for whom knowledge of the correct diagnosis is necessary for patient care

9. Patients with WPW being evaluated for catheter ablation or surgical ablation of an accessory pathway

10. Patients with ventricular pre-excitation who have survived cardiac arrest or who have unexplained syncope

11. Symptomatic patients with pre-excitation in whom determination of the mechanism of arrhythmia or knowledge of

the electrophysiological properties of the accessory pathway and normal conduction system would help in

determining appropriate therapy

12. Patients with congenital or suspected structural heart disease and syncope that remains unexplained after appropriate

evaluation

13. Patients with palpitations who have a pulse rate documented by medical personnel as inappropriately rapid and in

whom ECG recordings fail to document the cause of the palpitations

14. Patients with palpitations preceding a syncopal episode

15. Patients surviving cardiac arrest without evidence of an acute Q wave MI

16. Patients surviving cardiac arrest occurring more than 48 h after the acute phase of MI in the absence of a recurrent

ischemic event

17. Patients with sustained VT or cardiac arrest, especially those with prior MI

18. Patients with AVNRT, AV reentrant tachycardia using an accessory pathway, or atrial fibrillation associated with an

accessory pathway, for whom chronic drug therapy is planned

Class II (divided expert opinion)

1. Patients with documented sinus node dysfunction in whom evaluation of atrioventricular (AV) or ventriculoatrial

(VA) conduction or susceptibility to arrhythmias may aid in selection of the most appropriate pacing modality

2. Patients with electrocardiographically documented sinus bradyarrhythmias to determine if abnormalities are due to

intrinsic disease, autonomic nervous system dysfunction, or the effects of drugs so as to help select therapeutic options

3. Symptomatic patients with known sinus bradyarrhythmias to evaluate potential for other arrhythmias as the cause of

symptoms

4. Patients with second- or third-degree AV block in whom knowledge of the site of block or its mechanism or response

to pharmacological or other temporary intervention may help direct therapy or assess prognosis

5. Patients with premature, concealed junctional depolarizations suspected as a cause of second- or third-degree AV

block pattern (i.e., pseudo AV block).

6. Asymptomatic patients with bundle branch block in whom pharmacological therapy that could increase conduction

delay or produce heart block is contemplated

7. Patients with frequent episodes of narrowQRS tachycardia requiring drug treatment for whom there is concern about

proarrhythmia or the effects of the antiarrhythmic drug on the sinus node or AV conduction

8. In patients with prolonged QT intervals, identification of a proarrhythmic effect of a drug in patients experiencing

sustained VT or cardiac arrest while receiving the drug

9. Asymptomatic patients possibly at high risk for sudden arrhythmic death, such as the postoperative patient with

complex congenital heart disease or a normal heart with complex ventricular arrhythmias (nonsustained VT or

premature ventricular complexes that fail to suppress during exercise)

10. Patients with congenital complete AV block and wide QRS escape rhythm

(continued)
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Table 157.9 (continued)

11. Patients who have equivocal abnormalities of QT interval duration or TU wave configuration, with syncope or

symptomatic arrhythmias, in whom catecholamine effects may unmask a distinct QT abnormality

12. Asymptomatic patients with a family history of sudden cardiac death or with ventricular pre-excitation but no

spontaneous arrhythmia who engage in high-risk occupations or activities and in whom knowledge of the

electrophysiological properties of the accessory pathway or inducible tachycardia may help determine

recommendations for further activities or therapy

13. Patients with ventricular pre-excitation who are undergoing cardiac surgery for other reasons

14. Patients with highly symptomatic, uniform morphology premature ventricular complexes, couplets, and

nonsustained VT who are considered potential candidates for catheter ablation

15. Patients with ventricular ectopy with other risk factors for future arrhythmic events, such as a low ejection fraction,

positive signal-averaged ECG, and nonsustained VT on ambulatory ECG recordings in whom electrophysiological

studies will be used for further risk assessment and for guiding therapy in patients with inducible VT

16. Patients with recurrent unexplained syncope without structural heart disease and a negative head-up tilt test

17. Patients with clinically significant palpitations, suspected to be of cardiac origin, in whom symptoms are sporadic

and cannot be documented. Studies are performed to determine the mechanisms of arrhythmias, direct or provide

therapy, or assess prognosis

18. Patients surviving cardiac arrest caused by bradyarrhythmia

19. Patients surviving cardiac arrest thought to be associated with a congenital repolarization abnormality (long QT

syndrome) in whom the results of noninvasive diagnostic testing are equivocal

20. Patients with sinus node reentrant tachycardia, atrial tachycardia, atrial fibrillation, or atrial flutter without

ventricular pre-excitation syndrome, for whom chronic drug therapy is planned

21. Patients with arrhythmias not inducible during control electrophysiological study for whom drug therapy is planned

Class III (general expert agreement against EP study)

1. Symptomatic patients in whom an association between symptoms and a documented bradyarrhythmia has been

established and choice of therapy would not be affected by results of an electrophysiological study

2. Asymptomatic patients with sinus bradyarrhythmias or sinus pauses observed only during sleep, including sleep apnea

3. Symptomatic patients in whom the symptoms and presence of AV block are correlated by ECG findings

4. Asymptomatic patients with transient AV block associated with sinus slowing (e.g., nocturnal type I second-degree

AV block)

5. Asymptomatic patients with intraventricular conduction delay

6. Symptomatic patients with intraventricular conduction delay whose symptoms can be correlated with or excluded by

ECG events

7. Patients with narrowQRS tachycardias easily controlled by vagal maneuvers and/or well-tolerated drug therapy who

are not candidates for nonpharmacological therapy

8. Patients with VT or supraventricular tachycardia with aberrant conduction or pre-excitation syndromes diagnosed

with certainty by ECG criteria and for whom invasive electrophysiological data would not influence therapy.

However, data obtained at baseline electrohysiological study in these patients might be appropriate as a guide for

subsequent therapy

9. Patients with congenital complete AV block and narrow QRS escape rhythm

10. Patients with acquired complete AV block

11. Asymptomatic patients with surgically induced bifascicular block

12. Patients with clinically manifest congenital QT prolongation, with or without symptomatic arrhythmias

13. Patients with acquired prolonged QT syndrome with symptoms closely related to an identifiable cause or mechanism

14. Asymptomatic or mildly symptomatic patients with premature ventricular complexes, couplets, and nonsustained

VT without other risk factors for sustained arrhythmias

15. Patients with a known cause of syncope for whom treatment will not be guided by electrophysiological testing

16. Patients surviving a cardiac arrest that occurred during the acute phase (<48 h) of MI

17. Patients with cardiac arrest resulting from clearly definable specific causes such as reversible ischemia, severe

valvular aortic stenosis, or noninvasively defined congenital or acquired long QT syndrome

18. Patients with palpitations documented to be due to extracardiac causes (e.g., hyperthyroidism)

19. Patients with ventricular fibrillation with a clearly identified reversible cause

20. Patients with isolated atrial or ventricular premature complexes
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esophagus. A 5-French catheter is available for

use in infants. The neck should be sharply flexed

in order to avoid passage to the larynx. Ideally,

the older child should be coached to swallow the

catheter down, once they feel it in their hypo-

pharynx. As the catheter is passed, the electrocar-

diogram recorded from the esophageal catheter is

monitored. Typically, given the position of the

esophagus posterior to the left atrium, an atrial

and a ventricular electrocardiogram are visual-

ized. Brief fluoroscopy may be helpful to verify

position but is not always necessary. The catheter

electrodes are then connected to an electrophysi-

ologic stimulator. The stimulator must be capable

of delivering at least 20 mA of current at a pulse

width of 10 ms, since capture of the atrial myo-

cardium from the esophagus requires high current

output. This is partly due to the requirement of

passing current through the esophageal wall and

across a distance to the left atrium. The electrodes

on an esophageal pacing catheter should be much

larger than those on an intracardiac electrode

catheter. Larger electrodes allow the delivered

pacing current to be dispersed, thus, reducing

the current density. This avoids potential esopha-

geal damage, reduces capture of esophageal

smooth muscle, and reduces discomfort.

Pacing is first performed during sinus rhythm

to establish the output current necessary to cap-

ture and activate the left atrium. Subsequently,

single, double, and triple atrial premature beats

can be delivered during sinus rhythm to attempt

arrhythmia induction. We prefer this strategy to

extra-stimulation following drivetrains, in order

to limit pacing and reduce patient discomfort.

However, rapid atrial pacing can also be

performed. In the case of WPW, atrial fibrilla-

tion can be induced for risk stratification pur-

poses. Once atrial fibrillation is induced, the

rhythm is recorded continually, and the patient

is closely monitored for deterioration to ventric-

ular fibrillation. The shortest R-R interval

between consecutively pre-excited QRS com-

plexes during atrial fibrillation is measured and

is used to determine risk of sudden death. If

supraventricular tachycardia is induced during

testing, the relationship of the atrial and ventric-

ular electrograms from the esophageal catheter

provide helpful diagnostic clues as to the

mechanism of the arrhythmia. Diagnostic infor-

mation is also obtained when the tachycardia

terminates – with or without intervention with

intravenous adenosine or with atrial burst pac-

ing. If no arrhythmias are induced with the initial

round of pacing, isoproterenol, followed by iso-

proterenol plus atropine, can be infused and the

testing repeated. Typically, if no arrhythmias are

induced under these conditions, the study is con-

sidered negative and terminated. Sedation is

discontinued and after recovery, the patient is

discharged, within 2 h of completion of the pro-

cedure. This type of procedure is well tolerated

in all age groups.

Experts believe that esophageal electrophysi-

ology testing is thought to have high positive and

negative predictive values for supraventricular

tachycardia, although there is no rigorous proof

of this belief.

Intracardiac Electrophysiology Testing

The intracardiac catheter electrophysiology (EP)

study is an invasive diagnostic and potentially

therapeutic procedure when combined with

Fig. 157.23 Anteroposterior fluoroscopic image of EP

catheters. Labels represent catheter positions: HRA high

right atrial, CS coronary sinus, HIS His bundle, RV right

ventricular apex, and ABL RF ablation catheter in area of

posterior atrial septum
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catheter ablation. Consensus and nonconsensus

indications for this procedure in children appear

in Table 157.9. To summarize this exhaustive list,

the most common indications in children

with structurally normal hearts include [1]

exertional syncope, [2] nonsustained or sustained

wide complex tachycardias, [3] symptomatic

Wolff-Parkinson-White syndrome, [4] asymp-

tomatic WPW when prior tests suggest that the

accessory pathway may confer a high risk of

sudden death, and [5] persistently symptomatic

children (having palpitations) when other nonin-

vasive diagnostic methods fail to document

arrhythmia. In the case of supraventricular

or ventricular tachycardia, indications for

catheter-based EP study when combined with

possible ablation are discussed in a separate chap-

ter dedicated to ablative therapies in children. In

patients with congenital heart disease, the thresh-

old for intracardiac EP study is lowered. Patients

with repaired or palliated congenital heart disease

with unexplained syncope usually warrant elec-

trophysiologic study. In addition, strong consid-

eration of study should be given to patients

with single ventricle physiology and who have a

history of supraventricular or atrial tachycardia

prior to their final staged repair, because catheter

access to the heart will be severely limited

following Fontan-style operations. Similarly,

patients with Ebstein’s anomaly of the

Fig. 157.24 Body surface and intracardiac tracings dur-

ing sinus rhythm. Catheter labels at the left side of the

image: HRA (high right atrium), HIS (His bundle location
at mid septum), and CS (coronary sinus, electrode 5

is proximal at ostium, electrode 1 is distal at lateral left

atrial margin). This demonstrates a normal right to left and

superior to inferior atrial (A) activation sequence. Right

atrial conduction time (PA interval), AV nodal conduction

time (AH interval), and His-Purkinje system conduction

time (HV interval) are normal
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tricuspid valve should be considered for electro-

physiology study prior to valvular operations,

given the high incidence of atrioventricular

accessory pathways in this form of congenital

heart disease.

Catheter EP studies are performed in the car-

diac catheterization laboratory with availability

of fluoroscopy, resuscitation equipment, a

multichannel electrophysiology recording sys-

tem, an electrophysiology stimulator, and, in the

current age, a nonfluoroscopic catheter tracking

system. The planning of each case considers the

child’s size, type of arrhythmia (if known),

coexisting structural heart disease, prior cardiac

surgery, potential limitations of vascular access,

current cardiac function, and other comorbidities.

Antiarrhythmic drugs are generally stopped

at least five half-lives prior to testing.

Although procedures may be performed under

moderate sedation and local anesthesia (with

bupivacaine/procaine combination), there has

been a trend toward the use of general anesthesia,

especially if ablative therapy is being contem-

plated. The electrophysiological effects of anes-

thetic agents have been well described, and

contemporary pediatric cardiac anesthesiologists

provide superb sedation/anesthesia with minimal

perturbation of electrophysiologic phenomena.

Multiple electrode catheter placement is

required for electrogram recording and cardiac

pacing. As in hemodynamic cardiac catheteriza-

tions, the femoral vessels are the preferred access

sites. Femoral venous capacity is thought to

accommodate up to a total of 5 Fr in infants

weighing <2 kg, 6 Fr if 2–3 kg, 7 Fr if 3–5 kg,

9 Fr if 5–10 kg, 11 Fr if 10–25 kg, and 14 Fr if

Fig. 157.25 Body surface and intracardiac recordings

during atrial pacing demonstrating pre-excitation.

A delta wave is present in the surface lead QRS. The HV

interval is negative indicating ventricular activation is due

to the presence of an atrioventricular accessory pathway
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>25 kg. Currently, decapolar electrode catheters

down to only 4 Fr diameter are available. In small

children or those otherwise having limited

vascular access, useful data can be obtained by

creative combinations of electrogram acquisition,

including the esophagus, trans-hepatic access,

internal jugular vein, and subclavian vein. For

the typical youngster undergoing basic intracar-

diac EP study, the methodology is similar across

institutions with minor variations based on prac-

tice preference. Multipolar catheters are advanced

within the venous system and placed at multiple

sites within the heart for the purpose of recording

atrial, His bundle, and ventricular activations

simultaneously. Typically, a quadripolar electrode

catheter is placed in contact with the endocardium

along the superior and lateral portion of the right

atrium near the sinus node. A second quadripolar

catheter is placed along themidportion of the atrial

septum spanning the tricuspid valve annulus, at

the location of the tricuspid valve septal commis-

sure, in order to record a His bundle electrogram.

Given the position of this catheter, atrial, His

bundle, and ventricular electrograms are recorded

from this channel (Figs. 157.23 and 157.24).

A third quadripolar catheter is placed in the cavity

of the right ventricle. These catheters record

signals from the right heart. However, in order to

obtain left-sided signals, a multipole (usually,

decapolar) catheter can be inserted in the coronary

sinus via the coronary sinus ostium. By spanning

the length of the coronary sinus and much of the

great cardiac vein at the level of the atrioventric-

ular groove, the bipole pairs of electrodes on this

Fig. 157.26 Body surface and intracardiac tracings dur-

ing ventricular pacing. Ventricular to atrial activation is

eccentric with earliest atrial activation at the CS3

electrode in the left posterior atrium, suggesting retro-

grade conduction through a left posterior atrioventricular

accessory pathway

157 Diagnosis of Arrhythmias and Conductive Disorders 2929



catheter record both left atrial and left ventricular

electrograms. These electrograms are important

for determining arrhythmia mechanism as well as

for the diagnosis of left-sided accessory pathways

(Figs. 157.25–157.27).

Simultaneous recording and display of the

catheter signals allows for precise measurement

of timing at each site as well as “visualization” of

activation as it proceeds past each recording site.

The surface electrocardiogram is also recorded

and displayed. Key timing intervals are measured,

including the PA interval (conduction time from

the sinus node to the AV node), the AH interval

(conduction time within the AV node), and the

HV interval (conduction time from the beginning

of the His bundle through the Purkinje network).

Programmed stimulation is performed to assess

electrophysiologic characteristics of the atrial

myocardium, the AV node, the His bundle/bundle

branches/Purkinje network, the right ventricular

myocardium, and, if present, accessory pathways.

The chamber of interest is paced at a constant rate

for approximately 8–10 beats. This sequence is

then followed at a specific interval by a single

premature paced beat. This sequence is repeated

with the premature beat being delivered progres-

sively earlier until the site no longer responds.

This technique allows determination of “refrac-

tory periods” of the various cardiac structures.

In addition, conduction characteristics may be

investigated by pacing the cardiac structure of

interest incrementally faster until a defined event

occurs. To aid the nonelectrophysiologist in

becoming conversant with intracardiac EP

Fig. 157.27 Body surface and intracardiac tracings dur-

ing supraventricular tachycardia, specifically orthodromic

atrioventricular reciprocating tachycardia (ORT). The

QRS is normal, without pre-excitation. The HV interval

is normal. Earliest atrial activation is located at the CS3

electrode site. The VA interval (or RP interval) is shorter

than the AV (or PR) interval, demonstrating a short RP

tachycardia
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Table 157.10 Glossary of terms used in electrophysiology study reports (aFrom reference [65])

Normal intracardiac conduction intervals

Interval What it measures Normal values

PA interval (must be in sinus rhythm) Right atrial conduction time <30 ms (<2 years)

<40 ms (>2 years)

AH interval AV nodal conduction time (antegrade) 30–90 ms (<2 years)

40–100 ms (2–10 years)

45–110 ms (11–15

years)

45–135 ms (>15 years)

HV interval His-Purkinje system conduction time

(antegrade)

25–50 ms (<2 years)

27–55 ms (2–5 years)

30–55 msec (5–10 years)

35–55 ms (>10 years)

Sinus node evaluation

Term Abbreviation Definition What it tests

Normal

values

Sinus node recovery

time

SNRT Longest interval in milliseconds from last atrial paced

event to first recovery atrial event (or longest

secondary pauses)

Sinus node

automaticity

Corrected sinus

node recovery time

CSNRT SNRT minus ambient sinus cycle length Sinus node

automaticity

31–275 msa

Percent of corrected

sinus node recovery

time

%CSNRT SNRT divided by ambient sinus cycle length Sinus node

automaticity

<165 %

Sinoatrial

conduction time

SACT 2 methods (Strauss and Narula), see text Sinoatrial

conduction

48–200 msa

Refractory periods (S1 ¼ drivetrain stimulus, S2 ¼ extrastimulus, A ¼ atrial event, H ¼ His bundle event,

V ¼ ventricular event)

Term/pacing site Abbreviation Definition What it tests

Atrial effective refractory period/

atrium

AERP Longest S1-S2 not resulting in

an A2

Atrial muscle

refractoriness

Atrial functional refractory period/

atrium

AFRP Shortest A1-A2 obtainable Atrial muscle

refractoriness and

conduction velocity

Antegrade AV nodal effective

refractory period/atrium

aAVNERP Longest A1-A2 not resulting

in an H2

AV nodal refractoriness

Antegrade AV nodal functional

refractory period/atrium

aAVNFRP Shortest H1-H2 obtainable AV nodal refractoriness

and conduction velocity

Retrograde AV nodal effective

refractory period/ventricle

rAVNERP Longest H1-H2 (or V1-V2)

not resulting in an A2

AV nodal refractoriness

Retrograde AV nodal effective

refractory period/ventricle

rAVNFRP Shortest A1-A2 obtainable

(via AV node)

AV nodal refractoriness

and conduction velocity

Antegrade accessory pathway (AP)

effective refractory period/atrium

aAPERP Longest A1-A2 not resulting

in a pre-excited V2

AP refractoriness

Antegrade accessory pathway (AP)

functional refractory period/atrium

aAPFRP Shortest V1-V2 obtainable

(both beats pre-excited)

AP refractoriness and

conduction velocity

Retrograde accessory pathway (AP)

effective refractory period/ventricle

rAPERP Longest V1-V2 not resulting

in A2 via AP

AP refractoriness

Retrograde accessory pathway (AP)

functional refractory period/ventricle

rAPFRP Shortest A1-A2 obtainable

(both beats via AP)

AP refractoriness and

conduction velocity

Ventricular effective refractory period/

ventricle

VERP Longest S1-S2 not resulting in

a V2

Ventricular muscle

refractoriness

(continued)
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testing reports, a glossary of terms appears in

Table 157.10 [65]. Just as there are developmental

changes in the surface ECG intervals, so, too, do

the intracardiac conduction intervals show

changes with age. Some of these appear in

Table 157.10. If inducibility of a tachyarrhythmia

does not occur with single extrastimulus testing as

described above, stimulation with multiple pre-

mature beats or bursts of pacing is performed.

As with esophageal electrophysiology studies, if

provocative testing under baseline conditions

does not induce the expected tachycardia, testing

is repeated during adrenergic stimulation with

isoproterenol infusion, isoproterenol plus atro-

pine, or epinephrine infusion.

The goals of the EP study are to assess the

electrophysiologic characteristics of the myocar-

dium, to determine if an arrhythmia substrate is

present, to determine if a clinically relevant

arrhythmia is inducible, to determine the

mechanism of the arrhythmia, and occasionally

to evaluate the pharmacological response of a

tachyarrhythmia. Accurate diagnosis of the

arrhythmia mechanism is important to help deter-

mine therapeutic approaches, including potential

antiarrhythmic medications, ablation strategies,

or need for an implantable defibrillator.

Typically, the diagnostic EP study is performed

in a setting where the ability to proceed with

therapeutic ablation is seamless.
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