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PREFACE
After the publication of his textbook Clinical
Electrocardiograpy in 1956, Dr. Louis Katz was
said to declare that electrocardiography was fully
explored, implying no need for further investiga-
tions in this field. Similar verdicts have been pro-
nounced in subsequent years, proving them to be
consistently wrong in the face of the continuing
flow of new information about the electrocardio-
gram (ECG) in synchrony with the continuing
progress in other areas of cardiology.

As envisioned by the author of the first four
editions, Dr. Chou, this text is primarily clinical,
with sufficient basic science foundation and
bibliography to understand the genesis of diverse
ECG patterns. In the 7 years since the publica-
tion of the fifth edition, valuable new infor-
mation emerged that necessitated complete
revision of the sections dealing with ST-elevation
myocardial infarction (STEMI) and non-STEMI,
stress test, QT interval, and pacemakers. Dr. Tim-
othy Knilans updated the section on pediatric
electrocardiography, most extensively the chapter
on cardiac arrhythmias. Given that the backbone
of an ECG textbook are the illustrations, many
figures in this edition were added and replaced.

I am indebted to Drs. HJJ Wellens, APM
Gorgels, and PA Doevedans, authors of the
monograph The ECG in Acute Myocardial Infarc-
tion and Unstable Angina, for their permission
to reproduce several figures, and to Dr. Serge
S. Barold for allowing us to include new informa-
tion and figures in the chapter on cardiac pace-
makers. I am grateful to Mrs. Terri Scott for her
invaluable secretarial assistance.

BORYS SURAWICZ, M.D., M.A.C.C.
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Origin of the Electrocardiogram

The waveform of the electrocardiogram (ECG)
recorded from the body surface depends on the
properties of the generator (i.e., cardiac action
potential), the spread of excitation, and the char-
acteristics of the volume conductor. The electro-
cardiographic theory attempts to integrate these
three elements.1

Figure 1–1 shows the temporal relation
between the atrial and ventricular action poten-
tials and the surface ECG. The P wave is derived
from atrial depolarization, the QRS complex from
ventricular depolarization, the ST segment from
phase 2 (plateau), and the T wave from phase 3
of the ventricular action potential. The activity
of the conducting system is not represented on
the surface ECG. Intracardiac electrodes can be
used to record His bundle potential and signals
from other parts of the conducting system.
DEPOLARIZATION AND
REPOLARIZATION
Potential differences generated during cardiac
activity set up currents in the conductors surround-
ing the heart. A simplified electrocardiographic
theory is based on an elementary model of a
single fiber surrounded by a homogeneous
medium. In such fibers, during resting the pos-
itive and negative boundaries are equal and
opposite in sign for the extent of the conductor.
This means that the polarized surface is closed,
and no potential is recorded (Figure 1–2, top
tracing). When the excitation wave invades
the fiber and reverses the charges across the
membrane, currents flow outside the fiber,
inside the fiber, and across the membrane, as
indicated by the arrows in Figure 1–1 (second
tracing from top). This creates potential differ-
ences of depolarization, which disappear when
the double layer again becomes homogeneous
in the fully activated state, as shown in the
middle tracing of Figure 1–2. Subsequently a
transition from an activated to a resting state
occurs, a process of repolarization shown in
Figure 1–2 (fourth and fifth tracings from top).
DIPOLES
The he art conta ins about 10 10 cells. Each insta nt
of depolarization or repolarization represents
different stages of activity for a large number of
cells, and an electromotive force generated at each
1



Figure 1–2 Resting state, depolarization, and repolariza-
tion in a single cell, the two ends of which are connected to
a galvanometer. On the right are ECG deflections resulting
from the polarization changes in the diagram on the left.
(From Surawicz B: Electrocardiogram. In: Chatterjee K,
Parmley WW [eds]: Cardiology. Philadelphia, JB Lippincott,
1991, by permission.)

Figure 1–1 Timing of cardiac action potentials recorded
during inscription of an ECG complex. The action poten-
tials responsible for the atrial and ventricular activation
are designated manifest and those responsible for impulse
initiation and propagation as concealed. See text.

2 SECTION I � Adult Electrocardiography
instant represents a sum of uncanceled potential
differences. A potential difference between two
surfaces or between two poles carrying opposite
charges forms a dipole, the magnitude (moment),
polarity, and direction of which can be represented
by a vector.* The ECG records the sequence of
such instantaneous vectors attributed to an imagi-
nary dipole that changes its magnitude and direc-
tion during impulse propagation. During activity
the recording electrode is influenced by the poten-
tial difference across the boundary; the record of
activity, represented by an instantaneous vector,
depends on the position of the electrode within
the electrical field created by the dipole.

Figure 1–3 represents an electrical field with
a central location of a dipole in an ideal homoge-
neous medium. The solid lines represent positive
and negative isopotential lines. The maximum
potentials are given values of þ20 and –20. They
are in close proximity to the poles of the dipole
(i.e., the source and the sink). The potentials
decrease with increasing distance from the
dipole. The vertical interrupted line that trans-
ects the dipole is a zero potential line. The leads
to the right of this line record positive potentials,
*A dipole is a source-sink pair separated by a short
distance.

Figure 1–3 Electrical field generated by a dipole (-/þ).
(From Surawicz B: Electrocardiogram. In: Chatterjee K,
Parmley WW [eds]: Cardiology. Philadelphia, JB Lippincott,
1991, by permission.)



31 � Normal Electrocardiogram: Origin and Description
and those to the left of the line record negative
potentials. An electrode connecting two points
on the isopotential line records no potential
differences.

In the prototype model of Einthoven et al.,2

the postulated generator of cardiac activity was
a single dipole at the center of the triangle, and
the postulated volume conductor was both
homogeneous and unbounded. This oversimpli-
fied model remains useful for teaching electro-
cardiography at the elementary level. It does
not explain, however, the three-dimensional
(3D) distribution of cardiac electrical activity in
the heart at each point in time during the cardiac
cycle. It has been suggested that the electromo-
tive forces generated by ventricular excitation
can be expressed more properly by the electrical
field of several dipoles rather than by that of a
single dipole.3
POTENTIAL DECLINE WITH
INCREASING DISTANCE
FROM THE HEART
It has been established that in the volume con-
ductor with the properties of the human thorax,
the potential declines approximately in propor-
tion to the square of the distance. This means
that, for practical purposes, all points on the torso
situated at a distance of more than two diameters
of the heart are approximately “electrically” equi-
distant from the generator. Thus the remoteness
of the electrodes placed on the extremities is suf-
ficient to minimize the nondipolar components of
the ECG caused by the proximity effect. At the
Figure 1–4 Potentials generated by an excitation wave of sou
wave as seen from the field point. The solid angle is the fraction
The symbol is the potential generated by the illustrated source
density across the boundary, the solid angle, and the reciprocal
point. (From Barr RC: Genesis of the electrocardiogram. In: Macf
ogy. New York, Pergamon, 1989. Copyright 1989 Elsevier Scien
same time it can be understood that the anterior
precordial leads, owing to their proximity to the
heart, are influenced by the local potentials gener-
ated in the structures lying directly underneath
the corresponding electrodes.
SOLID ANGLE THEOREM
The basic concept applicable to the analysis of
the body surface potentials states that at any
given point, the recorded potential is determined
by the product of a solid angle subtended at this
point by the boundary between the opposing
charges and the charge density per unit area
across the boundary (Figure 1–4). This means
that for any given charge density, the deflection
recorded by the electrode facing the boundary
increases with increasing surface of the bound-
ary and, conversely, that for any given dimension
of the boundary surface, the magnitude of the
recorded deflection increases with increasing
charge density across the boundary. The solid
angle theorem has been found useful for analysis
of potential differences caused by injury cur-
rents4 (see Chapter 7).
VOLUME CONDUCTOR
The conductivity of tissues surrounding the
heart influences the amplitude of the ECG deflec-
tions. Tissues with low conductivity decrease the
amplitude of the ECG deflections. Low voltage
is present when the lungs are hyperinflated or
when the heart is insulated by a large amount of
fat. Low voltage can also be caused by pericardial
rces and sinks are related to the solid angle of the excitation
of a unit sphere subtended by a three-dimensional object.

-sink boundary. This potential is determined by the charge
of the square of the distance from the boundary to the field
arlane PW, Lawrie TD [eds]: Comprehensive Electrocardiol-
ce, by permission.)
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and pleural effusions or edema owing to the
short-circuiting action of these well-conducting
fluids.
Methods of Recording
ECG LEADS
Figure 1–5 Einthoven’s triangle showing the projection
of a vector on the axes of three standard limb leads. (From
Surawicz B: Electrocardiogram. In: Chatterjee K, Parmley
WW [eds]: Cardiology. Philadelphia, JB Lippincott, 1991,
by permission.)

Figure 1–6 Einthoven’s law. Note an isoelectric QRS
complex in lead II as a result of equal amplitudes of oppo-
site polarity in leads I and III.
To study the electromotive forces generated dur-
ing the propagation of cardiac impulses, it is
necessary to attach the leading electrodes to the
heart or to the body surface. When one or both
electrodes are in contact with the heart, the
ECG leads are called direct. When the electrodes
are placed at a distance of more than two car-
diac diameters from the heart, the leads are
called indirect. Semidirect leads designate an
arrangement in which one or both electrodes
are in close proximity but not in direct contact
with the heart. The leads are considered bipolar
when both electrodes face sites with similar
potential variations and unipolar when potential
variations of one electrode are negligible in
comparison with those of the other. Of the 12
standard ECG leads, I, II, and III are indirect
and bipolar; aVR, aVL, and aVF are indirect and
unipolar; and V1 through V6 are semidirect
and unipolar.*

The three standard limb leads were designed
by Einthoven to represent three sides of an equi-
lateral triangle in which the heart is positioned
at the center (Figure 1–5). As stated previously,
this concept arose from an assumption that the
electromotive forces of the heart could be repre-
sented by a single vector centered in this triangle.
According to Einthoven’s law, the magnitude of
the deflection in lead II equals the sum of deflec-
tions in leads I and III. Figure 1–6 illustrates this
point.

Although a more accurate system of elec-
trode placement at points equidistant from the
heart has been proposed by other investigators,
the use of Einthoven’s leads has become univer-
sally entrenched. The unipolar chest leads were
introduced by Wilson for the purpose of dimin-
ishing the influence of the distant reference
electrode. He constructed a zero potential elec-
trode (V) by connecting the three limb electro-
des through equal resistances of 5000 ohms to a
central terminal. Wilson and coworkers5 devel-
oped the system of unipolar chest leads and
unipolar limb leads taken from the central
*The use of the term unipolar in reference to ECG leads is
controversial because the potential at the central terminal
pole is not negligible.
terminal to the individual limb electrodes
(VR, VL, VF). Subsequently, Goldberger

6 discon-
nected the resistors placed between the limb
and the central terminal and thus augmented
(a) the voltage of these leads about 1.5 times
(aVR, aVL, aVF). The relation between the stan-
dard and unipolar augmented leads is as fol-
lows:
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aVR þ aVL þ aVF ¼ 0

The direction of lead I is 0 degrees; lead II, 60
degrees; lead III, 120 degrees; lead aV , 90
Figure 1–7 Directions of the lead axes of leads V1

through V6.
F

degrees; lead aVL, –30 degrees; and lead aVR,
–150 degrees.

Lead Display

The traditional sequence of lead display in
a standard 12-lead ECG is: I, II, III, aVR, aVL,
aVF, and V1–V6. This sequence displays logically
the precordial leads, but not necessarily the limb
leads, where the displayed panoramic clockwise
sequence would be: aVL, I, –aVR, II, aVF, and III.
The latter display was endorsed by a large num-
ber of leading electrocardiographers7 but has not
yet prevailed to alter the established tradition.

Vectors and Electrical Axis

The electromotive force generated by the heart at
any instant can be represented by the vector
force of a single equivalent dipole situated at this
point. This vector points from the negative to
the positive potential (coincident with the direc-
tion of the impulse propagation), and its magni-
tude is proportional to the magnitude of the
electromotive force. The voltage registered in a
given lead corresponds to the projection of the
cardiac vector on the axis of the lead (see
Figure 1–5). The maximum deflection is
registered when the vector is parallel, and the
minimum deflection is seen when the vector is
perpendicular to the lead axis.

The maximum QRS vector is used to define
the main axis. This vector usually corresponds
to the R axis. The mean QRS axis is the average
of all instantaneous vectors during the QRS com-
plex. The general phrase “electrical heart axis in
the frontal plane” is sometimes used in reference
to the main axis and sometimes to the mean
axis. This designation is meaningful only when
one dominant deflection is present in at least
one of the limb leads. When the QRS complex
is biphasic in all leads, the meaning of the aver-
age QRS axis changes because the vectorcardio-
graphic QRS loop (see later discussion) is
nearly circular. Such a biphasic pattern with an
indeterminate axis is described preferably as a
sequence of two main axes corresponding to
the initial and terminal deflections.

The semidirect precordial leads introduced by
Wilson record the potential differences between
the chest electrodes and the central terminal
(V) electrode at locations shown in Figure 1–7.
Intrinsic and Intrinsicoid Deflections

When the electrical activity on the cardiac sur-
face is recorded by means of a unipolar lead,
the activation front approaching the electrode
registers an upright deflection, but as soon as
the activation front reaches the electrode, the
direction changes and the electrogram records
a rapid negative deflection, which is referred to
as intrinsic. The validity of this concept, pro-
posed by Lewis et al. in 1914, was supported
by the experiments of Dower.8

Dower showed that an electrode placed on
the surface of the guinea pig heart inscribes
a negative deflection that coincides with the
upstroke of the ventricular action potential in
the immediately subjacent cell. In Dower’s study,
the intrinsic deflection was marked more sharply
on the left than on the right surface of the heart.8

The transition from positive to negative is less
abrupt in semidirect unipolar precordial leads
than in direct leads, which makes the intrinsic
deflection less rapid and less distinct. For this
reason, this deflection was designated by
McLeod et al. in 1930 as intrinsicoid. The onset
of an intrinsicoid deflection in the precordial
leads corresponds to the peak of the tall R wave
or the nadir of the deep S wave. The onset of an
intrinsicoid deflection may be delayed if the dura-
tion of the excitation wave spreading toward the
recording electrode is prolonged owing to
increased ventricular wall thickness. In the right
precordial leads the upper limit of normal is
0.035 second, and in the left precordial leads it
is 0.045 second. This interval is used mostly to
diagnose ventricular hypertrophy and bundle
branch block when the onset of the intrinsicoid
deflection is delayed.
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Esophageal Leads

The esophageal leads can be viewed as an
approximation of nearly direct left atrial leads
because only a thin wall of the esophagus sepa-
rates the electrode from the posterior wall of the
left atrium. The left atrial origin of the esophageal
electrograms has been documented by comparing
the esophageal leads with the simultaneously
recorded direct left atrial leads inserted transsep-
tally during cardiac catheterization.9

Left atrial depolarization can be represented
by a single vector directed inferiorly and ante-
riorly. Consequently, as the unipolar esophageal
electrode is moved caudad, the points above
the atrium record a negative deflection and the
points below the atrium record a positive deflec-
tion; the intermediate points overlying the left
atrium record a diphasic deflection.
VECTORCARDIOGRAPHY
The vectorcardiographic display is based on the
assumption that the electrical activity of the
heart may be approximated by a fixed location,
a variable amplitude, and a variable orientation
of the current dipole within a finite homoge-
neous torso. If the vectors during one cardiac
cycle are displayed with their origin on a common
zero point, their ends form a vector loop beginning
at and returning to this point. Because each of the
principal ECG components—the P wave, QRS
complex, T wave, and U wave—starts from and
returns to the same baseline, four loops can be
recorded, one for each of these four deflections. If
the ST segment is displaced from the baseline, the
QRS loop does not return to the point of origin of
the T loop and the loop remains open. Because
the P, T, and U loops are of much lower amplitude
than theQRS loop, their analysis requires consider-
able amplification.

To obtain a vectorcardiogram (VCG), two
leads must be recorded simultaneously. The mod-
ern VCG system employs a set of three orthogonal
leads, one in the right to left direction (x lead), one
in the head to foot direction (y lead), and one in the
front to back direction (z lead). Sets of appropriate
resistors are used to “correct” these leads for the
varying distances of the electrodes from the heart.
The leads can be combined to form three loops:
one in the frontal plane using the x and y leads,
one in the sagittal plane using the y and z leads,
and one in the horizontal plane using the x and z
leads. To follow the direction of instantaneous
vectors, it is customary to interrupt the loop at
2.0- or 2.5-ms intervals.
In addition to the enhanced accuracy of the
orthogonal lead system and the ability to mea-
sure accurately the direction of instantaneous
vectors at frequent intervals, the VCG displays
the rotation of the loop, which adds valuable
information not available from inspection of
the scalar ECG.

Although in principle the scalar ECG and the
VCG have essentially the same content, under
certain circumstances the VCG displays a diagnos-
tic pattern more distinctly than does the scalar
ECG.10 Thus the VCGmay help clarify the diagno-
sis by providing more accurately measured inter-
vals and by displaying the rotations of the QRS
loop and its components. These details pertain
most often to analysis of the early portion of the
QRS complex. The VCG has been most useful for
clarifying the diagnosis of inferior, anteroseptal,
and posterior myocardial infarction and infarction
complicated by bundle branch or fascicular blocks.
VCG is also more sensitive for detecting left atrial
enlargement (the magnitude of the maximum pos-
terior P vectors in the horizontal and sagittal
planes) and right ventricular hypertrophy (demon-
stration of a clockwise QRS loop displaced ante-
riorly and to the right).11

Notwithstanding the occasional diagnostic
superiority of the VCG compared with the scalar
ECG, the net yield of such advantages in clinical
practice is not sufficient to overcome the disad-
vantages of the more costly equipment, the lon-
ger time needed to apply the electrodes and
produce the record, and the occasional need to
supplement the loops made from orthogonal
leads by semidirect precordial leads. Such minor
inconveniences combined with the increasing
availability of technology for the assessment of
wall motion abnormality and myocardial perfu-
sion have resulted in a declining use of VCG in
clinical practice. The necessity of using the sca-
lar ECG for analysis of cardiac rhythms is
another factor contributing to this trend.

The VCG is a useful teaching tool for explain-
ing the scalar ECG, but equally instructive is the
vectorial display of the magnitude and direction
of the scalar ECG components. Plotting the vec-
tors of the individual components of the QRS
complex sequentially from the same point of ori-
gin allows us to trace a vectorcardiographic loop.
Conversely, scalar ECG components can be
derived from the VCG.
MAGNETOCARDIOGRAPHY
Magnetic signals are generated during depolariza-
tion and repolarization. The magnetic signals have
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a common basis with the ECG and therefore are
similar in form and distribution. Unlike a conven-
tional ECG, however, the magnetocardiogram
can differentiate between displacement of the base-
line and displacement of the ST segment (see
Chapter 7). Otherwise, magnetocardiographic
and ECG signals correlate closely with one
another.12 This may explain the virtual absence of
magnetocardiograms in clinical practice.
BODY SURFACE MAPPING
Figure 1–8 Signal-averaged ECG with normal values.
Body surface mapping, facilitated by the use of
a computer, provides detailed information
about the distribution of QRS, ST, and T poten-
tials on the body surfaces. Modern mapping
systems analyze data at 1-ms intervals and print
isopotential maps at 5-ms intervals. It has been
shown that an array of 32 leads is sufficient to
obtain an accurate isopotential map.13 Another
method is a body surface Laplacian map that
utilizes circular electrodes and measures a
two-dimensional (2D) projection image of the
3D distribution of cardiac electrical sources
onto the body surface in millivolts per square
millimeters (mV/mm2).14 Perhaps the most
promising application of mapping is to measure
the dispersion of QT intervals to assess the dis-
persion of ventricular repolarization (see later
discussion).
SIGNAL-AVERAGED ECG
The main purpose of the signal-averaged ECG
(SAECG) is detection of signals of microvolt
amplitude. This requires reduction of noise, the
principal source of which is skeletal muscle.
The amplitude of noise is typically 5 to 20 mV;
that is, it has a magnitude similar to that of
high-frequency (>25 Hz) cardiac potentials.15

Details of the technique can be found in instruc-
tion manuals and review articles, including the
work of Simson.15 Averaging the highly ampli-
fied voltages isolates signals of repetitive forms
and cancels the random nonrepetitive noise.
The average signals are high-pass filtered to
reduce the large amplitude, low-frequency signal
content such as the ST segment. Filters of 25 to
100 Hz are used predominantly, most commonly
the 40 Hz frequency (Figure 1–8). If the cutoff is
lower (i.e., 25 Hz) the specificity increases but
the sensitivity declines.

High-pass filtering is referred to as the time
domain analysis because it provides information
about the duration of such intervals as the
filtered QRS complex. The frequency domain
obtained by fast Fourier transform provides a
display of amplitude versus frequency. The use
of time domain is more prevalent, but the fre-
quency domain is not without merit. The aver-
aging is performed on several hundred
complexes, usually in the orthogonal x, y, and
z leads. The square root of the sum of X2 þ
Y2 þ Z2 is the vector magnitude commonly
referred to as “filtered QRS complex.” In the
presence of ventricular late potentials at the
microvolt level in the ST segment, the filtered
QRS complex is prolonged. The duration of this
interval represents the variable of most clinical
interest aside from the amplitude of low poten-
tials. It has been established empirically that
abnormal potentials are less than 20 to 25 mV
amplitude. A third variable usually included in
routine analysis of the SAECG is the duration
of the terminal portion of the filtered QRS com-
plex of less than 40 mV amplitude. In the
absence of intraventricular conduction distur-
bances, the frequently used criteria for abnor-
mal durations are >114 to 120 ms for the
duration of the filtered QRS complex and
>38 ms duration of the low-amplitude signals.
The criteria for abnormality are highly depen-
dent on technique.13 Figure 1–8 shows a normal
SAECG recorded with the filter setting at 40 Hz
frequency. The duration of the filtered QRS
complex is 94 ms; the terminal QRS portion of
less than 40 mV amplitude is 18 ms; and the
amplitude of low potentials is 67 mV.
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Normal ECG
P WAVE
Atrial activation begins in the sinoatrial (SA)
node or the neighboring atrial pacemakers (see
Chapter 2). It spreads in a radial fashion to
depolarize the right atrium, the interatrial sep-
tum, and then the left atrium.16,17 The last
region of the left atrium to be activated is the
tip of the left atrial appendage, or the posteroin-
ferior left atrium beneath the left inferior pulmo-
nary vein.16 Three specialized pathways that
contain Purkinje fibers have been identified as
connecting the SA node to the atrioventricular
(AV) node: the anterior, middle, and posterior
internodal pathways. An interatrial pathway, the
Bachmann bundle, connects the right and left
atria. For practical purposes, the early part of
the P wave may be considered to represent the
electrical potential generated by the upper part
of the right atrium, and the late part as that by
the left atrium and the inferior right atrial wall.

The initial portion of the P wave, corresponding
to depolarization of the right atrium, is directed
anteriorly. The portion corresponding to depolari-
zation of the left atrium and the inferior right atrial
wall is directed posteriorly. Because both deflec-
tions are directed downward and to the left, they
tend to fuse and form a single deflection in the
frontal plane. However, careful inspection or
amplification usually reveals a notch on the sum-
mit of the normal P wave (see Figure 1–15). The
orientation of the two components is better visua-
lized in the right precordial leads. In normal adults
the duration of the P wave, which represents the
duration of atrial activation, varies from 0.08 to
0.11 second.18 In a study that involved a large
population, a significant number of subjects had
a duration of 0.12 to 0.13 second. For practical
purposes, however, a value>0.11 second can usu-
ally be considered abnormal.19

The P axis in the frontal plane (determined
from the limb leads) varies from 0 to þ75
degrees,20 with most falling between þ45 and
þ60 degrees. Therefore the P wave is always
upright in leads I and II and inverted in lead
aVR. In lead III it may be upright, diphasic, or
inverted. When it is diphasic, the initial deflec-
tion is positive and the second component is
negative. A diphasic P wave in lead III is present
in 7 percent of the normal population.21 The P
wave in lead aVL is also variable in polarity.
A negative P wave is relatively common in this
lead. When it is diphasic, the deflection is nega-
tive-positive. In lead aVF the P wave is usually
upright, but a diphasic or flat P wave is seen
occasionally.

In the precordial leads, the P wave is often
diphasic in leads V1 and V2. The early right atrial
forces are directed anteriorly and the late left
atrial forces posteriorly. Therefore the diphasic
P wave has a positive-negative configuration.
When the amplitude of one of the two compo-
nents is low, the P wave appears entirely positive
or entirely negative in lead V1, but the P wave in
lead V2 is seldom entirely negative. In the
remaining precordial leads, the P wave is always
upright due to the essentially right-to-left spread
of the atrial activation impulse.

The amplitude of the P wave in the limb leads
seldom exceeds 0.25 mV or 25 percent of the
normal R wave in normal individuals at rest,
but the normal range is wide due to such factors
as the position of the heart, proximity to the
recording electrodes, degree of atrial filling,
extent of atrial fibrosis, and other extracellular
factors that influence the amplitude of ECG
deflections on the body surface. In the precordial
leads, the positive component of the P wave is
less than 0.15 mV. In lead V1 the negative deflec-
tion is usually less than 0.1 mV.
PR INTERVAL
The PR interval is measured from the beginning
of the P wave to the beginning of the QRS com-
plex. The term “PQ interval” is preferred by
some electrocardiographers because it is the
period actually measured unless the Q wave is
absent. The PR interval spans the time required
for the propagating impulse to advance from
the atria through the AV node, bundle of His,
bundle branches, and the system of Purkinje
fibers until the ventricular myocardium begins
to depolarize (Figure 1–9). It does not include
the duration of conduction from the SA node
to the right atrium (SA conduction).

In adults the normal PR interval is 0.12 to 0.20
second.22 It is generally shorter in children and
longer in older persons. The relation between
heart rate and the duration of the PR interval is
discussed in Chapter 19. The interval should be
measured in the lead with the largest, widest P
wave and the longest QRS duration. Such a selec-
tion avoids inaccuracies incurred by using the
leads in which the early part of the P wave or
QRS complex is isoelectric. Because most modern
electrocardiographs record several leads simulta-
neously, the points of onset of the P wave and
the QRS complex can be verified by examining
the other simultaneously recorded leads.



Figure 1–9 P-QRS-T complex illustrating the sequence
of activation of the atria and the specialized conduction
fibers. His ¼ bundle of His; P ¼ Purkinje fibers; SN ¼ sino-
atrial node. (From Damato AN, Lau SH: Clinical value of
the electrocardiogram of the conduction system. Prog Car-
diovasc Dis 13:119, 1970, by permission of the authors
and Grune & Stratton.)

Figure 1–10 Total excitation in the adult normal human
heart. The heart is depicted in the position it may occupy in
the body. Portions of the right ventricle, septum, and left
ventricle are removed, showing the opened left and right
ventricular cavities. Movement of the isochrones can be
clearly seen. Isochrones in the septal region near the atrio-
ventricular sulcus are hypothetical, but some data are com-
patible with the location shown. (From Durrer D: Electrical
aspects of human cardiac activity: a clinical-physiological
approach to excitation and stimulation. Cardiovasc Res
2:1,1968. Copyright 1968 Elsevier Science, by permission.)
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His bundle recordings have shown that most
of the AV conduction time is consumed by
impulse conduction through the AV node (i.e.,
proximal to the His bundle). The duration of
the AH interval (i.e., the time between the intra-
cavitary potential recorded from the lower part
of the right atrium and the His bundle spike) is
50 to 130 ms.23–25 The HV time, or the interval
between the His spike and the onset of ventricu-
lar deflections, is 35 to 55 ms.

The PR interval includes atrial depolarization
(P wave) and atrial repolarization (Tp), which is
directed opposite to the P-wave axis. When the
amplitude of atrial repolarization is low, the seg-
ment between the end of P and the onset of the
QRS complex is, for practical purposes, horizon-
tal. When atrial repolarization is more clearly
expressed (e.g., during exercise-induced tachy-
cardia) (see Chapter 10), the PR segment slopes
downward in the conventional leads except in
lead aVR.

26 In normal subjects, at normal heart
rates the magnitude of the PR segment depres-
sion is usually less than 0.08 mV, and the magni-
tude of elevation is less than 0.05 mV. Taller
P waves are more likely to be associated with a
greater degree of PR segment depression.
VENTRICULAR ACTIVATION
(QRS COMPLEX)
Ventricular activation, excitation, and depolariza-
tion are synonyms for a process that determines
the duration and configuration of the QRS com-
plex on the ECG. Figure 1–10 shows the opened
right and left ventricular cavities after a portion
of the right ventricle, septum, and left ven-
tricle has been removed.27 The boundaries of
activation are arranged concentrically. Purkinje
fibers penetrate 3 to 4 mm into the apical and
middle portions of the septum on both sides,
but the basal and posterior septum are devoid
of functioning Purkinje fibers. Activation can
be divided into three phases: early, later, and
latest.

Early Activation

The earliest sites of activation, represented by the
10-ms isochrones, are located in the middle-left
side of the septum, high on the anterior parasep-
tal wall at about one third of the distance from
the apex to the base. At 20 ms the excitation
wavefront reaches the apex, anterior left ventricu-
lar wall, right ventricular septal surface near the
attachment of the anterior papillary muscle, and
part of the right ventricular free wall. Thus the
two excitatory waves in the septum propagate in
opposite directions: one from the low middle-left
side to the right, and the other, which starts
slightly later, from the lower right septal surface
propagating to the left.
Later Activation

At 30 ms, invasion of the subendocardial layer of
the apical half of the diaphragmatic wall is com-
pleted, and there is regular outward spread in a



Figure 1–11 Representative resultant spatial vectors of
ventricular activation. Vector 1 represents the resultant
force of initial septal and paraseptal activation; vector 2,
activation of the free wall of the ventricles; and vector 3,
basal portion of the ventricles.
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large part of the anterior wall and in a small part
of the inferior wall. The opposing septal forces
in the apical portion of the septum have met
and have disappeared, and the basal portion of
the septum is activated slowly toward both out-
flow tracts. The slowness of this activation is
reflected in the close spacing of the isochrones.

At 40 ms, large portions of the surface of the
anterior left ventricle and the right ventricle
have undergone activation, and excitation begins
in the subendocardial layers of the basal region
of the left ventricular diaphragmatic wall. At this
time the general direction of the excitation wave
shifts inferiorly and laterally.

Latest Activation

From 50 ms on, the right ventricular and the
septal forces are directed toward the base; the
left ventricular forces have a more posterior
direction. The last 30 ms (not shown) complete
these movements with little change in direction.
Figure 1–10 shows that most of the endocardial
surface of the left ventricle is depolarized within
40 ms, which suggests that about half of the nor-
mal QRS complex is generated after completion
of the endocardial activation.

Relation to the Morphology
of the QRS Complex

Unlike the shape of the P wave, which can be
explained by a single dipole reflecting a rela-
tively simple pattern of activation sequence, gen-
esis of the QRS complex is more complicated.
This is because the electromotive forces forming
the QRS complex are generated within a massive
3D structure by impulses propagating simulta-
neously in several directions. Most of the electrical
forces during depolarization undergo cancellation,
and the QRS complex is formed by residual non-
canceled potentials, which in some idealized mod-
els have been represented by a single dipole but
more often conform to models of two or more
dipoles.

In the precordial leads the QRS complex is
influenced by the proximity to the underlying
portions of the heart that undergo excitation
(customarily expressed in terms of a solid angle
subtended by the excited area facing the elec-
trode) and by the properties of the volume con-
ductor (i.e., the geometry and the resistivity of
the tissues between the heart and the electrode
on the body surface). These variables must be
considered when the morphology of the QRS
complex is correlated with the spread of ventric-
ular activation.
Therefore accurate reconstruction of the QRS
complex from the maps depicting spread of exci-
tation may not be feasible. In an oversimplified
scheme the QRS is represented by three vectors
(Figure 1–11). The interval corresponding to
the earliest 20 to 30 ms of the QRS complex,
directed rightward and anteriorly, represents
more than septal depolarization, which means
that this component of the QRS complex should
not be referred to as “septal depolarization.” The
major ventricular forces are represented by a
leftward-directed vector. The thickness of the
left ventricular wall compared with that of the
right ventricular wall and the relative positions
of these two chambers explain why in the nor-
mal heart the R wave represents predominantly
the uncanceled transmural excitation potentials
of the left ventricle. The terminal portion of the
normal QRS complex represents posterobasal
depolarization of the septum and both ventricles
and can be represented by a superiorly oriented
QRS deflection that may be directed anteriorly
or posteriorly. This means that the r1 in the right
precordial leads and the S in the left precordial
leads are normal components of the QRS com-
plex and can be variously expressed in different
individuals.

QRS Duration

The duration of the QRS complex represents the
duration of ventricular activation. It should be
measured from the lead with the widest QRS
complex because in certain leads the initial or
terminal vectors may be perpendicular to the
lead axis, creating an isoelectric segment and
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spuriously narrowing the QRS complex. The
widest QRS complex is present usually in the
precordial leads, especially leads V2 and V3.
Another difficulty when obtaining an accurate
value of QRS duration is caused by an overlap
of ventricular depolarization and repolarization
at the end of the QRS complex. This means that
the transition from the QRS complex to the ST
segment is gradual rather than sharp. Lepesch-
kin and Surawicz28 proposed several methods
of defining the J point, but these methods have
not been compared with the currently employed
computer measurements. If the measurement is
made manually, it is recommended that the
earliest and latest points be determined in simul-
taneously recorded leads. The interval deter-
mined in such manner is usually slightly longer
than that obtained from the single-channel trace.
With the single-channel recording, it is recom-
mended that the widest complex in any of the
Figure 1–12 Hexaxial reference system.
12 leads with the sharpest onset and termination
be chosen.

In normal adults the QRS duration varies
between 0.07 and 0.10 second and measures
0.08 second in about 50 percent of adults.20

A duration of 0.11 second is sometimes observed
in healthy subjects. The QRS duration is slightly
longer in males than in females and in large, tall
subjects than in small, short subjects.28,29

QRS Axis

By convention, the QRS axis represents the
direction of the mean QRS vector in the frontal
plane. It is determined using the hexaxial refer-
ence system derived from the Einthoven equilat-
eral triangle (Figure 1–12). Two methods are
generally used. One method is to find a lead with
an isoelectric complex or a lead in which the
algebraic sum of the deflections is zero. The
See Figure 1–5 and text discussion.
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QRS axis is perpendicular to this lead, and its
positive terminus points toward the limb lead
with the largest net positive deflection. The
other method is to use the algebraic sum of the
deflections in two leads, usually leads I and III,
to plot the axis (see Figure 1–5). The results
obtained from these two methods are not neces-
sarily the same. Furthermore, the direction of
the axis may be different when a different pair
of leads is used. A variance of up to �35 degrees
is occasionally obtained in the same individual.30

The normal QRS axis in the frontal plane
is about þ60 degrees (range –30 to þ105
degrees).19,31 A slight to moderate left axis is
about þ30 to 0 degrees; slight to moderate right
axis, about þ90 to þ120 degrees; marked left
axis, about –60 degrees; and marked right axis,
about þ150 degrees. An axis in the range of
–60 to –90 degrees is best designated as left
superior and an axis in the range of –180 to
–90 degrees as right superior.

The mean QRS axis tends to shift leftward
with increasing age. In an individual younger
than 30 years, the axis is seldom superior to
0 degrees. After age 40 the axis is seldom to
the right of þ90 degrees. There is also an associ-
ation between the QRS axis and body weight.
A thin person is likely to have a more vertical
axis, and overweight individuals tend to have a
more leftward axis. The leftward shift of the
QRS axis with aging is particularly prevalent in
overweight subjects and is more pronounced in
older obese men than in older obese women.

QRS Morphology and Amplitude

Analogous to the QRS axis, the morphology and
amplitude of the QRS complex are significantly
affected by some constitutional variables. With
advancing age, the amplitude of the QRS com-
plex decreases, but the changes are less apparent
after age 40.13,32 Men generally have a larger
QRS amplitude than women.33 African Ameri-
cans tend to have higher voltage than Cauca-
sians.13,20,32 Table 1–1 shows the normal
ranges* of the Q, R, S, and T wave amplitudes
in men and women of different age groups, as
compiled by Lepeschkin.22

Limb Leads

The morphology of the QRS complex in the limb
leads depends on the orientation and amplitude
*Minor differences exist between some of the values
listed in Table 1–1 and those discussed in the following
paragraphs.
of the instantaneous QRS vectors in the frontal
plane. The direction of the mean QRS vector or
axis determines the polarity of the major deflec-
tion. Because the normal range of the QRS axis is
between –30 and þ105 degrees, lead I usually
records a dominant R wave, except in young
subjects with a rightward axis, in whom an R/S
ratio of less than 1 may be seen (Figure 1–13).
This is even more pronounced in lead aVL, in
which the entire QRS may be negative if the
QRS axis is þ90 degrees or more. Such a pat-
tern is believed to characterize the vertical
position of the heart. In lead II the R deflection
is invariably prominent if the axis is normal, as
the projection of the mean vector is always on
the positive side of this lead. In contrast, the
vector points toward the negative side of lead
aVR, which therefore always records a negative
deflection. An essentially upright complex is
more common in lead aVF, especially in young
individuals.

Because of the orientation of the lead III axis,
the morphology of the QRS complex in this lead
is variable. The normal QRS vector may project
on the positive or negative side of the lead axis.
When the QRS axis is between þ30 and þ75
degrees, the mean QRS vector is almost perpen-
dicular to lead III. A slight shift of the direction
of the QRS vector may change its projection on
the lead from the positive to the negative side or
vice versa, with a corresponding change in the
polarity of the complex. The respiratory variation
of the morphology also is most pronounced in
this lead (Figure 1–14). For the same reason,
notching and slurring of the QRS complex may
be seen normally in this lead and, albeit less fre-
quently, in the other inferior leads.

Q Wave

A Q wave is inscribed in a lead when the initial
QRS vectors are directed away from the positive
electrode. Q waves are more likely to be seen in
the inferior leads when the QRS axis is vertical
and in leads I and aVL when the QRS axis is hor-
izontal. The Q wave is present in one or more of
the inferior leads (leads II, III, aVF) in more than
50 percent of normal adults and in leads I and
aVL in fewer than 50 percent.19,31 In lead aVR

the initial negativity usually is part of the QS
deflection.

The duration of the Q wave is of considerable
importance in the diagnosis of myocardial
infarction. With the exception of leads III and
aVR, the Q waves in the limb leads normally do
not exceed 0.03 second in duration. Indeed, in
less than 5 percent of the normal population
the Q wave duration exceeds 0.02 second in these



TABLE 1–1 Normal Amplitudes of Q, R, S, and T Waves

Lead Age (Years) Q Wave R Wave S Wave T Wave

I 12–16 1.0 (0–3.0) 5.9 (0–12.0) 1.3 (0–10.0) 2.4 (1.6–6.0)
16–20 0.3 (0–1.3) 4.3 (1.8–9.5) 1.0 (0–3.5) 2.1 (0.2–3.7)
20–30 ♂ 0.3 (0–2.6) 5.7 (1.3–12.9) 1.3 (0–4.0) 2.1 (0.9–4.1)
20–30 ♀ 0.1 (0–1.0) 4.8 (1.3–9.5) 0.8 (0–3.2) 2.1 (0.5–4.0)
30–40 ♂ 0.2 (0–1.2) 5.4 (1.8–11.3) 1.2 (0–4.2) 2.0 (0.6–3.7)
30–40 ♀ 0.2 (0–1.1) 5.1 (1.4–15.0) 0.6 (0–2.9) 2.0 (0.9–3.8)
40–60 ♂ 0.2 (0–1.1) 6.0 (2.0–11.6) 0.7 (0–3.0) 1.9 (0.7–3.5)
40–60 ♀ 0.2 (0–1.2) 6.2 (2.0–12.5) 0.3 (0–2.1) 1.9 (0.7–3.2)

II 12–16 1.0 (0–2.5) 13.5 (3.5–24.5) 1.4 (0–7.0) 3.3 (–0.2 to þ6.1)
16–20 0.5 (0–2.8) 9.5 (2.9–15.8) 1.4 (0–6.3) 2.7 (0.2–5.7)
20–30 ♂ 0.5 (0–2.1) 11.7 (4.7–19.1) 1.4 (0–4.8) 2.9 (0.8–5.8)
20–30 ♀ 0.3 (0–2.2) 9.9 (3.9–15.9) 0.6 (0–2.9) 2.4 (0.7–4.4)
30–40 ♂ 0.3 (0–1.3) 9.3 (4.0–17.0) 1.3 (0–4.3) 2.7 (1.0–5.0)
30–40 ♀ 0.2 (0–1.3) 8.7 (2.1–15.5) 0.8 (0–3.2) 2.2 (0.6–4.9)
40–60 ♂ 0.3 (0–1.2) 7.5 (1.9–15.5) 0.8 (0–3.8) 2.3 (0.8–4.3)
40–60 ♀ 0.2 (0–1.5) 8.1 (2.6–15.3) 0.7 (0–3.1) 2.2 (0.8–4.1)

III 12–16 1.6 (0–5.0) 9.0 (1.0–26.0) 1.1 (0–9.0) 0.8 (–1.6 to þ3.5)
16–20 0.6 (0–4.6) 6.8 (1.2–15.0) 1.1 (0–4.9) 0.8 (–1.9 to þ3.9)
20–30 ♂ 0.6 (0–2.6) 7.1 (0.8–15.8) 1.1 (0–6.0) 0.8 (–0.9 to þ3.0)
20–30 ♀ 0.6 (0–2.2) 6.0 (0.5–14.2) 0.6 (0–4.3) 0.3 (–0.7 to þ2.1)
30–40 ♂ 0.5 (0–2.0) 5.0 (0.3–12.4) 1.4 (0–8.5) 0.7 (–1.5 to þ2.9)
30–40 ♀ 0.3 (0–1.0) 4.5(0.1–12.7) 0.8 (0–4.5) 0.4 (–1.8 to þ2.0)
40–60 ♂ 0.4 (0–2.4) 3.2 (0.1–11.9) 1.6 (0–7.5) 0.4 (–1.2 to þ2.2)
40–60 ♀ 0.4 (0–2.0) 3.6 (0.1–11.8) 1.4 (0–6.0) 0.3 (–1.1 to þ1.7)

aVR 12–16 7.9 (0–14.0) 1.2 (0–3.0) 2.5 (0–19.0) –2.9 (–5.2 to –0.5)
16–20 2.1 (0–9.0) 1.2 (0–4.7) 4.3 (0–11.1) –2.0 (–4.8 to –0.1)
20–30 ♂ 2.5 (0–11.5) 0.6 (0–3.2) 9.0 (0–16.1) –2.5 (–5.0 to –0.8)
20–30 ♀ 2.5 (0–11.5) 0.5 (0–1.8) 6.9 (0–11.6) –2.2 (–5.0 to –0.7)
30–40 ♂ 2.1 (0–9.0) 0.6 (0–3.2) 7.6 (0–12.0) –2.3 (–4.2 to –1.0)
30–40 ♀ 2.1 (0–9.0) 0.5 (0–2.2) 6.2 (0–14.6) –2.1 (–3.5 to –0.9)
40–60 ♂ 2.0 (0–8.5) 0.5 (0–2.2) 6.8 (0–11.0) –2.1 (–3.4 to –0.8)
40–60 ♂ 2.0 (0–8.5) 0.4 (0–1.6) 6.8 (0–12.5) –2.0 (–3.6 to –0.7)

aVL 12–16 1.0 (0–6.0) 2.4 (0–12.0) 3.0 (0–20.0) 1.1 (–1.0 to þ3.6)
16–20 0.5 (0–2.5) 1.9 (0.2–6.0) 2.0 (0–8.0) 0.6 (–1.8 to þ3.6)
20–30 ♂ 0.3 (0–3.5) 2.0 (0.1–8.3) 2.7 (0–8.7) 1.7 (–0.8 to þ2.1)
20–30 ♀ 0.3 (0–3.5) 1.9 (0.1–7.2) 2.0 (0–9.2) 1.0 (–0.4 to þ2.2)
30–40 ♂ 0.3 (0–2.3) 2.4 (0.1–8.5) 1.8 (0–6.8) 1.8 (–1.0 to þ2.1)
30–40 ♀ 0.1 (0–1.3) 2.3 (0.3–9.2) 1.0 (0–4.5) 1.0 (–0.4 to þ3.0)
40–60 ♂ 0.2 (0–1.3) 3.4 (0.2–9.3) 1.1 (0–4.6) 1.1 (–0.5 to þ2.2)
40–60 ♀ 0.2 (0–1.4) 3.3 (0.2–8.5) 0.7 (0–3.9) 0.7 (–0.1 to þ2.6)

aVF 12–16 1.3 (0–3.0) 10.2 (0.1–21.8) 1.0 (0–4.0) 2.3 (–0.7 to þ5.4)
16–20 0.8 (0–3.8) 7.7 (1.8–14.0) 1.0 (0–4.9) 1.8 (–0.6 to þ5.2)
20–30 ♂ 0.5 (0–2.2) 8.8 (1.0–16.9) 0.7 (0–4.9) 1.1 (–0.2 to þ3.5)
20–30 ♀ 0.3 (0–1.6) 7.6 (1.8–15.6) 1.0 (0–2.1) 0.5 (–0.1 to þ3.1)
30–40 ♂ 0.3 (0–1.3) 6.7 (1.0–14.8) 0.8 (0–4.4) 1.0 (0.4–3.8)
30–40 ♀ 0.3 (0–1.2) 6.2 (1.0–13.9) 1.2 (0–2.6) 0.5 (0.1–3.2)
40–60 ♂ 0.2 (0–1.2) 4.7 (0.3–12.6) 0.9 (0–4.1) 0.9 (0–3.1)
40–60 ♀ 0.2 (0–11) 5.3 (0.3–13.4) 1.0 (0–3.9) 0.8 (–0.2 to þ2.6)

V1 12–16 0 5.6 (0–16.0) 13.8 (5.0–26.0) –1.5 (–4.0 to þ7.0)
16–20 0 4.6 (0.4–16.7) 11.7 (1.8–25.1) 0.9 (–3.5 to þ6.0)
20–30 ♂ 0 3.3 (0.3–8.9) 11.4 (5.0–18.0) 0.9 (–2.2 to þ3.9)
20–30 ♀ 0 1.6 (0–5.3) 7.4 (1.6–14.2) –0.7 (–2.1 to þ2.0)
30–40 ♂ 0 2.2 (0.2–5.4) 9.1 (3.2–17.6) 0.7 (–1.4 to þ3.3)
30–40 ♀ 0 1.6 (0–5.8) 7.6 (3.8–14.3) –0.6 (–2.6 to þ1.2)
40–60 ♂ 0 1.7 (0.1–4.9) 8.6 (2.9–16.7) 0.9 (–1.3 to þ3.9)
40–60 ♀ 0 1.4 (0.1–4.0) 7.2 (2.3–15.1) –0.2 (–1.9 to þ1.5)

Table continued on following page
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TABLE 1–1 Normal Amplitudes of Q, R, S, and T Waves (Continued)

Lead Age (Years) Q Wave R Wave S Wave T Wave

V2 12–16 0 9.1 (2.0–21.0) 20.1 (4.0–51.0) 4.5 (–4.3 to þ13.5)
16–20 0 7.3 (0.5–20.5) 16.2 (2.6–45.5) 3.9 (–3.8 to þ14.1)
20–30 ♂ 0 7.4 (1.7–13.9) 18.0 (6.7–29.1) 6.5 (1.1–12.3)
20–30 ♀ 0 4.6 (1.1–9.2) 12.4 (4.0–23.2) 3.1 (0–4.1)
30–40 ♂ 0 5.4 (0.6–12.1) 15.2 (6.1–27.8) 6.2 (2.0–11.1)
30–40 ♀ 0 3.7 (0.4–10.1) 11.3 (4.2–19.8) 2.9 (0–7.5)
40–60 ♂ 0 4.6 (0.6–12.0) 12.7 (5.2–23.3) 5.5 (1.7–10.1)
40–60 ♀ 0 3.6 (0.2–9.1) 9.4 (2.4–18.0) 3.0 (0.1–6.5)

V3 12–16 0.1 (0–1) 11.8 (2.0–33.0) 14.1 (3.0–34.0) 4.1 (0–13.0)
16–20 0.1 (0–1) 8.5 (1.6–23.3) 10.7 (0.9–28.9) 5.1 (–3.7 to þ13.5)
20–30 ♂ 0 (0–0.4) 11.6 (2.2–26.6) 10.6 (6.7–22.0) 6.5 (1.9–11.7)
20–30 ♀ 0 (0–0.4) 8.2 (2.3–17.5) 6.1 (4.0–14.2) 3.5 (0–8.6)
30–40 ♂ 0 (0–0.5) 9.4 (2.2–22.5) 10.0 (6.1–22.0) 6.3 (3.1–11.5)
30–40 ♀ 0 (0–0.5) 7.1 (0.8–23.3) 5.1 (4.2–11.9) 3.1 (0.5–7.7)
40–60 ♂ 0 (0–0.4) 8.4 (1.4–11.6) 9.8 (5.2–19.0) 6.0 (2.1–10.7)
40–60 ♀ 0 (0–0.4) 7.1 (1.0–17.7) 6.0 (2.4–13.5) 3.4 (0.1–7.4)

V4 12–16 0.5 (0–3.0) 23.5 (5.0–51.0) 7.0 (1.0–30.0) 7.2 (0–17.2)
16–20 0.1 (0–1.0) 12.7 (3.1–30.1) 6.3 (0.2–15.0) 4.7 (–3.6 to þ12.6)
20–30 ♂ 0.3 (0–2.9) 16.6 (6.1–27.7) 6.1 (0–15.0) 5.6 (1.5–11.8)
20–30 ♀ 0.1 (0–0.7) 11.5 (5.0–19.6) 2.9 (0–8.5) 3.6 (1.0–7.8)
30–40 ♂ 0.2 (0–1.7) 14.8 (5.2–29.2) 5.7 (1.1–12.1) 5.4 (2.0–9.9)
30–40 ♀ 0.2 (0–1.4) 11.8 (4.1–25.9) 2.4 (0–7.8) 3.3 (0.8–7.0)
40–60 ♂ 0.1 (0–1.0) 14.2 (5.2–25.6) 6.3 (0.8–14.1) 5.4 (1.6–10.4)
40–60 ♀ 0.2 (0–1.3) 12.4 (3.7–23.6) 2.8 (0–7.7) 3.5 (1.0–6.3)

V5 12–16 1.3 (0–4.0) 18.2 (5.0–35.0) 2.5 (0–12.0) 5.7 (0.5–11.5)
16–20 0.5 (0–2.8) 11.4 (4.1–26.5) 2.2 (0–8.1) 3.8 (0.2–10.6)
20–30 ♂ 0.7 (0–3.1) 15.3 (5.9–24.0) 2.2 (0–6.4) 3.8 (0.8–8.1)
20–30 ♀ 0.3 (0–1.2) 11.5 (5.2–18.7) 1.0 (0–4.0) 3.0 (1.0–5.5)
30–40 ♂ 0.4 (0–2.0) 14.3 (8.1–24.8) 2.3 (0–6.7) 3.7 (1.3–7.0)
30–40 ♀ 0.3 (0–1.8) 11.8 (5.0–27.2) 0.8 (0–3.2) 2.9 (0.8–5.9)
40–60 ♂ 0.3 (0–1.6) 14.1 (5.9–25.0) 2.4 (1.0–6.9) 3.9 (1.3–7.8)
40–60 ♀ 0.3 (0–1.2) 12.4 (5.0–20.9) 1.0 (0–5.0) 2.9 (0.9–5.1)

V6 12–16 1.3 (0–2.5) 12.5 (4.0–27.0) 1.0 (0–6.0) 4.0 (0.8–7.2)
16–20 0.6 (0–4.2) 13.5 (7.0–21.0) 1.2 (0–5.0) 3.8 (0.8–7.1)
20–30 ♂ 0.7 (0–2.6) 11.6 (3.7–19.3) 0.9 (0–3.7) 2.6 (0.5–5.9)
20–30 ♀ 0.4 (0–1.8) 9.6 (5.2–16.3) 0.3(0–1.8) 2.4 (0.9–5.0)
30–40 ♂ 0.5 (0–1.6) 10.9 (5.9–18.3) 0.8 (0–2.8) 2.5 (0.8–4.5)
30–40 ♀ 0.3 (0–1.5) 9.2 (4.0–20.2) 0.3 (0–1.7) 3.3 (0.6–4.7)
40–60 ♂ 0.4 (0–1.5) 10.5 (4.9–17.8) 0.7 (0–2.9) 2.6 (0.8–4.9)
40–60 ♀ 0.3 (0–1.4) 9.6 (3.6–16.8) 0.3 (0–2.6) 2.3 (0.7–4.6)

Adapted from Lepeschkin E. In: Altman PE, Dittmer DS (eds): Respiration and Circulation. Bethesda, Md, Federation of
American Societies for Experimental Biology, 1971, p 277.

♂ ¼ male; ♀ ¼ female.
Results are given as means, with the ranges in parentheses.
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leads.20 In lead III, Q wave duration is occasionally
as long as 0.04 second but rarely is it 0.05 second.
This lead accounts for most of the erroneous diag-
noses of myocardial infarction.

The amplitude of the Q waves is less than
0.4 mV in all limb leads except lead III, in which
it may reach 0.5 mV.20,31,32 The depth of the Q
wave is less than 25 percent of the R wave, but
lead III is the exception. An example of a normal
Q wave in several limb and precordial leads is
shown in Figure 1–15.

R Wave

The maximum R wave amplitude is recorded in
the lead in which the axis is most parallel and
has the same polarity as the maximum vector.
The upper limit for the R wave in lead I is
1.5 mV; in lead aVL, 1.0 mV; and in leads II,



Figure 1–13 Normal ECG from a healthy 22-year-old man, illustrating rightward QRS axis in the frontal plane. The R/S
ratio in V1 is 1. Note ST-segment elevation in leads V1–V3.

Figure 1–14 Respiratory variation in the morphology and amplitude of the QRS complexes in lead III.

Figure 1–15 ECG of a 58-year-old man who has no evidence of structural heart disease and no abnormal findings on the
echocardiogram. Note the Q waves in leads I, II, aVL, aVF, and V2–V6. Also note the slight notching of the P wave in leads II
and III.

151 � Normal Electrocardiogram: Origin and Description



16 SECTION I � Adult Electrocardiography
III, and aVF, 1.9 mV. Larger amplitudes are occa-
sionally seen in young subjects.34

S Wave

The S wave is most prominent in lead aVR. An
amplitude up to 1.6 mV may be seen in this lead
in young subjects. A relatively large S wave
sometimes is present also in leads III and aVL,
depending on the QRS axis. The magnitude usu-
ally does not exceed 0.9 mV. In leads I, II, and
aVF the S wave amplitudes are less than
0.5 mV.31 If the amplitude of the entire QRS
complex is less than 0.5 mV in all limb leads,
the voltage is considered abnormally low.

Precordial Leads

The QRS complexes in the precordial leads rep-
resent projections of the QRS vectors in the hor-
izontal plane. Figure 1–7 shows the directions of
the lead axes of V1 through V6. As the dominant
left ventricular forces are directed leftward, the
right precordial leads (V1 and V2) record pre-
dominantly negative deflections (S waves), and
the left precordial leads (V5 and V6) record
upright deflections (R waves). Early activation
of the anterior wall and late excitation of the
posterior wall explain the initial positivity and
terminal negativity of the complexes in the leads
with an axis directed essentially anteriorly
(e.g., V1–V4). The R wave progressively increases
in amplitude from lead V1 toward leads V5 and
V6, and the S wave decreases from the right
toward the left precordial leads.

Transitional Zone

The transitional zone is located at the site of the
lead in which the amplitudes of the positive and
negative deflections are of equal magnitude. It
is related to the direction of the QRS axis in
the horizontal plane, which during routine
interpretation of the ECG is not expressed in
degrees. As in the frontal plane, the QRS axis
is perpendicular to the transitional lead. In nor-
mal adults the transitional zone usually is
located between leads V2 and V4, with lead V3

being the most common site. Slight notching
of the complex is occasionally observed in the
transitional lead. A transitional zone located to
the right of lead V2 is referred to as counter-
clockwise rotation. If the transitional zone is dis-
placed leftward and beyond lead V5, clockwise
rotation is present. A leftward shift of the tran-
sition zone tends to occur in older subjects.

An R/S ratio of more than 1 in lead V1 gener-
ally is considered abnormal in adults. According
to Lamb’s data, 6.4 percent of normal men and
1.5 percent of normal women have an R/S ratio
of 1 in V1. About 25 percent of men and 12 per-
cent of women have a ratio of 1 in V2. In leads
V5 and V6, an R/S ratio less than 1 is usually
abnormal, occurring in fewer than 2.5 percent of
normal subjects.20

Q Wave

Small Q waves are present in the left precordial
leads in more than 75 percent of normal sub-
jects. They are seen most frequently in lead V6,
less frequently in leads V5 and V4, and rarely in
V3. Q waves in these leads are present more
often in young subjects than in subjects older
than 40 years. Q waves are likely to be present
in more leads when the transitional zone is
located on the right side of the precordium.
The duration of the Q waves is 0.03 second or
less. The amplitude usually is less than 0.2 mV,
although it may reach 0.3 mV or even 0.4 mV.
The deeper Q waves are seen more often in
young adults.22 An amplitude of 0.4 mV or more
may be encountered in teenagers. In the poste-
rior leads V7–V9, Q wave duration of �0.03
second was seen in 20 percent of normal male
subjects.35

R Wave

The R wave increases in amplitude from the
right toward the left precordium. The R wave
may be absent in lead V1, and a QS complex is
recorded. A QS deflection, however, is rare in lead
V2. The upper limit of the R wave amplitude in
V1 is 0.6 mV, although in young adults the R wave
may be taller.36–38 The tallest R wave is most
commonly seen in lead V4, followed by lead V5,
whereas the voltage is generally lower in lead V6

than in lead V5. Echocardiographic studies
suggest that the proximity of the left ventricle to
the chest wall is a major determinant of the
R wave amplitude in leads V5 and V6 in normal
subjects.39

S Wave

The S wave is deepest in the right precordial
leads, usually in lead V2. The S wave amplitude
decreases as the left precordium is approached.
Although the upper limits of the S wave ampli-
tude in leads V1, V2, and V3 have been given as
1.8, 2.6, and 2.1 mV, respectively,31 an amplitude
of 3.0 mV is recorded occasionally in healthy
individuals.36 An S wave is often absent in leads
V5 and V6. An S wave of less than 0.3 mV in lead
V1 is considered abnormally small. If the ampli-
tude of the entire QRS complex is less than
1.0 mV in each of the precordial leads, the volt-
age is considered abnormally low.
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ST Segment

The ST segment is the interval between the end
of the QRS complex (J point, or ST junction)
and the beginning of the T wave. In the limb
leads, the ST segment is isoelectric in about 75
percent of normal adults.19 ST segment elevation
or depression up to 0.1 mV generally is consid-
ered within normal limits.34 ST segment eleva-
tion is more common and is usually present in
the inferior leads. ST segment depression seldom
is seen in leads I, II, or aVF because the ST vec-
tor in the frontal plane, if present, is directed
inferiorly and usually leftward.

In the precordial leads, some ST segment ele-
vation is seen in more than 90 percent of normal
subjects.19 The magnitude of the ST segment ele-
vation is usually proportional to the QRS ampli-
tude. Therefore it tends to be somewhat greater
in men than in women,13 particularly in young
individuals. The elevation is most prominent
(up to 0.3 mV or more) in leads V2 and V3. In
the left precordial leads, the elevation rarely
exceeds 0.1 mV. ST elevation exceeding 0.2 mV
is uncommon in subjects older than 40 years.
However, in body surface maps with 150 torso
electrodes, maximum ST voltages at 40 ms into
the STsegment averaged 0.2 mV, which was nearly
twice as much as ST segment voltage sensed by
the six standard precordial electrodes.40

Any ST segment depression in the precordial
leads is considered abnormal, as the normal ST
vector in the horizontal plane is directed ante-
riorly and leftward. In the posterior leads
V7–V9, prevalence of ST segment elevation of
0.5 to 1.0 mm at 80 ms after J point in normal
young men was 8.9 percent in lead V7, 5.8
percent in lead V8, and 3.1 percent in lead V9.

35

Definition of Baseline

The line connecting two consecutive points at
the beginning of the QRS complex (i.e., the QQ
interval) includes three segments that in the
absence of tachycardia may be nearly isoelectric:
( 1 ) ST segment; ( 2) TP segm ent (from the end of
the T wave to the onset of the P wave); and
( 3 ) PQ segm ent (f rom the end of the P wave to
the onset of the QRS complex).

The ST segment corresponds to the plateau
of the ventricular action potential and is iso-
electric only in its central part because at the
beginning of the ST segment the plateau poten-
tials overlap with ventricular depolarization
and at the end of the ST segment the plateau
potentials overlap with rapid ventricular repo-
larization. The most common causes of ST seg-
m e nt d e v i a t i o n a re ( 1 ) tachycardia because of
the overlap with atrial repolarization; (2)
delayed repolarization secondary to slow depo-
larization (e.g., ventricular hypertrophy, bundle
branch block, preexcitation); and (3) myocar-
dial ischemia, which can cause a shift of the
ST segment (systolic injury current) or of
the TQ segment (diastolic injury current). The
cause of the shift can be recognized when
the record is made with direct-current (DC) cou-
pled amplifiers or a magnetocardiograph, but not
on the ECG recorded with conventional equip-
ment. Therefore the true baseline remains
unknown, and the reference for measuring the
ST segment shift is the line connecting the two
consecutive points at the beginning of the QRS
complex.

The TP interval can serve as a useful baseline
when abnormal deviation of the PQ segment
caused by a systolic ordiastolic atrial injury current
(e.g., during acute pericarditis or atrial infarction)
is suspected (see Chapters 9 and 11).26 In such
cases there is no assurance that the diastolic
ventricular potential has remained unchanged.

Use of the PQ interval as baseline offers no
advantages over use of the TP segment; both rep-
resent the same level of ventricular diastolic
potential. The accuracy of the PQ segment as
baseline may be diminished by the presence of
atrial repolarization.

T Wave

The T wave represents the uncanceled potential
differences of ventricular repolarization.33 The
ventricular recovery process proceeds in the gen-
eral direction of ventricular excitation. Hence one
would expect the polarity of the T wave to be
opposite that of the QRS complex with a zero
net area of the ventricular complex (i.e., QRS
and T). In the normal heart, however, the mean
QRS vector and the mean T vector form a narrow
angle, and the area of the ventricular complex has
a positive value. This indicates that the duration
of repolarization must be greater in some parts
of the ventricles than in others. This difference
was designated the ventricular gradient. For a dis-
cussion of the sources of the ventricular gradient,
the reader is referred to other texts.3,41 As a rule,
the inhomogeneities of repolarization occur
within small distances over the entire surface of
the heart, and most are probably within the ven-
tricular wall.3,41 To explain the normal polarity
of the T wave, it must be assumed that in the
region(s) responsible for T wave shape, the fibers
depolarized earlier repolarize later than the
fibers that are depolarized later (i.e., a reversed
sequence of repolarization versus the sequence
of depolarization).



Figure 1–16 Precordial leads of a healthy 4-year-old child (A), a healthy 13-year-old Caucasian male (B), and a healthy
16-year-old African-American adolescent (C). Note the negative T waves in leads V1–V3.
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In normal individuals the T vector is oriented
leftward, inferiorly, and (in most adults) ante-
riorly. In children and young adults (especially
females), the orientation may be slightly poste-
rior but becomes increasingly anterior with
advancing age. Because the T vector is directed
leftward and inferiorly in the frontal plane, the
T waves are always upright in leads I and II
and inverted in lead aVR. They may be upright
or inverted in leads III and aVL, depending on
whether the T vector is more vertical or more
horizontal. In lead aVF, the T wave usually is
upright but occasionally is flat or slightly
inverted. In the horizontal plane the T vector is
directed leftward and usually anteriorly. There-
fore the T waves are always upright in left
precordial leads V5 and V6. In about 5 percent
Figure 1–17 Persistent juvenile pattern in a healthy 28-year-
of women the T wave is inverted in lead V1.
19

An inverted, diphasic, or flat Twave is much less
common in lead V2 (less than 10 percent), is
seen only occasionally in V3, and is exceptional
in lead V4 (seen mostly in young patients). In
adult men, T wave inversion in the right precor-
dial leads is relatively uncommon. In Lamb’s
series,20 fewer than 1 percent of adult men had
inverted T waves in lead V1.

20 When T wave
inversion is present in two or more of the right
precordial leads in the normal adult, the ECG
resembles that of normal children and adoles-
cents (Figure 1–16), and the phenomenon is
called persistent juvenile pattern (Figure 1–17).

In the limb leads, the tallest T wave is seen
most often in lead II. The T wave amplitude is
normally less than 0.6 mV in all limb leads.22
old woman. Note the negative T waves in leads V1–V3.



Figure 1–18 Tall T waves, especially in leads V1–V6, in a healthy 22-year-old man. Also note the elevated J point in leads
V2–V4.

Figure 1–19 Configuration of a normal T wave and nor-
mal U wave. Note that the T wave has a steeper descent
than ascent, whereas the U wave has a steeper ascent than
descent.
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In leads I and II the amplitude should be not less
than 0.05 mV. In women, the ascent of the
Twave is slightly slower than in young and mid-
dle-aged men and the Twave amplitude is slightly
lower than in men. The Twaves in the precordial
leads are tallest in leads V2 and V3. In men, the
amplitude in these leads has an average value of
about 0.6 mV but may reach 1.0 mV or more
(Figure 1–18). It is significantly lower in men
older than 40 years. In women the amplitude is
generally lower, with an average of 0.3 to
0.4 mV; it is seldom above 0.8 mV. Although
Lepeschkin’s data (see Table 1–1) show that
the T wave amplitude does not change apprecia-
bly with advancing age, others found a significant
decrease.13,31,42 For both genders the T waves
tend to be lower in the left precordial leads than
in the mid-precordial leads. They seldom, how-
ever, are considered normal when the T wave
amplitude is less than 10 percent of the R wave
amplitude. In the posterior leads (V7–V9), the
Twave is upright.35

The normal upright or inverted T wave is
asymmetric. The slope of the initial portion is
more gradual than that of the terminal portion
(Figure 1–19). The ascent of an upright T wave
and the descent of the inverted Twave are slightly
concave. A normal Twave in the right precordial
leads may be diphasic, with an upright first por-
tion and an inverted second portion. A negative-
positive diphasic Twave is abnormal, but a posi-
tive-negative T wave does not always indicate
normality.

QT Interval

The QT interval represents the duration of ven-
tricular electrical systole. It is measured from
the beginning of the QRS complex to the end of
the T wave.43,44 The lead with a large T wave
and a distinct termination is used. In practice, it
is often difficult to obtain an accurate measure-
ment. A multichannel recorder is helpful because
it allows more accurate determinination of the
onset of the QRS complex and the end of the T
wave.43–45 Recent scientific statement from the
American Heart Association Electrocardiography
and Arrhythmias Committee recommends
“global”measurements of intervals, includingQT,
from simultaneously acquired 12 leads.45a Theo-
retically the QT value in all standard limb leads
should be the same, but differences occur because
of different projections of the ventricular com-
plex on the limb axis in different leads. For
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instance, when the vectors are perpendicular to
the QRST axis, an isoelectric segment may be
recorded at the onset of the QRS complex, at the
end of the Twave, or both, thereby causing artifi-
cial shortening of the QT interval. In the precor-
dial leads, differences in the QT interval may be
due to differences in the proximity to the heart
and differences in local repolarization duration
at the sites facing the recording electrode. The lat-
ter factors probably account for most of the so-
called QT dispersion, which is a computed value
of the difference between the longest and shortest
QT intervals among 12 standard leads.46

Because the adjustment of the QT interval to
changes in the RR interval occurs gradually
rather than instantaneously,3,47 the QT measure-
ment represents a steady-state value only when
the rhythm remains regular for several cycles.
The QT interval includes the QRS duration,
and although a prolonged QRS complex does
not detract from the accuracy of the QT mea-
surement, it may change the interpretation of
the measured value. Subtraction of the QRS
duration from the QT interval (JT interval) may
be necessary when estimating the duration of
repolarization independent of the duration of
depolarization. This procedure introduces poten-
tial inaccuracy, however, because of the difficul-
ties inherent in determining the end of the QRS
complex.28

The QT interval decreases with increasing
heart rate. Of the many formulas proposed to des-
cribe this relation, the most widely used formula
for correcting the rate is that of Bazett, in which

QTc ¼ k
ffiffiffiffiffiffi

RR
p

the k value,48 as modified by Shipley and Hal-
laran,49 is 0.397 for men and 0.415 for women.
It has been suggested that the QTc interval
should be expressed in seconds, similar to the
QT interval.50 Many investigators consider the
upper limit of normal for QTc for both genders
to be 0.44 second. This value, however, is lower
than the upper limit of the normal QTc values of
approximately 0.46 second for men and 0.47
second for women as suggested by Lepeschkin.21

The Bazett formula can be used to study the
effect of interventions modifying the k value.
When studying the effect of drugs and interven-
tions, this type of evaluation may be more infor-
mative than the QT measurements alone
determined at only one RR interval. The appro-
priate k value can be found by regression analy-
sis of the measured intervals using the function
defined by Bazett’s formula with a k value
serving as a reference.51 Several investigators
found that the Bazett formula tends to overcor-
rect at rapid heart rates and undercorrect at slow
heart rates.52 More accurate values have been
obtained with other formulas, such as the cubic
root, quadratic, exponential, or linear formulas.
It has been shown, however, that all of the 20
tested formulas were not as accurate as the for-
mulas individualized for each person,53 but the
reported inaccuracies were in the range of 4 to
5 ms, which is usually of negligible practical
importance.

In more than 5000 adults aged 28 to 62 years
who formed the original cohort of the Framing-
ham Heart Study,54 a linear equation was more
accurate than the Bazett formula. Table 1–2
(from the Framingham study) shows the average
values and ranges in men and women. It can be
used without any correction if one wishes to
compare the measured QT interval with the
values in this large cohort of presumably normal
subjects.

The time of day can influence the measurement,
as QT is longer in the evening and at night.52,55,56

Morganroth et al.57 found that for individual
subjects the QTc varied over 24 hours of ambu-
latorymonitoring by an average of 76 ms (range 35
to 108 ms).57 Molnar et al.58 reported that during
ambulatory monitoring the upper limit for the
mean QTc interval was 439 ms in normal men
and 452 ms in normal women. The average maxi-
mum QTc interval was 495 ms, and the average
QTc range, 95 ms. The QTc interval and the
QTc variability reached a peak shortly after
awakening.

Sleep prolonged the QT interval by 18 ms at
a heart rate of 60 beats/min and by 21 ms at a
heart rate of 50 beats/min compared with the
waking state.59 This diurnal variation is thought
to be related to autonomic tone.

Considerable variability may be due to mea-
surement differences among observers.60 Because
of the difficulty of obtaining exact measurements
of the QT interval on many ECGs and because of
varying normal limits given by various investiga-
tors, rigid adherence to a precise value for normal-
ity is not warranted. In addition, appreciable
differences inQTintervalmeasurements have been
found in evolving automated algorithms from dif-
ferent manufacturers of electrocardiographs.60a

For these reasons, minor deviation from the usual
normal limits may not be clinically significant.

Differences between Ventricular Repolariza-
tion in Men and Women.
Bidoggia et al.61 described differences between
male and female ventricular repolarization pat-
terns in adults, identifying several variables.



A B
Figure 1–20 Female and male patterns in lead V2. The arrow marks the J point, the short vertical line marks the point
60 ms after the J point, and the oblique line connects these two points for measurement of the ST angle. A, Female pattern:
The J point is at the level of the Q-Q line, and the ST angle is 19 degrees. B, Male pattern: The J point is > 0.1 mV above the
Q-Q line, and the ST angle is 36 degrees. (From Surawicz B, Parikh SR: Prevalence of male and female patterns of early ven-
tricular repolarization in the normal ECG of males and females from childhood to old age. J Am Coll Cardiol 40:1870, 2002.
With permission.)

TABLE 1–2 Mean Predicted QT Values at Various RR Cycle Lengths

QT for Men (Seconds) QT for Women (Seconds)

RR (Seconds)
Heart rate
(Beats/min) Mean Value Lower Limit* Upper Limit* Mean Value Lower Limit Upper limit

0.50 120 0.299 0.255 0.343 0.311 0.267 0.354
0.55 109 0.307 0.263 0.351 0.318 0.274 0.362
0.60 100 0.314 0.270 0.358 0.326 0.282 0.370
0.65 92 0.322 0.278 0.366 0.334 0.290 0.378
0.70 86 0.330 0.286 0.374 0.341 0.297 0.385
0.75 80 0.337 0.293 0.381 0.349 0.305 0.393
0.80 75 0.345 0.301 0.389 0.357 0.313 0.401
0.85 71 0.353 0.309 0.397 0.364 0.321 0.408
0.90 67 0.361 0.317 0.404 0.372 0.328 0.416
0.95 63 0.368 0.324 0.412 0.380 0.336 0.424
1.00 60 0.376 0.332 0.420 0.388 0.344 0.432
1.05 57 0.384 0.340 0.428 0.395 0.351 0.439
1.10 55 0.391 0.347 0.435 0.403 0.359 0.447
1.15 52 0.399 0.355 0.443 0.411 0.367 0.455
1.20 50 0.407 0.363 0.451 0.418 0.374 0.462
1.25 48 0.414 0.370 0.458 0.426 0.382 0.470
1.30 46 0.422 0.378 0.466 0.434 0.390 0.478
1.35 44 0.430 0.386 0.474 0.441 0.397 0.486
1.40 43 0.438 0.394 0.482 0.449 0.405 0.493
1.45 41 0.445 0.401 0.489 0.457 0.413 0.501
1.50 40 0.453 0.409 0.497 0.465 0.421 0.509

From Dajie A, Larson MG, Goldberg RJ, et al: An improved method for adjusting the QT interval for heart rate (the Framingham
Heart Study). Am J Cardiol 70:797, 1992, by permission.

*Upper and lower 95% limits.
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Surawicz and Parikh62,63 examined normal ECGs
of 529 males and 544 females, aged 5 to 96 years,
and applied two variables to analyze the early
repolarization pattern (i.e., the J point amplitude
and the angle of the ST takeoff in the precordial
lead with the tallest T wave). They identified the
following three patterns: the male pattern charac-
terized by J point elevation >0.1 mV and ST angle
>20 degrees (Figure 1–20), the female pattern
with the J point < 0.1 mV above the baseline and
ST takeoff <20 degrees, and an “indeterminate”
pattern with J point elevation <0.1 mV and ST
angle >20 degrees (not shown). The distribution
of these patterns in females, as shown in
Figure 1–23, reveals a large predominance of
female pattern in all age groups. The distribution
in males shows an age-dependent predominance
of male pattern in males (see Figure 1–21) with a
rise at puberty and subsequent gradual decline at
middle age concomitant with rise of female pattern
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Figure 1–21 Pattern distribution in different age groups
of females and males. See text discussion. (From Surawicz
B, Parikh SR: Prevalence of male and female patterns of
early ventricular repolarization in the normal ECG of males
and females from childhood to old age. J Am Coll Cardiol
40:1870, 2002. With permission.)
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and a reversal of distribution at an old age (i.e.,
distribution similar to that in women). These
age-dependent gender differences were attributed
to the effect of rise and fall of testosterone levels
in males, in whom the hormone appeared to be
responsible for the shortening of the QTc interval
by shortening the duration of ventricular action
potential.64 Figure 1–22 shows that gender differ-
ences of QTc appear during puberty, diminish dur-
ing age 56 to 75 years, and disappear in the oldest
age group.

U Wave

The U wave is a small, low-frequency diastolic
deflection that begins usually with the second
heart sound at the onset of ventricular relaxation
and after the end of the Twave.65 The T-U junc-
tion is situated at or close to the isoelectric base-
line, but it may be slightly depressed or slightly
elevated. The duration of the QU end interval
increases with increasing RR interval.66 The U
wave is usually a monophasic positive or nega-
tive deflection, although it may be diphasic
(i.e., positive-negative or negative-positive).

Within the normal range of heart rates (i.e.,
from 50 to 100 beats/min), the interval from
the end of the Twave to the apex of the U wave
(aU) measures 90 to 110 ms. The timing of aU
does not change after a sudden increase in cycle
length (e.g., during atrial fibrillation or after a
premature complex, which may result in
encroachment of the T wave on the U wave).
Within the range of heart rates from 50 to 100
beats/min, the interval from the end of the Twave
to the end of the U wave ranges from 160 to
230 ms.

Unlike the normal T wave, the ascent of the
U wave is either shorter than or equal to the
duration of the descent (Figure 1–19). The U
wave vector is directed similarly to the T wave
vector; that is, the normal U wave is occasionally
negative in leads III and aVF; in leads I, aVR, and
aVL, the U wave is usually isoelectric.

In 98 percent of cases, the amplitude of the
largest U wave (usually in lead V2 or V3) ranges
from 3 to 24 percent (average 11 percent) of
T wave amplitude. Generally, the U wave ampli-
tude varies directly with the T wave amplitude
and, to a lesser degree, with the QRS amplitude.65
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The U wave is usually better visualized in the
semidirect leads (e.g., precordial, esophageal,
intracoronary) than in the indirect leads, but
the timing of the U wave is the same in all leads,
and the increased U wave amplitude tends to
reflect the overall increase in ECG amplitude.
The U wave amplitude seldom exceeds 0.2 mV
and is strongly rate dependent. In 500 randomly
selected ECGs with a normal QT interval, the U
wave was discernible in more than 90 percent of
cases when the heart rate was less than 65 beats/
min, in about two thirds of cases when the heart
rate was 80 to 95 beats/min, and in about 25 per-
cent of cases when the heart rate was within 80
to 95 beats/min. The U wave was seldom detect-
able when the heart rate exceeded 95 beats/
min.65 Detection of a low-amplitude U wave
during rapid heart rate can be facilitated by
enlarging the tracing.

In some cases it is difficult to differentiate the
U wave from the second peak of a notched T
wave. Lepeschkin prepared a nomogram that
shows the predicted intervals between the onset
of the Q wave to the apex of the T wave (aT)
and U wave (aU) at various heart rates.66 By
measuring the intervals from the Q wave to
the two peaks and comparing them with the
predicted intervals on the nomogram, a notched
T wave usually can be distinguished from a T-U
complex. Furthermore, the apices of a notched
T wave usually are less than 0.15 second apart,
whereas the interval between the apices of the
T and U waves is more than 0.15 second.66

The origin of the U wave has been disputed.
Its characteristics are not compatible with the
Purkinje or ventricular muscle repolarization
hypothesis. The timing of the U wave during
ventricular relaxation and the links between
the U wave and mechanical events favor the
mechanoelectrical hypothesis of U wave genesis.
Unfortunately, little research has been done to
test this hypothesis.65
Common Normal Variants
S1S2S3 PATTERN
In a large number of normal adults the S wave is
present in all standard limb leads. The S waves
are recorded when the terminal QRS vectors, ori-
ginating from the outflow tract of the right ven-
tricle or the posterobasal septum, are directed
superiorly and rightward. Hiss et al.19 found an
S1S2S3 pattern in more than 20 percent of nor-
mal subjects. The incidence of a true S1S2S3 pat-
tern, in which the S wave amplitude equals or
exceeds the R wave amplitude in each of the
three standard limbs, is much lower. More com-
monly, the amplitude of the S waves in leads II
and III is greater than that of the R waves in
these leads, but the S1 is smaller than R1.

When the R/S ratio equals 1 in all three stan-
dard limb leads, the frontal plane mean QRS axis
cannot be determined. Such QRS axis is usually
referred to as an indeterminate axis. The S1S2S3
pattern should be distinguished from abnormal
left axis deviation. In the latter case, the S3 is
larger than the S2, whereas the reverse is true
in the S1S2S3 pattern.

An S1S2S3 pattern also is seen in patients with
right ventricular hypertrophy or pulmonary
emphysema. In some healthy persons the S1S2S3
pattern is associated with an RSR1complex in lead
V1. This combination of findings resembles a pat-
tern seen in patients with right ventricular
hypertrophy.
RSR1 PATTERN IN LEAD V1
An RSR1 (or rSr1 pattern) in lead V1 with a QRS
duration of less than 0.12 second is found in 2.4
pe rcent of health y individu als 67 (see Fig-
ure 5–1 3). The incid ence of this pattern is
higher in leads V3R and V4R. The secondary R
wave has been attributed to physiologic late acti-
vation of the crista supraventricularis of the
right ventricular outflow tract, the base of the
interventricular septum, or both. The RSR1 pat-
tern in lead V1 also is seen in patients with
organic heart disease, including those with right
ventricular hypertrophy and other pathologic
states. The differential diagnosis of the RSR1

pattern in lead V1 is discussed in Chapter 5.
“EARLY REPOLARIZATION” VARIANT
A small degree of STsegment elevation, especially
in the precordial leads, is present in most healthy
individuals. Occasionally, however, the elevation
is more pronounced in some of the leads and
mimics the changes associated with myocardial
injury or pericarditis (see Figure 1–23). This is
usually a variant of a normal male pattern, dis-
cussed previously, and is under consideration in
the differential diagnosis of acute myocardial
ischemia (see Chapter 7) and pericarditis (see
Chapter 11). The term “early repolarization”
lacks precise definition because there are no
defined criteria for the upper limits of ST
elevation in normal young males with male
pattern. It has been suggested that the pattern
of early repolarization is an electrocardiographic
predictor of enhanced aerobic fitness.68



Figure 1–23 ST segment elevation is observed in most leads as a normal variant in an 18-year-old man. Note the notching
and slurring of the terminal portion of the QRS complex.
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POOR R WAVE PROGRESSION
IN PRECORDIAL LEADS
The widely used term “poor R wave progression”
is not helpful. In many cases the abnormally low
R amplitude extending from the right into the
middle or left precordial leads indicates myocar-
dial infarction of the anterior wall. Such a
pattern occurs also in the presence of left ven-
tricular hypertrophy and in normal subjects
(see Figure 1–24) without cardiac or pulmonary
disease. It may be caused by a shift of the transi-
tional zone to the left or by an atypical (abnor-
mally high) placement of the mid-precordial
chest electrodes. For this reason it is advisable
to report the most likely cause of “poor R wave
progression” in each case. This pattern is
Figure 1–24 ECG of a 78-year-old woman who has no evid
abnormalities. Note the low R wave in lead V3 in a low-amplit
discussed also in Chapter 8 in the context of
pseudoinfarction patterns.
ATHLETE’S HEART
The ECGs of trained athletes often presents find-
ings considered abnormal by usual standards.
One of the best-known and most common phys-
iologic changes in athletes is slowing of the heart
rate, attributed to an increase in vagal tone.
Sinus bradycardia with a heart rate of 30 to
40 beats/min at rest is not uncommon, especially
in highly trained endurance athletes.69,70 Sinus
pauses longer than 2 seconds are observed on
the ambulatory ECG of more than one third of
athletes.69,70 First-degree atrioventricular (AV)
ence of structural heart disease and no echocardiographic
ude QRS complex inscribed near the transition zone.
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block is seen in a similar percentage of these ath-
letes.69 Second-degree AV block with Wenckebach
phenomenonmayalsooccur.69–71 Junctional escape
complexes or junctional escape rhythm may be
present. The bradyarrhythmias and AV conduction
delays generally become less pronounced or disap-
pear upon cessation of training.42,71

Echocardiographic studies in athletes often
show an increase in the left and right ventricular
mass and cavity dimensions, increased left ven-
tricular wall thickness, and left atrial enlarge-
ment.72–74 Ventricular dilatation is seen more
frequently when the training is primarily iso-
tonic rather than isometric.

Increased P wave amplitude and notching are
noted occasionally on the ECG. The QRS voltage
is increased to suggest left or right ventricular
hypertrophy. The reported incidence of left or
right ventricular hypertrophy varies considerably
dependingon thecriteriausedfor thediagnosis.42,74

An increase in QRS voltage may occur after only
a few months of training, and the voltage decreases
after deconditioning, although slowly.42

The normal variant of ST segment elevation is
believed to be more prevalent among trained
athletes. The T waves are often tall, especially
in the precordial leads. These ST segment and
T wave changes may regress after cessation of
training.42 Inverted or biphasic T waves in the
precordial or limb leads may be present in ath-
letes who lack objective evidence of coronary
artery disease75,76 (Figure 1–25). These T wave
changes often are labile and may be normalized
by physiologic and pharmacologic maneuvers.77
I

II

III aVF

aVL

aVR

Figure 1–25 Abnormal ECG of a 49-year old male maratho
including blood pressure echocardiogram and nuclear stress tes
In an Italian study of 1005 consecutive athletes
who were participating in 38 sporting disciplines,
ECGs were distinctly abnormal in 14 percent
and mildly abnormal in 26 percent of subjects.
Diffuse T wave abnormalities without evidence
of structural heart disease were present in 27
athletes.78 In a Spanish study,79 26 athletes with
negative T waves �2 mm in three or more leads
had no evidence of heart disease and no adverse
effects in the follow-up. In a study of 1282 pro-
fessional football players,80 frequent and com-
plex ventricular tachyarrhythmias unassociated
with structural heart disease and no adverse
clinical effects were recorded in 355 trained
athletes.81
OBESITY AND EDEMA
Most obese patients without clinical heart dis-
ease have normal ECGs, with the mean QRS vec-
tor shifting to the left with increasing obesity.82

Both an increase and a decrease of voltage have
been reported.82,83 In morbidly obese subjects,
the axes of P, QRS, and T waves are more left-
ward and low. QRS voltage, criteria for left
ventricular hypertrophy, left atrial abnormalities,
and T wave flattening were found to be signifi-
cantly more common than in lean controls.84

Figure 1–26 shows an ECG of a 45-year-old
woman who weighs more than 400 lb. Of note
is the left axis deviation and normal QRS voltage
in the limb leads but attenuated QRS voltage in
the precordial leads. QRS voltage is also
decreased in the presence of anasarca.85,86
V1

V2

V3 V6

V5

V4

n runner without cardiac complaints. Cardiac examination,
t, was normal.
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Figure 1–26 Low voltage due to obesity of the trunk. ECG of a 45-year-old, morbidly obese woman referred for bariatric
surgery. ECG is normal. The voltage is within normal limits in the limb leads but below normal limits in leads V1–V6.
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2
 Atrial Abnormalities

Atrial Depolarization
Unicentric and Multicentric Pacemaker
Atrial Activation
Correlation with Precordial P Wave
Mapping

General Approach to Recognizing
P Wave Abnormalities

P Wave Abnormalities Originating in or
near the Sinus Node

Right Atrial Abnormalities
Right Atrial Hypertrophy
Rightward Deviation of the P Wave Axis
Tall P Wave in Lead V1 or V2

P Pulmonale
Echocardiographic Correlations

Left Atrial Abnormality
Clinical and Anatomic Correlation
Wide and Notched P Waves
Leftward Shift of the P Wave Axis
Echocardiographic Correlations

Biatrial Enlargement: Diagnostic Criteria

Atrial Enlargement in the Presence of
Atrial Fibrillation
Nonspecific Interatrial and Intraatrial
Conduction Disturbances

Atrial Repolarization
Atrial Depolarization

Atrial depolarization is represented by the Pwave,
which is a deflection of low amplitude and there-
fore difficult to scrutinize for morphologic details
without amplification. The range of normal varia-
tions in shape, duration, and amplitude is fairly
wide, which limits the specificity of P wave
abnormalities. In addition, the wide availability
of echocardiography, which is capable of precisely
measuring atrial dimensions, has decreased the
role of electrocardiography in diagnosing atrial
abnormalities. Despite these problems, proper
assessment of the P wave may be of great value
for augmenting the utility of the electrocardio-
gram (ECG) as a diagnostic tool in clinical prac-
tice. The analysis of atrial abnormalities may be
facilitated by a brief review of factors fundamental
to the origin of the P wave.
UNICENTRIC AND MULTICENTRIC
PACEMAKER
The prevailing notion until the early 1990s was
that the normal impulse always originates in the
core of the sinoatrial (SA) node and then spreads
via the transitional cells and the crista terminalis
to the rest of the atrial cells. The unicentric
hypothesis has been seriously challenged by
Boineau and co-workers,1 who studied atrial
activation in patients undergoing open heart
operations for Wolff-Parkinson-White (WPW)
syndrome using a template containing 156 pairs
of bipolar electrode pairs attached to the ante-
rior and posterior surfaces of both atria. The
maps obtained in these studies revealed an
extensively distributed system of atrial pace-
makers, mostly along the crista terminalis. The
predominant clustering of sites was confined
to a corridor 1.5 cm wide and 7.5 cm long,
located along the junction between the superior
vena cava and the right atrium, that extends
posteriorly to the inferior limbus of the inferior
vena cava. In 50 percent of subjects the impulse
originated at more than one site (i.e., it was
multicentric).

The important discovery of the multicentric
origin of the P wave within a widely distributed
area of the right atrium does not change the expla-
nation of normal P wave morphology. This is
because the unicentric and multicentric impulses
originate predominantly on the posterior wall of
the right atrium, and thus the differences in the
propagation to the more distal sites are relatively
small. This suggests that unless the impulse is
formed on the anterior wall of the right atrium
or in the left atrium, the relatively minor differ-
ences resulting from the change of the pacemaker
29
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site on the posterior wall of the right atrium are
likely to escape recognition without detailed
mapping of atrial activity.
ATRIAL ACTIVATION
A typical propagation from the region of the SA
node proceeds along two pathways. One moves
inferiorly along the crista terminalis of the poste-
rior right atrium through the intercaval region
to the posterior left atrium, and the other moves
superiorly and anteriorly over Bachmann’s bun-
dle to the left atrium.

In the studies of Boineau et al.,1 the total right
atrial activation time was 57 ms, and the left atrial
activation ended at 110 ms, resulting in an activa-
tion phase difference of 53 ms between the two
atria. Normal P wave duration on the surface
ECG in adults ranges from 70 to 140 ms.

Knowledge of the atrial activation sequence is
of importance to diagnostic and ablation studies
using intracardiac catheter electrodes. Josephson
et al.2 found the following average activation
times in patients with normal P waves: high right
atrium, 15 ms; mid-right atrium, 12 ms (in
about half of individuals, activation at this site
preceded the high right atrial site); low right
atrium, 41 ms; atrioventricular (AV) junction
(i.e., site of His bundle potential recording),
43 ms; and coronary sinus, 77 ms. In the retro-
grade direction the earliest excitation site was
at the AV junction. The low right atrium was
excited within 15 to 27 ms; the coronary sinus,
within 21 to 55 ms; and the high right atrium,
within 31 to 65 ms after the AV junction. Activa-
tion recorded by the electrode in the coronary
sinus has been used to time left atrial activation.
Similar information can be obtained by record-
ing from the esophagus or pulmonary artery.3

Electroanatomic analysis of the sinus impulse
propagation in the normal human atria con-
firmed the important role of Bachmann’s bundle
in interatrial propagation.4
CORRELATION WITH PRECORDIAL
P WAVE MAPPING
Detailed precordial mapping using 150 disk
electrodes by Mirvis5 showed that P waves are
negative on the upper anterior chest and positive
on the lower part of the chest. The biphasic
positive-negative configuration is seen in leads
V1 and V2.

During the initial half of the P wave, the maxi-
mum is on the left mid-precordium and the
negative potentials are over the upper back.
Subsequently, the maximum migrates to the left
and the negative potentials into the precordial
area. Near the end of the P wave, the maximum
shifts to the left back, and the minimum evolves
in the left precordium. This pattern can be
explained simply by the initial anteriorly directed
right atrial activation front followed by the poste-
riorly directed left atrial activation front. Because
each distribution had only a single maximum
and a single minimum, the findings were consis-
tent with a single dipole equivalent cardiac gener-
ator, as reported earlier by Taccardi.6 The diphasic
positive-negative P wave in leads V1 and V2 can be
attributed to the electrode positions on the null
line.
GENERAL APPROACH TORECOGNIZING
PWAVE ABNORMALITIES
It appears that the surface ECG reflects major
trends in the direction of atrial excitation but
cannot be relied upon to detect minor changes
in the sequence of excitation. The normal P
wave axis in the frontal plane is usually about
60 degrees. In leads I and II and the left
precordial leads, the P wave is upright (Fig-
ure 2–1). In lead III, a biphasic P wave occurs
in 7 percent of the normal population (Fig-
ure 2–2). The initial portion of the P wave
corresponds to depolarization of the right
atrial wall and is directed anteriorly. The termi-
nal portion corresponds to depolarization of
the left atrium and the inferior right atrial wall,
and it is directed posteriorly. Because both
deflections are directed downward and to the
left, they tend to fuse and form a single deflec-
tion in the frontal plane. Careful inspection
or amplification usually reveals a notch on the
summit of the normal P wave. Visualization of
these two components in normal persons is
facilitated by inspecting the right precordial
leads in which the P wave is usually biphasic
(positive- negative) (see Figures 2–1 and 2–2)
and by a vectorcardiographic display.7 In the
horizontal plane of the vectorcardiogram, the P
wave loop is formed by an initially anteriorly
directed right atrial portion and a terminal
posteriorly directed left atrial portion.

The amplitude of the normal P wave usually
does not exceed 0.25 mV, or 25 percent of the
R wave, but the normal range is wide because
of such variables as the position of the
heart, proximity to the recording sites, degree
of atrial filling, degree of atrial fibrosis, and
other extracellular factors that influence the
amplitude of ECG deflections on the body
surface.



Figure 2–2 Normal P wave in a healthy 51-year-old man. P wave duration is 130 ms. The P wave is positive in leads I, II,
and V2–V6. It is positive-negative in leads III and V1.

Figure 2–1 Normal P wave in a healthy 74-year-old woman. P wave duration is 120 ms. The P wave is positive in leads I,
II, III, and V3–V6. It is positive-negative in leads V1 and V2. A premature atrial complex is conducted with aberration.

312 � Atrial Abnormalities
P WAVE ABNORMALITIES
ORIGINATING IN OR NEAR THE
SINUS NODE
The normal thickness of the atrium is 1 to 2 mm.
Each atrium weighs about 20 g, and the inter-
atrial septum weighs 10 to 20 g. In response to
increases in volume and pressure, atria primarily
dilate and hypertrophy.

Many terms are used to interpret P wave
abnormalities. The term atrial enlargement generally
is used to imply the presence of atrial hypertrophy,
dilatation, or both. As discussed later in the chapter,
similar P wave changes may occur in the absence
of such structural abnormalities. Hemodynamic
alterations, heart rate, autonomic tone, position
of the heart in the chest, conduction defects,
and other factors may also be responsible for
the changes. It has therefore been suggested that
a less specific term, such as atrial abnormality,
be used during the ECG diagnosis of P wave
abnormalities. Atrial abnormalities can be grouped
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into three categories: (1) right atrial abnormal-
ities; (2) left atrial abnormalities; and (3) intera-
trial conduction disturbances.
Right Atrial Abnormalities

Two ECG patterns are characteristic of a right
atrial abnormality: right atrial hypertrophy and
P pulmonale.
RIGHT ATRIAL HYPERTROPHY
ECG changes attributed to right atrial hypertro-
phy consist of tall P waves in both limb and right
precordial leads, signifying a dominant ante-
riorly and inferiorly directed major P wave com-
ponent. Because the right atrial forces are
responsible for only the early part of the P wave,
any increase in the duration of right atrial activa-
tion usually does not prolong the total duration
of the P wave.

The ECG changes considered to be sugges-
tive of right atrial hypertrophy correlate poorly
with the clinical and anatomic findings. The
two most common P wave changes in patients
with congenital heart disease, tricuspid valve
disease, or chronic cor pulmonale are (1) a
P wave axis in the frontal plane of þ75 degrees
or more and (2) a positive deflection of the P
wave in lead V1 or V2 > 0.15 mV (Figure 2–3).
The characteristic pattern of P pulmonale (see
later discussion) is less specific for right atrial
hypertrophy.
RIGHTWARD DEVIATION OF THE
P WAVE AXIS
Rightward or medial displacement of the P wave
axis in the frontal plane is found in a significant
number of patients with right atrial enlargement.
The reported incidence is variable, as different
values (þ60 to þ80 degrees) have been used to
define the rightward displacement. The upper
limit of þ75 degrees is chosen here, based on
the large series of normal subjects studied by
Hiss and associates.8 When the P axis is beyond
þ75 degrees, the P wave becomes small in lead
I and negative in lead aVL. It may become iso-
electric in lead I if the axis is þ90 degrees. An
axis of more than þ90 degrees is uncommon.
It is significant that right atrial enlargement sec-
ondary to chronic obstructive pulmonary disease
(COPD) is associated with a much higher inci-
dence of rightward shift of the P wave axis than
that due to other causes.9 In fact, in patients
with congenital heart disease, the P wave in lead
I may be taller than that in lead III.10 The term
“P congenitale” has been used to describe
this type of P wave. The right-axis deviation of
the P wave is not specific for right atrial enlarge-
ment; it is frequently present in patients
with pulmonary emphysema without cor
pulmonale and with other conditions (discussed
later).
TALL P WAVE IN LEAD V1 OR V2
The initial positive deflection of the P wave in
the right precordial leads is normally less than
1.5 mm in amplitude.11 An abnormally tall
Figure 2–3 ECG of a 19-year-old
woman with tetralogy of Fallot,
showing right axis deviation, biventri-
cular hypertrophy, and right atrial
enlargement. Note the tall positive
P waves in leads II, III, aVF, and V2.



Figure 2–4 Pattern of right atrial enlargement. Note the tall positive P wave in lead V1 in a 23-year-old man with pulmo-
nary hypertension secondary to multiple pulmonary emboli in the setting of coagulopathy. ECG also shows right ventricular
hypertrophy. Right atrial and right ventricular enlargements were confirmed by echocardiography.
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P wave  in  leads  V1 or V2 is seen in sl ightly more
than 1 0 pe rc ent of p a t ie nts wi th c hronic co r
pulmonale (F i g u re 2 – 4 ). In these patients a
large negative co mponent o f t he P wave s imu-
lating lef t atrial enlarge ment may b e pre sent
(see late r discussion). In such cases a negative
or biphasic P w ave in V1 may be accompani ed
by a tall, peaked P wave in lead V2 . This s udden
transition often leads one to s uspect that the
P w ave c hanges in lead V1 re s u l t f ro m r i g h t ,
rather than left, atrial i nvolvement. Biatrial
enlargement sho uld al so be considere d. This
phenomenon also occurs occasional ly in pati-
ents w ith isolated ri ght atrial enlarge ment due
to congenital heart disease, but monophasic,
abnormally tall P waves in leads V1 and V2 are
encountered more frequently in the latter
condition than in patients with chronic cor pul-
monale (Figure 2–3). 12 As a rule, an abnor-
mally tall P wave in the right precordial leads
is a more specific finding for right atrial
enlargement than the diagnostic criteria based
on the limb leads.13 An initial positive compo-
nent of the P wave in lead V1 of >0.04 second
has been also suggested as an indication of right
atrial enlargement.14
P PULMONALE
The term P pulmonale is used to describe the tall,
peaked (“gothic”) P wave in leads II, III, and aVF

resulting in a P axis of more than 70 degrees
(Figure 2–5). In patients with clinical evidence
of chronic cor pulmonale, the P pulmonale pat-
tern is present in about 20 percent of case s.9, 15
A sim ilar incidence exists in autopsy series. 9,17

The P pulmonale pattern is seen more frequently
in patients with congenital heart disease, such as
pulmonic stenosis, tetralogy of Fallot, Eisen-
menger physiology, or tricuspid atresia, and
in patients with pulmonary hypertension not
caused by COPD. It has been reported that the
tallest P waves are present in patients with an
increase in both right atrial pressure and arterial
desaturation.12 On the other hand, volume over-
load of the right atrium without an increase in
pressure is often associated with a near-normal
P wave amplitude in the inferior leads, as in
the case of atrial septal defect without pulmo-
nary hypertension.18

P pulmonale is a widely recognized hallmark
of diffuse lung disease.19 Correlation with abnor-
mal lung function was consistently better for the
P wave axis than for the P wave amplitude, and
the rightward axis shift was the most discrimi-
nating P wave change when evaluating the sever-
ity of COPD.20 In patients with severe lung
disease caused by interstitial pulmonary fibrosis,
the P waves are usually normal,21 suggesting that
the axis shift is due to hyperinflation of the
lungs.17

The P pulmonale pattern is most likely caused
by the combination of a low diaphragm position
and increased sympathetic stimulation. The for-
mer contributes to the vertical P axis, and the
latter to increased amplitude. Because the influ-
ence of these two factors varies, the pattern of
P pulmonale also tends to wax and wane in
the same person depending on the heart
rate or severity of bronchospasm.22 Moreover,



Figure 2–5 Typical P pulmonale pattern in a 71-year-old man with severe chronic obstructive airway disease. Atrial
premature complexes are present.
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arterial desaturation tends to increase the
amplitude and peaking of the P wave.10 The
transient appearance of the P pulmonale has
been observed in patients with acute pulmonary
embolism.23 The effect of emphysema on the
position of the atria and the P wave amplitude
and direction may be attributed to closer con-
tact of the right atrium with the diaphragm
and perhaps a change in the direction of the
depolarization wavefront caused by stretching
of atrial fibers. Sympathetic stimulation results
in a more synchronous atrial depolarization,
which causes increased amplitude and shorter
duration of the P wave24 (Figure 2–6).

There is no good overall correlation between
P pulmonale and right atrial enlargement. P pul-
monale may be present in the absence of heart or
lung disease. A tall, peaked P wave may be seen
in healthy subjects with asthenic body build and
is probably related to the vertical position of the
heart. The P wave amplitude often increases with
the standing position.25 It may occur during expi-
ratory efforts against pressure26 or in patients
with left pericardial defects who lack the restrain-
ing influence of the pericardium.27 It also occurs
during tachycardia and exercise (see Figure 2–6).
Increased cardiac output and sympathetic stimu-
lation may be responsible for the changes under
these circumstances.10

For the reasons mentioned previously, there is
no relation between the weight of the right atrium
and the amplitude, duration, or axis of the P
wave.28 Chou and Helm29 showed that in about
half of the studied cases, P pulmonale was asso-
ciated with conditions in which right atrial enlarge-
ment was not expected, and that in 36 percent of
cases the P pulmonale pattern appeared to repre-
sent left atrial rather than right atrial enlargement.
Figure 2–7 illustrates the pseudo P pulmonale pat-
tern in patients with hypertensive disease with
or without congestive heart failure. Figure 2–8
depicts a proposed mechanism for the appearance
Figure 2–6 Tall, peaked narrow
P waves resembling P pulmonale dur-
ing tachycardia in a healthy 77-year-
old woman. In the absence of tachy-
cardia, the P wave amplitude and
configuration were normal (not
shown).



Figure 2–7 Tall P waves in the limb leads in patients with hypertensive heart disease mimicking the P pulmonale pattern.
A, B, Records from patients with hypertensive heart disease without heart failure. C, D, Records from patients with hyperten-
sive heart disease and early or questionable left ventricular failure. (From Chou T-C, Helm RA: The pseudo P pulmonale.
Circulation 32:96, 1965.)
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of the P pulmonale pattern in patients with left
atrial enlargement.

The P pulmonale pattern has been described
also in patients with coronary artery disease
and angina pectoris.30 Ischemia of the left atrial
musculature was considered to be the cause of
the increased voltage of the P wave and the
rightward shift of the P wave axis.26

A prominent atrial T (Ta) wave often accom-
panies a tall P wave.31 The amplitude of the neg-
ative deflection in the inferior leads may exceed
0.1 mV. Because the atrial T wave may last as
long as 0.45 second, the negative deflection in
these leads may cause apparent depression of
the ST segment (Figure 2–9).
ECHOCARDIOGRAPHIC
CORRELATIONS
Kaplan et al.32 correlated changes in right atrial
volume in 100 patients with right atrial enlarge-
ment (average volume 147.6 mL) and 25 control
subjects (average volume 35.0 mL) with various
ECG criteria for right atrial enlargement. The best



Figure 2–8 Proposed mechanism for the appearance of a P pulmonale pattern in patients with left atrial enlargement.
A, Right and left atrial components of a normal P wave. B, P pulmonale pattern resulting from right atrial enlargement with
an increase in the amplitude of the right atrial component of the P wave. C, P mitrale pattern associated with left atrial
enlargement due to an increase in the left atrial component in amplitude and duration. Some associated intraatrial conduc-
tion defect may be responsible for prolongation of the P wave duration. D, Pseudo P pulmonale pattern in left atrial enlarge-
ment. The amplitude of the left atrial component is increased without marked prolongation of the duration of left atrial
depolarization. (From Chou T-C, Helm RA: The pseudo P pulmonale. Circulation 32:96, 1965.)
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predictors of right atrial enlargement were a P
wave amplitude of >1.5 mm in lead V1, a QRS
axis of more than 90 degrees, and an R/S ratio
of more than 1 in lead V1 in the absence of com-
plete right bundle branch block. The combined
sensitivity of these criteria was 48 percent with
100 percent specificity.
Left Atrial Abnormality

The term left atrial abnormality describes an
interatrial conduction disturbance in which the
duration of the middle and terminal P wave
components is prolonged owing to delayed left
atrial activation. Because of the direction of
spread of the depolarization process and the ana-
tomic orientation of the left atrium, the left atrial
forces are directed leftward and posteriorly. An
increase in the left atrial forces may therefore
exaggerate these normal characteristics of the
late portion of the P wave. The various criteria
for diagnosis of left atrial enlargement (often
called abnormality) are based essentially on these
changes.

The wide separation between the anteriorly and
posteriorly directed P wave components is
reflected in a notched P wave in the limb leads
and a prolonged interval between the peak and
the nadir of the biphasic P wave in the right
precordial leads. Intracardiac leads show that



Figure 2–9 P pulmonale pattern in a 44-year-old woman with chronic obstructive lung disease. Frontal plane P axis is
displaced toward the right (þ85 degrees). ST segment depression in leads II, III, and aVF is probably due to prominent atrial
T waves. Negative P waves are visible in the right precordial leads.
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activation of left atrial tissue recorded by the elec-
trode in the coronary sinus is delayed by an average
of 35 ms comparedwith a normal Pwave (i.e., acti-
vation time 112 ms vs. 77 ms).2 The delay proba-
bly takes place in Bachman’s bundle because
clamping of this bundle prolongs the interatrial
conduction time to a similar degree.

The diagnostic criteria are as follows:
1. The P terminal force in lead V1 is equal to

or m ore ne ga tiv e t ha n �0.04 mVsec (Fig-
ures 2–10 and 2–11). This measurement
Figure 2–10 Pattern of left atrial enlargement in a 45-year-old ma
pulmonary artery pressure 60/30 mmHg, and right ventricular hyper
and II. In lead V1 a small positive deflection is followed by a deep, w
slope of the line connecting the positive peak with the negative nadi
of left atrial enlargement. See text discussion.
(mVsec) is the product of the depth of
the terminal negative deflection (in milli-
volts or millimeters) and its duration (in
seconds).33

2. The P wave is notched with a duration of
0.12 second or more (P mitrale)34 (see
Figure 2–11).

3. Leftward shift of the P wave axis in the
frontal plane to þ15 degrees or beyond
or a leftward shift of the terminal P forces
in the frontal plane is present.
n with severe mitral stenosis (mitral valve area 1.0 cm2),
trophy. P wave widening and notching is seen in leads I
ide negative deflection. Lead V2 shows a relatively slow
r, reflecting the slow interatrial conduction characteristic



Figure 2–11 Pattern of left atrial enlargement in a 33-year-old man with severe dilated cardiomyopathy (left ventricular
ejection fraction 15 percent). Enlargement of all four chambers was evident in the echocardiogram, but the ECG shows only
left atrial enlargement, probably because the QRS voltage is diminished by massive obesity. P wave characteristics in the
limb and right precordial leads are as in Figure 2–10.
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CLINICAL AND ANATOMIC
CORRELATION
P Terminal Force in Lead V1

Morris and associates33 studied 100 normal sub-
jects and 87 patients with aortic and mitral valve
diseases. They found that the product of the
amplitude and duration of the negative compo-
nent of the P wave in lead V1, which they termed
the P terminal force at V1 (TFP-V1), is more neg-
ative than �0.03 mVsec in 2.5 percent of the
normal population and in 92 percent of patients
with left-sided valvular disease. In actual prac-
tice, the P terminal force may be determined by
a visual estimate of the interval (i.e., the slope
between the peak of the positive deflection and
the nadir of the P wave). A terminal portion of
the P wave in lead V1 that occupies one small
box on the recording paper in depth (�1.0 mm
or 0.1 mV) and duration (0.04 second) yields
a P terminal force of �0.04. Any terminal nega-
tive component of the P wave in lead V1 of this
magnitude or more suggests an increase in the
delayed posterior left atrial depolarization.

In an evaluation of 62 patients with significant
isolated mitral stenosis and left atrial enlargement
proved at surgery,35 the ECGmet the Morris crite-
rion in 68 percent of cases. Similar results have
bee n obtaine d from other stu dies. 12,36 It has also
been shown that the P terminal force correlates
more closely with the left atrial volume than with
left atrial pressure. This may explain the results
of an anatomic correlation study37 showing that
an abnormal P terminal force in lead V1 was
present in only about half of the patients with
increased left atrial weight.
A transient increase in the size of the negative
component of the P wave in the right precordial
leads is often seen in patients with left ventricular
failure.38 Romhilt and Scott39 reported that signs
of a left atrial abnormality satisfying the Morris
criterion were present in 76 percent of patients
during an acute episode of pulmonary edema.27

It may be caused by an increase in left atrial pres-
sure, as half of the patients no longer exhibited
these P wave changes after 4 days of treatment.

Kasser and Kennedy36 found that the Morris
criteria33 had limited specificity for predicting left
atrial volume and pressure. In the experience
of Chou,13 a false-positive pattern of left atrial
enlargement, suggested by a prominent negative
P wave component in the right precordial leads,
appeared most commonly in patients with COPD
with or without cor pulmonale and no evidence of
left-sided heart disease. A similar change occurs in
patients with pectus excavatum40 and in those
with the straight-back syndrome.

Occasionally a prominent negative compo-
nent of the P wave is seen in patients with a
giant right atrium due to congenital heart dis-
ease. The markedly enlarged right atrium may
be positioned on both the anterior and posterior
views of the heart and more or less envelop the
left atrium. The posterior atrial forces are now
generated from the right atrium rather than the
left atrium (Figure 2–12).
WIDE AND NOTCHED P WAVES
Prolongation of the P wave duration to 0.12 sec-
ond or more in the limb leads reflects the same
changes as the Morris criterion in the precordial
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Figure 2–12 Pattern of right atrial enlargement with abnormal terminal P wave force in lead V1 in a 25-year old woman
who underwent corrective Fontan operation for tricuspid atresia in childhood. See text discussion.
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leads (i.e., asynchrony of right and left atrial
activation).41 Prolonged P wave duration was
present in about two thirds of patients with
docume nted left atrial enlarge ment. 35,36 A signif-
icant positive relation appears to exist between the
duration of the P wave and the degree of left atrial
dilatation.12,41 T he c or re la tio n b et we en P w av e
duration and left atrial volume is better than that
with the left atrial pressure.36 In autopsy studies,
P wave duration also correlated better with the left
atrial volume than with its weight.9,42

Minor notching or slurring of the P wave is
found in one or more leads in most normal
ECGs, particularly in the precordial leads. Defi-
nite bifid P waves with a peak-to-peak interval
of more than 0.04 second, however, are not usu-
ally found in normal subjects.43 Thomas and
DeJong43 observed prolongation of the interpeak
interval in most patients with severe mitral
stenosis. Other investigators found abnormal
notching in slightly fewer than half of the
Figure 2–13 Abnormal notching and increased width of th
calcific constrictive pericarditis. The abnormal P wave is seen b
patients with left-sided heart disease.33 Abnor-
mal bifid P waves are also encountered in a sig-
nificant number of patients with constrictive
pe ricarditis,43,44 proba bly due to atri al involve-
ment by the compressing scar ( Figure 2–13 ). In
these patients the P wave duration may also be
prolonged to mimic closely the P waves of
patients with mitral disease.

The term P mitrale has been used to describe
a P wave that is abnormally notched and wide
because this P wave is commonly seen in
patients with mitral valve disease, particularly
mitral stenosis. The changes are most often pres-
ent in leads I and II and the left precordial leads.
The P mitrale pattern was observed in a third of
patients with isolated mitral stenosis proved at
surgery.35 As indicated previously, these changes
are not always due to dilatation or hypertrophy
of the left atrium but rather may be caused by
an intraatrial conduction defect secondary to
atrial myocardial damage.45
e P wave resembling P mitrale in a 58-year-old man with
est in lead II.
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Increased P wave duration in the limb leads is
sometimes associated with increased P wave
amplitude. An amplitude of more than 2.5 mm
is seen in about 5 to 10 percent of patients with
left atrial enlargement due to left-sided valvular
heart disease, especially mitral valve disease or
hypertensive heart disease.

When the duration of the P waves is not pro-
longed and the tall P waves are seen in inferior
leads II, III, and aVF, the changes closely mimic
those of P pulmonale29 (see Figure 2–6). In such
cases an abnormal terminal force in lead V1 and
the presence of a left ventricular hypertrophy
pattern aid in the differential diagnosis.
LEFTWARD SHIFT OF THE P WAVE AXIS
A leftward s hift of the f rontal plane P wave axis to
less than þ30 degrees or þ15 degree s31,35 is usu-
ally manifested by a late positive P deflection in
lead aVL and a negative terminal portion of the P
wave in leads III and aVF. These findings lack spec-
ificity and sensitivity. They occur in only about 10
percent of patients with left atrial enlargement
caused by left-sided valvular disease and are pres-
ent in about 5 percent of normal subjects. Conduc-
tion abnormalities in the atria or an ectopic atrial
pacemaker may be responsible for some cases of
abnormal leftward shift of the P vector.
ECHOCARDIOGRAPHIC
CORRELATIONS
Chirife et al.46 found that a P wave duration of
>105 ms identified all patients with a left atrial
dimension of >3.8 cm and had a specificity of
89 percent. In 307 patients studied by Waggoner
et al.,47 the combination of several ECG criteria
had a predictive index of 63 percent for the pres-
ence and 78 percent for the absence of left atrial
enlargement (left atrial dimension >4 cm). In
361 patients studied by Miller et al.,48 the product
of the amplitude and duration of the terminal
component in lead V1(PTF-V1) of >0.06 mVsec
correctly predicted left atrial enlargement in 80
percent of cases, with a positive predictive accu-
racy of 58 percent and a negative predictive accu-
racy of 83 percent. Velury and Spodick49 found
that among 51 patients with echocardiographic
left atrial enlargement, the combined sensitivity
of PTF-V1 of >0.04 mVsec and P wave duration
>100 ms was 82 percent. The criterion of
increased PTF-V1 alone had only 58 percent
sensitivity, which suggested to the authors that
in patients with left atrial enlargement, spatial
vector forces other than those attributable to
left atrial enlargement per se affect the ECG
configuration of the P wave in lead V1. In the
study of Lee et al49a biphasic P wave was
specific for left atrial enlargement (92%), but
sensitivity was low (12%).
Biatrial Enlargement: Diagnostic
Criteria

The presence of biatrial enlargement may be sus-
pected when signs of left and right atrial enlarge-
ment coexist. Because the two atria affect
essentially different portions of the P wave, recog-
nition of biatrial enlargement is not as difficult as
in the case of biventricular hypertrophy. The diag-
nostic criteria are as follows:

1. The presence of a large diphasic P wave in
lead V1 with the initial positive component
>1.5 mm and the terminal negative com-
ponent reaching 1 mm in amplitude,
>0.04 second in duration (“abnormal P
terminal force”), or both (Figure 2–14)

2. The presence of a tall, peaked P wave
(>1.5 mm) in the right precordial lead
and a wide, notched P wave in the limb
leads or left precordial leads (V5 and V6)
(see Figure 2–14)

3. An increase in both the amplitude (�2.5 mm)
and duration (�0.12 second) of the P wave
in the limb leads
Atrial Enlargement in the Presence
of Atrial Fibrillation

Thurmann and Janney50 defined coarse f waves
as those fibrillatory waves measuring >0.5 mm
in amplitude and fine f waves as measuring
�0.5 mm. They showed that coarse f waves in
lead V1 (�1 mm) were associated with roentgen-
ologic and anatomic evidence of left atrial
enlargement or elevated left atrial pressure when
available. However, in their study of 194
patients, 87 percent of those with coarse f waves
in lead V1 had rheumatic heart disease, and 88
percent of patients with fine f waves in lead
V1 had arteriosclerotic heart disease.

Skoulas and Horlick51 noted that patients with
untreated congestive heart failure often had coarse
fibrillation, and the f waves became smaller with
treatment. Atrial distension during failure was
probably responsible for the increase in the size
of the f waves. This phenomenon occurred more
commonly in patients with coronary artery disease.

A significant correlation has been shown also
between the coarse fibrillatory waves and an
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Figure 2–14 Two cases of echocardiographically documented biatrial enlargement. A, A 75-year-old woman with inter-
mittent atrial flutter. B, A 62-year-old man with chronic rheumatic mitral and aortic valve disease. In both cases the P wave is
wide and notched with a tall positive component and a wide shallow negative component in lead V1.
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abnormal P terminal force in lead V1 during
the sinus rhythm as defined by Morri s and col-
league s.16,33 Fine f waves were usually associ ated
with a normal P terminal force. Peter and associ-
ates suggested that the coarse fibrillatory waves
(defined as �1 mm) should be considered signs
of left atrial hypertrophy or “strain.”16 A few
cases of coarse atrial fibrillation have been
reported in patients with congenital heart dis-
ease and right atrial or biatrial enlargement.52

Transient atrial fibrillation in patients with
chronic cor pulmonale is often accompanied by
large f waves in lead V1.
NONSPECIFIC INTERATRIAL AND
INTRAATRIAL CONDUCTION
DISTURBANCES
In most cases the presence of a wide P wave is
attributed to left atrial enlargement. In some cases,
however, when a P wave of low or normal ampli-
tude is considerably wider than normal and con-
tains one or more notches (Figure 2–15), when
the ECG criteria for left atrial enlargement are
absent, and when no clinical suspicion or evi-
dence of left atrial enlargement exists, the most
proper ECG diagnosis is interatrial or intraatrial
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Figure 2–15 Intraatrial conduction disturbance characterized by a wide splintered P wave of low amplitude in two
patients (ages 83 and 81 years). These patients had normal atrial dimensions on the echocardiogram and, except for age,
no evidence of the heart diseases commonly associated with left atrial enlargement.
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conduction disturbance (i.e., inter- or intraatrial
block). This abnormality is not uncommon in
patients with sick sinus syndrome and may be a pre-
c ur sor of atr ia l fibrillat io n.53– 55a Abn o rm al not ch-
ing of the P wave may also occur when there is an
intraatrial conduction defect due to myocarditis,
atrial ischemia, infarction, or fibrosis, which may
also cause prolongation of the P wave. In one study
interatrial block, defined as P wave duration
�120 ms, was found in 40.6 percent of consecutive
ECGs in hospitalized patients.56

In some cases the P wave duration can be wide.
For instance, in a case reported by Soejima et al.,57

the two components of a split P wave were sepa-
rated by 400 ms; the first P wave represented acti-
vation of the lateral wall of the right atrium, and
the second P wave represented activation of the
medial right atrium and the left atrium.

In the early literature the term “interatrial
conduction disturbance” referred to dissociated
atrial rhythms58 (see Chapter 14).
Figure 2–16 Atrial repolarization can be recognized as a sh
man with a long PR interval.
Atrial Repolarization

The atrial T wave (Ta) is usually directed oppo-
site to the main P wave axis (i.e., Ta is negative
in leads with an upright P wave) (Figure 2–16)
and positive in leads with an inverted P wave.
The atrial gradient (area under P þ Ta) is nor-
mally close to zero. The Ta wave is frequently
recognized in the presence of atrioventricular
(AV) block. Hayashi et al.59 found that in human
subjects with AV block, the Ta/P wave amplitude
ratio averaged 0.38. The duration of the Ta wave
ranged from 230 to 384 ms and tended to be lon-
ger in a small subset of patients with “severe car-
diovascular disease.” In general, there is a direct
correla tion betwee n the (P þ Ta) and PP inter-
vals, 59,60 sug gesting that t he (P þ Ta) inter val
has the same meaning for the atria as the QT
interval has for the ventricles.
allow negative deflection after the P wave in a 90-year-old
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Figure 2–17 Slight ST segment elevation in lead V1 and
V2 appears to be caused by the upsloping course of atrial
repolarization following a negative P wave in a 55-year-
old male heart transplant recipient.
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The diagnostic importance of the relation
between the P and Ta deflections (atrial gradi-
ent) is difficult to establish because the measure-
ments require large amplification and can be
carried out only in the presence of an AV block
or a long PR interval.

As mentioned previously, atrial repolarization
extending into the ST segment can cause a so-
calle d false-pos itive ST segment depression, 61,62

particularly in the presence of a short PR inter-
val.63 Conversely, when the P wave is negative,
atrial repolarization can simulate ST segment
elevation. A possible example of such ST seg-
ment elevation is shown in Figure 2–17.
Summary

1. The increased amplitude of the positive P
wave in the three standard limb leads and
increased amplitude of the positive compo-
nent of the biphasic or monophasic P wave
in the right precordial leads suggests right
atrial enlargement (or hypertrophy).

2. Vertical orientation of the P wave in limb
leads with an increased amplitude but normal
or subnormal duration (P pulmonale) attrib-
uted to low diaphragm position, hyperinfla-
tion of the lungs, and increased sympathetic
stimulation are frequent findings in patients
with COPD, bronchospasm, or acute cor pul-
monale but may occur with or without right
atrial enlargement.

3. Increased duration of the P wave with normal
or increased P wave amplitude manifested by
a notched P wave in limb leads or increased
duration of the interval connecting the apex
of the positive P wave component and the
nadir of the negative P wave component
in the right precordial leads signifies an
interatrial conduction disturbance and sug-
gests left atrial enlargement.
Increased duration (area) of the terminal nega-
tive P wave component in the right precordial
leads suggests left atrial enlargement.
Increased amplitude of the negative terminal P
wave component without an increased dura-
tion of this component and without an inter-
atrial conduction disturbance is not a sign of
left atrial enlargement.
Wide, notched, or polyphasic P waves of
normal or low amplitude suggest an inter-
atrial conduction disturbance with or with-
out atrial enlargement.
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 Ventricular Enlargement

Left Ventricular Enlargement
(Hypertrophy and Dilation)
Voltage
Intrinsicoid Deflection
Repolarization Abnormalities
Other ECG Changes in LVH
Physiologic Factors Affecting the
Reliability of Diagnostic Criteria

Pathologic States Affecting the Diagnosis
of LVH

Assessment of the Severity of Valvular
Lesions Causing LVH

Presence of LBBB

Right Ventricular Hypertrophy and
Dilation
Three Types of RVH
RVH in Other Clinical Conditions

Combined Ventricular Hypertrophy
Clinical and Anatomic Correlations
Before the advent of noninvasive methods capable
of accurately estimating the dimensions, mass, and
wall motion of cardiac chambers, electrocardiogra-
phy in association with chest radiography and
physical examination played a prominent role in
assessing the size of the cardiac chambers. The
electrocardiographic theory underlying the recog-
nition of hypertrophy or dilation rests on a number
of sound physical principles thatmay lead tomean-
ingful correlations with the tissue mass, chamber
diameter, and intracardiac blood volume.1 There
are, however, unavoidable limiting factors related
to the variable orientation of the heart in the chest,
variable properties of the volume conductor sur-
rounding the heart, and nonspecificity of each
depolarization and repolarization abnormality
used for diagnosing hypertrophy or dilation.

As early as the 1950s and 1960s a wealth of
autopsy and angiographic correlations firmly estab-
lished the limits of the diagnostic accuracy of the
electrocardiogram (ECG). With regard to left ven-
tricular hypertrophy (LVH), it has been established
that the ECG diagnosis is most accurate in patients
with hypertensive and pure left-sided valvularheart
disease in the absence of concomitant right ven-
tricular hypertrophy (RVH), myocardial infarc-
tion, intraventricular conduction disturbances,
and treatment with drugs altering depolarization
and repolarization. Similar limiting factors play a
role in the ECG diagnosis of RVH.
Left Ventricular Enlargement
(Hypertrophy and Dilation)

In general, ECG criteria for the diagnosis of left ven-
tricular enlargement are increased QRS amplitude
(voltage), intraventricular conduction delay mani-
fested by delayed intrinsicoid deflection in the
precordial leads facing the left ventricle, widened
QRS/T angle, and a tendency to left axis deviation
(Figure 3–1).
VOLTAGE
The increased voltage is attributed to one or more
of the following factors: increased left ventricular
mass, increased left ventricular surface, increased
intracavitary blood volume, and close proximity
of the enlarged ventricle to the chest wall.
Left Ventricular Mass

The increase in the left ventricular mass exagge-
rates the leftward and posterior QRS forces.
An increase in voltage may be due to the
increase in the number2 or size3 of the fibers
in the hypertrophied ventricle. The importance
of fiber size was shown in the computer-gener-
ated ECG model where the amplitude of the R
wave increased by 36 percent when the cell
radius was increased by 15 percent without
increasing the number of cells.3 The enlarged
cells and increased number of intercalated disks
in the hypertrophied myocardium are believed
to facilitate the intercellular current flow, which
may be expected to increase the strength of the
equivalent dipole generated by excitation of
muscle layers. Consistent with this hypothesis
was the finding of increased voltage recorded
in the intramural electrograms from a hypertro-
phied human heart.4

In the presence of “pure” LVH (e.g., in chil-
dren and young adults with isolated congenital
45



Figure 3–1 Typical left ventricular hypertrophy (LVH) pattern with secondary ST segment and T wave changes in a
67-year-old man with long-standing hypertension, bilateral carotid artery disease, bilateral renal artery disease, nonobstruc-
tive three-vessel coronary artery disease, and severe LVH but no history of myocardial infarction and no wall motion
abnormalities. Q wave in lead III exemplifies a pseudoinfarction pattern. Note also the left atrial enlargement. PR interval,
220 ms; QRS, duration 102 ms; QTc, 415 ms.
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aortic stenosis), the maximum spatial QRS vector
significantly correlated with the peak left ventricu-
lar systolic pressure.5 Because the QRS duration in
this patient group was not increased, the increased
voltagewas believed to reflect an increased number
of fibers in the hypertrophied myocardium.2 In
middle-aged and elderly patients, a significant cor-
relation was observed between the QRS voltage
and the left ventricular mass estimated from angio-
grams6 and echocardiograms.7–9

Myocardial Surface

Hypertrophy increases the area of ventricular
muscle in relation to the short-circuiting fluid
surrounding the heart.10 Increased surface area
and wall thickness may be expected to increase
the solid angle subtended by the precordial elec-
trodes (see Chapter 1).

In a study of left ventricular angiograms in
93 patients with LVH, wall thickening sufficient
to result in an increased left ventricular mass
did not result in increased QRS voltage indica-
tive of LVH unless sufficient concurrent chamber
dilation was present.11 This implied that there is
a critical role for the geometric relation between
wall thickness and chamber dilation, as would
be expected from application of the solid angle
theorem. However, a strict correlation between
the left ventricular dimension and QRS voltage
is not a universal finding. Thus Devereux
et al.12 found that the QRS voltage correlated
only weakly with the size of the left ventricular
chamber; for a given left ventricular mass, it
depended less on chamber dilation than on left
ventricular weight, the depth of the left ventricle
in the chest, and the patient’s age.

Intracavitary Blood Volume

The QRS amplitude may be expected to increase
in the presence of an increased end-diastolic
blood volume owing to a mechanism postulated
by Brody.13 The Brody effect predicts that an
increase in the intracardiac blood volume aug-
ments the initial (i.e., radial) QRS vectors and
attenuates the late (i.e., tangential) QRS vectors.
The validity of this principle was documented
by correlating the R wave amplitude with the
left ventricular volume, which was altered by
pacing the heart at various rates.14 Numerous
studies using ventricular angiography,6 nuclear
imaging,15,16 and echocardiography8 have shown
that the correlation of the QRS voltage with the left
ventricular volume was either poor or not as good
as the correlation with the left ventricular mass.

Proximity of the Heart to the Chest Wall

Feldman et al.17 have shown that the R wave
amplitude increased as the left ventricular lateral
wall moved closer to the V5 and V6 electrodes
and that the proximity of the left ventricle to the
anterior chest wall was a major determinant of
the R wave amplitude. Moreover, echocardio-
graphic studies showed that the correlation
between the ECG criteria for LVH and left ventric-
ular mass calculated from the echocardiogram
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could be improved by correcting for the distance
of the center of the left ventricular mass from the
chest wall.18
INTRINSICOID DEFLECTION
In about 35 to 90 percent of LVH cases, the
delayed onset of intrinsicoid deflections occurs
�45 ms after the onset of the QRS complex,10

which may be due to late activation of the hyper-
trophied left ventricle. The finding is not specific,
however, because late ventricular activation in
subjects with LVH also correlated with right
ventricular thickness.19
REPOLARIZATION ABNORMALITIES
Deviation of the ST segment and the Twave in the
direction opposite to the main QRS vector in the
horizontal and frontal planes causes widening of
the QRS/T angle. The combination of increased
QRS amplitude and a wide QRS/T angle results
in a pattern known as left ventricular strain. Even
though the term “strain” is not appropriate to
characterize an electrical event, use of this term
has become entrenched in clinical practice. The
ST and T changes in the left ventricular strain
pattern are secondary to delayed propagation of
the impulse in the conducting system, the hyper-
trophied myocardium, or both (see Chapter 23).

Diagnostic Criteria for Patients Aged
40 Years or Older

In most studies, high voltage in the precordial
leads was the most sensitive criterion for the
diagnosis of LVH. A recognition rate of up to
56 percent may be achieved, although it also
TABLE 3–1 Point-Score System

Measurement

Amplitude: any of the following
Largest R or S wave in the limb leads �20
S wave in V1 or V2 �30 mm
R wave in V5 or V6 �30 mm
ST segment and T wave changes (typical p
ventricular strain with the ST segment a
in a direction opposite to the mean QRS

Without digitalis
With digitalis
Left atrial involvement: terminal negativity o
in V1 is �1 mm in depth with a duration

Left axis deviation of �30 degrees or more
QRS duration �0.09 second
Intrinsicoid deflection in V5 and V6 �0.05 se
was most frequently responsible for false-positive
diagnoses.

If the duration of the QRS complex is <0.12
second, the following criteria are used for the
diagnosis of LVH. They are based mainly on the
studies of Sokolow and Lyon.20

The limb lead criteria are as follows:
1. R wave in lead I þ S wave in lead III

>2.5 mV
2. R wave in aVL >1.1 mV
3. R wave in aVF >2.0 mV
4. S wave in aVR >1.4 mV
Precordial lead criteria are as follows:
5. R wave in V5 or V6 >2.6 mV
6. R wave in V6 þ S wave in V1 >3.5 mV
7. Largest R wave þ largest S wave in the

precordial leads >4.5 mV
The most commonly used voltage criteria in

the more recent literature are as follows:

S in V1 þ R in V6 >3.5 mV
S in V2 þ R in V6 >4.3 mV
S in V1 >2.4 mV
S in V6 >2.8 mV
R in aVL >1.3 mV

in addition to the Cornell criteria of:
R in aVL þ S in V3 >2.0 mV for females
and >2.8 mV for males

Supporting criteria include the following:
8. Onset of the intrinsicoid deflection in V5

or V6 �0.05 second
9. ST segment depression and T wave inver-

sion in the left precordial leads and in
the limb leads in which major QRS deflec-
tion is upright in the presence of one or
more of the above findings

Romhilt and Estes21 proposed a point-score
system that uses a combination of the various
findings listed in Table 3–1. LVH is considered
Points

3
mm

attern of left
nd T wave vector shifted
vector)

3
1

f the P wave
of �0.04 second

3

2
1

cond 1
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present if the points total 5 or more and is prob-
ably present if the points total 4.

Echocardiographic Criteria

Casale et al.22 used the echocardiographically
determined left ventricular mass measurements
in 414 subjects as a standard to develop new
ECG criteria for LVH and tested various corre-
lations prospectively in an additional 129
subjects. The best criteria consisted of a combi-
nation of the sum of R amplitude in aVL and S
amplitude in V3 to be >2.8 mV in men and
>2.0 mV in women, associated with increased
T wave amplitude in lead V1. This combination
had a sensitivity of 49 percent and a specificity
of 93 percent, which was better than the respec-
tive values of 33 percent and 94 percent for the
Sokolow-Lyon voltage criteria and 30 percent
and 93 percent for the Romhilt-Estes score of
4 points or more. In the same study, ECG cri-
teria based on a multiple logistic regression
equation developed in the learning series and
tested prospectively achieved 51 percent sensi-
tivity, 90 percent specificity, and 76 percent
overall accuracy for diagnosis of LVH. The
innovative feature of these criteria is the separa-
tion by gender. A more accurate correlation was
found subsequently using the product of either
the Cornell voltage or 12-lead voltage system
and the QRS duration.23

Framingham Heart Study investigators evalu-
ated 10 ECG criteria for detecting LVH using
ECG and echocardiographic measurements from
3351 adults.24 The best performer for evaluating
men was the Cornell voltage criterion multiplied
by the QRS duration; for women, it was the volt-
age criteria in the limb leads. The sensitivity of
the best criteria was about 95 percent, and the
specificity varied from 32 to 51 percent. The
authors found also that incorporation of obesity
and age in gender-specific ECG algorithms con-
sistently enhanced their performance for detect-
ing hypertrophy.

Sensititivity and Specificity of Combined
Criteria

To evaluate the sensitivity of the combined cri-
teria, Scott and associates25 studied 100 cases
of isolated LVH with increased heart weight
and left ventricular wall thickness at autopsy.
Using one or more of the criteria listed previ-
ously (except criterion 7), 85 percent of the
cases were correctly diagnosed. In this study,
however, ST segment and T wave changes alone
were also considered as indicative of LVH. In
two later investigations26,27 the sensitivities were
60 percent and 85 percent, respectively.
To test the specificity of listed criteria (except
criterion 7), Chou et al.28 reviewed the autopsy
findings of 100 cases diagnosed as LVH by ECG
less than 3 months before death. Cases with ST
segment and T wave changes alone were not
included. Taken together, 44 cases had isolated
LVH, and 45 had combined ventricular hypertro-
phy. A false-positive diagnosis of LVH was made
in 11 cases (11 percent). Selzer and associates27

reported a slightly higher incidence (15 percent)
of false-positive diagnoses. The point-score sys-
tem,21 tested in 360 autopsied hearts by the
chamber dissection technique, gave a sensitivity
of 54 percent, with only 3 percent false-positive
diagnoses.

Sensitivity and Specificity of Individual
Criteria

Mazzoleni and co-workers29 examined the reli-
ability of several of the individual criteria in
the autopsied hearts with the chamber dissection
technique. In 185 unselected adult patients, ana-
tomic LVH was recognized in 22 percent by the
criterion RV5 or V6 þ SV1 >3.5 mV and in 17
percent by the criterion RaVL >1.0 mV.

A group of Cornell investigators30 correlated
antemortem ECGs with a left ventricular mass
at autopsy in 220 patients. LVH was defined as
an LV mass index > 118 g/m 2 in men and
>104 g/m 2 in women . They fo und that the prod-
uct of the QRS duration and a 12-lead voltage
(voltage-duration product) identified LVH more
accurately than the voltage criteria alone, QRS
duration criteria alone, or the Romhilt-Estes
point score.

One of the most extensive anatomic correlation
studies using the chamber dissection technique
was conducted by Romhilt and associates.32 A total
of 33 ECG criteria for LVH were evaluated. The
most sensitive (45 percent) was the R þ S ampli-
tude >4.5 mV. In other studies, increased QRS
voltage correlated to variable degrees with the
sum of the thickness of the septum and the
posterior wall,33–35 the posterior wall thickness
alone,36 or the calculated left ventricular mass.37

ST Segment and T Wave Changes

The two most commonly used repolarization cri-
teria for the diagnosis of LVH are a QRS/T angle
>100 degrees and a Twave that is upright in V2

and more negative than �0.1 mV in V6. The
classic ST and T wave changes in LVH consist
of ST segment depression with upward convexity
and T wave inversion in the left precordial leads
(Figures 3–1 to 3–4). Reciprocal changes are
present in the right precordial leads with ST



Figure 3–2 Typical left ventricular hypertrophy pattern with sharply inverted T waves suggestive of myocardial ischemia
in a 78-year-old woman with hypertensive heart disease, intermittent atrial fibrillation, nonobstructive coronary artery dis-
ease, and no history of myocardial infarction suggested by the Q wave in aVL. There is poor R wave progression and left
atrial enlargement. PR interval, 183 ms; QRS duration, 74 ms; QTc, 403 ms.
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segment elevation and a tall T wave. In the limb
leads, the direction of the ST and T vectors is
also directed opposite to the main QRS forces.
Therefore ST segment depression and T wave
inversion are seen in leads I and aVL when the
QRS axis is horizontal and in leads II, III, and
aVF when the QRS axis is vertical. These classic
ST and T wave changes are usually found in
patients with fully developed LVH.

If high QRS voltage and the secondary repo-
larization changes are both present, a false-
positive diagnosis of LVH is seldom made.27 Less
pronounced repolarization changes, such as
Figure 3–3 Left ventricular hypertrophy (LVH) with inverted
cardiomegaly, and congestive heart failure. ECG shows high Q
the addition of ST segment and T wave changes, the tracing i
V4–V6 and perhaps in leads V2 and V3. The P waves suggest lef
slight ST segment depression or flat T waves in
the left precordial leads, which usually precede
frank ST segment deviation and Twave inversion
during development of LVH, are also helpful,
particularly when the voltage is increased.

A common diagnostic difficulty encountered
in practice is recognition of the ST segment and
Twave abnormalities caused by myocardial ische-
mia in the presence of the left ventricular strain
pattern in patients with high-voltage QRS com-
plexes suggestive of LVH. In theory, if the QRS
area is strictly proportional to the ventricular
mass and if the hypertrophy does not alter the
U waves in a 33-year-old man with severe hypertension,
RS voltage and notching of the R wave in lead V3. With

s highly suggestive of LVH. U waves are inverted in leads
t atrial enlargement.



Figure 3–4 Aortic valve disease with left ventricular hypertrophy in a 61-year-old man with aortic stenosis and insuffi-
ciency. A peak systolic pressure gradient of 88 mmHg across the aortic valve was demonstrated during cardiac catheteriza-
tion. Aortography revealed 3þ to 4þ aortic insufficiency. The coronary arteries were normal. The ECG shows high QRS
voltage and the classic “strain pattern” of the ST segment and T waves. The P waves are suggestive of left atrial enlargement.
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relation between the sequence of repolarization
and the sequence of activation, the ventricular
gradient should remain unchanged. This pattern
occurs with uncomplicated hypertrophy, but the
gradient does change when the ST and T wave
changes are due to associated myocardial ische-
mia, which may be present even in the absence
of coronary artery disease because of the follow-
ing: (1) the increase in coronary artery diameter
does not match the increased heart weight; (2)
the unchanged capillary/fiber ratio increases the
mean diffusion distance; and (3) the coronary
vascular reserve is reduced owing to increased
coronary vascular resistance.38

The morphology of the secondary T wave
changes is distinctly different from that of the
primary T wave changes and is suggestive of
ischemia in about two thirds of the cases. In
the remaining third of patients with documented
LVH and normal coronary arteries, the negative
Twaves do not have the characteristic asymmet-
ric configuration of secondary T waves (see
Chapter 23) but instead resemble the primary
terminally inverted T waves with an isoelectric
or horizontally depressed ST segment, such as
in the presence of subacute or chronic myocar-
dial ischemia39 (see Figures 3–2 and 3–4). In
such cases one cannot use repolarization criteria
to support the diagnosis of LVH. Repolarization
changes attributed to myocardial ischemia can
be distinguished from the secondary repolariza-
tion abnormalities caused by LVH if, instead of
the expected secondary ST segment elevation
and upright T wave, one encounters ST segment
depression and T wave inversion in leads V1

and V2 (see Chapters 7 and 8). Favoring a
diagnosis of myocardial ischemia is the rapid
appearance and disappearance of repolarization
abnormalities in patients with coexisting coro-
nary artery disease. It should be mentioned that
transient or permanent T wave inversion in the
right precordial leads in patients with LVH are
occasionally caused by “right heart strain.”
OTHER ECG CHANGES IN LVH
Incomplete Left Bundle Branch Block

In patients with LVH, Q waves often decrease in
size or are absent (Figures 3–5 and 3–6). The Q
wave was absent in about 50 percent of autop-
sied hearts with LVH resulting from various
causes (T.C. Chou, 1960, unpublished data).
The absence of the Q wave in the left precordial
leads is related to leftward displacement of the
initial QRS forces, which is also partly responsi-
ble for the decrease in the R wave in the right
precordial leads.

When high QRS voltage and ST and T wave
changes in LVH are accompanied by an
increased QRS duration up to 0.11 second, an
absence of Q waves with a delay in the onset of
the intrinsicoid deflection in the left precordial
leads, and (occasionally) notching of the QRS
in the mid-precordial lead, the often-raised ques-
tion is whether incomplete left bundle branch
block (LBBB) coexists with hypertrophy. The
problem is seldom of practical importance
because incomplete LBBB is nearly always asso-
ciated with marked LVH and therefore has the
same significance as the LVH pattern with
secondary ST and T wave changes.



Figure 3–5 Coarctation of the aorta in a 36-year-old man who died shortly after unsuccessful correction of this congenital
lesion. At autopsy there was also evidence of a healed dissecting aneurysm of the ascending aorta. The heart weighed 545 g
and had marked left ventricular hypertrophy (LVH) and a moderate degree of dilatation. Left ventricular wall thickness was
25 mm. Coronary arteries revealed mild focal atherosclerosis with no significant narrowing of the lumen. Myocardium
showed no evidence of fibrosis or infarction. Aortic valve was monocuspid with a centrally located orifice approximately
7 mm in diameter. This ECG was recorded 1 day before surgery. It shows rather typical changes of LVH. The QS deflections
in leads III and aVF suggest inferior wall myocardial damage and, in view of the autopsy findings, represent a pseudoinfarc-
tion pattern. The poor progression of the R waves in the precordial leads also suggests the possibility of anterior myocardial
damage, which was absent.

Figure 3–6 A, Left ventricular hypertrophy pattern with incomplete left bundle branch block (LBBB) (QRS, 110 ms; absent
Q wave in lead V6) in a 35-year-old man with alcoholic dilated cardiomyopathy (left ventricular ejection fraction 10 per-
cent). B, Six months later the LBBB is complete. Standardization is half-normal. QRS duration is 156 ms. Pattern of left atrial
enlargement and first-degree atrioventricular block are present in both A and B.
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Abnormal Left Axis Deviation

When used alone, an abnormal left axis devia-
tion of �30 degrees or more is a relatively insen-
sitive, nonspecific sign of LVH. Grant40 found no
correlation between heart weight and left axis
deviation.
Poor R Wave Progression in Precordial Leads

Poor progression of the R wave in the right
and mid-precordial leads occurs commonly with
LVH41 and is associated with a leftward shift of
the transitional zone in the precordial leads
(i.e., R/S ratio <1 in V5). Occasionally, R waves
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are absent in leads V1, V2, and even V3, resulting
in a QS deflection in these leads that mimics ante-
roseptal myocardial infarction (see Figures 3–2
and 3–5; also see Chapter 9).

Abnormal Q Wave in Inferior Leads

Occasionally, an abnormal Q wave is recorded in
leads III and aVF and less often in lead II, mim-
icking inferior myocardial infarction. Examples
are shown in Figures 3–1 and 3–5. The mecha-
nism of this pseudoinfarction pattern is not clear.

Notching and Prolongation of QRS Complex

In some patients the normal QRS complex is
slightly prolonged and notched, especially in the
mid-precordial leads, probably as a result of an
intraventricularconduction defect (see Figure 3–3).

U Wave

The amplitude of a normal positive U wave may
be increased in the right precordial leads, but the
increase appears to be proportional to the overall
increase in the amplitude of the ventricular com-
plex. The U wave is often negative in the left
precordial leads in patients with LVH, particu-
larly when the latter is caused by systemic hyper-
tension or regurgitation of the mitral or aortic
valve (see Figure 3–3).42

Anatomic Correlations

Reichek and Devereux43 found that the left ven-
tricular mass estimated from M-mode echocardi-
ography correlated well with the postmortem
left ventricular weight in 34 subjects, and the
respective sensitivities of the Romhilt-Estes point
score and the Sokolow-Lyon voltage criteria were
50 percent and 21 percent, with a specificity of 95
percent for both criteria.

Several echocardiographic studies confirmed
that the sensitivity and the specificity of the left
ventricular strain pattern or of the Romhilt-Estes
point score (particularly when the score was >5)
was superior to the voltage criteria alone. The
point score of Romhilt and Estes correlated with
an increased left ventricular mass and was asso-
ciated with a sensitivity of 57 percent and a speci-
ficity of 81 percent.44 In two other studies45,46 the
left ventricular strain pattern had a sensitivity of
52 percent and a specificity of 95 percent.

Crow et al.47 tested the performance of eight
ECG criteria with the echocardiographic left
ventricular mass index in a biracial population
of men and women enrolled in the Treatment
of Mild Hypertension Study. The ECG LVH sen-
sitivity at 95 percent specificity was <34 per-
cent. The Cornell voltage criteria showed the
highest average sensitivity (17 percent). The
ECG correlations with the LV mass index were
consistently improved by including non-ECG
variables, such as blood pressure and body mass
index. The authors47 thought that further refine-
ment of the ECG criteria alone in Caucasian
men was unlikely to improve its relation to the
left ventricular mass. More recently, Budhwani
et al.48 correlated several traditional ECG cri-
teria with the increased left ventricular mass
estimated by echocardiography in 608 patients.
Increasing number of the ECG criteria was asso-
ciated with a greater mean left ventricular mass,
but increased wall thickness and ventricular
diameter did not influence significantly the fre-
quency of any of the ECG criteria.

Echocardiographic studies exposed the short-
comings of the ECG in its ability to differentiate
among concentric hypertrophy, eccentric hyper-
trophy, and dilation without hypertrophy and
demonstrated that the QRS voltage may be
increased in the presence of an increased left
ventricular diastolic diameter and normal thick-
ness of the left ventricular wall.34 It appears that
none of the tested criteria, such as the magnitude
of the maximal QRS vector in the horizontal
plane,35 the QRS amplitude in the scalar ECG, or
Twave changes, can distinguish reliably between
concentric LVH and isolated left ventricular dila-
tion. Echocardiography also showed that for
a diagnosis of asymmetric LVH, the presence of
prominent abnormal Q waves attributed to septal
hypertrophy was a poor predictor of increased
septal thickness or the septal wall/free wall
ratio31,49 (see Chapter 12). The echocardiogram
is also superior to the ECG for detecting LVH in
the presence of a ventricular conduction defect.

Systolic and Diastolic Overload
of the Left Ventricle

Cabrera and Monroy introduced the concept of
systolic and diastolic overload of the left ventri-
cle.50 Later writers used the terms pressure over-
load and volume overload. The ECG pattern of
left ventricular systolic overload includes high
voltage of the R wave and the classic secondary
ST segment and Twave changes in the left precor-
dial leads (see Figures 3–3 and 3–5). It occurs
with such conditions as aortic stenosis, systemic
hypertension, and coarctation of the aorta when
the left ventricle contracts against increased resis-
tance. With diastolic overload of the left ventricle,
which is seen in patients with aortic insufficiency,



Figure 3–7 Severe mitral insufficiency in a 52-year-old man with 4þ mitral regurgitation demonstrated by left ventricular
angiography. The ECG reveals deep Q waves and tall R waves in the left precordial leads. ST segments and T waves are
within normal limits. P wave changes are suggestive of left atrial enlargement. This tracing is a typical diastolic overload
pattern of left ventricular hypertrophy.

Figure 3–8 Ventricular septal defect in a 29-year-old man proved by cardiac catheterization. The ECG shows deep Q
waves in leads I, aVL, and V4–V6. There are tall R waves in the left precordial leads. The ST segment is slightly elevated,
and the T waves are tall and peaked in most of the precordial leads. The findings are consistent with diastolic overloading
of the left ventricle. An R1 is present in lead V1, suggesting possible right ventricular hypertrophy or incomplete right bundle
branch block.

533 � Ventricular Enlargement
mitral insufficiency, and patent ductus arteriosus,
the ECG usually exhibits high voltage of the
R waves with prominent Q waves in the left pre-
cordial leads (Figure 3–7). The ST segment is
usually elevated, with an upright, peaked Twave.

Although the concept of systolic and diastolic
overload has enjoyed some popularity, its clini-
cal application often has been disappointing,
especially in patients with advanced acquired
heart disease, severe dilatation, and hypertrophy.
In young patients with congenital heart disease,
correlation of the hemodynamic state and the
ECG pattern usually is better, particularly in
patients with a ventricular septal defect without
pulmonary hypertension whose ECG often shows
a prominent Q wave followed by a tall R wave
and an upright T wave (Figure 3–8).
PHYSIOLOGIC FACTORS AFFECTING
THE RELIABILITY OF DIAGNOSTIC
CRITERIA
Most of the present ECG criteria for LVH have
been developed for populations with a high
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prevalence of heart disease. The Bayes theorem
predicts that these criteria would result in a high
incidence of false-positive ECG interpretations
in a population with a low prevalence of heart
disease. Indeed, in such populations none of
the ECG signs of LVH are specific, and no QRS
voltage criteria have more than 46 percent accu-
racy for the diagnosis of LVH.51

A common vexing problem stems from varia-
tions in precordial voltage. Such variations
may be due to changes in electrode position
but may also occur in the same individual at
24-hour intervals, even independent of electrode
position, perhaps due to changes in respiration
or heart rate.52 The ST and Twave abnormalities
are even less specific than the voltage. Moreover,
the combination of increased voltage and a wide
QRS/T angle can be present without hypertrophy
due to delayed conduction in the left bundle
branch system. This can be shown by applying
early premature atrial stimuli, which causes
a delay in the left bundle branch. The LVH
pattern produced in this manner can be normal-
ized by delaying conduction in the right bundle
branch.53

Age

Age is one of the most important factors to be
considered in the ECG diagnosis of LVH. Most
of the voltage criteria were derived and tested
against the older population. It is well known,
however, that the QRS voltage is higher in ado-
lescents and young adults than in older indivi-
duals (Figure 3–9). For example, from age 20
to 29 years, the normal 99th percentile for
Figure 3–9 ECG with high QRS voltage recorded from a heal
RV5 þ SV2 ¼ 49.5 mm.
SV1 þ RV5 or V6 is 5.3 mV.54 The voltage of
SV2 þ RV5 is more than 3.5 mV in 32 percent
of normal men 20 to 39 years of age (T.C. Chou,
1960, unpublished data). It has been estimated
that the amplitude of the maximum spatial QRS
vector decreases by 6.5 percent for each decade
of life from age 20 to 78.55

During routine interpretation of the ECG,
LVH must be diagnosed with caution in patients
under age 40 if only the voltage criteria are met,
unless the amplitude is extremely high. Even the
combination of high QRS voltage and ST and
T wave changes, which is reliable in older sub-
jects, cannot be applied with equal confidence
in young subjects. The ST and Twave abnormal-
ities may be due to other causes in the young
patient, and the high amplitude of the QRS
may be normal for the particular body build. It
is therefore advisable to look for some other sup-
porting evidence in the QRS complex such as
abnormal left axis deviation, a delay in the onset
of the intrinsicoid deflection in leads V5 and V6,
an increase in QRS duration to 0.11 second, the
presence of notching of the QRS complex in
the mid-precordial leads, and especially poor
progression of the R wave in the right and mid-
precordial lead. Because most normal indivi-
duals have taller R waves in lead V5 than in lead
V6, reversal of this order also is suggestive of an
abnormality.

The correlation between the ECG and the left
ventricular wall thickness in the elderly was
determined in 671 autopsies of patients 65 to
116 years of age. The correlation was not
affected by age in subjects younger than 85 years
but was blunted in those older than 85.56
thy 22-year-old male medical student. RV5 þ SV1 ¼ 46 mm;
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Body Habitus

The voltage is reduced in persons with large
breasts. A significant increase in R amplitude in
leads V1–V5 occurred after left mastectomy and
in leads V3R and V1 after right mastectomy.57

On the basis of increased voltage, LVH would
be erroneously diagnosed in nearly 50 percent
of women after mastectomy.57 Other factors that
may alter voltage in the absence of hypertrophy
are hematocrit, intraventricular conduction dis-
turbance, and perhaps myocardial ischemia.
A low hematocrit increases the QRS voltage
and a high hematocrit decreases it because of
changes in blood resistivity.58

Kilty and Lepeschkin51 examined the effect of
body build on the QRS voltage of the ECG.
Using the ponderal index (height in inches
divided by the cube root of weight in pounds)
as a measure of body build, they found a highly
significant correlation between body build and
the voltage of R1 þ S3, largest R þ S in the
precordial leads, and largest R þ S in a single pre-
cordial lead. The precordial lead criterion R þ S
>4.5 mV underdiagnoses LVH in obese people
and overdiagnoses it in thin people. Others have
also noted that most false-positive diagnoses of
LVH occur in emaciated individuals.51 The
increased amount of adipose or muscle tissue in
the chest wall affects the voltage as a result of an
increased distance between the precordial elec-
trode and the heart. An accumulation of adipose
tissue around the heart of overweight persons
may produce a similar effect 59 (see Figure 1–2 3).

The Cornell investigators60 found that the
ability of ECG criteria to detect LVH differs
depending on the method used to index the left
ventricular mass for body size and with the pres-
ence or absence of obesity. When the left ventric-
ular mass was indexed to the body surface area
or to height, the sensitivity of the Cornell prod-
uct criteria increased from 39 to 52 percent with
a matched specificity of 95 percent.
Gender and Race

Gender has a significant effect on the amplitude
of the QRS complex. Men have higher ampli-
tudes than women in both the limb leads and
precordial leads, but especially in the latter.59

In women it is sometimes important to know
whether lead V4 was recorded with the electrode
on or underneath the breast. A significant reduc-
tion in voltage may occur if the electrode is
placed on a large breast (Figure 3–10).

African-American subjects are reported to have
higher QRS voltage than Caucasian subjects. In a
study of 114 healthy adolescents61 the upper limit
for the S wave amplitude in lead V1 was 3.4 mV in
blackmales, 3.2 mVinwhitemales, 2.6 mVin black
females, and 1.6 mV in white females. The
corresponding values for the R amplitude in lead
V6 were 3.0, 2.4, 2.2, and 2.4 mV.62

In another study of 15- to 19-year-old adoles-
cents61 the sum of S in V1 and R in V6 ampli-
tudes averaged 3.69 mV in black males and
3.13 mV in white males. No significant differ-
ences were found between black and white
females. The echocardiograms showed that the
left ventricular posterior wall was thicker and
the distance between the anterior chest wall
and the mid-left ventricle was shorter in black
males than in white males. No such racial differ-
ences were observed in females.

The Chicago Heart Association Detection
Project in Industry collected data from 1391
black men and 19,216 white men.63 The preva-
lence of an ECG LVH pattern was significantly
higher in black men than in white men in each
age group. The difference remained significant
after adjustment for all possible risk factors. Exam-
ination of the data fromNational Health andNutri-
tion Surveys64 also showed that black racial
backgroundwas associatedwith amore than three-
fold excess of LVH by the Cornell voltage criteria.

In a smaller study of 196 African-Americans,
ages 54 to 100 years, Arnett et al.65 found that
the application of ECG algorithms was associated
with misclassification of LVH and overestimation
of the left ventricular mass by echocardiography.
The diagnostic accuracy of the Cornell criteria
in African-Americans was comparable to the
accuracy reported in white subjects.
PATHOLOGIC STATES AFFECTING THE
DIAGNOSIS OF LVH
The lung is a poor electrical conductor and
attenuates the QRS voltage. In patients with
chronic obstructive pulmonary disease (COPD),
the voltage of the QRS complex may be markedly
reduced. The presence of LVH often is not recog-
nized in such patients. Pericardial effusion may
also mask a ventricular hypertrophy pattern
because of the short-circuiting effect of the peri-
cardial fluid. Pulmonary edema may reduce the
body surface potential by its short-circuiting
effect.66 A reduction of the amplitude of the com-
plexes is also seen in patients with pleural effu-
sion, generalized anasarca, or pneumothorax.

Myocardial damage in patients with coronary
artery disease, secondary myocardial disease
such as amyloidosis, or scleroderma-associated
heart disease is often accompanied by low
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Figure 3–10 Difference in voltage in leads V3–V6 resulting from electrode placement under a large breast (top) and over
the breast (bottom) in the ECG of a 60-year-old obese woman. The two ECGs were recorded 1 hour apart. Note the absence
of an appreciable change in voltage in leads other than V3–V6.
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voltage, which makes diagnosing LVH difficult.
The presence of myocardial infarction did not
affect ECG recognition of LVH by the voltage cri-
teria in an autopsy series,67 although changes in
QRS amplitude during the acute stage are often
present (see Chapter 7).

In most patients with RVH secondary to left
ventricular disease, the effect is minimal and
the diagnosis of LVH is not affected. When
RVH is severe, however, the LVH pattern may
not be apparent because of the canceling effect
of the rightward forces.
ASSESSMENT OF THE SEVERITY OF
VALVULAR LESIONS CAUSING LVH
Most attempts to correlate the ECG with the
severity of a valvular lesion have been made in
patients with valvular aortic stenosis. Hugenholtz
and associates68 studied 95 patients (ages 6 weeks
to 20 years) with congenital aortic stenosis. About
three fourths of the patients with severe lesions
and one fourth of those with mild lesions had
evidence of LVH. Braunwald and associates69

reported hemodynamic and ECG findings in 100
patients with congenital aortic stenosis. Their
ages ranged from 2 to 51 years, with 36 patients
younger than 10 years. No single ECG change
was found to be reliable for determining the
severity of the obstruction. The ECG was more
helpful in patients younger than age 10 than in
older individuals.

Roman and associates70 correlated the ECG,
echocardiographic, and radionuclide angiographic
findings in 95 adults with severe, pure, chronic
aortic insufficiency and no evidence of coronary
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artery disease. The correlation between the QRS
voltage and the degree of left ventricular dilatation
and dysfunction was weak.70 In patients with
chronic aortic regurgitation and massive cardio-
megaly (heart weighing 1 kg or more), the usual
QRS criteria for LVH were often absent.43

In patients with mitral insufficiency, the correla-
tion between the severity of the mitral lesion and
the ECG changes is generally poor. In a series of
65 cases of dynamically significant mitral insuffi-
ciencywithout significantmitral stenosis confirmed
at surgery or autopsy, the ventricular complex was
normal in 50 percent and suggestive of LVH in 30
percent, RVH in 15 percent, and combined ventric-
ular hypertrophy in 5 percent of cases.71

LVH and Systemic Hypertension

In the early reports from the Framingham Study72

the ECG was normal in almost half, borderline in
one fifth, and definitely abnormal in one third of
a group of 154 patients with a clinical diagnosis
of hypertensive cardiovascular disease.72 During
the follow-up73 the incidence of an LVH ECG
pattern over a 14-year period of observation rose
in proportion to the blood pressure elevation in
all age groups. About half the patients with sys-
tolic pressures above 200 mmHg had or devel-
oped an LVH ECG pattern during the 14 years.

Ashizawa and associates74 reported a 26-year
follow-up study of 601 patients with hypertension
and ECG changes of LVH with both high QRS volt-
age and ST segment and T wave changes. The
patients were examined at 2-year intervals. In 60
subjects the ECG signs of LVH developed during
the observation period. In 37 of the subjects, high
QRS voltage appeared first, followed by ST and T
wave changes. In 10 patients the ST and T wave
changes occurred first; in the other 13 patients the
QRS and STsegment and Twave changes appeared
simultaneously. In 72 of the 601 subjects the LVH
pattern regressed. The QRS voltage became nor-
mal in 36, ST segment and Twave changes disap-
peared in 25, and both high QRS voltage and ST
segment and T wave changes disappeared in 11
patients. In about half of these 72 subjects, regres-
sion of the abnormal ECG findings, usually the
QRS voltage, was associated with lowering the
blood pressure. Regression of the ECG abnormal-
ities during antihypertensive therapy was asso-
ciated with lower morbidity and mortality.75,75a

Prognostic Value of ECG Changes

The ECG is of limited value for predicting the
severity of the hypertension in individual patients.
It is believed, however, that in the presence of both
ST segment and T wave changes and high QRS
voltage, patients usually have a higher blood
pressure than those with high QRS voltage alone.76

In a study of 227 patients with untreated
diastolic hypertension before the advent of echo-
cardiography, the left ventricular mass was pre-
dicted by combining the surface area, gender,
age, the S voltage in leads V1 and V4, and the
duration of the terminal P wave component in
lead V1.

77 In the Framingham study78 the mor-
tality of hypertensive patients with a definitive
LVH pattern (tall R wave, ST segment depres-
sion, flattened or inverted Twave, increased ven-
tricular activation time in the left precordial
leads) was much higher than in subjects without
such findings, even though the blood pressure
was the same. In an analysis of 4824 patients
by Sullivan et al.,79 the ECG pattern of LVH
had an independent adverse effect on survival,
even in patients without coronary artery disease.

In a study of 923 Caucasian untreated hyper-
tensive patients80 in whom the prevalence of
echocardiographic LVH was 34 percent, the spec-
ificity of ECG for LVH was >90 percent and the
sensitivity varied between 9 percent and 33
percent. The highest sensitivity was found when
three highly specific criteria (Cornell voltage,
Romhilt-Estes score, left ventricular strain pat-
tern) were combined. Combination of these cri-
teria was also most predictive of cardiovascular
events in 1717 Caucasian hypertensive patients
followed prospectively for up to 10 years.81 In a
long-term Losartan Intervention for Endpoint
Reduction (LIFE) in Hypertension study of 8696
hypertensive subjects, ECG LV strain pattern iden-
tified patients at increased risk of developing
congestive heart failure and dying, even in the
setting of aggressive blood pressure lowering.82
PRESENCE OF LBBB
Klein et al.83 used echocardiograms to develop
criteria for diagnosing LVH in patients with
LBBB. They found that the sum of the S ampli-
tude in V2 and the R amplitude in V6 exceeding
4.5 mV had an 86 percent sensitivity and 100
percent specificity for LVH, and that the diagno-
sis of LVH was supported by the findings of left
atrial enlargement and QRS duration >160 ms.
Right Ventricular Hypertrophy
and Dilation

Right ventricular forces normally are directed
anteriorly and rightward but are mostly masked
by the dominant left ventricular potential. An
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increase in the right ventricular muscle mass
modifies the resultant forces proportional to
the severity of the hypertrophy. In mild cases,
no apparent change may be detected in the
ECG. If the RVH is severe, the normally domi-
nant left posterior QRS forces may be replaced
by prominent right anterior forces, and the
QRS patterns in the left and right precordial
leads are reversed. Intermediate degrees of
abnormality may be observed when the hyper-
trophy is moderate. Because lead V1 is more
proximal to the right ventricular mass, it is
the most sensitive lead for recording the
changes. Tall R wave, small S wave, or a change
in the R/S ratio may be observed. The onset of
the intrinsicoid deflection in this lead may be
delayed because of delayed activation of the
right ventricular epicardium,84,85 but the delay
is seldom sufficiently pronounced to be of diag-
nostic usefulness.85

In some instances the increased rightward
forces are directed posteriorly instead of ante-
riorly. In such cases no apparent abnormality is
seen in lead V1, but the left precordial leads
may reveal deep S waves, and the increased
rightward forces may be recognized in the limb
leads as right axis deviation.

Secondary T wave change often occurs. The
T waves are directed opposite to the main QRS
vector (i.e., inverted in the right precordial
leads and upright in the left precordial leads).
These secondary T wave abnormalities may be
accompanied by secondary deviations of the
ST segment. In some instances, the ST and T
changes may be seen without apparent QRS
abnormalities and are attributed to myocardial
ischemia of the right ventricle, or right ventric-
ular strain.
Figure 3–11 Typical right ventricular hypertrophy pattern wit
a 26-year-old man who had undergone corrective surgery for tr
THREE TYPES OF RVH
It is useful to subdivide the ECG manifestations
of RVH and right ventricular dilation into three
types: (1) typical RVH pattern with anterior
and rightward displacement of the main QRS
vector; (2) incomplete right bundle branch
block (RBBB); and (3) posterior and rightward
displacement of the main QRS axis, predomi-
nantly in patients with chronic lung disease.
Typical RVH Pattern

The typical RVH pattern is a mirror image of the
LVH pattern, with right axis deviation in the frontal
plane, tall R waves in the right precordial leads,
deep S waves in the left precordial leads, and
a slight increase in QRS duration (Figure 3–11).
This pattern is characteristically present in patients
with congenital pulmonary stenosis, tetralogy of
Fallot, primary pulmonary hypertension, and other
conditions in which the right ventricular mass
tends to approach or exceed the left ventricular
mass. The earliest portion of the QRS complex is
usually unchanged because septal activation is nor-
mal. The anterior displacement of the main QRS
vector manifested by tall R waves in the right pre-
cordial leads is attributed to a longer activation time
of the hypertrophied right ventricular free wall.86,87

Intraoperative epicardial mapping of patients
with RVH undergoing pulmonary thromboen-
darterectomy showed that right ventricular acti-
vation was delayed by an average of 36 ms.84

In addition, the latest right ventricular epicardial
activation occurred significantly later than the
latest left ventricular activation (i.e., average of
75 ms vs. average of 64 ms). In some cases
there was no discrete early right ventricular
h right axis deviation and negative T waves in leads V1–V4 in
ansposition of the great vessels during childhood.



593 � Ventricular Enlargement
breakthrough, but in these cases the latest right
ventricular activation also occurred significantly
later than the left ventricular activation.

Sensitivity and Specificity of Criteria for RVH

The sensitivity and the specificity of various cri-
teria are generally inversely related.88 The early
criteria of Myers and associates89 and Sokolow
and Lyon90 included the following:

1. R in V1 >0.7 mV
2. S in V1 <0.2 mV
3. S in V5 or V6 >0.7 mV
4. Sum of R in V1 and S in V5 or V6

>1.05 mV
5. R in V5 or V6 <0.5 mV
6. R/S ratio in V5 or V6 <1
7. R in aVR >0.5 mV
8. R/S ratio in V5 divided by R/S ratio in

V1 <0.4
9. R/S ratio in V1 (or V3R) >1

10. qR pattern in V1 (or V3R)
Supporting criteria include the following:
11. Onset of intrinsicoid deflection in V1

later than 0.04 second
12. Negative T wave in V1 in the presence of

R >0.5 mV
13. Right axis deviation >110 degrees
These criteria have high specificity but low

sensitivity.91,92 In the autopsy series in which
the anatomic diagnosis was based mainly on
right ventricular wall thickness, the ECG met
one or more of the criteria in 23 to 100 per-
cent.93 Roman and colleagues94 examined 118
hearts with an ECG diagnosis of RVH. There
was a false-positive diagnosis in 60 percent of
the cases. The criteria of R in V1 þ S in V5 or
V6 >1.05 mV and S in V5 or V6 >0.7 mV were
responsible for most of the erroneous diagnoses.
Chou et al.95 studied 97 patients in whom the
presence of RVH was supported by hemody-
namic data. The sensitivity of the ECG was 66
percent.

Burch and de Pasquale96 found that none of
the RVH criteria were satisfied in 40 percent of
cases of autopsy-proven RVH due to cor pulmo-
nale. Kilcoyne et al.97 found that only 28 percent
of 81 patients with cor pulmonale had an RVH
pattern on the ECG.

Milnor97a modified the Sokolow and Lyon cri-
teria and limited the variables to: QRS duration
<0.12 second and a frontal axis of þ110 to
þ 180 degrees or � 91 to � 180 degrees; or an
R/S or R 1/S ratio in V1 > 1.0, wi th R or R1 ampli-
tude >0.5 mV. These criteria have the advantage
of applicability in the presence of incomplete
RBBB. They predicted RVH correctly in 24 of 32
autopsy-proven cases. A 79 percent sensitivity
and 73 percent specificity for diagnosing RVH
was reported by Holt et al.98 using the 12-dipole
ECG derived from recordsmade at 126 body sites.

Behar et al.99 evaluated the usefulness of the
Butler-Legget criteria for diagnosing RVH. These
criteria are as follows: (1) P wave amplitude
>0.25 mV in any of leads II, III, aVF, V1, or V2;
(2) R wave amplitude ¼ 0.2 mV in lead I; (3) A
þ R – PL ¼ 0.7 mV, where A (anteriorly directed
deflection) is derived from lead V1 or V2, R
(rightward deflection) is the S amplitude in lead
I or V6, and PL (posterolateral deflection) is the
S amplitude in lead V1. In patients with pulmo-
nary hypertension, these criteria achieved 66
percent sensitivity for mitral stenosis, 97 percent
sensitivity for pulmonary arterial obstructive dis-
ease, and 79 percent sensitivity for pulmonary
disease. The specificity of these criteria was
enhanced by ruling out posterior myocardial
infarction using the Selvester QRS scoring sys-
tem (see Chapter 8).

The explanation for the marked differences in
the results probably lies in the patient population
sampled. The lower sensitivity was obtained
mostly from unselected adult patients in a general
hospital.92 In these patients, RVH most com-
monly develops as a result of left ventricular dis-
ease. The degree of hypertrophy usually is mild
and likely to be masked by the dominant left ven-
tricle. The higher sensitivity values mostly came
from centers with large numbers of patients with
congenital heart disease and a high incidence of
severe RVH.100

Flowers and Horan101 used the chamber dis-
section technique to examine 819 apparently
unselected hearts, including 178 with RVH.
The sensitivity and specificity of the individual
criteria are summarized in Table 3–2, which
indicates that the sensitivity of the individual
criterion is low, generally less than 20 percent.
The more sensitive signs, such as those based
on changes in the left precordial leads, usually
are associated with a larger number of false-
positive diagnoses. By comparison, criteria based
on abnormalities in lead V1 are more specific but
less sensitive.

Echocardiographic Correlations

Good correlations were found between the mea-
surements of right ventricular wall thickness on
the echocardiogram and autopsy findings.102

The echocardiogram was reported to be more
sensitive for detecting RVH than the ECG.103

For increased right ventricular wall thickness,
the sensitivity and the specificty of the echocar-
diogram were 93 percent and 95 percent, respec-
tively. The corresponding values for the ECG



TABLE 3–2 Sensitivity, Specificity, and Correctness of ECG Criteria for Diagnosis
of Right Ventricular Hypertrophy

Criterion Sensitivity (%)
Specificity
(False-Positives) (%) Correctness (%)

Right axis deviation �110 degrees 12 4 78
R/S V1 (or V3R) >1 6 2 78
RV1 �7 mm 2 1 78
SV1 �2 mm 6 2 78
qR in V1 5 1 79
RV1 þ SV5 or V6 >10.5 mm 18 6 77
R/S V5 or V6 <1 16 7 77
OID in V1 (or V3R) ¼ 0.035–0.055
second

8 6 76

RSR1 in V1 with R0 >10 mm 0 0 78
aVR �11.5 mm 0 0 78
RV5 (or RV6) <5 mm 13 13 71
SV5 (or SV6) �7 mm 26 10 76

Adapted from Flowers NC, Horan LG: IV. Hypertrophy and infarction: subtle signs of right ventricular enlargement and their
relative importance. In: Schlant RC, Hurst JW (eds): Advances in Electrocardiography. Orlando, Grune & Stratton, 1972.

OID ¼ onset of intrinsicoid deflection.
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were 31 percent and 85 percent, respectively.103

When the ECG and the echocardiogramwere com-
pared in 134 patients with RVH and in 78 patients
without RVH, the ECG had 27 percent sensitivity
and 88 percent specificity. In more than half the
patients the diagnosis of RVHwas difficult to estab-
lish on the ECG because of conduction distur-
bances or old myocardial infarction.103

Differential Diagnosis

Abnormal Right Axis Deviation. Other than
RVH, the situations in which right axis deviation
may be seen are as follows:

1. Normal young or slender adults
2. Chronic obstructive pulmonary disease

(COPD) without cor pulmonale
3. Lateral myocardial infarction
4. Left posterior fascicular block
Right axis deviation occurs normally in

infants and children. The mean QRS axis during
the first 4 weeks of life is þ110 degrees or
more.104 After 1 month the average axis is less
than þ90 degrees (although a significant num-
ber of children still have a QRS axis of up to
þ110 degrees). In the adult population, tall
and slender subjects tend to have a rightward
QRS axis. Hiss and colleagues105 reported that
2 percent of normal subjects 20 to 30 years of
age have an axis of þ105 degrees. A frontal
plane QRS axis of more than þ110 degrees in
older individuals is uncommon, however, and
usually suggests abnormality. Even an axis
within the range from þ90 to þ110 degrees
may indicate an abnormality in older patients,
particularly if other ECG abnormalities coexist.

In patients with COPD the frontal plane axis
may be within a range from þ90 to þ110 degrees
in the absence of pulmonary hypertension. The
recognition or exclusion of RVH in these patients
is difficult. In patients with chronic lung disease
without RVH, the amplitude of the entire QRS
complex in lead I tends to be small.

In patients with lateral wall myocardial infarc-
tion, the loss of leftward forces may result in a
rightward shift of theQRS vector. In these patients
the initial R wave in lead I is usually absent, how-
ever, and abnormal Q waves are often observed
also in the left precordial leads. Inverted Twaves
in leads I, aVL, V5, and V6 are often present in
patients with lateral myocardial infarction but
are uncommon in patients with pure RVH.

Abnormal right axis deviation also is seen in
patients with left posterior fascicular block.
The differentiation of abnormal right axis devia-
tion due to RVH from that secondary to left pos-
terior fascicular block may not be possible
without clinical information. If the P waves are
suggestive of right atrial enlargement, however,
the presence of RVH may be inferred. Left poste-
rior fascicular block is favored if signs of inferior
or posterior myocardial infarction are evident.

Tall R Wave, Small S Wave, Increased R/S
Ratio in Lead V1 in Conditions Other than
RVH. One or more of the findings of a tall R



613 � Ventricular Enlargement
wave, a small S wave, or an increased R/S ratio in
lead V1 may be seen in the following:

1. Normal young adults
2. True posterior infarction
3. Intraventricular conduction disturbances

attributed to left septal fascicular block
4. Displacement of the heart due to pulmo-

nary disease
5. Wolff-Parkinson-White pattern
A tall R wave with or without a small S wave

in lead V1 is a frequent finding in normal chil-
dren. The average amplitude of the R wave in
V1 is more than 0.7 mV in children younger than
8 years.106 The amplitude exceeds 0.7 mV in 20
percent of children between ages 8 and 12 and
in 11 percent of those between ages 12 and 16.
An amplitude of up to 1.6 mV may be seen in
normal adolescents. The R/S ratio in V1 is more
than 1 in most children under 1 year of age,106

but the ratio progressively decreases as age
increases. In adults an R/S ratio of 1 or more
was reported in fewer than 1 percent of the nor-
mal population.107 Personal observations suggest
that such a pattern is much more common, par-
ticularly among the younger and the obese
populations. In lead V2 an R/S ratio of >1 was
observed in as many as 10 percent of adults.108

In patients with true posterior myocardial
infarction, the polarity of the T wave in V1 often
is helpful in the differential diagnosis. Although
exceptions do occur, an inverted T wave usually
is seen in patients with RVH (see Figures 3–11
and 3–12; see also Figure 2–4), whereas an
upright T wave in V1 is likely to be associated
with posterior myocardial infarction. The coexis-
tence of abnormal right axis deviation in the
Figure 3–12 Severe mitral stenosis in a 47-year-old man with
waves are consistent with biatrial enlargement. The abnormal ri
T wave inversion in the right precordial leads are consistent wi
frontal plane favors RVH. Occasionally, however,
right axis deviation is observed in patients with
posterior myocardial infarction when it is com-
plicated by left posterior fascicular block.
Because true posterior myocardial infarction is
seldom encountered in the absence of inferior
or lateral wall infarction, the differential diagno-
sis is usually not difficult.

An R wave of 0.7 mV or more occasionally is
seen in lead V1 in patients with autopsy-proven
isolated LVH.108 In such cases the S wave ampli-
tude in lead V1 is usually large. The cause of the
tall R wave is unclear. In some cases it is asso-
ciated with hypertrophic cardiomyopathy. These
subjects often have a prominent R wave in
the right precordial leads107 and a small S wave
in lead V1, resulting in an R/S ratio of >1. Deep
Q waves are usually present in the left precordial
leads and in leads II, III, and aVF. Hypertrophy of
the interventricular septum is probably responsi-
ble for these abnormal forces.

Rightward displacement of the heart as a
result of disease of the lung or pleura, such as
massive pleural effusion or pneumothorax, may
be accompanied by a tall R wave in lead V1

(Figures 3–13 and 3–14) because lead V1 is
believed to record left, rather than right, ventric-
ular potential. In the absence of structural heart
disease, the T wave in V1 is upright in the case
of a displaced heart, whereas in patients with
RVH the T wave in this lead is often inverted.

In patients with the Wolff-Parkinson-White
pattern, the anterior direction of the delta wave
resulting in an R or Rs pattern in lead V1 is pres-
ent in most subjects with posterior and leftward
insertions of the atrioventricular bypass tract.
severe mitral stenosis proved at surgery. On the ECG the P
ght axis deviation with an R/S ratio of >1 in lead V1 and the
th right ventricular hypertrophy.



Figure 3–13 Tall R waves in the right precordial leads due to dextro displacement in a 28-year-old man with complete
collapse of the right lung as a result of Hodgkin’s disease. At autopsy the heart weight was normal, and there was no evi-
dence of ventricular hypertrophy or myocardial damage.
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qR Pattern in Lead V1. The qR complex in V1 is
one of the most specific signs of severe RVH (see
Figure 3–14). When the earliest part of the QRS
complex is isoelectric, abnormal depolarization
of the interventricular septum probably is
responsible for the initial negativity of the com-
plex.109 It is possible that the right septal forces
are now greater than those on the left, and the
resultant vector is directed toward the left
(opposite to the normal orientation). It has been
also suggested that this complex is a manifesta-
tion of an enlarged right atrium that transmits
to the right precordial leads the intracardiac
potential from the right ventricle.90 Indeed, in
patients with this pattern the right atrium is fre-
quently enlarged, and tricuspid regurgitation is
commonly present. Others have ascribed this
qR morphology to the extreme rotation of the
heart such that the forces arising from the left
ventricle are now recorded in the V1 position.
Figure 3–14 Right ventricular hypertrophy caused by Eisenm
ventricular septal defect and severe pulmonary hypertension pr
tion with a qR pattern is apparent on the ECG in lead V1, and T
Some normal adults have a QS rather than an rS
deflection in leadV1. If such an individual develops
RBBB, a qR rather than an rSR1 pattern will be
recorded. If the QRS duration is 0.12 second or
more, the conduction defect usually can be readily
recognized. If the bundle branch block is incom-
plete with a QRS duration of 0.11 second or less,
the differentiation becomes difficult. A similar
problem exists in patientswith anteriormyocardial
infarction and RBBB. The qR complex in these
patients usually is accompanied by abnormal
Q waves in the adjacent precordial leads.

Deep S Wave, Small R Wave, R/S Ratio <1 in
Leads V5 and V6. In patients with COPD, the
left precordial leads often display small R waves,
deep S waves, and an R/S ratio of <1. These
changes may be observed in the absence of pul-
monary hypertension or cor pulmonale. When
the lung disease is not associated with RVH,
enger syndrome. The patient is a 24-year-old man with a
oved by cardiac catheterization. Abnormal right axis devia-
wave changes are visible in the right precordial leads.



*Upper limits of the normal amplitude of the S waves in
leads I, II, and III:

Age 20–29: S1, 0.4 mV; S2, 0.5 mV; S3, 0.6 mV
Age 30–39: S1, 0.4 mV; S2, 0.4 mV; S3, 0.9 mV
Age 40–49: S1, 0.3 mV; S2, 0.4 mV; S3, 0.8 mV
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however, the amplitude of the QRS complexes in
the left precordial leads tends to be low.

A similar pattern in the left precordial leadsmay
be seen in normal subjects and with various condi-
tions associated with cardiomegaly and marked
leftward shift of the transition zone. An rS pattern
in leads V5 and V6 may be seen in patients with
anterior myocardial infarction110 (see Figure 4–7)
and in those with left anterior fascicular block.111

ST Segment and T Wave Changes in RVH.
With RVH, ST segment depression and T wave
inversion are seen most commonly in the right
precordial leads (see Figures 3–12 and 3–14).
These changes also may be seen in leads II, III,
and aVF. If the T waves are biphasic in the right
precordial leads, it is useful to note whether the
configuration is of the positive-negative or
negative-positive type. A negative-positive biphasic
T wave is abnormal and often is seen in patients
with RVH112,113 (Figure 3–15), whereas the posi-
tive-negative configuration may be normal.

Systolic and Diastolic Overload Patterns. Cab-
rera and Monroy50 called attention to the differ-
ent ECG changes during systolic and diastolic
overloading of the right ventricle. With systolic
overloading, which was called pressure overload-
ing by later investigators, lead V1 exhibits a tall
monophasic R wave or a diphasic RS, Rs, or qR
complex. The T wave usually is inverted in this
lead. This pattern typically is seen in patients
with pulmonary stenosis, tetralogy of Fallot, or
pulmonary hypertension (see Figures 3–14 and
3–15). With diastolic, or volume, overload of
Figure 3–15 Severe pulmonary stenosis in a 19-year-old
132 mmHg. On the ECG, the findings suggestive of right ventri
an R/S ratio >1 in V1. The R wave in lead aVR is >5 mm. Note
the right ventricle, lead V1 usually shows an
rSR1 pattern. This is the typical QRS complex in
patients with an atrial septal defect, partial anom-
alous pulmonary venous return, or tricuspid
insufficiency. The anatomic alteration consists
mainly of a dilated right ventricle instead of
hypertrophy as in the case of systolic overload.

The clinical application of this concept is of
questionable value. As a rule, the hemodynamic
correlation of these two ECG overload patterns
is more satisfactory in congenital than acquired
heart disease.114

S1S2S3 Pattern as a Manifestation of RVH. The
S1S2S3 pattern is a frequently used descriptive
term during ECG interpretation. It is seen
in normal individuals and in patients with
pulmonary emphysema or RVH. Chou et al.112

proposed the criterion of an R/S ratio of <1 in
leads I, II, and III or the S waves in these leads
that exceed the upper limits of normal for the
various age groups as defined by Simonson.115*

S waves of low amplitude are more likely to be
seen in normal subjects and deeper S waves in
patients with RVH (Figure 3–16). Additionally,
in patients with RVH and the S1S2S3 pattern,
the prominent late QRS forces are directed
rightward and superiorly. The S wave amplitude
is usually greater in lead II than in lead III.
man. The right ventricular peak systolic pressure was
cular hypertrophy are an abnormal right axis deviation and
the negative-positive biphasic T wave in lead V1.



Figure 3–16 RVH resulting from chronic cor pulmonale in a 67-year-old man with severe pulmonary emphysema and
chronic cor pulmonale proved at autopsy. There was severe right ventricular hypertrophy and dilatation. Mild atherosclerosis
of the coronary arteries was present without evidence of myocardial fibrosis or infarction. On the ECG the P wave is consis-
tent with right atrial enlargement. There is an S1S2S3 pattern, with the QRS axis in the frontal plane directed rightward and
superiorly. The QS deflection in the right precordial leads with T wave inversion mimics anterior wall myocardial infarction.
The R/S ratio in leads V5 and V6 is <1.
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Inco mplete RBBB

Inco mplete RBBB, mani fested by th e rSR 1 pattern
in the right preco rdial leads, is attri buted to
de layed acti vation of the hypert rophied right
ve ntricular outflo w tract (see C hapter 5). This
pa ttern is most freque ntly due to factors other
th an RVH. It can signi fy hypert rophy, dilation, or
overl oad of th e right ventric le, perhap s most
commonly in mitral valve disease with pulmonary
hypertension (Figure 3–17) and atrial septal defect
(see Chapter 12). In patients with pulmonic valvu-
l ar s te no si s, t h e R 1 v o lt ag e c o r re la te s w it h t he
severity of stenosis116 (Figure 3–18). The prompt 
Figure 3–17 Right ventricular hypertrophy pattern with incom
mitral stenosis, mitral regurgitation, and pulmonary artery pressu
arteriogram were normal. The QRS axis is intermediate. The P w
disappearance of this pattern observed in many
cases within days after corrective surgery suggests
that incomplete RBBB may result from slowing of
intraventricular conduction due to stretching of
the peripheral conducting system in the dilated
ventricle (see Chapter 5).

In additi on to RVH, an rSR1 pattern in lead V1

with the duration of t he QRS compl ex <0.1 2
second is also seen in: (1) normal indivi duals;
(2) acute right ventricular dilatation; (3) true
posterior myocardial infarction; and (4) extra-
cardiac abnormalities such as pectus excavatum.
Further differential diagnoses of the incomplete
RBBB pattern is discussed in Chapter 5.
plete right bundle branch block in a 52-year-old man with
re of 100/42 mmHg. Left ventricular function and coronary
ave suggests left atrial enlargement.



Figure 3–18 Incomplete right bundle branch block with increased R1 amplitude in a 23-year-old man with moderately
severe pulmonary valvular stenosis. Right ventricular pressure was 54/4 mmHg.
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Patterns in the Presence of Chronic
Lung Disease

The characteristic ECG pattern in patients with
COPD is attributed to changes in the spatial orien-
tation of the heart and the insulating effect of the
overaerated lungs.96 The changes induce peaked
P waves in leads II, III, and aVF; a low R wave
amplitude in all leads; and a late QRS vector ori-
ented superiorly and to the right resulting in a
wide, slurred S wave in leads I, II, III, V4, V5,
and V6.

96,118,119 Pathognomonic of emphysema in
the absence of myocardial infarction is low voltage
with a posteriorly and superiorly oriented QRS
vector and an axis of the P wave>60 degrees in the
limb leads.117 Atrial repolarization may become
more prominent, as evidenced by depression of
Figure 3–19 ECG pattern suggestive of severe respiratory insu
disease, as described in the text. Premature atrial complexes are
the Ta wave in lead II.121 In the presence of an
rSr1 pattern in the right precordial leads, a slurred
S wave in the left precordial leads and a prominent
R wave in lead aVR may indicate superimposed
RVH.117,120

Severity of Chronic Lung Disease

The best criteria for judging the severity of
COPD are (1) R in V6 <0.5 mV; (2) R/S in
V6 <1.0; and (3) increased P wave amplitude
in leads II and III122 (Figure 3–19). In the
orthogonal leads, low R wave amplitude and
low R/S amplitude in the X lead, low voltage
in the X and Y leads, and a rightward shift
of the P axis identified COPD correctly in
75 percent of patients, with only 8 percent being
fficency in a 63-year-old man with chronic obstructive lung
conducted with aberration.
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false-positive diagnoses.123 The best reported
indicators of deteriorating pulmonary function
in patients with COPD are (1) progressive reduc-
tion of the R wave and the R/S ratio in orthogo-
nal lead X (may be applied to lead I), (2)
progressive shift of the QRS axis in the superior
direction, and (3) rightward shift of the P wave
axis.

In a study of 263 cases of COPD followed for
13 years after an exacerbation of respiratory fail-
ure, Incalzi et al.123 identified the strongest pre-
dictors of death to be an S1S2S3 pattern, “right
atrial overload” (defined as a P wave axis of
þ90 degrees or more), and an alveolar-arterial
O2 gradient >48 mmHg. The median survival
of patients having either of these two ECG signs
was 2.7 years; of those having both ECG signs,
1.33 years.

Chronic Cor Pulmonale

In an effort to detect early cor pulmonale, Kil-
coyne and co-workers surveyed 200 patients
with COPD.97 One or more of the following
ECG trends were suggested as indicators of right
ventricular abnormality or dilation: (1) shift of
the mean QRS axis to the right of þ30 degrees;
(2) T wave inversion in the right precordial
leads; (3) ST segment depression in leads II, III,
and aVF; and (4) transient appearance of RBBB.
These ECG manifestations usually were asso-
ciated with an arterial oxygen saturation of less
than 85 percent and a mean pulmonary arterial
pressure of 25 mmHg or more.

The sensitivity of the ECG for diagnosing RVH
in patients with chronic autopsy-proven cor pul-
monale is about 60 to 70 percent,94,124–128

whereas in clinical studies the rate of recognition
may be only 28 percent. With moderate RVH the
precordial leads display deep S waves in leads V5

and V6, but the R waves in the right precordial
leads are not prominent. In the most severe cases
of cor pulmonale, the QRS forces are oriented
anteriorly and rightward, and tall R waves appear
in the right precordial leads (Figure 3–20).
Patients with cor pulmonale secondary to pulmo-
nary thromboembolism, idiopathic pulmonary
hypertension, or obesity hypoventilation syn-
drome are more likely to have a tall R wave in
V1 than are those with pulmonary emphy-
sema128,129 (Figures 3–21 and 3–22). The latter,
however, more often have deep S waves in leads
V4, V5, and V6.
RVH IN OTHER CLINICAL
CONDITIONS
Pulmonary Hypertension in Mitral Stenosis

In the absence of RVH secondary to pulmonary
hypertension, the only ECG abnormality in
patients with mitral stenosis is left atrial enlarge-
ment. In the experience of Chou,130 the criteria
for an RVH diagnosis, in descending order of fre-
quency, are an R/S ratio in V1 >1; a delay of
onset of the intrinsicoid deflection in V1;
RV1 þ SV5,6 >1.05 mV; S wave in V1 <0.2 mV;
R in V1 > 0.7 mV; R/S ratio in V5 or V6 �1; right
axis deviation �þ110 degrees; rSR0 in V1; RaVR
�0.5 mV; and qR in V1. Although exceptions
often occur, there is correlation between the
degree of pulmonary hypertension in mitral
stenosis and the appearance of RVH on the
ECG. Fowler and associates131 found that
when the mean pulmonary arterial pressure
exceeded 42 mmHg, nearly all the patients
exhibited a hypertrophy pattern, as indicated
by an abnormal R/S ratio with delayed intrinsi-
coid deflection in lead V1. Such evidence
was not found in patients with a pulmonary
artery pressure <28 mmHg. Others have shown
Figure 3–20 Severe chronic cor pul-
monale with right heart failure second-
ary to pulmonary emphysema in a 54-
year-old man. Note the qR pattern in
lead V1.



Figure 3–21 Chronic cor pulmonale secondary to recurrent pulmonary embolism in a 56-year-old woman with a 6-year
history of recurrent thrombophlebitis of the legs and pulmonary embolism. The diagnosis was verified at autopsy. The heart
showed severe right ventricular hypertrophy and dilatation with marked right atrial hypertrophy. The ECG shows first-degree
atrioventricular block. There is an S1S2S3 pattern. The R/S ratio in lead V1 is >1. Deep S waves are present in the left precor-
dial leads. ST segment and T wave changes are present in the right and mid-precordial leads. The patient was not receiving
digitalis at the time.

Figure 3–22 Chronic cor pulmonale in a 37-year-old woman with obesity-hypoventilation (pickwickian) syndrome. Her
body weight ranged between 250 and 300 pounds, and she had a history of sleep apnea and syncope. There was clinical
evidence of right ventricular failure. The pulmonary arterial pressure obtained during cardiac catheterization was at the sys-
temic level. On the ECG the P waves are tall and peaked in leads II, aVF, and V1–V3, suggestive of right atrial enlargement.
The abnormal right axis deviation, R/S ratio in lead V1 >1, and inverted T waves in leads V1–V4 are highly suggestive of right
ventricular hypertrophy (RVH). T wave inversion in the inferior leads also is related to RVH.
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that when the ECG displayed evidence of RVH,
the mean pulmonary arterial pressure was uni-
formly 33 mmHg or higher, and the total pulmo-
nary vascular resistance exceeded 800 or 1000
dynes�sec�1�cm�5.132–134 The finding of a mean
QRS axis that exceeded þ90 degrees is thought
by some to indicate moderate or severe pulmo-
nary hypertension,133 whereas incomplete RBBB
or an rSR0 pattern is not a reliable indicator of
the severity of the vascular obstruction. A
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monophasic R wave or qR complex in lead V1 with
T w a ve i nv er si on i s un co mm on in pa tie nt s w it h
mitral stenosis, but its presence signifies advanced
disease.

Conge nita l Hear t Diseas e

The ECG diagnos is of RVH in congenital heart
disea se is general ly accura te in more than 90
pe rcent of cases. 93 The higher rate of RVH recog-
niti on in congeni tal heart disea se th an in
acq uired heart disease is due mainly to a higher
right ven tricular systoli c pressure, greater right
ve ntricular thickne ss, and the frequent absence
of LVH in the congeni tal heart disea se group.135

The relation betwee n the ECG findings of
RVH and the hemody namic find ings has been
stud ied in patie nts with isolated pulmo nary ste-
nosi s by severa l investigato rs. 136–139 Acc ording
to Burch and DePasqua le, 137 the ECG is norma l
in about 50 percent of patie nts with mild pulmo -
nary steno sis an d a pe ak right ventric ular
sy stolic pressure < 60 mmH g. When the right
ve ntricular pressure is eleva ted modera tely or
severely, most patien ts have an RVH pattern. A
mono phasic R wave or qR complex with T wave
invers ion in V1 usual ly is seen in patients with
severe lesion s, whereas the less typi cal rSR 1 pa t-
tern is encount ered more often in those with
mild disease 136,138 (see Figure 3–1 8).

With an atrial septal defect, the basic pattern of
rSR1 in lead V1 is common in patients who have
mean pulmonary arterial pressures <20 mmHg,
whereas most patients with a qR or rSR1S1 complex
have higher pressures.137,140 Additional discussion
of the ECG findings with an atrial septal defect is
included in Chapter 12.
Combin ed Ventricular Hypertrophy

Partial c ancel lati on o f op positel y dire c ted fo rces
genera ted by LVH and RVH may result in a nor-
mal ECG pattern. For e xample, the develop -
ment of RVH due to pulmonary hypertension
sometimes o bscures the previous LV H pattern.
M ore often, however, re cognition o f t he concur-
re nt p resence o f LV H a nd RV H is p ossi ble
because of the asynchrony of ventricular depo-
larization and because the semidirect pre co rdial
leads pre ferentially re flect the local potentials
underlying the respective elec trodes. A co m-
bined pattern of RV H and LV H is fre quentl y
p res ent in p atie nts with ventric ula r s epta l
d efect or patent ductus arteriosus in the pre s-
ence of pulmonary hypertension (Eise nmenger
syndro me). In such cases, tall R waves may be
pres ent in b oth lef t and right p rec ord i al le ad s
with  a tall biphasic QRS  in  the mid-precordial
leads (Katz-Wachte l pattern).141

Rig ht axis deviation in the frontal plane in th e
presenc e of an LVH pattern sugge sts associated
right ventricu lar enlargement. A les s reliable
indicato r of possibl e right ventric ular dilation
in the presenc e of an LVH pattern is a shift of
the transition zone in the preco rdial lea ds to
the left. In ad ults with rheumatic heart disea se,
biventric ular hypertrophy may be suspecte d
in the presenc e of tall R wave s in the left precor-
dial leads and disproportionately smal l S waves
(i.e., <1 mV in lea d V1 ) or inverte d T waves in
the right precordial leads . Such a pattern is char-
acteristica lly present in patie nts with mitral ste-
nosis and pulmon ary hypert ensi on who als o
have mitra l regurgitation or aortic valve disea se.
CLINICA L AND ANA TOMIC
CORRELA TIONS
One of t he follow ing ECG crit eria has been
applied in a limit ed number of correlation
studies:

1. ECG pattern meets one or more of the
diagnos tic crit eria for isolated RVH or
LVH.

2. Precordial leads show signs of LVH, but
the QRS axis in the frontal plane is more
than þ90 degrees.142

3. The R wave is greater than the Q wave in
lead aVR, and the S wave is greater than
the R wave in lead V5, with T wave inver-
sion in lead V1 in conjunction with signs
of LVH.143

In general, these criteria have low sensitivity
for recognizing combined ventricular hypertro-
phy. In 172 cases of anatomic combined ventric-
ular hypertrophy studied by four groups of
investigators, the ECG was diagnostic in only
17 percent of cases.143–146 It showed signs of
isolated LVH or RVH in 28 percent of the cases.
The secondary RVH in patients with left-sided
heart disease is usually masked by the dominant
LVH (Figure 3–23). Conversely, LVH, which is
often seen in patients with chronic cor pulmo-
nale, usually is not detectable on the ECG
(Figure 3–24).

The specificity of the ECG diagnosis of com-
bined ventricular hypertrophy is also limited.
In a small autopsy series examined by Chou,130

only 10 of 22 cases (45 percent) with an ECG
diagnosis of combined hypertrophy had ana-
tomic combined ventricular hypertrophy, with



Figure 3–23 Anatomic com-
bined ventricular hypertrophy with
a left ventricular hypertrophy (LVH)
pattern on the ECG in a 40-year-
old man with advanced hyperten-
sive cardiovascular disease and
severe congestive heart failure. At
autopsy the heart weighed 550 g,
with marked hypertrophy and dila-
tation of all the heart chambers.
The ECG shows left atrial enlarge-
ment and LVH. No evidence is seen
of right ventricular hypertrophy.
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the remainder showing isolated LVH. Jain
et al.147 studied 69 patients with biventricular
hypertrophy identified by echocardiography.
Among them, 17 (25 percent) had ECG findings
compatible with biventricular hypertrophy, 25
(36 percent) had an LVH pattern, and 14 (20
percent) had an RVH pattern. An S wave in leads
V5 and V6 >0.7 mV was the most frequent
Figure 3–24 Combined ventricular hypertrophy with a righ
25-year-old extremely obese woman (400 lb). She was believed
nale and recurrent pulmonary embolism. At autopsy the heart w
ular hypertrophy (LVH). The right ventricular wall was 9 mm thic
was marked right atrial hypertrophy and dilatation. On the ECG
abnormal right axis deviation with deep S waves in the left prec
coexisting LVH.
finding in the 17 patients with the ECG criteria
for biventricular hypertrophy. The sensitivity
of the ECG criteria for biventricular hyper-
trophy was 24.6 percent and the specificity
was 86.4 percent. Figures 3–23 to 3–26 illustrate
the spectrum of ECG changes seen in
patients with anatomic combined ventricular
hypertrophy.
t ventricular hypertrophy (RVH) pattern on the ECG in a
to have the pickwickian syndrome with chronic cor pulmo-
eighed 615 g, with marked RVH and moderate left ventric-
k, and the left ventricular wall was 19 mm thick. There also
the P waves are consistent with right atrial enlargement. An
ordial leads suggests RVH. There is no evidence to suggest



Figure 3–25 Rheumatic heart disease with combined ventricular hypertrophy in a 29-year-old man with severe aortic and
mitral valve disease proved at cardiac catheterization and surgery. On the ECG the P waves are consistent with biatrial
enlargement. The frontal plane QRS axis is þ90 degrees. This finding, in the presence of signs of left ventricular hypertrophy,
suggests coexisting right ventricular hypertrophy.

Figure 3–26 Combined ventricular hypertrophy demonstrated on the ECG in a 63-year-old man with severe mitral and
aortic stenosis and mild aortic insufficiency. At autopsy the heart weighed 850 g, with hypertrophy and dilatation of all
chambers. The left ventricular wall was 20 mm thick, and the right ventricular wall was 9 mm thick. Coronary arteries were
patent, and there was no evidence of myocardial infarction. The ECG shows atrial fibrillation. The abnormal right axis devi-
ation and the RSR1 pattern in lead V1 suggest right ventricular hypertrophy. The voltage of the R waves and the ST segment
and T wave changes in the left precordial leads suggest left ventricular hypertrophy. Some of the ST and T changes are the
result of a digitalis effect.
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PATHOGENESIS
After division of the left main bundle branch in
dogs,1–3 points adjacent to the interventricular
groove anteriorly and posteriorly were activated
from the right side without delay. Activation of
the left septal surface was delayed by an average
of 35 ms (range 15 to 68 ms). The delay at
points located farther from the interventricular
groove was approximately equal to that in the
septum.2 This finding suggests that activation
occurred through the Purkinje system below
the level of the block. Further studies showed
that the time required for complete activation of
the left septal surface was considerably shorter
than the control value.3 This is consistent with
the concept that after block of the left bundle
branch the homolateral subendocardial Purkinje
system is activated simultaneously at multiple
points, permitting rapid spread of activation to
the adjoining muscle fibers of the left septal sur-
face. These studies established the evidence of
transseptal impulse propagation.

In humans, left bundle branch block (LBBB)
caused the following changes in epicardial acti-
vation4,5: (1) right ventricular activation began
earlier than normal with a breakthrough at 5 to
26 ms after the onset of the QRS complex; (2)
consistent with the animal studies, part of the
right septal surface activation was dependent
on the left bundle branch; (3) a discrete left
ventricular epicardial breakthrough was absent;
(4) there was slow transseptal activation with
anteroseptal crossing preceding the inferoseptal
crossing by an average of 42 ms; (5) the distal
left ventricular Purkinje system appeared to be
engaged during the latter part of the QRS com-
plex, as suggested by widely spread isochrones5;
(6) the latest left ventricular activation occurred
at 113 to 140 ms (average 124 ms), which was
on average 20 ms before the end of the QRS
complex.

Endocardial activation in LBBB was studied
intraoperatively in patients with LBBB6 and in
the absence of LBBB when the LBBB pattern
was simulated by right ventricular pacing.7 The
effects of preexisting LBBB and right ventricular
pacing on the spread of excitation resembled
each other, but the endocardial activation time
was significantly longer during pacing from the
right ventricular apex than from the right ven-
tricular septum. These studies showed that: (1)
right ventricular activation occurred before the
onset of left ventricular activation; (2) the dura-
tion of total right ventricular activation was
36 ms, and right ventricular activation was com-
pleted 44 ms after the onset of the QRS complex;
(3) left ventricular breakthrough occurred 44 to
58 ms after the onset of the QRS complex, most
likely as a result of right-to-left transseptal acti-
vation (the transseptal time, defined as the inter-
val from the right ventricular pacing stimulus to
the earliest left ventricular activation, was 55�
17 ms in the absence of myocardial infarction);
and (4) total left ventricular endocardial
75
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activation time averaged 61 ms in patients
without organic heart disease, 81 ms in those
with cardiomyopathy, and 119 ms in patients
with previous anterior myocardial infarction.
This suggests that the duration of left ventricular
endocardial activation depends on the functional
integrity of the distal specialized conduction sys-
tem.6 Rodriguez et al.8 used a three-dimensional
(3D) mapping system in patients with heart fail-
ure and found two types of left septal activation:
endocardial activation via slowly conducting left
bundle branch or high septal activation, probably
via transseptal conduction from the right side. In
some patients, right ventricular activation times
were longer than left ventricular activation times.
HIS BUNDLE RECORDING
In the early study of Rosen et al.,9 the HQ inter-
val in patients with right bundle branch block
(RBBB) and LBBB was prolonged by less than
3 ms, which means that the bundle branch
blocks caused little delay of the onset of ventric-
ular activation. Cannom et al.10 compared the
conduction times in the same subjects in the
presence and absence of rate-dependent com-
plete and rate-dependent incomplete LBBB. In
both situations the presence of bundle branch
block reversed the direction of septal depolariza-
tion. The complete LBBB increased the QRS
duration by 40 to 70 ms and the incomplete
LBBB by 30 ms. Change to a complete LBBB pat-
tern was associated with a 10- to 30-ms increase
in the HV interval, but change to incomplete LBBB
caused no change in the HV interval.10
ECG CRITERIA
The World Health Organization (WHO) and the
International Society and Federation for Cardiol-
ogy (ISFC) Task Force11 recommended the fol-
lowing criteria for diagnosis of uncomplicated
LBBB:

1. The QRS duration is 120 ms.
2. Leads V5, V6, and aVL show broad and

notched or slurred R waves.
3. With the possible exception of lead aVL,

the Q wave is absent in left-sided leads.
4. The R peak time is prolonged by more

than 60 ms in leads V5 and V6 but is nor-
mal in leads V1 and V2 when it can be
determined.

The Q wave is absent because the initial QRS
vector is directed to the left and most often ante-
riorly and superiorly. The slowing and notching
of the mid-QRS portion is caused by slow trans-
septal conduction. The mass of the left ventricle
is activated in the left, posterior, and inferior
direction. The polarity of the ST segment and
the T wave is directed opposite to the main QRS
axis, and the ventricular gradient is normal in
persons with minimal heart disease but abnormal
in those with severe heart disease.12 Changes
produced by the appearance of LBBB are shown
in Figure 4–1 (see also Figure 3–6). Body surface
maps13 showed: (1) the location of the initial
minimum to be on the right lateral or posterior
chest, whereas normally the minima are located
on the left lateral chest; (2) early appearance
of the QRS minimum on the presternal areas
(i.e., 16 ms vs. about 30 ms in normal subjects);
(3) longer persistence of the QRS maximum in
the left axillary region during the last two thirds
of the QRS complex (i.e., 70 to l00 ms vs. 40 to
60 ms in normal subjects); (4) location of the
earliest repolarization (presumably arising in
the right ventricle) in the presternal region,
whereas in normal subjects the early repolariza-
tion maximum occupies the left mammary or
axillary regions; (5) location of the repolarization
minimum during most of the ST-T interval in
the left lateral region (i.e., the last areas to
repolarize).
PATHOLOGY
Mauricio Rosenbaum divided LBBB into predi-
visional and divisional types. Studies of Lev
et al.14 showed that pathologic changes in the
left bundle branch were caused by ischemic or
mechanical (i.e., fibrosis of the cardiac skele-
ton) factors. In all studied cases the bundle
was interrupted at the junction of the His bun-
dle and left bundle branch. This suggests that
LBBB is usually predivisional, a finding that is
in agreement with the studies of Lenegre15 and
others.14 The site at the junction with the His
bundle is probably the most vulnerable portion
of the left bundle branch because it is sand-
wiched between the connective tissue of the
membranous septum and the summit of the
ventricular septum.14
CLINICAL SIGNIFICANCE
AND PROGNOSIS
The LBBB is encountered usually in patients
with structural heart disease associated with
hypertrophy, dilation, or fibrosis of the left ven-
tricular myocardium, ischemic heart disease,
and various cardiomyopathies16–20 as well as
advanced valvular heart disease. The incidence
of LBBB was 14 percent among 250 patients
with aortic stenosis.19 LBBB can be caused by



Figure 4–1 ECG of a 63-year-old man with critical aortic stenosis, aortic regurgitation, and normal coronary arteries with-
out (A) and with (B) left bundle branch block (LBBB). A, Note the pattern of left ventricular hypertrophy and pseudoinfarction
(QS in lead III). B, LBBB obliterates q in leads V5 and V6, obliterates the initial r in V1 and V2 (pseudoinfarction pattern),
decreases the initial R amplitude in V3 and V4, shifts the QRS axis in the frontal plane to the left, and produces secondary
ST segment and T wave changes.
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toxic, inflammatory changes,20 hyperkalemia,21

or digitalis toxicity.22

LBBB can be also caused by primary degener-
ative disease of the conducting system (Lenegre
disease) or sclerosis and calcification of the
cardiac skeleton (Lev disease).15,23,24 These
conduction system diseases usually occur in
elderly patients. In a general male population
the prevalence of LBBB at age 50 was 0.4 per-
cent, and at age 80 it was 6.7 percent.25 In most
subjects with LBBB, regional wall motion
abnormalities (i.e., akinetic or dyskinetic seg-
ments in the septum, anterior wall, or at the
apex) are present even in the absence of coro-
nary artery disease, previous myocardial infarc-
tion, or cardiomyopathy, probably as a result
of an abnormal sequence of activation.26

LBBB is frequently produced by septal myec-
tomy in patients with obstructive hypertrophic
cardiomyopathy.27

The presence of LBBB has no adverse prog-
nostic significance in subjects without evidence
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of structural heart disease.28–31 Such patients fall
primarily into a category of young subjects with
idiopathic LBBB or older subjects with primary
disease of the conducting system.

In a study of 67,375 asymptomatic U.S. Air
Force cadets, Lamb et al.32 found LBBB in 13
subjects who had no evidence of heart disease.
Rotman and Triebwasser29 followed a group of
121 Air Force flying personnel and applicants
with LBBB; their age at the time of diagnosis
ranged from 20 to 56 years, and 89 percent had
no evidence of heart disease. After a mean
follow-up of 8.8�4.8 years, most subjects
remained free of cardiovascular disease. Coro-
nary artery disease was found in 5 percent and
hypertension in 9 percent; nine subjects (8 per-
cent) died during the follow-up period.

In the Framingham study,33 55 subjects devel-
oped new LBBB at an average age of 62 years.
Cardiovascular disease was manifest in 89 per-
cent of these individuals at the time of the
appearance of LBBB, and 50 percent died within
10 years of the onset of LBBB. Only 11 percent of
subjects with LBBB remained free of cardiovas-
cular abnormalities during the follow-up period
(versus 48 percent in the control population).
In another study of 550 patients with LBBB, only
12 percent had no demonstrable heart disease.34

The markers of favorable prognosis were an
absence of left atrial enlargement, QRS axis in
the frontal plane of 0 degrees or more, and a
normal electrocardiogram (ECG) before the
development of LBBB.33

In patients with cardiomyopathy, coronary
artery disease, and hypertension, the prognosis
depends on the severity of the heart disease.
McAnulty et al.35 found in the prospective study
Figure 4–2 Effect of left bundle branch block on the QRS a
C, Superior axis shift.
that 21 percent of 104 patients with LBBB died
within 2 years, and half of the deaths were sud-
den. Freedman et al.36 reported that in patients
undergoing coronary artery bypass surgery
(CASS study) the presence of LBBB contributed
independently to increased mortality. In patients
with acute myocardial infarction (MI), the pres-
ence of LBBB is associated with increased mor-
tality both in the hospital and during follow-
up.37–39 Additionally, in patients with acute MI
undergoing emergency cardiac catheterization,
LBBB was associated with greater morbidity
and mortality despite treatment with primary
angioplasty.40
QRS AXIS IN THE FRONTAL PLANE
The appearance of LBBB may cause no QRS axis
shift in the frontal plane or variable degrees
of left and superior axis shift (Figure 4–2).

The superior axis shift occurs more often in
patients with preexisting left anterior fascicular
block,41 and there is an increased incidence of
HV prolongation.42 More advanced heart disease
and higher mortality rates have been reported
for patients with this pattern.41,43 Rosenbaum’s
group43 suggested that in some cases the LBBB
with a superior axis is caused by predivisional
LBBB with an additional delay in the left anterior
division. Rosenbaum et al.43 found that a marked
shift of the QRS axis to the left may occur because
of LBBB alone (see Figure 4–2). This took place
in about 70 percent of their cases, and the shift
ranged from 2 degrees to 160 degrees (average
40 degrees). Similar findings were reported by
Swiryn et al.44 among 231 patients with intermit-
tent LBBB.
xis in the frontal plane. A, No axis shift. B, Left axis shift.



Figure 4–3 ECG of a 49-year-old man with inferior myocardial infarction before (A) and 2 days after (B) the appearance of
left bundle branch block. There is a QRS axis shift to the right in the frontal plane and deep S waves in the left precordial
leads.
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According to Chou,45 the axis shift in LBBB
can be explained by the manner of the activation
front arrival in the Purkinje network following
the transseptal transmission. If the activation
arrives first at the terminals of the posterior divi-
sion of the LBB, the delayed excitation of the
anterior and lateral wall of the left ventricle
results in a leftward or superior shift of the
QRS axis. If the activation front arrives first at
the terminals of the anterior division or reaches
both divisions simultaneously, the QRS axis is
shifted rightward or remains normal.

Dhingra et al.23 compared the clinical ECG
findings in 49 patients with chronic LBBB and
a normal frontal plane QRS axis (�29 to þ90
degrees) and 53 patients with a superior axis
(�30 to �90 degrees). The patients with the
superior axis were older; had a higher incidence
of coronary artery disease, cardiomegaly, and
congestive heart failure; had higher mortality;
and had longer average PR, AH, and HV inter-
vals. No evidence of structural heart disease
(i.e., “primary conduction system disease”) was
found in 8 of 49 patients with a normal axis
and in none of 53 patients with a superior axis.
There was no significant difference in the QRS
duration or in the presence or absence of an
atypical LBBB (Q in I, aVL, or deep S in V6) for
the two groups.

A less common, atypical pattern is the LBBB
with right axis deviation. This may be caused
by right ventricular hypertrophy (RVH) or MI.
The author has observed that the right axis
shift often coincides with the appearance of
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deep S waves in the left precordial leads (see
Figure 4–3).
ATYPICAL LBBB
The WHO criteria10 apply predominantly to the
typical LBBB pattern, but there are several atyp-
ical patterns. In a common atypical pattern, RS
deflections are present in leads V5 and V6 (see
Figure 4–3). In most cases of this type, a typical
R pattern is present in leads I and aVL and can
also be recorded in leads V7 and V8.

45 It can
be assumed therefore that the RS pattern in
leads V5 and V6 corresponds to a transitional
zone that is displaced to the left, which may
be caused by cardiac dilatation or a ventricular
aneurysm.

In a typical LBBB pattern, small R is present
in the right precordial leads and in lead III.
When the initial r wave amplitude is low or the
initial r wave is absent, LBBB simulates MI of
the anterior or inferior wall, respectively46–48

(see Figure 4–1).
Another atypical manifestation is the presence

of narrow q waves in lead aVL (Figures 4–4 and
4–5) and occasionally in lead I in the absence of
MI. This suggests septal depolarization proceed-
ing from left to right. Observations during right
ventricular pacing, however, have shown that
q waves in leads I and aVL may be present in
right ventricular paced complexes when the
pacing site is located slightly above the apex.49

It is therefore plausible that the initial front of
transseptal activation is directed from right to
left but is oriented superiorly and posteriorly,
giving rise to a q wave in leads I and aVL. There
Figure 4–4 Left bundle branch block with a wide QRS comp
slowing drugs, recorded after cardioversion of atrial fibrillation. P
prolonged. There is a small q wave in the aVL lead.
is no experimental support for this hypothesis in
patients with LBBB.
QRS DURATION
Because the normal QRS duration ranges in
adults from 80 to 110 ms and the duration of
transseptal transmission is about 40 ms, the
QRS duration in the presence of LBBB may be
expected to be within the range of 120 to
150 ms. It may be postulated therefore that sub-
jects with LBBB and a QRS duration >150 ms
have structural or functional abnormalities that
delay transseptal transmission or cause additional
slowing of conduction during later impulse prop-
agation. Such conduction slowing may be caused
by sodium channel–blocking drugs or by hyper-
kalemia. More often, however, patients with
marked QRS prolongation (i.e., QRS duration
>180 ms) have severe left ventricular structural
abnormalities. There is no strict correlation
between the QRS duration and the severity of
left ventricular dysfunction. Figure 4–4 shows
LBBB with a wide QRS complex. In an unpub-
lished personal study, the QRS duration of
patients with LBBB and ischemic cardiomyopathy
was correlated with the left ventricular ejection
fraction (LVEF) measured by angiography or
echocardiography. In 11 patients with a QRS
duration of 120 to 149 ms (average 135.2 ms),
the LVEF ranged from 18 to 52 percent (average
31.4 percent), whereas in 12 patients with a
QRS duration of 150 to 192 ms (average
162.2 ms), the LVEF ranged from 15 to 40 per-
cent (average 26.4 percent). The difference failed
to reach a level of statistical significance.
lex (218 ms) in the absence of hyperkalemia or conduction-
waves suggest left atrial enlargement, and the PR interval is



Figure 4–5 Two examples of premature ventricular complex with narrow QRS in the presence of left bundle branch block
(LBBB). Note the small q wave in the aVL lead during LBBB on the tracing at the left.
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QRS MORPHOLOGY IN PREMATURE
VENTRICULAR COMPLEXES
Premature right ventricular complexes (PVCs)
have LBBB morphology, and left ventricular PVCs
have RBBB morphology. In the presence of LBBB,
PVCs with a narrow or slightly widened QRS
complex are common (see Figure 4–5). This
may be due to fusion with a conducted impulse
when PVCs arise late in the contralateral cham-
ber during diastole or to an equal or a nearly
equal delay in both bundle branches. The latter
may occur when the PVC originates in the
septum distal to the site of the LBBB or when
the LBBB is caused not by an anatomic interrup-
tion but instead by a conduction delay.12 A PVC
with QR morphology in the left precordial leads
suggests MI, even when the supraventricular
complexes with LBBB morphology do not reveal
the presence of infarction.12

Moulton et al.50 showed that a PVC with a
long QRS duration and a broad notch is a reliable
marker of reduced left ventricular function. Simi-
larly, a QRS duration of 180 ms or more in ven-
tricular complexes elicited by pacing from the
right ventricular apex correlates with increased
severity of heart disease.51 (See also Chapter 26.)
INCOMPLETE LBBB
Incomplete LBBB implies slowing of conduc-
tion in the left bundle branch. The presence of
incomplete LBBB should be suspected when the
ECG shows a pattern of left ventricular hypertro-
phy with slight QRS widening and absent
Q waves in the left precordial leads and lead I.
The WHO/ISFC Task Force10 criteria for incom-
plete LBBB include (1) QRS duration >100 ms
but <120 ms; (2) prolongation of the R peak time
to 60 ms or more in the left precordial leads; and
(3) absence of a Q wave in leads V5, V6, and I.
According to Schamroth and Bradlow,52 the diag-
nosis is justified when a transition can be
observed during a short time interval from nor-
mal ventricular conduction to complete LBBB
with an intermediate stage of various degrees of
incomplete LBBB (Figure 4–6).

Cases of alternating or rate-dependent incom-
plete LBBB with reversal of the direction of the
initial QRS portion have been reported.53 Sodi-
Pallares and co-workers54 recorded intracavitary
leads in humans with incomplete LBBB and
showed reversal of the direction of the initial
(“septal”) activation similar to that seen in the
presence of complete LBBB.

Reversal of the direction of the initial QRS
force may not be a reliable indicator for a con-
duction delay in the left bundle branch.
Leighton et al.55 showed that in five patients
with a pattern of incomplete LBBB on the surface
ECG, intracavitary leads revealed a normal left-
to-right and apex-to-base direction of the initial
QRS vector and no evidence of electromechani-
cal delay in the left ventricle.



Figure 4–6 Wenckebach period of the
left bundle branch.
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In view of the controversy surrounding the
existence and pathogenesis of the incomplete
LBBB, it is appropriate to view the pattern of
incomplete LBBB defined by the WHO10 as a
variant of left ventricular hypertrophy (LVH)
pattern with additional conduction delay but with
similar secondary ST segment and T wave
changes.52,56,57 Nevertheless, some pathologic stu-
dies show left bundle branch lesions in patients
with incomplete LBBB.45
“CORRECTED TRANSPOSITION” OF
GREAT VESSELS
In the presence of ventricular inversion and cor-
rected transposition, the initial QRS force has
the same direction as in LBBB because the ven-
tricular conduction system is inverted. In the
absence of other abnormalities of the conduction
system, however, the duration of the QRS com-
plex and other conduction intervals is normal.58
DIAGNOSIS OF LVH
The diagnosis of LVH in the presence of LBBB is
difficult because LBBB can alter the amplitude of
the QRS complex in either direction.45 It has been
suggested, however, that LVH can be suspected
when the QRS amplitude is increased. Klein
et al.59 used echocardiograms to develop criteria
for the diagnosis of LVH in patients with LBBB.
They found that a sum of the S wave amplitude
in lead V2 and the R wave amplitude in V6 exceed-
ing 4.5 mVhad 86 percent sensitivity and 100 per-
cent specificity for LVH. These investigators also
found that a diagnosis of LVH was supported by
the findings of left atrial enlargement and a QRS
duration >160 ms. Mehta et al.60 also found left
abnormality to be a useful predictor of LVH in
patients with LBBB.60
Most patients with LBBB have anatomic
LVH.14,61–63 Scott and Norris62 examined the
hearts of 29 patients with LBBB. LVH was pres-
ent anatomically in all patients, whereas the
ECG criteria for LVH were present in only 17
of these cases (60 percent).

In some patients with asymmetric hypertro-
phic cardiomyopathy, Q wave amplitude and
duration are increased, presumably due to septal
hypertrophy (see Chapter 12). The appearance
of LBBB results in obliteration of such Q waves
(see Figure 4–16).
PRESENCE OF RVH
The presence of LBBB makes it difficult to recog-
nize RVH. In some cases it can be suspected in
the presence of right axis deviation but can be
better recognized on the vectorcardiogram.45
Recognition of Myocardial Ischemia
and Myocardial Infarction in the
Presence of LBBB

It has been shown that an acute injury pattern can
be recognized in patients with LBBB during
percutaneous transluminal coronary angioplasty
(PTCA) and spontaneous myocardial ischemia
because the ST segment deviation becomes more
pronounced under these conditions. Abnormal
STsegment deviations can be concordant or discor-
dant with the QRS polarity. The discordant ST seg-
ment deviation represents an exaggeration of
normal ST segment deviation (i.e., higher than
expected secondary ST elevation in the right
precordial lead with a dominant S wave or higher
than expected secondary STdepression in the leads
with dominant R waves) (Figures 4–7 and 4–8).



Figure 4–7 Precordial leads of an 84-year-old man with acute myocardial infarction of the anterior wall. A, Left bundle
branch block (LBBB) with acute injury pattern causes discordant ST segment elevation, which in leads V2 and V3 exceeds
1 mV. B, One day later there is evolution of the infarction pattern without LBBB. Cardiac catheterization revealed severe
three-vessel coronary artery disease with apical akinesis and a left ventricular ejection fraction of 30 percent.
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The concordant ST segment deviation is the oppo-
site of the expected secondary ST segment devia-
tion (i.e., ST depression in the right precordial
leads with dominant S wave or STelevation in the
leads with a dominant R wave) (Figures 4–9 and
4–10).

The concordant ST segment deviations are
easily recognizable and create no diagnostic dif-
ficulties except in the transitional leads with an
RS pattern in which ST segment depression or
Figure 4–8 Precordial leads of a 45-year-old man with left b
anterior wall. A, Acute injury pattern manifested by discordan
QRS amplitude in leads V2–V4. B, One day later there is evoluti
vation and beginning terminal T wave inversion in leads V2 thr
leads V2–V4). Coronary angiography revealed a high-grade com
coronary artery. There was anterior apical akinesis with an estim
elevation can be recorded in the presence of an
uncomplicated LBBB. Sgarbossa et al.64 studied
the ECGs of 131 patients with acute MI and
LBBB. They showed that the maximum sensitivity
with a target specificity >90 percent was achieved
when at least one lead showed >1 mm concor-
dant ST segment elevation or >5 mm discordant
ST segment deviation. In this study, concordant
ST segment elevation >1 mm had a sensitivity
of 73 percent, whereas discordant ST segment
undle branch block and acute myocardial infarction of the
t ST segment elevation, which is equal to or exceeds the
on of the infarction pattern with decreasing ST segment ele-
ough V4. Note the Cabrera’s sign (notch on the S ascent in
plex stenotic lesion in the proximal left anterior descending
ated left ventricular ejection fraction of 40 percent.



Figure 4–9 Myocardial infarction (MI) of the inferior wall documented by enzyme elevation in a 77-year-old woman.
A, Left bundle branch block (LBBB) with ST segment elevation in lead III and concordant reciprocal ST segment depression
in leads V1–V4. B, On the following day there is a typical pattern of inferior MI without LBBB, with ST segment elevation in
leads III, aVF, and reciprocal ST segment depression in leads I, aVL, and V2–V5.
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elevation >5 mm had a sensitivity of 31 percent,
and concordant ST segment depression in leads
V1, V2, or V3 had a sensitivity of 25 percent.64

The specificity of all patterns was 92 to 96 per-
cent. The results of this study require a caveat
because the amplitude of the ST segment devia-
tion has been expressed in millimeters (assuming
that 1 mm ¼ 0.1 mV) rather than in percent of
QRS amplitude, which influences the amplitude
of the ST segment deviation. For example, in the
presence of a deep S wave (e.g., 4 mV) in lead
V1 or V2, an ST segment elevation of 5 mm
(0.5 mV) may be normal for LBBB; but with a
small S wave (e.g., 0.1 mV), an ST segment eleva-
tion of 3 mm (0.3 mV) may be abnormal. The
same considerations apply to the magnitude of
discordant ST segment depression in relation to
the R amplitude in the leads with a dominant
R wave.

Primary T Wave Abnormalities

Primary Twave abnormalities caused by myocar-
dial ischemia or other factors are concordant
(i.e., negative T wave in the leads with a domi-
nant S wave or RS pattern) (see Figure 4–8).
The significance of concordant T wave changes
in the leads with a dominant R wave (i.e., upright
Twave) is less certain. In the study by Sgarbossa
et al.,64 upright T waves in leads V5 and V6 had
a sensitivity of 26 percent for the diagnosis
of acute MI, but it is not clear whether this



Figure 4–10 Left bundle branch block in a 68-year-old man 2 days before (A) and on the day of (B) development of an
acute myocardial infarction of the inferior wall documented by enzyme elevation. In addition to Q wave and ST segment
elevation in lead III, there is concordant reciprocal ST segment depression in leads V2 and V3.
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Twave pattern resulted from MI. Upright Twaves
in the leads with a dominant R wave (i.e., leads
I, aVL, V5, V6) are frequently present in subjects
with LBBB without MI or other structural myo-
cardial disease. This may occur when the sec-
ondary repolarization change caused by LBBB
fails to produce T wave inversion but lowers
the amplitude of the upright T wave. It may
also occur when the location of the transition
zone of the QRS complex differs from that of
the T wave. This situation can be recognized
when the T wave remains upright in leads V5

and V6 but is negative in lead aVL. In many
cases, however, the mechanism of a persis-
tent concordant T wave in the leads with an
R wave is unexplained by these mechanisms
(Figure 4–11).

QRS Changes

The presence of LBBB makes it difficult to recog-
nize MI because the QRS changes caused by LBBB
can simulate a pattern of nonexistent MI (see
Figure 4–1) or, alternatively, obscure a pattern of
preexisting MI (Figure 4–12). Despite these
difficulties, many investigators have reported cer-
tain atypical features of the QRS configuration
attributed to MI, including the following:

1. Q waves in leads V5 or V6
65–70

2. Wide Q waves in I or aVL



Figure 4–11 ECG of an 82-year-old woman with rate-dependent left bundle branch block (LBBB) that is present in the first
two complexes and absent in the third complex following a longer RR interval. There is a late transition zone (between leads
V5 and V6) and an upright T wave in lead V6 with an upright QRS complex. The T wave amplitude is higher in the presence
of LBBB than in its absence. The patient had severe three-vessel coronary artery disease and an aortic aneurysm.
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3. Notching of the S wave in leads V3 through
V5 (Cabrera’s sign) (see Figure 4–8)

4. Small narrow R wave or series of “tiny
notches” deforming the terminal portion
of the QRS complex69

5. Notching of the R wave upstroke in leads I,
aVL, V5, and V6 (Chapman’s sign)66

6. Q waves in leads III and aVF
67,70 (Fig-

ure 4–13): Laham et al.71 found that in
patients with LBBB, a Q wave of 30 ms
or longer duration in lead aVF was
present in 10 of 35 patients with inferior
MI and in 4 of 131 patients without MI.
Negative T waves were present in 30 of
35 patients with inferior MI and in 12 of
131 patients without inferior MI. The
combination of abnormal Q waves and
negative T waves in lead aVF provided a
sensitivity of 86 percent and a specificity
of 91 percent for the diagnosis of infer-
ior MI in the presence of LBBB (see
Figure 4–10).
Figure 4–12 Left bundle branch
block (LBBB) obscures evidence of
myocardial infarction (MI). Leads
V1–V3 of a 68-year-old woman with
recent MI of the anterior wall before
and 1 day later when the LBBB
appeared.



Figure 4–13 Myocardial infarction (MI) of the inferior wall in the presence of left bundle branch block (LBBB). A, ECG of
a 78-year-old woman following a massive infarction of the inferior wall complicated by cardiogenic shock in the presence of
three-vessel coronary artery disease and a left ventricular ejection fraction of 20 percent. There is a wide Q wave, ST segment
elevation, and a negative T wave in lead III. B, ECG of a 67-year-old man with documented MI of the inferior wall, 100 per-
cent occlusion of the proximal right coronary artery, 70 percent occlusion of the proximal left anterior descending coronary
artery, hypokinesis of the anterior wall, akinesis of the inferior wall, and a left ventricular ejection fraction of 35 percent.
Note the QS pattern in lead III.
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7. Q wave in lead aVF exceeds 50 ms in dura-
tion72–75: Suspicion of MI is enhanced
when generalized QRS widening exceeds
140 ms and in the presence of Q wave.
Horan et al.73 found that MI was present
in 12 of 14 patients with complete or
incomplete LBBB and a Q wave in the infe-
rior leads, whereas Q waves in the anterior
and lateral leads were not diagnostic of MI.

Kindwall et al.74 evaluated the predictive
value of various ECG criteria listed in the litera-
ture by pacing the right ventricle at two sites
in patients with various types of MI. This
procedure superimposed the LBBB pattern with
a normal or superior axis on the MI pattern.
The same procedure was carried out in persons
without MI. The diagnostic usefulness of the fol-
lowing criteria has been examined: (1) notching
of the S wave in leads V3, V4, and V5 (Cabrera’s
sign); (2) notching of the R in leads I, aVL, and
V6 (Chapman’s sign); (3) notching of the S descent
in leads II, III, and aVF; and (4) abnormal R waves
in lead I, aVL, or V6. The investigators concluded
that Cabrera’s sign is a fairly reliable predictor
of previous MI and of an anterior site. Surprisingly,
Q waves in leads I, aVL, and aVF were useful
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only for localizing the site (anterior) but not
for predicting the presence of MI. None of the
remaining criteria provided useful information
for recognizing a previous MI or locating its
site. Because of the occasional q wave presence
in leads I and aVL in the absence of MI, the
recognition of lateral or anterolateral MI may
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Figure 4–14 ECGs of a 65-year-old woman with left bundle
cardial infarction (MI) (top). The middle tracing was recorded on
nary artery at the site of the takeoff of the first diagonal branch sh
there is an acute injury pattern with ST-elevation in leads I and
V4–V6. Q waves are present in the leads I, aVL, and V5 and V6. T
stents in the proximal left anterior descending artery and in th
performed 6.5 months after MI, shows LBBB with Q wave in th
ECG before the MI (top), the Q wave is now present in the lead V
decrease of R amplitude in the leads V5 and V6.
be particularly difficult. However, as shown in
Figure 4–14, following the occurrence of ante-
rolateral MI the Q wave in leads I and aVL

became wider, the R wave amplitude in leads
V5 and V6 decreased, and a Q wave appeared
in lead V6, which is not known to be present
in the absence of MI.
V3 V6
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branch block (LBBB) present before the occurrence of myo-
the day of MI caused by complete occlusion of LAD coro-
owing complete A-V block with ventricular escape rhythm;
aVL, as well as a monophasic (“tombstone”) pattern in leads
he patient underwent acute intervention with placement of
e ostium of the first diagonal branch. The bottom tracing,
e leads I, and V5 and V6. Note that in comparison with the

6 and is wider in the leads I and aVL. There is also a marked
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ECG Diagnosis of Myocardial Ischemia and
Myocardial Infarction in the Presence of
Right Ventricular Paced Rhythm

It has been pointed out49 that the diagnosis of
remote MI during right ventricular pacing has
major limitations. The problems of recognizing
abnormal STsegment deviation, abnormal Twave
polarity, and QRS abnormalities suggestive of a
remote MI in the presence of right ventricular
paced rhythm are similar to those encountered
in the presence of LBBB.76 Changes in the cath-
eter position can alter the ECG pattern.76 Bar-
old et al.69 suggested that in the presence of
right ventricular pacing, MI should not be diag-
nosed if q waves are present only in leads I and
aVL. (See Chapter 26.)
Functional Bundle Branch Block

Cases of intermittent bundle branch block or
an alternating LBBB and RBBB (Figure 4–15)
prove that in some cases the blocked bundle
branches can still conduct. Moreover, it is well
known that bundle branch blocks can appear
and disappear, depending on cycle length (e.g.,
acceleration- and deceleration-dependent blocks)
(see Figures 4–11 and Figures 4–16 to 4–18), the
Figure 4–15 Intermittent left bundle branch block (LBBB). T
LBBB. There is also a first-degree atrioventricular block.
presence of myocardial ischemia (e.g., exercise-
induced block), changes in autonomic nervous
tone, and other factors. Therefore in many cases
a bundle branch block must be considered in
terms of functional rather than anatomic integ-
rity, meaning delayed conduction relative to
conduction in other ramifications of the system.
Halpern et al.77 used isoproterenol to alter con-
ditions for induction and termination of rate-
dependent bundle branch block. Isoproterenol
shortens the effective refractory period of the
bundle branch and enhances the rate of diastolic
depolarization. Therefore administration of
isoproterenol shortens the cycle at which tachy-
cardia-dependent bundle branch block appears
and dissipates and the cycle at which the
bradycardia-dependent bundle branch block
manifests.
MECHANISM OF CYCLE LENGTH–
DEPENDENT BUNDLE BRANCH BLOCK
The onset of tachycardia- or acceleration-dependent
bundle branch block is best explained by voltage-
or time-dependent refractoriness, whereas the
perpetuation can be attributed to concealed trans-
septal conduction from the contralateral bundle
branch.
he alternating complexes show incomplete and complete



Figure 4–16 Rate-dependent left bundle branch block
(LBBB) in a 65-year-old man with severe obstructive hyper-
trophic cardiomyopathy (intraventricular pressure gradient
of 90 mmHg). The first complex preceded by a longer RR
interval shows no LBBB and a wide Q wave attributed to
septal hypertrophy. In the second complex, LBBB obliter-
ates the Q wave.
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The mechanism of bradycardia- or decelera-
tion-dependent bundle branch block at critically
long cycles is more controversial.78 The phe-
nomenon was first reported in 1915 by Wilson,77

but the first rational hypothesis as to its cause
emerged following the discovery of slow conduc-
tion and depressed excitability during diastolic
depolarization of automatic pacemaker fibers.79

Clinical observations are available that support
this mechanism. For instance, Fisch and Miles80
Figure 4–17 Examples of acceleration-dependent left bund
LBBB (bottom).
reported cases in which a progressive increase in
cycle length resulted in a progressive increase in
QRS duration (i.e., change from an incomplete
to a complete bundle branch block). In this par-
ticular study, definitive evidence of the mecha-
nism (i.e., an automatic escape impulse arising
at a critically long cycle) did not occur.

Diastolic depolarization cannot be the only fac-
tor responsible for the occurrence of bradycardia-
dependent bundle branch block. Numerous
laboratory and clinical observations are incompat-
ible with such mechanisms, particularly when
excitability decreases with time in the absence of
any change of the diastolic membrane potential. 81

Gilmour et al.82 studied this phenomenon in
canine Purkinje fibers, atrial trabeculae, and cat
papillary muscles depolarized to membrane
potentials of�70 to�60 mV. The decline of action
potential amplitude at long coupling intervals
was attributed to slow recovery of the transient
outward current (ito) because it was prevented
by 4-aminopyridine but not by isoproterenol,
caffeine, or cesium.
WENCKEBACH PERIODICITY
In 1925 Scherf and Schookhoff demonstrated
Wenckebach periodicity in bundle branches in
dogs. Subsequently, Rosenbaum and Lepeschkin83

postulated Wenckebach periodicity in humans
with bilateral bundle branch block. Rosenbaum
et al.84 reported cases of manifest and concealed
Wenckebach periods in bundle branches and
recommended the following diagnostic criteria:
(1) the “opening” impulse should be normally
conducted in the affected bundle branch;
(2) the second impulse should be conducted
with a delay of no more than 40 to 60 ms; and
(3) the last complex of the sequence should not
be activated retrogradely. Figure 4–6 illustrates
le branch block (LBBB) (top) and deceleration-dependent



Figure 4–18 Example of tachycardia-dependent and bradycardia-dependent left bundle branch block in the same subject.
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Wenckebach periodicity in the left bundle
branch.

Lehmann et al.85 showed that in subjects with
normal function of the His-Purkinje system,
incremental ventricular pacing permitted achieve-
ment of faster rates of input into the conducting
system than did supraventricular pacing. Apply-
ing incremental ventricular pacing, these investi-
gators established that a 2:1 and 3:2 retrograde
Wenckebach block in the conduction system is a
“physiologic” phenomenon.85
HOW COMPLETE IS “COMPLETE”
BUNDLE BRANCH BLOCK?
*This concept was postulated earlier by Scherf (personal
communication by Dr. Charles Fisch).
Cannom et al.86 tested refractory periods in
patients in whom the effective refractory period
(ERP) of the ventricular conduction system was
longer than the functional refractory period
(FRP) of the atrioventricular node. In patients
with LBBB, they observed a shift of the mean
QRS axis in the frontal plane to the left before
the ERP of the ventricular conduction system
was reached. This observation documented con-
duction through the left anterior fascicle during
LBBB, but there was no similar evidence that left
posterior division participates in conduction.
However, conduction abnormalities in the right
bundle branch during LBBB were demonstrated
by long HV intervals and prolonged ERP of the
ventricular conduction system. These examples
of slow conduction through the left anterior
division and through the right bundle branch,
as well as similar observations reported by
others, raise the question of the degree of
completeness of the “complete” bundle branch
block.
In 1974 Wu et al.87 reported several cases in
which premature stimuli changed the pattern of
intraventricular conduction disturbance and
restored conduction in a bundle branch or fasci-
cle that had been blocked at a basic cycle length.
They suggested that a “partial” bundle branch
block depends on the discordance of conduction
and refractory period. This means that the block
occurs when a slowly conducting segment has a
shorter refractory period.

In 1981 Barrett et al.88 postulated that at least
half of LBBBs are “incomplete” even though the
duration of the QRS complex exceeds 120 ms.*
Flowers60 suggested that intraventricular con-
duction delays should be viewed in terms of
asynchronous ventricular activation resulting
from differences in delay in one bundle branch
or one fascicle compared with the other. It
should be recalled that in some cases bundle
branch and fascicular blocks probably occur as
a consequence of longitudinal dissociation in
the His bundle.81 Wu et al.87 noted that variable
degrees and sites of conduction delays combined
with variable degrees and sites of abnormal
refractoriness and excitability can result in “very
complex sequences of ventricular activation.” In
practice, not infrequently widening of the QRS
complex occurs in the presence of LBBB when
the heart rate increases (Figure 4–19).



Figure 4–19 Effect of the heart rate on QRS duration in a 72-year-old man with left bundle branch block, severe obstruc-
tive two-vessel coronary artery disease, global hypokinesis, lateral wall akinesis, and a left ventricular fraction of 35 percent.
In the tracings recorded 6 hours apart, the QRS duration at a heart rate of 65 beats/min is 128 ms (A); at a heart rate of 151
beats/min, the QRS duration is 148 ms (B).
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Right Precordial Leads: Clinical
Significance
Complete Right Bundle
Branch Block

The delay or failure of impulse propagation in the
right bundle branch causes delayed activation of
the right ventricle, whereas the left ventricle is
activated normally. The initial portion of the
QRS complex remains unchanged despite absent
right septal depolarization. The late QRS portion
represents an unopposed slow conduction spread
across the septum to the right ventricle in the
anterior and either superior or inferior direction.
The spatial QRS loop is divided into initial-rapid
and late-slow (appendage-like) portions. The
duration of the slow terminal QRS portion is
0.04 second or longer. It corresponds to the wide
Swave seen in leads I, V5, and V6 and the R

0 in lead
V1. The terminal deflection may be upright or
downward in the inferior leads but is always
upright in lead aVR and usually downward in
lead aVL.

1 A marked superior deviation of the
terminal deflection, as shown in Figure 5–1, is
relatively uncommon and is usually associated
with the presence of structural heart disease.

The diagnostic criteria of the World Health
Organization (WHO) and the International Soci-
ety and Federation for Cardiology (ISFC) Task
Force2 are as follows: (1) QRS duration is
120 ms; (2) an rsr0, rsR0, or rSR0 pattern in lead
V1 or V2 and occasionally a wide and notched
R wave; (3) S wave longer than 40 ms or longer
than the duration of the R wave in leads
V6 and I; and (4) normal R peak time in
leads V5 and V6 but �50 ms in lead V1.

Body surface maps show an absence of right
ventricular breakthrough. The right ventricle is
activated by way of the septum. Activation
occurs late, which suggests that utilization of
the right ventricular Purkinje fibers is minimal
and insufficient.3
The first normally inscribed QRS portion is
sometimes called the “unblocked” part. It occupies
the first 0.06 to 0.08 second of the QRS interval.
Development of the right bundle branch block
(RBBB) does not alter the initial component of
the normally inscribed QRS complex, but the
duration of the initial unblocked QRS portion var-
ies. This can be best observed in lead V1 when the
electrocardiogram (ECG) is available before and
after the onset of RBBB. Sometimes the initial rS
deflection is fully preserved, but more often
the S wave is shortened to a variable degree or it
disappears entirely, with the initial r wave appear-
ing as a notch on the ascent of the R0 deflection
(Figure 5–2). Sometimes the initial r deflection
becomes invisible, and the QRS complex is trans-
formed into a pure broad R wave or an Rs com-
plex. Other variations include disappearance
of the initial r wave, resulting in a qR pattern
(Figure 5–3). The relation between the amplitude
of R and R0 also varies; that is, the R amplitude
may be smaller than, equal to, or larger than
the amplitude of R0.

In uncomplicated RBBBs there is usually little
ST segment displacement. The T wave polarity is
opposite to the terminal, slowly inscribed deflec-
tion of the QRS complex. It is upright in leads I,
V5, and V6 and inverted in the right precordial
leads. In the transitional precordial leads (e.g., V3

or V4) the T wave may be diphasic. This pattern
may also occur in the right precordial leads. A neg-
ative T wave in the left precordial leads is always
abnormal (Figure 5–4), but an upright T wave in
the leads with an R0 pattern (i.e., V1 or V2) is seen
sometimes in the absence of factors that may
explain its presence, such as an anterior myocar-
dial infarction (Figure 5–5) or a posterior
myocardial infarction (Figure 5–6A).

In the author’s experience, an upright T wave
in lead V1 is sometimes seen in the presence of
left ventricular hypertrophy or when the QRS
95



Figure 5–2 Examples of ECG changes in leads V1 and V2 produced by the appearance of right bundle branch block.
A, Initial R wave remains unchanged in leads V1 and V2. B, Small portion of initial S wave is preserved in lead V1.
C, Initial small r wave appears as a notch on the ascent of the R wave.

Figure 5–3 A qR pattern in lead V1 in the absence of myocardial infarction in a 58-year-old man with normal left ventric-
ular function and no cardiac catheterization evidence of obstructive coronary artery disease. The small r wave in lead V2

suggests that the pattern in lead V1 is caused by an isoelectric r. A similar explanation is plausible for the qR pattern in leads
III and aVF.

Figure 5–1 Right bundle branch block with superior axis deviation of the terminal QRS deflection in a 72-year-old man
with moderately severe three-vessel coronary artery disease, diffuse hypokinesis of the left ventricle, and an estimated left
ventricular ejection fraction of 40 percent. The rhythm is atrial fibrillation.
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Figure 5–4 Right bundle branch block (RBBB) in a 68-year-old man before and after the appearance of T wave abnorm-
alities caused by a non–Q wave myocardial infarction. At the bottom of each panel is lead II.

Figure 5–5 A, Transient appearance of an upright T wave in right precordial leads in the presence of right bundle branch
block (RBBB) caused by an acute injury pattern of the anterior wall. B, ECG recorded 9 hours later shows evolution of a pat-
tern of myocardial infarction of the anterior wall with persisting RBBB.
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complex has an rsr0s0 morphology. In many sub-
jects without demonstrable heart disease, an
upright T wave in lead V1 remains unexplained.
One possibility is that the transition zone
between the negative and the upright T wave is
to the right of lead V1 and a negative T wave
can be found in lead V3R or V4R. This assump-
tion is corroborated by the nearly ubiquitous T
wave inversion associated with R0 deflection in
lead aVR when the T wave is upright in lead V1

(Figure 5–6B).
The presence of RBBB does not interfere with

the recognition of Q wave anterior and inferior
myocardial infarction (Figures 5–7 and 5–8)
but may cause difficulty with the recognition of
posterior myocardial infarction. A diagnosis
of myocardial infarction of the inferior wall is
sometimes suggested incorrectly when the initial
r in leads III and aVF is small or isoelectric (see
Figure 5–3).
ANATOMIC CORRELATION
Good correlation has been shown between the
ECG findings of RBBB and the histopathologic
changes of the bundle branch.4,5 Lev and



Figure 5–6 Two examples of an upright T wave in the right precordial leads in the presence of right bundle branch block.
A, ECG of a 70-year-old man with a documented myocardial infarction of the posterior wall caused by obstruction of a large,
obtuse marginal branch, marked hypokinesis of the posterobasal wall, and an estimated left ventricular ejection fraction of
30 percent. B, ECG of a 76-year-old man who had no evidence of structural heart disease except for a calcified aortic valve.
The T wave is upright in the right precordial leads and inverted in the aVR lead.

Figure 5–7 Precordial leads of a 41-year-old man with a large myocardial infarction of the anterior wall and a left
ventricular ejection fraction of 25 percent before (A) and after (B) the appearance of right bundle branch block.
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associates performed detailed pathologic exami-
nation of the conduction system in nine cases
of RBBB, predominantly in patients with coro-
nary artery disease; they found significant, albeit
incomplete, lesions in all.5 They emphasized
that the ECG pattern of complete RBBB does
not necessarily imply complete anatomic disrup-
tion of the continuity of the bundle branch. A
unilateral delay of impulse propagation through
a functionally altered portion of a bundle branch
could produce a pattern of complete bundle
branch block if this delay exceeds the time
required for impulse propagation from the con-
tralateral ventricle through the ventricular sep-
tum.1 RBBB may occur after repair of the
ventricular septal defect through the tricuspid
valve and is attributed to injury of the proximal
right bundle branch during the procedure.6

The RBBB pattern is not always caused by
interruption of the main right bundle branch.
For instance, after infundibular resection during
surgical repair of tetralogy of Fallot, activation of



Figure 5–8 ECG of a 61-year-old man with a documented myocardial infarction of the inferior wall and right bundle
branch block. Note the Q wave and ST segment elevation in leads II, III, and aVF and reciprocal ST segment depression
in leads V2 through V6. The patient had severe four-vessel coronary artery disease with total occlusion of the right coronary
artery, inferior basal hypokinesis, and an estimated left ventricular ejection fraction of 45 percent.

995 � Right Bundle Branch Block
the pulmonary outflow tract was delayed by
more than 30 ms,6 but there was no change in
activation over the body of the right ventricle.
This shows that the RBBB pattern was caused
by interrupted conduction in the peripheral
branches and not by damage to the proximal
portion of the right bundle branch.

It is well known that RBBB is a common com-
plication after right ventriculotomy. Krongrad
and associates7 noted that there was no relation
between the length of the ventricular incision
and the QRS duration, but the RBBB pattern
appeared following an incision of 1 cm or less
at a specific site. They suggested that disruption
of the distal portion of the right bundle branch
was responsible. It has been suggested also that
damage to the more peripheral right ventricular
Purkinje network may be a responsible mecha-
nism.6 The findings from electrophysiologic
studies in postoperative patients provided addi-
tional support to the concept that ECG changes
of RBBB may be caused by lesions at three levels:
proximal branch, distal branch, and peripheral
ramifications.8

Right ventricular hypertrophy alone can cause
an RBBB pattern, and there is an increased inci-
dence of RBBB among populations at high alti-
tude.9 There is ample evidence that the RBBB
pattern can also be caused by distension of the
right ventricle. RBBB is nearly always present in
patients with Ebstein’s anomaly (incidence, 80 to
95 percent) and in those with large atrial septal
defect of the secundum type or an atrioventricular
cushion defect (incidence, 90 to 100 percent).9

In patients with Ebstein’s anomaly of the tri-
cuspid valve, the ECG shows a bizarre form of
RBBB with a slurred terminal QRS portion of
low amplitude resembling a second QRS com-
plex attached to the preceding “normal” com-
plex (see Chapter 12). Kastor et al.10 found
that in contrast to the usual RBBB, the activation
of the right ventricular apex and right ventricu-
lar outflow tract was not delayed in patients with
Ebstein’s anomaly. The HV interval was pro-
longed in four of five patients, possibly as the
result of a stretched conduction pathway. How-
ever, the slurred terminal QRS portion (i.e., the
“second QRS complex”) was caused by delayed
depolarization in some portion of the large,
stretched, thin-walled atrialized right ventricle.

Gatzoulis et al.11 studied the effect of chronic
right ventricular overload in patients who had
RBBB after repair of tetralogy of Fallot. They
found that in 21 of 41 patients with restrictive
right ventricular Doppler physiology, the QRS
duration averaged 129.3 ms, whereas in the
remaining patients without restrictive physiol-
ogy, the QRS duration averaged 157.5 ms. The
increase in QRS duration developed with chronic
right ventricular volume overload. This study
suggests that the QRS duration in the presence
of RBBB is affected by the degree of right ven-
tricular distension.
RBBB IN THE GENERAL POPULATION
Many subjects with RBBB have no evidence of
underlying heart disease. Such isolated RBBB
occurs more commonly than does isolated left
bundle branch block (LBBB). In a study of more
than 122,000 apparently normal male Air Force
personnel and applicants between the ages of
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16 and 55 years, Hiss and Lamb found an inci-
dence of RBBB of 1.8 per 1000.12 The incidence
increased with age. Below age 30 the incidence
was 1.3 per 1000, and between ages 30 and 44
it ranged from 2.0 to 2.9 per 1000.12

In another report from the same institution,
394 subjects who had RBBB were 17 to 58 years
old (mean, 36 years).13 Fewer than 30 subjects
in this group had evidence of coronary, hyper-
tensive, or other organic heart disease. Of the
394 subjects, 372 were followed for an average
of 10.8 years. During the follow-up, coronary
heart disease or hypertension each developed in
an additional 21 subjects (6 percent). Fourteen
patients (4 percent) died, but in only three was
the cause of death cardiac in origin.

The absence of an adverse prognosis has been
confirmed in other groups of otherwise healthy
young subjects with RBBB, some of whom were
studied by cardiac catheterization and coronary
angiography.14,15 Moreover, many asymptomatic
subjects with a change from a normal pattern
to an RBBB pattern had no evidence of heart dis-
ease.15 The cause of RBBB in these otherwise
healthy individuals remains uncertain. The long,
slender structure of the bundle makes it vulnera-
ble to processes associated with aging. Eriksson
and associates16 prospectively studied 885 men
who were 50 years old in 1963 and found that
the prevalence of bundle branch block increased
from 1 percent at age 50 to 17 percent at age 80.
RBBB occurred nearly twice as often as LBBB
(12.9 percent vs. 6.5 percent). These findings
support the hypothesis that bundle branch block
is a marker of slowly progressing degenerative
myocardial disease.16
Figure 5–9 ECG of a 72-year-old man with a myocardial inf
Coronary angiography showed total occlusion of left anterior de
circumflex artery, and total occlusion of the proximal right coron
RBBB AND ACUTE MYOCARDIAL
INFARCTION
The RBBB pattern occurs in 3 to 29 percent of
patients with acute myocardial infarction17

(Figures 5–9 to 5–11). It is often accompanied
by left anterior fascicular block.18 The important
lesion is usually in the left anterior descending
coronary artery.19 A mortality rate of 36 to 61
percent has been reported in these patients.
Hindman and associates reported an in-hospital
mortality of 24 percent and a total 1-year mortal-
ity of 48 percent in patients with acute myocar-
dial infarction and RBBB.20 The time of onset
of the RBBB in relation to infarction was uncer-
tain in many cases. Several studies have shown
that the mortality rate was higher in patients
with new-onset RBBB than in those with an old
RBBB. This is in contrast to the findings in
patients with acute anterior myocardial infarc-
tion and LBBB, for whom the mortality rate with
an old LBBB was higher than in those with
recent-onset bundle branch block.19

During the thrombolytic era the overall mean-
ing of RBBB in association with acute myocardial
infarction has not changed, although a higher rate
of new and transient RBBB and a lower rate of
bifascicular block may reflect a beneficial effect
of thrombolytic therapy.21 Investigators analyzing
the data of 297,832 patients from the National
Registry of Myocardial Infarction22 reported a
6.2 percent prevalence of RBBB in association
with acute myocardial infarction. Compared with
patients with myocardial infarction without RBBB
andwithout STsegment elevation, RBBBwas asso-
ciated with a 69 percent increase in the risk of
arction of the anterior wall and right bundle branch block.
scending artery, 70 percent obstruction of the proximal left
ary artery. Left ventricular ejection fraction was 25 percent.



Figure 5–10 ECG of a 68-year-old man with a documented remote myocardial infarction of the inferior wall, a 1-day-old
myocardial infarction of the anterior wall, and right bundle branch block.

Figure 5–11 ECG of a 70-year-old man with a documented myocardial infarction of the inferior and posterior walls and
right bundle branch block. Cardiac catheterization revealed severe obstructive three-vessel coronary artery disease, hypokin-
esis of the inferior wall, and an estimated left ventricular ejection fraction of 40 percent.
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in-hospital death after adjustment for potential
confounders.22 In the study of Moreno et al.,21

74 of 681 consecutive patients with acute myocar-
dial infarction undergoing thrombolytic therapy
had RBBB. These patients tended to be older and
to have a large myocardial infarction. In 46 per-
cent of patients in whom the onset of RBBB was
recent, 84 percent of the RBBBs resolved within
12 hours after admission. Patients with new-
onset, irreversible RBBB had a poor prognosis
with 73 percent mortality at the 1-year follow-up.
RBBB ASSOCIATED WITH OTHER
HEART DISEASE
The RBBB may be caused by a variety of patho-
logic processes such as hypertension, coronary
artery disease, rheumatic heart disease, acute
and chronic cor pulmonale, myocarditis includ-
ing Chagas disease, cardiomyopathies, sclerosis
of the cardiac skeleton, and degenerative disease
of the conducting system. Transient RBBB may
result from trauma inflicted during right-sided
cardiac catheterization. It has also been reported
after nonpenetrating steering wheel injuries
to the chest.23,24 The frequent occurrence of
RBBB after cardiac transplantation is discussed
in Chapter 12.

The RBBB is reported to be the most common
perioperative conduction defect after coronary
artery bypass surgery.25 Among 913 patients with
perioperative ventricular conduction abnormal-
ities reported by Chu and associates,25 156 (17
percent) had transient changes and 126 (14 per-
cent) had persistent changes. Complete RBBB
was found in 93 (60 percent) of the patients with
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transient changes and in 36 (29 percent) of those
with persistent changes. Left anterior fascicular
block was the next most common conduction
defect, followed by incomplete RBBB. Chu et al.25

found that development of new perioperative ven-
tricular conduction abnormalities did not decrease
the survival rate in patients followed for up to 3
years after operation. Not unexpectedly, RBBB
developed in 62 percent of patients after translum-
inal septal myocardial ablation in patients with
obstructive hypertrophic cardiomyopathy.26

The most common cause of RBBB in children
is open heart surgery to correct tetralogy of
Fallot or a ventricular septal defect. In survivors
of tetralogy of Fallot repair, RBBB with a long
QRS duration was a predictor of malignant ven-
tricular arrhythmias and sudden cardiac death.11

The RBBB ECG pattern is prevalent in
patients with atrial septal defect, coarctation of
the aorta, and Ebstein’s anomaly (see Chapter
12). RBBB occurs frequently in patients with
arrhythmogenic right ventricular dysplasia and
in some of their family members.27 A character-
istic distortion of the terminal portion of the
QRS complex known as the epsilon wave
may be seen in these patients.28,29 The pattern
of RBBB with ST elevation and occurrence of
sudden cardiac death is known as Brugada
syndrome (see Chapter 7). Hereditary bundle
branch defect is an autosomal dominant trait
with variable expression, and its prevalence is
associated with a risk of progression to complete
atrioventricular block.30

In patients with bundle branch reentrant
tachycardia, ablation of the right bundle branch
produces the RBBB pattern and prolongation of
the HV interval. In 15 patients who had an LBBB
pattern before ablation, the QRS duration
increased after ablation from 138 � 26 ms to
168 � 13 ms, and the HV interval increased by
24 � 16 ms. HV interval prolongation was not
necessarily associated with QRS widening. The
widened QRS complex seen with His-Purkinje
damage was attributed to reduced synchroniza-
tion of endocardial activation.31

An underappreciated cause of conduction
delay in the right ventricle, resulting in an
RBBB-like pattern, is right ventricular ischemia
and infarction. Kataoka et al.32 examined the
ECGs of 31 patients with acute right ventricular
or inferior infarction caused by severe proximal
narrowing of the right coronary artery. Of six
patients with acute right ventricular infarction
and ST segment elevation in the right precordial
lead, typical RBBB occurred in one; in three
patients, terminal R0 developed following return
of the STsegment to baseline. In an accompanying
review of the literature, the authors found that
among the 26 patients with ischemia or infarction
of the right ventricle, 11 (42 percent) showed a
pattern of right ventricular conduction delay in
the right ventricle. Surawicz et al.33 reported a
case of transient RBBB with ST segment elevation
during percutaneous transluminal angioplasty of
the proximal right coronary artery.33 In this case
the pattern was attributed to a focal periischemic
block; and the conduction delay represented by
a wide R0 deflection in the right precordial leads
was not evident in the more distant left precordial
leads. Two other examples of this phenomenon
are shown in Figure 5–12.
PROGNOSIS
The prognosis of patients with RBBB depends on
the presence or absence and the type of heart
disease. In the absence of heart disease, the prog-
nosis and the survival time are not much differ-
ent from those of the general population.34,35

In the Framingham Study, Schneider and
associates followed 70 persons who had RBBB
during 18 years of observation.36 Only 15 (21 per-
cent) of these subjects had no clinically apparent
cardiovascular abnormalities. The cardiovascular
mortality among these 70 subjects was almost
three times higher than that in an age-matched
sample of the population at large.

Freedman et al.35 evaluated 272 patients with
chronic coronary artery disease and RBBB
enrolled in the Coronary Artery Surgery Study
(CASS). These patients had more extensive
coronary artery disease and more impaired
left ventricular function than those without a
ventricular conduction defect, but the anatomic
and functional abnormalities were less severe
than those seen in patients with LBBB. In
contrast to patients with LBBB and coronary
artery disease, RBBB is not an independent
predictor of the mortality rate.1 Although the
RBBB can develop during the course of acute
anterior myocardial infarction, in most patients
with coronary artery disease the RBBB is not
caused by a left anterior descending coronary
artery lesion.1
VENTRICULAR HYPERTROPHY
IN THE PRESENCE OF RBBB
Unpublished studies of Chou1 showed that the
development of RBBB is associated with reduced
amplitude of the R wave in the left precordial
leads. Because the amplitude of the S wave in
the right precordial leads also is frequently



Figure 5–12 Two examples of “focal” right
bundle branch block with a QRS duration that
is longer in leads V1 and V2 than in lead V5

(and other “remote” leads, which are not
shown).
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reduced, the presence of RBBB lowers the sensi-
tivity and increases the specificity of the voltage
criteria for the diagnosis of left ventricular
hypertrophy. Booth et al. found that only 1 of
37 autopsied cases with a hypertrophied left ven-
tricle and ECG pattern of complete or incom-
plete RBBB met the usual criteria for left
ventricular hypertrophy.37 Mehta et al.38 found
that the ECG pattern of a left atrial abnormality
is an independent predictor of left ventricular
mass and hypertrophy in the presence of RBBB.

The ability to diagnose right ventricular hyper-
trophy in the presence of RBBB also suffers from
the lack of reliable criteria, even though in some
clinical situations the mere presence of RBBB
is suggestive of right ventricular hypertrophy
(see Chapter 3). Barker and Valencia39 considered
right ventricular hypertrophy to be present if R0
was > 1.5 mV in complete RBBB and > 1.0 mV
in incomplete RBBB. Booth et al.37 found that
in seven patients with anatomic combined ventric-
ular hypertrophy these criteria were not met,
whereas two of three patients who met the
criterion for complete RBBB had anatomic right
ventricular hypertrophy.

In patients with transient RBBB, or when the
ECGs before and after the development of the
conduction defect are available, an R0 > 1.5 mV
may be observed during the block even though
the control tracing shows no evidence of right
ventricular hypertrophy.40–42 Therefore it is
generally agreed that the amplitude of R0 in lead
V1 is not a reliable sign of right ventricular hyper-
trophy with complete RBBB. Studies of Chou
and co-workers43 in patients who developed
RBBB after surgical correction of tetralogy of
Fallot showed that abnormal right axis deviation
of the initial unblocked QRS portion persisted
after development of the conduction disturbance.
This suggested that the pattern of abnormal right
axis deviation (in the absence of left posterior
fascicular block) may be considered a sign of right
ventricular hypertrophy.

With incomplete RBBB, Milnor44 suggested
the following two criteria for diagnosis of right
ventricular hypertrophy: (1) a rightward mean
frontal plane QRS axis of þ110 to þ270 degrees
or (2) an R/S or R0/S ratio in lead V1 of > 1,
provided the R or R0 amplitude in V1 is
> 0.5 mV. In the study of Booth et al.,37 the spec-
ificity of the Barker and Valencia39 or the
Milnor44 criteria was about 60 percent. Carouso
and associates45 found that an R0 > 1.0 mV was
present in lead V1 in only 3 of 24 cases of
autopsy-confirmed right ventricular hypertro-
phy. Therefore the sensitivity of these criteria is
low, and the incidence of false-positive diagnoses
is fairly high.
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Incomplete Right Bundle Branch
Block

The WHO/ISFC Task Force2 criteria for incom-
plete RBBB are the same as for complete RBBB,
except that the QRS duration is <120 ms. When
the QRS duration is �100 ms, the incomplete
RBBB pattern is difficult to distinguish from that
of a normal variant.

Liao and associates46 followed 1960 Cauca-
sian men with incomplete RBBB to evaluate their
clinical course and prognosis. The men with
incomplete RBBB were found to be at more risk
of developing left axis deviation and complete
RBBB. The likelihood of developing a complete
RBBB in 11 years for men with incomplete RBBB
was 5.1 percent compared with 0.7 percent of
those without such a pattern. There was no
demonstrable increase in cardiac deaths within
20 years among subjects with incomplete RBBB.
The authors suggested that incomplete RBBB fre-
quently represents a primary conduction system
abnormality in middle-aged men.
INCOMPLETE RBBB AND rSr0 PATTERN
IN RIGHT PRECORDIAL LEADS:
CLINICAL SIGNIFICANCE
The presence of incomplete RBBB is usually sug-
gested by the morphology of the ventricular
complex in the right precordial leads, even
though a wide terminal deflection in other leads
is equally diagnostic. The characteristic pattern
in lead V1 is rSr0 with an inverted T wave and a
QRS duration of <0.12 second. In most subjects
exhibiting this pattern, the right bundle branch
does not appear to be involved in any pathologic
processes (Figure 5–13). When the QRS
Figure 5–13 Note the rSR0 pattern in lead V1 (incomplete rig
duration is normal, the rSr0 pattern in the right
precordial leads is most often normal, where
the r0 deflection represents normal terminal
depolarization of the crista supraventricularis,
proximal septum, and base of the heart. One
of the reasons that some normal subjects exhibit
this pattern and others do not may depend on
the position of the heart relative to the sites of
the exploring electrodes. Normal QRS duration
is often seen in patients with chronic lung
disease (Figure 5–14). The incidence of the rSr0
pattern increases as the precordial electrode is
moved to the right. Andersen et al.47 found this
pattern in 4 percent of normal persons in lead
V3R and in 6 percent in lead V4R. A higher inci-
dence of the rSr0 pattern can be expected if
one explores the regions superior to the routine
location of the right precordial leads V1 and V2.
Indeed, exploration of the upper chest and
the subclavicular area may disclose a prevalence
of the rSr0 pattern similar to that seen in lead
aVR, in which this pattern is considered normal.
It follows that the differential diagnosis between
an incomplete RBBB caused by a pathologic pro-
cess and a normal variant rests more on clinical
association and other ECG abnormalities (e.g.,
abnormal P waves, QRS amplitude, primary Twave
abnormalities) than on the morphologic charac-
teristics of the pattern. The likelihood of an
abnormality increases with increased QRS dura-
tion. In addition, Tapia and Proudfit48 suggested
the following criteria for normality:

1. Amplitude of initial R <0.8 mV
2. Amplitude of r0 <0.6 mV
3. R/S ratio of <1.0
Nearly all the normal subjects in their study

met these criteria. Approximately 80 percent of
patients with congenital heart disease and 46
percent of patients with acquired heart disease
had values exceeding these limits.
ht bundle branch block) in a healthy 23-year-old man.



Figure 5–14 Incomplete right bundle branch block with a narrow QRS (72 ms) in a 47-year-old man with severe chronic
obstructive lung disease and cor pulmonale.
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The pathological incomplete RBBB is attribu-
ted to slowed conduction or delayed activation
of the right ventricular conduction system or
ventricular myocardium. The pattern appears
transiently or permanently in some of the fol-
lowing clinical situations:

1. During atrial fibrillation, atrial flutter,
supraventricular tachycardia, or in atrial
premature complexes, incomplete (and
complete) RBBB is the most common pat-
tern of aberrant intraventricular conduc-
tion because the right bundle branch is
the site of the longest action potential
and the longest refractory period in the
normal conducting system (see Chapter
17).

2. In the presence of massive pulmonary
embolism or other forms of acute cor pul-
monale, the transient appearance of
incomplete RBBB is probably caused by
acute distension of the right ventricle
and a conduction delay in the stretched
myocardium or the peripheral conduct-
ing system.

3. In patients with acute anteroseptal myo-
cardial infarction, the appearance of RBBB
(usually complete) is attributed to the
ischemia caused by the coronary obstruc-
tion proximal to the septal branches sup-
plying the conduction system.

4. In patients with acute inferior myocardial
infarction involving the right ventricle,
the appearance of incomplete RBBB (usu-
ally transient) is probably caused by slow
conduction in the ischemic right ventric-
ular myocardium (periischemic block).
5. In patients with right ventricular hyper-
trophy (e.g., in the presence of cor pul-
monale, mitral stenosis, and various
types of congenital heart disease), the
pattern of complete or incomplete RBBB
is likely caused by slow conduction in
the hypertrophied or dilated right ventri-
cle. Massing and James49 cited the studies
of Lenegre,4 who found that the right
bundle branch was histologically normal
in 25 (76 percent) of 33 patients with
the incomplete RBBB pattern and that
31 (94 percent) of the subjects had right
ventricular hypertrophy. Moore et al.50

reported that in dogs, incomplete RBBB
was associated with increased focal thick-
ness of the right ventricular free wall,
whereas conduction in the right bundle
branch and the activation time in the
peripheral Purkinje system were normal.

6. The common occurrence of complete or
incomplete RBBB in patients with a dilated
right ventricle caused by an atrial septal
defect, Ebstein’s anomaly, or arrhythmo-
genic right ventricular dysplasia may be
attributed to a conduction delay in the
myocardium or the peripheral conducting
system. A QRS morphology similar to that
of incomplete RBBB also has been noted
during right ventricular ventriculotomy,
suggesting a more distal origin of the con-
duction abnormality.7

7. Lesions interrupting the continuity of
the bundle branch may be expected
to cause RBBB when the conducting sys-
tem becomes damaged by myocarditis,
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myocardial fibrosis, tumor, amyloid, and
other degenerative processes.

8. The RBBB may be caused by congenital
absence or atrophy of the bundle branch.

9. Various degrees of RBBB can be induced
intermittently by applying pressure to
the right septal surface during cardiac
catheterization.51

10. An rSr0 pattern is often recorded in sub-
jects with skeletal abnormalities such as
pectus excavatum and straight back
syndrome. The r0 is usually small.1 The
ECG changes are attributed to a change
in the position of the heart as a result of
the decrease in the anteroposterior diam-
eter of the chest.52–54

11. Complete or incomplete RBBB appears
frequently after coronary artery bypass
surgery and in transplanted hearts. The
former is usually transient, and the latter
is often permanent. The mechanism of
these conduction disturbances is inade-
quately understood.
REFERENCES

1. Chou TC: Electrocardiography in Clinical Practice, 4th
ed. Philadelphia, Saunders, 1996.

2. Willems JL, Robles de Medina EO, Bernard R, et al: Cri-
teria for intraventricular conduction disturbances and
preexcitation. J Am Coll Cardiol 5:112, 1985.

3. Liebman J, Rudy Y, Diaz P, et al: The spectrum of right
bundle branch block as manifested in electrocar-
diographic body surface potential maps. J Electrocardiol
17:329, 1984.

4. Lenegre J: Contribution a l’Etude des Blocs de Branche.
Paris, JB Baillliere, 1958.

5. Lev M, Unger PN, Lesser ME, et al: Pathology of the con-
duction system in acquired heart disease: complete right
bundle branch block. Am Heart J 61:593, 1961.

6. Okoromo EO, Guller B, Maloney JD, et al: Etiology of
right bundle-branch block pattern after surgical closure
of ventricular septal defects. Am Heart J 90:14, 1975.

7. Krongrad E, Heller SE, Bowman FO, et al: Further obser-
vations on the etiology of the right bundle branch block
pattern following right ventriculotomy. Circulation
50:1105, 1974.

8. Horowitz LN, Alexander JA, Edmunds LH: Postoperative
right bundle branch block: identification of three levels
of block. Circulation 62:319, 1980.

9. Laham J: Les Blocs de Branche en Clinique. Paris, Mal-
sone Editeur, 1985.

10. Kastor JA, Goldreyer BM, Josephson ME, et al: Electro-
physiologic characteristics of Ebstein’s anomaly of the
tricuspid valve. Circulation 52:987, 1975.

11. Gatzoulis MA, Till JA, Somerville J, et al: Mechano-elec-
trical interaction in tetralogy of Fallot: QRS prolongation
relates to right ventricular size and predicts malignant
ventricular arrhythmias and sudden death. Circulation
92:231, 1995.

12. Hiss RG, Lamb LE: Electrocardiographic findings in
122,043 individuals. Circulation 25:947, 1962.
13. Rotman M, Triebwasser JH: A clinical and follow-up
study of right and left bundle branch block. Circulation
51:477, 1975.

14. Schaffer AB, Reiser I: Right bundle branch system block
in healthy young people. Am Heart J 62:487, 1961.

15. Smith RF, Jackson DH, Harthorne JW, et al: Acquired
bundle branch block in a healthy population. Am Heart
J 89:746, 1970.

16. Eriksson P, Hansson PO, Eriksson H, et al: Bundle-
branch block in a general male population: the study of
men born 1913. Circulation 98:2494, 1998.

17. Moreno AM, Alberola AG, Tomas JG, et al: Incidence and
prognostic significance of right bundle branch block in
patients with acute myocardial infarction receiving
thrombolytic therapy. Int J Cardiol 61:135, 1997.

18. Nimetz AA, Shubrooks SJ, Hutter AM, et al: The signifi-
cance of bundle branch block during acute myocardial
infarction. Am Heart J 90:439, 1975.

19. Simons GR, Sgarbossa W, Wagner G, et al: Atrioventricu-
lar and intraventricular conduction disorders in acute
myocardial infarction: a reappraisal in the thrombolytic
era. PACE 21:2651, 1998.

20. Hindman MC, Wagner GS, Jaro M, et al: The clinical sig-
nificance of bundle branch block complicating acute
myocardial infarction. I. Clinical characteristics, hospital
mortality, and one-year follow-up. Circulation 58:679,
1978.

21. Moreno AM, Tomas JG, Alberola AG, et al: Incidence,
clinical characteristics, and prognostic significance of
right bundle-branch block in acute myocardial infarc-
tion: a study in the thrombolytic era. Circulation
96:1139, 1997.

22. Go AS, Barron HV, Rundle AC, et al: Bundle-branch
block and in-hospital mortality in acute myocardial
infarction. Ann Intern Med 129:690, 1998.

23. Jackson DH: Transient post-traumatic right bundle
branch block. Am J Cardiol 23:877, 1969.

24. Kumpuris AG, Casale TB, Mokotoff DM, et al: Right
bundle branch block: occurrence following nonpenetrat-
ing chest trauma without evidence of cardiac contusion.
JAMA 242:172, 1979.

25. Chu A, Califf RM, Pryor DB, et al: Prognostic effect of
bundle branch block related to coronary artery bypass
grafting. Am J Cardiol 59:798, 1987.

26. Quin JX, Shiota T, Lever HM, et al: Conduction system
abnormalities in patients with obstructive hypertrophic
cardiomyopathy following septal reduction interven-
tions. Am J Cardiol 93:171, 2004.

27. Hermida JS, Minassian A, Jarry G, et al: Familial inci-
dence of late ventricular potentials and electrocar-
diographic abnormalities in arrhythmogenic right
ventricular dysplasia. Am J Cardiol 79:1375, 1997.

28. Fontaine G, Guiraudon G, Frank R, et al: Arrhythmo-
genic right ventricular dysplasia: a previously unrecog-
nized syndrome. Circulation 60(Suppl II):65, 1979.

29. Angelini P, Springer A, Sulbaran T, et al: Right ventricular
myopathy with an unusual intraventricular conduction
defect (epsilon potential). Am Heart J 101:680, 1981.

30. Stephan E, de Meeus A, Bouvagnet P, et al: Hereditary
bundle branch defect: right bundle branch blocks of dif-
ferent causes have different morphologic characteristics.
Am Heart J 133:249, 1997.

31. Mehdirad AA, Curtiss E, Tchou P: Interrelations between
QRS morphology, duration, and HV interval changes fol-
lowing right bundle branch radiofrequency catheter
ablation. PACE 21:1180, 1998.

32. Kataoka H, Tamura A, Yano S, et al: Intraventricular con-
duction delay in acute right ventriclar ischemia. Am J
Cardiol 64:94, 1989.



1075 � Right Bundle Branch Block
33. Surawicz B, Orr CM, Hermiller JB, et al: QRS changes
during percutaneous transluminal coronary angioplasty
and their possible mechanisms. J Am Coll Cardiol
30:452, 1997.

34. Fleg JL, Das DN, Lakatta EG: Right bundle branch block:
long-term prognosis in apparently healthy men. J Am
Coll Cardiol 1:887, 1983.

35. Freedman RA, Alderman EL, Sheffield LT, et al: Bundle
branch block in patients with chronic coronary artery
disease: angiographic correlates and prognostic signifi-
cance. J Am Coll Cardiol 10:73, 1987.

36. Schneider JF, Thomas HE, Kreger BE, et al: Newly
acquired right bundle branch block: the Framingham
study. Ann Intern Med 92:37, 1980.

37. Booth RW, Chou TC, Scott RC: Electrocardiographic
diagnosis of ventricular hypertrophy in the presence of
right bundle branch block. Circulation 18:169, 1958.

38. Mehta A, Jain AC, Morise AP, et al: Left atrial abnormal-
ity by electrocardiogram predicts left ventricular hyper-
trophy by echocardiography in the presence of right
bundle-branch block. Clin Cardiol 21:109, 1998.

39. Barker JM, Valencia F: The precordial electrocardiogram
in incomplete right bundle branch block. Am Heart J
38:376, 1949.

40. Dodge HT, Grant RP: Mechanisms of QRS prolongation
in man: right ventricular conduction defects. Am J Med
21:534, 1956.

41. Scherlis L, Lee YC: Transient right bundle branch block:
an electrocardiographic and vectorcardiographic study.
Am J Cardiol 11:173, 1963.

42. Scott RC: The correlation between electrocardiographic
patterns of ventricular hypertrophy and the anatomic
findings. Circulation 21:256, 1960.

43. Chou TC, Schwartz D, Kaplan S: Vectorcardiographic
diagnosis of right ventricular hypertrophy in the
presence of right bundle branch block. In: Hoffman I,
Hamby RI (eds): Vectorcardiography, 3rd ed. Amsterdam,
North-Holland, 1976, p 21.

44. Milnor WR: The electrocardiogram and vectorcardio-
gram in right ventricular hypertrophy and right bundle
branch block. Circulation 16:348, 1957.

45. Carouso G, Maurice P, Scebat L, et al: L’electrocardio-
gramme de l’hypertrophie ventriculaire droite. Arch
Mal Coeur 44:769, 1951.

46. Liao Y, Emidy LA, Dyer A, et al: Characteristics and
prognosis of incomplete right bundlle branch block. An
epidemiologic study. J Am Coll Cardiol 7:492, 1986.

47. Andersen HR, Nielsen D, Hansen LG: The normal right
chest electrocardiogram. J Electrocardiol 20:27, 1987.

48. Tapia FA, Proudfit WL: Secondary R waves in right pre-
cordial leads in normal persons and in patients with car-
diac disease. Circulation 21:28, 1960.

49. Massing GK, James TN: Conduction and block in the
right bundle branch: real and imagined. Circulation
45:1, 1972.

50. Moore EN, Boineau JP, Patterson DF: Incomplete right
bundle branch block: an electrocardiographic enigma
and possible misnomer. Circulation 44:678, 1971.

51. Penaloza D, Gamboa R, Sime F: Experimental right bun-
dle branch block in the normal human heart: electrocar-
diographic, vectorcardiographic, and hemodynamic
observations. Am J Cardiol 8:767, 1961.

52. De Leon AC, Perloff JK, Twigg H, et al: The straight back
syndrome: clinical cardiovascular manifestations. Circu-
lation 32:193, 1965.

53. De Oliveira JM, Sambhi MO, Zimmerman HA: The elec-
trocardiogram in pectus excavatum. Br Heart J 20:495,
1958.

54. Ellsberg EI: Electrocardiographic changes associated
with pectus excavatum. Ann Intern Med 49:130, 1958.



108
6
 Other Intraventricular
Conduction Disturbances

Fascicular Blocks
Left Anterior Fascicular Block
Left Posterior Fascicular Block
Uncertain Role of Midseptal Fascicles

Bilateral, Bifascicular, and Trifascicular
Bundle Branch Block
Bilateral Bundle Branch Block
RBBB and Left Anterior Fascicular Block
RBBB and Left Posterior Fascicular Block

Trifascicular Block

Intraventricular Conduction
Disturbances Associated with
Myocardial Infarction and
Periinfarction Block

Nonspecific Intraventricular Conduction
Disturbances
Fascicular Blocks

The left bundle branch divides into two fascicles;
one is superior and anterior, and the other is
inferior and posterior. The fascicles branch into
networks of Purkinje fibers. The anterior divi-
sion activates the anterior and lateral walls of
the left ventricle, and the posterior division acti-
vates the inferior and posterior walls.

Normally the left ventricle is activated simul-
taneously through the two divisions of the left
bundle branch. A delay or interruption of the
conduction in one of the divisions results in
asynchronous activation of the left ventricle.

When the conduction is blocked or delayed
in the anterior fascicle, the impulse spreads
inferiorly through the posterior division.1 When
the conduction is blocked or delayed in the pos-
terior fascicle, activation of the inferior and
posterior wall is delayed and dependent on the
impulse arriving from the anterolateral wall of
the left ventricle. The late QRS vectors are
directed inferiorly and rightward.

Rosenbaum et al.2 introduced the term hemi-
blocks for electrocardiographic (ECG) patterns
resulting from slowed or interrupted conduction
at the level of these two fascicles. The distinct
ECG morphologies of the two patterns that
Rosenbaum et al. designated as hemiblocks
explain the wide appeal of the fascicular block
concept. The term hemiblock has not been uni-
versally adopted, however, mainly because the
prefix “hemi-” excludes the possibility that more
than two fascicles of the left bundle branch play
a distinct role in impulse propagation (see later
discussion).TheWorldHealthOrganization (WHO)
and the International Society and Federation for
Cardiology (ISFC) Task Force3 accepted the more
flexible term fascicular block.
LEFT ANTERIOR FASCICULAR BLOCK
Watt et al. established that interruption of the
anterior division of the left bundle branch in
the baboon resulted in a leftward axis shift in
the frontal plane “to a degree sufficient to satisfy
criteria for clinically significant left axis devia-
tion in the human being.”1 The studies of Rosen-
baum et al.2 led to similar conclusions.

A block in the anterior fascicle prolongs the
intraventricular conduction time by an average
of about 20 ms (Figure 6–1). This means that
the QRS duration may be normal or slightly pro-
longed in uncomplicated cases of left anterior
fascicular block. In patients with intermittent
left anterior fascicular block, the reported wid-
ening of the QRS was usually less than 20 ms
when the left anterior fascicular block appeared4

(Figure 6–2). Das5 reported an average increase
of 25 ms in 63 subjects who had an abnormal
left axis deviation of �30 degrees or more. The
degree of prolongation appeared to be in propor-
tion to the degree of axis shift.

Because the initial septal and inferior wall
activation is directed rightward and inferiorly,
an initial q wave is recorded in lead I and an r
wave in the inferior leads. The principal QRS
force is directed to the left, posteriorly and supe-
riorly, and is slightly delayed. Being relatively
unopposed, this force assumes greater promi-
nence. As a result of these changes in excitation
there is: (1) Q in leads I, aVL, or the left precor-
dial leads (or some combination of these leads)



Figure 6–2 Two ECGs of a 50-year-old man are recorded 1 day apart, before and after development of left anterior fas-
cicular block, which causes an increase in the QRS duration from 84 to 98 ms.

Figure 6–1 ECG of a 78-year-old woman with a non-Q wave myocardial infarction. The two ECGs are recorded 1 day
apart: before and after development of a left anterior fascicular block, which causes an increase of QRS duration from 88
to 112 ms. The increased R wave amplitude in lead aVL simulates left ventricular hypertrophy.
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and R in leads III and aVF; (2) prominent R in
leads I and aVL and a deep S in leads III and
aVF. The main QRS axis in the frontal plane is
between �30 and �90 degrees, although Rosen-
baum et al’s original criteria required the QRS
axis to be between �45 and �85 degrees. Two
other criteria of Rosenbaum et al are a QRS
duration of �110 ms and a Q wave of �20 ms
in leads I and aVL.

2 When left anterior fascicular
block developed transiently during coronary
arteriography, the average QRS duration
increased by 13 ms.6 In practice, the Q wave
amplitude is variable and the Q wave may
become temporarily absent without other ECG
changes. In one study the Q wave was absent
in leads I and aVL in 12 of 44 (27 percent)
patients, with the average QRS axis in the frontal
plane within �45 to �80 degrees.7 In some of
the remaining patients the Q wave was present
only in lead I or only in lead aVL.

In 222 newly developed cases of marked left
axis deviationwithout apparent heart disease, Rab-
kin and associates8 found that Q waves remained
absent or unchanged from the previous tracings
in leads I and aVL in most subjects (81 percent).
It appears therefore that the direction of the initial
QRS force may vary sufficiently to account for
variable Q wave expression in different leads.
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The leftward shift of the QRS axis results in
a tall R wave in leads I and aVL, as the major
forces are directed toward the left arm. The large
amplitude of the R wave in lead aVL may cause a
false-positive diagnosis of left ventricular hyper-
trophy (LVH) (see Figure 6–1). For the same
reason, R1 þ S3 may exceed 2.5 mV in the
absence of LVH. In the precordial leads, the tran-
sitional zone may be displaced to the left, with
decreased amplitude of the R waves and
increased amplitude of the S wave in the left pre-
cordial leads (Figure 6–3). These changes are
related to the superior displacement of the QRS
forces. The lead axes of V5 and V6 are directed
not only leftward but also slightly downward.9

The low R amplitude may contribute to an
erroneous diagnosis of an anteroseptal myocar-
dial infarction (see Figure 6–3). Indeed, in
practice the left anterior fascicular block ranks
high among common causes of a “pseudoinfarc-
tion pattern.” A less common but clinically
important finding with a left anterior fascicular
block is the appearance of a small q wave in
the right precordial leads, suggesting an anterior
myocardial infarction. This is attributed to the
change in the orientation of the initial QRS
forces. They are directed inferiorly and may
project on the negative side of the lead axes of
these leads. This explanation is supported by
the fact that q waves are absent when these
precordial leads are recorded one intercostal
space below their routine locations.1,10

The proper limits of axis deviation have been
debated in the literature, contributing to a multi-
tude of recommendations. The WHO/ISCF Task
Force3 accepted an axis of �45 to �90 degrees,
adding that some more liberal definitions of
Figure 6–3 Left anterior fascicular block simulates an anterose
no evidence of structural heart disease.
the left axis deviation (e.g., beginning at �30
degrees) have been accepted. Flowers11 stated
aptly that “there is no discrete point at which left
axis deviation magically becomes left anterior
fascicular block.” The requirement to meet strict
ECG criteria in terms of axis deviation can put
the interpreter of the ECG in an uncomfortable
situation. When one follows serial changes of
the ECG, it is not unusual to observe almost
daily shifts of the average left and superior axis
deviation by as much as 30 degrees in either
direction. Thus when adhering to a strict defini-
tion of left anterior fascicular block, one is
frequently forced to change the ECG interpreta-
tion from left anterior fascicular block to left
axis and vice versa without obvious changes in
the subject’s cardiac status.

With uncomplicated cases of left anterior fas-
cicular block, an rS complex is recorded in the
inferior leads. The S wave in lead III is larger
than that in lead II, as the mean QRS axis is
more parallel to the negative side of the lead III
axis.9 If S2 is greater than S3, the mean QRS axis
is in the right superior quadrant of the frontal
plane, and right axis deviation is present.

The pattern of left anterior fascicular block
with an absent or low-amplitude initial R in
leads II, III, and aVF may be similar to that of
inferior myocardial infarction. Patients with infe-
rior myocardial infarction may show a QS or Qr
deflection in the inferior leads. If the Q wave is
deep, the calculated mean QRS axis may be
superior to �30 degrees. Such a finding, how-
ever, does not represent left anterior fascicular
block, even though the QRS axis is shifted left-
ward, because the initial forces rather than the
terminal forces are displaced superiorly. When
ptal myocardial infarction in a 64-year-old woman who has
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QS complexes are present in the inferior leads,
left anterior fascicular block may coexist with
the infarction. The most important distinction
between the patterns is counterclockwise rota-
tion in the frontal plane with left anterior fascic-
ular block and clockwise rotation with inferior
myocardial infarction. These patterns may be
difficult to differentiate on the scalar ECG.

Warner et al.12 proposed the following cri-
teria for left anterior fascicular block when three
leads are recorded simultaneously: (1) the QRS
complex in leads aVR and aVL each end in an R
wave; and (2) the peak of the terminal R in
aVR occurs later than the peak of the terminal
R in aVL. This means that the terminal QRS
forces are directed superiorly and are inscribed
in a counterclockwise direction.

In the absence of coexisting repolarization
abnormalities, the ST segment and T waves are
not significantly different from those of normal
individuals.

Superior (Left) Axis Deviation
in the Frontal Plane

Figure 6–4 shows that the superior axis in the
frontal plane is associated with several intraven-
tricular conduction disturbances, not all of
which are attributed to the block in the anterior
fascicle of the left bundle branch. For instance,
in most patients with ostium primum–type atrial
septal defects or with complete forms of the
common atrioventricular (AV) canal, the QRS
Figure 6–4 Various ECG patterns associated with superior l
bundle branch block; IVCD ¼ intraventricular conduction distu
axis in the frontal plane is directed superiorly,
as with left anterior fascicular block (Figure 6–4B).
Burchell and associates13 considered the possi-
bility that the pattern was caused by an advanc-
ing excitation front in the posterolateral wall of
the left ventricle occurring at a normal time
without being counterbalanced by the excitation
front in the anterior wall. Durrer et al.14 proved
the validity of this concept during operative
mapping. They found that in patients with par-
tial and complete forms of AV canal, the postero-
basal region of the left ventricle was excited
much earlier (i.e., 28 to 35 ms after the begin-
ning of QRS) than the 70 ms or more in normal
persons. The abrupt shift to the left and in an
upward direction, which takes place approxi-
mately during the 30- to 40-ms interval, occurs
after disappearance of the outward spreading
excitatory forces in the posterobasal wall and is
attributed to unopposed forces in the lateral
and anterior parts of the ventricle. Thus the pat-
tern simulating left anterior fascicular block in
these patients is caused by preexcitation of the
posterobasal region of the left ventricle resulting
from an abnormal anatomic structure of the con-
ducting system. Subsequently, Boineau et al.15

confirmed these findings in a dog with ostium
primum interatrial septal defect. Other congeni-
tal heart lesions associated frequently with supe-
rior axis deviation, possibly as a result of altered
anatomy of the conducting system, are tricuspid
atresia, common ventricle with transposition of
the great vessels, corrected transposition of the
eft axis. See text discussion. Inc RBBB ¼ incomplete right
rbance; LBBB ¼ left bundle branch block.
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great vessels with left-sided apex, and a Wolff-
Parkinson-White (WPW) pattern.16

The S1S2S3 pattern (Figure 6–4F), which
causes a superior axis in the frontal plane, is
usually associated with adults with chronic lung
disease. The mean axis in these patients is often
more than �90 degrees, which means that it is
right superior rather than left superior. Although
right ventricular hypertrophy may be present in
adults and right or left ventricular hypertrophy
in children with this pattern, changes in cardiac
position or excitation sequence are more likely
to explain this pattern than the presence of
hypertrophy. The other causes of superior axis
shown in Figure 6–4 (i.e., periinfarction block,
bifascicular block, hyperkalemia) are discussed
elsewhere.

Left Anterior Fascicular Block in the Absence
of Heart Disease

The abnormal left axis deviation is one of the
most common abnormal ECG findings. Among
67,375 Air Force men without symptoms, Hiss
and associates found a frontal plane QRS axis
of �30 to �90 degrees in 128 (1.9 percent).17

In the Tecumseh study of 4678 persons older
than 20 years, abnormal left axis deviation was
found in 248 (5 percent).18 It was more preva-
lent in men than in women, and the frequency
increased with age for both genders. Figure 6–5
shows left anterior fascicular block in a 102-
year-old woman who also had two other com-
mon age-related abnormalities (i.e., right bundle
branch block and atrial fibrillation). Approxi-
mately 59 percent of the individuals with left
Figure 6–5 ECG of a 102-year-old woman shows three comm
block, right bundle branch block, and atrial fibrillation.
axis deviation had other findings suggestive of
heart disease. The remainder had no other evi-
dence of cardiac abno rmalities. 18

Eliot and associates19 examined 195 appar-
ently healthy men with a mean age of 41 years
who had marked left axis deviation but no other
ECG abnormality. During the initial investiga-
tion and the follow-up period of up to 22
months, 113 (58 percent) subjects were found
to have cardiovascular disease or subclinical dia-
betes mellitus.

Among the 363 male insurance applicants age
30 and older with left anterior fascicular block
examined by Corne et al.,20 194 (53 percent)
had no cardiovascular abnormalities. There was
no significant difference in the occurrence of
heart disease between the group of subjects with
a QRS axis of �31 to �59 degrees and the group
with an axis of �60 to �90 degrees.

Left Anterior Fascicular Block in Patients
with Coronary Artery Disease
and Hypertension

Coronary and hypertensive heart diseases are the
most common causes of abnormal left axis devi-
ation. With acute myocardial infarction, isolated
left anterior fascicular block occurs in about
4 percent of patients.21–23 Another 5 percent
of patients have left anterior fascicular block
associated with right bundle branch block
(RBBB).21,23 The infarction, usually anteroseptal
or anterolateral, is caused by left anterior
descending coronary artery occlusion. Left
anterior fascicular block can also occur in
patients with inferior myocardial infarction.24
on manifestations of the aging heart: left anterior fascicular
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One explanation is that the His bundle receives
a dual blood supply from the septal branch of
the left anterior descending coronary artery and
atrioventral (AV) nodal artery. If there is longitu-
dinal dissociation of conduction in the His bun-
dle, ischemia of the His bundle caused by the
absent AV nodal artery supply may affect only
the part of the His bundle containing the fibers
of the left anterior fascicle.24 In patients with
suspected coronary artery disease who were
referred for stress testing, isolated left anterior
fascicular block was associated with myocardial
ischemia and an increased cardiac death during
follow-up.25

Other Causes of Left Anterior
Fascicular Block

Left anterior fascicular block can be caused by all
types of left-sided heart disease, but there is no
direct relationship between left axis deviation
and LVH.26 In the absence of manifest heart dis-
ease and in association with aging, left anterior
fascicular block is attributed to degenerative dis-
ease of the conducting system,27 sclerosis of the
left side of the cardiac skeleton,28 or myocardial
fibrosis.26,29 Demoulin et al.30 found that subjects
with left anterior fascicular block had more fibro-
sis in the ramifications of the left bundle branch
divisions, but the lesions were not confined to
the anterior division and in half the cases were
not predominant in the regions of anterior rami-
fications. This is consistent with earlier fin-
dings showing that the ECG pattern occurred in
patients with various lesions and no consistent
involvement of specific regions in the ventricular
myocardium or the conducting system.31
Figure 6–6 ECG of a 24-year-old woma
Castellanos et al.32 observed cases in which
catheter insertion into the right ventricle pro-
duced a transient mechanical RBBB that was
associated in two cases with left anterior fascicu-
lar block and in two cases with left posterior fas-
cicular block. Because the left ventricle was not
mechanically disturbed, these observations sug-
gest that left fascicular blocks can be caused by
lesions involving the His bundle. This probably
implies the existence of longitudinal dissociation
in the His bundle.32

In patients with congenital heart disease,
abnormal left axis deviation is most commonly
seen in patients with endocardial cushion
defects, which include atrial septal defect of the
primum type, AV canal, and a common atrium
(Figure 6–6). Left axis deviation occurs in about
4 percent of those with an isolated ventricular
septal defect.9 In patients with cyanotic heart
disease, left axis deviation is seen typically in
those with tricuspid atresia and often in patients
with a single ventricle.16 Isolated congenital left
axis deviation without evidence of heart disease
also has been reported.33

LVH in the Presence of Left Anterior
Fascicular Block

As mentioned earlier, left anterior fascicular block
can cause a false-positive diagnosis of LVH based
on voltage criteria without associated secondary
ST segment and T wave changes. Based on an
echocardiographic study, Gertsch et al.34 pro-
posed that LVH is present if the amplitude of
the S wave in lead II plus that of the largest
QRS complex in the precordial leads is �3.0 mV.
In their study of 50 patients with left anterior
n with an endocardial cushion defect.
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fascicular block (26 with and 24 without LVH), the
specificity of the proposed criterion was 87 percent
and the sensitivity was 96 percent.
LEFT POSTERIOR FASCICULAR BLOCK
Division of the left posterior fascicle in dogs and
baboons produced a modest axis shift, a slight
increase in QRS duration, and slight changes in
QRS morphology. The axis shift was greater in
primates than in dogs, but the ECG, although
suggestive of inferior myocardial infarction (Q
wave in lead III), was not clearly abnormal.35

In humans, a block in the posterior fascicle
causes the excitation wave to first travel through
the region of the anterior fascicle and then
spread out inferiorly. The QRS prolongation is
usually 20 ms or less.1 The QRS interval there-
fore may remain within normal limits, although
an uncomplicated left posterior fascicular block
with a duration of 120 ms has been reported.6

In the ECG, depolarization forces are directed
opposite to those in the left anterior fascicular
block. The initial 10- to 20-ms deflection is
directed superiorly and to the left, and the
subsequent main QRS force is directed inferiorly,
to the right and posteriorly. This causes an rS
pattern in leads I and aVL and a qR pattern in
leads III and aVF. The relatively deep S wave
in lead I is a consistent finding, as the terminal
QRS forces are invariably directed rightward.

The WHO/ISFC Task Force3 criteria include a
QRS axis in the frontal plane from þ90 to �180
degrees and a QRS duration of less than 120 ms.
A Q wave should always be present in lead III; it
may be small or absent in leads II and aVF. In
the precordial leads the transition zone is often
displaced to the left, resulting in an RS complex
in the left precordial leads.36 The smaller R wave
and deeper S wave in the left precordial leads
resemble those seen with right ventricular hyper-
trophy (RVH). If Q waves are present in the left
precordial leads before the block develops, they
may disappear when the fascicular block causes
a leftward shift of the initial QRS forces.9

Abnormal Right Axis Deviation

Rosenbaum and co-workers2 suggested a QRS
axis > þ120 degrees as a criterion for the diagno-
sis of left posterior fascicular block, but they
stated that the diagnosis may be considered with
an axis of þ90 or even þ70 degrees. They indi-
cated that the latter probably represents an
incomplete form of left posterior fascicular block.

It is important to exclude other causes of
abnormal right axis deviation before diagnosing
left posterior fascicular block. RVH, pulmonary
emphysema, a vertical heart, and extensive lat-
eral wall myocardial infarction also may be
accompanied by abnormal right axis deviation.

With RVH, a tall R wave or an rSR0 pattern
may be present with a negative T wave in the
right precordial leads. Such a finding is uncom-
mon with left posterior fascicular block unless
posterior wall infarction or RBBB coexists.

The ECG pattern of chronic lung disease can
usually be recognized by the presence of typical
P waves, low QRS amplitude in the limb leads,
and deep S waves in the left precordial leads.

With lateral wall myocardial infarction, a QS
pattern rather than rS is recorded in leads I and
aVL. Moreover, the Twaves in these leads are usu-
ally inverted, which is uncommon with uncom-
plicated left posterior fascicular block. The
coexistence of lateral wall myocardial infarction
and left posterior fascicular block has been
reported.9 In many instances, differentiation of
left posterior fascicular block from the other enti-
ties cannot be accomplished by the ECG alone;
supplementary clinical data are needed. The
probability of left posterior fascicular block as
the cause of an abnormal right axis deviation
increases in a patient with left ventricular disease
and no evidence of right-sided heart involvement.

The pattern of left posterior fascicular block is
seldom recognized as an isolated finding in the
absence of RBBB. Rosenbaum and co-workers2

attributed the low incidence of the isolated left
posterior fascicular block to the following charac-
teristics of the left posterior division of the left
bundle branch: (1) it is short and thick; (2) it
has a dual blood supply from the anterior and pos-
terior descending coronary arteries; (3) it is
situated within the less turbulent left ventricular
inflow tract; and (4) it is the first group of fibers
to branch off the bundle of His.

The specificity of the left posterior fascicular
block pattern as a marker of localized conduc-
tion disturbance increases when it appears dur-
ing acute myocardial ischemia37 or acute
myocardial infarction.38 The incidence of left
posterior fascicular block in acute myocardial
infarction is the lowest of all intraventricular
conduction defects, varying from 0.2 to 0.4 per-
cent.38–40 Transient left posterior fascicular
block has been observed during coronary arteri-
ography when the contrast material was injected
into the right coronary artery.6

Histopathologic studies of Demoulin and
Kulbertus41 in 13 cases (9 in association with
RBBB) showed major alterations of the left-sided
conduction system that consistently were maxi-
mal at the level of the posterior portion of the
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left bundle branc h. The changes were less widely
spread but more pronounced and more proxi-
mately located t han in subjects with left anterior
fasci cular block. Rizzon et al. 38 de scribed the
histolo gic chang es af fecting the myocardium
and the conducti ng system in eight case s of left
poster ior fascicul ar block. The myocardial
infarction was both anteri or and posterio r, and
it involv ed the septum in all cases. The relative
rari ty of th e pattern and th e locati on and exte nt
of th e infarction , associated with a left poster ior
divis ional block pattern, su ggested th at the dam-
age invol ved not onl y the poster ior but also the
midse ptal divis ion of th e left bun dle branc h
(see later discus sion).
UNC ERTAIN ROLE OF MID SEPTAL
FAS CICLES
That the left bund le branc h is anato mically subdi-
vided into two fasci cles has not bee n universally
acce pted. Se veral investigato rs, begin ning
with Tawa ra 42 and includ ing Demoul in and
Kulbe rtus, 41 Ma ssey and James, 43 and more
recently Nakaya and Hirag a,44 describe d the
branc hing por tion of the left bun dle branch as a
diffus e, fanlike netw ork broadl y distribute d over
the septal surface. Conse quently, it has bee n sus-
pected that th e netw ork of midsept al fibers ema-
nating from th e left bund le branch participate s
jointl y with the anteri or and po sterior fasci cles
in the genesis of the QR S complex . 45
Figure 6–7 Mechanism of anterior displacement of the QRS lo
of activation of the apical area is directed anteriorly, to the left, an
from the anterior and posterior divisions to the area activated by t
vector is displaced to the left and anteriorly. V1 and V6 show a re
precordial leads. I ¼ inferior; L ¼ left; LBB ¼ left bundle branch
subdivision block, of the left bundle branch block. Jpn Circ J 45:
Figure 6–744 shows that by blocking the septal
fibers, activation from the anterior and posterior
fascicles arrives at the site previously activated
by the midseptal division. This is expected to
shift the QRS forces anteriorly, resulting in
increased R amplitudes in leads V1, V2, and V3.

Hoffma n et al. 46 suggested that the anterior
condu ction delay is respo nsible for the pattern
sim ulating posterio r myoca rdial infarction (see
Ch apter 8) in patien ts in whom the presenc e
of poster ior infarction is difficult to explai n
bec ause the coronary artery disea se is limit ed
to the left anterior descendi ng coronary artery.
The presence of a media n septal (centroseptal)
fa scicular block is an attrac tive explanati on for
such an ECG pa ttern. 44 Possib le examp les are
in Figures 5–6B, 6–5 , and 6–12 after Q wave s
and little chang e in frontal plane QRS axis. 48

Simi larly, a delay in the middle fa scicle may
expl ain a certain type of ventric ular abe rration
pa ttern with atrial premature compl exes. This
pa ttern consists of a prominent anteri or preco r-
dial force with out QRS prol ongation and without
inco mplete RBBB. 47 It is also marked by absence
of Q waves and left axis deviati on.48

It can be concluded that even if the ECG pat -
tern of the m idseptal divis ional block remains
unproven, the conc ept of an anteri or conduction
de lay presents an attractive expl anation for the
tall R waves in t he right precordial lea ds in the
abs ence of RVH, RBBB, preex citation, and poste-
rior myocardial infarction.
op during interruption of the midseptal fibers. Cardiac vector
d inferiorly. After block of the septal fibers, activation comes
he midseptal fibers before interruption. Accordingly, the QRS
latively tall R wave, but a deep S wave is not seen in the left
; R ¼ right. (From Nakaya Y, Hiraga T: Reassessment of the
503, 1981, by permission of the authors and publisher.)
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Bilateral, Bifascicular, and
Trifascicular Bundle Branch Block
BILATERAL BUNDLE BRANCH BLOCK
Strauss and Langendorf 49 analyzed the ECGs of
a patient with Adam-Stokes disease, a variable
degree of AV block, and varying combinations
of right and left bundle branch blocks. They
assumed that alternation was caused by a “par-
tial block in the two main bundle branch sys-
tems with a shorter relative refractory phase of
the bundle branch which has the longer absolute
refractory period.”

In 1954, Richman andWolff 50 described a pat-
tern of left bundle branch block (LBBB) in the
limb leads and RBBB in the precordial leads and
called it “left bundle branch block masquerading
as right bundle branch block” (Figure 6–8). It is
possible that the midseptal pathway block plays
a role in such cases (see previous discussion).

Lepeschkin51 categorized various combina-
tions of first-, second-, and third-degree bilateral
bundle branch block. In addition to the com-
plete right and left bundle branch block vari-
eties, he discussed other patterns, such as: (1)
first-degree block in one branch and second-
degree block in the other, causing alternation
of right and left bundle branch block, one of
which was constantly associated with a short
PR interval; (2) first-degree block in one branch
with a third-degree block in the other branch,
resulting in a complete right bundle branch
block with a prolonged PR, similar to the effect
of an unequal bilateral first-degree block; and
(3) several varieties of bilateral second-degree
Figure 6–8 ECG of an 83-year-old man with first-degree atrio
simulating left bundle branch block in the limb leads because o
block, exemplified by: (a) equal and asynchro-
nous bilateral second-degree block manifested
by alternation of right and left bundle branch
block without alternation of PR intervals; (b)
unequal synchronous bilateral second-degree
block resulting in 2:1 AV block with bundle
branch block in the conducted impulse; and
(c) unequal and asynchronous bilateral second-
degree block, a complicated pattern resulting in
regularly recurring changes in the PR interval,
changes in QRS morphology, occasional blocked
QRS complexes, and QRS complexes of nearly
normal configuration. Figure 6–9 illustrates a
bilateral bundle branch block of similar com-
plexity. Lepeschkin also discussed the possibility
that all such patterns may be complicated by
variable delays in “part of the left branch.”

Intracardiac electrocardiography confirmed
the existence of latent bilateral bundle branch
blocks. Dhingra et al.52 studied patients with
chronic bifascicular block and found that in 21
patients (4 percent), atrial pacing induced addi-
tional block distal to the His bundle. In about 25
percent of these patients, the response was “func-
tional”; in the others, conduction failed intermit-
tently through the functioning fascicle (i.e.,
a bifascicular block “unmasked” by pacing). More
recently, Dhala et al.53 studied 14 patients after
inadvertent or deliberate ablation of the right
bundle branch (treatment for bundle branch reen-
trant tachycardia). They found that this proce-
dure unmasked some delay in the left bundle
branch as manifested by an axis shift to the right
or to the left that was attributed to latent anterior
or posterior fascicular block, respectively.

The study of Ohkawa et al.54 showed that in 7
of 10 patients with complete AV block, severe
ventricular block, right bundle branch block, and a pattern
f an absent S wave in lead I (masquerading pattern).



Figure 6–9 Continuous strip of
lead II in a patient with high-degree
atrioventricular (AV) block. Note
the normal conduction (last QRS
complex in the lower strip), right
bundle branch block (first QRS
complex in the upper strip and first
and second QRS complex in the
lower strip), left bundle branch
block (second QRS complex in the
upper strip, second and third in
the middle strip, and third in the
lower strip), and AV junctional
escape (third QRS complex in the
middle). Dots mark the P waves.
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fibrosis affected both bundle branches. When
the conduction in both bundle branches is inter-
rupted, the resulting complete AV block is indis-
tinguishable from a trifascicular block (see later
discussion).
RBBB AND LEFT ANTERIOR
FASCICULAR BLOCK
The RBBB with a left anterior fascicular block is
the most common type of bilateral (and bifascicu-
lar) bundle branch block. The pattern fulfills the
criteria for both entities. When impulse propaga-
tion is interrupted or delayed in the right bundle
branch and the anterior division of the left bundle
branch, ventricular activation begins in the region
supplied by the left posterior division. The right
Figure 6–10 ECG of a 76-year-old woman with 2:1 and 3:2
anterior fascicular block. The patient had moderately severe calc
ular ejection fraction of 55 percent, no wall motion abnormaliti
ing). This patient meets the criteria of so-called Lev’s disease.
ventricle is depolarized late by the impulse propa-
gating across the septum. The first portion of the
QRS complex has the characteristics of an isolated
left anterior fascicular block, and the last portion
has the characteristics of an RBBB (Figure 6–10).
Diagnostic criteria include the following:

1. Prolongation of the QRS duration to 0.12
second or longer

2. RSR0 pattern in lead V1, with the R0 being
broad and slurred

3. Wide, slurred S waves in leads I, V5,
and V6

4. Frontal plane axis of the first 0.06 to 0.08
second of the QRS complex (representing
the forces preceding delayed right ventric-
ular activation) being �30 to �90 degrees

5. Initial r wave in the inferior leads
atrioventricular block, right bundle branch block, and left
ific aortic stenosis, left ventricular hypertrophy, left ventric-
es, and no evidence of myocardial ischemia (nuclear imag-
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The axis is determined using the early
unblocked portion of the QRS complex, which
is rapidly inscribed. The onset of the slurred por-
tion of the QRS, which marks the inscription of
the forces bypassing the blocked right bundle
branch, can usually be recognized within 0.06
to 0.08 second after the onset of the QRS com-
plex. It must be recalled that the concept of the
“mean axis” is valid only when there is a single
dominant deflection, which is usually the case
in the presence of fascicular blocks.

The most frequent cause of RBBB with left
anterior fascicular block is coronary artery dis-
ease, which in large series is responsible for 41
to 61 percent of cases.55,56 In patients with acute
myocardial infarction, it occurs in about 4.8 to
7.0 percent of cases.21,23,24,39,57 The location of
the infarction usually is anterior. This can be
explained by the close proximity of the anterior
division of the left bundle and the right bundle
branch in the anterior part of the interventricu-
lar septum and by the common blood supply of
the two structures via the septal branches of
the left anterior descending coronary artery.
Lenegre27 correlated the ECG with the patho-
logic fascicular block. Myocardial infarction with
either complete or partial destruction of the
right and left bundle branch was found in all.

Another common cause of this bifascicular
block is primary degenerative disease of the con-
ducting system. Such patients have no symptoms
and have normal-sized hearts. Histologic exami-
nation reveals a sclerodegenerative process lim-
ited to the conduction tissue. Rosenbaum and
co-workers2 named this entity Lenègre’s disease
in recognition of the French pathologist who
first described the lesions in detail.27

Another pathologic process affecting the
conduction system was called Lev’s disease by
Rosenbaum and co-workers.2 Lev explained
an intraventricular conduction defect by the
presence of sclerosis of the left side of the car-
diac skeleton, a condition usually seen in
elderly subjects who tend to have no other evi-
dence of heart disease.28 With advancing age
there is normally progressive fibrosis and calci-
fication of the mitral annulus, central fibrous
body, pars membranacea, base of the aorta,
and summit of the muscular septum. Because
the conduction system is adjacent to some
of these structures, a fibrotic process at the
summit of the muscular septum may injure
the right bundle branch and the anterior divi-
sion of the left bundle branch. Lenègre’s dis-
ease and Lev’s disease are often grouped
together as primary conduction disease (see
Figure 6–10). In the study of Dhingra and
associates,52 86 (19 percent) of 452 patients
with chronic bifascicular block had primary
conduction disease. This diagnosis was assigned
to 23 percent of 331 patients with RBBB and
left anterior fascicular block and to 7 percent
of 113 patients with complete LBBB.

Aortic valve disease, especially aortic stenosis,
may be associated with bifascicular block.58 Both
fascicles may be involved by an extension of the
fibrocalcific process of the aortic valve at the
level of the pseudobifurcation (i.e., the point at
which the right bundle branch separates from
the most anterior fibers of the left bundle
branch).9 Myocardial fibrosis or an infiltrative
process involving the conduction system may
cause bifascicular block in patients with cardio-
myopathy (idiopathic or secondary to a systemic
disease). Hypertensive disease with or without
coronary artery disease accounts for about 20
to 25 percent of patients with bifascicular
block.55, 56 Among the congenital heart diseases,
RBBB with a left anterior fascicular block occurs
mainly with endocardial cushion defects (see
Figure 6–6). It was also found in about 6 percent
of patients with a ventricular septal defect and in
11 percent of patients with tetralogy of Fallot
following corrective surgery.59 The conduction
defect has been observed also after tricuspid
valve replacement,60 after cardiac transplanta-
tion,9 and during hyperkalemia.61

RBBB and Left Anterior Fascicular Block:
Relation to Complete AV Block

The data from five prospective studies involving
950 patients62 with chronic bifascicular block
(predominantly RBBB and left anterior fascicular
block) showed that sudden death occurred in 82
patients during an average follow-up of 1 to 3
years. The presence of complete AV block imme-
diately before death was documented in only 6
patients but was suspected in 31. Among the
452 patients with chronic bifascicular block
(277 of them included in one of the previously
mentioned prospective studies) reported by
Dhingra and coworkers,52 the cumulative inci-
dence of AV block at 5 years was 11 percent; in
7 percent the AV block developed spontaneously
without an apparent precipitating cause. The site
of the AV block varied, being trifascicular in
fewer than half of the patients. A prolonged HV
interval turned out to be an inconsistent precur-
sor of trifascicular block.63 Patients with primary
conduction system disease had a lower incidence
of complete AV block and a lower incidence of
cardiac death and sudden death than those with
organic heart disease.36
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In patients with acute myocardial infarction,
the incidence of complete AV block in patients
with bifascicular block varied from 24 to 43 per-
cent.21,28 The mortality in these patients is high,
even in the absence of complete AV block, and
varies from 36 to 59 percent.22,23,64,65
RBBB AND LEFT POSTERIOR
FASCICULAR BLOCK
The RBBB with left posterior fascicular block is
a less common type of bilateral bundle branch
block. The ECG pattern fulfills the criteria of
both entities (Figure 6–11). Ventricular activa-
tion begins in the anterior and lateral wall of
the left ventricle via anterior division of the left
bundle branch. It is followed by excitation of
the inferoposterior wall by retrograde conduc-
tion of the impulse from the anterior to the pos-
terior division. The delayed excitation of the
right ventricle depends on the impulse advanc-
ing transseptally from the left to the right side.
The diagnostic criteria include the following:

1. Prolongation of the QRS to 0.12 second or
longer

2. RSR0 pattern in lead V1, with the R0 being
broad and slurred

3. Wide, slurred S waves in leads I, V5, and V6

4. Frontal plane axis of the first half or 0.06
to 0.08 second of the QRS complex of
þ90 degrees or farther to the right, with
an rS deflection in lead I and a qR deflec-
tion in leads III and aVF

The bifascicular block involving the right bun-
dle branch and the left posterior division of the
left bundle branch is much less common than
Figure 6–11 ECG of an 87-year-old woman with first-degree
posterior fascicular block.
RBBB with left anterior fascicular block, but it is
seenmore frequently than an isolated left posterior
fascicular block. The causes of RBBB with left pos-
terior fascicular block are the same as those of
RBBB with left anterior fascicular block, coronary
artery disease being the most common.1,65 The
incidence of this conduction disturbance in
patients with acute myocardial infarction is less
than 0.8 percent.21,23,24,38 In some of these cases,
autopsy showed involvement of a large part of the
entire intraventricular septum.38

The incidence of progression to complete AV
block varies among studies, probably reflecting
differences in the clinical condition of the
patients. Among Rosenbaum’s 30 patients (often
with Chagas disease), complete or high-grade AV
block developed in 16 and Stokes-Adams attacks
in 18.66 Scanlon et al.56 reported that complete
AV block developed in 8 of 49 cases followed
for an average of 2 years, and Dhingra and co-
workers67 reported AV block in 2 of 21 patients
during a similar follow-up period.
TRIFASCICULAR BLOCK
Trifascicular block may be suspected if there is
a permanent block in one fascicle and an inter-
mittent block in the other two fascicles. For
example, if a patient with a chronic RBBB has a
pattern of left anterior fascicular block and left
posterior fascicular block on different occasions,
the presence of disease in all three fascicles is
implied (Figure 6–12). If the block in one of
the three fascicles is incomplete, the ECG shows
a bifascicular block with first- or second-degree
AV block. However, such a pattern does not
atrioventricular block, right bundle branch block, and left
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Figure 6–12 Trifascicular block in a 56-year-old man with history of syncope. Top: Sinus rhythm with a complete atrio-
ventricular block (or dissociation). The escape pacemaker at the rate of 44 bpm is presumed to be located in the left posterior
fascicle, resulting in the pattern of right bundle branch block (RBBB) and left anterior fascicular block. Bottom: Sinus rhythm
with 3:1 AV block and P-R interval of 252 ms in the conducted complexes with the morphology of RBBB and left posterior
fascicular block indicating that the conduction in the left anterior fascicle is not permanently blocked. The tall R in the lead
V2 at the top may be caused by left septal fascicular block because R is not as tall in the lower ECG even though RBBB
appears unchanged.

120 SECTION I � Adult Electrocardiography
always indicate that the first- or second-degree
AV block is caused by involvement of the third
fascicle because the conduction delay may be at
the level of the AV node or the His bundle.

A complete trifascicular block results in a
complete AV block (see Figure 6–12). The
escape pacemaker often originates in the region
of the left or right posterior fascicle, resulting
in an escape rhythm with a pattern of RBBB plus
left posterior fascicular block or RBBB plus left
anterior fascicular block, respectively.

A definitive diagnosis of trifascicular block
requires His bundle recording. Levitas and
Haft68 compared the results of His bundle
recording in 89 patients with PR prolongation
and bifascicular block with those of 172
patients with a normal PR interval and
bifascicular block. Variable degrees of HV inter-
val prolongation were recorded in the two
groups. The authors concluded that it is diffi-
cult to determine whether trifascicular block
is present in the individual patient from the
body surface ECG.
Intraventricular Conduction
Disturbances Associated with
Myocardial Infarction and
Periinfarction Block

See Chapter 8 for a discussion of intraventricular
conduction disturbances associated with myo-
cardial infarction and periinfarction block.
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Nonspecific Intraventricular
Conduction Disturbances

The WHO/ISFC Task Force3 suggested “nonspe-
cific intraventricular conduction delay” for a
QRS duration that is longer than 0.11 second
but does not satisfy the criteria of either LBBB
or RBBB. In a number of cases, such delays can
be explained by the action of drugs or sub-
stances that cause slower depolarization (e.g.,
hyperkalemia) or induce block of sodium chan-
nels. For example, it has been reported that tricy-
clic antidepressant drugs produce a fairly specific
intraventricular conduction disturbance with a ter-
minal QRS vector between 130 and 270 degrees.69
Figure 6–13 Undetermined intraventricular conduction distu
opathy and atrial fibrillation. QRS duration is 168 ms. The pa
portion of the QRS complex is at its end, as with right bundle b

Figure 6–14 Undetermined intraventricular conduction distu
disease and hypertension. QRS duration is 116 ms. The patter
but the initial slurred portion is wider than in a typical incompl
If the conduction delay is uniform, the
QRS complex is uniformly widened and the
QRS/T angle remains normal. However, not all
nonspecific intraventricular conduction delays
can be explained by factors known to slow con-
duction uniformly in the ventricular muscle.
Atypical QRS widening that does not fit the
criteria of either LBBB or RBBB may be caused
by complex delays in the conduction system,
regional conduction slowing in the myocardium,
or a combination of the two (Figures 6–13 and
6–14). No systematic exploration or classifica-
tion of such patterns has been attempted.
Prolongation of the QRS duration up to 0.11
or even 0.12 second may be seen in healthy
individuals (see Chapter 1).
rbance. ECG of a 71-year-old man with end-stage cardiomy-
ttern resembles left bundle branch block, but the slowest
ranch block.

rbance. ECG of a 72-year-old woman with coronary artery
n resembles incomplete left bundle branch block (LBBB),
ete LBBB.
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Notching of a QRS complex with a normal
QRS duration should not be diagnosed as an
intraventricular conduction disturbance. In most
such cases, the notch can be explained by a
nearly perpendicular projection of the depolari-
zation vector inscribed at that time.
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Systolic and Diastolic Currents of Injury

Depression and Elevation of the ST
Segment

PQ Segment Elevation and Depression

Localization of ST Segment Elevation
and Reciprocal ST Segment Depression
Anterior Wall MI and Occlusion of the
LAD Coronary Artery

Left Main Coronary Artery Occlusion
ST Segment Deviation in Lead aVR

Inferior Wall MI and Occlusion of RCA
or Left Circumflex Coronary Artery

Right or Circumflex Coronary Occlusion?
Lateral, Inferolateral, and Posterolateral
MI

Acute Injury Pattern in Both Anterior and
Inferior Leads

Acute Injury Pattern in Right Precordial
Leads

Tombstoning Pattern

Brugada and Other RSR0 Patterns with ST
Elevation in the Right Precordial Leads

Coronary Spasm, Unstable Angina
Pectoris, Non-Q Wave MI

ST Segment Changes as a Guide to
Thrombolytic Therapy

ST Segment Shift during Percutaneous
Coronary Angioplasty

Persistent ST Segment Elevation after MI
Recognition and Significance of
Reciprocal ST Changes with Acute MI

Absence of the Expected Reciprocal ST
Segment Deviation

ST Segment Elevation: Normal Variant
and Acute Pericarditis

ST Segment Elevation: Other Causes
T Wave Changes (Hyperacute T Wave
Pattern)

QT Interval
U Wave
Reversible QRS Changes
Ventricular Arrhythmias during Acute
Ischemia
“Acute injury pattern” is an electrocar-
diographic (ECG) term that defines an abnor-
mal ST segment elevation in two or more
adjacent leads among the standard 12 leads
(except lead aVR). The term is derived from an
injury current flowing between an injured
(i.e., depolarized) tissue and a normally polar-
ized tissue (see later discussion). The most
common cause of injury current and the
corresponding injury pattern is acute myocar-
dial ischemia (e.g., during thrombotic, embolic,
or spastic coronary occlusion). Transient injury
current producing a similar ECG injury pattern
may result from pressure exerted by pericardial
fluid during acute pericarditis. The ECG injury
pattern may be longlasting or permanent under
various circumstances. Examples include (1)
myocardial dyskinesis or ventricular aneurysm;
(2) pressure exerted by fibrin or calcification
during chronic pericarditis; (3) pressure
exerted by a cardiac tumor; and (4) a variant
pattern in a normal heart with the excessive
asynchrony of early repolarization.
Systolic and Diastolic Currents
of Injury

The diagram in Figure 7–1A is discussed in
detail in Chapter 9. For purposes of this discus-
sion it must be noted that under normal circum-
stances, small potential differences exist after the
end of depolarization; that is, after the end of the
QRS complex (a possible cause of junctional ST
deviation) but not during the plateau (distal STseg-
ment) and not during diastole (TP segment).1–3

In contrast, the diagram in Figure 7–1B shows that
there are two causes of STsegment deviation during
myocardial ischemia: (1) shortening and decreased
amplitude of the action potential and (2) depolari-
zation (i.e., a less negative restingmembrane poten-
tial). The shortening and decreased amplitude of
the ventricular action potential create potential dif-
ferences, resulting in a systolic current of injury.
The depolarization creates potential differences,
resulting in a diastolic current of injury. The arrow
on the left in Figure 7–1B shows that the potential



Figure 7–1 A, Normal ECG is derived from the potential
differences between two ventricular action potentials (see
Chapter 1). B, Potential differences responsible for systolic
(left) and diastolic (right) currents of injury. C, Potential dif-
ferences responsible for secondary repolarization are to the
left and changes in the repolarization slope (e.g., digitalis
effect) to the right. These changes are discussed in Chapter
9. (From Surawicz B, Saito S: Exercise testing for detection
of myocardial ischemia in patients with abnormal electro-
cardiograms at rest. Am J Cardiol 41:943, 1978. Copyright
1978 Excerpta Medica, Inc., by permission.)

Figure 7–2 Effects of subepicardial and subendocardial
injury on the ST segment and the baseline of the ECG.
The direction of the arrows indicates the flow of current,
not the ST segment vector. (From Surawicz B, Saito S: Exer-
cise testing for detection of myocardial ischemia in patients
with abnormal electrocardiograms at rest. Am J Cardiol
41:943, 1978. Copyright 1978 Excerpta Medica, Inc., by
permission.)
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difference produced by the systolic current of
injury displaces the ST segment, and the arrow on
the right shows that the potential difference pro-
duced by the diastolic current of injury displaces
the baseline.

Figure 7–2 shows the effects of epicardial and
endocardial injury on the ST segment, such as
one would record in a standard limb or an ante-
rior precordial ECG lead. Epicardial injury may
cause elevation of the ST segment and depres-
sion of the baseline, whereas endocardial injury
may cause depression of the ST segment and
elevation of the baseline.

The conventional ECG recorded with alter-
nating current (AC)-coupled amplifiers does
not reveal displacement of the baseline and
therefore does not detect differences between
the ST segment displacement caused by the sys-
tolic and diastolic currents of injury.4–7 Such dif-
ferences can be discerned, however, using direct
current (DC)-coupled amplifiers.

The magnetocardiogram has also been helpful
for distinguishing the systolic from the diastolic
“current of injury.”8 The magnetocardiogram
showed that the ST depression during exercise-
induced ischemia results from a baseline shift, pro-
duced by a steady injury current that flows during
the entire cardiac cycle but is interrupted during
the ST interval. It appears, therefore, that themajor
change after coronary occlusion is “diastolic injury
current” owing to depolarization in the ischemic
areas, whereas shortening of the action potential
during acute ischemia makes a smaller contribu-
tion to the ST segment displacement. The injury
current arises at the ischemic border9 and has been
shown to create 12- to 20-mVpotential gradients at
the “electrical border” between the ischemic and
normal myocardium in dogs with left anterior des-
cending (LAD) coronary artery occlusion.10

In humans, isopotential body surface mapping
has shown an early appearance of repolarization
potentials at an average of 21.3 ms before the
end of the QRS complex in patients with anterior
infarction and 34.6 ms before the end of the QRS
complex in patients with inferior infarction.11

The topographic configuration of the isopotential
maps was relatively simple, and in patients with
both types of infarction the pattern was compati-
ble with a single-dipole equivalent cardiac gener-
ator11 (see Chapter 1).
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Depression and Elevation
of the ST Segment

Depression of the ST segment in the precordial
leads reflects the posteriorly directed ST segment
vector. The top diagrams on the left in Figure 7–3
show that this can be caused by subendocardial
ischemia or subendocardial myocardial infarc-
tion (MI) of the anterior wall and by subepicar-
dial ischemia or infarction of the posterior wall.

Boden and Spodick12 listed the following
causes of ST segment depression in the precor-
dial leads: (1) reciprocal changes in the presence
of inferoposterior or inferoseptal or basal (high
lateral) acute MI; (2) anterior subendocardial
myocardial ischemia or non-Q wave infarction;
(3) posterior (“transmural”) or posteroseptal
acute MI; and (4) “benign” reciprocal changes
(presumably a normal variant). Figure 7–4
shows diffuse ST segment depression attributed
to subendocardial MI in a patient with a subtotal
occlusion of the left main coronary artery.

Elevation of the ST segment in the precordial
leads represents an anteriorly directed ST seg-
ment vector. Figure 7–5 shows that ST elevation
may occur in the presence of subepicardial
Figure 7–3 Several mechanisms of ST segment depression. T
the ST segment vector. (From Surawicz B, Saito S: Exercise tes
abnormal electrocardiograms at rest. Am J Cardiol 41:943, 197
injury, infarction, pericarditis,13 cardiac tumor,14

or transient ischemia during coronary spasm.
The resulting systolic and diastolic currents of
injury cause elevation of the ST segment (solid
arrow) and depression of the baseline (dashed
arrow). The diagram on the right in Figure 7–5
shows that ST segment elevation also may be
caused by delayed repolarization in the subendo-
cardial region or premature repolarization of the
subepicardial region. Another rare cause of STseg-
ment elevation (not shown in Figure 7–5) is an
upright Ta wave following a negative P wave15

(Figure 7–6).
Acute myocardial ischemia frequently pro-

duces an acute injury pattern. It must be empha-
sized that acute injury is not synonymous with
acute MI. Acute injury pattern can appear in
the absence of MI, as a precursor of MI, concom-
itant with the pattern of acute MI, or in the pres-
ence of a preexisting MI pattern.

The hallmark of acute injury is ST segment
elevation, which is usually accompanied by
reciprocal ST segment depression. An acute
injury pattern can also produce a primary ST
segment depression (e.g., a subendocardial or
posterior wall injury); the reciprocal ST segment
elevation in such cases may be detectable in
he direction of the arrows indicates the flow of current, not
ting for detection of myocardial ischemia in patients with
8. Copyright 1978 Excerpta Medica, Inc., by permission.)



Figure 7–4 ECG of a 79-year-old woman with an apparent acute subendocardial myocardial infarction attributed to sub-
total occlusion of the left main coronary artery, associated with global hypokinesis and an estimated left ventricular ejection
fraction of 10 percent. ST segment is depressed in leads I, II, III, aVL, aVF, and V2–V6. Apparent “reciprocal” ST segment ele-
vation is seen in leads aVR and V1.

Figure 7–5 Several mechanisms of ST segment elevation. The direction of the arrows indicates the flow of current, not the
ST segment vector. Endoc. ¼ endocardium; epic. ¼ epicardium; myoc. ¼ myocardium; repolariz. ¼ repolarization; subepic.
¼ subepicardium. See text discussion. (From Surawicz B, Saito S: Exercise testing for detection of myocardial ischemia in
patients with abnormal electrocardiograms at rest. Am J Cardiol 41:943, 1978. Copyright 1978 Excerpta Medica, Inc., by
permission.)
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leads aVR and V1 (see Figure 7–4). It has been
suggested that ST segment elevation in leads
V3R through V5R represents a reciprocal manifes-
tation of acute posterolateral injury without right
ventricular (RV) involvement.16 In all other cases,
however, the localization of ST segment elevation
defines the primary site of the acute injury. Thediag-
nosis of acute injury pattern is not made in the
absence of ST segment elevation.
PQ Segment Elevation
and Depression

Elevation of the PQ segment is usually attributed
to atrial infarction (see Chapter 9). Depression
of the PQ segment was found in 10 percent
of patients with acute anterior wall MI17 and in
8 percent of those with inferior wall MI.18 In
patients with both anterior and inferior MI, the
presence of PQ segment depression was asso-
ciated with a high incidence of pericarditis, large
MI size, and more complications.
Localization of ST Segment
Elevation and Reciprocal
ST Segment Depression

The vector of the deviated ST segment is directed
toward the site of ischemia. Thus ischemia or
infarction of the anterior wall causes ST segment
elevation in the anterior precordial leads
(Figure 7–7), whereas ischemia or infarction of
the inferior wall causes ST segment elevation in
leads III, aVF, and occasionally lead II (Figure 7–8).
Right ventricular infarction causes segment eleva-
tion in the right precordial lead V1

19 (Figure 7–9).



Figure 7–6 Two ECG strips recorded during ambulatory monitoring on two occasions. Top, P waves are negative in all
three leads. Bottom, Transition from the rhythm with an upright P wave to that of the inverted P wave in one of the monitored
leads. ST segment elevation is simulated only in the presence of an inverted P wave, presumably because of atrial repolari-
zation directed opposite to the inverted P wave.
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STsegment elevation in the lead V1 is also believed
to be specific for anterior MI in which the first sep-
tal perforator is involved.20
ANTERIOR WALL MI AND OCCLUSION
OF THE LAD CORONARY ARTERY
In patients with acute injury associated with an
anterior MI, ST segment elevation is usually
present in leads I, aVL, a variable number (usu-
ally 3 to 6) of precordial leads (see Figures 7–7
and 7–10), and occasionally lead II. Reciprocal
ST segment depression is nearly always present
in leads III and aVF.

In patients with an anterior MI, ST segment
elevation in lead V1 occurs less frequently than
in leads V2 and V3.The presence of ST elevation
in lead V1 suggests that the conal branch of the
right coronary artery is either absent or small
and therefore does not reach the intraventricular
septum.21 Conversely, the absence of ST segment
elevation in lead V1 during acute anterior MI
suggests the presence of a large conal branch of
the right coronary artery protecting the septum
from transseptal MI.21

Occlusion of the LAD artery “wrapped”
around the apex could be recognized by the
presence of ST segment elevation with positive
T waves in lead III associated with ST segment
elevation in aVL during the early stage of infarc-
tio n. 22 Figure 8–14 shows such a pa ttern in a
patient in whom the infarction was believed to
be related to the use of cocaine.
According to Wellens et al.,23 the area perfused
by LAD coronary artery can be divided into three
main parts: (1) the basoseptal part, supplied by
the first septal branch(es); (2) the lateral basal
part, perfused by the first diagonal branch(es),
or intermediate branch; and (3) the inferoapical
part, receiving blood from the distal LAD, fre-
quently “wrapped” around the apex. In the
quoted study of Engelen et al.,24 occlusions at dif-
ferent sites led to electrocardiographically four
different patterns: (1) proximal to the septal and
diagonal branches, which results in ischemia of
all three areas, named above; (2) proximal before
the first septal, but distal to the first diagonal
branch, which leads to the ischemia of the sep-
tum and the inferoapical area, whereas the baso-
lateral area remains free; (3) before the first
diagonal but distal to the first septal branch,
which leads to ischemia of the basolateral wall
and the inferoapical wall but not the septum;
and (4) distal to the first septal and diagonal
branches, which leads to the ischemia of infero-
apical area only. The incidence of these sites of
occlusion in the study of Engelen et al. was as
follows: 40%, 10%, 10%, and 40%, respectively.24

In an earlier study, Birnbaum et al.25 attempted
to predict the level ol obstruction of the LAD
artery in patients with acute anterior infarction.
The culprit lesions were proximal to the first
diagonal branch in 59 patients and distal to that
artery in 38 patients. When the ST segment was
elevated in the anterior precordial leads, the pres-
ence of ST elevation in leads I and aVL was



Figure 7–7 ECG of a 71-year-old man with an acute anterior myocardial infarction caused by occlusion of the proximal
left anterior descending coronary artery. A, Day of infarction. Note the ST segment elevation in leads I, aVL, and V1–V5 and
the reciprocal ST segment depression in leads III and aVF. B, Next day. Note the pseudonormalization. C, Following day.
Note the typical evolution of a myocardial infarction in the anterior wall. Ventriculogram revealed an extensive infarction.
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Figure 7–8 ECG of a 57-year-old man with an acute inferior myocardial infarction caused by occlusion of the right coro-
nary artery. A, Day of infarction at 4:37 AM. Note the ST segment elevation in leads II, III, and aVF and the reciprocal ST seg-
ment depression in leads I, aVL, and V1–V3. PR interval was 280 ms. B, Same day at 12:08 PM, after percutaneous angioplasty
of the right coronary artery. Note complete regression of the ST segment displacement.
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predictive of a proximal lesion in 87 percent of
cases; its absence was predictive of a distal
obstruction in 73 percent of cases. The presence
of reciprocal ST segment depression in the infe-
rior leads was also suggestive of a proximal
lesion.

The following is a synopsis of ECG findings
described by Wellens et al.23 in different types
of LAD occlusion.

LAD Occlusion Proximal to the First Septal
and First Diagonal Branch

This type of very proximal LAD occlusion often
causes right bundle branch block (RBBB). ST vec-
tor is directed superiorly (Figure 7–11, left), caus-
ing ST elevation in leads aVR, aVL, V1–V3, or V4,
and reciprocal ST depression in inferior leads as
well as in leads V5–V6 (Figure 7–11, right).

LAD Occlusion Proximal to the First Septal
but Distal to the First Diagonal or
Intermediate Branch

This type of proximal LAD occlusion results in
rightward direction of ST vector (Figure 7–12,
left), and unlike in the occlusion distal to both
the first septal and first diagonal, the ST segment
is depressed in lead aVL (Figure 7–12, right).

Distal LAD Occlusion

Figure 7–13 shows that the ST vector points
inferiorly. To the left, the ST segment is elevated



Figure 7–9 ECG of a 47-year-old man with an acute inferior and right ventricular myocardial infarction caused by isolated
total proximal occlusion of the right coronary artery associated with closure of the right ventricular marginal branch. A, Day
of infarction at 4:27 PM. Note the ST segment elevation in leads II, III, aVF, V1, and V2 and reciprocal ST segment depression
in leads I, aVL, and V5. B, Next day at 5:34 AM after successful angioplasty of the right coronary artery but an inability to open
the right ventricular marginal branch. Right ventricular infarction was confirmed by echocardiography; residual ST segment
elevation is present in leads II, III, aVF, and V1.
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in the inferior and lateral precordial leads, but
depressed in lead aVR.
Occlusion of the First Diagonal Branch
of the LAD Coronary Artery

Occlusion of the first diagonal branch causes
ST elevation mainly in leads I and aVL and fewer
changes in the precordial leads26–28 (Figure 7–14).

Occlusion of the Main Septal Branch

Occlusion of the main septal branch causes ST
segment elevation in leads V1 and V2 and
reciprocal ST segment depression in leads II,
III, aVF, V5, and V6.
LEFT MAIN CORONARY ARTERY
OCCLUSION
Diagnosis of left main coronary artery occlusion
is difficult. It can be suspected when STelevation
is present in all but inferior leads (Figure 7–15).
Wellens et al.23 suggested that left main coronary
artery occlusion should be suspected when RBBB
and other features of very proximal LAD occlu-
sion are associated with signs of severe postero-
basal ischemia. Yamaji et al.29 and Gaitando



Figure 7–10 ECG of a 57-year-old man with an anterior myocardial infarction caused by total occlusion of the proximal
left anterior descending (LAD) coronary artery. A, Day of infarction at 11:59 AM. Note the ST segment elevation in leads I,
aVL, and V1–V4 and the reciprocal ST segment depression in leads III and aVF. B, Same day at 3:07 PM after angioplasty of
the LAD coronary artery. Note the lessened ST segment displacement. The QRS complex measures 118 ms in A (periis-
chemic block) and 90 ms in B.
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et al.29a reported that left main occlusion should
be suspected when ST elevation in lead aVR

is greater than in lead V1. Other reported mar-
kers of left main coronary occluson were: diffuse
ST segment depression29b (see Figure 7–4) and ST
segment deviation in lead V6 greater than or equal
to ST segment deviation in lead V1.

29c
ST SEGMENT DEVIATION IN LEAD aVR
Lead aVR appears to be often overlooked, possi-
bly because it has no adjacent neighboring lead
among the limb leads to identify a discrete
part of the LV. Lead aVR faces predominantly
superior-posterior wall of the left ventricle.
Therefore ST segment in aVR tends to be elevated
when it is depressed in anterior leads and tends
to be depressed when the ST segment is elevated
in anterior leads. These changes are noted
mostly when ST segment deviation is large and
may be overlooked when the QRS amplitude in
the lead aVR is low, particularly when there is
an rSR0 pattern with T wave directed opposite
to the terminal QRS portion.

The literature has emphasized the ST eleva-
tion in lead aVR in patients with left main CAD
(see previous discussion) and an association
with poorer outcome of MI in patients with pre-
dominant ST depression in anterior, lateral, or
inferior leads who tended to have more exten-
sive CAD and wall motion abnormalities.30,31

In my opinion, the vectorial analysis of the lead
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Figure 7–11 Left panel: Diagram of proximal left anterior descending coronary artery occlusion shows global ischemia of
the whole anterior wall with ST vector pointing in a superior direction. Right panel: Related ECG changes with ST segment
elevation in leads aVR and V1 and reciprocal ST segment depression in the inferior leads and V5–V6. (From Wellens HJJ,
Gorgels APM, Doevedans PA [eds]: The ECG in Acute Myocardial Infarction and Unstable Angina. Norwell, MA, Kluwer
Academic, 2003. With permission of authors and publisher.)

AVR

AVF

AVL

AVF

AVL

V1
V2

V3
V4

V6
V5

AVR

III II

I

V5

Figure 7–12 Left panel: Diagram of left anterior descending coronary artery occlusion involving the first septal perforator
but not the first diagonal branch with ST vector pointing medially. Right panel shows related ECG change with ST elevation
in the precordial and inferior leads and reciprocal ST segment depression in lead aVL. (From Wellens HJJ, Gorgels APM,
Doevedans PA [eds]: The ECG in Acute Myocardial Infarction and Unstable Angina. Norwell, MA, Kluwer Academic,
2003. With permission of authors and publisher.)
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aVR should be performed not in isolation, but
rather in concert with changes in all available
leads.
INFERIOR WALL MI AND OCCLUSION
OF RCA OR LEFT CIRCUMFLEX
CORONARY ARTERY
In the presence of acute injury associated with
an inferior MI, the ST segment is elevated in
leads II, III, and aVF and occasionally in leads
V5 and V6. Reciprocal ST segment depression is
usually present in leads I and aVL and often in
one or more precordial leads, predominantly
leads V2–V3. Changes in lead V1 vary. ST segment
elevation in lead V1 may be caused by the
presence of right ventricular MI, which can be
suspected also when reciprocal ST segment
depression in lead V1 is absent

32–34 (Figures 7–16
and 7–17). The presence of STsegment depression
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Figure 7–13 Left panel: Diagram of distal left anterior descending coronary artery occlusion with ST vector pointing infe-
riorly and to the left. Right panel shows related ECG changes with ST segment elevation in the lateral precordial and inferior
leads and reciprocal ST segment depression in lead aVR. (From Wellens HJJ, Gorgels APM, Doevedans PA [eds]: The ECG in
Acute Myocardial Infarction and Unstable Angina. Norwell, MA, Kluwer Academic, 2003. With permission of authors and
publisher.)
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Figure 7–14 ECG of a 47-year-old woman with myocardial infarction anterior wall caused by ostial occlusion of large
diagonal branch supplying a large territory of the ventricle. The dominant right coronary artery was normal. There was 40
percent narrowing of the left anterior descending coronary artery in the midportion with nonobstructive luminal lesions in
the left circumflex artery. Left ventricular ejection fraction was 25 percent. The ECG shows pattern of anterosuperior infarc-
tion with ST segment elevation in leads I, aVL, and V2–V4 with reciprocal ST segment depression in leads II, III, and aVF.
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in lead V1 indicates either a reciprocal change
alone or an association with posterior wall MI26

(Figures 7–18 and 7–19).
In a study of 16,521 patients with an inferior

MI, ST segment depression in the precordial
leads was present in 61.1 percent of cases.35

Reciprocal ST segment depression occurred
more frequently in patients with a large MI and
more wall motion abnormalities, and it was asso-
ciated with high mortality.35–37 The magnitude
of the sum of ST depression voltage in leads
V1–V6 added significant independent prognostic
information, with the risk of 30-day mortality
increasing by 36 percent for every 0.5 mV of pre-
cordial ST segment depression.32 In another
study38 the presence of ST segment elevation in
lead V6 in patients with acute inferior MI was
associated with large infarct size and a high inci-
dence of complications. Moreover, the mortality
of patients with inferior MI was increased when
maximal ST segment elevation occurred in leads
V4–V6 but not in lead III.37 In a study of 1155
patients with inferior MI who took part in the
Global Utilization of Streptokinase and TPA for
Occluded Arteries Study (GUSTO-I), subjects
with maximum ST segment depression in leads
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Figure 7–15 ECG of a 42-year-old woman admitted with acute chest pain. Coronary angiography revealed 90 percent
ostial occlusion of the left main coronary artery with minor luminal irregularities in other large coronary branches. There
was anterior hypokinesis with estimated left ventricular ejection fraction of 45 percent. There are Q waves in I, aVL, and
V3–V6 leads with small r in V1–V3 leads. The pattern in the inferior leads II, III, and aVF is normal.
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Figure 7–16 ECG of a 45-year-old man with inferior and right ventricular myocardial infarction caused by occlusion of
the right coronary artery proximal to the right ventricular marginal branch and failure of thrombolytic treatment. No signifi-
cant stenoses were present in the left coronary arteries. ST segment elevation is present in leads II, III, aVF, and V1–V3; note
also the reciprocal ST segment depression in leads I and aVL.
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V4–V6 had three-vessel disease more often than
those without precordial ST segment depression
or those with ST segment depression in leads
V1–V3.

39
RIGHT OR CIRCUMFLEX CORONARY
OCCLUSION?
Inferior MI is caused by the occlusion of the
dominant left circumflex artery in about 18% of
cases.40 Myocardial infarction caused by the
dominant right coronary artery and the domi-
nant left circumflex artery tends to produce sim-
ilar Q wave changes (Figures 7–8, 7–9, and 7–16
to 7–21), but the pattern of ST segment elevation
may be helpful for the differential diagnosis.
This is shown in Figure 17–22, reproduced from
the study of Wellens et al.23 Although both ves-
sels perfuse the inferior wall, the RCA territory
covers the medial part including the inferior sep-
tum, whereas the circumflex territory covers the
left posterobasal and lateral area. Thus in the
case of RCA occlusion, the ST vector is directed
inferiorly and rightward, whereas in the case of
left circumflex occlusion, the ST vector points
inferiorly and leftward. Accordingly, in RCA
occlusion, the ST elevation is greater in lead III
than in lead II with ST depression in lead I,



Figure 7–17 ECG of a 61-year-old woman resuscitated from cardiac arrest but who succumbed to cardiogenic shock on
the same day. Acute injury pattern suggests inferior and right ventricular infarction. The latter was corroborated by the ST
segment elevation in leads to the right of lead V1. In the left precordial leads, ST segment elevation extends to lead V3,
and reciprocal depression is present in leads I, aVL, and V5–V6. There is sinus tachycardia with complete atrioventricular
(AV) dissociation and AV junctional rhythm at a rate of 56 beats/min.

Figure 7–18 ECG of a 65-year-old woman with a posterolateral myocardial infarction attributed to complete occlusion of
the left circumflex coronary artery in its midportion and complete occlusion of the dominant right coronary artery. There was
severe posterolateral hypokinesis with an estimated left ventricular ejection fraction of 10 percent. ST segment elevation is
present in leads I, aVL, and V6 and reciprocal ST segment depression in leads V1 through V3.
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whereas in the case of circumflex occlusion, ST
segment in lead I is either elevated or isoelectric.
In the experience of these investigators,23 ST
depression in lead I was predictive of RCA
occlusion in 86 percent of cases and an isoelec-
tric or elevated ST segment in lead I was predic-
tive of circumflex occlusion in 77 percent of
cases.

Numerous earlier studies produced the same
or similar results. Thus Huey et al.41 compared
the ECGs of 40 consecutive patients with acute
MI caused by left circumflex artery occlusion
with those of 107 patients with right coronary
occlusion. In the patients with inferior MI, ST seg-
ment elevation in one or more of leads I, aVL, V5,
andV6was highly suggestive of occlusion of the left
circumflex artery (see Figure 7–20). Bairey et al.42

also reported that ST segment elevation in the lat-
eral leads identified circumflex artery occlusion
as the cause of inferior MI.



Figure 7–19 ECG of a 48-year-old man with acute occlusion of a large obtuse marginal branch before (A) and 3 hours
after (B) emergency percutaneous coronary angioplasty. Note the ST segment elevation in leads I, aVL, V5, and V6. Recipro-
cal ST segment depression in leads V1–V3 regress after angioplasty.
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In patients with inferior MI, ST segment
elevation in lead III exceeding that in lead II,
particularly when combined with ST segment
elevation in lead V1, is a powerful predictor of
occlusion of the right coronary artery proximal
to the acute margin of the heart42 (see Fig-
ure 7–9). Hertz et al.43 reported the same results
with an added finding that reciprocal ST depres-
sion in lead aVL was greater than in lead I.

Leads V5 and V6 are affected by posterolat-
eral ischemia (Figures 7–23 and 7–24). ST seg-
ment elevation >0.2 mV in leads V5 and V6 in
patients with inferior MI correlated with occlu-
sion of an artery (right or circumflex) supplying
a large territory of the myocardium with an
expected high ischemic burden.44 In patients
with an inferior MI with ST segment elevation
in leads II, III, and aVF, the presence of addi-
tional ST segment elevation in leads V5–V6 or
leads I and aVL is a fairly sensitive and specific
marker for left circumflex coronary artery
occlusion.42

Depression of the ST segment in leads V1–V3

tends to indicate a large posterolateral perfusion
defect,32 probably owing to the involvement of
posterior or posterobasal wall, and is more often
associated with occlusion of the circumflex artery
(71 percent) than of the RCA (40 percent).45
LATERAL, INFEROLATERAL, AND
POSTEROLATERAL MI
Lateral wall involvement causes ST segment
elevation in leads V5 and V6. It occurs more fre-
quently in circumflex artery than right coronary
artery occlusion, but independent of the vessel
involved, ST elevation in these leads implies a
larger ischemic area.23



Figure 7–20 ECG of an 82-year-old man with an acute inferior and posterobasal myocardial infarction, apparently caused
by 95 percent occlusion of the dominant left circumflex artery and 95 percent occlusion of the mid-right coronary artery.
Note the ST segment elevation in leads II, III, aVF, and V2–V6 and the reciprocal ST segment depression in leads aVR and
V1. Left ventricular ejection fraction is 20 percent.
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Localizaton of ST segment elevation and reci-
procal ST segment depression varies in patients
with a lateral MI depending on the extent and
location of the MI. Typically, ST segment eleva-
tion in patients with inferolateral MI is present
in leads II, III, aVF, V5, and V6 (see Figure 7–20).
In many cases, however, ST segment elevation
extends to the right of lead V5 (i.e., leads
V2–V4). The lead with maximal ST segment
elevation, however, is usually V6 or V5. Recipro-
cal ST segment depression may be present in
leads I, III, aVL, and V1–V4, but it may also be
absent.

In patients with high lateral MI caused by
occlusion of the left circumflex coronary artery,
the ST segment is usually elevated in leads I,
aVL, V5, and V6; it is depressed in leads III
and aVF and occasionally in lead V1 (see
Figure 7–23).

Posterior wall involvement causes reciprocal
ST depression in right precordial leads. When
present in patients with RCA occlusion, it indi-
cates dominance of this vessel. In case of circum-
flex artery occlusion, the posterior wall is nearly
always involved. Therefore absence of ST seg-
ment depression in the right precordial leads in
inferior MI is strongly suggestive of RCA
involvement.23 In patients with posterolateral
MI, ST segment elevation may be either absent
or present in leads V5 and V6.

In patients with a so-called true posterior MI
(i.e., without ECG evidence of inferior or lateral
MI), ST segment elevation may be present in
leads V7–V9 and reciprocal ST segment depres-
sion in leads V1–V3.

46 Routine recording of leads
V7–V9 has been recommended in patients with
suspected MI but with a nondiagnostic 12-lead
ECG.47–49 ST elevation in posterior leads V7–V9

in patients with an inferior MI was associated
with a high incidence of posterolateral wall
motion abnormalities, large infarct, and low
ejection fraction.49 In the study of Wung and
Drew,50 posterior leads V7–V9 contributed signif-
icant additional diagnostic information above
and beyond the standard 12-lead ECG when a
criterion of 0.05 mV instead of 0.1 mV ST eleva-
tion was applied to the posterior leads.
ACUTE INJURY PATTERN IN BOTH
ANTERIOR AND INFERIOR LEADS
In the GUSTO study, a pattern with combined
ST segment elevation in at least two of leads
V1–V4 and more than two leads of leads II, III,
and aVF was present in 179 of 2996 patients with
acute MI. Of these patients, RCA occlusion was
present in 59 percent and distal LAD occlusion
in 36 percent. Patients with combined anterior
and inferior ST segment elevation tended to have
limited MI size and a more preserved LV
function.51
ACUTE INJURY PATTERN IN RIGHT
PRECORDIAL LEADS
Elevation of the ST segment in the right precor-
dial leads V3R and V4R usually signifies the pres-
ence of RV MI.52,53 In patients with RV MI,
ST segment elevation may extend to additional
right precordial leads V5R and V6R

52–55 and



Figure 7–21 ECG of a 48-year-old man with an inferoposterior myocardial infarction caused by total occlusion of the
large-caliber circumflex coronary artery. No significant stenoses were present in the left anterior descending and right coro-
nary arteries, but there was a 90 percent stenosis of a small diagonal branch. A, Day of infarction. Note the ST segment ele-
vation in leads II, III, and aVF and reciprocal ST segment depression in leads I, aVL, and V1–V6. B, At 13 hours after
angioplasty of the left circumflex artery. Note the regression of the ST segment deviation and the decrease in QRS duration
from 104 ms to 86 ms.
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sometimes to precordial leads V1–V5
45 (see Fig-

ure 7–24). In the presence of an inferior MI, a
diagnosis of RV MI is supported by a discordant
pattern of ST segment elevation in V1 and ST seg-
ment depression in V2.

56 ST segment elevation in
leads V3R and V4R may be present in patients
with acute anterior MI but seldom extends to
lead V5R.

57 Moreover, when the ST segment ele-
vation caused by acute anterior MI is present in
leads V3R–V5R, the magnitude of the ST segment
elevation diminishes from V3R to V5R, whereas in
the presence of RV MI, the ST segment elevation
is either the same or increases from V3R to V5R.

58

Saw et al.59 found that in patients with inferior
MI, ST elevation in lead III greater than in lead
II was more sensitive than lead V4R in diagnos-
ing RV MI.
Isolated RV infarction is rare, but the diagno-
sis can be verified by echocardiography. In one
reported case, ST segment elevation in the
precordial leads was associated with minimal
ST segment elevation in the inferior leads.60 In
another case, massive ST segment elevation in
the precordial leads was associated with massive
ST segment elevation in inferior leads.44 Such
cases are rare.
TOMBSTONING PATTERN
The term “tombstoning pattern of ST segment in
acute MI” was apparently introduced by Wima-
larathna.61 It is used infrequently to label a
purely monophasic pattern occurring most
often in patients with proximal occlusion of



Figure 7–23 ECG of a 63-year-old man with a pattern of high lateral myocardial infarction probably caused by left
circumflex artery disease. Coronary angiography showed 50 percent mid-left circumflex artery stenosis, 75 percent obtuse
marginal artery stenosis, 99 percent proximal left anterior descending artery stenosis, and aneurysmal dilatation of the right
coronary artery. ST segment elevation is present in leads I, aVL, V5, and V6; reciprocal ST segment depression is present in
leads III, aVF, and V1.
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Figure 7–22 Schematic presentation of the ST segment vector in inferior wall myocardial infarction showing the differ-
ence between the occlusion of right and left circumflex coronary artery and the corresponding ECG changes in the limb
leads. See text discussion. (From Wellens HJJ, Gorgels APM, Doevedans PA [eds]: The ECG in Acute Myocardial Infarction
and Unstable Angina. Norwell, MA, Kluwer Academic, 2003. With permission of authors and publisher.)

140 SECTION I � Adult Electrocardiography
LAD coronary artery62 and suggesting a large
infarct and a low LV ejection fraction63 (see
Figures 7–29 and 7–30). It can be seen also in
an agonal ECG (Figure 7–25).
BRUGADA ANDOTHER RSR0 PATTERNS
WITH ST ELEVATION IN THE RIGHT
PRECORDIAL LEADS
In patients with an RSR0 pattern in the right precor-
dial leads and absent anterior infarction, ST seg-
ment elevation may be caused by septal ischemia
(Figures 7–26 and 7–27) or by RV MI.53–56,58

Other causes of such a pattern include the syn-
drome associated with sudden cardiac death
described by Brugada and Brugada64 and
arrhythmogenic RV dysplasia (see Chapter 12).
Brugada and Brugada65 described a syndrome
of RBBB, persistent ST segment elevation in leads
V1–V3 (ocasionally in other leads), and sudden
cardiac death that affects predominantly male
patients and is often familial. In some subjects
with this syndrome, the pattern appears inter-
mitently with transient normalization of the
ECG. There are three types of the ECG pattern:
in the most common, type 1, the ST segment is
coved and the elevation is �0.2 mV; in type
2 there is saddleback elevation of �0.1 mV;
and in type 3 the coved or saddleback elevation
is <0.1 mV.66 The ST elevation is augmented by



Figure 7–24 Acute inferoposterior myocardial infarction with right ventricular infarction in a 37-year-old man. ECG was
recorded on the day of the onset of chest pain. A diagnosis of infarction was corroborated by serial cardiac enzyme changes.
Radionuclide angiography revealed an akinetic inferoposterior wall of the left ventricle and severe hypokinesis of the right
ventricle. The left ventricular ejection fraction was 48 percent and the right ventricular ejection fraction 11 percent. Physical
examination revealed marked jugular venous distension. ST segment elevation is present in leads II, III, and aVF and recip-
rocal ST segment depression in leads I and aVL. There is some ST segment elevation in the left precordial leads. Its cause is
uncertain. Marked ST segment elevation in leads V1 and V4R is suggestive of right ventricular infarction. ST segment elevation
in all of the precordial leads subsided the next day.
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Figure 7–25 Monophasic ECG pattern (“tombstone”) of a pulseless unconscious patient recorded shortly before his death.
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selective stimulation of a-adrenergic or musca-
rinic receptors and by sodium channel–blocking
antiarrhythmia drugs,67 but reduced by b-adren-
ergic stimulation or a-adrenergic block.68 Many
of these patients have no evidence of structural
heart disease. Mutations of the SCN5A gene,
which encodes the cardiac sodium channel, have
been identified in about 15 percent of patients
with Brugada syndrome who have frequently
bradyarrhythmic complications.69,70 A similar
ECG pattern was present in young male South-
east Asians who died unexpectedly during
sleep71 and in patients with familial cardiomyopa-
thy (arrhythmogenic RV dysplasia) involving the
right ventricle and the conducting system.72–74
Common to these conditions isQRSwidening con-
fined to selected leads with ST segment elevation
(usually V1–V3) with normal QRS duration in
remote leads such as I and V6.

75 In patients with
RV dysplasia, the shape of the terminal QRS
portion in the right precordial leads has been
likened to the Greek letter epsilon.

The pattern of RBBB with ST segment elevation
in the right precordial leads is not entirely specific
for RV ischemia or Brugada syndrome because it
can occur with other conditions (Figures 7–28
and 7–30). Table 7–1 lists some of the conditions
in which the Brugada type ECG pattern may be
encountered. The largest number is probably in
the unexplained category.76
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Figure 7–26 Selected electrocardiographic leads before (A), during (B–E), and after (F) balloon occlusion of the proximal
left anterior descending coronary artery in a patient in whom ST segment elevation in leads V1–V3 during occlusion was
associated with a QRS duration increase in these leads. (From Surawicz B, Orr CM, Hermiller JB, et al: QRS changes during
percutaneous transluminal coronary angioplasty and their possible mechanism. J Am Coll Cardiol 30:452, 1997. American
College of Cardiology, by permission.)
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CORONARY SPASM, UNSTABLE
ANGINA PECTORIS, NON-Q WAVE MI
Acute injury pattern is the diagnostic marker of
coronary spasm, and the lead distribution of ST
segment deviation during coronary spasm is the
same as during myocardial ischemia caused by
other types of coronary occlusion (Figure 7–29).
ST segment elevation has been reported also in
patients with syndrome X, normal coronary
angiograms, and suspected spasm of coronary
arterioles.77 In the presence of unstable angina
pectoris78 and non-Q wave MI,79 an acute injury
pattern is present in a small number of patients.
Other ECG changes accompanying these condi-
tions are discussed in Chapters 8 and 9.
ST SEGMENT CHANGES AS A GUIDE
TO THROMBOLYTIC THERAPY
The ECG plays a crucial role in identifying can-
didates for thrombolytic treatment.80 The indica-
tion for emergent thrombolytic therapy of
suspected acute MI is based on the presence of
ST segment elevation of >0.1 mV in two limb
Figure 7–27 Superposition of the ECG before and during oc
patient whose ECG is shown in Figure 7–20. Note the increas
not in V6. (From Surawicz B, Orr CM, Hermiller JB, et al:
angioplasty and their possible mechanism. J Am Coll Cardiol 30:
leads or two or more anatomically contiguous
precordial leads. In the cases of preexisting
ST segment elevation, such as with left bundle
branch block (LBBB), the same rule applies
when the availability of the basic pattern allows
recognition of the ST shift.81 Regression of ST
segment elevation parallels recanalization,82–84

and incomplete resolution of ST segment eleva-
tion is a powerful independent predictor of early
mortality.85–88

Reelevation of the ST segment is a sign of
limited myocardial salvage and suggests ex-
tensive myocardial damage.89–93 In some cases,
in the presence of anterior ischemia, a transient
increase in ST segment elevation (attributed to
adenosine release) preceding and following the
decrease during the first hour has no adverse
consequences.94,95 The magnitude of ST segment
elevation, measured as a sum of the ST shift
voltages, is related to the severity of myocardial
ischemia and not to the size of the area at risk.96

Depression of the ST segment may be recipro-
cal or indicative of additional (presumably sub-
endocardial) ischemia. Shah et al.97 evaluated
clusion of the left anterior descending coronary artery in a
ed QRS duration during occlusion in leads V1 and V2 but
QRS changes during percutaneous transluminal coronary
452, 1997. American College of Cardiology, by permission.)



Figure 7–28 Example of an electrocardiogram (leads
V1–V3) simulating the pattern of Brugada syndrome in a
61-year-old man after surgical replacement of the aortic
valve and a coronary bypass for a 60 percent obstruction
of the left main coronary artery.
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the prognostic significance of the resolution of
ST segment depression in patients with acute
MI after thrombolytic treatment. They compared
patients with ST segment depression resol-
ving simultaneously with ST segment elevation
(simultaneous group) and patients with ST seg-
ment depression persisting after ST segment
elevation resolution (independent group). The
in-hospital mortality was significantly higher in
the independent group than in the simultaneous
group or a control group without ST segment
depression.
ST SEGMENT SHIFT DURING
PERCUTANEOUS CORONARY
ANGIOPLASTY
Balloon occlusion of the coronary artery during
angioplasty lasts usually 1.5 to 3.0 minutes. The
behavior of the ST segment during percutaneous
transluminal coronary angioplasty (PTCA) is the
same as during spontaneous myocardial ischemia,
but the magnitude of the ST segment elevation
expressed in percent of QRS amplitude tends to
be smaller. Among patients with acute MI treated
with direct angioplasty, there was a rapid decrease
of ST segment elevation in those with myocardial
reperfusion but not in those with a no-reflow
phenomenon.98

Also, the average number of leads with STseg-
ment elevation and those with reciprocal
ST segment depression tends to be smaller during
PTCA than during acute ischemia. The maximal
ST segment elevation during balloon occlusion
of the LAD coronary artery is located in lead V2,
V3, or V4 (see Figure 7–30) and, during occlusion
of the RCA, in lead III. During occlusion of the
diagonal branch of the LAD coronary artery, max-
imal ST segment elevation may be located in lead
aVL. The results of occlusion of the left circumflex
coronary artery vary. In about one third of cases,
an ST segment shift in the standard 12-lead ECG
is absent; in another third, ST segment elevation
is present in one or more standard leads; and in
the remaining third of cases there is ST segment
depression in leads V2 and V3, which is believed
to represent a reciprocal change of STsegment ele-
vation localized in the back.99 The localization of
the ST segment elevation predicts the site of the
future loss of QRS voltage.100

In theory, an absence of ST segment displace-
ment at the site of presumed acute injury may be
due to cancellation by contralateral ST segment
displacement in an opposite direction; but in
practice such a mechanism is difficult to verify.
The nonhomogeneous intensity of ischemia
detracts from the accuracy of locating the site
of ischemia. Thus it has been shown that balloon
occlusion of the partially stenotic LAD coronary
artery caused reversible ST segment elevation in
the left precordial leads when the collateral cir-
culation was poor or absent. The same proce-
dure in similar patients with good collateral
circulation produced ST segment depression in
the same leads.101,102 Studies during coronary
artery angioplasty showed that the site of
impaired perfusion could be identified with
greater accuracy using a larger array of precor-
dial leads.102 For instance, ST segment elevation
in the left axillary and back leads was specific for
occlusions of the left circumflex and diagonal
branches. ST segment elevation in lead V3R was
present in 82 percent of cases with an occluded
right coronary artery.103

Kornreich et al.102 used 120 leads to con-
struct a body surface potential map in 131
patients with acute MI. They found that the most
abnormal ST segment elevations and depressions
at each MI location were localized in leads out-
side the standard precordial lead positions. This
study supports the prevailing notion that a larger
number of electrodes, such as are employed dur-
ing mapping of the torso, can improve the diag-
nostic accuracy of the ECG.

It has been shown that STsegment behavior has
a predictive value in patients with acute first ante-
rior MIs caused by an LAD coronary artery lesion
treated with rapid reperfusion by angioplasty.
Kobayashi et al.104 found that recovery of LV



Figure 7–29 Variant angina. Patient had severe coronary artery disease involving all three major vessels, especially the
anterior descending branch, as demonstrated by coronary arteriogram. A, Tracing recorded during angina at rest. B, Tracing
recorded 20 minutes later, after the pain had subsided. The latter tracing is representative of the patient’s baseline ECG. Dur-
ing angina (A), marked ST segment elevation is present in leads II, III, aVL, and V1–V6 with reciprocal ST segment depression
seen in leads aVR and aVL. There is also an increase in the amplitude of the R wave in leads II, III, and aVF, with disappear-
ance of the S waves in leads showing marked ST segment elevation. The resulting complexes resemble the monophasic trans-
membrane potential. Many similar episodes were observed in this patient.
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systolic function was better in patients in whom
ST segment elevation resolved than in those in
whom it did not. Santoro et al.105 found that
reduction in the ST segment elevation after direct
coronary angioplasty was the only independent
predictor of LV function recovery. Microvascular
injury has been suspected to be the cause of persis-
tent ST segment elevation after primary angio-
plasty for acute MI.106,107 (Also see Chapter 8.)
PERSISTENT ST SEGMENT ELEVATION
AFTER MI
After healing of the MI, ST segment elevation
persists in about 60 percent of patients with an
anterior infarction (Figure 7–31) and in about
5 percent of patients with an inferior MI.108

Persistent STsegment elevation correlates with
the presence of asynergy.21 It has been shown that
ST segment elevation developed during balloon



TABLE 7–1 Conditions Associated with
RSR0 Pattern and ST
Segment Elevation in the
Right Precordial Leads

Brugada syndrome (types 1 to 3)
Arrhythmogenic right ventricular dysplasia
Southeast Asian males at risk of sudden cardiac
death

Ischemia or infarction of the right ventricle
Anteroseptal ischemia or infarction
Pulmonary embolism
Hyperkalemia
Unexplained, not at risk of sudden cardiac death

Figure 7–30 ECG leads V1–V6 before (left) and during (right) balloon occlusion of the left anterior descending coronary
artery at midlevel. The maximal ST segment shift and maximal S amplitude decrease (percent of baseline value) are in lead
V4. (From Surawicz B, Orr CM, Hermiller JB, et al: QRS changes during percutaneous transluminal coronary angioplasty and
their possible mechanisms. J Am Coll Cardiol 30:452, 1997. American College of Cardiology, by permission.)
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inflation coincident with the new appearance of
hypocontractility in a region of previously normal
motion109 and that there was a close association
between the magnitude and extent of ST segment
elevation and the extent of asynergy.110 The most
sensitive marker for anterior wall hypocontracti-
lity was ST segment elevation in lead V2; for infe-
rior wall hypocontractility, the most sensitive
marker was ST segment elevation in lead III.

The widely held notion that persistent ST seg-
ment elevation is a marker of a ventricular aneu-
rysm has not been supported by recent studies.
Radionuclide imaging has shown similar global
and regional wall motion abnormalities in patients
with and without persistent ST segment elevation
after MI.111 If the aneurysm is defined as a “full-
thickness scar that exhibits a localized convex pro-
trusion during both phases of the cardiac cycle,”
two-dimensional echocardiography shows that
the persistent STsegment elevation correlates with
dyskinesia rather than with an aneurysm.112

The well-established relation between persis-
tent ST segment elevation and the paradoxical
motion of LVmyocardium112 suggests that stretch
may play a role in the process, but the mechanism
by which stretch might cause ST segment dis-
placement has not been elucidated. The study of
Toyofuku et al.113 supports the hypothesis that
stretch can cause ST segment elevation in the
absence of ischemia. These investigators reported
that in patients with arrhythmogenic right ven-
tricular dysplasia (ARVD) who had no coronary
artery disease, ST segment elevation was induced
by exercise. In their study, significant ST segment
elevation in the right precordial leads developed
in 11 of 17 (65 percent) patients with severe RV
asynergy; the finding proved to be helpful for
diagnosing ARVD noninvasively.

The results of aneurysmectomy have not
helped to locate the site of abnormal potential dif-
ferences. In one study of 74 ECGs with ST seg-
ment elevation before aneurysmectomy, the
pattern remained unchanged in 60.8 percent,
improved in 25.7 percent, and became more



Figure 7–31 ECG of an 84-year-old woman with a left ventricular aneurysm, a massive anterior myocardial infarction,
5 years after onset. Present are atrial fibrillation, low voltage in the limb leads, intraventricular conduction disturbance sug-
gestive of periinfarction block, and persistent ST segment elevation in leads V2–V6.
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pronounced in 13.5 percent of the cases after
aneurysmectomy. The average ST segment ampli-
tude after aneurysmectomy in several studies
was reduced by only one fourth114 (Figure 7–
32). Engel et al.114 found that after an encircling
endocardial ventriculotomy the STsegment eleva-
tion was unchanged, suggesting that the ST seg-
ment elevation did not originate in the injured
tissue adjacent to the aneurysm. The authors
admitted to the possibility, however, that the
encircling procedure could have created new
zones of injury.
RECOGNITION AND SIGNIFICANCE
OF RECIPROCAL ST CHANGES
WITH ACUTE MI
Depression of the ST segment in the presence of
ST segment elevation can be a result of the pro-
cess that caused the injury current responsible
for ST segment elevation. Alternatively, it may
be a marker of an independent additional area
of injury in another location.

It has been shown that a subendocardial
lesion associated with ST segment elevation in
subendocardial electrograms causes a reciprocal
ST segment depression in the epicardial electro-
grams, so long as a layer of nonischemic epicar-
dial muscle is present. However, when ischemia
becomes transmural, ST segment elevation
occurs in the epicardial electrograms. During
acute ischemia, reciprocal ST segment depres-
sion is present in all patients with an inferior
MI (see Figure 7–9) and in 70 percent of patients
with an anterior MI (see Figures 7–7 and 7–10).
When the magnitude of the ST segment elevation
is small because the overall amplitude of the
complex is low, reciprocal ST segment depres-
sion may be more conspicuous than the culprit
ST segment elevation (Figure 7–33).

Echocardiographic studies showed that recip-
rocal ST segment depression did not correlate
with remote wall changes, a finding compatible
with a truly reciprocal change; but this finding
has not been universally confirmed. Thus
nuclear imaging suggests that reciprocal ST seg-
ment change indicates an additional region of
remote ischemia.115 Moreover, angiographic
studies performed within 2 weeks of an acute
MI in 84 patients with inferior MI showed that
patients with anterolateral ST segment depres-
sion had larger infarcts and a higher incidence
of multivessel disease.108 In the same study, the
absence of reciprocal ST segment depression
“virtually precluded multivessel disease.” Also,
among patients with anterior infarction, ST seg-
ment depression in inferior leads occurred in
45 percent and was associated with more exten-
sive infarction, increased morbidity, and a higher
incidence of multivessel coronary disease.116

During the evolution of an inferior wall
infarction associated with ST segment elevation
in lead III, an absent or a disproportionately
small reciprocal ST segment elevation in leads
V1 and V2 was suggestive of an associated infarc-
tion of the right ventricle117 (see Figures 7–9
and 7–16). The same principle was shown to
be applicable when an anterior MI caused by



Figure 7–32 ECG of a 50-year-old man with akinesis of the anterior wall, apex, and inferior wall; hypokinesis of the
lateral wall; and a left ventricular ejection fraction of 20 percent before (A) and after (B) aneurysmectomy. A, Note the absent
r waves and elevated ST segment in leads I, aVL, and V2–V6. B, Note regression of the ST segment elevation and reappear-
ance of r waves in leads V2–V4.
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occlusion of the LAD coronary artery was
accompanied by ischemia of the inferior wall.117

The latter was caused by continuation of the
occluded LAD coronary artery beyond the apex
of the heart onto the inferior wall of the left ven-
tricle or by the LAD coronary artery supplying
collaterals to the previously infarcted inferior
wall. Under such circumstances, ST segment ele-
vation in the anterior precordial leads was asso-
ciated with attenuation or reversal of the
reciprocal ST segment depression in the “infe-
rior” leads.118 In patients with acute MI, the sen-
sitivity of MI detection increases significantly by
co-existence of ST-segment elevation and recip-
rocal depression in the 12-lead ECG.118a
ABSENCE OF THE EXPECTED
RECIPROCAL ST SEGMENT DEVIATION
In the presence of the three common types of
Q wave MI (anterior, lateral, inferior), ST seg-
ment elevation is usually associated with recip-
rocal ST depression in one or more of the
standard 12 leads. In the presence of posterior
or anterior subendocardial MI, the acute injury
pattern is manifested by ST segment depression



Figure 7–33 Low-amplitude ST segment elevation in low-amplitude complexes in leads III and aVF compared with more
conspicuous reciprocal ST segment depression in leads V1–V4. ECG of a 45-year-old man with an inferior myocardial infarc-
tion attributed to occlusion of the proximal left circumflex coronary artery. Left ventricular ejection fraction was 45 percent.
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in one or more of the standard leads. The recip-
rocal ST segment elevation may be present only
in the back in the case of subendocardial infarc-
tion and may be difficult to detect in the anterior
leads in the case of posterior infarction because
of the low amplitude of the ST segment deviation
caused by the remote location of the infarction.

The apparent lack of expected reciprocal
ST segment depression in the presence of ST seg-
ment elevation in one or more standard precor-
dial leads may be attributed to one or more of
the following factors:

1. Failure to examine leads aVR and V1, which
are probably relatively close to the postero-
basal part of the left ventricle. These leads
are often less carefully examined than the
other 10 leads, and so the differences
between normal and abnormal patterns in
these leads may be less recognizable.

2. Difficulty of recognizing it owing to the
low amplitude of the ventricular complex
in the leads with expected ST segment
deviation (Figure 7–34).

3. Obfuscation by secondary ST segment
deviations caused by intraventricular con-
duction disturbance or ventricular hyper-
trophy. A common cause is wide terminal
QRS deflection in the presence of incom-
plete or complete RBBB.

4. Coexistence of acute anterior and inferior
injury patterns (Figure 7–35).

5. Diffuse ST segment elevation during the
early stage of anterior infarction with tran-
sient extension of the ST segment elevation
into the territory facing the inferior leads.

6. Associated pericarditis (Figures 7–36 and
7–37). It has been suggested119 that the
disappearance of the reciprocal ST segment
depression or appearance of the ST seg-
ment elevation in the leads with previous
ST segment depression in some cases facil-
itates the diagnosis of infarction-related
pericarditis.
ST SEGMENT ELEVATION: NORMAL
VARIANT AND ACUTE PERICARDITIS
In some young men after onset of puberty an
excessive ST segment elevation occurs as a nor-
mal variant. Mehta et al.120 described this pat-
tern as an elevated concave ST segment, located
commonly in the precordial leads (most conspic-
uously in leads V1–V3) with reciprocal ST seg-
ment depression in lead aVR. The pattern is
often associated with tall peaked T waves, a slur
on the R wave, vertical electrical axis in the fron-
tal plane, and sinus bradycardia.120 The inci-
dence decreases with advancing age. A review
of the literature suggests that, contrary to the
anecdotal reports, the pattern is equally common
in all races.120

The term “early or premature repolarization,”
which is not clearly distinguishable from the
normal male pattern, is frequently applied to
this pattern.121,122 The prematurity implies that
the ST segment shift is attributed to shortening
of ventricular action potentials in some epicar-
dial regions. Rapid early repolarization in these
regions may be expected to produce potential
differences, resulting in a current similar to the
injury current. Consequently, in partial support
of this theory are the observations that exer-
cise123 and isoproterenol abolish the ST segment
elevation, presumably as a result of diminished



Figure 7–35 Absent reciprocal ST depression in the ECG of a 54-year-old man with recent anterior and inferior
myocardial infarction and aneurysmal dilatation of the middle and apical portions of the septum and apical portions of
the inferoanterior and lateral walls of the left ventricle. Estimated left ventricular ejection fraction was 15 percent.

I aVR V1 V4

II aVL V2 V5

III aVF V3 V6

Figure 7–34 ECG of a 44-year-old woman with acute inferior myocardial infarction and low-voltage ECG. Note that both
the ST segment elevation in leads II, III, and aVF and the reciprocal ST segment depression in leads V1–V4 are approximately
of the same amplitude, in proportion to the QRS amplitude.
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difference between ventricular action poten-
tial durations. However, mapping studies have
not substantiated the rationale for the term
“early repolarization,” because in normal young
volunteers the overlap between the onset of ven-
tricular repolarization and the end of QRS
(which ranged from 4 to 16 ms) did not corre-
late significantly with the ST segment deviation
in the precordial leads.124

The pattern of “early repolarization” (or nor-
mal “male” pattern) may simulate the changes
of acute pericarditis, possibly because they may
be caused by a similar mechanism. In both,
inscription of the ST segment begins before
QRS forces have returned to baseline,122,125 but
the ST segment elevation in pericarditis is
usually present in both limb and precordial
leads. In contrast, ST segment elevation in the
“normal variant” is confined more frequently to
the precordial lead123,126 (see Figure 1–13).
Moreover, the T wave amplitude in the left
precordial leads tends to be greater in persons
with “normal variant” than in those with acute
pericarditis.126 In practice, however, the
distinction between these two patterns may be
difficult.

Persistent multilead ST segment elevation is
present in patients with spinal cord injury at
the C5 to C6 levels (i.e., lesions that completely
disrupt cardiac sympathetic influences).127

These changes were reversed by low doses of
infused isoproterenol. Although the mechanism



Figure 7–37 ECG of an 82-year-old woman recorded 2 days after the onset of anterolateral myocardial infarction docu-
mented by echocardiogram, which also showed a ventricular septal defect with a large left-to-right shunt and a small peri-
cardial effusion. Patient died the next day. ST segment is elevated in leads I, II, III, aVL, aVF, and V1–V6; it was depressed in
lead aVR.

Figure 7–36 ECG of a 72-year-old man 2 days after acute anterior myocardial infarction caused by occlusion of the left
anterior descending (LAD) artery at midlevel with associated pericarditis as evidenced by pericardial friction rub. Both prox-
imal LAD and right coronary arteries were diseased but without critical stenoses. ST segment is elevated in all leads except
V1 and aVR; in the latter the ST segment is depressed.
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of ST segment elevation in these patients has not
been clarified, the findings demonstrate that nor-
mal sympathetic tone modulates the course or
sequence (or both) of ventricular repolarization.
ST SEGMENT ELEVATION: OTHER
CAUSES
Table 7–2 lists additional causes of ST segment
elevation encountered less frequently than the
conditions discussed previously.
T WAVE CHANGES (HYPERACUTE
T WAVE PATTERN)
Pointed tall or deeply negative “coronary” Twaves
associated with a prolonged QT interval may
appear either before or after primary ST segment
elevation has begun to subside (Figure 7–39A).
These Twave abnormalities are attributed to pro-
longation of activity in the ischemic regions of the
ventricle.2,141 In some cases the increase in Twave
amplitude may be modest and not easily recog-
nized.142 In the presence of posterior infarction,



TABLE 7–2 Less Common Causes of ST Segment Elevation

Pulmonary embolism and acute cor pulmonale (usually lead III)
Cardiac tumor
Acute aortic dissection128

After mitral valvuloplasty129

Pancreatitis and gallbladder disease130–132 and other catastrophic illnesses133

Myocarditis133,134 (Figure 7–38)
Septic shock
Anaphylactic reaction135

J wave
Hyperkalemia (“dialyzable” current of injury)
With any marked QRS widening (e.g., antidepressant drug overdose136 or class IC antiarrhythmia drugs137,138)
After transthoracic cardioversion139

Following implantable cardioverter defibrillator shocks140

Figure 7–38 Acute injury pattern on the ECG of a 35-year-old man with presumed acute myocarditis presenting as the
first manifestation of previously undetected human immunodeficiency virus (HIV) infection. Elevated levels of cardiac
enzymes on admission suggested the diagnosis of myocardial infarction, but the patient had normal coronary arteries and
no pericardial effusion. The ECG returned to normal within 5 days.
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tall upright T waves in the precordial leads are
similar to the “hyperacute” T waves seen during
acute anterior ischemia (Figure 7–39B) but usu-
ally are less transient.
QT INTERVAL
During acute myocardial ischemia the QT
interval may shorten, lengthen, or remain
unchanged25 (Figure 7–40). It has been reported
that prolonged QT within the first few hours of
symptoms predicts primary cardiac arrest in
patients with acute MI.143
U WAVE
During acute myocardial ischemia the U wave
may become inverted or increase in amplitude.
The former occurs more often. Transient U
wave inversion, however, may be caused not
only by regional myocardial ischemia but also
by an elevation of blood pressure.144,145 It has
been observed that during acute ischemia the
inverted portion of the U wave appears late;
that is, the U wave is positive-negative, whereas
the U wave related to elevated blood pressure is
negative-positive.146



Figure 7–39 Two examples of tall T waves exceeding 1 mV in amplitude. A, Hyperacute stage of anterior myocardial
infarction in a 63-year-old man with an occluded left anterior descending (LAD) coronary artery recorded during
the course of thrombolytic therapy. B, Acute inferior and posterolateral myocardial infarction in an 82-year-old man
with an occluded dominant right coronary artery, 90 percent stenosis of the mid-LAD artery, and absent collateral
circulation.

Figure 7–40 Variable QTc values during acute ischemia. A, Normal QT and QTc (344 and 418 ms, respectively) on an
ECG of a 42-year-old man with acute inferior infarction caused by occlusion of the right coronary artery. B, Prolonged
QT and QTc (394 and 451 ms, respectively) in a 49-year-old man with acute inferior infarction caused by occlusion of a
large right posterolateral branch of the right coronary artery.
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The reports of U wave inversion during ische-
mia stem mostly from the observations during
exercise or coronary spasm, whereas U wave
inversion is seldom observed during PTCA or
with spontaneous myocardial ischemia. Correla-
tion with myocardial imaging showed that dur-
ing exercise a negative U wave in the anterior
precordial leads was both sensitive and specific
for myocardial ischemia of the anterior wall,
whereas a negative U wave in the inferior leads
was specific but not sensitive for acute ischemia
of the inferior wall.147

Increased U wave amplitude in the precordial
leads is observed occasionally during spontane-
ous myocardial ischemia or during exercise-
induced ischemia (see Chapter 10). It is believed
to be a specific although not a sensitive marker
of significant narrowing of the left circumflex
or right coronary artery.148 It is probably caused
by increased compensatory wall motion of the
nonischemic myocardium and increased sympa-
thetic stimulation.
REVERSIBLE QRS CHANGES
The QRS changes during acute myocardial ische-
mia can be caused by: (1) ischemia of the con-
ducting system; (2) impaired conduction in the
Figure 7–41 Transient appearance of a Q wave associated w
dial ECG leads of an 80-year-old man with obstructive disease
patient was admitted on day 1 (A) with a diagnosis of unstable
on day 2 after abrupt closure of an intracoronary stent inserted du
C, ECG recorded on day 3 after an emergent coronary artery byp
increase in R wave amplitude in lead V2, and disappearance of t
there is a marked decrease of R wave amplitude in all leads in
myocardial ischemia. J Electrocardiol 31:209, 1998, by permiss
ischemic myocardium; and (3) passive shift of
the QRS deflections resulting from shift of the
ST and TP segments. Bundle branch blocks and
fascicular blocks may follow occlusion of the
LAD coronary artery proximal to the first septal
perforator, or after occlusion of an artery supply-
ing collaterals to the myocardium supplied by
the previously occluded proximal LAD coronary
artery. These conduction disturbances are dis-
cussed in Chapters 4–6.

Elevation of the STsegment and decreased high-
frequency components in the signal-averaged
ECG149 are frequently associated with decreased
amplitude or disappearance of the S wave in the
precordial leads (see Figures 7–8, 7–10, 7–11, and
7–41). Other changes may include the appearance
or disappearance of the Q wave (Figure 7–42)
and an increase in the R wave amplitude150

(see Figure 7–41). In the leads with reciprocal
ST segment depression, the S wave amplitude
may increase and the R wave amplitude may
decrease. These changes take place without
changes in the QRS duration and are assumed
to represent passive shifts of the QRS deflec-
tion. The term “periischemic block” app-
lies to transient QRS changes associated
with increased QRS duration.28,151 Such
changes occur less often than changes in QRS
ith an ST segment shift during acute ischemia. Four precor-
of the left anterior descending (LAD) coronary artery. The
angina pectoris and abnormal T waves. B, ECG recorded
ring coronary angioplasty at the midlevel of the LAD artery.
ass graft. Note in B the transient appearance of a Q wave, an
he S wave in leads V2 and V3. Compared with the ECG in A,
C. (From Surawicz B: Reversible QRS changes during acute
ion.)



Figure 7–42 Transient disappearance of a QS wave associated with an ST segment shift during acute myocardial
ischemia. Selected ECG leads from a 61-year-old woman with a remote inferior myocardial infarction, obstruction of the
dominant right coronary artery at midlevel, and nonobstructive disease of the left anterior descending and left circumflex
coronary arteries. She was admitted after a new onset of angina pectoris and treated with percutaneous transluminal coro-
nary angioplasty (PTCA) of the right coronary artery. A, Before admission on 8/17/95. B, Before PTCA on 11/3/95 at
10:47 AM. C, After PTCA on 11/4/95 at 5:58 AM. Note the disappearance of the Q wave in lead III associated with the ST seg-
ment shift. The QRS patterns before (A) and after (C) development of an acute injury pattern are similar. (From Surawicz B:
Reversible QRS changes during acute myocardial ischemia. J Electrocardiol 31:209, 1998, by permission.)

154 SECTION I � Adult Electrocardiography
configuration caused by a passive ST segment
shift and sometimes are more pronounced in
selected leads (e.g., V1, V2, III, aVF) than in
the remaining ECG leads (see Figure 7–23).

In a study by Surawicz,150 reversible QRS
changes encountered in 29 patients with acute
MI included new Q waves in 3 cases, decreased
Q wave amplitude in 2 cases, QS change to qRS
or qR in 6, disappearance of QS or Q in 4,
Figure 7–43 Portion of the ECG of a 58-year-old man with an
of the left anterior descending artery after thrombolytic therapy.
tricular rhythm with retrograde conduction to the atria.
increased R amplitude in 9, decreased R ampli-
tude in 6, decreased S amplitude by more than
75 percent in 18, and increased QRS duration
in 4. Reversible changes of the initial QRS por-
tion were present in 24 of 29 patients, and those
of the terminal QRS portion occurred in all
patients.

It has been reported that in patients with acute
anterior infarction, distortion of the terminal QRS
acute anterior myocardial infarction attributed to occlusion
Rhythm strip in lead II shows an onset of accelerated ven-



Figure 7–44 Variant angina in a 60-year-old woman with recurrent angina at rest. A, Tracing was recorded during one of
the episodes, revealing ST segment elevation in leads II, III, and aVF, with reciprocal ST segment depression in leads I, aVL,
V2, and V3. B, A few minutes later. Note the appearance of premature ventricular complexes and the development of ven-
tricular tachycardia and fibrillation.
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portion on admission predicts a high mortality
rate152 and a greater incidence of reflow impair-
ment after emergency coronary angioplasty.153 In
another study, terminal QRS distortion on admis-
sion was a better predictor of final infarct size
than ST segment measurements.154
VENTRICULAR ARRHYTHMIAS
DURING ACUTE ISCHEMIA
Harris155 showed that one-stage occlusion of the
coronary artery in dogs caused ventricular fibril-
lation in 30 to 50 percent of the animals.
Arrhythmias did not occur, however, when the
occlusion was performed in two stages: first nar-
rowing the vessel, and then closing it after 30
minutes. These observations may be pertinent
to the current concept of ischemic precondition-
ing, which postulates that repetitive attacks of
angina pectoris diminish the severity of myocar-
dial ischemia following coronary occlusion.

Elevation of the ST segment is frequently
associated with the appearance of premature
ventricular contractions (PVCs), which may pre-
cipitate a sudden onset of ventricular fibrillation
(VF) typically displaying the R-on-T phenome-
non. These arrhythmias are sometimes called
“occlusion arrhythmias.” It is of interest that
the “primary VF” during acute ischemia tends
to be a unique, isolated event that rarely recurs
after successful defibrillation and regression of
the acute injury ECG pattern. In a large group
of hospitalized patients with acute MI, the inci-
dence of recurrent VF was 2.4 percent.
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The increased heart rate exacerbates ventricu-
lar arrhythmias during acute ischemia, but the
influence of the increased heart rate is difficult
to dissociate from the effect of sympathetic stim-
ulation, Bradycardia has no consistent effect on
arrhythmia during acute ischemia, but long
pauses may precipitate arrhythmias and initiate
electrical alternans.

With experimental ischemia, reperfusion
arrhythmias that occur after release of the occlu-
sion are no less malignant than arrhythmias fol-
lowing sudden occlusion, and VF occurs
frequently within a few seconds after the sudden
release of coronary ligation. The reperfusion
arrhythmias appear to be nonreentrant. In
humans, however, life-threatening ventricular
tachyarrhythmias occur seldom during reperfu-
sion, and unlike after occlusion, the incidence of
VF is low. The most common arrhythmias during
reperfusion are PVCs and accelerated ventricular
rhythms (Figure 7–43); these arrhythmias are
seen more often after lysis of the occluding
thrombus than after coronary angioplasty. In the
study of Zehender et al.,156 PVCs and couplets
were seen in all 22 patients (100 percent) and
ventricular tachycardia (VT) in 21 (95 percent)
of 22 patients with acute infarction in whom
reperfusion was achieved. Sustained VT or VF
was not observed in these patients, although VF
occurred in three of eight patients in whom coro-
nary occlusion persisted. Among 26 patients with
patent infarct-related arteries reported by Gressin
et al.,157 all had PVCs and 21 (81 percent) had an
accelerated ventricular rhythm or VT; but only 1
patient required cardioversion for VF. Engelen
et al.158 found that ventricular tachyarrhythmias
associated with epicardial reperfusion strongly
correlated with worsening left ventricular func-
tion after the acute phase of anterior wall MI
and hypothesized that they may represent a non-
invasive marker of cellular injury.

Airaksinen et al.159 studied 152 patients dur-
ing balloon occlusion of the coronary artery
and recorded ventricular arrhythmia in only 18
patients (12 percent). There were no cases of
repetitive ectopic complexes. The group of
patients with ventricular arrhythmias had less
severe coronary stenosis than the rest of the
patients and no visible collaterals to the
occluded vessel. Surawicz et al.28 observed no
ventricular arrhythmias while monitoring 29
patients with percutaneous coronary angioplasty.

Ventricular fibrillation has been reported after
relief of coronary spasm (Figure 7–44), but such
events are probably even more rare than during
coronary angioplasty.
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ORIGIN OF THE ABNORMAL INITIAL
QRS DEFLECTION
The abnormal initial deflection in myocardial
infarction (MI) is caused by loss of the voltage
previously generated by the infarcted tissue.
The loss of voltage is believed to cause transmis-
sion of the cavity potentials to the surface of the
heart. Wilson et al.1,2 suggested that epicardial
Q waves were caused by passive transmission
of intracavitary potentials through an electrically
inactive myocardial tissue (Wilson’s window the-
ory). Another way of explaining this process is
to state that the loss of voltage results in a new
balance of electrical forces that become oriented
away from the regions of complete or partial tis-
sue loss toward the noninfarcted tissue. If this
portion of the myocardium is depolarized early
in the sequence of activation, an abnormal
Q wave is recorded; the infarction is called
Q wave infarction. Studies in experimental ani-
mals support both hypotheses of the abnormal
Q wave (i.e., tissue loss and transmission of
cavity potentials).

With anterior MI, abnormal Q waves appear
in the anterior precordial leads; with inferior
infarction, they appear in the “inferior” leads;
with lateral infarction, they are in the “lateral”
leads; and with posterior infarction they are in
the leads on the posterior wall of the chest.
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Because posterior chest leads are not recorded
routinely, the presence of posterior infarction
can be recognized in the form of reciprocal
changes in the anterior precordial leads (abnor-
mal R wave). However, because the posterobasal
portion of the ventricles is depolarized not at the
beginning of the QRS complex but later, the QRS
abnormalities of the posterobasal infarction may
become recognizable only during the late QRS
portion.
MI WITH ABNORMAL Q WAVE
On the surface electrocardiogram (ECG), an
abnormal Q wave is usually defined in adults
as one that has a duration of 40 ms or more.3–6

In the vectorcardiogram, where the duration of
the Q wave can be measured more precisely,
the Q wave is often considered abnormal when
it measures 30 ms or more. In infants and chil-
dren, the duration of an abnormal Q wave in
leads I and aVL caused by an anomalous left
main coronary artery originating from the pul-
monary artery was 30 ms or longer in all cases.7

Some electrocardiographers consider the
amplitude of the Q wave a criterion of abnormal-
ity; for example, the Q wave is abnormal when
its amplitude exceeds 25 percent of the follow-
ing R wave.3 Such a finding, however, has low
specificity and cannot be used as a reliable
marker of MI in practice. The definition of
a wide Q wave does not apply to leads aVR and
V1, which may normally lack the initial R wave.
Additionally, in leads III, aVF, and aVL the initial
R wave may be absent, and a QS or QR
Figure 8–1 ECG of an obese 76-year-old man who has no
ventricular function on the echocardiogram. Note the Q wave in
progression).
deflection may represent a normal variant. The
QS pattern in lead III is more prevalent in sub-
jects with a horizontal heart position, many of
whom are obese (Figure 8–1); the QS is more
prevalent in lead aVL in slender subjects with a
vertical heart position (Figure 8–2). A Q wave
is also considered abnormal, even if it is less
than 30 ms in duration, when it is present in
leads that normally display an initial R wave
(e.g., leads V2 and V3), but this definition of
abnormality does not apply when the transitional
zone is shifted to the left or right3 or when the
electrodes are placed high with respect to the ana-
tomic position of the heart (see later discussion).

The Q wave develops within 6 to l4 hours
(mean 9 hours) after the onset of symptoms.8

Bar et al.9 found that the development of
Q waves, loss of R waves, and QRS score were
completed within the first 9 hours after onset
of an acute MI. Most commonly the Q waves
develop while the ST segment is still elevated
and persist for a variable number of days, weeks,
months, or years and often indefinitely. In one
study of 251 men who survived 8 weeks after a
Q wave MI, diagnostic Q waves persisted 3.5
years in 70 percent of patients.10 The disappear-
ance of Q waves in the remaining 30 percent
of patients corroborates the reported 12 to 20
percent incidence of nondiagnostic ECGs in
patients with previously documented Q wave
MI.3

Kalbfleisch et al.11 found that Q waves disap-
peared in 6.7 percent and became “equivocal” in
5.2 percent of 775 patients. Most of the rever-
sion occurred within 2 years, and none occurred
evidence of structural heart disease and shows normal left
lead III and QS pattern in leads V1 and V2 (i.e., poor R wave



Figure 8–2 ECG of a slender 22-year-old man who has no evidence of structural heart disease and shows normal left
ventricular function on the echocardiogram. Note the right axis deviation and QS pattern in lead aVL.
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after 6 years. In the study of Coll et al.,12 11 per-
cent of patients lost their Q waves during a
follow-up period averaging 65 months. In
the present era of thrombolytic therapy and pri-
mary angioplasty for acute MI, the reversal
of abnormal Q waves occurs more frequently
(Figure 8–3). Iwasaki et al.13 found that among
94 patients with acute anterior infarction treated
with reperfusion, an abnormal Q wave (defined
as >40 ms and >25 percent of the R wave ampli-
tude) regressed within 6 to 60 months in one or
more leads in 77 percent of the patients. The
incidence of Q wave regression in patients with
patent infarct-related artery (81 percent) was
not significantly different from that in those with
an occluded lesion (67 percent). Similarly, the
incidence of QRS normalization was not affected
by revascularization therapy.14 Q wave regression
did not correlate with hemodynamic improvement
or the extent of regional wall motion changes and
had no prognostic significance.15
Q WAVE VS. NON-Q WAVE
INFARCTION
The terms Q wave infarction and non-Q wave
infarction have replaced, in practice, the former
designations “transmural” and “nontransmural”
infarction.15 The purely descriptive definitions
(i.e., Q wave and non-Q wave MI) avoid any
allusions to the area or thickness implied in the
terms transmural and nontransmural MI.

When using the above terms it should be
remembered that: (1) the mere presence of
Q waves in any of the standard leads except
aVR can occur normally, which means that the
definition refers to a Q wave of abnormal dura-
tion; and (2) Q waves, even if absent in the sur-
face leads, may be present in the epicardial leads
without being transmitted to the body surface,
because the lesion is not sufficiently large.16

The terms imply that a Q wave MI is larger than
a non–Q wave MI.

Indeed, Mirvis et al.17 showed that the per-
centage of left ventricular (LV) infarcted myocar-
dium and the average depth of infarction in dogs
predicted the development of a Q wave signifi-
cantly and independently. If these findings are
applicable to humans, they suggest that Q waves
may be present when there is an extensive non-
transmural MI.

Magnetic resonance tomographic imaging
showed that transmural scar was present in 87
percent of 30 patients with Q wave infarction
and in 35 percent of 17 patients with non–Q
wave infarction.18 The tomographic transmural
defect was significantly larger in patients with
Q wave infarction than in those with non–Q
wave infarction (34 vs. 18 percent of the LV cir-
cumference). This study shows that Q wave
infarctions tend to be larger than non–Q wave
infarctions, although a considerable overlap
exists between the two groups, confirming that
an absence of Q waves does not mean that the
infarction is not transmural.18 Moreover, epicar-
dial maps constructed from 120 torso leads have
shown that a non–Q wave MI is not a distinct
entity but rather a small, less extensive MI.19

Kornreich et al. found that 56 percent of patients
with non–Q wave MIs had abnormalities of the



Figure 8–3 Rapid regression of Q waves after thrombolytic treatment. ECG of a 38-year-old woman with an anterior
myocardial infarction caused by 90 percent ostial stenosis and 90 percent mid-level stenosis of the left anterior descending
coronary artery. ECG in B was recorded 5 days after that in A. Q waves are no longer present in leads V1–V6.
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initial QRS complex (i.e., abnormal Q waves,
reduced R waves, or abnormally tall R waves in
leads located outside the conventional electrode
position).19
ECG LOCALIZATION OF MI
The Committee on Nomenclature of Myocardial
Wall Segments of the International Society of
Computerized Electrocardiography recommended
adoption of a 12-segment LV subdivision based on
the works of Selvester, Wagner, Ideker, and their
colleagues. Figure 8–4 shows that each of the four
walls of the left ventricle (anteroseptal, anterosu-
perior, posterolateral, inferior) is subdivided into
three segments: the basal, middle, and apical.

Small infarcts, which represent about 20 per-
cent of all infarcts, measure 2.0 to 2.5 cm across
and are about 0.5 cm thick. They tend to
produce small changes in the QRS wave forms
(i.e., notches, slurs, and “bites” in the vector
loop) but no diagnostic Q waves unless they
are strategically located with respect to the
recording electrode.20 According to these inves-
tigators, the “classic” Q waves of MI appear
when the infarct is (1) at least 3 to 4 cm in diam-
eter and 5 to 7 mm thick and involving 50 per-
cent of the transmural thickness and (2) located
in the part of the heart that is activated during
the initial 40 ms of the QRS complex. The infarcts
limited to the base, representing 8 to 10 percent
of all infarcts,20 occur in the region depolarized
40 ms or later after the onset of the QRS and pro-
duce no abnormalities of the initial QRS com-
plex.21,22 In an additional 7 percent of infarcts,
abnormalities of the initial QRS complex are
absent because of the cancellation resulting from
two infarcts localized at opposing sites.20



Figure 8–4 Segmental subdivision of the heart for the purpose of localizing myocardial infarction (MI). Based on the
recommendations of the International Society of Computerized Electrocardiography, MIs can be localized as follows: basal
anteroseptal ¼ segment 3; middle anteroseptal ¼ segment 2; apical anteroseptal ¼ segment 1; apical posterolateral ¼
segment 10; middle posterolateral ¼ segment 11; basal posterolateral ¼ segment 12; basal anterosuperior ¼ segment 6; mid-
dle anterosuperior ¼ segment 5; apical anterosuperior ¼ segment 4; apical inferior ¼ segment 7; middle inferior ¼ segment
8; basal inferior ¼ segment 9. (From Selvester RH, Wagner GS, Ideker RE: Myocardial infarction. In: MacFarlane PW, Lawrie
TD [eds]: Comprehensive Electrocardiology. New York, Pergamon, 1989. Copyright 1989 Elsevier Science, by permission.)

166 SECTION I � Adult Electrocardiography
DIAGNOSTIC CRITERIA FOR Q WAVE
INFARCTION
Anterior MI Caused by Left Anterior
Descending Coronary Artery Occlusion

The subdivision of anterior MI patterns based on
the location of the ST segment elevation was
described in Chapter 7. Because the distribution
of Q waves tends to follow (albeit often in fewer
leads), the subdivision based on the Q wave dis-
tribution is similar. Q waves in leads V2–V3 or
V2–V4 are present in nearly all cases of anterior
MI. The additional Q wave in lead aVL (and
occasionally in lead I) suggests an anterosuper-
ior MI, whereas the additional Q wave in the
lead V5 or V5–V6 suggests an anterolateral
MI. The term “anteroseptal MI” is not helpful
because some portion of the septum is usually
involved in the anterior MI caused by left ante-
rior descending (LAD) occlusion.

Shalev et al.23 failed to support the notion
that a Q or a QS deflection >0.03 second in
leads V1–V3 defines an anteroseptal infarction.
These investigators compared ECG, echocardio-
graphic, and cardiac catheterization findings in
80 patients whose disorder fit the traditional def-
inition of acute anteroseptal MI. Their study
showed that 92 percent of patients with ST seg-
ment elevation in leads V1–V3 had an anteroapi-
cal infarct, and the culprit narrowing was more
frequently found in the mid to distal LAD coro-
nary artery. They suggested that the ECG pattern
traditionally termed “anteroseptal” should be
called an anteroapical infarction, whereas the
term anteroseptal should be defined as an exten-
sive MI of the anterior wall associated with
diffuse ST changes involving the anterior, lateral,
and occasionally inferior leads.2 In my opinion,
the electrocardiographic terms apical and ante-
roapical MI are difficult to define (see later
discussion). For instance, Warner et al.24 found
that abnormal Q waves (i.e., wider than 30 ms)
in leads I, aVL, V5, and V6 more often reflected
an apical than a lateral MI. The term anterior-
inferior is applicable to anterior MI caused by
LAD coronary artery “wrapped” around the apex
(Figure 8–5; see also Figure 8–14).

A large anterior infarction combines the
abnormalities of anterolateral and anterosuper-
ior MIs (see Figures 7–7, 7–10, and 7–11).



Figure 8–5 ECG of a 65-year-old man with an anterior infarction involving the inferior wall, attributed to occlusion of the
left anterior descending artery “wrapping” around the apex. There was no critical obstructive disease in the dominant right
and diminutive left circumflex arteries. Anterior wall and apex were akinetic with a left ventricular ejection fraction
of 25 percent. Sinus bradycardia and first-degree atrioventricular block are present.
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Posterior, Posterolateral Infarction, and
Differential Diagnosis of Tall R Waves
in Lead V1

With the posterior or posterolateral MI, the ini-
tial QRS forces are directed anteriorly and to
the right, causing an increased R wave in the
right precordial leads and a Q wave in lead
aVL, V5, or V6. If the Qwave in these leads is absent,
the diagnosis of posterior MI is uncertain because a
tall Rwave in the right precordial leads is a common
normal variant.25 If, however, right ventricular
(RV) hypertrophy and right bundle branch block
(RBBB) are excluded, the duration of the R wave
in the right precordial leads is >40 ms, and the
R/S amplitude is>1.0, the pattern is highly specific,
although its sensitivity for basolateral MI is only 36
percent.26 The sensitivity improves, however, when
the Twave is upright in lead V1

27,28 (Figure 8–6).
Casas et al.29 summarized the characteristics of

various ECG patterns associated with tall R waves
as follows:

1. True posterior infarction: STsegment depres-
sion and upright Twave in leads V1 and V2,
Q waves, and ST segment elevation in leads
V7–V9

2. Right ventricular hypertrophy: Right axis
deviation, right atrial enlargement, sec-
ondary ST segment and T wave changes,
normal ECG in leads V7–V9

3. Ventricular septal hypertrophy: Associated
Q waves, left ventricular hypertrophy
(LVH), normal ECG or deep narrow Q
waves in leads V7–V9
4. Right bundle branch block: Wide QRS, R
peaks late in V1, often broad S wave

5. Wolff-Parkinson-White pattern: Short PR,
delta wave

6. Normal variant: No other abnormalities
Consideration of these guidelines is of some

help but does not always resolve the diagnostic
dilemma of tall R waves in the right precordial
leads. For instance, a normal variant associated
with right axis deviation simulates right ven-
tricular hypertrophy. In another example of a
difficult differential diagnosis, a smoothly ascen-
ding or notched wide R wave without an S wave
may be caused by RBBB alone, RBBB with right
ventricular hypertrophy, or RBBB with posterior
infarction. Using cardiovascular magnetic reso-
nance imaging (MRI), Bayes de Luna et al.30

found that the RS morphology in lead V1 was
caused by lateral MI and proposed to eliminate
the term posterior MI in the presence of such
pattern.

The term high lateral infarction has been
applied to a pattern with Q waves confined to
leads I, aVL, and “high lateral” leads recorded
two intercostal spaces above the standard lead
positions (see Figure 7–23). Pearce et al.31

showed that of 20 patients with such a pattern
(the duration of the Q wave was not specified),
only 2 had an MI at autopsy. Based on the
correlations with cardiovascular MRI, Bayes de
Luna et al.30 proposed to substitute the term
limited anterolateral MI for high lateral MI
in the presence of Q wave confined to the
lead aVL.



Figure 8–6 ECG of a 44-year-old man with single-vessel coronary artery disease and posterior myocardial infarction
caused by occlusion of the posterior descending coronary artery. Estimated left ventricular ejection fraction was 50 percent.
Note the tall R waves and upright T waves in leads V1 and V2 and the normal q waves in leads I, II, aVL, aVF, and V4–V6.

168 SECTION I � Adult Electrocardiography
Inferior Infarction

With an inferior MI the initial QRS forces are
directed superiorly, causing a Q wave in leads III,
aVF, and frequently in lead II (see Figures 7–8,
7–9, 7–16, and 7–21). The specificity of a Q wave
�30 ms in leads aVF and II is 96 percent, and
the sensitivity is about 50 percent.32 The abnormal
superior force is much easier to demonstrate in
the vectorcardiogram (VCG) than in the ECG for
two reasons: (1) greater accuracy of the measure-
ment of duration and (2) direct display of clock-
wise rotation. Of 100 patients with proven
inferior MI that occurred several months or years
earlier, the VCG detected the typical QRS abnor-
mality in 90 and the ECG in only 42 patients.33

Similar results have been reported by several other
investigators.

The coexistence of inferior MI with left anterior
fascicular block is easier to diagnose on the VCG
than on the ECG. Both conditions produce superi-
orly directed QRS forces, but the initial forces of
the inferior MI rotate in a clockwise direction,
whereas with left anterior fascicular block the rota-
tion is counterclockwise. When the two abnormal-
ities coexist, the initial portion of the superiorly
oriented QRS loop is rotated in a clockwise direc-
tion and is followed by a counterclockwise rotation
of the terminal portion of the QRS loop. Warner
et al.34 empirically derived the following specific
ECG criteria for the diagnosis of combined inferior
MI and left anterior fascicular block in three simul-
taneously recorded limb leads: (1) leads aVR and
aVL both end in an R wave with the peak of the ter-
minal R wave in aVR occurring later than the peak
of the terminal R wave in aVL; and (2) a Q wave of
any magnitude is present in lead II.34
A large inferoposterior infarction combines
abnormalities of the posterolateral and inferiorMIs.
RIGHT VENTRICULAR INFARCTION
Isolated infarction of the RV free wall seldom
occurs.3,35,36 Symptomatic RV MI causing seri-
ous hemodynamic complications is usually asso-
ciated with an acute MI of the inferior or
inferoposterior wall.3 Most pathologic studies
showed that RV infarction is present in 14 to
36 percent of patients with LV inferior Q wave
infarction, but no major RV MI is seen in hearts
with an isolated anterior MI.3,35,37–39 A small
portion of the RV, however, was involved with
equal frequency in anterior and inferior (poste-
rior) LV infarction.

Cabin et al.40 found RV infarction only in 13
percent of 97 hearts with anterior LV MI; the RV
infarcts occupied 10 to 50 percent of the circum-
ference of the RV free wall from base to apex. All
LV infarcts involved the septum and were large.3

RV infarction usually causes loss of the R wave
in leads V3R and V4R (see Figure 7–24). Lead V3R

appears to be more useful because the rS pattern
is nearly always present normally in this lead,
whereas in lead V4R the initial r wave is absent
in about 9 percent of normal persons.41 An RBBB
appearance has been described in some cases.3

Chou pointed out that an old RV MI cannot be
recognized on the ECG because of the lack of
specific QRS changes and the transient nature
of the ST segment elevation.3

Elevation of the ST segment in one or more
of the right precordial leads is the most impor-
tant diagnostic sign of RV MI. On the standard
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12-lead ECG, ST segment elevation may be pres-
ent in lead V1 and in some instances also in leads
V2 and V3

42,43 (see Figures 7–16, 7–17, and
7–24). The right-sided leads V3R–V6R are more
sensitive for recognizing an acute RV infarc-
tion.44,45 Lead V4R appears to be the most
useful among these leads.3,45

Zehender et al.46 found ST segment elevation
in lead V4R in 107 (54 percent) of 200 consecu-
tive patients with acute inferior infarction. Using
autopsy findings, coronary angiography, hemo-
dynamic measurements, and noninvasive imag-
ing, they found that ST segment elevation in
lead V4R had a sensitivity of 88 percent, specific-
ity of 78 percent, and diagnostic accuracy of 83
percent in the diagnosis of associated acute
RV MI. Braat et al.44 emphasized the transient
nature of ST segment elevation in the supple-
mentary right precordial leads because this
finding was no longer present within 10 hours
after the onset of chest pain in one half of
their patients. It has been suggested that leads
V3R-V6R be added routinely to the 12-lead ECG
for the initial recordings in patients with acute
inferior LV infarction.3

The pattern of acute RV infarction with ST
segment elevation in leads V1–V3

42,43 closely
resembles that of an acute anteroseptal infarction.
Conversely, in some patients with anterior infarc-
tion the ST segment elevation extends into the
V3R and V4R leads (see Chapter 7). Occasionally,
ST segment elevation caused by RV MI extends
from lead V1 to lead V5 or even to lead V6.

42 A rare
finding, reported by Chou,3 was a QS pattern in
leads V1–V3 observed by the author in four
patients in whom the right coronary artery was
completely occluded at its proximal portion,
although no significant lesions were found in the
left coronary arteries. This can be explained by
the disappearance of the depolarization of the RV
wall, which contributes to formation of the initial
“septal” QRS deflection directed from left to right.
MIOF THE LEFT VENTRICLE INVOLVING
VENTRICULAR PAPILLARY MUSCLES
Dabrowska et al.47 correlated the ECG with
autopsy findings in 53 patients with acute MI
involving one or both LV papillary muscles and
in 10 patients with acute MI without papillary
muscle involvement. ST segment depression of
>1 mm was found in 86.8 percent of patients
with papillary muscle involvement and in only
one patient without it. ST depression in the
inferior leads was seen only in patients with
anterolateral papillary muscle infarction, whereas
ST segment depression in lead I or aVL was seen
only in cases with posteromedial papillary
muscle infarction.47
OTHER PATTERNS
Early terminology referred to the ECG pattern of
apical infarction characterized by a Q wave in
leads V3 and V4 together with Q waves in leads
II, III, and aVF. Rothfeld et al.48 demonstrated
low sensitivity of the above criteria: Among 62
patients in whom akinesia or dyskinesia was
localized at the apex within 3 weeks after the
onset of MI, 26 percent had no Q waves, 23 per-
cent had Q waves in the “inferior” leads only,
and 32 percent had Q waves in the “anterior”
leads only. The pattern combining Q waves in
both sets of leads was present in only 19 percent
of patients with apical infarction.

Pure septal infarction was inadvertently
produced by occlusion of the septal branch dur-
ing percutaneous transluminal coronary angio-
plasty.49 The resulting ECG changes consisted
in the disappearance of the septal Q wave, ST
segment elevation in leads V1 and V2, and recip-
rocal ST segment depression in leads II, III, aVF,
V5, and V6.

50 In one of the personally observed
cases, alcohol injection into the first septal per-
forating artery for treatment of obstructive
hypertrophic cardiomyopathy produced RBBB
and changes in the initial QRS portion, mainly
in leads I and aVL, which suggests infarction of
the basal septum (Figure 8–7). In a recent study,
McCann et al. found that patients who devel-
oped RBBB after alcohol septal ablation had
more extensive transmural septal infarctions.50a

It is important to emphasize that not all ECG
patterns of MI encountered in practice fit the
previously mentioned criteria for localizing the
infarction. Various other abnormal patterns of
the initial QRS complex may be present, causing
difficulties of exact definition and precise locali-
zation of MI.
MULTIPLE INFARCTIONS
Myocardial infarction in more than one region of
the ventricles is usually the result of an occlu-
sion of more than one coronary artery, but
progressive narrowing of the lumen, a distal
embolus, or breakdown of the collateral circula-
tion can cause extension of a previous infarction
or a new infarction in the absence of involve-
ment of an additional major artery.

The recognition of two independently occur-
ring infarctions is not difficult when the infarctions
differ in their age of onset or when the territories
of the two infarctions are noncontiguous. Most
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Figure 8–7 ECG changes following septal ablation with alcohol. Top: Before ablation, ECG is suggestive of left ventricular
hypertrophy. Bottom: After ablation there is right bundle branch block and a pattern of basal septal myocardial infarction,
suggested by increased duration and amplitude of Q wave in leads I and aVL. In the remaining leads, the onset of QRS com-
plex is essentially unchanged.
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common difficulties arise in the presence of an
atypical distribution of coronary blood flow. For
instance, an LAD coronary artery extending inferi-
orly and supplying part of the inferiorwall adjacent
to the apex or a right coronary artery supplying the
lower portion of the septum can give rise to a single
inferoseptal MI simulating the presence of two
independent infarctions.
The development of a new infarction may
mask the signs of a previous infarction, particu-
larly if the previous infarction is located on the
opposite side of the ventricle (Figure 8–8). For
example, loss of the posteriorly directed QRS
forces caused by posterior infarction may pro-
duce an R wave in the anterior precordial leads,
thereby obscuring the pattern of a preexisting



Figure 8–8 Effect of a new infarction on the pattern of a previous infarction. ECGs of a 72-year-old woman. A, One day
after the onset of acute inferior infarction. Note the Q waves in leads II, III, and aVF. B, Three weeks later on the day of acute
lateral infarction, there is a right axis shift in the frontal plane, and the presence of the previous inferior infarction is no longer
recognizable.
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anterior infarction. In rare cases, two opposing
initial vectors of two infarctions located at
opposing sides cancel each other, making both
infarctions unrecognizable.
OPTIMAL LEADS
Right-sided precordial leads, particularly leads
V3R and V4R, are helpful for establishing the
diagnosis of an RV infarction. Zeymer et al.50

assessed RV involvement by an ST segment ele-
vation of >1 mV in lead V4R and the infarct size
by the extent of ST segment deviation. RV
involvement was present in 169 (32 percent) of
522 patients with inferior infarction. ST segment
elevation of >1 mV in lead V4R was associated
with large infarcts and high 30-day mortality
rates. This study showed that the higher cardiac
mortality rate with RV infarctions was related to
the large infarct size and more proximal right
coronary artery lesion, and not to the presence
of the RV infarction per se.51

Zalenski et al.51 explored the contribution of
ST segment elevation in the RV leads (V4R–V6R)
and posterior (V7–V9) leads to the diagnosis of
suspected acute MI in 533 patients. The study
showed that addition of these leads modestly
improved the recognition of acute MI. The
authors calculated that an additional 14,000
patients with acute MI would be diagnosed on
a national level (based on an annual hospitalized
prevalence for acute MI of 700,000) if the RV
and posterior leads were routinely recorded in
all patients.51

Kornreich et al.19 performed a discriminant
analysis of torso maps derived from 120 leads
in 308 patients with various types of MI. They
concluded that six features from six torso sites
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accounted for a specificity of 96 percent and sen-
sitivity of 94 percent. Unfortunately, each of
these six positions were located outside the con-
ventional electrode sites. Therefore it seems that
the diagnostic accuracy for MI on the ECG
would improve if the present lead system were
altered. The firm entrenchment of the traditional
recording system makes it unlikely that a “lead
reform” can muster an influential constituency.
ABNORMALITIES DURING MIDDLE
AND LATE PORTIONS OF THE QRS
COMPLEX
Abnormalities during mid or late portions of the
QRS complex can be caused by changes in the
sequence of activation or slow activation within
or outside the MI (or both). The QRS duration
may remain unchanged if the infarction affects
the normally late activated parts of the ventricle
and alters the activation pattern but does not
cause slowing of conduction. This appears to
be uncommon. In most MIs with the abnormal-
ities of the late QRS portion, the QRS duration
is increased.

A ventricular conduction defect after MI was
described in 1917 by Oppenheim and Rotschild
(see Castle and Keane52). It was followed by
debates in the literature on whether the conduc-
tion slowing resulted from interruption of the
conduction in the terminal twigs of the Purkinje
network, termed arborization block, or to slow-
ing of conduction in the myocardium. In 1950
First et al.53 introduced the term periinfarction
block to explain the MI pattern in which
Figure 8–9 ECG of a 61-year-old man with a remote lateral
periinfarction block is suggested by the wide R wave in leads I
the initial QRS abnormality (i.e., Q wave) is fol-
lowed by a slow, slurred terminal deflection.
PERIINFARCTION BLOCK
Grant54 proposed the following criteria for diag-
nosis of periinfarction block: (1) characteristic
abnormality of the initial QRS portion (i.e., a
Q wave); (2) abnormal terminal QRS force
directed toward the infarct with an angle of
100 degrees or more between the initial and ter-
minal QRS forces; and (3) little or no prolonga-
tion of the QRS complex. Grant suspected that
the axis shift of the terminal QRS portion in
patients with such a pattern was caused by left
anterior or left posterior fascicular block. He
coined the definitions anterolateral periinfarction
block (Figure 8–9; see also Figure 7–31) and dia-
phragmatic periinfarction block (Figure 8–10). In
the former, the Q waves diagnostic of MI in leads
I and aVL are followed by a terminal QRS force
directed leftward and superiorly, producing an
Swave in leads II, III, and aVF. This pattern resem-
bles the left anterior fascicular block. In the dia-
phragmatic periinfarction block, the Q waves
diagnostic of MI in leads II, III, and aVF are
followed by terminal QRS forces directed right-
ward and inferiorly, producing an S wave in leads
I and aVL. This pattern resembles that of left
posterior fascicular block.

The existence of an “arborization block” was
questioned55 because infarction in dogs did not
alter the morphology of the Purkinje fiber spikes,
even though the latter appeared sometimes 20 to
30 ms after the onset of the QRS complex. Also,
myocardial infarction and QRS duration of 120 ms. Lateral
and aVL. See text discussion.



Figure 8–10 ECG of a 77-year-old woman with an inferior infarction resulting in extensive inferobasal akinesis attributed
to total occlusion of the proximal right coronary artery. QRS duration is 136 ms. Inferior periinfarction block is suggested by
wide R waves in leads II, III, and aVF. There is an atrioventricular junctional rhythm with two sinus complexes recognizable
by the different morphology of the ventricular complex.
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in humans with transmural MI, the HV interval
and the interval from the onset of the QRS com-
plex to the onset of RV activation were
unchanged.56

Subsequently, Vassallo et al.57 found that the
endocardial activation pattern was normal in
patients with inferior MI and a QRS duration
averaging 164 ms. In the same study, the activa-
tion pattern was either normal or delayed in
the region of the infarction in patients with ante-
rior MI and a QRS duration averaging 144 ms.57

Thus studies in both experimental animals and
humans led to the conclusion that the conduc-
tion delay in MI is localized not in the conduct-
ing system but in the myocardium.

The experimental studies of Kadish et al.58

confirmed that conduction over the epicardial
surface of the infarction was slow. These studies
validate the concept of the periinfarction block.
However, Durrer et al.55 thought that the surface
ECG would not be able to distinguish between
the slow conduction around the infarction (peri-
infarction) and the slow conduction within the
infarction (i.e., in the strands of viable myocar-
dium within a mottled infarction). Therefore
they proposed the ECG term postinfarction block.
Despite its apparent merit, the term has not been
used widely in the literature.

Slow conduction in the infarcted myocardium
of humans has been amply documented. Vassallo
et al.57 found that in patients with a previously
healed inferior MI and a history of ventricular
tachycardia (VT), the area of delayed activation
was in the inferoposterior basal region. Isochro-
nal maps computed from 127 endocardial and
epicardial sites during sinus rhythm in 45 post-MI
patients operated on for recurrent VT showed that
the activation delay was present in 89 percent of
patients, and terminal activation was topographi-
cally related to MI in 94 percent. Delayed activa-
tion beyond the QRS complex was observed on
the endocardium and epicardium, respectively, in
11 and 31 percent of cases.59

Signal averaging has enabled us to establish
the increased incidence of high-frequency com-
ponents of low amplitude within the QRS com-
plex in patients with acute and chronic MI.60–62

The increased incidence of high-frequency com-
ponents is attributed to fragmentation of the
depolarization wave front by fibrous tissue, and
the low amplitude is attributed to an overall
decrease in electromotive force and slowing of
ventricular conduction.62

In patients with a previously healed anterior
MI and history of VT, late activation occurred
throughout the inscription of the QRS complex
and corresponded anatomically to the anterior
free wall and the septum. Slow activation in the
infarcted myocardium lasted longer than the
activation at the sites of the latest normal activa-
tion, such as the posterior basal region.57,58 The
signal-averaged ECGs showed that the incidence
of late potentials rises to a peak of 42 percent
during the first week, followed by a decline to
13 percent by day 42.63 Late potentials during
the first week after infarction were associated
with subsequent ventricular dilatation.63

The ECG pattern of periinfarction block, as
defined by Grant,54 is not specific for solid
infarction because it is frequently associated
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with myocardial fibrosis.52,64 Abnormalities in
the middle and terminal portion of the QRS loop
on the VCG can be helpful when diagnosing a
previous inferior MI even in the absence of the
diagnostic abnormalities of the initial QRS
forces.65,66 Abnormal slowing of conduction,
manifested by increased duration of the QRS
complex, can appear transiently during myo-
cardial ischemia without infarction (e.g., during
coronary angioplasty67 or during coronary
spasm68 (see Chapter 7).
ANGIOGRAPHIC CORRELATIONS
Knowledge of the coronary anatomy can
be helpful when interpretation of the ECG (Fig-
ure 8–11) shows myocardial perfusion patterns
of the three major coronary artery systems in the
three conventional echocardiographic views.
The anatomy of the three principal coronary
arteries supplying the heart varies among indivi-
duals, particularly with regard to the dominant
artery, which by definition gives off the posterior
descending coronary artery. The right coronary
artery is dominant in about 90 percent of
cases and the left circumflex artery in about 10
Figure 8–11 Myocardial perfusion patterns of the three majo
graphic views: right coronary artery, left anterior descending art
eral papillary muscle; LAD ¼ left anterior descending; LC ¼ le
freewall; P ¼ posterior; PMPM ¼ posterior medial papillary musc
¼ right ventriclular outflow tract; VS ¼ ventricular septum. Note
authors grouped the true posterior, inferior, and inferoapical infa
(From Parker AB, Waller BF, Gering LE: Usefulness of the 12-le
electrocardiographic-anatomic correlations. Part II. Clin Cardiol
percent of cases. In a small percentage of hearts,
the pattern of coronary supply is balanced because
both right and left circumflex arteries give off
parallel descending branches close to the intera-
trial groove. The dominant artery usually gives off
the anterioventricular (AV) node artery. The sinus
node artery arises in 55 percent of individuals
from the right circumflex artery and in 45 percent
from the left circumflex artery.

The dominant right coronary artery supplies
the right side of the heart, the inferior wall, a
variable amount of the lateral LV wall, and part
of the posteromedial papillary muscle group of
the mitral valve. Occlusion of the right coronary
artery can cause inferior, posterior, inferoposter-
ior, inferolateral, inferoposterior, and RV MI.

The left circumflex artery supplies most of the
LV lateral wall and variable amounts of the inferior
wall. Occlusion of this artery can cause posterior
and lateral infarctions (posteroapical, posterolat-
eral, posterobasal, posteroinferior, inferolateral,
or high lateral). When the left circumflex artery is
dominant, it crosses the crux of the heart, gives
off the posterior descending artery, and perfuses
about half of the ventricle. Its occlusion results in
large inferoposterior and posterolateral infarctions.
r coronary artery systems in three conventional echocardio-
ery, left circumflex artery. A ¼ anterior; ALPM ¼ anterolat-
ft circumflex; LV ¼ left ventricle; LVFW ¼ left ventricular
le; PD ¼ posterior descending; RV ¼ right ventricle; RVOFT
that there is no designation of the inferior wall because the
rctions under the more expansive term posterior infarction.
ad electrocardiogram in detection of myocardial infarction:
19:141, 1996, by permission.)
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A combination of an occlusion of dominant RCA
and left circumflex artery causes an inferior and
posterolateral MI as shown in Figure 8–12.

The LAD coronary artery supplies the ante-
rior wall of the left ventricle, most of the septum,
and the apex of the left ventricle. In approxi-
mately 30 percent of cases, there is an intermedi-
ate branch originating at the site of the division
of the main stem entry. Figure 8–13 shows an
ECG in a patient with occlusion of the interme-
diate branch.
III

II

I

aVF

aVL

aVR

Figure 8–12 ECG of a 82-year old man with a pattern of infer
Q wave in leads I-III, aVF, and V5–V6 with increased R wave amp
artery was occluded proximally, and there was a 95 percent nar
descending coronary artery was widely patent. Estimated left ve

III

II

I

aVF

aVL

aVR

Figure 8–13 ECG of a 77-year old man with anterior myoca
mediate branch without major obstructions in other major cor
contractile apex. Abnormal Q waves are present in the leads V2

fuse T wave abnormalities. The earlier ECG taken before MI wa
Anteroseptal and anterior MIs are nearly
always caused by occlusion of the LAD coronary
artery, which is also often responsible for apical
infarction and sometimes lateral infarction.
Proximal occlusion can result in bundle branch
block. Left anterior fascicular block occurs in
about 8 percent of anterior MIs caused by LAD
coronary artery occlusion.20

The AV node is supplied by the AV node
artery, which subsequently ramifies to supply
the His bundle, and, in many cases, the posterior
V3

V2

V1

V6

V5

V4

ior and posterolateral myocardial infarction, as evidenced by
litude in leads aVR and V1–V3. The dominant right coronary
rowing of the left circumflex artery, whereas the left anterior
ntricular ejection fraction of 20 percent.

V3

V2

V1

V6

V5

V4

rdial infarction (MI) caused by ostial occlusion of the inter-
onary arteries. There was mid-anterolateral dyskinesis with
and V3 with decreased R amplitude in leads V4–V5 and dif-
s normal (not shown).
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division of the left bundle branch. There are also
marked individual variations. In the study of
Frink and James69 the His bundle was supplied
in 9 of 10 human hearts by both the AV node
artery and the first septal branch of the LAD
artery and in one heart by the AV node artery
alone. In the same series, the proximal right
bundle branch was supplied by both AV node
artery and the septal branch in five hearts, the
septal branch alone in four, and the AV node
artery alone in one. The anterior half of the left
bundle branch was supplied dually in four
hearts, entirely by septal branches in five, and
by the AV node artery alone in one. The poste-
rior half of the LBB was supplied by the AV node
artery alone in five hearts, dually in four, and by
the septal branch alone in one. In only one of the
10 studied hearts were both bundle branches
supplied proximally by the anterior septal
branches alone. This suggests that a bilateral
bundle branch block may be caused by occlu-
sion of the LAD artery proximal to the takeoff
of the first septal branch alone or, more often,
by distal occlusion of the LAD artery and an
additional occlusion of the right coronary artery
proximal to the takeoff of the AV node artery.

It should be noted that the conduction system
appears to be more resistant to ischemia than the
myocardium and that in patients with MI the
appearance of a bundle branch block may be
caused not only by ischemia but by edema,
Figure 8–14 Acute anteroseptal and inferior myocardial infa
woman known to be a cocaine user. She developed severe ches
reveals ST segment elevation in the anteroseptal and inferior
thrombotic occlusion of the proximal left anterior descending a
with satisfactory results. The visualized artery was long and wrap
of the inferior wall. The ECG recorded on the next day shows si
QS deflection in lead V1. The R waves in leads V2 and V3 are
T waves are inverted in the entire precordial leads and lead I.
elevation and T wave inversion.
necrosis, and polymorphonuclear cell infiltration
of the surrounding myocardium. The frequently
observed transient nature of the intraventricular
conduction disturbances in patients with acute
MI can be attributed to both the resistance to
ischemia and the frequent presence of a dual
blood supply of the conduction system. In addi-
tion, collaterals exist within the septum between
branches of the AV node artery and septal
branches from the LAD artery and between the
left anterior or descending artery and the
branches of the posterior descending artery sup-
plying the posterior parts of the septum. For all
these reasons, it is difficult to predict the impact
of any particular coronary occlusion on the
extent and duration of the resulting intraventric-
ular conduction disturbances. Perhaps the most
remarkable phenomenon is that coronary occlu-
sions proximal to the takeoff of the sinoatrial
node artery or AV node artery create only excep-
tionally permanent sinoatrial or AV blocks.

The correlation between the site of coronary
occlusion and the localization of the MI is gener-
ally good, but in the presence of chronic coronary
artery disease, particularly in patients undergoing
revascularization, the usefulness of the ECG at
rest is limited. In fact, the ECG is frequently nor-
mal in the presence of significant coronary artery
disease with obstruction of one or more coronary
arteries. This can usually be explained by the
presence of a collateral circulation.
rction related to cocaine use. The patient is a 30-year-old
t pain; the ECG recorded 90 minutes after the onset of pain
leads (not shown). Coronary arteriogram reveals complete
rtery. Percutaneous transluminal angioplasty was performed
ped around the apex of the heart to supply a substantial part
gns of acute anteroseptal and inferior infarctions. There is a
small. The ST segment in leads V1–V3 is elevated, and the
In the inferior leads, Q waves are present with ST segment
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Fuchs et al.70 correlated ECG and angio-
graphic findings in patients with MI and single-
vessel coronary artery disease. Sixty patients
had abnormal Q waves. With two exceptions,
the presence of an abnormal Q wave in leads I,
aVL, and V1–V4 was associated with disease of
the LAD artery. The presence of Q waves in leads
II, III, and aVF was associated with left circum-
flex or right coronary artery disease.

In the study of Blanke and co-workers,71 a
typical ECG pattern of acute anteroseptal infarc-
tion was highly reliable for predicting that the
LAD artery was the infarct-related vessel with a
sensitivity of 90 percent and a specificity of 95
percent. Also, a typical pattern of acute inferior
infarction correctly identified the right coronary
or left circumflex artery as the infarct-related
artery in 94 percent of cases. The presence of
typical findings of infarction in inferior leads
without evidence of posterior or lateral infarc-
tion was highly specific for right coronary artery
disease. When the ECG showed a pattern of pos-
terior or lateral infarction (or both) without a
typical pattern of infarction in the inferior leads,
the infarct-related artery was most likely the left
circumflex. In 56 percent of patients with the
left circumflex artery as the infarct-related ves-
sel, ECG abnormalities were nondiagnostic. In
all the patient subgroups, no apparent ECG
differences were found between patients with
total vs. subtotal occlusion of the infarct-related
vessel.

In an unpublished study, Surawicz and Orr
examined electrocardiographic-angiographic cor-
relations in 71 consecutive patients with first MI
caused by LAD coronary artery occlusion in the
III

II

I

aVF

aVL

aVR

Figure 8–15 ECG type 1 pattern of anterior myocardial infarc
descending coronary artery distal to the first septal perforator an
coronary branches. Note the Q wave in leads V2–V4. The narro
body build. Estimated left ventricular ejection fraction of 40 per
absence of �50 percent lesions in the remaining
large coronary branches.

The culprit lesions were proximal to the first
diagonal branch of the artery (and in about half
of these, they were proximal to the first septal per-
forator) in 48 cases and distal to the takeoff of both
the first diagonal and the first septal perforator in
23 cases. We subdivided the ECG patterns based
on the new Q wave distribution into the following
four types: type 1 with Q waves in leads V2–V3 or
V2–V4 (n ¼ 28) (Figure 8–15); type 2 with Q
waves in V2–V3 or V2–V4 þ Q in aVL (n ¼ 16)
(Figure 8–16); type 3 with Q waves in V2–V5 or
V2–V6 (n ¼ 11) (Figure 8–17); and type 4 with Q
waves in V2–V5 or V2–V6 þ Q in aVL (n ¼ 16)
(Figure 8–18). The occlusion was proximal in 50
percent of patients with types 1 and 3 patterns
and in 83 percent of patients with types 2 and 4
patterns. The left ventricular ejection fraction
(LVEF) was �35 percent in 60 percent of patients
with type 1 pattern and in 16 to 20 percent of those
with types 2, 3, and 4 patterns. These results show
that types 2 and 4 patterns were the best predictors
of proximal occlusion, and that types 2, 3, and 4
predicted a markedly depressed LV function.
Added Q wave in the lead aVL or in leads V5–V6

to the obligatory Q wave in the leads V2–V3 or
V2–V4 was a marker of LVEF �35 percent.
Acquired RBBB was present in 21 cases, of which
all but 1 occurred in patients with occlusion before
the first septal perforator (see Figure 8–18).

Not included into this material were subjects
with isolated occlusion of the first diagonal
branch (see Figure 7–14), of the intermediate
branch (see Figure 8–13), and occlusion of artery
“wrapped” around the apex (Figure 8–14).
V3

V2

V1

V6

V5

V4

tion in a 55-year-old man with occlusion of the left anterior
d diagonal branch and no major obstructions in other large
w q waves in the inferior leads are normal for this patient’s
cent.
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Figure 8–16 ECG type 2 pattern of anterior myocardial infarction in a 54-year-old man with proximal occlusion of the left
anterior descending coronary artery and no major lesions in the remaining large coronary branches. Estimated left ventricular
ejection fraction of 30 percent. Note the Q waves in leads V2–V4 and aVL.
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Figure 8–17 ECG type 3 pattern of anterior infarction in a 60-year-old man with complete occlusion of the left anterior
descending coronary artery distal to the second diagonal branch and less than 50 percent obstruction in other major coro-
nary branches. Estimated left ventricular ejection fraction of 25 percent. Note the Q waves in leads V2–V6. ECG was normal
shortly before myocardial infarction (not shown).
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The most common new intraventricular con-
duction defect is left anterior fascicular block,
which occurs predominantly in patients with
LAD coronary artery occlusion. In patients with
an inferior infarction and assumed newly devel-
oped left anterior fascicular block implied by a
frontal axis shift from –30 to –90 degrees, there
was also a high prevalence of LAD coronary artery
stenosis, and the infarction was extensive.72 Pre-
sumably the development of this conduction
disturbance is caused by the loss of collateral
circulation following occlusion of right coronary
artery.72

Dunn et al.73 examined ECGs of 84 patients
with isolated circumflex artery occlusion. The
ECG was abnormal in 82 of these patients;
Q waves were present in 35 patients, a “true
posterior infarction” pattern (initial R wave of
0.04 second or more in lead V1 or V2) in 43,
ST-T wave abnormalities in 2, and LBBB in 2.
Inferior abnormalities correlated with periph-
eral stenoses, and lateral abnormalities corre-
lated with central stenoses. Figure 8–19 shows
the ECG pattern of an inferior infarction in a
16-year-old girl with Kawasaki disease.

A true posterior infarction pattern was seen in
patients with both central and peripheral ste-
noses. In patients with RV infarction, the right
coronary artery is the infarct-related vessel (see
Figures 7–16 and 7–24). In the experience of
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Figure 8–18 ECG type 4 pattern of anterior infarction in a 37-year-old man with 100 percent ostial occlusion of the left
anterior descending coronary artery and no obstructing lesions in other major coronary branches. Note the right bundle
branch block (not present before myocardial infarction) and Q waves in leads V1–V6 and aVL. Estimated left ventricular ejec-
tion fraction of 10 percent.

Figure 8–19 Acute inferior infarction in a 16-year-old girl with Kawasaki disease and coronary artery aneurysm demon-
strated by coronary arteriography before the development of myocardial infarction. ECGs were obtained before (A) and after
(B) the infarction occurred. Note the appearance of Q waves with ST segment elevation and T wave inversion in the inferior
leads on the tracing of 11/8/80. (Courtesy of Dr. Samuel Kaplan.)
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Chou,3 the right coronary artery was occluded
or nearly occluded at its proximal portion in
nearly all patients with acute inferior and RV
infarctions and impaired RV function. In cases
of RV infarction associated with occlusion of
the right coronary artery at its midportion, there
was often no RV dysfunction even though the
infarction was diagnosed by ECG.3 In the study
of Weinshel et al.,74 RV infarction was present
in patients with right coronary occlusion proxi-
mal to all of the free wall branches but not in
patients in whom the obstruction occurred distal
to all of the free wall branches.

Midgette et al.75 used the database from a clin-
ical trial to develop ECG predictors of the infarct-
related artery in a group of patients considered
candidates for thrombolytic therapy. They identi-
fied 12 sets of sums of ST segment deviation and
T wave polarity. For example, the sum of the ST
segment elevation in leads V1 to V4 was referred
to as the summary anterior ST segment elevation,
and the sum of the negative T wave amplitude
in leads I, aVL, and V5 was referred to as the
summary lateral Twave negativity. They found that
in patients with a high summary anterior ST seg-
ment elevation and a low summary lateral Twave
negativity, the LAD coronary artery was likely the
infarct-related artery; in patients with a low
summary anterior ST segment elevation and a
high summary lateral T wave negativity, a right
coronary artery lesion was likely; and in patients
with both a low summary anterior ST segment
elevation and a low summary lateral T wave neg-
ativity, the left circumflex artery was most likely
the infarct-related vessel.
SUMMARY: ECG-ANGIOGRAPHIC
CORRELATION FOR MI
The heart is shaped like a cone with walls of
uneven thickness without identifiable landmarks
separating different regions. In this chapter I sug-
gested for orientations the following correlations:

Anteroseptal, anterior, extensive anterior
infarction: Likely the LAD coronary artery.
If leads I and aVL are also involved in an
anterior extensive infarct, the culprit lesion
is likely to be proximal to the diagonal
branch.

Inferior infarction: Right coronary artery
(RCA) or, less likely, the left circumflex
artery (LCX).

Inferoposterior infarction: RCA or LCX.
Inferior infarction plus right ventricular

infarction: Proximal RCA.
Anterolateral, high lateral, inferolateral, pos-

terolateral infarction: LCX.
Based on the recently performed correlations of
the location and extent of MI with the cardiac
magnetic resonance imaging (CMRI), it was
recommended that increased R waves, represent-
ing the Q-wave equivalent in leads V1 and V2,
indicate a lateral MI and that abnormal Q waves
in leads aVL and I without Q waves in lead V6

indicate a mid-anterior MI. Therefore, the terms
posterior and high-lateral MI are incorrect when
applied to these patterns and should be changed
to lateral wall MI and mid-anterior wall MI,
respectively. The other 4 recommended locations
are: septal (Q in V1, V2), apical-anterior (Q in V1,
V2 to V4–V6), extensive anterior (Q in V1, V2 to
V4– 6, aVL, and sometimes I), and inferior (Q in
II, III, and aVF).

75a The subdivisions of anterior
MI in this classification, based on CMRI, is similar
to what I proposed on the basis of correlations
with ventriculograms (see page 177), but the pro-
priety of terms—inferior, posterior, lateral and
posterolateral—is expected to be further debated.

Evolution of ECG Patterns for Acute
Q Wave MI

In a classic sequence of events, during MI the
first ECG change is the “hyperacute” T wave
(see Chapter 7) followed by ST segment eleva-
tion, Q waves (possibly abnormal R waves),
decreased ST segment elevation with the begin-
ning of T wave inversion, and return of the ST
segment to baseline with symmetric T wave
inversion and a prolonged QT interval. During
the course of the transition from ST elevation
to Twave inversion, a stage of pseudonormaliza-
tion may occur when the ST segment deviation
subsides and the T wave inversion has not yet
occurred (see Figure 7–7). This classic sequence
of events is often altered in various ways, parti-
cularly in patients undergoing thrombolytic
therapy or primary coronary angioplasty (see
Figures 7–8 to 7–10, 7–19, and 7–21).

The incidence of transient “hyperacute”
T wave changes is low even when the ECG is
monitored from the time of the onset of symp-
toms. The patterns of ST segment elevation are
described in Chapter 7. As a rule, the ST seg-
ment elevation is recorded in a larger number
of leads than in those with a developing abnor-
mal Q wave. The extent, magnitude, and time
course of ST elevation and the associated recip-
rocal ST segment depression are highly variable.
In most cases the initial ST segment elevation
decreases markedly during the first 7 to 12
hours after the onset of chest pain76,77 and sub-
sides within a few days. Mills et al.78 found that



Figure 8–20 ECG of a 66-year-old woman recorded 2 days after myocardial infarction documented by the clinical course
and elevation of cardiac enzymes, possibly caused by coronary spasm. Coronary arteries and left ventricular function were
normal. Note the typical giant “coronary” T waves, with the QTc ¼ 527 ms.
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the ST segment elevation resolved within 2 weeks
in 90 percent of patients with inferior infarction
and in only 40 percent of those with anterior
infarction. The modern treatment of acute MI
has changed the course of ST segment evolution,
but the significance of persistent ST segment ele-
vation as a marker of suspected ventricular
aneurysm has remained unchanged (see later
discussion).

Abnormal T waves are usually more symmet-
ric and more pointed than normal Twaves. They
are sometimes called “coronary” Twaves and are
usually associated with lengthening of the QT
interval (Figure 8–20). Figure 8–21 shows that
the characteristic morphology of a coronary
T wave is not altered by ventricular pacing. In
Figure 8–21 ECG leads V1–V6 of an 83-year-old woman with
(B) pacemaker implantation. Note the persistent T wave abnorm
patients with MI, pointed coronary T waves
appear before or after the primary elevation of
the ST segment has begun to subside. In the
presence of an elevated ST segment, the site at
which the T wave descent begins to form can
be recognized by the presence of a notch at the
summit of the repolarization wave (Figure 8–22).
When the notch deepens, the negative deflection
is formed. This negative deflection has a charac-
teristic shape known as a “cove-plane” T wave.3

With the increasing descent of the ST segment,
the area of the negative T wave increases. When
the ST segment becomes horizontal, a symmet-
ric, sharply inverted Twave of varying amplitude
is inscribed. Such Twaves are distinctly different
from the secondary T waves of ventricular
a remote anterior myocardial infarction before (A) and after
ality in the paced complexes.



Figure 8–22 ECG of a 52-year-old woman recorded 3 days after onset of an acute anterior infarction caused by total
occlusion of the left anterior descending coronary artery. Note the persistent ST segment elevation in the precordial leads
with an incipient T wave inversion indicated by the terminal dip in leads V1–V3.
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hypertrophy or intraventricular conduction distur-
bances but may be indistinguishable from primary
T wave abnormalities caused by other processes
(see Chapter 23).

Infarction Twaves are attributed to prolonga-
tion of activity in the regions of the ventricle
immediately adjoining the area of infarction
(i.e., stunned myocardium).79,80 The abnormal
T wave after an MI is frequently called the
“ischemic” T wave. However, the term ischemia
has been used also to designate reversible ST
segment depression with or without T wave
abnormalities, such as those seen during an
attack of angina pectoris. To distinguish between
these two forms of abnormal repolarization, the
term “postischemic T wave pattern” was pro-
posed, but it has not gained popularity. Thus
the term ischemia is applied in clinical practice
to both the acute transient changes associated
with ST segment deviations and the subacute or
chronic stages of the process associated predom-
inantly with T wave abnormalities.80

The T wave abnormalities that appear during
stress-induced or spontaneous attacks of angina
pectoris usually regress within minutes, but after
MI they may persist for several days, weeks,
months, or even years. The vector of abnormal
T waves tends to be directed away from the area
of abnormal (prolonged) repolarization, which
means that the Twave becomes negative in leads
I, aVL, V5, and V6 in the presence of anterolateral
infarction; in leads V1–V3 in the presence of
“anteroseptal” infarction; in leads II, III, and
aVF in the presence of inferior infarction; and
upright in the right precordial leads in the pres-
ence of posterior infarction. The correlation
between the distribution of Twave abnormalities
and localization of myocardial lesions is not as
reliable as the correlation between the distribu-
tion of Q waves and the region of the MI. U wave
inversion, if present, occurs during the early
stage of the MI. In the presence of an anterior
MI, a negative U wave appears in the anterior
precordial leads and in the presence of inferior
infarction in leads III and aVF. It has been
reported that in patients with lateral MI caused
by occlusion of the left circumflex coronary
artery, the amplitude of a positive U wave is
increased, a finding that is usually difficult to verify
in practice.
INCREASED R AMPLITUDE
The frequently observed increase in R amplitude
during myocardial ischemia and exercise-induced
tachycardia has been attributed to altered con-
duction.81,82 During the hyperacute phase of MI
in dogs, R wave amplitude changes were asso-
ciated with changes in the ventricular activation
pattern.83 A marked increase in R amplitude
(“giant R waves”) has been observed transiently
during the hyperacute phase of MI in humans84

(Figure 8–23).
The increase in R wave amplitude has also

been attributed to ventricular dilation associated
with myocardial ischemia. Studies in both exper-
imental animals and humans, however, have
shown that the increased R amplitude during
acute ischemia is not caused by changes in the
intracardiac blood volume.80 For other explana-
tions, see Chapter 7.



Figure 8–23 Increased R wave amplitude during the acute phase of an anterior myocardial infarction. Conventional ECG
standardization is not shown. Arrow points to the U wave. (From Surawicz B: Electrophysiologic Basis of ECG and Cardiac
Arrhythmias. Baltimore, Williams & Wilkins, 1995.)
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Thrombolytic Treatment and
Primary Angioplasty in Acute MI

Successful reperfusion results in myocardial
salvage. Baer et al.18 found, within 36 hours
after admission, a 23.3 percent gain in the
ECG-estimated infarct size in a successfully
reperfused patient group compared with a 12.0
percent gain in the nonperfused patient group.

The most useful evidence of coronary reper-
fusion after thrombolytic therapy and successful
primary angioplasty is reduction of the ST seg-
ment elevation.85–99 Definition of ST segment
recovery is facilitated by continuous analysis of
the monitored ECG.90 A decrease in the ST seg-
ment elevation of 0.2 mV or more may be
observed within 30 minutes after the beginning
of thrombolytic treatment and angioplasty86,88,91

and may continue for 3 to 6 hours.85,99 Addition-
ally, resolution of an RBBB and AV block can be
observed following successful reperfusion.

Persistent ST-segment elevation at 30 minutes
after primary percutaneous transluminal coronary
angioplasty (PTCA) was a marker of impaired
reperfusion in patients with acute MI.85,86 Also,
incomplete ST segment resolution after stenting
for acute MI was a marker of microcirculatory
dysfunction and more extensive myocardial
damage.85
Transient reelevation or fluctuation of ST seg-
ment elevation has been reported during the
early phases of reperfusion before final resolu-
tion.92,93 Maeda et al.94 found that additional
ST segment elevation immediately after reperfu-
sion occurred in patients with severe ischemic
myocardial damage before reperfusion and pre-
dicted a lesser degree of improvement in the
LVEF. In other studies, ST segment reelevation
after reperfusion predicted limited myocardial
salvage.95 In the GUSTO study, 243 of 734
patients had a new ST segment shift assessed as
>0.1 mV deviation from the baseline within
6 to 24 hours after thrombolytic therapy.96

Patients with a new shift 6 to 24 hours after
treatment represented a high-risk group with
increased 30-day and 1-year mortality.96 In
another large study, ST segment reelevation and
slow resolution after direct PTCA was a negative
predictor of the recovery of LV function.97,98

It should be noted, however, that reperfusion
may occur without a decrease in ST segment
elevation, and a decrease in ST segment elevation
may occur in the absence of reperfusion. Kircher
et al.99 studied 56 consecutive patients with
acute MI 90 minutes after thrombolytic treat-
ment. The rapid decrease in ST segment ele-
vation alone as an indicator of successful
reperfusion had a sensitivity of 52 percent, a
specificity of 88 percent, and a predictive value
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of 88 percent. In the CADILLAC study, resolution
of ST segment elevation after primary angioplasty
correlated strongly with improved prognosis.100

During the early stages of reperfusion, a
decrease in R wave amplitude or development
of a Q wave is accelerated,87,101,102 but after 12
hours or more the Q waves may be smaller or
appear in fewer leads, and the reduced R wave
amplitude is less pronounced in patients with
reperfusion than in those without reperfusion.
Raitt et al.103 found that the appearance of
abnormal Q waves early in the course of acute
MI did not lessen the benefit of reduced infarct size
after thrombolytic therapy. Conversely, Q wave
regression in patients with an anterior infarction
receiving thrombolytic treatment did not correlate
with improvement of LV function and had no prog-
nostic significance.13 However, patients who did
not develop Q waves after thrombolytic therapy
in the GUSTO-1 trial had better prognosis and
quality of life.103 In patients treated with angio-
plasty, distortion of terminalQRS portionwas asso-
ciated with poor clinical outcome.104

Reperfusion is associated with the presence of
ventricular premature complexes in nearly all
cases. The most characteristic arrhythmia, how-
ever, is an accelerated ventricular rhythm14 (see
Figure 7–43).

In the study of Cercek et al.,105 90 percent of
patients had accelerated ventricular rhythm, and
23 percent had ventricular tachycardia during
the first 24 hours after reperfusion. Gorgels
et al.106 observed accelerated ventricular rhythm
in 45 percent of 58 patients with successful
reperfusion but in only 1 of 14 patients in whom
the infarct-related artery remained occluded.
Kircher et al.99 found that the development of
reperfusion arrhythmia had a sensitivity of 37
percent, a specificity of 84 percent, and a predic-
tive value of 82 percent. Shah et al.92 found that
accelerated ventricular rhythm occurred in 49
percent of 69 patients who had a patent infarct-
related artery with thrombolysis.

Gorgels et al.106 suggested that the morphol-
ogy of the QRS complex during ventricular
arrhythmia may be useful for identifying the site
of myocardial necrosis and the infarct-related
artery. In their experience, reperfusion of the
LAD coronary artery was associated with a variety
of configurations, but the QRS duration was rela-
tively short. During an accelerated ventricular
rhythm after reperfusion of the right coronary
artery, the QRS complex had a superior axis, and
reperfusion of the left circumflex artery was never
accompanied by LBBB QRS morphology.

Other arrhythmias during reperfusion include
sinus bradycardia and both second- and third-
degree AV block. The AV conduction disturbances
are associated predominantly with restoration of
flow in arteries supplying the inferoposterior left
ventricle.3

Sensitivity and Specificity
of the ECG

ECG criteria for various myocardial locations
were established during the late 1940s by
Myers and co-workers,5,6,107–111 who reported
extensive correlations between the ECG and
autopsy findings. With few modifications these
criteria are still in use today, although numerous
factors limit the accuracy of the ECG for recog-
nizing and localizing MI. Chou3 listed factors that
influence the accuracy of the ECG diagnosis and
location of MI: (1) dimensions of the infarct; (2)
age of the infarct; (3) thickness of the ventricular
wall involved (i.e., whether it is transmural, intra-
mural, or subendocardial); (4) location of the
infarct; (5) presence or absence of multiple
infarcts; (6) presence or absence of ventricular
hypertrophy or dilation; and (7) presence or
absence of ventricular conduction abnormality.
Numerous other factors can be added to this
list (e.g., presence or absence of pulmonary or
pericardial effusion, pulmonary emphysema,
drug effects, electrolyte disturbances, preexcita-
tion, and ectopic rhythms). Diagnosis of MI in
the presence of intraventricular conduction
disturbances is discussed elsewhere (see
Chapters 4 and 5).

In the studies reviewed by Chou.3 the overall
sensitivity of the ECG for recognizing autopsy-
proven MI was 55 to 61 percent. These percen-
tages probably represent average values because
the incidence of the ECG missing the diagnosis
of acute infarction is only 6 to 25 percent,112–114

whereas the incidence of unrecognized old MI
may be much higher. In a prospective, popula-
tion-based cohort study from Iceland with a
4- to 20-year follow-up, at least a third of all MI
was unrecognized.115 In another series, definite
ECG signs of MI were absent in 80 percent of
patients with old infarcts.112 In 9 studies reviewed
by Sheifer et al.,116 the incidence of clinically
unrecognized MI ranged from 22 to 24 percent.
Old anterior infarctions are usually more easily
recognizable than inferior, posterior, or lateral
infarcts.3 Prediction of the exact location of
infarction is often inaccurate.117

Intraventricular conduction disturbances and
LVH account for the largest number of unrecog-
nized infarctions, particularly when they modify
the initial portion of the QRS complex. The term
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poor R wave progression is often applied to cases of
possible previous anterior MI, implying that
infarction could have diminished the amplitude
of the R wave without producing a Q wave, or that
a low-amplitude R wave did reappear in leads with
previously recorded QS patterns (Figure 8–24).

More often, however, poor R wave progression
is caused by an atypical electrode position in
relation to the anatomic position of the heart
(see Figure 8–1). The position of the heart also
plays a role in the appearance of Q waves in the
“inferior” leads, creating false patterns of an infe-
rior MI. Conversely, in patients with an inferior
infarction, a diminutive R wave may remain or
reappear after the initial presence of a Q wave
Figure 8–24 Poor R wave progression after anterior myocardi
2 hours after the onset of an acute infarction following thrombol
23 days later, the presence of previous anterior infarction is rev
leads V2–V4). Left anterior fascicular block was present on both
in leads III and aVF and thus obscure the pres-
ence of a remote inferior infarction. In such cases,
suspicion of the past inferior infarction is
enhanced by the presence of a typical symmetric
inverted T wave in leads II, III, and aVF or a
first-degree AV block (or both).

The likelihood of correctly diagnosing an
inferior infarction is enhanced when the Q wave
is present not only in lead III but also in leads
aVF and II. Because lead aVF represents half
of the sum of leads II and III, the presence of
a Q wave in both leads II and III always results
in a Q wave in lead aVF. When the Q wave is
present in lead III but absent in lead II, the
Q wave in aVF may be present or absent. Finally,
al infarction on the ECG of an 83-year-old man. A, Recorded
ytic therapy, it shows Q waves in leads V1–V4. B, Recorded
ealed by poor R wave progression (i.e., low r amplitude in
occasions.



Figure 8–25 ECG limb leads of a 45-year-old man with
anterolateral infarction attributed to diffuse disease of the
left anterior descending artery with a 90 percent stenosis
of the large diagonal branch; estimated left ventricular ejec-
tion fraction of 25 percent. Note the Q wave in leads I, II,
aVL, and aVF but not in lead III. See text discussion.
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a Q wave in lead aVF may be present if there
is a Q wave in lead II but not in lead III
(Figure 8–25). In such cases, inferior infarction
is unlikely. Disappearance of the Q wave in
lead III or aVF (or both) during deep inspiration
lessens the likelihood of inferior MI, but
unfortunately this finding lacks specificity
(Figure 8–26). Diagnosis of an old posterior wall
MI is facilitated by the presence of an upright
symmetric T wave in association with increased
R amplitude in leads V1 and V2.

The incidence of false-positive diagnosis of
MI varies among series. In the study of Gunnar
et al.,117 the overall incidence of false-positive
diagnoses was 31 percent. Horan and co-
workers118 analyzed the ECGs of 768 patients
without pathologic evidence of MI. Abnormal
Q waves with duration >0.03 second were pres-
ent in 11 percent of patients. MI was often falsely
predicted when the abnormally wide Q waves or
QS deflections were limited to leads V1–V4 alone
(false prediction of anteroseptal infarction) or
inferior leads alone (false prediction of an infe-
rior infarction). If the abnormal Q waves were
located in the anterolateral leads or at more than
one location, the examiners seldom made a false
prediction of MI. However, in a recent study of
479 consecutive patients with previous MI who
were referred for nuclear stress testing, the pres-
ence of notched or fragmented QRS complexes
of <120 ms duration was shown to have a higher
sensitivity and a greater negative predictive
value for diagnosis MI scar than the presence
of Q waves in the 12-lead ECG.118a
ESTIMATION OF MI SIZE BY THE QRS
SCORING SYSTEM
Selvester et al.119 developed a QRS scoring system
based on knowledge of the normal ventricular acti-
vation sequence. These investigators divided the
ventricles into 20 segments (7 for the septum, 9
for the left ventricle, and 4 for the right ventricle).
Each segment was represented in a computer
model by a dipole (see Chapter 1 and Figure
8–4). Simulation of normal activation in the model
produced tracings resembling normal VCGs. By
increasing the strength of dipoles representing
the left or right ventricular segments, Selvester
et al. reproduced the patterns of LVH and RVH.119

Encouraged by these results, they simulated the
loss of active myocardium by eliminating 1 or
more of the 20 dipoles. The increasing amount of
loss was reflected in increasing deviation from
the normal pattern. They established that the
VCG detected loss of as little as 0.1 percent of
the LV muscle. Using a modification of this
method, Wagner et al.120 developed criteria for
estimating the MI size from the standard 12-lead
ECG and from the body surface map. Wagner
et al.120 found that a 29-point QRS scoring system,
which included 37 criteria in 12 ECG leads,
achieved 98 percent specificity in a population
considered unlikely to have suffered MI when a
score of 2 points or more was required to identify
an MI. This means that the ECG criteria for MI
are seldommet whenMI is not likely to be present.

Subsequently, these investigators established
that equally high specificity could be achieved
for the diagnosis of a healed MI using only three
Figure 8–26 Respiratory variations of the QRS
complex in leads III, aVF, and II on the ECG of a
47-year-old man with a documented inferior
infarction caused by complete occlusion of the
right coronary artery. See text discussion.
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criteria for the three common MI locations
(anterior, inferior, posterolateral): (1) Q wave
�30 ms in AVF; (2) any Q or R�10 ms and
�0.1 mV in V2; and (3) R�40 ms in V1.
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Wagner et al.120 evaluated the predictive value
of the scoring system for MIs verified anatomically
during autopsy. In 19 of 21 patients with a single
anterior MI and no conduction disturbances. the
QRS score was predictive of theMI size, with a cor-
relation coefficient (r) of 0.80. Each QRS score
point represented about 3.5 percent of the
infarcted left ventricle.122 In 28 of 31 patients with
a single inferior MI, the correlation coefficient was
0.74. The sensitivity of the Q wave� 30 ms in lead
III was 90 percent.123 Moreover, in living subjects
with pure anterior or inferior MI and absent LVH
and intraventricular conduction disturbances, the
QRS score correlated well with the extent of wall
motion abnormalities determined by scintigra-
phy.124 In 20 patients with a single posterolateral
MI the correlation coefficient was 0.72, and each
of the score points represented about 4 percent of
the infarcted LV mass.125

These studies by Wagner’s group126 showed
that the 29-point QRS scoring system for esti-
mating MI size performed adequately in the
presence of single infarcts with a previously nor-
mal ECG. The QRS score correlated less well
with the anatomic findings in 32 patients with
multiple infarcts (r¼0.44). In a later study,
Pahlm et al.127 established the reliability of the
Selvester score for estimating the size of inferior
and posterolateral infarcts, but for multiple
infarcts all methods performed poorly. Another
system for estimating MI size, developed by
Cowan and co-workers,128 provided a better cor-
relation with anatomy (r¼0.94) even in patients
with two or three infarcts. The discrepant results
more likely reflect differences in patient selec-
tion rather than the superiority of one of the
computerized scoring systems. Aldrich et al.129

proposed formulas using quantitative ST seg-
ment deviation on the admission ECG to predict
final infarct size in the absence of thrombolytic
therapy. The correlations of these formulas with
final infarct size were relatively weak.130

It has been shown that during thrombolytic
therapy, the dynamics of Q wave formation and
the QRS score were not reliable indicators for
assessing reperfusion.131,132 The QRS score was
also unreliable for predicting the extent of LV
asynergy in 315 patients with recent MI, particu-
larly in those with an inferior MI.133 In a follow-
up study of 474 patients with MI without intra-
ventricular conduction disturbances, ventricular
hypertrophy, or atrial fibrillation, the QRS score
and other ECG variables were not sufficiently
powerful to improve risk assessment when added
to other clinical information routinely collated in
the hospital.134 In a study of 38 patients receiving
thrombolytic therapy, the correlation of the
32-point QRS score with technetium pyrophos-
phate tomographic measurement revealed that the
score was useful for immediate measurements of
the ischemic area and subsequent infarct size.135
LIMITATIONS OF ECG FOR
PREDICTING MI SIZE
The QRS score for estimating the extent, depth,
and location of MI is based predominantly on
assessment of the initial portion of the QRS com-
plex. Some of the factors that may limit the pre-
dictive value of these abnormalities in patients
with acute or chronic MI are as follows:

1. Intraventricular conduction disturbances
may be present.

2. Hypertrophy of the myocardium sur-
rounding the scar may cause relative
“shrinkage” of the MI area.136

3. There may be cancellation of electrical
forces by an infarction in another area.

4. Possible “revitalization” of electrically
“depressed” areas of stunned or hibernating
myocardium may interfere.137 This may
result in unmasking a previous cancellation
(e.g., reappearance of Q waves of a previous
inferior MI after revascularization of the
anterior wall138) or reappearance of R waves
after revascularization of the region with Q
waves.139 Similar effects may be caused by
development of a collateral circulation.140

5. Infarct “expansion” may occur, in which
the myocardial wall stretches and becomes
thinner.141

6. An increase in intravascular volume may
increase considerably the weight of an MI
as a result of swelling.142

7. Qwavesmay appear transiently during acute
MI,143,144 including coronary spasm.145

8. Miscellaneous factors of uncertain etiology
may affect the predictive value, such as the
perioperative MI changes regressing more
rapidly than those of nonoperative MI,
even if the scores in both types are equal
during the acute phase.146
PROGNOSTIC VALUE OF ECG FOR MI
Numerous studies have shown that the resting
12-lead ECG may have an independent predic-
tive value in a patient with infarction. Some
ECG characteristics of prognostic significance
are as follows. First, Q wave infarctions are
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usually larger than non-Q wave infarcts.147,148

Mortality is higher among patients with Q wave
infarction than among those with a non-Q wave
infarction during the early stage.149 In nonrevas-
cularized patients, the non-Q wave infarcts tend
to recur and the recurrences are associated with
increased mortality. As a result, the two types
of infarction (not treated with revascularization)
have similar long-term prognoses.150

Birnbaum et al.150 compared the clinical find-
ings and mortality of patients with acute MI with
and without abnormal Q waves; 923 patients
had abnormal Q waves in two leads or more,
and 1447 patients had no Q waves. In patients
with an anterior infarction, abnormal Q waves
on the admission ECG were associated with high
peak creatine kinase, high prevalence of heart fail-
ure, and increased mortality, whereas in patients
with an inferior infarction, abnormal Q waves
were not associated with an adverse prognosis.

Second, more leads with abnormal Q waves,
wider and deeper Q waves, and a larger decrease
in R wave amplitude are associated with a
greater decrease in the LVEF. It has been shown
that early and late mortality rates are higher for
patients with an anterior infarction than for
those with an inferior infarction even if the
infarct size is comparable.148,151

Third, the absolute magnitude of the ST seg-
ment elevation at hospital admission was found
to be of significant prognostic importance.152 In
patients with an inferior infarction, the amplitude
of the ST segment elevation was predictive of in-
hospital development of a high-degree AV
block.153 The degree of reciprocal ST segment
depression also was related to infarct size andmor-
tality independent of the ST elevation with both
anterior and inferior infarctions.3 In patients with
an inferior infarction, the markers of a more seri-
ous prognosis include coexisting ST segment
depression in leads V1–V4 and the presence of
third degree AV block.153

Fourth, the presence of an extensive right
ventricular infarction in patients with inferior
infarction adversely affects the prognosis,3 but
this may be due to the large infarction size.154

In a study of 200 consecutive patients with infe-
rior infarction, Zehender et al.44 found that the
mortality rate for 107 patients with an associated
RV infarction was 31 percent vs. 6 percent for 93
patients without an associated RV infarction.
The incidence of cardiogenic shock, ventricular
fibrillation, and complete AV block was also
significantly higher among patients with an RV
infarction than in those without it.

Other prognostic indicators include distor-
tion of the terminal portion of the QRS complex,
found to be associated with a higher hospital
mortality in patients with acute MI treated with
thrombolytic agents and angioplasty,155,156 and
higher T wave amplitude on the presenting
ECG. The latter finding was associated with lower
30-day mortality and a more benign hospital
course, possibly because the presence of higher
Twaves in the presenting ECG may reflect earlier
initiation of thrombolytic treatment.156

Other T wave abnormalities also have predic-
tive value. In one study of patients with acute
Q wave MI, those with ST segment elevation of
>2 mm and positive T waves had large infarcts
and a low incidence of recurrent ischemia,
whereas patients with ST segment elevation of
<2 mm and negative T waves had relatively
smaller infarctions and a higher incidence of
recurrent ischemia.157 In another study,158 per-
sistent negative T waves in leads with Q waves
in the chronic stage of MI indicated the presence
of a transmural infarction with a thin fibrotic layer,
whereas positive T waves indicated a nontrans-
mural infarct containing viable myocardiumwithin
the layer. Tamura et al.159 found that normalization
of negative Twaves in the infarct-related leads dur-
ing healing of acute anterior infarction occurred in
patients with small infarcts and was suggestive of
functional recovery of viable myocardium.

Bundle branch block is associated with an
adverse prognosis. In the multicenter registry
of 1571 U.S. hospitals, the presence of LBBB (n¼
1997; 6.2 percent) was associated with a 34 per-
cent increase in the risk of in-hospital death after
adjustment for potential confounders.160 In the
Gusto-I trial the presence of bundle branch block
also carried an independent 53 percent higher risk
for 30-day mortality.161 Complete in-hospital
reversion of bundle branch block was seen in 12
percent and partial reversion in 12 percent of
patients.162 Complete reversion correlated with a
recent onset of bundle branch block as evidenced
by >2 mm ST segment depression in the inferior
leads and a QRS duration <140 ms.162 The
frequency of advanced second- and third-degree
AV block ranged in various studies from 5 to 16
percent and 8 to 16 percent, respectively.164 In
the TAMI trial, the mortality rate for patients with
AV block was 20 percent, compared with 4 percent
for patients without AV block.163 Kosuge et al.164

found that patients with complete AV block after
inferior MI who had rapid atrial rate had a more
extensive MI than those with a slow atrial rate.
LONG-TERM PROGNOSIS
In the GISSI-1 study, the survival rate at 10 years
after hospital discharge was related to the extent
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of myocardial injury as determined by the num-
ber of leads with ST-segment elevation in 11,712
patients with MI who were randomized to strep-
tokinase treatment or control.165 The increased
QRS duration (>108 ms) after MI has been ideni-
tified as a risk factor for adverse effects. In the
VALIANT trial, however, it appeared to be a
marker rather than an independent predictor.166

This conclusion is contradicted by the study from
the Mayo Clinic, which showed that QRS dura-
tion >105 ms was associated with an increased
risk of cardiac death after adjustment for other
risk factors.167 Also, the presence of RBBB and
LBBB was associated with increased long-term
mortality.168 In patients with anterior MI and
RBBB, increasing QRS duration was associated
with increasing 30-day mortality.168a
VENTRICULAR ASYNERGY AND
VENTRICULAR ANEURYSM
The ECG accurately predicts the site of ventricu-
lar asynergy in patients with coronary artery dis-
ease, but only in the absence of other types of
heart disease, intraventricular conduction distur-
bances, or ventricular hypertrophy. Abnormal
Q waves in the precordial leads are almost
invariably accompanied by asynergy of the ante-
rior segment of the left ventricle, whereas the
incidence of asynergy is lower in patients with
Q waves in the inferior leads. The presence of
ST segment elevation with T wave inversion in
a patient with an old MI indicates a greater degree
of ventricular asynergy and more extensive myo-
cardial scarring.3,169,170 In the presence of abnor-
mal Q waves and ST segment elevation with
T wave inversion, dyskinesis was demonstrated
in 68 percent of patients170 (see Figure 7–31).

Pathologic Q waves are absent in about 25 to
50 percent of patients with ventricular asy-
nergy.171,172 Among patients with abnormal
Q waves and associated ST segment elevation
with T wave inversion, dyskinesis was demon-
strated in 68 percent.171 The incidence of dys-
kinesis in patients with an anterior wall MI is
higher among those with a large number of pre-
cordial leads with abnormal Q waves. Mills
et al.78 found that persistent ST segment eleva-
tion was highly specific for asynergy, as only
1 of 30 patients with coronary disease and a
normal ventriculogram had such pattern.

Anatomic correlations confirm the angio-
graphic findings. In 64 cases of autopsy-proven
ventricular aneurysm, the ECG location of the
infarction correlated well with the anatomic site
of the aneurysm.172 Among the patients in
whom the ECG was recorded more than 30
days after the onset of infarction, 79 percent of
50 patients with an anterior aneurysm, and 50
percent of 13 patients with a posterior (inferior)
aneurysm had persistent ST segment elevation in
the appropriate leads. Among 290 patients with
an LV pseudoaneurysm, the incidence of ST seg-
ment elevation was 20 percent.173

Among patients undergoing surgical resection
of a ventricular aneurysm,175 the anatomic local-
ization determined at the time of operation was
correctly predicted by the ECG changes. Of 26
patients, 21 had abnormal Q waves and 22 had
persistent ST segment elevation. Those with
wide distribution of the abnormal Q waves had
large aneurysms, but the size of the infarction
could not be predicted by the magnitude of the
ST segment elevation (see Figure 7–32). After
aneurysmectomy there was usually a decrease in
QRS duration and an increase inRwave amplitude.
The number of leads with abnormal Q waves was
reduced, and in some cases Q waves disappeared
in all leads. The ST segment elevation also tended
to decrease, and in about a third of cases it disap-
peared after aneurysmectomy. It can be concluded
therefore that the ECG is a fairly sensitive tool for
detecting of ventricular aneurysms, particularly at
the more common anterior locations.3

The most helpful ECG sign is persistent ST
segment elevation that lasts more than 1 month
after the onset of acute MI.172 The mechanism
of such ST segment elevation is poorly under-
stood. A prevailing hypothesis attributes ST dis-
placement to an injury current generated during
systole at the junction of the aneurysm with
the surrounding myocardium. According to this
theory, the outward (paradoxical) bulging of the
aneurysm produces undue tension at the junction
of the aneurysm and normal tissue, resulting in
injury (depolarization?) of the surviving myocar-
dium next to the border of the aneurysm.3

In some patients with dyskinesis, the ST seg-
ment becomes elevated after exercise.3 The phe-
nomenon of ST segment elevation reappearing
during exercise-induced ischemia has been repro-
duced in pigs with a 1-month-old MI.174 In this
model, acute ischemia adjacent to chronic infarc-
tion induced ST segment elevation at the surface
of the scar despite the virtual absence of viable
tissue in the infarction. This suggests a passive
ST segment potential transmission from the ische-
mic periinfarction area through the infarction.175
ECG FINDINGS PREDICTIVE
OF CARDIAC RUPTURE
Oliva et al.176 retrospectively and prospectively
examined ECGs of 70 patients with cardiac
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rupture after MI. Patients with rupture had a sig-
nificantly higher incidence of pericarditis, which
was detectable on the ECG by progressive or
recurrent ST segment elevation in the absence
of recurrent ischemia. In patients with anterior
infarction, free wall rupture did not occur when
the ECG changes of infarction were confined to
leads V1 and V2. When the anterior wall adjacent
to the septum ruptured, the ECG showed
changes in leads V1–V4. Of 30 patients with an
inferior infarction, 27 had additional involve-
ment of the adjacent lateral wall, or posterior
wall, or both. Altogether, 55 patients (79 per-
cent) had multisegment infarcts, with a mid-
lateral or high lateral component in 88 percent.
In the study of Yoshino et al., ST segment eleva-
tion in the lead aVL was the only independent
predictor of cardiac rupture.177 In patients with
anterior MI, ST elevation in inferior leads attrib-
uted to the LAD coronary artery extending
beyond the apex (“wrapped LAD”) correlated sig-
nificantly with an increase in septal rupture.178

Figueras et al.179 examined clinical and ECG
features in patients who died of an acute MI with
and without LV free wall rupture. Risk factors of
an early rupture included advanced age and first
transmural anterior infarction without conduc-
tion abnormalities or heart failure. ST segment
elevation on admission was higher in patients
with early rupture (1 day) than in those with
later rupture. On day 2 the ST segment elevation
decreased less in patients with the subsequent
late rupture (>2 days) than in those without
rupture. Among the entire group of 93 patients
with rupture, the site of rupture was anterior in
38 percent, posterior in 33 percent, and lateral
in 29 percent. Evidence of pericarditis was rarely
seen except for extensive pericardial adhesions
in 10 patients who died late (>4 days). Solodky
et al.180 characterized retrospectively the follow-
ing six predictors of cardiac rupture: age,
female gender, thrombolytic therapy, heart rate
>100 bpm, and systolic blood pressure
<100 mmHg. Patients with all these variables
had a 26 percent incidence of cardiac rupture.
The risks of this event included: female gender,
age, and lack of previous angina. The occurrence
of ventricular septal defect after thrombolytic
therapy was reported by the same group of
investigators.181
VENTRICULAR REMODELING AND
REVERSE REMODELING
The term remodeling is used for a number of dif-
ferent processes at the molecular, cellular, and
myocardial tissue levels, but at the gross pathologic
level it implies post-MI processes that are responsi-
ble for ECG changes; namely, expansion of MI, ven-
tricular dilatation, hypertrophy, and intraventricular
conductiondisturbance.182 Figure 8–27 showsECG
remodeling in an example of increased QRS dura-
tion within a period of less than 2 years after MI.

Several studies have shown that prognosis
and development of ischemic cardiomyopathy
are affected by increasing QRS duration and dis-
tortion of the QRS complex.183–185 Placement of
left ventricular assist devices in patients with
advanced heart failure was associated with a
decrease in QRS duration and QT shortening
(reverse remodeling).186
ECG Abnormalities Simulating MI

Abnormalities of the initial QRS portion simulat-
ing MI fall into four categories: (1) loss of viable
myocardium caused by lesions other than MI;
(2) altered distribution of the myocardial mass;
(3) altered sequence of depolarization; and (4)
altered position of the heart.
LOSS OF VIABLE MYOCARDIUM
A distinct ECG pattern similar to the posterolateral
MI pattern is frequently present in Duchenne-
type pseudohypertrophic muscular dystrophy
(Figure 8–28). However, the tall R waves in the
right precordial leads and the deep Q waves in
the limb and left precordial leads are usually less
wide than in patients with MI. This ECG pattern
is sufficiently distinct to suggest the clinical diag-
nosis and is attributed to fibrous scarring of the
posterolateral wall of the left ventricle.187 Histo-
logic abnormalities in cardiac muscle in such cases
resemble those in the patient’s skeletal muscle.

Sanyal et al.188 found tall R waves with an
abnormal R/S ratio in 64 percent and deep Q
waves (>0.4 mV) in 44 percent of 75 patients
with this condition. Similar ECG abnormalities
are also frequently present in patients with
Friedreich’s ataxia189 (Figure 8–29).

Other conditions associated with abnormal-
ities of the initial QRS portion simulating MI
include myocarditis,190 myocardial contusion
(Figure 8–30), scleroderma,118 amyloidosis,191

and primary and metastatic cardiac tumors.192
ALTERED DISTRIBUTION OF
MYOCARDIAL MASS
Abnormal Q waves resembling Q waves in myo-
cardial infarction are particularly common in
patients with hypertrophic cardiomyopathy (see
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Figure 8–27 Example of ECG remodeling in a 53-year-old woman with an extensive anterior myocardial infarction and
incomplete right bundle branch block caused by ostial occlusion of the left anterior descending coronary artery. Top,
QRS duration ¼ 118 ms; bottom, less than 2 years later, QRS duration ¼ 168 ms. No intervening coronary events occurred
during the period between the two records.
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Chapter 12). Idiopathic hypertrophic subaortic
stenosis, later renamed obstructive cardiomyopa-
thy, became a subject of intense investigation
during the early 1960s. During this period many
investigators encountered the characteristic ECG
pattern simulating MI with a deeper than normal
Q wave in the “lateral” and “inferior” leads and a
taller than normal R wave in the right precordial
leads (Figure 8–31).

It has been assumed that these electrical
forces represent an increased amplitude of
depolarization in the hypertrophied septum.
In support of this assumption are the observations
that the pattern regresses frequently after septot-
omy193 or after development of hypertrophy of
the free LV wall.188 Braudo et al.194 pointed out
that strong forces representing activation of the
LV free wall may cancel the oppositely directed
large forces of septal depolarization. These investi-
gators suggested that disappearance of the “pseu-
doinfarction” pattern parallels the natural course
of the disease, which begins with isolated septal
hypertrophy, followed by free wall hypertrophy in
response to outflow obstruction.

Because depolarization of the RV free wall
also occurs at about the same time as septal



Figure 8–29 ECG simulating myocardial infarction in a 39-year-old man with Friedreich’s ataxia and no evidence of cor-
onary artery disease. (From Surawicz B: Electrophysiologic Basis of ECG and Cardiac Arrhythmias. Baltimore, Williams
& Wilkins, 1995.)

Figure 8–28 Progressive muscular
dystrophy in a 20-year-oldman.Autopsy
revealed patchy fibrosis throughout the
myocardium. On the ECG, deep but
narrow Q waves are present in leads
V5 and V6 with a tall R wave in lead
V1, findings typical for this condition.
(From Chou TC: Pseudoinfarction.
Cardiovasc Clin 5:199, 1973.)

Figure 8–30 Myocardial contu-
sion in a 34-year-old man who
sustained nonpenetrating trauma to
the chest. ECG is suggestive of ante-
roseptal and inferior myocardial
infarction. Coronary arteriogram was
normal. (From Chou TC: Pseudoin-
farction. Cardiovasc Clin 5:199,
1973.)
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depolarization, the thickness of the RV free wall
also influences the amplitude of the initial QRS
deflection.195 Thus the variable interaction of
septal, LV, and RV free wall forces creates vari-
able patterns of initial depolarization and
explains the lack of significant relation between
the prominence of “septal” forces in the ECG
and the thickness of the septum.196,197 Goldber-
ger198 pointed out that with septal hypertrophy
the Twave is directed opposite to the prominent
septal depolarization force (i.e., is positive in the
leads with a deep Q wave). This “septal hyper-
trophy and strain pattern” usually differs from
the pattern of MI or LVH.199



Figure 8–31 Idiopathic hypertrophic subaortic stenosis in a 23-year-old man. Intraventricular pressure gradient of
135 mmHg was demonstrated during isoproterenol infusion. ECG changes resemble those of anterolateral MI. (From Chou
TC: Pseudoinfarction. Cardiovasc Clin 5:199, 1973.)
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A qR pattern in the right precordial leads
is often present in patients with severe RVH,
usually in association with right atrial enlarge-
ment and tricuspid regurgitation (Figure 8–
32). The genesis of this pattern is uncertain,
but it may be related to abnormal septal
depolarization.3
ALTERED SEQUENCE OF
DEPOLARIZATION AND ABNORMAL
POSITION OF THE HEART
The most common cause of abnormal Q waves
without heart disease is an abnormal or atypical
position of the heart in the chest. In stocky or
obese persons with a high diaphragm position,
this causes a deep Q wave or a QS deflection in
lead III. Such “positional” Q waves can be
Figure 8–32 ECG of a 39-year-old man who had undergone
There is right ventricular hypertrophy and right ventricular dilat
V1 simulates septal infarction. There is apparent atrioventricula
(sinus capture?) and right bundle branch block with a QRS dura
recognized because they disappear during deep
inspiration. However, it is not conclusive evi-
dence against infarction because Q waves caused
by remote inferior MI sometimes behave in the
same manner.

Another variant simulating MI is an absent
initial R wave in the right and mid-precordial
leads. Such “poor R wave progression” can be
caused by one of the following mechanisms:
(1) right to left septal depolarization, such as
incomplete or complete LBBB, LVH, dextrocar-
dia, or “corrected” transposition of the great ves-
sels; (2) inferior deviation of the initial QRS
force; (3) downward displacement of the point
of origin of the initial QRS force; (4) position
of the recording electrodes; or (5) pseudo-Q
wave caused by perpendicular orientation of
the initial QRS deflection to the lead axis (i.e.,
surgical correction of tetralogy of Fallot during adolescence.
ion with severe tricuspid regurgitation. The Q wave in lead
r junctional tachycardia with a single premature complex
tion of 202 ms.
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an “isoelectric R wave”). Not infrequently, two
or more of these factors occur together.

With LVH, QS deflections in the right precor-
dial leads or poor R wave progression in the
precordial leads not infrequently produce a pseu-
doinfarction pattern. In the presence of uncom-
plicated complete or incomplete LBBB, r waves
in precordial leads V1–V3 are often small or
absent (Figure 8–33). QS deflections also occur
frequently in leads III and aVF in the absence of
MI.

Left anterior fascicular block results in rela-
tive early activation of the part of the septum
supplied by the left posterior fascicle. It dis-
places inferiorly the initial anteriorly directed
septal forces. If the right or mid-precordial leads
are situated above the null point of the initial
inferiorly directedQRS vector, they record aQwave
that mimics anteroseptal infarction (Figure 8–34).
The same event takes place in persons with an
asthenic body build or decreasing R wave ampli-
tude during tachycardia in subjects with chronic
obstructive lung disease (Figure 8–35).

Changes in cardiac orientation due to a large
posterior pericardial effusion can result in a QS
pattern in the right and mid-precordial leads.200

With ventricular preexcitation the presence of
delta waves may simulate inferior, anterior, lat-
eral, or posterior infarction depending on the
location of the accessory pathway.

The absence of R waves in leads V1, V2, and
even V3 or V4 in persons without heart disease
is often caused by relatively high placement of
electrodes in relation to the heart. This means
that when the diaphragm position is low, even
Figure 8–33 Pseudoinfarction pattern on the ECG of a 4
left ventricular hypertrophy, pulmonary hypertension, normal c
55 percent. Incomplete left bundle branch block (QRS duration
are present.
the correctly placed precordial electrodes may
face not the ventricles but the atria or the great
vessels. Figure 8–36 shows that this occurred
in 13 of 18 subjects in whom roentgenograms
of the chest were recorded in the supine position
at a distance of 6 feet between the chest wall and
the x-ray tube.201

The effect of low diaphragm position and the
electrode position above the null point of the ori-
gin of the inferiorly directed initial QRS deflection
can be recognized by recording initial R waves in
leads placed below the standard position (e.g., at
the level of the ensiform process or epigastrium).
In the study of Surawicz et al.201 of patients with
a QS pattern in lead V3, lead V3 at the ensiform
level (V3E) showed an R wave in 24 of 25 patients
without MI and in 3 of 24 patients with MI.

Vectorcardiography may be also helpful for
determining whether an absent R wave in the
right or mid-precordial leads is caused by a rela-
tively high position of the electrodes or a true
absence of initial, anteriorly directed force.

Q waves exceeding 30 ms in duration in leads
I and aVL and the left precordial leads may also
occur in the absence of heart disease, particu-
larly in persons with an atypical position
of the heart (e.g., left-sided pneumothorax)
(Figure 8–37), kyphoscoliosis, and other types
of chest deformity.200,201 A few instances of
abnormal Q waves simulating inferior or ante-
rior MI have been reported in patients with
mitral valve prolapse and normal coronary
arteriograms.202

Perpendicular orientation of the initial QRS
vector to the lead axis results in an isoelectric
2-year-old woman with aortic valvular stenosis, severe
oronary arteries, and a left ventricular ejection fraction of
¼ 118 ms), left atrial enlargement, and first-degree AV block



Figure 8–34 Left anterior fascicular block simulates an anteroseptal infarction and obscures an inferior infarction on the
ECG of a 70-year-old man. A, Pattern shows inferior infarction associated with total occlusion of the right coronary artery
and 90 percent occlusion of a second obtuse marginal branch of the circumflex artery. B, One day later a left anterior
fascicular block is present: QRS duration has increased from 86 ms to 118 ms, there is a pseudoinfarction pattern in leads
V1 and V2, and the Q wave has disappeared in leads III and aVF.
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R wave. This often creates a pseudoinfarction
pattern in the presence of RBBB. Anteroseptal
infarction is simulated when the isoelectric r is
present in lead V1 or V2, and inferior infarction
is simulated when the isoelectric r occurs in lead
III. The diagnostic error can be avoided by com-
paring the timing of the onset of the QRS
complex in the lead in question with a synchro-
nously recorded lead in which the initial QRS
deflection is recognizable.
PULMONARY EMBOLISM AND ACUTE
COR PULMONALE
Compared with other diagnostic modalities,
ECG is not a sensitive indicator of pulmonary
embolism (PE). Studies in animals and humans
have shown that nearly 50 percent of the arterial
bed must be occluded to produce a change in the
ECG; however, when present, the ECG pattern
may simulate inferior MI. In 1935 McGinn and
White203 published the first clinical paper correlat-
ing ECG changes with PE. In five patients the ECG
recorded within 21 hours of the clinical event
showed a prominent S wave in lead I, a Q wave in
lead III, and a negative T wave in lead III.
Subsequent studies in patientswith PE showed that
the pattern described byMcGinn andWhite occurs
infrequently.204 Other patterns simulating MI are
shown in Figures 8–38 and 12–49.

Rapid disappearance of ECG abnormalities
favors the diagnosis of PE and suggests that the
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Figure 8–35 Pseudoinfarction pattern in a 56-year-old woman with chronic lung disease. Precordial leads recorded 5 days
apart. On the left, the heart rate is 85 bpm; on the right, the heart rate is 128 bpm. There was no evidence of heart disease.
Normal echocardiogram with left ventricular ejection fraction of 60 percent.

Figure 8–36 Location of the V3 electrode on the precor-
dium in relation to the cardiac silhouette on the chest roent-
genogram. Sectors LV, LA, and PA correspond to the levels
of the left ventricle, left atrium, and pulmonary artery, respec-
tively. Open circles represent patients without myocardial
infarction; solid circles represent patients with normal hearts
and low diaphragm position; squares represent patients with
normal hearts and a normal or high diaphragm position.
(From Surawicz B, Van Horne RG, Urbach JR, et al: QS and
QR pattern in leads V3 and V4 in the absence of myocardial
infarction: Electrocardiographic and vectorcardiographic
study. Circulation 12:391, 1955.)
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pattern is caused by a change in cardiac position
and perhaps an intraventricular conduction dis-
turbance. A large PE may also cause dilatation
and ischemia of the right ventricle, dilatation of
the right atrium, and increased sympathetic
stimulation. The corresponding ECG changes
may include sinus tachycardia, atrial arrhythmias
(particularly atrial flutter), axis shift in the frontal
plane, inverted Twaves in two or more precordial
leads, “clockwise rotation,” “P pulmonale,” and
incomplete or complete RBBB.

These nonspecific changes were present in 25
of 36 patients (69 percent) in whom the diagno-
sis of PE was suspected clinically.204 However,
when the electrocardiographer was the first to
raise suspicion of PE on the basis of these find-
ings, the diagnosis of PE was subsequently estab-
lished in only 5 of 64 patients (8 percent).
Among those without PE, however, 72 percent
had other causes of acute cor pulmonale, such
as pneumonia, exacerbation of obstructive
airway disease, bronchial asthma, atelectasis,
pneumothorax, recent pneumonectomy, or upper
airway obstruction.204
OTHER UNCOMMON
PSEUDOINFARCTION PATTERNS
Figure 8–39 shows a pseudo-Q wave simulated by
an inverted P wave in the presence of an AV junc-
tional rhythm with a short PR interval. Intraven-
tricular conduction disturbances during advanced
hyperkalemia may simulate MI, particularly when
associated with a “dialyzable” injury current
(Figure 8–40). Other abnormalities of ST segment
simulating acute injury pattern of MI and Twave
abnormalities similar to T waves associated with
MI are discussed in Chapters 7 and 9.



Figure 8–37 Left-sided spontaneous pneumothorax. ECG, recorded from a 26-year-old man who complained of sudden
onset of chest pain and dyspnea, shows abnormal QS complexes with slight ST segment elevation in leads V1–V4. T waves
are inverted in leads III, aVF, and V6. Changes in the precordial leads resemble those of acute anteroseptal myocardial infarc-
tion. The chest radiograph, however, showed massive left-sided pneumothorax with collapse of the lung. The heart and
mediastinum were displaced to the right. Suction tube drainage was applied to the left pleural space. After the left lung
was reexpanded, a repeat ECG showed disappearance of the Q waves in leads V2–V4. (From Chou TC: Pseudoinfarction.
Cardiovasc Clin 5:199, 1973.)

Figure 8–38 Pulmonary embolism. ECG was obtained from a 61-year-old man with massive pulmonary embolism. The
diagnosis was verified by autopsy. There was minimal coronary atherosclerosis, with no evidence of myocardial infarction.
Note the right bundle branch block with T wave inversion in leads V1–V5. A deep, wide Q wave is present in lead III, and a
small QS complex appears in lead aVF. (From Chou TC: Pseudoinfarction. Cardiovasc Clin 5:199, 1973.)

Figure 8–39 ECG limb leads on a 73-year-old man with coronary artery disease but no evidence of previous infarction.
A, Note the atrioventricular junctional rhythm with negative P waves in leads II and III followed by an isoelectric PR segment
and a small q wave. B, The PR segment is absent, and a negative P wave simulates a Q wave of an inferior infarction. The
two ECGs were recorded on the same day.

1978 � Myocardial Infarction and Electrocardiographic Patterns Simulating Myocardial Infarction



Figure 8–40 ECG of a patient with hyperkalemia. The serum potassium was 9.6 mEq/L. (From Chou TC: Pseudoinfarction.
Cardiovasc Clin 5:199, 1973.)

Figure 8–41 ECG precordial leads from a patient with
an anterior infarction and a premature ventricular complex
displaying a wide Q wave.
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Q WAVES IN PREMATURE
VENTRICULAR COMPLEXES
It has been reported that a QR pattern in a prema-
ture ventricular complex (PVC) with a Q wave
>40 ms and a Q amplitude greater than the
R amplitude in lead V1 has 93 to 95 percent speci-
ficity for detection of an anterior MI205,206

(Figure 8–41). A Q wave in leads III and aVF is of
more limited value for detecting an inferior
infarction.206
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The terms non-Q wave myocardial infarction
(NQMI), non-ST elevation myocardial infarction
(NSTEMI), unstable angina pectoris (UAP), and
myocardial ischemia are often applied inter-
changeably to characterize clinical syndromes
of acute ischemic heart disease. Yet each of these
terms has a different meaning.

Myocardial ischemia is the substrate of
NSTEMI, NQMI, and UAP. It must be documented
by electrocardiographic (ECG) changes and sup-
ported by the evidence of perfusion defects or wall
motion abnormalities. The ECG abnormalities
during acute ischemic processes are not specific
because they resemble the ECG abnormalities
encountered in patients with chronic ischemic
heart disease (e.g., in the presence of hibernating
myocardium). Therefore themore reliablemarkers
of instability are the changes in the ECG pattern
rather than any particular fixed patterns.

The terms NQMI and NSTEMI differ from
UAP by the presence of biochemically documen-
ted myocardial necrosis. In practice, it may be
difficult to determine whether the absence of
cardiac enzyme or myocardial protein elevation
denotes both previously and presently absent
myocardial necrosis or a return to normal after
a relatively recent event.

The term angina refers to a subjective aware-
ness of myocardial ischemia. Yet it is well known
that myocardial ischemia and MI can be painless
or silent, which means that the absence of symp-
toms does not rule out NQMI, NSTEMI, or acute
ischemia.

For these reasons, the information included
in the presentation of a patient with an acute
ischemic process should specify the character,
duration, and stability of symptoms; the ECG
findings; and the presence or absence of necrosis
documented by a rise in cardiac enzyme or
myocardial protein concentrations in blood.
The availability of the echocardiographic, scinti-
graphic, or magnetic resonance imaging (MRI)
data may further refine assessment of the ische-
mic pattern.
205
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Non-ST Elevation Myocardial
Infarction (NSTEMI)

The term NSTEMI has been applied to a subset
of “coronary syndromes.” The new nomencla-
ture was introduced following the discovery of
new biochemical markers of myocardial necrosis
(troponins) and increasing use of new interven-
tional approaches to treat the “unstable” coro-
nary artery disease (CAD). The term NSTEMI
defies precise electrocardiographic definition.
The difference between UAP and NSTEMI is
the difference between the absence and the pres-
ence of biochemical markers of myocardial
necrosis, such as troponin, in the blood. A cer-
tain number of patients with NSTEMI develop
Q waves.1 Other problems defying accurate defini-
tion of NSTEMI include the inability to determine
whether a transient STelevation had preceded the
first available ECG and the possibility of unrecog-
nized ST segment elevation in some leads, particu-
larly the lead aVR.Moreover, it appears that new ST
segment depression may be present in some
patients with a diagnosis of NSTEMI, which
requires the presence of ST segment elevation in
some leads on the opposite side of the electrical
field. Therefore NSTEMI does not describe an
ECG pattern, but rather is a clinical diagnosis with
variable ECG patterns. These patterns are exempli-
fied in Figures 9–2, 9–4, 9–5, 9–6, 9–7 and 9–9 and
discussed in the context of NQMI.

The reported factors affecting the prognosis of
patients with NSTEMI include a.o. the extent of
ST segment deviation,2,3 ST segment depression
in the lateral leads,4 abnormal Twaves,5 and sus-
tained ventricular arrhythmias.6
Non-Q Wave Myocardial
Infarction (NQMI)

The term NQMI has replaced the former ECG
diagnosis of subendocardial infarction because
it has been amply established that the presence
or absence of a Q wave does not depend on the
localization of the MI. Q waves may be absent
when the MI is “transmural” or, conversely,
may be present when the infarction does not
involve the full thickness of the ventricular wall.

Savage et al.7 showed that even small suben-
docardial infarcts, involving only 10 to 20 percent
of the ventricular thickness, can cause abnormal
Q waves. Raunio and associates8 described the
pathologic findings in ECGs obtained 48 hours
before death in 80 patients with MI. Abnormal Q
waves were present in 8 of 15 patients (53 percent)
with subendocardial infarction and in 42 of 65
patients (65 percent) with transmural MI. Similar
findings were reported by Antaloczy et al.,9 who
correlated the ECG with pathologic data in 100
patients with MI.

With regard to coronary angiography, Kerensky
et al.10 reported that in patients with NQMI a sin-
gle culprit lesion could be identified in 49 percent
of patients, whereas in 37 percent of patients no
angiographic culprit lesion was present; the
remaining 14 percent had multiple lesions.

Similar to NSTEMI, the term NQMI correlates
poorly with the clinical condition or with a
defined pathologic substrate. Another drawback
of the term is that it encompasses a heterogeneous
group of ECG patterns (see later discussion).

Before the advent of thrombolytic therapy of
MI, the reported prevalence of NQMI among
patients with acute MI was in the range of 16
to 40 percent.11–16 Roberts and Fromm17 esti-
mated that the proportion of patients with
NQMI has been steadily increasing, with more
than half of all infarctions now classified as
NQMI, but the initial ECG is believed to provide
a specific diagnosis in only about 5 percent of all
patients presenting with chest pain to the emer-
gency room.17

At the onset of MI it is difficult to predict
whether a Q wave will develop. Boden et al.18

studied serial ECGs in patients with acute NQMI
confirmed by creatine kinase MB elevation to
determine the percentage of patients with early
ST segment elevation who would develop
Q waves during the follow-up. They found that
of 187 patients who exhibited �1 mm ST seg-
ment elevation in two or more contiguous leads,
a Q wave evolved in 32 (20 percent). Of 252
patients with early ST segment depression, T
wave inversion, or both, a Q wave evolved in
39 (15 percent). Thus in 80 percent of patients
with and 85 percent of patients without ST seg-
ment elevation and absent Q waves on the
admission ECG, Q waves did not develop during
a subsequent 2-week period of observation.18

These findings contrast with the observations
in patients undergoing thrombolytic therapy, in
whom Q wave developed in about 80 percent
with the initial ST segment elevation. Thus in
the GUSTO study,19 Q waves did not develop
in 4601 (21.3 percent) of 21,510 patients with
acute ST segment elevation. In a later GUSTO
report20 Q waves did not develop in 409 (20 per-
cent) of 2046 patients with ST segment elevation
undergoing thrombolytic therapy. The absence
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of Q wave development in the initial GUSTO
study was associated with a lesser degree of ante-
rior ST segment elevation.19 Also, in the later
report20 patients who did not develop Q waves
had a lesser degree of ST segment elevation in
nonanterior locations, and their infarct-related
artery was more likely to be nonanterior with
a more distally located occlusion.

More recent correlations with cardiovascular
magnetic resonance studies showed that the dif-
ferentiation between Q wave and non-Q wave
MI is useful in the determination of the total MI
size, but not in defining whether MI is transmural
or nontransmural.21 Another study of Sievers
et al.22 also concluded that “transmural” and
“nontransmural” MIs cannot be differentiated by
ECG. Kaentrop et al.23 showed that the best pre-
dictor of Q wave in the ECG was the quantified
percent scar tissue. A cut-off value of 17 percent
yielded a sensitivity and specificity of 90 percent
to predict the presence vs. absence of Q wave.
VARIABLE GENESIS OF THE NQMI
PATTERN
Some conditions responsible for the NQMI pat-
tern include the following:

1. MI with a Q wave equivalent of R or R/S in
the right precordial leads, which is an indi-
cation of posterolateral infarction, most
often caused by circumflex artery disease

2. Development of a Q wave aborted by throm-
bolytic treatment or coronary angioplasty

3. Initial presentation of a progressive pro-
cess with subsequent Q wave development
Figure 9–1 ECG precordial leads of a 52-year-old man with
a rise in cardiac enzyme levels. A, ECG recorded on day 1 at 2
6:35 AM. Note the T wave inversion in the leads with previous S
mated left ventricular ejection fraction of 45 percent. C, Same
gency coronary angioplasty and placement of a stent into a sub
4. Resolution of coronary vasospasm
5. Subendocardial infarction
6. Other nontransmural infarcts
7. Q wave masked by left bundle branch

block (LBBB) or preexcitation
Some factors responsible for the variable gen-

esis of the NSTEMI pattern include:
1. Initial vs. recurrent event
2. Initial presentation preceded by a subsided

ST segment elevation (transient normaliza-
tion, or pseudonormalization) (see Fig-
ures 9–1 and 9–7)

3. Initial presentation with subsequent Q
wave development

4. Predominant ST segment depression with
unrecognized “reciprocal” ST elevation

5. Variable T wave changes
6. Variable preceding therapeutic interventions
ECG DIAGNOSIS OF NQMI
The ECG difference between Q wave MI and
NQMI is not always clearly defined because some
investigators consider cases with marked reduc-
tion of R wave amplitude to be Q wave infarc-
tions.24,25 Different definitions may account for
some of the varying results obtained in the studies
correlating the ECG with pathologic findings.26

The absence of universally, clearly defined
QRS criteria makes it imperative to document
the presence of evolutionary ST segment or
T wave changes (or both). During the acute
phase the ST segment may be elevated or
depressed in the leads that face the epicardial
surface of the infarcted area (Figures 9–1 and
acute non-Q wave myocardial infarction documented by
:33 AM shows diffuse ST segment elevation. B, Next day at
T segment elevation. There was apical akinesis with an esti-
day at 4:20 PM pseudonormalization of the ECG after emer-
totally occluded proximal left anterior descending artery.



Figure 9–2 ECG of an 84-year-old woman with non-Q wave infarction documented by a rise in cardiac enzyme levels
shows depression of the ST segment in leads I, II, aVL, and V2–V6 and ST segment elevation in lead aVR. Patient had severe
three-vessel coronary artery disease with mild mid-anterior and distal inferior wall hypokinesis and an estimated left ventric-
ular ejection fraction of 45 percent.
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9–2). Among the 93 cases of NQMI studied by
Ogawa et al.,27 ST segment elevation was present
in 35 (38 percent), ST segment depression in 49
(52 percent), and Twave changes alone in 9 (10
percent). Willich et al.16 found ST segment ele-
vation in 207 (61 percent) and ST segment
depression in 97 (29 percent) in the initial
ECG of 340 patients with NQMI.

The T wave inversion usually evolves in the
leads with ST segment elevation or ST segment
depression (Figures 9–3 and 9–4), and the T
Figure 9–3 ECG precordial leads of a 72-year-old man wit
enzyme levels. A, Day of infarction. Note the slight ST segme
577 ms. B, Following day. Note the T wave inversion without ST
Patient had 90 percent ostial stenosis of the left anterior descend
renal insufficiency.
wave is often deeply inverted. NQMI is one of
the most common causes of the so-called giant
negative T waves (see Chapter 23).

The extent and magnitude of Twave abnorm-
alities produced by NQMI correlate poorly with
the extent and severity of coronary artery dis-
ease. To illustrate this, I have selected four cases
of NQMI that have similar ECG abnormalities
but different pathology of the coronary arteries:
severe four-vessel coronary artery disease (Fig-
ure 9–5), occlusion of the proximal left anterior
h non-Q wave infarction documented by a rise in cardiac
nt elevation with terminal T wave inversion and a QTc of
segment elevation. C, Following day. ECG is nearly normal.
ing artery. Ventriculography was not performed because of



Figure 9–4 ECG of an 85-year-old woman with non-Q wave infarction documented by a rise in cardiac enzyme levels
and associated with pulmonary edema on admission. Note the ST segment depression with pointed inverted T waves and
prominent upright U waves in leads V1–V4. Echocardiogram revealed moderately severe left ventricular wall motion
abnormalities, with an estimated left ventricular ejection fraction of 40 percent, moderately severe aortic stenosis, aortic
regurgitation, and mitral regurgitation with a pulmonary artery pressure of 70 mmHg.

Figure 9–5 ECG of a 74-year-old man with unstable angina pectoris recorded on the day before cardiac catheterization.
The latter showed extensive four-vessel disease with 95 percent distal left main stenosis, 90 percent proximal left anterior
descending artery stenosis, total obstruction of the left circumflex artery at the ostium, total occlusion of the dominant right
coronary artery at the mid-level, and abundant collateral circulation. Ventriculography showed mild anterior apical
hypokinesis.
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descending (LAD) artery (see Figure 9–3),
occlusion of the LAD coronary artery at midlevel
(Figure 9–6), and absence of coronary obstruc-
tive lesions (Figure 9–8). The extent of myocar-
dial involvement cannot be predicted from the
magnitude and extent of T wave abnormalities.
For example, Figure 9–9 shows an ECG of a
patient with severe disease of the dominant left
circumflex artery causing severe hypokinesis of
the inferior and lateral wall, with relatively
minor T wave abnormalities limited to leads I
and aVL.

In most cases, the T wave abnormalities tend
to persist longer than the ST segment deviations.
Kloner reported that negative T waves became
normal concurrently with the disappearance of
wall motion abnormalities within 6 months after
coronary angioplasty, presumably owing to



Figure 9–6 ECG precordial leads of a 75-year-old man with non-Q wave infarction documented by a rise in cardiac
enzyme levels. A, Day of infarction. Note the ST segment elevation. QTc was 399 ms. B, At 1 hour 6 minutes later there
was less T segment elevation and T wave inversion. QTc was 440 ms. Patient had 95 percent stenosis of the left anterior des-
cending artery at the mid-level, with involvement of two diagonal branches, 60 percent stenosis of the right coronary artery,
and anterior apical hypokinesis.
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recovery of the stunned (hypoperfused) or hiber-
nating (damaged but capable of recovery) myo-
cardium.28 In parallel with the advances in
management of the acute coronary syndromes,
one more often observes rapid regression of
T wave abnormalities caused by the NQMI (see
Figure 9–3).
PROGNOSIS OF PATIENTS
WITH NQMI
In the past, patients with NQMI were considered
potentially unstable, having late morbidity and
mortality rates similar to those in patients with
Q wave MI.29 This perception has changed
recently with the changing modes of treatment.
It has been shown that in patients undergoing
thrombolytic therapy, the 30-day and 1-year
prognoses were better in those without than
those with subsequent Q wave development.19
Unstable Angina Pectoris (UAP)

There is no sharp line that distinguishes stable
from unstable forms of angina pectoris, but in
most patients with symptomatic ischemic heart
disease, the presence or absence of stability can
be established by the history and the ECG.
Angina can be defined as stable if it occurs rela-
tively infrequently and is predictably provoked
by circumstances that increase the myocardial
oxygen demand above a certain threshold
defined by the metabolic equivalents of task
(METs) or the product of heart rate blood pres-
sure. The ECG changes during the episodes of
stable angina pectoris are usually reproducible
during a stress test and most often consist of hor-
izontal or downsloping ST segment depression in
several leads. These changes are sometimes
accompanied by T wave inversion in the leads
with downsloping ST segment depression. Both
ST and T changes return to normal within a rel-
atively short time during recovery from the
stress.

The vector of abnormal T waves tends to be
directed away from the area of abnormal
(i.e., prolonged) repolarization. This means that
the T wave becomes negative in leads I, aVL, V5,
and V6 in the presence of anterolateral ischemia;
leads V1–V3 in the presence of a less extensive
anterior ischemia; leads II, III, and aVF in the
presence of inferior ischemia; and upright in
the right precordial leads in the presence of pos-
terior ischemia. The correlation between the
distribution of the T wave abnormalities and
localization of myocardial ischemia, however,
is not as reliable as the correlation between the
distribution of Q waves and the location of
the MI.

Reversible U wave inversion, if present, is a
specific sign of myocardial ischemia (Fig-
ure 9–10). The QRS duration is often transiently
increased during an anginal attack, and in one
study30 it was observed in 70 percent of patients
in the signal-averaged ECG (see Chapter 1).

The ECG changes during the episodes of UAP
tend to be more pronounced, involving more



I

II

III aVF

aVL

aVR V1 V4

V5

V6

V2

V3

II

I

III aVF

aVL

aVR

V5

V6

V2

V1 V4

V3

20–Sep–2000 06:23:05

20–Sep–2000 08:52:40

Figure 9–7 ECG of a 40-year-old woman with isolated 80% narrowing of the left anterior descending coronary artery and
no other abnormalities of the major coronary artery branches. Cardiac catheterization revealed mild anterior hypokinesis
with an estimated left ventricular ejection fraction of 50 percent. Top: Pattern of ST elevation myocardial infarction (STEMI)
with Q waves in leads V1–V2. Bottom: 2.5 hours later, Q waves are absent and ST elevation is nearly subsided. Because of
the elevated troponin level, the myocardial infarction was classified as NSTEMI.
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leads and persisting for longer periods of time
than those occurring in the presence of stable
angina. In particular, the T wave inversion tends
to persist after regression of the ST segment
depression. Transient ST segment elevation during
the ischemic episodes occurs infrequently but
more often during episodes of unstable angina
than stable angina. The diagnosis of UAP is sup-
ported by the occurrence of symptoms at rest,
when the angina wakes the patient during sleep,
and when the attacks have a repetitive pattern.
CATEGORIES OF UAP
Braunwald31 categorized UAP on the basis of
severity of symptoms and the clinical setting. In
the category of symptoms, a score of 1 is assigned
to UAP with no pain at rest, a score of 2 to UAP
with remote pain at rest occurring more than 48
hours before angiography, and a score of 3 to recent
symptoms at rest occurring less than 48 hours
before angiography. In the category of settings,
the three scores, in progressive order, are UAP sec-
ondary to noncardiac condition, primary UAP, and
UAP early after MI. Multivariate regression ana-
lysis identified the UAP score based on this
classification as the most important predictor of
intracoronary thrombus and lesion complexity.32

Subsequently, patients with a score 3 were subclas-
sified into troponin-positive and troponin-negative
groups, with the former being at greater risk of MI
and cardiac death.34

In terms of pathogenesis, Braunwald33 identi-
fied the following five different, but not mutually



Figure 9–9 ECG of a 45-year-old man recorded 12 hours after the onset of a non-Q wave infarction documented by a rise
in cardiac enzyme levels. Note the shift terminal T wave inversion in leads I and aVL. Patient had single coronary artery dis-
ease with complete occlusion of the first obtuse marginal branch and 70 percent stenosis of the left circumflex artery at mid-
level. There was severe hypokinesis of the inferolateral wall.

Figure 9–8 ECG of a 50-year-old woman 1 day after the onset of a non-Q wave infarction documented by a rise in cardiac
enzyme levels. It shows diffuse T wave abnormalities and prolonged QTc (511 ms). Patient had normal coronary arteries and
mild anterolateral wall motion abnormality, with an estimated left ventricular ejection fraction of 55 percent.
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exclusive, causes of UAP: (1) nonocclusive
thrombus superimposed on preexisting plaque;
(2) progressive mechanical obstruction; (3)
dynamic obstruction; (4) secondary to increa-
sed myocardial oxygen consumption; and (5)
inflammation/infection.
SEVERITY AND EXTENT OF ECG
ABNORMALITIES
Gorgels and associates35 correlated the ECG
changes during angina pectoris at rest with the
findings during coronary angiography. They
found that the number of leads with ST segment
deviation and the magnitude of ST segment devi-
ation during chest pain at rest showed a positive
correlation with the number of diseased coro-
nary arteries. In patients with left main or
three-vessel coronary artery disease, the ST seg-
ment depression was often present in leads I,
II, and V4–V6 and ST segment elevation in lead
aVR. When the sum of the ST segment deviations
in these leads was >12 mm, the positive predic-
tive accuracy for left main or three-vessel coro-
nary artery disease was 86 percent.35

Klootwijk et al.36 calculated the ischemic bur-
den using computer-assisted monitoring during
UAP in 12 ECG leads to assess the results of



Figure 9–10 ECG of an 84-year-old man with hypertensive heart disease and renal insufficiency recorded during an
attack of angina pectoris (A) and 7 hours later after treatment with intravenous nitroglycerin (B). Note the ST segment depres-
sion associated with negative U waves, best seen in leads V5 and V6 (A) and the return to normal after treatment (B).
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the treatment of ischemia. The burden was
expressed as the sum of the area under the curve
of the ST vector magnitude trend of all episodes
per patient or the sum of the areas under the
curves of 12 leads during the episodes.36

The diagnosis of UAP has two contrasting
aspects. On one hand, it is a frequent precursor
of MI, as implied by the commonly used desig-
nation “preinfarction angina.” At the same time,
UAP is believed to convey some protection by
promoting a collateral circulation and the phe-
nomenon of preconditioning.37,38 As an example
of possible protection, Shiraki et al.39 found that
preinfarction angina was an independent predic-
tor of the absence of right ventricular infarction
in patients with acute inferior MI caused by right
coronary artery occlusion.39
Repolarization Abnormalities
Simulating Myocardial Ischemia
ST SEGMENT DEVIATIONS
The mechanism of ST deviation caused by the
systolic and diastolic currents of injury during
myocardial ischemia is discussed in Chapter 7.
Injury current, however, is not the only
mechanism of ST segment deviation from the
baseline.40

Careful inspection of any normal ECG com-
plex of large amplitude or of a sufficiently ampli-
fied complex reveals that the earliest portion of
the ST segment normally deviates from the
baseline. This phenomenon is explained by the
various stages of ventricular repolarization dur-
ing this period. The myocardial fibers depolar-
ized during the early QRS portion are at a more
advanced stage of repolarization than those
depolarized during the late QRS portion. This
creates potential differences after the end of the
QRS complex before all fibers achieve the same
level of plateau potential. This is shown in Fig-
ure 7–1A, where the ventricular complex of the
ECG is derived from the potential differences
between two action potentials hypothetically
attributed to the first and last ventricular fibers
depolarized during the recording of a single
QRS complex. In this derived ECG, configura-
tion of the ST segment and Twave is determined
by the potential differences during repolariza-
tion. Small differences at the very onset of repo-
larization may be expected to cause deviation of
the junction (i.e., J depression) and the early
portion of the ST segment. For this reason it is
customary to measure the magnitude of the ST
segment deviation approximately 60 to 80 ms
after the end of the QRS complex when all ven-
tricular fibers are expected to be depolarized to
the same level of membrane potential, forming
an isoelectric ST segment followed by the onset
of rapid repolarization, which initiates the T
wave.

The deviation of the ST segment becomes
more pronounced when the duration of the
QRS complex increases. Figure 7–1C shows the
postulated mechanism of repolarization abnorm-
alities secondary to conduction delay, indicated
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by the increased duration of the interval between
upstrokes of the two action potentials. The lon-
ger duration of the QRS complex enhances the
potential differences during the entire course
of repolarization because a larger number of
early depolarized fibers begins to pass through
the rapid phase of repolarization while the
fibers that are depolarized late are still at the
level of the plateau. In this diagram the poten-
tial difference (indicated by the arrow) persists
throughout the repolarization phase; therefore
the entire ST segment deviates from the base-
line. This is known as secondary deviation of
the ST segment. Secondary ST segment changes
are most often encountered in the presence of
ventricular hypertrophy and LBBB patterns
and are usually accompanied by secondary T
wave changes.

Another cause of abnormal ST segment devia-
tion results from primary repolarization abnorm-
alities at the cellular level when the slope of
repolarization during the plateau is steeper than
normal, as shown in Figure 7–1C. This may
cause deviation of the ST segment from the base-
line in the absence of ischemia or changes in the
sequence of depolarization. The short ventricu-
lar action potential with a steep slope of repolar-
ization shown in Figure 7–1C may be caused by
digitalis or tachycardia. The exercise-induced ST
segment depression during tachycardia in the
absence of myocardial ischemia can be attribu-
ted to such a mechanism.

In addition, depression of the ST segment may
be caused by a negative T wave of the P wave
(Tp), which corresponds to the time period
between the two arrows in Figure 7–3 (lower
Figure 9–11 Typical common normal variant of mild ST segm
alent in women than in men. ECG of a 45-year-old woman who
treadmill exercise there was no increase in ST segment depressi
right). This figure shows that the negative Tp
wave causes a downsloping course of the PR seg-
ment, which helps recognize the mechanism of
the depressed ST junction. The same mechanism
explains ST segment elevation caused by an
upright Tp wave following a negative P wave41

(see Figure 7–6).
ST SEGMENT DEPRESSION: NORMAL
VARIANT
A slightly downsloping or horizontal ST segment
depression may occur as a normal variant in the
absence of myocardial ischemia, drugs, hypoka-
lemia, or secondary repolarization abnormal-
ities. On the routine ECG at rest, this occurs
more commonly in women than in young or
middle-aged men42–44 (Figure 9–11). During
ambulatory monitoring, however, transient ST
segment depression from 0.1 to 0.4 mV, lasting
30 seconds to 2 hours, was recorded in 15 of
50 normal male volunteers aged 35 to 59
years.45 ST segment depression in the absence
of demonstrable myocardial ischemia during
exercise is a common finding, with a higher
prevalence in women than in young or middle-
aged men (Figure 9–12). False-positive exercise
tests are discussed in Chapter 10.
ST SEGMENT ELEVATION IN THE
ABSENCE OF MYOCARDIAL ISCHEMIA
The most common cause of ST segment elevation
unrelated to myocardial ischemia is secondary ST
segment elevation in the right precordial leads in
the presence of left ventricular hypertrophy or an
ent depression with low T waves; this pattern is more prev-
had no evidence of heart or coronary artery disease. During
on, but the T wave amplitude increased.



Figure 9–12 Selected ECG leads before and during exer-
cise of a 62-year-old woman who had a normal increase of
contractility in all segments of the left ventricle on the
echocardiogram after exercise.
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LBBB pattern. Other causes are discussed in
Chapter 7.
ST SEGMENT ELEVATION AFTER
MYOCARDIAL CONTUSION
Abnormal ECGs were found to correlate directly
with complications of blunt cardiac trauma
requiring treatment, whereas normal ECG and
CPK-MB correlated with lack of clinically signifi-
cant complications.46,47 ECG changes simulating
Q wave MI and NQMI have been encountered
I
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III aVF

aVL

aVR

Figure 9–13 Myocardial contusion. ECG of an 84-year-old w
accident in which the airbag was released. ECG shows diffuse ST
cardiogram was normal.
with Twave abnormalities and ST segment eleva-
tion.48 An example of diffuse ST elevation caused
by blunt chest trauma following airbag deploy-
ment in a patient with presumably normal coro-
nary arteries is shown in Figure 9–13. Also see
Chapter 12.
T Wave Abnormalities

In the differential diagnosis of an abnormal
Twave, the following Twave characteristics sug-
gest the presence of myocardial ischemia or
NQMI: (1) the Twave is preceded by a horizon-
tal ST segment; (2) the Twave is nearly symmet-
ric and deep; (3) T wave abnormalities occur in
several contiguous leads; and (4) the QT interval
is prolonged. The specificity of the diagnosis
increases with an increasing number of these fea-
tures. Nevertheless, the diagnosis of myocardial
ischemia should not be based exclusively on
the characteristics of T wave changes without
other supporting evidence because conditions
other than myocardial ischemia can produce
similar T wave abnormalities (see later discus-
sion and Chapter 23).
INCREASED AMPLITUDE OF UPRIGHT
T WAVE
Tall “hyperacute” T waves occasionally recorded
at the very early stage of acute MI (see Figure
7–39A) are seldom seen during UAP. If present,
they are most commonly present in the precor-
dial leads.49 The QT interval is usually pro-
longed. In the presence of myocardial ischemia
V1 V4

V5

V6

V2

V3

oman admitted with chest pain following a motor vehicle
elevation, which subsided within 2 days (not shown). Echo-
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of the inferior wall, tall upright Twaves in the pre-
cordial leads represent either reciprocal changes or
myocardial ischemia of the posterior wall.

Prominent T waves are often seen as a normal
variant (see Figure 1–20) in healthy individuals,
predominantly at a young age, inmales, and at slow
heart rates, sometimes in association with ST
segment elevation. To my knowledge there is no
upper normal limit of Twave amplitude. Some of
the other conditions associated with tall upright
Twaves are hyperkalemia, in which the Twave is
usually pointed and narrow (see Chapter 22), and
intracranial hemorrhage (see Chapter 22).
SYNDROME X
The label syndrome X has been pinned to several
groups of patients who have in common angina-
like chest pain and no evidence of obstructive
disease in the large coronary artery branches.
In some of these patients there is evidence of
myocardial ischemia induced by stress or ab-
normal vasomobility of coronary microvessels.
Some individuals with syndrome X have
inverted T waves in many leads. In one study
of such patients, the presence of symmetric
inverted T waves at rest was associated with a
coronary vasoconstrictor response to a cold
pressor test.50 In other studies, evidence of myo-
cardial ischemia was present in some but not
all patients with syndrome X and abnormal
T waves. Also, the presence of stress-induced
ST segment depression in patients with syn-
drome X occurs with and without evidence of
myocardial ischemia. Lactate metabolism, oxy-
gen saturation in the coronary sinus, regional
myocardial perfusion, and left ventricular wall
motion in these patients may be normal or
abnormal.50–55
PERICARDITIS
Unlike myocardial ischemia, the interval
between the nadir of the negative T wave and T
end of the wave is usually not prolonged, and
the duration of the QTc interval is normal.56

The direction of the Twave vector in pericarditis
suggests prolongation of activity in the damaged
fibers. Histologic studies suggest that the damage
is limited to a thin subepicardial layer of myocar-
dium. Accordingly, pericarditis appears to repre-
sent a large T wave abnormality produced by a
relatively small mass of abnormal myocardium
extending over a wide surface area. Pericarditis
is discussed in Chapter 11.
T WAVE ABNORMALITIES ATTRIBUTED
TO MYOCARDIAL DAMAGE
The primary “coronary” or “postischemic” Twave
pattern with a normal ST segment, abnormal
T vector, pointed Twave, and prolonged QT inter-
val may appear in patients with various pathologic
processes including such conditions as pulmo-
nary embolism, acute cor pulmonale, myocardial
tumor, abscess, gumma, acute myocarditis caused
by diphtheria, brucellosis, malaria, trichinosis,
rheumatic fever, mumps, measles, scrub typhus,
and various other infections. Similar T wave
changes may be caused by acute and chronic car-
diomyopathy of obscure etiology, Friedreich’s
ataxia, chest trauma, lightning stroke, various
poisons (phosphorus, carbon monoxide, venoms,
adder bite, scorpion sting), and certain drugs
(emetine, chloroquine, plasmoquin, antimony
compounds, lithium, and arsenicals).

These T wave abnormalities are probably due
to transient or permanent prolongation of repo-
larization in certain regions of the heart. They
usually regress slowly after recovery from the
disease or after elimination of the noxious agent
from the body. Some of these T wave abnormal-
ities may be caused not by structural myocardial
damage but rather by functional, neurogenic
repolarization changes precipitated by the dis-
ease. For instance, in one patient with abnormal
T waves attributed to myocardial damage pro-
duced by a scorpion sting, the autopsy did not
reveal cardiac abnormalities and the ECG
changes were thought to be a result of excessive
catecholamine liberation.

The T wave abnormalities in patients with
various cardiomyopathies are usually secondary
to QRS abnormalities produced by ventricular
hypertrophy. Sometimes primary Twave abnorm-
alities precede changes of the QRS complex.
The mechanism of such T wave abnormalities is
unknown.

Primary T wave abnormalities frequently
occur also in patients with mitral insufficiency
caused by mitral valve prolapse57 and a floppy
mitral valve in Marfan syndrome.58 The Twaves
are usually flat or inverted in leads II and III, and
the QTc interval is prolonged. The mechanism of
these T wave abnormalities is obscure. Myocar-
dial ischemia is unlikely because these changes
frequently occur in children and young adults.
It is conceivable that T wave abnormalities are
a result of prolonged repolarization in the abnor-
mal left ventricular ridge described with this
syndrome.59
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VARIANT ANGINA PECTORIS
The syndrome of variant angina pectoris is
caused by spasm of a normal or diseased major
coronary artery. The diagnosis should not be
made without ruling out the enzyme changes
that indicate MI. The symptoms and ECG
changes may be provoked by agents that con-
strict coronary arteries, such as ergonovine
maleate.

In Prinzmetal’s original description based on
the findings in 23 cases, the variant form of
angina pectoris was characterized by the devel-
opment of chest pain at rest or during nonstren-
uous normal activity.60 Induction of spasm by
isoproterenol during tilt test for evaluation of
syncope has been reported.61 On the ECG, tran-
sient ST segment elevation with reciprocal ST
segment depression is observed during chest
pain. The leads in which the ST segment eleva-
tion is present usually correspond to the distri-
bution of a major coronary artery and are often
predictive of the site of impending MI. During
anginal episodes, the R wave in these leads may
become taller and the S wave may decrease in
amplitude or disappear. In such cases the wide
RSTT complex resembles a monophasic action
potential (see Figure 7–29). In some patients,
continuous monitoring during the attack shows
that ST segment elevation increases to a maximal
level over a few minutes, remains constant for a
few minutes, and then recedes.

Arrhythmias are more likely to develop when
the ST segment elevation during the ischemic
episode is more pronounced.62 The most fre-
quently observed arrhythmias include premature
ventricular complexes and an accelerated ven-
tricular rhythm, although rapid ventricular
tachycardia, torsade de pointes, and ventricular
fibrillation have been recorded. The atrioventric-
ular (AV) conduction disturbances, varying from
first degree to a complete AV block, occur
mainly in patients in whom ST segment eleva-
tion involves the inferior leads.26
Silent Myocardial Ischemia

Silent myocardial ischemia is observed in
patients with asymptomatic coronary artery dis-
ease, in patients with symptomatic angina and
painless periods, and after MI.63–66 ECG mani-
festations of silent ischemia usually consist
of the horizontal or downsloping ST segment
depression recorded during an exercise test or
during ambulatory ECG monitoring. Silent ST
segment elevation may occur but is uncommon.

In a review of literature, Rozanski and Ber-
man14 found that in patients known to have cor-
onary artery disease, about one third of the
episodes of ST segment depression observed dur-
ing exercise testing occur silently. Ambulatory
ECG monitoring in patients with histories of
angina pectoris and an abnormal exercise test
showed that about 75 percent of the episodes
of ST segment depression are silent.14 The fre-
quency of myocardial ischemia, silent or symp-
tomatic, follows a typical circadian rhythm,
with most episodes occurring during the morn-
ing hours.67,68 The prognosis of patients with
chronic stable symptomatic coronary artery dis-
ease and exercise-induced silent ischemia over
several years is similar to that of patients in
whom the ischemia is associated with symp-
toms.69,70 In patients with UAP, however, the
probability of MI and death during the follow-
up is reported to be higher in patients with silent
ischemic episodes.70,71 This is particularly true if
the duration of the silent ischemia is more than
1 hour during each 24-hourmonitoring period.70,72

The subject is reviewed in depth by Cohn and
Fox.73
Atrial Infarction

Atrial infarction is seldom recognized by ECG
but is reported to occur in 1 to 17 percent of
patients with MI.74,75 Numerous abnormalities
of the P wave and PR interval and various atrial
arrhythmias have been associated with atrial
(usually right) infarction,76 but none of the find-
ings attained a high level of specificity or sensi-
tivity. Displacement of the PQ interval, which
represents part of the atrial ST (STa) segment,
is considered the most useful sign of atrial
infarction. This may be best appreciated in
patients with AV block (see Chapter 2). Eleva-
tion of the STa segment with or without reciprocal
STa depression suggests atrial injury. STa segment
elevation may produce a diagnostic monophasic
pattern during the early stage of ventricular ische-
mia (Figure 9–14). Depression of the STa segment
alone is not a reliable sign unless the degree of
depression is marked.77 The development of an
abnormal P wave configuration with the shape of
an M or a W during an acute episode of ischemia
also arouses suspicion.77



Figure 9–14 ECG pattern of atrial infarction manifested by a monophasic atrial pattern on 8/31/70. P wave is normal
before (8/4/70) and after (9/1/70) the onset of infarction. (From Surawicz B: Electrophysiologic Basis of ECG and Cardiac
Arrhythmias. Baltimore, Williams & Wilkins, 1995.)
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Indications and Contraindications

Safety of the Exercise Test
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Blood Pressure Response to Exercise
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Cardiac Auscultation

Recording Techniques

Diagnostic Accuracy of the Exercise Test
in CAD: Sensitivity and Specificity of the
Conventional Criteria

Predictive Value of a Test Result

Criteria for a Positive Exercise Test
Conventional Criteria
Less Commonly Used or Controversial
Criteria

Suggested Criteria for Extensive Ischemia
and Left Main or Severe Three-Vessel
Disease

Positive Exercise Tests in the Absence of
Obstructive CAD

Causes of False-Negative Responses

Exercise Testing in Patients with
Abnormal Resting ECGs

Pharmacologic Stress Tests

Prognostic Value of Exercise Testing
Asymptomatic and Unselected Subjects

Exercise Testing after MI
Patients with Old MI
Patients with Recent MI

Can the ECG Stress Test Rule Out
Presence of Significant CAD?

Exercise Testing and Arrhythmias
Atrial Arrhythmias
Ventricular Arrhythmias
Introduction

The principal clinical indication for the electro-
cardiographic (ECG) stress test is the detection
and assessment of myocardial ischemia in patients
with known or suspected coronary artery disease
(CAD). In the past, the accuracy of detection of
myocardial ischemia could be verified only by
means of coronary angiography or at autopsy. Cur-
rently, however, noninvasive technologies are
available for accurate detection of myocardial
ischemia by means of nuclear scintigraphy, echo-
cardiography, and the emerging application of
magnetic resonance imaging (MRI).

The terms true positive and true negative stress
tests are now applied when the ECG findings are
confirmed by the results of the previously men-
tioned tests, which are considered to represent
a “gold standard.” The term false positive is
applied when the ECG findings fulfill the diag-
nostic criteria of myocardial ischemia that is not
detected by nuclear imaging or echocardiography.
Because the diagnostic accuracy of the detection
ofmyocardial ischemia by nuclear and echocardio-
graphic imaging tests is only in the neighborhood
of 75 to 90 percent,1–4 it is possible that the ECG
diagnosis of ischemia may be correct when the
presence of ischemia was not detected by the imag-
ing. The term false-negative test is used when the
ECG fails to detect myocardial ischemia diagnosed
by imaging techniques. The sensitivity, specificity,
and predictive accuracy of the stress test are dis-
cussed later. The results of the stress test play
a large role in supporting the indication for diag-
nostic coronary angiography.

The yield of exercise testing is not limited to
the information derived from the ECG. Important
information is derived from the blood pressure
response and the character of the stress-induced
discomfort, particularly the chest pain. The per-
formance of the test is helpful in revealing the
patient’s conditioning and functional capacity.
The test can be also useful in the evaluation of
cardiac therapy and the assessment of cardiac
arrhythmias and conduction disturbances.
221
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Indications and Contraindications

Table 10–1 lists the guidelines for the perfor-
mance of the ECG stress test, adapted from those
recommended by the American College of Car-
diology/American Heart Association (ACC/AHA)
Task Force in 19975 and updated in 2002.6

Table 10–2 lists the most important contraindi-
cations to exercise testing.
Safety of the Exercise Test

In a survey of 500,000 stress tests, the mortality
was 1 in 20,000 tests.7 Nonfatal complications,
such as myocardial infarction (MI), requiring
hospitalization within 1 week of the test occur
at the rate of about 8 per 10,000 tests. In sub-
jects with histories of ventricular tachycardia
TABLE 10–1 Reasons for Stress Testing

1. Patients undergoing initial evaluation with suspected
those with complete right bundle branch block or le

2. Patients with suspected or known CAD, previously e
status

3. Low-risk unstable angina patients 2 to 3 days after p
heart failure symptoms

4. Intermediate-risk unstable angina patients 2 to 3 day
ischemic or heart failure symptoms

5. Before hospital discharge for prognostic assessment,
therapy

6. Early after hospital discharge for prognostic assessm
therapy, and cardiac rehabilitation if the predischarg

7. Late after hospital discharge for prognostic assessmen
and cardiac rehabilitation if the early exercise test w

8. To evaluate functional capacity of selected patients w
9. Periodic monitoring in patients who continue to par

10. To evaluate asymptomatic males over the age of 40 w
drivers)

11. Evaluation of asymptomatic subjects with diabetes m
12. Evaluation of subjects with multiple risk factors as a
13. Evaluation of asymptomatic men older than 45 years

vigorous exercise, and who are at high risk for CAD
disease or chronic renal failure

14. To evaluate the functional capacity and response to
CAD or heart failure

15. To evaluate the blood pressure response of patients b
wish to engage in vigorous dynamic or static exercis

16. Identification of appropriate settings in patients with
17. Evaluation of congenital complete atrioventricular (A

activity or participation in competitive sports
18. Evaluation of patients with known or suspected exer
19. Evaluation of medical, surgical, or ablative therapy i

(including atrial fibrillation)
(VT) or fibrillation, serious but nonfatal arrhyth-
mia complications occurred during 2.3 percent
of the tests.8 In contrast, the incidence of such
complications in subjects without histories of
sustained ventricular arrhythmias is approxi-
mately 0.05 percent. More recently, the TIMI
STUDY group9 reported 1 death and 1 MI
among 494 patients with unstable angina pec-
toris or non-ST elevation MI (NSTEMI) sub-
jected to exercise test. A symptom-limited
exercise test performed 1 day after coronary
artery stenting was reported to be free of unto-
ward complications in a study involving 1000
patients.10

Although patients undergoing exercise testing
are generally at low risk, the occasional occur-
rence of serious complications, as shown later
in Figure 10–15, make it mandatory to have an
immediate access to a resuscitation kit including
an external automatic defibrillator. Adherence to
or known coronary artery disease (CAD), including
ss than 1 mm of ST depression at rest
valuated, now presenting with significant change in

resentation who have been free of active ischemic or

s after presentation who have been free of active

activity prescription, and evaluation for medical

ent, activity prescription, evaluation of medical
e test was not done
t, activity prescription, evaluation of medical therapy,
as submaximal
ith congenital or valvular heart disease
ticipate in exercise training or cardiac rehabilitation
ith special occupations (e.g., airline pilots, bus

ellitus who plan to start vigorous exercise
guide to risk-reduction therapy
and women older than 55 years who plan to start
due to other diseases such as peripheral vascular

therapy with cardiovascular drugs in patients with

eing treated for systemic arterial hypertension who
e
rate-adaptive pacemakers
V) block in patients considering increased physical

cise-induced arrhythmias
n patients with exercise-induced arrhythmias



TABLE 10–2 Contraindications to Stress
Testing

1. Very recent acute myocardial infarction
(generally <6 days)

2. Angina pectoris that is unstable or present at
rest, excluding conditions listed in Table 10–1

3. Severe symptomatic and unstable left ventricular
dysfunction

4. Potentially life-threatening cardiac dysrhythmias
5. Acute pericarditis, myocarditis, or endocarditis
6. Acute pulmonary embolus or infarction
7. Non-cardiac illness that precludes physical

exertion (i.e., acute thrombophlebitis or deep
vein thrombosis), serious general illness,
neuromuscular or arthritic conditions, and
inability or lack of desire or motivation to
perform the test

8. Severe aortic stenosis
9. Severe hypertension
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the guidelines proposed by the Joint Committee
of the ACC/AHA5,6 may be expected to minimize
the risk of this procedure.
Graded Exercise Test

The most prevalent method of stressing the
patient is the graded exercise test using either
the treadmill or the bicycle ergometer. These
tests replaced the earlier two-step exercise test
TABLE 10–3 Relationship among Treadmill W
Classification (New York Heart A

Treadmill Level
METs
(approx.)

Functional
Class (NYHA) Eq

1.7 mph, 0% grade 1.8 4 M

1.7 mph, 5% grade 3 3 V

1.7 mph, 10% grade 5 2 L

2.5 mph, 12% grade 7 1 M

3.4 mph, 14% grade 9–10 0 H

4.2 mph, 16% grade 11–12 0 V
introduced by Master more than 60 years
ago.11 Cardiac output and myocardial oxygen
consumption are increased during exercise. In
the presence of obstructive CAD, the increased
demand may exceed the reserve capacity of the
coronary blood flow, causing myocardial ische-
mia. The latter may also occur in other types of
heart disease if the heart cannot meet the
increased demand of myocardial oxygen con-
sumption during exercise.

In the graded exercise test (GXT), the patient
begins to exercise with a low workload that is
increased in small increments during continuous
ECG monitoring until the target heart rate is
reached or the patient is unable to continue.
Other reasons for interrupting the test often
include worrisome symptoms, an excessively
high or low blood pressure, serious arrhyth-
mias, or ECG changes suggestive of myocardial
ischemia.

The protocol used for treadmill testing varies
among different medical centers. Perhaps the
most widely used is that of Bruce and Hornsten.12

The test is performed at least 2 hours after a meal.
Baseline ECGs in the resting state are recorded in
the supine and upright position. The exercise
consists of increasing workloads at 2- or 3-minute
intervals. Table 10–3 presents the stages of a
“modified Bruce” protocol employed in many
clinics. It is especially useful because it facilitates
extrapolation from maximum treadmill perfor-
mance to levels of work and recreational activity
and allows the determination of the presence
orkloads, General Activities, and Cardiac
ssociation)

uivalent Environmental Activities

inimal: wash/shave, dress, desk work, writing,
sewing, piano playing, walk 1.5 mph
ery light: drive car, clerical and assembly work,
shuffleboard, billiards, walk 2 mph
ight: clean windows, rake, wax floors, paint,
stock shelves, light welding and carpentry, golf,
dancing (waltz), table tennis, walk 3 mph
oderate: light gardening, lawn mowing (level),
slow stair climbing, exterior carpentry, doubles
tennis, badminton, walk 3.5 mph
eavy: saw wood, heavy shoveling, tend furnace,
moderate stair climbing, canoeing, fencing, singles
tennis, jogging 4–5 mph
ery heavy: carry loads upstairs, rapid stair
climbing, heavy labor, lumberjack, raquetball,
basketball, ski touring, run 6 mph
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and extent of impaired cardiac function (graded
by New York Heart Association Classes).

The test begins with the subject walking at
a speed of 1.7 miles per hour (mph) on a flat sur-
face (0 percent grade [stage 1]) and involves
progressive increases in grade and speed. The
estimated workload is reported in metabolic
equivalents (METs), a convention that facilitates
comparison of different exercise protocols as
well as comparison with work or recreation
effort requirements. The term MET signifies the
energy cost of activity in multiples of resting
oxygen consumption. One MET, representing
the energy consumption at rest, is approximately
equal to an oxygen uptake of 3.5 mL/kg/min.
Thus 2 METs would indicate an uptake of 7 mL/
kg/min, and so on. Because oxygen consumption
is determined primarily by cardiac output in the
absence of pulmonary or skeletal limitations, this
information allows for rough estimates of func-
tional cardiac capacity. Although oxygen uptake
is not actually measured in most clinical labora-
tories, an approximate value can be estimated by
consulting published information derived from
the various treadmill workloads. Such informa-
tion can provide reasonably accurate estimates
of functional cardiac status. Depending on the
state of physical conditioning, a healthy individ-
ual can usually attain 10 or more METs, although
increasing age and deconditioning may modestly
reduce this maximum.13 In many clinics the test
is stopped at an arbitrary target point of 85 per-
cent of the predicted maximal heart rate (MHR)
for the subject’s age. The MHR is derived by sub-
tracting the subject’s age from 220.* This practice
is customary when the stress test is combined
with scintigraphy or echocardiography, but in a
purely electrographic test it is often advisable to
reach 100 percent of MHR or to exercise to the
point of exhaustion or warning signs.

During the exercise the ECG is monitored
continuously with an oscilloscope, and short
strips of selected leads are recorded at prescribed
intervals. We use leads II, aVF, and V5 recorded
simultaneously every minute. The blood pres-
sure is measured every 3 minutes during the
exercise. At the end of the exercise, a complete
12-lead ECG is recorded immediately and then
every 1 to 2 minutes for at least 6 minutes or
until the tracing returns to the resting pattern.
The blood pressure is measured at 2, 4, and 6
minutes after exercise. Examination of the ECG
changes that occur during the recovery period
*It has been suggested to derive MHR from a regression
equation: MHR ¼ 208 – 0.7 � age.14 However, this has not
been widely adopted.
is also important because in some patients
abnormalities appear only after the cessation
of the exercise15,16 (see later discussion).

For safety and proper assessment of the test
performance, a physician or a trained physician’s
assistant should be in attendance during the test.

Blood Pressure Response
to Exercise

In response to the increased stroke volume and
contractile force, the systolic blood pressure nor-
mally rises progressively with increasing work-
loads and heart rates, reaching about 160 to
220 mmHg with maximum effort. Because exer-
cise lowers overall peripheral vascular resis-
tance, the diastolic pressure exhibits little or no
change (less than 10 mmHg). The failure of the
systolic pressure to rise to at least 130 mmHg
or a systolic blood pressure fall by 10 mmHg or
more during exercise may indicate left ventricular
dysfunction caused bymyocardial ischemia, which
may expose the presence of severe CAD.17,18 Alter-
natively, an abnormal fall in blood pressure may
result from a fall in systemic vascular resistance
caused by an abnormal vasodilator response in
non-exercising vascular beds.19 In this case, the
response may be also triggered by myocardial
ischemia through a neurogenic reflex mechanism
and may be associated with increased cardiac
output during exercise.

An abnormal rise in exercise systolic pressure
to a level >214 mmHg in a subject with a nor-
mal resting pressure predicts an increased risk
for future sustained hypertension at rest (esti-
mated to occur in approximately 10 to 26 percent
of subjects) and a slightly greater propensity
for total cardiovascular events over the next 5 to
10 years.20

Normally the systolic pressure falls rapidly after
cessation of exercise, dropping by an average of 15
percent or more at 3 minutes after stopping. Myo-
cardial ischemiamay reduce the rate atwhich blood
pressure falls. At 3 minutes postexercise, blood
pressure�90 percent of the peak systolic level dur-
ing exercise suggests the presence of ischemia.21–23

Although the mechanism for this abnormal pres-
sure response is uncertain, it may result from ische-
mic impairment of left ventricular function during
exercise followed by the subsequent recovery of
contractility. This response has been found to signal
profound and extensive ischemia, with the dif-
ference between the maximum systolic blood
pressure during exercise and the blood pressure
3 minutes after exercise decreasing proportionally
with the extent of coronary artery disease.22



22510 � Stress Test
Heart Rate Response to Exercise

In general, the heart rate rises proportionally with
the workload, reaching its maximal level at peak
workload. The rapidity of the rate increase with
increasing workloads depends primarily upon the
left ventricular stroke volume, which, among other
factors, depends upon the degree of physical con-
ditioning and functional capacity of the heart.
Thus, if the stroke volume is limited by either of
these factors, the heart rate rises excessively in
response to workload, peaking relatively early
and reducing maximum exercise capacity. The
degree of limitation is roughly proportional to the
limitation of cardiac output and stroke volume.

Another abnormal condition, chronotropic in-
competence, is an attenuated heart rate response
in the absence of rate-limiting atrioventricular
block or rate-depressing drug action. Patients exhi-
biting this response often have significant organic
heart disease. Their condition is independently
predictive of all-cause mortality among patients
with known or suspected CAD,24 including those
treated with beta blockers.25 Unfortunately, the
varying definition of chronotropic incompetence
limits its diagnostic usefulness.26 The various defi-
nitions include: the inability to achieve 85 percent
of maximum heart rate, the failure to achieve 100
beats/min at maximum exercise,27 and heart rate
response in terms of percentage of standard devia-
tions around a mean heart rate for each stage of
the treadmill exercise.24,28

The rate of heart recovery after exercise also
provides important information about ventricu-
lar function and prognosis that extends beyond
such factors as effort tolerance and rate response
during exercise. A study by Cole et al.28 showed
that if the heart rate falls by 12 beats/min or less
at 1 minute after peak exercise during the cool-
down phase in early recovery (while walking
1.5 mph at 2.5 percent grade), the subsequent
6-year mortality rate was two to four times
greater in comparison with those experiencing
a more rapid fall in heart rate after adjusting
for common risk factors, including nuclear per-
fusion defects. A similar outcome was reported
in the study of 2935 consecutive patients by
Vivekananthan et al.29 Elhendy et al.30 studied
3221 patients who underwent treadmill exercise
echocardiography. Of these, target rate (85 per-
cent) was not achieved in 15 percent, and low
chronotropic index was observed in 25 percent
of patients. Both conditions were associated with
increased mortality and increased cardiac events
after adjusting for left ventricular function and
severity of induced myocardial ischemia.
Nissinen et al.31 found that impaired heart rate
recovery predicts mortality in the survivors of
acute MI when cardiac medication is optimized
according to contemporary guidelines. In the
study of Shetler et al.,32 heart rate recovery at
2 minutes after exercise outperformed other time
points in prediction of death. Bhatheja et al.33

assessed the rate response as the ratio of the
heart rate at the peak response to heart rate at
rest and found that a blunted heart rate response
was predictive of a marked increase in risk of
death after adjusting for age, gender, and stan-
dard cardiovascular risk factors. Another study34

found that a heart rate profile during exercise
that encompasses changes during both exercise
and recovery is a predictor of sudden death. It
has been reported that rapid initial heart rate
rise was associated with improved surv ival. 34a

The retarded heart rate drop during recovery
probably signifies reduced vagal tone, which is
often associated with impaired myocardial func-
tion and decreased exercise capacity. Desai et al.35

observed that the main portion of the abnormal
heart rate recovery could be explained by the
chronotropic incompetence. After a period of
training, the heart rate response improves,36

a finding suggestive of enhanced vagal tone. Con-
sistent with these findings, the Framingham study
investigators found that rapid heart recovery
immediately after exercise was associated with
a lower risk of cardiac events.37 This opinion, how-
ever, is not uniformly shared, because an abnormal
heart recovery rate failed to affect the survival
benefit after early cardiac revascularization in a
study of patients with myocardial ischemia.38
Cardiac Auscultation

Cardiac auscultation before and after exercise may
be rewarding in terms of recognition of murmurs
and third and fourth heart sounds. The appearance
of third heart sound and diastolic gallop sound
after exercise is usually indicative of impaired left
ventricular function. Certain murmurs, such as
that of aortic stenosis, may increase in intensity
after exercise, and in some conditions, such as
obstructive cardiomyopathy, systolic murmur
may become manifest only after exercise.39
Recording Techniques

The results of exercise testing are affected by the
recording technique. The conventional 12-lead
ECG is the most widely chosen for the GXT.
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When the conventional 12 leads are recorded nearly
simultaneously, almost all the ST segment changes
are demonstrated in leads II, aVF, andV3–V6; 89per-
cent of that information is contained in lead V5 and
94 percent in leads V3–V6.

28,40,41 It has been sug-
gested41–43 that the additionof right precordial leads
(i.e., leads V1R–V4R) may improve the diagnostic
accuracy of ischemia detection in the distribution
of the right and circumflex left coronary arteries.
In the study of 2021 treadmill tests, however, the
addition of both right and posterior precordial leads
(16-lead system) did not increase detection of
positive responses during exercise testing.44

In order to eliminate baseline artifacts, most
modern recording systems include computerized
methods to average multiple cardiac cycles to
provide a “smoothed-out” version of each com-
plete PQRST complex. Although attractive, this
method can introduce its own artifacts; therefore
the clinician should examine all original record-
ings before forming conclusions.
Diagnostic Accuracy of the Exercise
Test in CAD: Sensitivity and
Specificity of the Conventional
Criteria

Sensitivity is the percentage of patients with
myocardial ischemia resulting from significant
coronary obstructive disease (usually one or more
coronary vessels with segments of >50 percent
narrowing) manifesting an abnormal test. It is
represented by the following formula:

Sensitivity ¼ Positive test responders

Total number of

subjects with disease

�100 for

percentage½%�
� �

Specificity is the percentage of patients free of
disease who demonstrate a negative test response.

It is expressed in the following formula:

Sensitivity ¼ Negative test responders

Total number of

subjects without disease

�100 for

percentage½%�
� �

Both sensitivity and specificity define intrinsic
qualities of a test as derived from “pure” popula-

tions; in other words, those known to have
disease and those known to be free of disease.
Predictive Value of a Test Result

When one is testing mixed populations that con-
tain subjects with and without coronary artery
disease, the concept most often employed is the
“predictive value” of a positive or negative test.
The predictive value of a positive test is the pro-
portional likelihood of the disease being present
after a positive test result is found in a given
individual. For instance, a predictive value of
0.7 (or 70 percent) would simply mean that a
given subject who displays a positive test result
would have a 70 percent likelihood of having
disease. Conversely, the predictive value of a
negative test expresses the likelihood that a sub-
ject is free of disease after a test is found to be
negative. In contrast to sensitivity and specificity,
which are derived from homogenous popula-
tions with or without disease, predictive value
is strongly influenced by disease prevalence
(pre-test probability) within the population to
be tested, as well as by the sensitivity and speci-
ficity of the test itself. The relationship among
these factors is expressed by the following for-
mulas:

Predictive value of a positive testðPVPTÞ :

PVPT ¼ ðSensitivity � Probability of diseaseÞ
ðSensitivity � Probability of diseaseÞþ
fð1� SpecificityÞ�ð1� Probability of diseasesÞg

Where Probability of disease represents the
proportion of the pre-test population harboring
the disease.

From this formula, one sees that the predictive
value is affected by both the sensitivity/specificity
of the test itself and the pre-test probability. It is,
however, most strongly influenced by the values
in the latter part of the denominator (i.e., 1 – Spec-
ificity and 1 – Probability of disease in the pre-test
population). The higher the values of specificity
and prior probability of disease, the lower are
these two numbers (and their product), and the
closer the predictive value approaches 1 (or 100
percent), the highest value obtainable. Thus, both
high test specificity and/or the pre-test disease
prevalence play equal roles in allowing a given
test—when positive—to predict with greater like-
lihood the presence of disease.

Predictive value of a negative test ðPVNTÞ :

PVNT ¼ Specificity � ð1� Probability of diseaseÞ
fSpecificity� ð1� Probability of diseaseÞg þ
fð1� SenstivityÞ � ðProbability of diseasesÞg

In this instance, one sees that the PVNT is
most strongly influenced by the test sensitivity
as well as the pretest prevalence, i.e. the higher
the sensitivity and the lower the pretest disease
prevalence, the greater is the resulting PVNT
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value, therefore the greater is the opportunity to
exclude the likelihood of disease, given a nega-
tive test result.

These concepts are frequently referred to as
Bayes’ theorem, which expresses the idea that
the post-test likelihood of disease depends upon
the qualities of both the test itself as well as the
composition of the population subjected to this
test. This is useful in understanding the meaning
of test results in general, as well as in test selec-
tion. For instance, if one wishes to select the
proper test to provide the greatest chance of
excluding a disease (high predictive value of
a negative test), one would best select a test with
the highest possible sensitivity and apply it to a
population with the lowest possible prevalence
of disease. On the other hand, if one wishes to
select a test to provide the greatest chance of
positively identifying a disease while minimizing
the number of false-positive responders (high
predictive value of a positive test), one would
select a test with the highest possible specificity
and apply it to a population that harbors a high
initial prevalence of the disease in question.
Figure 10–1 Schematic representation of various ST seg-

Criteria for a Positive Exercise Test
ment patterns potentially produced by exercise. A, Normal.
B, Junctional depression that returns to the baseline (PR seg-
CONVENTIONAL CRITERIA

ment) within 0.08 second (arrow). C, Junctional depression
that remains below the baseline at 0.08 second. D, Hori-
zontal ST depression. E, Downsloping ST depression. F, ST
elevation. See text for explanation.
1. Horizontal or downsloping ST segment
depression of 1 mm (0.1 mV) or more with a
duration of 0.08 second or more (Figure 10–1,
D and E)

Whenever possible, the PR segment is
the reference line with which the ST seg-
ment is compared. Although not an ideal
reference, this segment is usually less dis-
torted during tachycardia than the TP
segment.

The criterion of �1 mm horizontal or
downsloping segment depression has been
most often accepted as an abnormal
response to exercise. Junctional ST depres-
sion with slowly upsloping ST segment
depression also is considered to be
an abnormal response44–49 when using
the criterion of 1.5-mm ST depression
about 60 to 80 ms after the J point (see
Figure 10–1C). Less upsloping ST
deviation is not abnormal (Figure 10–2).

In our opinion, the criterion of horizon-
tal 1- to 2.5-mm ST depression lacks suffi-
cient discriminatory power between true-
and false-positive stress tests. In our
unpublished study of 288 consecutive sub-
jects who completed the test with post
exercise ST depression �1 mm, 100 sub-
jects had evidence of ischemia by nuclear
imaging or echocardiography (true posi-
tive) and 188 had no evidence of myocar-
dial ischemia (false-positive response). ST
depression >1 mm but <1.5 mm was pres-
ent in 2 percent of subjects with true-
positive tests and in 14 percent of subjects
with false-positive tests. ST depression
between 1.5 and 2.5 mm was present in
82 percent of subjects with true-positive
responses and in 80 percent of subjects
with false-positive responses. ST depres-
sion >2.5 mm was present in 16 percent
of patients with true-positive responses
and in 6 percent of patients with false-
positive responses (the latter small differ-
ence was statistically significant). The
average ST depression was 1.7 mm in both
men and women in the false-positive group
compared with 1.9 mm in women and
2.2 mm in men in the true-positive group.
In 5 percent of patients with true-positive



Figure 10–2 Normal response to exercise in a normal individual. In the poststress leads, recorded 10 seconds after peak
exercise, there is slight junctional depression with upsloping ST segment in several leads.
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responses and 2 percent of patients with
false-positive responses, depression of the
ST segment was present only during
recovery.

The results of this unpublished study
show that the level of ST segment depres-
sion per se was not helpful in diagnosing
ischemia, and they suggest that the thresh-
old for abnormal response should be
raised from the level of 1.0 mm to 1.5 mm.

In this regard, we concur with the sugges-
tion of Ellestad50 that 1.5-mm ST depression
is a more helpful discriminator than 1.0-mm
ST depression, because in our study only 2 of
100 subjects with a true-positive test devel-
oped ST depression less than 1.5 mm.
Earlier, Rifkin and Hood51 pointed out that
for the ST depression within range of 1 to
1.5 mm, the risk difference is rather small
over the entire range of pre-test risk factors.
It may be that the criteria for the abnor-
mal level of ST depression to detect myo-
cardial ischemia in a population of subjects
with risk factors and/or symptoms are more
stringent than criteria for estimating long-
term prognosis in apparently healthy volun-
teers because in a study of 1083 volunteers
without CAD who enrolled into the Balti-
more Study of Aging, ST depression�1 mm
predicted distant future coronary events,
whereas an upsloping ST depression and a
horizontal ST depression <1 mm were of
no prognostic significance.52

The magnitude of ST deviation from the
baseline may be influenced by the overall
amplitude of the ECG signal. Hollenberg
et al.53 reported that increased R wave
amplitude may exaggerate ST depression
during exercise. Accuracy was improved
by normalizing the R wave amplitude to
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12 mm for V5 and to 8 mm for aVF and
then correcting the ST depression by the
derived percentage difference. Ellestad
et al.54 noted that the correction of ST
depression for R wave amplitude is espe-
cially useful in patients with a low R wave
in V5. This group55 subsequently found
that if the R wave decreases by >1 mm in
V5 at the end of exercise, ST depression
�0.5 mm constitutes a positive ischemic
response and thereby increases the sensi-
tivity of the ECG stress test. These obser-
vations differ from those of Froelicher
et al.,56 who found no improvement in test
accuracy by adjusting for R wave ampli-
tude. (The role of QRS amplitude is fur-
ther discussed later.)

The review of literature shows that the
sensitivity of ST depression for the detection
of obstructive CAD andmyocardial ischemia
varies widely in published reports,57–59

undoubtedly reflecting various confounding
factors such as referral bias and severity of
disease in the selected population. In
general, there is a decrease in sensitivity but
an increase in specificity as the level of ST
segment depression required for a positive
response is increased.56,60 In studies inwhich
referral bias was minimized, sensitivity
values of abnormal ST segment depression
were in the range of 45 to 60 percent.58,62

The likelihood of a positive response
increases progressively with increasing
severity and extent of CAD. Most investiga-
tors reported sensitivities in the range of
40, 66, and 76 percent for one-, two-, and
three-vessel disease, respectively.61,62 Con-
sistently with these observations, Tavel and
Schaar60 found that ST depression was more
often encountered with large perfusion
defects in response to stress imaging, and
that large areas of hypoperfusion were asso-
ciated with increased average depth of ST
depression.60 This was confirmed in a study
of 1006 patients in whom the extent of myo-
cardial ischemia was assessed by computed
tomographic (CT) myocardial perfusion
imaging.63

The specificity of ST depression in the
evaluation of myocardial ischemia has
been found to vary considerably, with a
mean value derived from a meta-analysis
reported to be 72 percent.57 Referral bias
might have reduced these values spuriously
because when this type of bias isminimized,
these values generally approach or exceed
90 percent.56,64,65
In general, the distribution of leads
manifesting ST depression is not helpful
for localizing obstructive coronary artery
disease56,60,61,66–68 because, as pointed
out earlier, lead V5 alone is most apt to
reflect this change when ischemia is pres-
ent. Some investigators, however, found
that ST depression in lead V1 (isolated or
associated with changes in other leads)
suggests the presence of ischemia in the
posterior regions representing a reciprocal
depression to ST elevation in the posterior
wall.69,70 As noted earlier, the inclusion of
posterior and right-sided leads has not
been helpful uniformly.

In contrast to the almost universal
changes produced in the left precordial
leads (V4–V6), myocardial ischemia sel-
dom produces ST depression confined to
the inferior leads (II, III, aVF), and the
presence of such limited distribution usu-
ally denotes a false-positive test,71,72

attributable in some cases to P wave repo-
larization. (See later discussion.)

2. Time of onset and regression of the depressed
ST segment

Early appearance of depressed segment
has important diagnostic significance.72

Two- or three-vessel disease or main left
obstruction was present in about 90 per-
cent of patients who had depressed, down-
sloping ST segments or ischemic changes
appearing early (in the first 3 minutes of
exercise) or persisting for more than 8 min-
utes after exercise. Most studies indicate
that more than 90 percent of those who
have positive responses at Bruce stage
I or II had significant and extensive CAD
as evident by subsequent events73 or the
extent of arteriographic or scintigraphic
abnormalities.74

Several studies showed that the pattern
of regression of ST changes in the recovery
period may be useful in distinguishing
ischemic responses from false-positive res-
ponses. In true ischemia, the major ST
depression tends to coincide with the termi-
nation of exercise and continues—often
intensifying—for at least 2 to 3 minutes after
cessation. The persistence of this depression
in recovery usually parallels its onset; in
other words, when it begins early at low
workloads, it is more persistent during
recovery. When it reaches a maximum later
in the exercise phase, it often regresses rela-
tively late in recovery (i.e., >3 minutes). In
contrast, false-positive ST depression tends
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to reach its maximum immediately before or
at the peak exertion but regresses quickly
upon cessation, frequently returning to nor-
mal within 1 to 3 minutes of recovery. In
the latter instance, as the heart rate slows
during recovery, ST depression is less deep
when compared with corresponding cycle
lengths during the exercise, whereas subjects
with true ischemia usually show equal or
greater ST displacement at comparable cycle
lengths during recovery.75

The presence of ST depression during
recovery has been correlated with echocar-
diographic wall motion abnormalities and
with perfusion defects outlined with dual-
isotope single photon emission tomogra-
phy76 (see later discussion).

In our experience, the duration of ST
abnormalities after the end of exercise was
the most helpful discriminator between
false-positive and true-positive tests. In
patients with false-positive tests, recovery of
ST depression occurred in 69 percent after
less than 1 minute and persisted for more
than 4 minutes in only 10 percent of cases.
Conversely, in patientswith true-positive tests
ST segment recovery persisted for less than 1
minute in 19 percent of women and 29
percent of men but lasted more than 4 min-
utes in 70 percent of both men and women.

The ST depression during recovery often
changed from horizontal to downsloping,
resulting in a negative Twave, which in our
unpublished studywas present during recov-
ery in 62 percent of patients with true-posi-
tive tests and in only 6 percent of patients
with false-negative tests. Figure 10–3 shows
an example of two typical responses to exer-
cise, one of which is true positive and the
other is false positive. The depth of ST
depression is similar in both, but the differ-
ence is evident in the pattern of recovery. Ear-
lier studies also showed that the longer
duration of STabnormalities during recovery
supports the diagnosis of myocardial
ischemi.15,63,73,77,78 Chahine et al.78 found
that prolonged postexercise ST depression,
designated as post-exercise “evolutionary
pattern,”was amore specific predictor of cor-
onary atherosclerosis and was usually asso-
ciated with more severe CAD. Our results
differ from those of Bogaty et al.,74 who
reported an incidence of <2 minutes of
recovery time of ST segment depression in
50 percent of patients with significant CAD.

ST segment depression occasionally
begins only after cessation of exercise.
The diagnostic and prognostic significance
of such a delayed response is generally
similar to those occurring during exer-
cise79–81 (i.e., some had true- and some
had false-positive tests), consistent with
the previously reported findings in such
patients.15,82 However, the onset of such
change delayed by more than 2 to 3 minutes
into recovery suggests a false-positive
response.83,84 When ST changes during
exercise are equivocal, the finding of pro-
gressively greater downsloping ST depres-
sion during recovery is a fairly specific
sign of severe ischemia, signaling a greater
incidence of cardiac events in follow-
up.85,86

3. Deep T wave inversion
In the study of Chikamori et al.,80 T

wave inversion exceeding 5 mm during
recovery was present in 13 percent of
patients with ST segment depression
>1 mm during stress and was correlated
with the presence of left main or three-vessel
coronary artery disease. In our experience,
the incidence of this finding is lower.

4. Gender differences and resting ST depression
It has been known for a long time that the

incidence of false-positive tests is higher in
women than in men.11,87 Both Bayesian
and non-Bayesian factors have been cited
to explain this gender difference,88–93 but
no uniformly acceptable explanation has
been found. Based on the Bayes theorem,
the lower prevalence of CAD amongwomen
results in a lower predictive value of
a positive test in this gender.

The possible contribution of female
hormones to the generation of false-positive
tests in women is inconclusive because of
conflicting results in different studies.
Morise et al.94 found that administration
of estrogen alone was not an independent
predictor of false-positive tests, whereas an
estrogen/progesterone combination or
progesterone alone does play a role in the
generation of false-positive tests. In the
study of Rovang et al.,95 20 percent of post-
menopausal women had a false-positive
exercise response during treatment with
oral exogenous estrogen alone or with a
combination of estrogen and progesterone.
Bokhari and Bergman96 found also that
estrogen administration increased the rate
of false-positive tests, but the decreased
specificity imparted by estrogen was coun-
teracted in part by the co-administration
of progesterone.
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Figure 10–3 Example of a false-positive test (top) and true-positive test (bottom) with similar exercise-induced ST depres-
sion but different changes during recovery. The patient whose ECG is shown at the bottom was a 68-year-old man with
abnormal myocardial perfusion and three-vessel, 50 to 70 percent coronary obstruction who had no symptoms during exer-
cise. The patient whose ECG is shown at the top was a 63-year-old man who had no chest pain during exercise and whose
nuclear imaging showed no perfusion defects.
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In our opinion, the gender difference in
response to exercise between men and
women is caused by the gender difference
in the basic pattern at rest.

It has been reported97,98 that the base-
line ECG in women and in most men at
advanced age displays a so-called female
pattern, characterized by the absence of
J point elevation and a slow ascent of the
ST segment into the T wave in the precor-
dial leads. Earlier studies have shown that
the incidence of false-positive ECG stress
tests is increased in the presence of pre-
existing ST depression at rest.99–104 We
assumed that a similar increase in false-
positive tests may be expected to take
place in the presence of a non-depressed
but flat ST segment that is characteristic
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of the female pattern. Indeed, in our
unpublished study, the incidence of false-
positive tests was greater in both women
and men with female pattern than in sub-
jects with male pattern, but the difference
tended to disappear when we substituted
ST displacement (i.e., the difference
between ST levels before and after exer-
cise) for absolute level of ST depression,
which does not consider the pre-exercise
level of ST segment. Our measurements
were made in lead V5 and will require con-
firmation by other investigators.

Earlier, Okin et al.89 found that the gen-
der difference in the incidence of false-
positive tests decreased after examination
of the rate recovery loop of ST segment
depression (see later discussion).

5. Association with chest pain
Exercise-induced myocardial ischemia

manifested by significant and protracted
ST depression may be associated with
chest pain or may be silent. The latter
was reported to be a strong predictor of
coronary morbidity and mortality in mid-
dle-aged men with any conventional risk
factors.105

The development of typical anginal
chest pain during the test generally sig-
nifies fairly extensive ischemia and adds
significantly to test sensitivity.60 Moreover,
typical chest pain during testing is almost
as predictive of ischemia as is ST segment
depression. Tavel and Schaar60 found that,
independent of ST changes, the appearance
of typical angina pectoris during treadmill
exercise–induced stress signifies a greater
extent of ischemia than in subjects without
symptoms. Several other studies found that
history of angina signals a poorer progno-
sis,106–108 but in some other studies there
was no correlation between the symptoms
and prognosis.109–111 In a recent study from
Denmark,112 the sensitivity and specificity
of exercise ECG changes for reversible per-
fusion defects in patients with angina pec-
toris were 72 percent and 87 percent,
respectively, but Jeetley et al.107 reported
that stress echocardiography was superior
to ECG in diagnosing ischemia in patients
with chest pain and negative troponin.

Unfortunately, the interpretation of chest
pain as a typical angina pectoris is a domain
of clinical judgment, and the differentiation
between typical angina and non-typical
discomfort is not always clear. In our
study of 288 patients with post-exercise ST
depression �1 mm, some type of chest dis-
comfort was reported by 56 percent of
patients with true-positive tests and by 79.5
percent of patients with false-positive tests.

Amsterdam et al.113 studied 1000 patients
presenting to the emergency roomwith chest
pain “suggestive of cardiac etiology.” A
symptom-limited ECG stress test was posi-
tive for ischemia in 12 percent, negative in
64 percent, and nondiagnostic in 23 percent
of patients. All patients with a negative test
were discharged from the emergency room
without additional studies to rule out myo-
cardial ischemia and suffered nodeaths, with
1 non-Q wave MI at 30-day follow-up. This
study emphasizes the importance of clinical
judgment in the evaluation of chest discom-
fort in low-risk populations.

6. ST segment elevation
When the ST segment is depressed in

some leads, ST elevation will occur in the
leads on the opposite side of the electrical
field. Thus, in the presence of ST segment
depression in the anterior precordial leads,
there is usually detectable ST segment ele-
vation in leads aVR and V1 (and occasion-
ally in V2 and aVL). This finding is
probably of no independent significance
(Figure 10–4).

The appearance of ST segment elevation
in the leads I-III and/or V2–V6 is uncom-
mon in the absence of previous MI but,
when present, implies a more severe, pos-
sibly transmural myocardial ischemia
exceeding that occurring with ST depres-
sion alone.114 In two studies evaluated by
Bruce et al.,115 ST segment elevation
emerged as a useful predictor of untoward
events when exercise test was performed
before diagnostic invasive studies.

The reported incidence of ST segment
elevation among patients with chest pain
and no previous MI ranged from 0.2 to
1.7 percent.114,115 High-grade proximal
coronary stenosis is usually found in these
cases (Figure 10–5), a combination asso-
ciated with ominous prognosis.116 The
correlation between the site of ST segment
elevation and the artery involved is usually
good.69,116–119

Additionally, an isolated transient in-
crease in the amplitude of positive T wave
in the anterior leads V1–V3 is believed to rep-
resent a variant of ST elevation and strongly
suggests narrowing of left anterior descen-
ding (LAD) coronary artery, a finding said
to be highly specific for this lesion.69,120
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Figure 10–4 ECG of a 53-year-old man with 70 percent left anterior descending (LAD) and 50 percent right coronary
artery (RCA) occlusion before and after exercise. The ECG is normal at rest (top). The ECG immediately after the end of exer-
cise shows a heart rate of 169 beats/min, horizontal ST depression in leads II, III, aVF, and V5–V6, and reciprocal ST elevation
in leads aVR, aVL, and V1–V3 (bottom). Note that ST elevation in aVR is greater in V1—a sign frequently ascribed in the liter-
ature to left main disease.
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Exercise-induced ST segment elevation
is seen most commonly in patients who
have had previous myocardial infarction,
and it can be likened to an “anamnestic
response.” The reported incidence ranges
from 14 to 27 percent,121–127 with greater
incidence in patients with previous ante-
rior MI than in those with previous infe-
rior MI.117,128 In patients with acute Q
wave infarctions, ST elevation induced
during routine pre-discharge treadmill
exercise test was reported to be associated
with larger infarctions.129

The ST elevation almost always occurs
in the leads with abnormal Q waves.130,131

It is usually associated with poor left ven-
tricular function124,132 and, in more than
90 percent of cases, with the presence
of akinesis or dyskinesis.117,129,132,133

Although some studies suggest that such
ST changes reveal residual myocardial via-
bility in the infarct area,134,135 a more likely
mechanism in most cases is a passive
segmental wall motion abnormality.136
Findings reported in one study,137 however,
suggested that residual viability could be
found only in the presence of reciprocal ST
depression in leads reflecting the opposite
side of the heart. In this context, therefore,
reciprocal ST depression may not signal
the presence of ischemia.

In cases of prior inferior MI, the STeleva-
tion accompanying the Q waves in the leads
II, III, and aVF is often associated with
reciprocal ST depression in leads I and
aVL,

134 which does not signify an additional
area of ischemia. However, ST depression in
lateral precordial leads remains a useful
marker of ischemia. In the study of Taniei
et al.,137a increased viability and reversible
myocardial ischemia in subjects with healed
anterior MI was suggested by a counter-
clockwise rotation of the ST/HR loop (see
later discussion).

Ten to thirty percent of patients with
variant angina may exhibit exercise-
induced ST elevation,117 usually in the
same leads that record ST elevation during



Figure 10–5 Severe left main
coronary artery disease in a 37-
year-old man with a history of chest
pain. A, In the resting ECG, there is
a slight ST depression in some of
the leads. His blood pressure before
the exercise was 112/90. Three min-
utes after beginning the treadmill
exercise, he had chest pain and
hypotension, with a blood pressure
of 60/40. The exercise was discon-
tinued immediately. B, The 12-lead
ECG reveals ST segment elevation
in leads I, aVL, and V2–V4, with ST
segment depression in leads II, III,
and aVF. Coronary arteriogram
revealed 90 percent occlusion of
the left main artery.
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angina at rest. In studies reporting on the
occurrence of spasm of a major coronary
artery,116,135,138 the site of ST elevation
corresponded to the myocardial area sup-
plied by the artery undergoing spasm (Fig-
ure 10–6). Most patients with variant
angina and exercise-induced ST elevation,
however, also have fixed lesions.139

Transient, exercise-induced ST eleva-
tion has been reported in cases of acute
pericarditis140 and may be mistaken for
myocardial ischemia in the acute care
setting.

One study141 suggested that exercise test
could aid in the distinction between the so-
called “early repolarization” and pericardi-
tis, as the ST elevation subsided in the
former but often remained unchanged in
the latter. These correlations, however, are
not without exception.142



Figure 10–6 Positive graded treadmill exercise test with ST segment elevation. The patient is a 46-year-old woman with
a typical history of angina pectoris. The resting ECG shows Q wave in aVL and QS pattern in V1–V3, suggesting possible old
anterior myocardial infarction. The exercise ECG shows marked ST segment elevation in leads V1–V4. Two minutes after
beginning the exercise, the patient had chest pain. Coronary arteriogram revealed only 30 percent narrowing of the left ante-
rior descending coronary artery. The left ventricular cineangiogram was normal. Exercise-induced coronary spasm was
believed to be the cause of the ST segment elevation. (Courtesy of Dr. Donald Romhilt.)
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7. U wave abnormalities
Gerson and associates143 found that in

patients with chest pain, exercise-induced
U wave inversion had a sensitivity of 21
percent and a specificity of 99 percent for
the diagnosis of severe stenosis of the
proximal LAD or left main coronary artery
(Figure 10–7). The latter finding was dis-
puted by Jain et al.144 In some cases, the
U wave inversion occurred in the absence
of abnormal ST segment response.
Chikamori et al.145,146 reported that
exercise-induced increase in U wave ampli-
tude in the precordial leads (>0.05 mV)
was a highly specific finding in detection
of ischemia in the distribution of the left cir-
cumflex and/or right coronary arteries.
These were assumed to represent reciprocal
changes for U wave inversion in the leads
with inferoposterior myocardial ischemia.
LESS COMMONLY USED OR
CONTROVERSIAL CRITERIA
1. The ST segment/heart rate (ST/HR) slope
and ST/HR index

The degree of ST segment displacement
in relation to the increase in heart rate (ST/
HR index) and rotation of ST/HR loop
with exercise have been introduced as
more accurate indicators of myocardial
ischemia and severity of CAD.147–150 This
method requires manual or computerized
construction of plots of ST segment devia-
tion and heart rate throughout treadmill
exercise and recovery and is independent



Figure 10–7 Strongly positive test in a 68-year-old man with a history of myocardial infarction 10 years ago, followed for
exertional angina. A, Resting ECG shows slight ST depression in several leads. B, 45 seconds after the onset of exercise on the
treadmill, the patient complained of chest pain, with the ECG showing marked horizontal ST segment depression and nega-
tive U waves. The exercise was stopped. C, 30 minutes after exercise, the ECG shows negative T waves and U waves.
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Figure 10–7 cont’d. C, 30 minutes after exercise, the ECG shows negative T waves and U waves. Coronary arteriogram
showed 80 percent occlusion of the left main coronary artery and complete occlusion of the proximal left anterior descend-
ing coronary artery. The first marginal branch of the left circumflex artery was also occluded.
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of the absolute magnitude of ST depres-
sion at the end of exercise. The advantages
of this method have not been uniformly
confirmed,151–154 and the usefulness of the
heart rate–adjusted ST segment changes
in the detection of CAD therefore remains
uncertain155 and, at best, may add only lim-
ited incremental diagnostic value.156 Thus,
this method has not gained wide acceptance
in practice.

2. Increase in R wave amplitude
The ventricular dilation resulting from

akinesis or dyskinesis may increase the
proximity of the left ventricular wall to
the site of precordial lead recording, and
thereby increase the QRS amplitude in
patients with myocardial ischemia.

Bonoris and co-workers157 reported an
increase in the R wave amplitude immedi-
ately after exercise in patients with severe
multivessel coronary artery narrowing
and ventricular dysfunction. The results
of later studies varied, with some support-
ing and others not supporting the original
observation.158–163 Nevertheless, although
the sensitivity of this finding is low, the
R wave amplitude increase by over 2 mm
at peak exercise has been said to strongly
suggest ischemia.164 In general, however,
analysis of R wave amplitude is rarely
employed in clinical practice.

3. Decrease in the Q wave amplitude in
lead V5

165,166

Normally the Q wave increases in
response to exercise, presumably because
of septal thickening in response to inotro-
pic stimulation. A decrease or no change
in this wave has been observed in conjunc-
tion with CAD with involvement of the
LAD coronary artery, usually in association
with multi-vessel disease. Although it is a
relatively insensitive (15 to 17 percent)
indicator of such disease, Q wave reduc-
tion in lead V5 has been said to be a highly
specific finding (100 percent)166; this latter
observation requires confirmation. A possi-
ble mechanism in some cases may be the
development of an incomplete left bundle
branch block (LBBB).

4. P wave prolongation167

As ischemia develops during exercise,
compliance of the left ventricle decreases,
resulting in increased diastolic left ventric-
ular and atrial filling pressures. This may
transiently increase the P wave duration.
Normally the P wave shortens by about
0.02 second in response to exercise; in
the presence of ischemia, the P wave may
lengthen slightly or remain unchanged.
This observation requires confirmation.

5. Transient axis shifts and intraventricular
conduction disturbances

Normally the axis in the frontal plane
shifts to the right during exercise. Exer-
cise-induced leftward shift of the mean
QRS axis or left anterior fascicular block
may occur in patients with narrowing
of the LAD coronary artery, possibly
caused by ischemia of the left anterior
fascicle.168,169 Although occurring in
only about 10% of those with LAD nar-
rowing, any leftward axis shift is said to
be highly specific of this condition. Even
in those who show no exercise-induced
rightward axis shift, LAD disease is com-
monly found (sensitivity 66 percent),
although it is a less specific finding (78
percent).168

Transient left posterior fascicular block
occurs seldom but is said to be highly spe-
cific for coronary artery disease.170 It is pre-
sumably a consequence of septal ischemia
but apparently does not implicate an involve-
ment of any specific coronary artery.
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Exercise-induced complete LBBB was
present in 1.1 percent of 2584 consecutive
patients who underwent both treadmill
tests and coronary angiography. Coronary
artery disease was absent in patients in
whom LBBB appeared at a heart rate >125
beats/min, but was present in 50 percent
of patients in whom LBBB appeared at a
heart rate <125 beats/min.171 In the study
of Grady et al.,172 exercise-induced LBBB
independently predicted a higher rate of
deaths and major cardiac events.

Transient complete right bundle branch
block (RBBB) probably has no predictive
value per se unless associated with typical
angina and/or exercise-induced ST depres-
sion in the anterior precordial leads,173,174

but even the latter finding can occur in the
absence of coronary artery disease.16

Normally the QRS duration remains
unchanged or shortens slightly in response
to exercise. It has been reported that in
the presence of ischemia, the QRS may
lengthen slightly (i.e., >3 to 5 ms) and
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10–8 ECG at rest (top) and after exercise (bottom) of a 52-ye
waves at rest. After exercise, ST depression <0.1 mV, T wave n
2 ms at rest to 110 ms after exercise. Nuclear imaging showed n
may allow for detection of ischemia with
greater sensitivity and specificity than ST
segment changes alone,175–178 even in
patients with recent MI.178 Michaelides
et al.176 found that the QRS prolongation
correlated with extent of ischemia, becom-
ing progressively longer with one (9.7 ms),
two (13.6 ms), and three (16.3 ms) ische-
mic areas as in the nuclear scans. QRS
prolongation also correlated to a lesser
extent with the number of stenotic coro-
nary arteries. In our opinion, the specific-
ity of QRS widening after exercise has not
been adequately tested, as we have
encountered several cases with transient
QRS widening in absence of myocardial
ischemia (Figure 10–8). Also, selective
prolongation of S waves (10 to 12 ms)
has been noted in a few subjects with
resting RBBB or left anterior fascicular
block and, in this context, is believed to
be highly suggestive of LAD coronary artery
stenosis.179 Signal-averaged ECG recording
techniques have been used to assess minor
V2
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ar-old man referred for stress ECG because of abnor-
ormalization occurred, and QRS duration increased
o evidence of myocardial ischemia.
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increases in QRS duration, which com-
monly occur in conjunction with spontane-
ous episodes of angina pectoris.177

7. Changes in the QT interval
The baseline QTc (i.e., QT interval cor-

rected for heart rate) is about 5 to 10 ms
longer in women and older men than in
younger men,98 but no significant gender
differences were found at faster rates.179

Normally the QTc interval shortens with
exercise. Some investigators found that this
interval either fails to shorten or lengthens
when ischemia is present.180–182 Others183

have suggested that abnormal exercise-
induced QT dispersion (i.e., the difference
between shortest and longest QT intervals
when multiple leads are compared) is
increased in the presence of ischemia.184

Unfortunately, measurement of QT disper-
sion is difficult in the absence of steady
state during tachycardia, limiting the poten-
tial clinical value of this measurement.
SUGGESTED CRITERIA FOR EXTENSIVE
ISCHEMIA AND LEFT MAIN OR SEVERE
THREE-VESSEL DISEASE
Several studies reported changes that are
most predictive of left main or three-vessel
CAD,90–92,111–115 as follows:
ure 10–9 False-positive exercise in aortic stenosis. The pa
is. A systolic pressure gradient of 110 mmHg across the aorti
ECG, ischemic ST segment depression is present during e
urtesy of Dr. Frederick James.)
1. ST depression �2mm in five or more leads
(see Figure 10–7)

2. Downsloping ST depression during recovery
3. Early positive response (Bruce stage 1 or 2)
4. Persistence of ST depression for more than

6 minutes during recovery
5. Exertional hypotension.
When two or more of these changes are

observed, extensive myocardial ischemia is usu-
ally present with high-grade left main or severe
three-vessel occlusive lesions.16,72,185–188
Positive Exercise Tests in the
Absence of Obstructive CAD

Exercise-induced ST depression in the absence of
obstruction to the major coronary arteries occurs
in many circumstances. The examples of struc-
tural lesions causing this by placing a greater
burden on left ventricular dynamics and oxygen
requirements include: mitral or aortic valvular
disease (Figure 10–9), hypertension, other causes
of left ventricular hypertrophy (LVH), and peri-
cardial constriction.189

In the absence of heart disease, an abnormal
exercise response may occur after glucose inges-
tion in subjects who otherwise had normal exer-
cise ECGs,190 which is a reason for performing
exercise testing at least 2 hours after a meal.
tient is an 11-year-old boy with severe congenital aortic ste-
c valve was demonstrated during cardiac catheterization. In
xercise prior to surgery but is not after aortic valvectomy.
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Although usually causing changes primarily
confined to the T waves, hyperventilation is
known to produce ST segment changes that
mimic those of myocardial ischemia. False-
positive ECG responses to exercise secondary
to hyperventilation have been demonstrated in
up to 15 percent of patients with normal
coronary arteriograms.191–193 In our experience,
the incidence of ST depression after hyperventi-
lation is not as high. The mechanism for the
false-positive response during hyperventilation
is unclear. If the abnormal response to hyperven-
tilation is suspected, the individual with such
changes may be instructed to voluntarily hyper-
ventilate for a period of 2 to 3 minutes with ECG
monitoring before the stress test in order to com-
pare the effects of hyperventilation and exercise.
This maneuver, however, should be performed
only in selected cases when necessary. It may pro-
duce dizziness and discomfort and interfere with
the proper execution of the ensuing standard test.

ST segment depression and (more frequently)
Twave changes can occur while standing. This is
especially common in limb leads. In a study of
200 normal subjects between the ages of 15
and 30 years, 16 percent of subjects showed
such a postural change.194 A high incidence of
false-positive responses on standing in healthy
subjects with labile ST and T wave changes also
was reported by McHenry and associates.195

Such patients may demonstrate exaggerated
exercise-induced increases in heart rate.196,197

They have no chest pain, and the ST changes
may disappear as exercise proceeds. Propranolol
tends to abolish these changes.

Exercise test is often abnormal in subjects
with a so-called syndrome X (see Chapter 9).
The symptoms and the ECG changes have been
attributed to coronary spasm196 or microvascu-
lar disease.197 Therefore, the abnormal ECG
stress test may not be truly false-positive.

Patients with mitral valve prolapse syndrome
and normal coronary arteriograms may have false-
positive exercise responses.198 This phenomenon
is clinically important because chest pain and
vasoregulatory abnormalities198 are often encoun-
tered in these patients. Mitral valve prolapse also
was found to be common in patients with hyper-
ventilation-induced STchanges.199

Atrial repolarization waves may produce
spurious depression of the ST segment200–202

(see Chapter 2). The atrial repolarization polar-
ity is directed opposite to that of the P wave
and can extend well into the ST segment. Thus
with exercise-induced tachycardia, the amplitude
of both P wave and atrial repolarization wave
increases, and the PR segment shortens, thus
shifting the atrial repolarization wave toward the
ST segment. This will cause upsloping ST depres-
sion in leads with upright P wave and STelevation
in leads with inverted P wave (see Figures 2–17
and 10-10). In practice, this phenomenon may
be suspected when there is a prominent P wave
together with a short PR segment. The effect of
atrial repolarization tends to be most prominent
in the “inferior” leads and seldom mimics ST
changes caused by myocardial ischemia.

Digitalis is known to cause a false-positive
test in subjects with and without heart dis-
ease.203,204 In a study of 98 healthy men treated
with digitalis, 25 percent had positive submaxi-
mal GXT.204 A direct relation was found between
increasing age and a high incidence of digoxin-
induced positive responses to exercise. The
effects of the long-lasting digitoxin can cause
changes that may persist for as long as 3 weeks
after discontinuation of the drug. The effect of
digoxin can persist for as long as 1 week after
discontinuation of the drug. Hamasaki et al.205

found that digitalis-induced ST segment depres-
sion occurs gradually as the heart rate increases
in response to exercise, a pattern differing from
that seen during myocardial ischemia in which
the ST depression progresses more rapidly as
the peak heart rates are approached.

Although the exercise testing in subjects with
abnormal potassium concentration is believed
to be safe,205a the presence of hypokalemia is
Figure 10–10 The effect of atrial
repolarization (Ta) on the ST segment.
This was derived from a patient with
atrioventricular dissociation and demon-
strates the negative deflection produced
by the Ta and its negative influence on
the ST segment in the first complex at
the left. (Modified from Froelicher VF,
Morrow K, Brown M, et al: Prediction of
atherosclerotic cardiovascular death in
men using a prognostic score. Am J
Cardiol 73:133, 1994.)
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often associated with abnormal exercise
responses,206 causing changes that can be abol-
ished after potassium repletion. Therefore, cau-
tion is advised in interpreting the test results of
patients receiving diuretic therapy.

Causes of False-Negative Responses

Drugs that limit the heart rate response to exercise
(beta-adrenergic blocking agents, diltiazem, and
verapamil) reduce the heart rate and maximum
systolic arterial blood pressure during exercise,
thus decreasing the left ventricular work and myo-
cardial oxygen requirements. This can reduce or
prevent the STsegment depression.207 These drugs
should be discontinued 72 hours before the test. In
the process of increasing exercise capacity, nitrates
may prevent or minimize changes in exercise
ECG.208 Quinidine and phenothiazines have been
reported to cause false-negative responses.102

Additionally, RBBB has been reported to “mask”
exercise-induced ST segment depression.209
Exercise Testing in Patients with
Abnormal Resting ECGs

A number of reports suggest that exercise testing
may be of value even when the resting ECG is
abnormal.58,59,100,210 In practice, most abnormal
resting ECG changes consist of nonspecific ST
segment and T wave changes. In general, addi-
tional ST depression of 1 mm or more with exer-
cise has a diagnostic accuracy approaching that
found in the absence of resting changes. Such
changes also have been found to have prognostic
significance similar to those found in patients
with a normal resting ECG.104,211 However, in
a study of 1122 patients with depressed ST seg-
ment at rest undergoing myocardial perfusion
(SPECT) and followed for an average of 3.4
years, additional ST depression conferred no
prognostic value unless it was �3 mm.58

Secondary ST segment and Twave changes in
patients with LVH, intraventricular conduction
disturbances, such as LBBB or Wolff-Parkinson-
White (WPW) syndrome, tend to interfere with
proper interpretation of exercise responses.
False-positive and false-negative responses may
be seen in the presence of LBBB, although Ibrahim
et al.212 reported that additional exercise-induced
J point depression in the leads II, aVF, and V5 was
suggestive of ischemia. Most useful in their study
was a change of�0.5 mm in lead II. False-positive
changes are common in patients with WPW
pattern.213,214
As a rule, we do not advocate ECG stress
alone in patients with LBBB, WPW pattern,
LVH, right ventricular hypertrophy (RVH), and
deep T wave inversions at rest, but in patients
with slight or moderate T abnormalities, T wave
normalization is likely to occur as a result of
increased sympathetic stimulation in the absence
of ST segment changes.215 An example is shown
in Figure 10–11.

Normalization of resting T wave inversion in
response to exercise may occur in different
clinical settings.100,215–217 In some studies, Twave
normalization suggested preservation of myocar-
dial viability,218–220 but in other studies it did
not help to identify either viability or
ischemia.129,216

Aravindakshan et al.215 evaluated the results
of stress test in 185 patients with documented
ischemic heart disease (IHD) and 28 patients
without evidence of myocardial ischemia. The
test was positive in 88 percent of patients with
and in 4 percent of patients without IHD. In the
majority of patients in both groups, the T wave
either did not change or became more positive
or less negative; that is, “less abnormal” after
exercise. The pattern of exercise-induced Twave
changes was similar in patients with and without
IHD and was influenced predominantly by the
physiologic effects of exercise. Twave normaliza-
tion after exercise occurred frequently in
patients with and without IHD, as well as in
patients with positive and negative exercise tests.
These results indicate that Twave abnormalities
that are not caused by hypertrophy, conduction
disturbances, drugs, or electrolyte imbalance do
not modify the results of the ECG stress test,
and that behavior of the T wave after exercise
does not alter the interpretation of the postexer-
cise ECG. The independent behavior of the ST
segment and the Twave after exercise is consis-
tent with the theory that ST segment and the T
wave are generated by different components of
the ventricular action potential.102,215,221 The
study of Daoud et al.222 suggests that Twave nor-
malization is a physiologic effect of increased
sympathetic stimulation that causes a more
synchronous ventricular repolarization.

ST segment elevation may be seen in the rest-
ing ECGs of healthy subjects as a feature of
a normal male pattern, which is often called an
“early repolarization.” In a study involving a rel-
atively small number of subjects with so-called
early repolarization, the ST segment returned to
the isoelectric baseline in patients with normal
coronary arteriograms, whereas those with
significant CAD had horizontal ST segment
depression.223 In our experience,98 elevated J
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Figure 10–11 ECG of a 50-year-old man referred for stress test because of abnormal resting ECG with negative T wave in
several leads (top). Note the T wave normalization immediately after exercise (bottom). Nuclear imaging showed no evi-
dence of myocardial ischemia.
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point in subjects with male pattern descends
during tachycardia but still remains >1 mm
above baseline in the right precordial leads.
ST elevation is less pronounced in the leads
V4–V6, both at rest and after exercise, and therefore
the pattern seldom interferes with evaluation of the
exercise test in these leads.
Pharmacologic Stress Tests

Drugs are delivered intravenously in two types
of pharmacologic tests. In one type, dobutamine
causes an effect resembling that of exercise by
increasing heart rate and contractility, but with
variable effects on blood pressure. In the other
type, administration of adenosine or dipyridamole
has no appreciable chronotropic or inotropic
effect, but increases coronary blood flow by lower-
ing coronary resistance and provoking myocardial
ischemia in the regions supplied by diseased and
hypoperfused coronary arteries, which cannot fur-
ther dilate in response to the drug.

The ECG interpretation of these tests is the
same as that of treadmill tests. In comparison
with the latter, dobutamine more frequently
causes sustained supraventricular and ventricu-
lar ectopic activity.
Personal experience suggests that the sensitiv-
ity and predictive value of the ECG in response
to dipyridamole is lower compared with the
treadmill test, but false-positive tests appear to
be less frequent. Figure 10–12 shows ECG
changes indicative of ischemia associated with
chest pain in a patient with marked myocardial
perfusion defect after dipyridamole administra-
tion in the setting of three-vessel coronary artery
disease.
Prognostic Value of Exercise Testing

The results of exercise testing have significant
prognostic implications, but in most studies
referenced in this section, the therapy differed
from the contemporary approach to manage-
ment of patients with coronary syndromes and
documented myocardial ischemia. This makes
it difficult to assess the relevance of past
observations.
ASYMPTOMATIC AND UNSELECTED
SUBJECTS
Studies in which large groups of unselected indi-
viduals are screened with stress tests consistently
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Figure 10–12 ECG of a 63-year-old woman with extensive perfusion defect after dipyridamole stress test. Resting ECG
shows horizontal ST depression <0.1 mV in several leads (top). Administration of dipyridamole-induced hypotension, pain
in the chest and jaw, and diffuse downsloping ST depression with T wave inversion in several leads (bottom).
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show that subjects manifesting abnormal ST
responses are at greater risk for subsequent cardio-
vascular events (e.g., angina, acute MI, sudden
death).224–231 In general, after a follow-up period
of 5 to 13 years, those with positive ECG responses
show approximately a four- to sixfold greater inci-
dence of such events in comparison with those
responding normally to stress. Inability to exercise
more than 6 minutes (approximately 6 METs) and
inability to increase the heart rate to 85 percent of
age-predicted normal maximum values also are
significant indicators of increased risk of coronary
events.232 Individuals demonstrating high exercise
tolerance ( >10 METs) generally enjoy an excel-
lent prognosis, regardless of the ECG response
and even in the presence of known coronary artery
disease.233–235

As mentioned previously, practical signifi-
cance of these studies is limited because of the
greater ability to detect myocardial ischemia by
means of nuclear and echocardiographic imag-
ing and a growing trend to apply interventional
therapy in asymptomatic or mildly symptomatic
patients with diagnosis of obstructive CAD.

The combination of various exercise test vari-
ables has allowed for estimation of long-term
prognosis.229,236 Variables found to be indepen-
dently associated with time to cardiovascular
death were weighted to create an equation that
calculates a numeric score. The Duke Test Score
(DTS),233 which is the most widely employed
and endorsed by other investigators,234 is based
on three exercise variables: exercise tolerance
in METs, the largest measured ST segment
depression during exercise, and a treadmill
angina pectoris score. These are summarized in
the nomogram in Figure 10–13. The Long Beach
Veteran’s Administration Score236 incorporates



Figure 10–13 Nomogram of the prognostic information derived from treadmill data. Determination of prognosis proceeds
in five steps. First, the observed amount of exercise-induced ST segment deviation (the largest depression after resting
changes have been subtracted) is marked on the line at the left for ST segment deviation during exercise. Second, the
observed degree of angina during exercise is marked on the line for angina. Third, the marks for ST segment deviation
and degree of angina are connected with a straight edge. The point where this line intersects the ischemia-reading line is
noted. Fourth, the total number of minutes achieved on the treadmill according to the Bruce protocol (or the equivalent num-
ber of metabolic equivalents [METs] achieved from an alternative protocol) is marked on the exercise-duration line at the
right. Fifth, the mark for ischemia is connected with that for exercise duration. The point at which this line intersects the line
for prognosis indicates the average 5-year survival rate and annual mortality for patients with these characteristics. (Reprinted
with permission from Mark DB, Shaw L, Harrell FE Jr, et al: Prognostic value of a treadmill exercise score in outpatients with
suspected coronary artery disease. N Engl J Med 325:849, 1991.)
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slightly different variables: the presence of
congestive heart failure or need for digitalis glyco-
sides, exercise-induced ST segment depression,
change in systolic blood pressure, and exercise
capacity in METs. The Framingham Risk Score
evaluated three exercise test variables: ST segment
depression �1 mm, failure to achieve target heart
rate, and exercise capacity.232,237 Gulati et al.237

tested the prognostic value of a nomogram deve-
loped for symptomatic and asymptomatic women
based on predicted exercise capacity, in which
predicted MET ¼ 14.7 – (0.13 � age).

In general, DTS and other scores incorporat-
ing other variables provide a more accurate
prognosis than single components of the score.
In several studies, the role of exercise-induced
ST depression was subservient. Thus, in a large
study of younger and elderly veterans,238 specific
diagnostic score provided significantly better dis-
crimination than exercise ST measurements
alone. In another large study of residents of
Olmsted County, MN, workload was the only
treadmill exercise testing variable associated with
outcome.239 In asymptomatic women, DTS was
not a better predictor of cardiac mortality than
exercise capacity alone.240 In this study, ST
segment changes and symptoms failed to provide
additional prognostic information. In a study
of 4640 patients without known CAD, Morise
et al.241 found that the recently revised ACC/
AHA pre-test risk specified guidelines6 were more
useful in predicting cardiac mortality than DTS.
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In a multicenter study of 1678 patients after
successful revascularization,242 exercise para-
meters did not improve prediction of mortality
after the 1- and 3-year tests prescribed by the
ACC/AHA guidelines for routine testing in stable
patients.
Exercise Testing after MI
PATIENTS WITH OLD MI
The GXT in patients with MI that occurred 2 or
more months previously may be useful in asses-
sing the presence of ischemia and left ventricular
dysfunction. In the ECG leads with abnormal Q
waves of infarction, exercise often causes tran-
sient ST elevation of 1 mm or more; the signifi-
cance of this change has been previously
discussed. Earlier studies indicate that exercise-
induced ST depression after a single previous MI
identifies presence of myocardial ischemia result-
ing from multivessel coronary disease.124,127,243

Stone and co-workers244 performed submaximal
treadmill exercise 6 months after MI in 473
patients and followed them for 12 months. The
mortality was significantly greater in patients who
exhibited any of the following: inability to exercise
beyond stage 1 of themodified Bruce protocol (2 to
3 METs), development of ST segment elevation of
1 mmor greater during exercise, failure to increase
the systolic blood pressure by at least 10 mmHg
from rest to peak exercise, and the development
of any ventricular ectopic complexes during exer-
cise or the recovery period. The estimated risk for
mortality ranged from 1 percent if none of these
features were present to 17 percent if three ormore
were present.
PATIENTS WITH RECENT MI
Limited exercise testing soon after an uncompli-
cated MI may be useful in evaluating the patient’s
prognosis and in guiding therapy.243,244–248

Testing may be done as early as 1 week or even
earlier after infarction244,246 but is often deferred
for as long as 2 or 3 weeks after this event. Exer-
cise on the treadmill is usually stopped when the
subject reaches an arbitrary heart rate, which is
generally 120 or 130 beats/min, or 70 percent
of predicted maximum heart rate for age. How-
ever, several investigators242–244 found that
symptom-limited testing could be done safely
and could be more informative in subjects after
uncomplicated MIs before hospital discharge
(average 6 to 7 days after MI). In patients
with uncomplicated MI who are free of angina
and congestive heart failure, the risk of the lim-
ited exercise testing is low, but recurrent acute
MI and ventricular fibrillation have been
reported.248,249

Exercise-induced angina, ST segment displace-
ment, falling blood pressure or failure to increase
blood pressure to 110 mmHg orhigher, ventricular
tachyarrhythmias, poor exercise tolerance (<6
METs), and inability to reach exercise heart rate
of 120/min off beta blockers are predictive of
higher risk for future cardiac events such as unsta-
ble angina, recurrent MI, and cardiac death.245–256

A poor blood pressure response during limited
exercise also is suggestive of reduced left ventricu-
lar function.243 The predictive value of early test-
ing, especially when symptom-limited, is similar
to that of testing performed 6 weeks after infarc-
tion.249,257 This applies to patients with both
Q wave and non-Q wave infarction250,251,258,259

and in the presence or absence of thrombolytic
treatment.251 In one study in patients with uncom-
plicated MI, cardiac death was predicted by heart
rate adjusted ST segment analysis.255 The signifi-
cance of exercise-induced ST elevation260 was the
same as in the studies previously discussed.

Withmaximal testing, the ability to reach a high
heart rate–systolic pressure product of 21,700 or
more implies good myocardial perfusion and a
good prognosis (6-month mortality 0.8 percent
vs. 2% in those failing to reach this product).251

Can the ECG Stress Test Rule Out
Presence of Significant CAD?

The appeal of the GXT without echocardio-
graphic or scintigraphic addition is the relative
simplicity and the relative low cost. However,
such a test cannot rule out the presence of
CAD with absolute certainty. Nevertheless, there
is a large segment of the adult population in
whom the negative ECG stress test alone can
be reassuring to the patient by conferring a very
low probability of significant CAD. The factors
supporting such low probability include: (1)
younger age, (2) lack of coronary risk factors,
(3) absence of symptoms or presence of atypical
symptoms, and (4) ability to perform a strenu-
ous test (e.g., at >10 METs) with normal heart
rate and blood pressure response.

Exercise Testing and Arrhythmias
ATRIAL ARRHYTHMIAS
Among 5735 patients studied at theMayoClinic,261

exercise-induced atrial ectopic complexes occurred



Figure 10–14 ECG strips of lead 3. Exercise-induced ventricular arrhythmia. The patient is known to have coronary artery
disease. No arrhythmia is seen in the resting ECG before (top) or during the treadmill exercise test. Repetitive ventricular
ectopic complexes are present in the tracing 1 minute after the exercise was terminated (bottom).
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in 24 percent, supraventricular tachycardia in 3.4
percent, and atrial fibrillation in 0.8 percent of
patients. Atrial arrhythmias did not influence the
rate of long-term adverse cardiac events after
adjustment for clinical and exercise variables
known to predict such events.
VENTRICULAR ARRHYTHMIAS
*References 131, 251, 256, 262, 263, and 272–274.
Premature ventricular complexes (PVCs) are often
induced by exercise in subjects bothwith andwith-
out heart disease. In the general population, the
incidence of PVCs increases with increasing age
and strenuousness of exercise and can be as high
as 50 percent at the top workload, often including
the new appearance of repetitive forms.262–265

In some studies, exercise-induced ventricular
arrhythmias—includingnon-sustainedventricular
tachycardia—recorded in large groups of asymp-
tomatic subjects who were followed for 5 to 10
years were found to be benign.266 However, in
other studies, PVCs during exercise increased
the risk of cardiovascular death,267,268 even in
the absence of ischemia demonstrable by nuclear
techniques.268 In the Framingham Heart Study,
the presence of PVCs was associated with
increased all-cause mortality, but at a much lower
threshold than previously reported.269 Elhendy
et al.270 found a 10 percent incidence of exer-
cise-induced ventricular arrhythmia in patients
with suspected CAD. This was associated with
greater risk of fatal and non-fatal MI. The risk
was attributed to a relation between ventricular
arrhythmia and the severity of LV dysfunction.
In the study of Frolkis et al.,271 increased mortal-
ity was predicted by ventricular “ectopy” after but
not during exercise. This was also reported by
others,262,263 particularly in patients with heart
failure.263

In patients with CAD, the reported incidence
of exercise-induced ventricular arrhythmias
ranges from 38 to 65 percent264,272 (Fig-
ures 10–14 and 10-15 ). Several stud ies sugge st
decreased survival rate of patients with CAD,
including those with recent MI, if they have
exercise-induced ventricular arrhythmias.* Some
reports dispute such an association, how-
ever,275,276 at least in low-risk patients with sta-
ble coronary disease.277

In patients with angina and ST abnormalities,
the presence of exercise-induced ventricular
arrhythmias adds to the association with signifi-
cant multi-vessel disease.278 The importance of
the ischemic ST segment changes in association
with the ventricular arrhythmias is exemplified
by the study of Udall and Ellestad,279 who fol-
lowed for 5 years 1327 patients with known or
suspected heart disease who had ventricular
ectopic complexes before or during exercise
and/or during recovery phase of treadmill exer-
cise test. The annual incidence of new coronary
events (MI, angina, cardiac deaths) was 6.4 per-
cent in patients with ventricular ectopic com-
plexes alone, 9.5 percent in patients with
ischemic ST segment changes alone, and 11.4
percent in those with both premature ventricular
complexes and ST segment changes. In their lab-
oratory, the ST depression in ventricular prema-
ture complexes was found to be useful in
predicting myocardial ischemia.280

In the presence of isolated coronary spasm,
exercise-induced VT occurs rarely, but appears
to be associated with a more favorable prognosis
than VT in patients with the usual varieties of
ischemic heart disease.281

Cardiac diseases other than CAD with
increased incidence of ventricular arrhythmias
related to exercise include mitral valve prolapse,
cardiomyopathy (dilated and hypertrophic), aor-
tic stenosis, and long QT syndromes.



Figure 10–15 Ventricular fibrillation developing during exercise. The patient is a 53-year-old woman with a history of
hypertension, diabetes, and chest pain. A, The resting ECG shows minor nonspecific ST and T wave abnormalities. Three
minutes after beginning the treadmill exercise, she had a sensation of tightness in her chest. B, The ECG revealed ventricular
tachycardia followed by ventricular fibrillation. The patient underwent successful defibrillation.
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Exercise-induced idiopathic ventricular tachy-
cardia282 is discussed in Chapter 17.

In conclusion, the prevailing evidence sug-
gests that appearance of ventricular arrhythmias
in response to exercise in subjects without heart
disease has no diagnostic or prognostic implica-
tions. However, in association with known
CAD, heart failure, or with markers of ischemia,
such as ST depression or angina-type symptoms,
ventricular arrhythmias tend to be predictive of
subsequent cardiac events.
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The electrocardiographic (ECG) abnormalities
caused by pericarditis evolve through several
distinct stages that reflect different clinical and
pathologic stages of the disease.1 The abnormal-
ities can be attributed to three factors: (1) the
presence of effusion; (2) “injury” of the superfi-
cial myocardium by the pressure of fluid or
fibrin; and (3) superficial myocarditis.
PERICARDIAL EFFUSION
Pericardial effusion has two effects: low voltage
and cyclic variations in the amplitude of ECG
complexes (electrical alternans).
Low Voltage

The low voltage is usually due to the short-
circuiting effect of the pericardial fluid. The low
amplitude of the ventricular complex is frequently
associated with normal amplitude of the P wave in
the limb leads. It may be explained by the absence
of effusion over the posterior surface of the atria,
which is in part devoid of pericardial duplica-
tion.2 The relation between the amount of fluid
and the decrease in voltage, however, is not con-
sistent.3 Echocardiographic studies have shown
that low QRS voltage is a weak predictor of peri-
cardial effusion.4 In most instances the amplitude
of the ventricular complex increases after peri-
cardiocentesis (Figure 11–1). If this fails to occur,
the low voltage probably is the result of the insu-
lating effect of fibrin deposits.5 A commonly
used definition of low voltage requires the QRS
amplitude to be less than 0.5 mV in each of the
limb leads and less than 1.0 mV in each of the pre-
cordial leads (Figure 11–2). The requirements in
some computer programs are less strict, which
creates confusing reports.

Low voltage of the QRS complex may be seen
in pathologic states other than pericardial effu-
sion. For instance, with hypothyroidism the
low voltage appears to result from myxedema-
tous myocardial involvement. Low QRS voltage
also is commonly seen with chronic constrictive
pericarditis and various types of diffuse myocar-
dial disease such as amyloidosis, scleroderma,
and cardiac neoplasm. Myocardial fibrosis in
chronic ischemic heart disease may reduce the
QRS amplitude. The most common extracardiac
causes of low voltage are pleural effusion,
emphysema, pneumothorax, and excess epicar-
dial or subcutaneous fat overlying the heart.
Electrical Alternans

Variations in the amplitude of the ventricular
complex may resemble the “electrical alternans”
produced by alternating changes in ventricular
repolarization or intraventricular conduction (see
Chapter 24). With pericarditis, however, the
“alternans” is caused by changes in cardiac posi-
tion that result from the rotational, pendular
motion of the heart. Normal rotation of the heart
along the axis is attributed to the contraction of
spiral muscle and uncoiling of the large vessels.
This motion is normally restrained by the relaxa-
tion, filling, and gentle pressure of the lung and
mediastinum. The presence of effusion removes
these normal restraints, and the heart has more
freedom of rotation during systole and less



Figure 11–1 Electrical alternans in a 50-year-old woman with pericardial effusion and cardiac tamponade due to a
neoplasm. A, Tracing made on 11/13/70 demonstrates alternation of the QRS complex during cardiac tamponade. B, Elec-
trical alternans is no longer present in the tracing of 11/16/70 after the tamponade was relieved. The voltage of the QRS com-
plex is increased, and the T waves have a more normal appearance. (From Fowler NO: The electrocardiogram in pericarditis.
Cardiovasc Clin 5:256, 1973.)
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tendency to complete restoration during dias-
tole.6,7 This motion was termed cardiac nystag-
mus by Littman.7 The variations in amplitude
differ from the typical alternans pattern in that
they occur gradually over more than two con-
secutive complexes, although true alternans
may be present (Figure 11–3). Such alternans
occurs when the natural frequency of pendular
motion is approximately half the heart rate.6

Subtle variations in the amplitude of the ven-
tricular and occasionally the atrial complexes
occur in most cases with large effusion, but the
alternans involving the P wave, QRS complex,
and Twave together, called “total electrical alter-
nans,” is highly suggestive of cardiac tamponade
in patients with pericarditis.8 This phenomenon
has low sensitivity for recognizing pericardial
effusion, however, as total electrical alternans
was found in only 4 of 56 patients with cardiac
tamponade reported by Guberman and associ-
ates.9 An additional 7 patients had alternans of
the QRS complex alone. Of the 11 patients with
total alternans or only QRS alternans, 6 had
malignant pericardial effusion (see Figure 11–1).



Figure 11–2 ECG of a 51-year-old woman with pericardial effusion due to metastatic carcinoma of the breast. A, Note the
sinus rhythm at a rate of 109 beats/min and low voltage in all leads except lead II. B, Three days later, with clinical and echo-
cardiographic evidence of cardiac tamponade requiring removal of a hemorrhagic effusion, the ECG shows a slightly irregu-
lar tachycardia of uncertain mechanism at a rate of 141 beats/min, further decrease in voltage, and a right bundle branch
block pattern with ST segment elevation in the right precordial leads, possibly caused by compression of the right ventricle.
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EFFECT OF PRESSURE PRODUCED
BY FLUID OR FIBRIN
ST Segment Deviation

Pressure on the myocardium produces a “cur-
rent of injury” manifested by deviation of the
ST segment from the baseline. The resulting
ST vector is directed inferiorly and anteriorly.
In horizontal hearts the ST vector tends to be
parallel to the lead II axis and in vertical hearts
to the lead III axis. The direction is therefore
similar to that of the normal ST vector as well
as to that of the mean QRS vector.

Surawicz and Lassiter1 analyzed ST segment
changes in 12 standard leads in serial tracings
from 31 patients with proved acute pericarditis.
The ST segment was elevated in 90 percent of
patients. ST elevation was present in more than
70 percent of patients in leads I, II, V5, and V6;
in 32 to 55 percent of patients in leads III, aVL,
aF, V3, and V4; in 26 percent of patients in lead
V2; and only in one patient (3 percent) in lead
V1. Reciprocal ST segment depression occurred
in 64 percent of the patients, usually in leads
aVR and V1. In one patient the ST segment was
depressed in lead III.
PR Segment Changes

Spodick10–12 and others13 described a PR seg-
ment (STa) shift with acute pericarditis in as
many as 82 percent of patients. The PR segment



Figure 11–3 Left, Alternans of the QRS complex and T wave in the presence of a large pericardial effusion causing car-
diac tamponade. Right, Alternans ceases after removal of the pericardial fluid. (From Surawicz B, Fisch C: Cardiac alternans:
diverse mechanisms and clinical manifestations. J Am Coll Cardiol 20:483, 1992.)
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was depressed in all leads except lead aVR and
occasionally lead V1. In lead aVR the PR segment
was always elevated. PR segment displacement is
seen best in leads II, aVR, aVF, and V4–V6. In a
more recent study of 50 consecutive patients
with acute pericarditis, Baljepally and Spodick14

found that 11 patients had PR segment deviation
without ST segment displacement, 20 had both
PR segment and ST segment changes, 7 had ST
segment changes without PR segment changes,
and 12 had neither PR nor ST segment changes.
In these studies11,14 the PR segment deviation
was the earliest ECG abnormality at the time
when the ST segment was elevated or was
returning to the baseline but before the T waves
Figure 11–4 PR segment depression in acute pericarditis in a
segment depression is seen best in leads II, aVF, and V1–V6. PR s
best in the inferior and left precordial leads.
became inverted in patients with acute peri-
carditis. Charles et al.13 proposed that any
PR segment depression > 0.8 mV or elevation
> 0.5 mV suggests the presence of atrial injury.
Figure 11–4 is the ECG of a 19-year-old man
with idiopathic pericarditis. In 40 asymptomatic
patients with pericardial effusion of varying
etiology, PR segment depression was observed
in 23 patients.15

It should be noted that recognition of PR seg-
ment depression requires establishment of a ref-
erence line (i.e., isoelectric baseline), assumed to
be represented by the TP segment. This is some-
times difficult in the presence of tachycardia or
ST segment elevation.
19-year-old man with acute idiopathic pericarditis. The PR
egment is elevated in lead aVR. ST segment elevation is seen
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CHANGES ATTRIBUTED TO
SUPERFICIAL MYOCARDITIS
Transient abnormalities of the ST segment with-
out subsequent T wave changes occur in some
patients with pericarditis, but most patients
develop Twave abnormalities. They are attributed
to superficial myocarditis (epicarditis) and can
usually be differentiated from the Twave abnorm-
alities of myocardial infarction (MI) because:
(1) the myocardial surface responsible for the
abnormal Twaves is more extensive with pericar-
ditis than with MI; (2) the muscle mass of fibers
with abnormal repolarization responsible for the
T wave changes is smaller with pericarditis than
with MI; and (3) the inflammatory changes asso-
ciated with pericarditis appear to produce myo-
cardial damage more slowly and insidiously than
the ischemic changes associated with acute MI.

Characteristically, the Twave vector in pericar-
ditis is directed to the right, superiorly, and poste-
riorly. T wave inversion is therefore observed in
leads that normally display upright T waves.

In typical cases of pericarditis the T wave
becomes inverted in all standard leads except
aVR and V1, but the amplitude of negative
Twaves is usually relatively low, and the Twaves
are often incompletely inverted (Figure 11–5).
An incompletely inverted T wave, such as a
diphasic (positive-negative) wave or a notched
T wave, is a characteristic feature of the
ECG pattern of pericarditis.16,17 Surawicz and
Lassiter1 found a notched summit of the T wave
before the return of the ST segment to baseline
in 40 percent of patients.
Figure 11–5 Incomplete T wave inversion in several
leads on the ECG of a 37-year-old man recorded 4 days
after the onset of chest pain associated with a pericardial
friction rub. ST segment is still slightly elevated in leads
V4–V6.
QTc INTERVAL
Surawicz and Lassiter1 compared the QTc inter-
val from the same lead in 16 patients with peri-
carditis when the T wave was inverted and
shortly after recovery when the T wave became
upright. The difference between the QTc interval
in these two conditions was negligible, and in
most cases the QTc interval was normal. These
series did not include patients with postopera-
tive pericarditis (see later discussion) in whom
the QTc interval is usually prolonged, most
likely as a result of surgery and not pericarditis
per se.
EVOLUTION OF ECG CHANGES
Spodick10 described four stages of evolutionary
ST and T wave changes. During stage 1 there is
ST segment elevation in leads that face the epicar-
dial surface of the ventricles. In stage 2 the ST
junction returns to baseline, and the T wave
amplitude begins to decrease. During this transi-
tional stage, different leads frequently reflect
different stages of ST segment and T wave
abnormalities. Thus the ECG may appear normal
when the ST segment elevation disappears before
the appearance of Twave abnormalities. Surawicz
and Lassiter1 observed such normalization in 20
percent of patients for periods ranging from 1 day
or less to 5 days (average 2.3 days). During stage
3 the T waves are inverted. Stage 4 represents
ECG resolution with a return to the normal pat-
tern. One or more stages of the ECG changes may
be absent, depending on the time of the recording
relative to the disease process, the frequency of
observation, and the severity of the disease. The
typical ST changes were reported in 90 percent or
more of the patients with acute pericarditis1,11

(Figures 11–6 and 11–7).
CARDIAC ARRHYTHMIAS
Cardiac arrhythmias are not common with acute
pericarditis, but if present they usually are sup-
raventricular in origin. In a prospective study
of 100 consecutive cases, Spodick18 found arr-
hythmias (all atrial) in seven patients, all of
whom had underlying heart disease. Of these
seven patients, five had atrial fibrillation, one
had junctional tachycardia, and one had atrial
flutter. In the experience of Chou,19 atrial flutter
is encountered almost as often as atrial fibrilla-
tion. The pathologic studies of James20 revealed
involvement of the sinoatrial node in patients
who had pericarditis associated with atrial
arrhythmias.



Figure 11–6 Serial changes of acute idiopathic pericarditis in a 36-year-old man. A, Diffuse ST segment elevation involv-
ing all leads except aVR and aVL. In lead aVR the ST segment is depressed. The QRS complex is normal. B, The ST segment is
almost isoelectric, and T waves are flattened or notched.

Figure 11–7 ECG of a 37-year-old man with clinically and echocardiographically documented acute idiopathic pericar-
ditis. Note the large amplitude of the ST segment elevation, a finding seen more commonly with acute ischemia than
with acute pericarditis; the reciprocal ST segment depression is seen only in lead aVR. PR segment depression is apparent
in lead II.
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DIFFERENTIATION FROM MI, NORMAL
VARIANT, AND MYOCARDITIS
Myocardial Infarction

The ST segment deviation in pericarditis is usu-
ally less pronounced than during the early stages
of MI. Elevation > 0.5 mV (see Figure 11–7) is
uncommon. These observations suggest that the
injury current is probably smaller with pericar-
ditis than with acute MI. However, the ventricu-
lar surface area generating the ST vector is
usually more extensive with typical pericarditis
than with MI. Therefore with pericarditis, the
elevation of the ST segment is recorded in more
standard leads than it is during MI. At the same
time, reciprocal depression of the ST segment
with pericarditis is recorded in fewer standard
leads than with infarction.

The T wave in pericarditis is inverted in more
standard leads than in most cases of MI. With
pericarditis, however, the Twaves are usually less
deeply or less completely inverted than with MI.

The absence of QTc lengthening in pericarditis
may help differentiate pericarditis from subacute
or chronic ischemia. During the acute injury stage
of MI the elevated ST segment is typically convex,
and the terminal portion of the QRS complex is
frequently obliterated and incorporated into the
ST segment. During the acute stage of pericarditis
the elevated ST segment is usually concave, and
no component of the QRS complex is obliterated,
which means that when the S wave is pulled up
by the elevated ST segment, the J point is clearly
discernible. However, the same configuration
can be observed in patients with acute MI and
in subjects without heart disease.

Evolution of ST segment and Twave abnorm-
alities during pericarditis usually occurs more
slowly and more asynchronously than during
acute MI. With pericarditis the T wave remains
upright until the ST segment returns to the iso-
electric line, whereas with MI the T wave often
begins to invert when the ST segment is still ele-
vated, resulting in an upward convexity of the
ST segment. Fusion of the ST segment and
T wave into a single monophasic curve practi-
cally rules out acute pericarditis as the sole cause
of ST segment elevation.

Normal Variant

Diffuse ST segment elevation often is seen in
healthy young individuals in the normal male pat-
tern, often called “early repolarization” (see Chap-
ter 1). Unlike that seen with pericarditis, this is a
stable pattern, unchanged on serial observations.
Similar to acute pericarditis, the ST segment
changes are most marked in the precordial leads,
but ST depression in lead V1, if present, favors
a diagnosis of acute pericarditis.21 The normal var-
iant is usually associated with tall T waves in the
same leads in which the ST segment is elevated,
and the ratio of the amplitude of ST elevation to
the amplitude of the T waves (ST/T ratio) in lead
V6 is<0.25.22 It has been reported22 that with peri-
carditis the PR segment depression is seen in the
limb leads and the precordial leads,whereas in nor-
mal subjects with ST elevation the PR segment
depression is confined to either the limb leads or
the precordial leads.

Myocarditis

The most common finding associated with myo-
carditis is diffuse T wave inversion without ST
segment shift, although ST segment displacement,
usually depression, occurs occasionally. Oftenmyo-
carditis and pericarditis coexist. Chou19 observed
acute myocarditis in children with the ECG find-
ings of marked STsegment elevation and reciprocal
ST segment depression resembling that seen in
patients with acute MI. The presence of ventricular
arrhythmias or an atrioventricular (AV) or intraven-
tricular conduction defect supports the diagnosis of
myocarditis.
INCIDENCE AND MAGNITUDE OF ECG
ABNORMALITIES
The incidence and severity of the ECG abnorm-
alities of pericarditis depend on the etiology of
the disease. Patients with chronic effusion may
have no signs of pericarditis except low voltage
and low Twave amplitude.23 The typical pattern
with ST segment and T wave changes occurs in
almost all children and in all patients with trau-
matic and idiopathic (viral) pericarditis.

The characteristic ST segment elevation occur-
red in about 64 percent of the 325 cases of
idiopathic pericarditis reviewed by Soffer,24 and
normal ECGs were recorded in only 6 percent.
In 35 patients with tuberculous pericarditis
reported by Rooney and co-workers,25 only
9 percent had ST elevation typical of pericarditis,
but 84 percent had T wave inversion compatible
with the diagnosis. The classic changes are pres-
ent in most patients with purulent pericarditis.26

The changes appear less frequently with rheu-
matic, uremic, and neoplastic pericarditis. For
instance, among 33 patients with uremic pericardi-
tis reported by Bailey and associates,27 only 1 had
the typical changes. The lower incidence of typical
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ECG abnormalities in these conditions may be
caused by masking of the pericarditis pattern by
concomitant ECG changes due to other processes.

An ECG diagnosis of pericarditis complicating
acute MI—for which Spodick28 suggested the
term “infarct pericarditis” to avoid potential con-
fusion with the post-MI syndrome—is difficult.
In the study of Kainin et al.,29 31 of 423 patients
admitted to the coronary care unit had pericardial
friction rub, but only 1 had diagnostic ST segment
changes on the ECG. Such rarity of typical diag-
nostic criteria may be attributed to the regional
character of pericarditis, which is usually limited
to the area of transmural infarction. This makes
it difficult to distinguish the changes due to peri-
carditis from those due to the acute infarction.
Sometimes pericarditis is suspected when the ST
segment is isoelectric or elevated in the leads in
which reciprocal ST segment depression is usually
expected to take place (see Figure 7–29).

According to Oliva and associates,30 the
behavior of the T wave is more helpful. Based
on a study of 43 patients with postinfarction
pericarditis diagnosed clinically, these investiga-
tors established that regional pericarditis is rec-
ognizable (in the absence of reinfarction or
unless the infarct is small) by the presence of
positive T waves in the leads in which the
Twaves would be expected to be inverted within
48 hours after the infarction. Similar significance
is attached to a premature reversal of negative
Twaves to positive deflections. Oliva and associ-
ates31 suggested that these changes, designated
“atypical T wave evolution,” represent a reliable
indicator of a transmural process.

The diagnosis of pericarditis in post-MI syn-
drome is less difficult because usually the ST
and T changes recur after the acute changes
Figure 11–8 Subepicardial hemorrhage in a 61-year-old ma
that the dissection had extended subepicardially. ECG shows
and left ventricular hypertrophy. Note the diffuse ST segment el
of the infarct have subsided.23,32 In Dressler’s
series,23 half of the 44 cases had ECG changes
compatible with pericarditis. The ECG is less
helpful than expected for postpericardiotomy
syndrome.32,33 With postpericardiotomy syn-
drome after traumatic hemopericardium, how-
ever, the typical changes are seen in two thirds
of patients.34 Subepicardial hemorrhage, an un-
common cause of diffuse ST and T wave changes
simulating pericarditis, is illustrated in Figure
11–8. The subepicardial hemorrhage was the result
of a dissecting aneurysm.

Transient ECG changes associated with peri-
carditis, lasting 1 to a few days, are seen fre-
quently during the early postoperative period
after cardiac surgery. They represent the most
common cause of the ECG pattern of pericarditis
in hospitals with a large volume of cardiac sur-
gery. With pericarditis due to radiation therapy,
the symptoms and signs are commonly delayed
for a few months to several years (generally less
than 1 year) after treatment. The ECG shows
either ST and Twave changes of acute pericarditis
or findings associated with pericardial effusion.
With rheumatic, rheumatoid, or neoplastic peri-
carditis, the ECG changes are observed only
occasionally.1,35 In six cases of documented peri-
carditis after percutaneous transluminal coronary
angioplasty, a typical ECG pattern was present
in only one patient.36

The duration of the ECG changes in pericardi-
tis also depends on the cause of the pericarditis
and the extent of the associated myocardial
damage. Persistent ECG abnormalities occur
most often with purulent, tuberculous, and neo-
plastic pericarditis. With idiopathic pericarditis
the ST segment changes usually return to normal
within 1 week, whereas T wave inversion may
n who had a dissecting aneurysm. At autopsy it was found
abnormal P waves consistent with left atrial enlargement
evation with T wave inversion in some of the leads.
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persist for weeks or months. In a review of 234
patients who had follow-up examinations,37 only
13 had persistent changes lasting more than 3
months. In some cases the inverted T wave
varied in depth and contour from day to day
despite the absence of other evidence of active
disease.

ECG Findings in Chronic Constrictive
Pericarditis

The ECG abnormalities of constrictive pericardi-
tis are nonspecific, although some abnormalities
usually are present. If the ECG is normal, the
diagnosis of constrictive pericarditis should be
reconsidered.19

The ECGs of patients with constrictive pericar-
ditis usually show low voltage. In reported series,
an abnormally low-amplitude QRS complex was
Figure 11–9 Constrictive pericarditis proved by surgery. ECG
ST segment and T wave abnormalities are also present.

Figure 11–10 Pseudoinfarction in a 58-year-old man with c
nary arteriogram was normal. In the ECG, abnormal Q waves are
infarction. The T waves are inverted in the inferior leads and le
seen in 55 to 90 percent of cases,38–40 possibly
reflecting myocardial atrophy.41

Flattening, notching, or inversion of the Twaves
in many standard leads is the most common
findingwith constrictive pericarditis (Figures 11–9
and 11–10). In the larger reported series, these
changes were present in 90 to 100 percent of
cases.38,39,42,43 Patients with sinus rhythm fre-
quently have intraatrial conduction disturbances
that produce P wave abnormalities resembling the
pattern of left atrial enlargement (Figure 11–11).
Abnormal Q waves suggestive of MI may be seen
in patients with constrictive pericarditis and nor-
mal coronary arteries due to the presence of myo-
cardial fibrosis.44 Right axis deviation or a right
ventricular hypertrophy pattern is seen occasion-
ally in patients with constrictive pericarditis.45

In some cases it can be explained by the pre-
sence of severe fibrotic annular subpulmonary
shows low voltage of the QRS complex in all leads. Diffuse

alcific constrictive pericarditis due to histoplasmosis. Coro-
present in leads III and aVF, resembling inferior myocardial

ads V3–V6.



Figure 11–11 Abnormal P waves in constrictive pericarditis in a 58-year-old man who has a severely calcified pericar-
dium. “P mitrale” type of P waves are seen best in leads II and aVF and in some of the precordial leads. Abnormal T waves
are present in the inferior and left precordial leads.
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constriction resulting in anatomic right ventricular
hypertrophy. More often the pathophysiology of
the right axis deviation is unclear.

In contrast to acute pericarditis, atrial arr-
hythmias are common in advanced stages of
disease. In several series, atrial fibrillation was
reported in 23 to 36 percent and atrial flutter
in 6 to 10 percent of the cases.38,42,43,46

Congenital Defect of the Pericardium

Congenital defect or absence of the pericardium
is uncommon. The left side of the pericardium is
usually affected.47 The ECG findings may mimic
those of right ventricular hypertrophy or ante-
rior MI (Figure 11–12). In a review of the ECG
Figure 11–12 Congenital defect of the left pericardium in a
since the age of 20 years. Diagnosis was confirmed by the appea
tion. Clinical examination and right heart catheterization reveale
was previously reported. (From Fowler NO: Congenital defec
enlargement. Cardiovasc Clin 26:114, 1962.)
findings of 41 cases of uncomplicated complete
defect of the left pericardium, Inoue and associ-
ates48 found right axis deviation in 56 percent,
incomplete right bundle branch block in 47 per-
cent, clockwise rotation in 47 percent, and tall
and peaked P waves in the right precordial leads
in 26 percent of the cases. These changes are
attributed to marked clockwise rotation of the
heart along its longitudinal axis.
ECG Changes after Cardiac Surgery

In the United States the most commonly per-
formed open heart operation is coronary artery
bypass grafting (CABG). Even though the
48-year-old woman who is known to have had the defect
rance of air in the pericardial space after intrapleural injec-
d no evidence of any other cardiac abnormality. The patient
t of the pericardium: its resemblance to pulmonary artery
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operation does not require incision of the myo-
cardium, transient postoperative ECG changes
are nearly always present. It has been reported
that new Q waves developed in as many as 10
percent of patients after CABG but were attribu-
ted to MI in only one third of the cases.49,50 The
incidence of postoperative MI appears to decline
in centers with a large operative volume. In
some cases the appearance of new Q waves after
operation is caused by cessation of electrical
cancellation and unmasking of a preexisting
Figure 11–13 ECG of a 65-year-old man recorded 2 days af
acute pericarditis with ST segment elevation in leads I, II, aVL, a
in lead aVR. PR segment appears depressed in leads I and II. EC
within a few days after surgery.

Figure 11–14 ECG precordial leads of a 61-year-old man w
percent narrowing of the proximal left anterior descending cor
diagonal branch. A, Preoperative ECG is normal. B, One day aft
branch block with ST segment elevation in leads I, aVL, and V2–V
ST segment depression was present only in lead aVR (not shown
MI.51,52 Disappearance of abnormal Q waves
after CABG has also been reported.53

The ECG is affected by a host of factors, such
as changes in the autonomic nervous tone,
effects of cardioplegia (“warm” or “cold”), and
manipulation of the heart. The most consistent
change (if sought) is deviation of the ST segment
(i.e., elevation, or lessened depression attributed
to postoperative pericarditis [discussed earlier])
(Figures 11–13 and 11–14). Nonspecific T wave
abnormalities are also common. They frequently
ter a coronary artery bypass operation. It shows a pattern of
nd V2–V6. Reciprocal ST segment depression is present only
G was normal before the operation and returned to normal

ith single–vessel coronary artery disease manifested by 90
onary artery and 80 percent narrowing at the origin of the
er coronary artery bypass graft (CABG) there is right bundle

4. It is most likely caused by pericarditis, because reciprocal
). Pattern returned to normal within a few days.
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accompany tachycardia or represent evolution
of the pericarditis pattern. Unlike pericarditis
of other etiologies, postoperative pericarditis is
accompanied by lengthening of the QTc interval,
which immediately after operation may be related
to hypothermia. More often, QTc lengthening is
caused by other factors because it persists usually
for more than 1 day.

Not uncommonly, transient ST segment eleva-
tion after surgery is caused by recurrence of the
acute injury pattern in the region of a previous
MI. It can be differentiated from pericarditis by
Figure 11–15 ECG of a 78-year-old man admitted with no
obstructive disease of the left anterior descending and right cor
A, Preoperative ECG shows sinus rhythm with a single premat
inverted T waves in leads V3–V6. B, Ten hours after saphenous v
artery, saphenous vein grafting of the intermediate ventricular b
into the left anterior descending coronary artery. ECG shows an a
aVF, and V1 and reciprocal ST segment depression in leads I and
B, with a terminal delay that may be caused by inferior periinfa
tern returned within a few days.
an amplitude of the ST segment deviation larger
than that induced by pericarditis and by the
presence of reciprocal ST segment depression
accompanying the ischemia-induced ST segment
elevation (Figures 11–15 and 11–16). Rare ECGs
simulating acute MI have been seen after cardiac
valve replacement (see Chapter 7). Figure 11–17
shows such a case in a patient who had no coro-
nary artery disease.

Changes in the frontal plane axis are probably
related to changes in the position of the heart
but may be also caused by commonly occurring
n-Q wave myocardial infarction and found to have severe
onary arteries with marked hypokinesis of the inferior wall.
ure ventricular complex, inferior infarction, and symmetric
ein grafting and endarterectomy of the distal right coronary
ranch, and implantation of the left internal mammary artery
cute injury pattern with ST segment elevation in leads II, III,
aVL. QRS duration increased from 102 ms in A to 142 ms in
rction block or right bundle branch block. Preoperative pat-



Figure 11–16 ECG of a 50-year-old man with three–vessel coronary artery disease 1 day before (A) and 1 day after
(B) surgical revascularization. A, Pattern of a previous anterolateral myocardial infarction, which according to the history
is about 2 years old. B, Acute injury pattern with ST segment elevation in leads I, aVL, and V3–V5. Reciprocal ST segment
depression is seen in leads III and aVF. Lead V2 is absent because of the surgical dressing. ECG returned to the preoperative
pattern within 3 days.
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intraventricular conduction disturbances. The
latter consist of nonspecific widening of the
QRS complex, fascicular blocks, and complete
and incomplete right bundle branch block
(RBBB) and left bundle branch block (LBBB).
AV conduction disturbances, however, are sel-
dom more advanced than prolongation of the
PR interval.

Common rhythm disturbances include sinus
tachycardia, supraventricular ectopic complexes
and rhythms such as ectopic atrial tachycardia,
AV junctional tachycardia, atrial fibrillation,
atrial flutter, ventricular ectopic complexes, and
nonsustained ventricular tachycardia. Atrial
arrhythmias develop in 11 to 40 percent of
patients after CABG and in more than 50 percent
of patients after valvular surgery.54 They are usu-
ally transient, but atrial flutter and atrial fibrilla-
tion may require cardioversion. Atrial fibrillation
after CABG occurred in 43 percent of patients
with proximal or mid-artery stenosis of the right
coronary artery and in only 19 percent of
patients without significant right coronary dis-
ease.55 Figure 11–18 shows rhythm strips of six
types of postoperative supraventricular arrhyth-
mia in six patients. Common arrhythmias are



Figure 11–17 ECG of a 61-year-old woman with severe aortic valvular stenosis and normal coronary arteries. A, Preop-
erative ECG shows a sinus rhythm with a QRS duration of 80 ms, left axis deviation, and a mildly abnormal T wave in leads I
and aVL. B, Three days later, on the first day after replacement of the aortic valve with a St. Jude prosthetic valve, the QRS
pattern suggests an inferoposterior infarction with a QRS duration of 118 ms. ST segment elevation suggests an acute inferior
and right ventricular injury pattern. Cardiac enzymes were not diagnostic of infarction. C, The following day, the ECG shows
complete regression of the infarction and the acute injury pattern. Postoperative course was uneventful, and the transient
ECG abnormality was attributed to a coronary spasm or to a rapidly resolving coronary embolus.
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Figure 11–18 ECG strips of lead II from six patients recorded within the first few days after coronary artery bypass opera-
tions. All patients had sinus rhythm, normal PR, and normal QRS duration before operation. From top to bottom: A, Atrial
fibrillation with aberrant ventricular conduction in a 70-year-old man. B, Atrial flutter with variable ventricular response
in a 53-year-old man. C, Atrioventricular (AV) junctional tachycardia at a rate of 132 beats/min in a 54-year-old woman.
D, AV junctional rhythm at a rate of 63 beats/min with variable VA conduction in a 53-year-old woman. E, Multifocal atrial
tachycardia in a 71-year-old woman. F, Second-degree AV block with 4 to 5 Wenckebach conduction in a 69-year-old man
with a previous inferior infarction.
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atrial fibrillation, atrial flutter, and AV junctional
rhythms. Less common arrhythmias are multi-
focal atrial tachycardia and second-degree AV
block. Sustained ventricular tachycardia and ven-
tricular fibrillation are unusual complications in
the absence of recurrent myocardial ischemia or
MI. The long-term postoperative prognosis is not
affected by the presence of advanced postoperative
conduction disturbances56 or nonsustained ven-
tricular tachycardia.57

Operations to correct congenital heart defects
often result in the appearance of RBBB because
of damage to the moderator band and distal right
bundle branch from the ventriculotomy.58 Occa-
sionally RBBB is associated with a left fascicular
block (mostly anterior). Postoperative LBBB is
becoming more common as more complex
congenital lesions are being corrected.58 The
ECG pattern of congenital heart disease in adults
is discussed in Chapter 12.
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 Diseases of the Heart and Lungs

Valvular Heart Disease

Cardiomyopathies
Dilated Cardiomyopathy
Hypertrophic Cardiomyopathy
Restrictive Cardiomyopathy
Arrhythmogenic Right Ventricular Dysplasia
Neurologic and Neuromuscular
Disorders

Connective Tissue Diseases
Scleroderma Heart Disease
Myocardial Tumors

Endocrine Disorders
Thyroid Diseases
Parathyroid Disorders
Diseases of the Hypothalamus
and Pituitary

Adrenal Disease

Metabolic Disturbances
Diabetes Mellitus

Miscellaneous Conditions
Toxic Agents

Granulamatous and Infectious
Cardiomyopathies

Heart Transplantation
Trauma to the Heart
Electrical Injury

Pulmonary Diseases
Chronic Obstructive Pulmonary Disease
Pneumothorax
Scoliosis
Acute Pulmonary Embolism

Congenital Heart Disease in Adults
Valvular Heart Disease

Electrocardiographic (ECG) changes produced by
valvular disease reflect the morphologic abnormal-
ities of cardiac chambers caused by the disease (dis-
cussed in Chapters 2 and 3). Mitral stenosis is one
of the few valvular lesions in which the ECG can
lead to the diagnosis: The pattern of left atrial
enlargement is associated with right ventricular
hypertrophy (RVH) or right axis deviation in the
frontal plane (see Figures 2–10 and 3–11). Some-
times in patientswith severemitral stenosis the pat-
tern of left atrial enlargement occurs in the absence
of any other ECG abnormality (Figure 12–1).

Pure mitral regurgitation produces no specific
ECG pattern. The pattern of left atrial enlargement
is usually less distinct than that of mitral stenosis,
and the pattern of RVH thatmay develop secondary
to pulmonary hypertension is seldom seen.
In some cases RVH is suspected when the ampli-
tude of the S wave in lead V1 is lower than one
would expect to find in a patient with left ventricu-
lar hypertrophy (LVH), suggested by the tall R
wave in the left precordial leads (Figure 12–2).

Severe aortic valvular disease is usually
associated with varying degrees of LVH (see
Figure 4–1). Figure 12–3 shows a typical LVH
pattern in an adult with congenital aortic
stenosis. In elderly patients with sclerotic or
calcific aortic valvular stenosis, the ECG may
remain normal even when the stenosis is critical
(Figure 12–4). In patients with aortic regurgita-
tion, the T waves in the left precordial leads may
remain upright even with advanced stages of the
disease (Figure 12–5).

Cardiomyopathies

The ECG is of limited usefulness for the differen-
tial diagnosis of ischemic vs. nonischemic cardio-
myopathy because (1) common to both are the
patterns of ventricular hypertrophy and intraven-
tricular conduction disturbances; (2) patterns of
remote myocardial infarction (MI) are often
obscured by the ECG changes resulting from
ventricular hypertrophy and intraventricular
conduction disturbances; and (3) QRS changes
simulating MI (pseudoinfarction patterns) com-
monly occur in patients with various types of
nonischemic cardiomyopathy. Despite the low
specificity of the ECG patterns encountered in
patients with cardiomyopathies, cases exist when
certain anatomic or pathologic characteristics of
the disease produce similar ECG patterns that
may become valuable markers in the differential
diagnosis of the clinical problem.
273



Figure 12–1 ECG of a 76-year-old man with severe mitral stenosis, moderately severe aortic regurgitation, and intermit-
tent atrial fibrillation. ECG recorded after electrical cardioversion shows a PR interval of 234 ms and a pattern of left atrial
enlargement but no other abnormalities. Prolongation of the PR interval is caused by increased P wave duration.

Figure 12–2 ECG of an 84-year-old woman with severe mitral regurgitation caused by myxomatous degeneration of the
valve. Left ventricular function was good, and coronary arteries were normal. ECG recorded 1 day after surgical valve
replacement with porcine prosthesis shows atrial fibrillation, minor ST segment and T wave abnormalities attributed to digi-
talis, increased (2.0 mV) R amplitude in lead V6, and relatively low S amplitude in leads V1 and V2 (0.7 and 1.0 mV,
respectively).
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DILATED CARDIOMYOPATHY
In patients with sinus rhythm, P wave abnormal-
ities consistent with left atrial or biatrial enlarge-
ment are often present.1,2 The most common
ECG abnormality is caused by LVH or dilation3

(Figure 12–6). The typical LVH pattern may be
obscured by low-voltage intraventricular con-
duction disturbances (IVCDs) or the concomi-
tant presence of RVH. Atrioventricular (AV)
and intraventricular conduction disturbances
are present in most patients with advanced
dilated cardiomyopathy and are manifested by
first-degree AV block, left fascicular block, dif-
fuse nonspecific QRS widening, and incomplete
or complete left bundle branch block (LBBB).3–6

The incidence of LBBB ranged in various series
from 9 to 44 percent,1 which is probably higher
than in patients with ischemic cardiomyopathy
of comparable clinical severity. In a patient with
cardiomegaly of unknown cause, the presence of
LBBB supports the diagnosis of primary myocar-
dial disease.1 The presence of right bundle
branch block (RBBB) is less common.7,8 IVCDs
are often atypical or complex (Figures 12–7
and 12–8; see also Figure 6–13) and resemble



Figure 12–3 ECG of a 25-year-old woman with congenital aortic stenosis, previous open aortic commissurotomy at age
2.5, and aortic valve repair at age 9. Echocardiogram showed marked left ventricular hypertrophy, aortic stenosis with a 100-
mmHg pressure gradient across the valve, and estimated aortic valve area of 0.9 cm2. Patient underwent replacement of the
aortic valve by the pulmonary valve and replacement of the right ventricular outflow tract with a cadaver homograft (Ross
procedure). Preoperative ECG shows a left ventricular hypertrophy pattern with a Q wave in lead III (pseudoinfarction
pattern).

Figure 12–4 ECG of a 94-year-old man with severe calcific aortic valvular stenosis (estimated aortic valve area is
0.6 cm2). Pattern is normal except for an atrioventricular junctional rhythm at a rate of 46 beats/min.
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nonspecific complex IVCDs in patients with
advanced ischemic cardiomyopathy (Figure 12–9).

Abnormal Q waves mimicking anterior or
inferior MI may be present as a result of myocar-
dial fibrosis, IVCD, or changes in the direction
of the initial QRS vector resulting from changes
in cardiac position.4,9,10 Compared with hyper-
trophic cardiomyopathy, dilated cardiomyopathy
is characterized by significantly more abnormal
Q waves, greater prolongation of the QRS
duration, and lower amplitude of the sum of R
in V5 or V6 plus S in V1.

11 In some cases the
predominant changes consist of the left atrial
enlargement pattern alone (see Figure 2–11),
diffuse T wave abnormalities (Figure 12–10), or
sinus tachycardia without other ECG abnormal-
ities (Figure 12–11). A high incidence of supra-
ventricular and ventricular arrhythmias has
been reported in most series of patients with
dilated cardiomyopathy.6 Atrial fibrillation tends
to develop late,6,12,13 and complete AV block is
rare.1 It has been reported that QRS duration
�120 ms is a significant predictor of ventricular
arrhythmias.14



Figure 12–5 ECG of an 82-year-old woman with long-standing severe aortic regurgitation, mild mitral regurgitation, left
ventricular ejection fraction of 40 percent, and normal coronary arteries. The preoperative pattern (before aortic valve
replacement) shows left ventricular hypertrophy with slight ST segment depression and an upright T wave of low amplitude
in leads I, aVL, V5, and V6. In lead III the S wave is preceded by a small r deflection.

Figure 12–6 ECG of a 33-year-old man with end-stage dilated cardiomyopathy recorded 2 weeks before cardiac
transplantation.
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HYPERTROPHIC CARDIOMYOPATHY
The role of ECG in the diagnosis of hypertrophic
cardiomyopathy (HC) has been disputed. In one
study of 134 patients the ECG was normal in
only 7 percent; the most frequent ECG abnor-
mality was an LVH pattern with or without
abnormal Q waves.15 In a study of 448 consecu-
tive patients with HC, the power of ECG to
assess the clinical condition was challenged
because of the weak correlation between ECG
voltage and the anterior wall LV wall thickness.
Of 55 patients with LV wall thickness �30 mm,
only 44 percent showed greatly increased QRS
voltage. However, of 44 patients with HC-related
death, ECG was normal only in 1.16

Idiopathic obstructive cardiomyopathy became
a subject of intense investigation during the early
1960s. During this period many investigators
encountered the characteristic ECG pattern simu-
lating MI with a deeper-than-normal Q wave in



Figure 12–7 ECG of a 76-year-old patient admitted after an episode of syncope. Patient had severe dilated cardiomyopa-
thy, left ventricular ejection fraction of 20 percent, and normal coronary arteries. ECG shows sinus rhythm, PR interval of
250 ms, QRS duration of 144 ms, right bundle branch block, and left posterior fascicular block. Atrial flutter and ventricular
flutter were induced in the electrophysiology laboratory.

Figure 12–8 ECG of a 45-year-old man after a myocardial reduction operation for end-stage dilated cardiomyopathy with
pulmonary hypertension and implanted automatic cardioverter-defibrillator. Note the sinus rhythm, left atrial enlargement,
PR interval of 252 ms, QRS duration of 180 ms with an atypical left bundle branch block, and rS pattern in leads V4–V6.
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the “lateral” and “inferior” leads and a taller-than-
normal R wave in the right precordial leads (Fig-
ure 12–12; see also Figures 4–14 and 8–31).16–20

This ECG pattern is discussed in Chapter 8.
Abnormal Q waves may be present in both

obstructive and nonobstructive types of HC.21,22

The abnormal Q waves may develop during the
course of the disease, and if present, may increase
or decrease in amplitude,22 but none of these
changes correlates well with the clinical charac-
teristics of the disease or its prognosis. However,
cardiac magnetic resonance study revealed that
abnormal Q waves were associated with greater
upper anterior septal th ickness. 23a
The coexistence of HC and the Wolff-Parkin-
son-White (WPW) pattern appears to be more
than coincidental. Frank and Braunwald23

reported that the WPW pattern was present in 40
of 123 patients. In another study, among 105 con-
secutive patients with the WPW pattern, 8 had
associated HC.24

Primary and secondary T wave abnormalities
are present in most patients with symptomatic
HC. Giant inverted T waves (>1.0 mV) are
believed to occur more often in patients with
apical-type HC26 (Figure 12–13). This is appar-
ently true of the experience in Japan, but not
in the West.27 In the study of Keren et al.,26 giant



Figure 12–9 ECG of a 73-year-old man with congestive heart failure, severe ischemic cardiomyopathy, global akinesis,
anterior apical dyskinesis, and an estimated left ventricular ejection fraction of 5 percent. The left anterior descending and
left circumflex arteries were totally occluded. Note the sinus rhythm with PR interval of 252 ms, QRS duration of 124 ms,
right bundle branch block with low R waves in leads V5 and V6, and superior axis in the frontal plane.

Figure 12–10 ECG of a 63-year-old woman who underwent cardiac catheterization after suffering a cardiac arrest. The
study showed a poorly contracting left ventricle, left ventricular ejection fraction of 10 percent, normal coronary arteries,
and no valvular lesions. Note the diffuse T wave abnormalities of the type encountered in patients with myocardial ischemia
and a prolonged QTc (609 ms).
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T waves were present in 5 of 23 patients with
apical hypertrophy, and patients with the deepest
T waves tended to have the least degree of septal
apical thickening. In seven patients with apical
hypertrophic cardiomyopathy, Maron et al.28

found T wave inversion of <0.6 mV but no giant
T waves. Koga et al.29 found that giant negative
Twaves disappeared concomitant with a decrease
in R wave amplitude during a 10-year or longer
follow-up of patients with the Japanese formof api-
cal hypertrophy characterized by giant negative
T waves and tall R waves in the left precordial
leads. In another subtype of HC (predominant
hypertrophy of the posterior wall), 2 of 17 patients
had deeply inverted Twaves in the left precordial
leads.30
The incidence and severity of supraven-
tricular and ventricular arrhythmias appear to
increase with the progression of the disease.
The occurrence of atrial fibrillation is associated
with worsening of symptoms, whereas the
presence of ventricular tachyarrhythmias was
reported to be associated with an increased inci-
dence of sudden and nonsudden cardiac
death.30–34 A recent study by Adabag et al.,35

however, found that ventricular tachyarrhyth-
mias had a low positive and a relatively high
negative predictive value in their study of 178
patients with HC.

Takotsubo cardiomyopathy is characterized by
transient left ventricular apical ballooning that
most often affects postmenopausal women and is



Figure 12–12 Idiopathic hypertrophic cardiomyopathy, nonobstructive, in a 12-year-old boy. The diagnosis was based on
clinical and angiographic findings. No intraventricular pressure gradient was demonstrable during cardiac catheterization.
ECG shows left ventricular hypertrophy. Abnormal Q waves are present in leads II, III,aVF , and V6. (Courtesy of Dr. Samuel
Kaplan.)

Figure 12–11 ECG of a 44-year-old man with severe dilated cardiomyopathy, left ventricular ejection fraction of 15
percent, and normal coronary arteries. Pattern is normal except for sinus tachycardia.

27912 � Diseases of the Heart and Lungs
often associated with ST-segment elevation in pre-
cordial leads and chest pain simulating MI. How-
ever, it is not often associated with ventricular
arrhythmias and sudden death, even though the
QT interval is significantly prolonged.36,37
RESTRICTIVE CARDIOMYOPATHY
Restrictive cardiomyopathy is discussed in associ-
ation with the specific cardiomyopathies in which
the restrictive component plays a dominant role,
although in many cases the etiology is not clear.
The ECG is usually abnormal, with a predomi-
nance of left, right, or biventricular hypertrophy.38
ARRHYTHMOGENIC RIGHT
VENTRICULAR DYSPLASIA
The typical ECG pattern of patients with symp-
tomatic arrhythmogenic right ventricular dyspla-
sia (ARVD) resembles that of incomplete or
complete RBBB with a negative T wave in the
right precordial leads, but the terminal QRS
deflection (r0 or R0) may be “focal,” which means
it is not represented by a synchronous terminal
QRS delay in other leads. In a large study of
patients with ARVD, the presence of isolated
QRS prolongations in leads V1 through V3 was
associated with significantly higher RV end-



Figure 12–13 ECG of a 59-year-old woman with apical hypertrophic cardiomyopathy documented by echocardiography.
A high-velocity jet in the area of the left ventricular apex was associated with a pressure gradient of 36 mmHg. ECG shows
left bundle branch block with pointed and deeply inverted T waves, most prominently in the left precordial leads.
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diastolic volume.38a In some patients the delayed
terminal QRS deflection differs in shape from r0
and resembles the Greek letter epsilon (Fig-
ure 12–14). This epsilon wave corresponds to a late
potential.39,40 Several investigators have considered
the epsilonwave amajor diagnostic criterion of dys-
plasia, but it is probably a marker of a more
advanced disease because its overall incidence in
75 cases reported byBender et al.40was only 5.5 per-
cent. At the same time a late potential in the shape of
an epsilon appears sometimes in patients with other
cardiomyopathies, probably corresponding to the
underlying sites of slow conduction (Figure 12–14).
The presence of a negative Twave in the right and
Figure 12–14 ECG leads V1 and V2 of a 64-year-old
man with severe ischemic cardiomyopathy, episodes of sus-
tained monomorphic ventricular tachycardia (left bundle
branch block and superior axis morphology), history of cor-
onary artery bypass surgery, and aortic valve replacement.
Note an indentation on the early portion of the ST segment
in the shape of a Greek epsilon.
mid-precordial leads is another characteristic ECG
abnormality.41 In some cases Twave changes appear
to be primary, and the extension of Twave negativity
in the precordial leads has a direct relation to right
ventricular enlargement. In a study of 20 patients
with ARVD reported by Metzger et al.,42 ECG
abnormalities were present in 90 percent of cases,
but serial ECG recordings provided no information
about anatomic progression of the disease moni-
tored by echocardiography.

In 50 patients with ARVD reported by Nasir
et al.,43 RBBB was present in 22 percent and T
wave inversion in leads V1–V3 in 88 percent of
patients. The most prevalent ECG criterion was
prolonged S wave upstroke in leads V1–V3, mea-
suring �55 ms. This criterion correlated with
severity of the disease and induction of VT on
electrophysiological study.

Ventricular arrhythmias usually have an LBBB
configuration.44Theabnormal signal-averagedECG
and low right ventricular ejection fraction were pre-
dictive of serious ventricular arrhythmias.45 Body
surface mapping suggested that the substrate of
arrhythmia was the delayed depolarization in the
structurally abnormal right ventricle.46 Abnor-
malities of the signal-averaged ECG have been
found in the pedigrees of patients with ARVD.47
NEUROLOGIC ANDNEUROMUSCULAR
DISORDERS
Friedreich’s Ataxia

Cardiac lesions in patients with Friedreich’s
ataxia consist of diffuse interstitial fibrosis,
which may explain the similarity between the
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QRS abnormalities of this condition and of MI.
Hypertrophy of one or both ventricles with
thickening of papillary muscles is often present.

The ECG is abnormal in 75 to 92 percent of
cases48–53; the most common abnormalities con-
sist of Twave changes and right or left axis devi-
ation in the frontal plane.50,51 Abnormal Q
waves in the inferior and lateral leads, usually
with tall R waves in the right precordial leads,
simulating MI of the inferior and posterolateral
wall (see Figure 8–29), are present in 14 to 20
percent of the cases.48,50 These changes also re-
semble the pseudoinfarction patterns in patients
with HC. An association of Friedreich’s ataxia
and HC has been reported.50,52 In one study
approximately one third of patients with Frie-
dreich’s ataxia had HC.52 Charcot-Marie-Tooth
disease (peroneal muscular atrophy) clinically
resembles Friedreich’s ataxia, but the incidence
of cardiac involvement in this condition is low.53

Muscular Dystrophies

Progressive pseudohypertrophic muscle dystro-
phy (Duchenne type) affects the myocardium
of most symptomatic patients, and ECG abnorm-
alities are present in up to 95 percent.54 The
most typical pattern simulates posterior, lateral,
or posterolateral MI, with deep Q waves in the
lateral leads and tall R waves in the right precor-
dial leads (see Figure 8–28). These abnormalities
were attributed by Perloff et al.55 to myocardial
fibrosis of the posterolateral wall of the left ven-
tricle. Both the fibrosis and the corresponding
QRS changes are encountered most frequently
in older patients with more advanced disease.56

In some cases the pattern resembles that of ante-
rior MI (Figure 12–15).

Arrhythmias and conduction disturbances are
often present. The abnormalities in 20 patients
studied by Perloff57 included persistent or labile
Figure 12–15 ECG of a 37-year-old man with progressive m
myocardial infarction.
sinus tachycardia, sinus pauses, ectopic atrial
and ventricular complexes and rhythms, atrial
flutter, intraatrial conduction disturbances,
Mobitz I type AV block, short PR interval, IVCDs,
and rightward axis deviation compatible with
left posterior fascicular block.

The myocardium is also affected in a juvenile
form of progressive muscular atrophy (Kugelberg-
Welander syndrome). Atrial arrhythmias and AV
conduction disturbances are the most frequent
ECG abnormalities.58

Unlike the Duchenne type, ECG abnormal-
ities are usually absent in the fascioscapular type
of muscular dystrophy,59 but ECG abnormalities
may be present in the limb-girdle type of cardio-
myopathy, and right ventricular conduction
delay has been reported in a number of cases.60

It is believed, however, that the ECG does not
necessarily mirror the presence of significant
myocardial involvement.60
Myotonic Dystrophy

Myotonic dystrophy is the most common famil-
ial muscular dystrophy affecting adults. The
most prominent cardiac abnormality is fibrosis
and fatty infiltration of the entire conducting
system from the sinoatrial node to the bundle
branches.61–64 ECG abnormalities are present
in 45 to 85 percent of patients. The most fre-
quently mentioned changes are first-degree AV
block, abnormal left axis deviation, bundle
branch block, abnormal Q waves, and various
ST segment and T wave abnormalities.65–68 Both
PR lengthening to >240 ms and older age iden-
tified individuals at risk of cardiac events68;
sudden cardiac death has been linked to the
presence of advanced AV block and ventricular
arrhythmias.69 Bundle branch reentry appears
to be a common mechanism of sustained
uscular dystrophy of Duchenne type simulating an anterior
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ventricular tachycardia.69 Additionally, QT-
prolongation associated with torsade de pointes
has been reported.70 Figure 12–16 shows an
abnormal ECG from a patient with cardiomegaly.

In the largest reported study, Groh et al.71

examined ECGs in 385 patients in whom the
diagnosis of myotonic dystrophy was confirmed
by the genetic abnormality of cytosine-thymine-
guanine (CTG) repeat expansion, ECGs were
abnormal in 64.9 percent of patients, and the
presence of conduction abnormalities correlated
with age and CTG repeat length.

Kearns-Sayre Syndrome

Kearns-Sayre syndrome is an uncommon mito-
chondrial myopathy associated with progressive
external ophthalmoplegia and pigmentary retinop-
athy. The myocardium is spared, but the cardiac
conduction system is selectively affected. The AH
interval tends to be short, and the infranodal con-
duction is often impaired (Figure 12–17). As a
net effect the duration of the PR interval may
remain normal or may be only slightly prolonged.
The original description of the syndrome by
Figure 12–16 Abnormal ECG of a 30-year-old patient with m
Kearns and Sayre included complete AV block.
Advanced conduction disturbances such as
bifascicular and trifascicular block may be
present.72–74

Myasthenia Gravis

It has been reported that nonspecific T wave
abnormalities, prolonged QT interval, and RBBB
occur significantly more often in patients with
myasthenia gravis than in the normal population.75

Quadriplegia and Paraplegia

Paraplegic and quadriplegic individuals have a
higher incidence of right axis deviation than
the normal population, probably resulting from
decreased left ventricular mass.76
Connective Tissue Diseases
SCLERODERMA HEART DISEASE
In patients with systemic sclerosis, the heart may
be involved directly owing to myocardial fibrosis.
yotonic muscular dystrophy and cardiomegaly.



Figure 12–17 Kearns-Sayre syndrome in a 22-year-old man with external ophthalmoplegia, pigmentary retinopathy, and
complete right bundle branch block with left anterior fascicular block as seen on the ECG.
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It may also be involved indirectly as a result of sys-
temic hypertension secondary to renal involvement
or pulmonary hypertension as a result of pulmonary
vascular abnormalities or pulmonary fibrosis.1,77

The ECG changes reflect these anatomic abnormal-
ities. Myocardial fibrosis can cause low QRS volt-
age.77 In a series of 60 patients, the ECG showed
signs of RVH in 27 percent and LVH in 15 percent.77

Systemic Lupus Erythematosus

The most common ECG abnormalities in patients
with systemic lupus erythematosus are caused by
pericarditis or systemic hypertension.78,79 MI
can occur as a result of coronary vasculitis.78 In
about 20 percent of women affected by the dis-
ease during their pregnancy, infants are born
with congenital AV block.

Polyarteritis

ECG abnormalities were reported in 85 percent
of patients with polyarteritis documented at
autopsy.80 Changes are attributed to hypertension,
myocardial ischemia, or ventricular hypertrophy.
Coronary arteritis is a common manifestation of
the disease, and aneurysms of the coronary arteries
are observed occasionally.1,80,81

Polymyositis and Dermatomyositis

Polymyositis-dermatomyositis may be associated
with myocarditis, myocardial fibrosis including
conduction system involvement, and coronary
vasculitis.82–85 The incidence and severity of
ECG abnormalities vary among series. In one
study,83 ECG abnormalities were present in 52
percent of patients and consisted of variable
degrees of AV block, bundle branch block, left
axis deviation, abnormalities of ventricular repo-
larization, and supraventricular and ventricular
arrhythmias. In another study the ECG was
abnormal in 25 of 77 patients with polymyositis;
the two most common abnormalities were RBBB
and left anterior fascicular block.85

Rheumatoid Heart Disease

Rheumatoid granulomas may be seen in the
myocardium, but the ECG abnormalities are
more often related to pericarditis.1,86

Reiter Syndrome

Clinical and pathologic changes in the heart of
patients with Reiter syndrome are analogous to
those with ankylosing spondylitis. The most com-
mon ECG abnormality reported in one series was
transient first-degree AV block.87 Other abnormal-
ities included second-degree AV block, fascicular
block, and bundle branch block. Complete AV
block is a rare manifestation of Reiter syndrome.

Acute Rheumatic Fever and Rheumatic
Carditis

The outstanding ECG manifestation of rheumatic
carditis is a prolonged PR interval.89,90 Other fre-
quent abnormalities include type I second-degree
AV block and diffuse Twave inversion. Complete
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AV block may occur (Figure 12–18). The most
characteristic rhythm disturbance is accelerated
AV junctional rhythm with or without AV dissoci-
ation.88,90 Left or right bundle branch block is
seen also (see Figure 12–18).
MYOCARDIAL TUMORS
ECG changes in patients with primary or meta-
static tumors depend on the location and extent
Figure 12–18 Acute rheumatic fever and carditis in a 50-ye
ciency, and recurrence of acute rheumatic fever with carditis.
(AV) block with Wenckebach phenomenon and complete left b
plete AV block and idioventricular rhythm. She was treated wit
of the space-occupying lesion.1 Atrial myxomas
may cause P wave abnormalities and atrial
arrhythmias, including atrial flutter and atrial
fibrillation. In one personally observed case of
a large left atrial myxoma, the ECG showed a
pattern of incomplete RBBB with ST segment ele-
vation in the right precordial leads, similar to the
pattern observed in patients with Brugada syn-
drome (see Chapter 7) (Figure 12–19). Some
tumors, such as mesothelioma, tend to affect
ar-old woman with rheumatic heart disease, aortic insuffi-
A, Note the development of second-degree atrioventricular
undle branch block. B, Two days later the patient had com-
h steroids.



Figure 12–18 cont’d C, There is a return to 1:1 AV conduction with borderline first-degree AV block. Intraventricular
conduction is now normal. The morphology of the ventricular complexes is consistent with left ventricular hypertrophy.

Figure 12–19 Preoperative ECG of a 65-year-old woman with a large vascular myxoma that filled the left atrium. She had
normal coronary arteries and no other abnormalities. Note the sinus tachycardia and incomplete right bundle branch block
with an elevated ST segment in leads V1 and V2, a pattern often seen in patients with Brugada syndrome (see Chapter 7). This
pattern was no longer present after the tumor was resected.
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the AV node. Tumor invasion of the intraventric-
ular septum may cause bundle branch block or
complete AV block. Low voltage may result from
extensive destruction of the myocardium or
pericardial effusion.91 Persistent acute injury
pattern with ST segment elevation may simulate
anMI or a ventricular aneurysm92 (Figure 12–20).
Q waves indistinguishable from those seen
with MI occur in patients with primary or
secondary tumors. The most common abnor-
malities, however, consist of nonspecific ST
segment or T wave changes1,93 (Figure 12–21).
Carcinoid heart disease involving right-sided car-
diac valves may cause P wave abnormalities,
incomplete or complete RBBB, and an RVH
pattern.94

Endocrine Disorders

Endocrine disorders can produce many changes
in the function and structure of the cardiovascu-
lar system. Such changes may have various
direct and indirect effects on the electrical activ-
ity of the heart, thereby inducing ECG changes.



Figure 12–20 ECG of a 67-year-old man with a mesothelioma encircling the heart. It shows an acute injury pattern, prob-
ably due to compression by the tumor.

Figure 12–21 Malignant lymphoma with extensive and diffuse lymphomatous infiltration of the pericardium and myocar-
dium in a 37-year-old man. Diagnosis was confirmed at autopsy. About 80 percent of the myocardium was replaced by the
tumor tissue. ECG shows that the amplitude of the R waves in the left precordial leads is reduced. Diffuse symmetric T wave
inversion involves most of the leads.
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THYROID DISEASES
Hyperthyroidism

Sinus tachycardia or atrial fibrillation is com-
monly present in patients with hyperthyroidism
and may precede other clinical manifestations
of the disease. In one study of 123 hyperthyroid
patients,95 sinus tachycardia was present in
37.4 percent and atrial fibrillation in 12.2 per-
cent. In another study of 466 patients with
hyperthyroidism, sinus tachycardia was present
in 45.7 percent and atrial fibrillation in 10.9
percent.96
The incidence of atrial fibrillation increases
with age. Among 170 patients with thyrotoxico-
sis whose ages ranged from 37 to 77 years, atrial
fibrillation was present in 39 (23 percent). It sel-
dom occurred in patients younger than age 55.97

In another study, atrial fibrillation was absent in
all patients younger than 40 years who had no
associated heart disease of other etiology.96

Spontaneous reversion to sinus rhythm occurred
after treatment in 19 of 39 in one follow-up
study97 and in 11 of 13 in another.96 The fre-
quency of atrial fibrillation may be higher in
patients with triiodothyronine (T3) toxicosis
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than in those in whom the serum concentration
of both T3 and thyroxine (T4) are increased.98

In patients with sinus rhythm, the severity of
tachycardia parallels the severity of disease. In
contrast to atrial fibrillation, the highest incidence
of sinus tachycardia is in the youngest age group.96

The incidence of atrial flutter in patients with
hyperthyroidism ranges from 1.5 to 2.0 per-
cent.96,99 Paroxysmal supraventricular tachycardia
and ventricular tachycardia are uncommon in
patients with hyperthyroidism. Intraatrial conduc-
tion disturbances, manifested by prolongation
(>0.10 second) or notching of the P wave,
occurred in 81 (17.4 percent) of 542 patients and
was more common in women than in men.96 The
PR interval of patients with hyperthyroidism is fre-
quently prolonged even in the absence of heart dis-
ease or treatment with digitalis.100 The incidence
of first-degree AV block ranges from 3.2 to 8.9 per-
cent.95,96,101 In some patients, PR prolongation
precedes atrial fibrillation (Figure 12–22). The
PR interval duration usually returns to normal
when the patient becomes euthyroid. Second- and
third-degree AV block are encountered less com-
monly than first-degree block.100
Figure 12–22 ECG of a patient with Graves’ disease shows si
66) about 7 months before the onset of chronic atrial fibrillation
gram in endocrine and metabolic disorders. Cardiovasc Clin 8:2
IVCDs occurred in 13.1 percent of 466 hyper-
thyroid patients without associated heart disease
of other etiology.96 The IVCD usually disap-
peared when the patient became euthyroid. The
most common conduction disturbance was
incomplete RBBB (9.2 percent) followed by left
anterior fascicular block.96 Some investigators
reported that the incidence of the WPW pattern
was higher in patients with hyperthyroidism
than in the general population.100

The amplitude of the P wave and QRS com-
plex is frequently increased. The tall P waves
simulate “P pulmonale,” and the QRS complexes
of large amplitude simulate LVH.100 Various
nonspecific ST segment and T wave abnormal-
ities have been reported in about 25 percent of
patients with hyperthyroidism.100 In some
patients with abnormal T waves the ST segment
was elevated, simulating the pattern of pericardi-
tis.95 The ST segment and Twave changes varied
from day to day and, unlike the changes seen
with myocarditis or pericarditis, were usually
evanescent.95 In most cases ST segment and
T wave changes returned to normal after treat-
ment.95,98,102 In thyrotoxic periodic paralysis,
nus tachycardia and first-degree atrioventricular block (6/23/
(1/21/67). (From Surawicz B, Mangiardi ML: Electrocardio-
43, 1977.)
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ECG changes are caused mainly by hypokale-
mia.103 (See Chapter 22.)

Hypothyroidism

Wood suggested that the combination of sinus
bradycardia, low-voltage QRS complexes, and
lowering or inversion of the T wave was patho-
gnomonic of myxedema104 (Figure 12–23). The
low voltage and the T wave changes are most
likely due to the short-circuiting effect of intra-
cardiac and extracardiac myxedematous material
and perhaps to associated pericarditis.105 The
QT interval is prolonged, but because the Twave
amplitude is low, precise measurement of this
interval is often impossible.100 Three repolariza-
tion abnormalities occur with myxedema: flat T
wave; T wave or ST segment changes typical of
pericarditis; and deeply inverted T waves possi-
bly related to myocardial ischemia. It has been
pointed out that there is usually good correlation
between ECG signs (bradycardia, low voltage,
T wave changes) and the radiologic manifesta-
tions of cardiac myxedema.106

The P wave amplitude is usually low, and in
some patients an unrecognizable P wave simu-
lates atrial fibrillation. Sinus bradycardia is com-
mon. In one series of 44 untreated patients, the
heart rate was less than 90 beats/min in all.107

The incidence of AV and intraventricular con-
duction disturbances is about three times higher
in patients with myxedema than in the general
population.97 Among a group of 42 patients, 5
had first-degree AV block, 6 had left anterior fas-
cicular block, 2 had left posterior fascicular
block, 1 had LBBB, and 1 had RBBB.108
Figure 12–23 Myxedema heart disease in a 70-year-old wom
rence of the symptoms and signs of myxedema after she stopp
of coronary artery disease. The heart is not enlarged on radiogr
block. There is low voltage of the P waves and QRS complexes
leads V1–V3.
Syncope caused by ventricular tachyarrhyth-
mia, predominantly torsade de pointes, has been
reported in patients with myxedema coma. It is
probably precipitated by a long QT interval
rather than hypothermia.109,110
PARATHYROID DISORDERS
Hypoparathyroidism

No changes in the heart rate, duration of the PR
interval, or the QRS complex were found in 22
patients with hypoparathyroidism, and no signifi-
cant rhythm disturbances occurred.111 The inter-
val from the onset of QRS to the onset of the T
wave (Q-oTc interval) was prolonged in all but
three patients. In patients with hypocalcemia, the
Q-oTc interval expresses the duration of the STseg-
ment because the QRS duration does not change.
In the absence of other electrolyte disturbances,
the duration of the STsegment is roughly inversely
proportional to the plasma calcium concentra-
tion.111,112 Hypocalcemia does not change the
duration of the Twave.108,109 Therefore the dura-
tions of the Q-oTc and QTc intervals change in
the samemanner as those of theQ-oTc intervals.108

In many patients with hypocalcemia due to hypo-
parathyroidism, the polarity of the Twave remains
unchanged, but sometimes the T waves become
low, flat, or sharply inverted in leads with an
upright QRS complex.100,113 Intravenous calcium
administration restores normal polarity transiently
in patients with negative Twaves (Figure 12–24).
Long-term therapy results in permanent normali-
zation of the ECG. In patients with a prolonged
QT interval due to hypocalcemia, the U wave is
an with a 15-year history of myxedema. She had a recur-
ed taking her medication for 1 year. She has no symptoms
aphic examination. ECG shows first-degree atrioventricular
with abnormal left axis deviation. T waves are inverted in



Figure 12–24 ECG of a patient with hypocalcemia
caused by hypoparathyroidism. A, Note the prolonged ST
segment, prolonged QT, and T wave inversion. B, After
administration of 10 mL of 10 percent calcium chloride
solution intravenously, the QT interval has shortened and
the T wave has normalized. (From Surawicz B, Mangiardi
ML: Electrocardiogram in endocrine and metabolic disor-
ders. Cardiovasc Clin 8:243, 1977.)
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usually absent or not recognizable.108,109 Pro-
longed hypocalcemia may lead to cardiomyopathy
with QRS abnormalities attributed to LVH.114

Hyperparathyroidism

In 12 patients with hyperparathyroidism the
plasma calcium concentration ranged from 12.4
Figure 12–25 ECG of a 46-year-old man with hypercalcemi
segment, PR of 150 ms, and QRS of 100 ms. (From Surawicz B
bolic disorders. Cardiovasc Clin 8:243, 1977.)
to 16.0 mg/dL.115 There was no correlation
between the plasma calcium concentration and
the heart rate. The Q-oTc interval was inversely
proportional to the plasma calcium concentra-
tion. Measurement of the Q-oTc is sometimes
more helpful in the diagnosis of hypercalcemia
than is measurement of the QTc interval, proba-
bly because of the slight prolongation of the QRS
complex (Figure 12–25). First- and second-
degree AV block are occasionally present,100

but rhythm disturbances and other conduction
disturbances are infrequent.116 Arrhythmias are
believed to occur frequently during hypercalce-
mic crises,117 but I have found no documented
cases of such events.100
DISEASES OF THE HYPOTHALAMUS
AND PITUITARY
As the center of autonomic activity, the hypothal-
amus plays an important role in the sympathetic
and vagal control of cardiac activity. Hypotha-
lamic injury was believed to be responsible for
the neurogenic T wave changes observed in
patients with subarachnoid hemorrhage.105 The
“cardiovascular accident (CVA) pattern” that
appeared in several patients after cryohypophy-
sectomy105 was also attributed to hypothalamic
injury.

Abnormal Twaves and a prolonged QTc inter-
val have been reported in most patients with
untreated pituitary insufficiency.100,118 ECG
abnormalities usually disappear within several
months after the onset of hormonal replacement.
The T wave abnormalities may be transiently
a caused by hyperparathyroidism shows absence of the ST
, Mangiardi ML: Electrocardiogram in endocrine and meta-
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reversed by intravenous administration of small
doses of isoproterenol119 (Figure 12–26).

Hypertrophy of the heart and congestive heart
failure are frequently present in patients with
acromegaly, but there is no characteristic ECG
pattern in patients who have acromegaly and
heart disease. In seven groups of patients total-
ing 116 subjects with documented or suspected
heart disease, the incidence of ECG abnormal-
ities ranged from 50 to 80 percent.100 The most
common abnormalities, in order of decreasing
frequency, were ST segment depression with or
without Twave abnormalities, LVH pattern, bun-
dle branch block or other intraventricular
conduction disturbances, remote MI pattern,
and supraventricular or ventricular ectopic com-
plexes. Atrial fibrillation, atrial flutter, and first-
degree AV block seldom occurred in these
patients, and higher-degree AV block was not
reported.
Figure 12–26 ECG of a patient with hypopituitarism
before the start of therapy with prednisone and thyroid
(left). Note the deeply inverted T waves, which become
normal after administration of a small intravenous isopro-
terenol (ISP) dose (right). (From Daoud FS, Surawicz B,
Gettes LS: Effect of isoproterenol on the abnormal T wave.
Am J Cardiol 30:810, 1972. Copyright 1972 Excerpta Med-
ica, Inc., with permission.)
ADRENAL DISEASE
Adrenal Insufficiency

The ECG is abnormal in about one half of
patients with Addison’s disease. The most com-
mon abnormalities are low or inverted T waves,
prolonged QTc, low voltage in limb leads, and
sinus bradycardia.100,120 These abnormalities
occurred more frequently in women than in
men. The ECG abnormalities regressed within
variable time after replacement therapy. The
average PR interval was reported to be longer
than in a normal control population.121 First-
degree AV block was present in 14.5 to 20.0 per-
cent of patients.100 During an addisonian crisis
the ECG may show signs of hyperkalemia.100,104

Cushing’s Disease and Hyperaldosteronism

In patients with Cushing’s disease or hyperaldos-
teronism, the ECG changes and arrhythmias are
related to hypertension and electrolyte imbal-
ance. The average PR interval was reported to
be shorter in patients with Cushing’s disease
than in the normal population.121

Pheochromocytoma

The ECG abnormalities in patients with pheo-
chromocytoma may be due to hypertension, myo-
cardial ischemia, or “catecholamine myocarditis,”
attributed to excess circulating catecholamines.122

In one series, the ECG was abnormal in 18 of 23
patients.123 The most common ECG abnormal-
ities during the chronic phase are sinus tachycar-
dia, LVH pattern, and T wave inversion in lead
I and in left precordial leads.122,123

During hypertensive crisis the ECG may show
one of the following patterns: (1) depression of
the ST segment in limb and precordial leads
attributed to subendocardial ischemia; (2) tran-
sient elevation of the ST segment; (3) giant
T wave inversion similar to the “CVA pattern”
with prolonged QTc,105 and (4) various tachyar-
rhythmias. Sudden death was mentioned in most
large series, and ventricular fibrillation was
recorded during crises.124

Turner Syndrome Phenotype and Sex
Chromosome Abnormalities

The ECG abnormalities in patients with Turner
syndrome usually are related to associated con-
genital cardiac lesions. However, patients with
Noonan syndrome or the “Ullrich-Turner” phe-
notype with pulmonary valve stenosis had
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characteristic ECG patterns different from those
in other patients with pulmonary stenosis. These
ECGs were characterized by extreme right axis
deviation and minimal initial leftward and ante-
rior force attributed to abnormal anatomy of the
conducting system.100 Prolonged PR was found
in 47,XYY males and shortened PR in 45,X
females.125 Intraventricular conduction distur-
bances occurred more frequently in 47,XYY males
than in the general population.125 No significant
ECG abnormalities were found in men with
a 47,XXY karyotype or in 47,XXX women.125
Metabolic Disturbances

The ECG abnormalities in patients with meta-
bolic disturbances are commonly caused by
abnormal electrolyte concentrations. Certain pat-
terns occur characteristically in various clinical
disorders: hyperkalemia and hypocalcemia in
patients with uremia (Figure 12–27); hypokale-
mia and hypocalcemia in patients with hypo-
chloremic alkalosis due to hepatic coma
(Figure 12–28); and hypokalemia with hypercal-
cemia in patients with multiple myeloma (see
Chapter 22). Changes in blood pH within a range
compatible with life do not produce any recogniz-
able changes in electrolyte concentration.
DIABETES MELLITUS
ECG abnormalities are common in patients with
diabetes even in the absence of hypertension,
myocardial ischemia, or MI. In one study the
ECG was abnormal in 50 percent of adult dia-
betic patients.126 I have seen frequently unex-
plained diffuse T wave abnormalities in diabetic
Figure 12–27 ECG of an 87-year-old patient with renal insuf
cemia (calcium 3.3 mEq/L). Note the prolonged ST segment (an
patients without symptoms of heart disease or
cardiomegaly. An association between diabetes
and left axis deviation has been described.127

In patients with diabetic ketoacidosis, the
ECG reflects the presence of hyperkalemia even
when total body potassium is depleted. Treat-
ment of acidosis shifts potassium into the cells
and produces hypokalemia. The ECG reflects
the changes in extracellular potassium and
is helpful for monitoring the treatment of dia-
betic ketoacidosis.128 However, the ECG pattern
does not always correlate with the plasma potas-
sium concentration.100 Some of the discrepan-
cies are attributed to rapid changes in the
extracellular potassium concentration and differ-
ences between potassium concentration in the
peripheral venous blood and the interstitial fluid
in the myocardium.

Abnormalities of central nervous system func-
tion may be responsible for some of the repolar-
ization abnormalities. Henderson129 described a
pattern in which T waves were deeply inverted
in the left precordial leads but tall and peaked
in the right precordial leads.129 Several publica-
tions include examples of deeply inverted, sym-
metric T waves during treatment of diabetic
acidosis at a time when the potassium abnormal-
ities were no longer present.129–131 I analyzed
serial ECG changes during treatment of acidosis
in 17 patients and found typical patterns of
hyperkalemia or hypokalemia in 10 patients
and symmetric T wave inversions in 13. In 4
patients the ST segment was elevated in several
leads. Acute pericarditis was suspected in these
patients, but only 1 had pericardial friction rub.
Various arrhythmias have been reported during
treatment of diabetic acidosis, usually in the
presence of hypokalemia.
ficiency, hyperkalemia (potassium 6.2 mEq/L), and hypocal-
d QT interval) and the narrow, pointed T wave.



Figure 12–28 Typical ECG pattern for hypokalemia and hypocalcemia before (A) and after (B) treatment with KCl solu-
tion in a patient in hepatic coma with metabolic alkalosis. (From Surawicz B, Mangiardi ML: Electrocardiogram in endocrine
and metabolic disorders. Cardiovasc Clin 8:243, 1977.)
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Hypoglycemia causes tachycardia and occa-
sional ectopic rhythms. Administration of large
doses of glucose may produce slight transient
ST segment depression and decreased T wave
amplitude.

Cardiac Glycogenosis

The following ECG changes occur frequently in
patients with glycogen storage disease: short PR
interval, high-voltage QRS, and the LVH pattern.132

Amyloidosis

The ECG pattern associated with amyloidosis
depends on the extent and distribution of amy-
loid deposits in the myocardium, conducting
system, coronary arteries, or cardiac nerves.100

For 98 cases from 13 studies, the incidence of
conduction disturbances and arrhythmias was
as follows: RBBB in 10 percent, LBBB in 6 per-
cent, first- and second-degree AV block in 26
percent, complete AV block in 9 percent, AV
junctional rhythm in 7 percent, atrial fibrillation
in 19 percent, and ectopic atrial tachycardia with
2:1 block in 1 percent.

Figure 12–29 shows an ECG of a patient with
an apparent pan-conduction disease manifested
by sinus bradycardia, first-degree AV block,
and LBBB. Other common ECG abnormalities
include low voltage and patterns similar to that
of an old inferior or anterior infarction. In a
review of 339 cases reported in the literature,
Buja and colleagues133 found low voltage in 50
percent, left axis deviation in 59 percent, and a
pseudoinfarction pattern (most displaying small
or absent R deflection in leads V1–V3) in 64 per-
cent (Figure 12–30). The ECGs in 127 patients
with primary systemic amyloidosis and biopsy-
proven cardiac involvement showed low voltage
in 46 percent, pseudoinfarction pattern in 97
percent, and criteria for LVH in 16 percent of
patients.134 Falk et al.135 found a high incidence
of complex ventricular arrhythmias during ambu-
latory monitoring of patients with primary or
familial amyloidosis. The presence of arrhythmias
correlated with heart failure and an abnormal
echocardiogram.

Symptomatic disease of the conducting sys-
tem may be a manifestation of primary, senile,
or familial forms of amyloidosis.136 Prolongation
of the HV interval is common and may be sus-
pected from the surface ECG in the presence of
a narrow QRS complex caused by an equal con-
duction delay in both bundle branches.137

Among 23 autopsy cases of cardiac amyloid-
osis,138 conduction or rhythm abnormalities
were present in 21 during life (91 percent),
although direct amyloid infiltration of the
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Figure 12–30 ECG of a 48-year old man with primary amyloidosis and pseudoinfarction ECG pattern. First-degree atrio-
ventricular block is also present. At autopsy the heart was infiltrated with amyloid. The coronary arteries were normal, and
there was no myocardial infarction.

Figure 12–29 ECG of a 76-year-old man with a diagnosis of cardiac amyloidosis supported by a characteristic echocar-
diographic pattern. Note the sinus bradycardia, PR interval of 242 ms, and left bundle branch block with QRS duration of
202 ms.
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specialized conducting system did not account
for most of these disturbances.

In patients with secondary amyloidosis, ST
segment and T wave abnormalities attributed to
myocardial ischemia have been found in associa-
tion with occlusion of small coronary vessels by
the amyloid deposits.139 The ECG changes are sim-
ilar to those seen with primary amyloidosis and
include low voltage in the limb leads, pseudoin-
farction patterns, and first-degree AV block.140

Hemochromatosis

Deposits of iron in the heart are usually more
extensive in the contracting myocardium than in
the conducting myocardium.141 The most com-
mon ECG changes in patients with hemochroma-
tosis are low voltage, T wave abnormalities,
bundle branch block, and various supraventricu-
lar arrhythmias.141,142 The latter have been corre-
lated with the iron deposits in the atrial
myocardium.142 AV and intraventricular conduc-
tion disturbances were present in the cases that
revealed iron deposition in the AV node and His
bundle.143,144 Figure 12–31 is an ECG of a patient
with hemochromatosis.

Lipid Storage Disease

Lipid infiltration is responsible for conduction
abnormalities and chamber enlargement in
patients with Fabry’s disease and other storage
disorders. Among 32 patients with Fabry’s dis-
ease, the most frequent abnormalities were a short
PR interval and various arrhythmias; AV block
and intraventricular conduction disturbances



Figure 12–31 Autopsy-proven hemochromatosis with extensive involvement of the myocardium. The heart weighed
more than 500 g. There was minimal atherosclerosis of the coronary arteries. ECG shows low voltage of the QRS complex
in the limb leads. The frontal plan QRS axis is indeterminate. T wave abnormalities are present in the limb leads and leads
V4–V6.
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(usually RBBB) were present in 22 patients.145

The ECG seen with Fabry’s disease and other lipid
storage disorders may also simulate patterns
of MI.100
Miscellaneous Conditions

Minor repolarization abnormalities in patients
with Tay-Sachs disease were attributed to gangli-
oside deposits in the heart.146 In patients with
thrombotic thrombocytic purpura, microthrombi
and localized hemorrhages can cause localized
lesions in the conducting system, resulting in
ECG changes.147 Bundle branch block and com-
plete AV block have been reported in patients
with generalized lentigo.148
TOXIC AGENTS
ECG abnormalities can occur in patients with
various cardiomyopathies induced by drugs, tox-
ins, and venoms. A common cause of cardiomy-
opathy is chemotherapy with doxorubicin,
daunomycin, and bleomycin. ECG changes asso-
ciated with doxorubicin-induced cardiomyo-
pathy are not specific but most often include
sinus tachycardia, flattening of the T wave, pro-
longed QT interval, and low voltage.149

Serious ECG abnormalities, including acute
injury pattern and ventricular tachyarrhythmias,
have been reported in patients with carbon mon-
oxide poisoning.150 Changes simulating acute
myocardial ischemia and MI have been reported
after scorpion stings151 and secondary to anaphy-
lactic shock induced by bee and wasp stings.152
Granulamatous and Infectious
Cardiomyopathies

Myocardial Sarcoidosis

Myocardial involvement occurs in 20 to 25 per-
cent of patients with sarcoidosis.153 The disease
frequently involves the interventricular septum
and the conduction system.1,154,155 Among 47
cases summarized from the literature, complete
AV block occurred in 22 patients and a less
advanced AV block in 12 patients.156 Supraven-
tricular and ventricular arrhythmias are common,
and sudden death has been reported157,158

(Figure 12–32). Pulmonary involvement may lead
to cor pulmonale manifested by an RVH pattern
on the ECG.

Viral Myocarditis

Patients with severe myocarditis often have sinus
tachycardia, diffuse T wave abnormalities, pro-
longed QT interval, and occasionally Q waves
simulating MI. Figure 12–33 shows the ECG
abnormalities most often encountered in patients
with myocarditis. Matsuura et al.159 studied 29
patients with suspected myocarditis using anti-
myosin scintigraphy to assess the severity of the
myocardial necrosis. They found a high correla-
tion between intraventricular conduction dis-
turbances and severe myocardial necrosis in 16
patients. In many countries, infections such as
mumps, hepatitis, infectious mononucleosis,
and coxsackie virus myocarditis160,161 have
been surpassed in terms of frequency of cardiac



Figure 12–32 Myocardial sarcoidosis in a 54-year-old woman who was known to have had sarcoidosis for 5 years. She
died suddenly, and no autopsy was performed. The diagnosis of myocardial sarcoidosis was based on clinical data.
A, Abnormal P waves are suggestive of right atrial enlargement. Left anterior fascicular block and complete right bundle
branch block also are present. B, Tracing illustrating some of her arrhythmias, including atrioventricular (AV) junctional
escape rhythm (4/28/67), atrial flutter (5/5/67), junctional escape rhythm with AV dissociation (6/14/68), and atrial fibrillation
(9/17/71).
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Figure 12–33 Acute myocarditis in a 37-year-old woman with a history of flu-like symptoms followed by the develop-
ment of cardiomegaly, S3 and S4 gallops, and congestive heart failure. ECG shows diffuse T wave abnormalities with symmet-
ric T wave inversion in the precordial leads. There is poor progression of the R wave in the precordial leads. The presence of
anterior myocardial damage cannot be determined.
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involvement by the retrovirus causing acquired
immune deficiency syndrome (AIDS).162–164

ECG changes occur in 35 to 58 percent of AIDS
patients1,160 and consist mostly of ST segment
and Twave abnormalities attributed to myocardi-
tis (see Figure 7–39). Other factors include
pericarditis, ventricular hypertrophy, and toxic
effects of drugs used to treat the disease. Bundle
branch block and ventricular tachycardia may
occur.1

Various ECG abnormalities have been reported
in patients with peripartum cardiomyopathy,
which in some cases has been attributed to a viral
infection. None of these abnormalities, however,
are characteristic of the disease.165
Other Infections

Diphtheria often affects the heart, particularly
the conducting system, causing AV block and
intraventricular conduction disturbances.105 The
most common manifestation of Lyme carditis is
first-degree AV block.166 In one series of 20
patients, 8 developed transient complete AV
block, and 13 had diffuse QRS and T wave
abnormalities compatible with myopericardi-
tis.167 In another series of 52 patients, 45 (87
percent) had AV block; in 28 of these patients
the AV block was advanced or complete. In most
cases the block was at the level of the AV
node.168 Myocardial involvement is the domi-
nant feature of Chagas disease, and the ECG is
abnormal in nearly all symptomatic patients.
The most characteristic abnormality is RBBB
with or without left fascicular block.169
Heart Transplantation

Considering the fact that in most cases the ECG
of a heart donor is not expected to be abnormal
antemortem, it is surprising to encounter a high
incidence of ECG abnormalities in patients with
transplanted hearts. In most cases the ECG
abnormalities appear early, which suggests that
they are related to the preoperative and opera-
tive handling of the heart and possibly to the
altered neurohormonal milieu, cardiac denerva-
tion, increased pulmonary vascular resistance,
and other unidentified factors in the host.

The donor heart is implanted by suturing its
atria to the corresponding structures of the recipi-
ent residual atria. This procedure frequently
results in the presence of two sets of P waves
(Figures 12–34 and 12–35). Activation of the atria
by the preserved sinoatrial (SA) node of the recipi-
ent heart generates P waves of small amplitude,
whereas excitation of the donor heart by its SA
node usually produces P waves of normal ampli-
tude and configuration. The rate of the denervated
donor heart is usually faster than that of the recipi-
ent.170,171 The two sets of P waves are usually dis-
sociated from each other (see Figure 12–35, top)
but in some cases become synchronized172 (see
Figure 12–35, bottom). Themechanism of synchro-
nization is uncertain, as the two sets of atria are
anatomically separated by the suture line. In many
cases the P waves from the recipient atria are not
discernible because of their small amplitude or
the presence of sinus node dysfunction or atrial
fibrillation before transplantation.170



Figure 12–34 ECG leads V1–V3 from a recipient of a car-
diac transplant. Note the incomplete right bundle branch
block with two types of P waves and irregular RR intervals.
In leadV2, one of the Pwaves isW-shaped (before the second
QRS complex and after the third QRS complex), and the
other P wave is mostly negative (before and after the third
QRS complex and between the fourth and the fifthQRS com-
plex). The two P waves appear to be dissociated, but their
relation to the QRS complex is not obvious.
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Dissociation between two sets of P waves cre-
ates unusual atrial rhythms, particularly when
one of the two atrial components develops
ectopic activity, atrial flutter, or atrial fibrilla-
tion.173 Arrhythmias caused by atrioatrial inter-
actions in the presence of electrical conduction
across the suture line can be cured by radiofre-
quency ablation.174,175
Figure 12–35 ECG strips of lead II from two transplant recipie
Bottom, The relation between the two P wave types (one imme
lowing QRS complex) is constant.
A complete or incomplete RBBB is present in
more than 80 percent of ECGs after transplanta-
tion170 (Figures 12–36 and 12–37). In many cases
the complete RBBB pattern changes to an incom-
plete RBBB pattern within a few months.170 The
pathogenesis of the RBBB after cardiac transplan-
tation is inadequately understood but the prog-
nosi s is benign . 170a

Next in frequency is the persistent left anterior
fascicular block, which occurs in 7 to 25 percent
of patients after transplantation170,176 (Figure
12–38). It has been reported that stable or progres-
sive conduction disturbances indicate a worse
prognosis.177 The frequently recorded rhythm dis-
turbances during the postoperative period include
sinus bradycardia, SA conduction disturban-
ces, atrial tachyarrhythmias (Figure 12–39), AV
junctional rhythms, first-degree AV block, and pre-
mature ventricular complexes.176–179 During a
long-term follow-up, intermittent atrial tachyar-
rhythmias were recorded in 50 percent of patients
(Figure 12–40), and late atrial fibrillation was asso-
ciated with an increased all-cause mortality180

whereas increased incidence of atrial flutter was
associated with rejection.181

Minor ST segment or T wave changes are
often present, caused in many cases by postoper-
ative pericarditis. Sometimes, however, deeply
inverted symmetric T waves are indistinguish-
able from T wave changes caused by myocardial
ischemia or non-Q wave MI (see Figure 12–37).
A Q wave infarction pattern is also known to
occur after heart transplantation. The QT and
QTc intervals in the transplanted hearts are usu-
ally within normal limits.182

The ECG appears to be of limited use in the
diagnosis of acute rejection. The decrease in QRS
amplitude occurs during rejection (Figure 12–41)
but is not a reliable indicator of rejection.176
nts show two types of P wave. Top, P waves are dissociated.
diately after the QRS complex and the other before the fol-



Figure 12–37 Incomplete right bundle branch block (QRS duration 110 ms) in a 45-year-old recipient of a cardiac trans-
plant 6 years previously. Diffuse T wave abnormalities are present.

Figure 12–36 Complete right bundle branch block (QRS duration 144 ms) in a 61-year-old recipient of a cardiac trans-
plant 1.5 years previously.
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Neither are T wave inversion and atrial arrhyth-
mia.170 It has been reported that during acute
rejection the sudden appearance of first-degree
AV block suggests severe involvement of the con-
duction system with impending cardiac arrest.183

Because recipients of the transplanted hearts who
had coronary artery disease often maintain their
coronary risk factors, it is not surprising that severe
coronary artery disease can develop in the trans-
planted hearts within a relatively short time (see
Figures 12–38 and 12–42).
TRAUMA TO THE HEART
Cardiac trauma may be caused by a penetrating
wound or a blunt injury. Most of the nonpene-
trating cardiac injuries result from a motor
vehicle impact, specifically compression by the
steering wheel. There are numerous other causes
of blunt trauma to the chest, including cardiac
resuscitation procedures.170 The most frequently
encountered ECG changes that occur shortly
after trauma or following a delay of 1 to 2 days
consist of ST segment and Twave changes similar
to those produced by myocardial ischemia or myo-
carditis184 (Figure 12–43; see also Figure 8–36).
The ECG may indicate pericarditis and in some
cases a pattern of acute MI. Intraventricular con-
duction disturbances occur fairly frequently,
particularly RBBB185–187 (Figure 12–44). AV con-
duction disturbances and various types of supra-
ventricular and ventricular ectopic activity
are often present but tend to be transient188

(Figure 12–45).



Figure 12–38 ECG of a 68-year-old man who has severe diffuse coronary artery disease not amenable to revasculariza-
tion 11 years after cardiac transplantation. Note the sinus tachycardia (105 beats/min), right bundle branch block, left ante-
rior fascicular block, and apparent subendocardial ischemia with ST segment depression in leads I, II, and V2–V6 and ST
segment elevation in leads aVR and V1.

Figure 12–39 Atrial flutter originating from the recipient atrial remnants. Sinus P waves from the donor atria can best be
seen preceding the QRS complexes in leads V1 and V2. In the other leads they are distorted or masked by the flutter waves
generated from the recipient atrial remnants. Note also the left anterior fascicular block and nonspecific T wave changes.
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ELECTRICAL INJURY
Electricity can both kill and revive. Sudden
death from electrocution is usually caused by
ventricular fibrillation or cardiac arrest. In survi-
vors of electrical accidents by high-tension alter-
nating current, lightning, or other causes, ECG
changes have been reported in 10 to 46 percent
of afflicted individuals.170 The abnormalities
include various supraventricular and ventricular
arrhythmias, ST segment and T wave changes
simulating acute injury and myocardial ischemia
(Figure 12–46), prolonged QT interval, and bun-
dle branch block.170,188–190
Pulmonary Diseases
CHRONIC OBSTRUCTIVE PULMONARY
DISEASE
The characteristic ECG pattern in patients with
chronic obstructive pulmonary disease (COPD) is
attributed to changes in the spatial orientation of



Figure 12–41 ECG of a 65-year-old man recorded 6 weeks after cardiac transplantation and with suspected rejection.
Note the low-voltage right bundle branch block (QRS 122 ms) and flat T waves.

Figure 12–40 ECG of a 51-year-old recipient of a cardiac transplant 6 years earlier. Note the atrial tachycardia with 2:1
response and right bundle branch block (QRS 126 ms).
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the heart, the insulating effect of the overaerated
lungs, and the low position of the diaphragm. Typ-
ical ECG changes include peaked P waves in leads
II, III, and aVF; low R wave amplitude in all leads;
posterior displacement of the QRS forces in the
horizontal plane; and late QRS vector oriented
superiorly and to the right, resulting in a
wide slurred S wave in leads I, II, III, V4, V5,
and V6

191,192 (Figure 12–47; see also Figures 2–5,
3–19, and 8–40). Pathognomonic of emphysema,
in the absence of MI, is low voltage with a posteri-
orly and superiorly oriented QRS vector and a
Pwave axis>60 degrees in the limb leads.193 Atrial
repolarization may become more prominent, as
evidenced by depression of the Ta wave in lead
II.194 The QRS duration tends to be shorter in
patientswithCOPD than in patientswith any other
disease.195 Chou listed the following findings that
suggest the presence of COPD:

1. P waves >0.25 mV in lead II, III, or aVF

2. P wave axis to the right of 80 degrees in
the frontal plane

3. Lead I sign with an isoelectric P wave, QRS
amplitude <0.15 mV, and T wave ampli-
tude <0.05 mV

4. QRS amplitude in all limb leads <0.5 mV
5. QRS axis to the right of 90 degrees in the

frontal plane
6. QRS amplitude <0.5 mV in lead V5 or V6;

or R wave <0.7 mV in lead V5 or R wave
<0.5 mV in lead V6

7. R/S ratio <1 in lead V5 or V6

8. S1S2S3 pattern with R/S ratio <1 in leads I,
II, and III



Figure 12–42 Accelerated coronary atherosclerosis with acute inferior myocardial infarction (MI) after cardiac transplanta-
tion in a 28-year-old man with a history of idiopathic dilated cardiomyopathy. Cardiac transplantation was performed 2 years
before the recording of tracing (A),which shows two sets of P waves and incomplete right bundle branch block. Coronary arte-
riogram performed at that time was normal. In June 1988 a repeat coronary arteriogram revealed 20 percent narrowing in the
proximal portion of the dominant right coronary artery. The left coronary artery was normal. The patient complained of short-
ness of breath 2 days before the tracing was recorded (B). ECG revealed atrial flutter with changes of acute inferior MI. Tracing
also shows poor R wave progression in the right precordial leads. ST segment depression and T wave inversion in the anterolat-
eral leads probably represent reciprocal changes of the acute inferior infarction. Coronary arteriogram obtained 4 days later
revealed complete occlusion of the right coronary artery in its midportion. Patient died 25 days later. At autopsy the heart
weighed 685 g, with dilatation of both atria and ventricles and left ventricular hypertrophy. The coronary arteries showed
atherosclerosis. The right coronary artery was occluded at its proximal portion. A transmural inferior MI was found extending
from the apex to the base. Microscopic examination revealed acute cellular and chronic vascular rejection of the allograft.
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According to Chou,194 chronic lung disease is
likely to be present if one or more of these P
wave changes and one or more of these QRS
changes is present.

Correlation with Severity of Lung Disease

Spodick and associates analyzed the ECGs of
301 patients with various degrees of pulmonary
emphysema.196 In 77 percent of patients the
P axis was between þ70 and þ90 degrees. The
presence of tall peaked P waves >0.25 mV in
the inferior leads was associated with moderately
severe or severe disease, but the presence of
peaked P waves of normal amplitude (found in
54 percent of cases) had no relation to the
degree of functional impairment. Other investi-
gators found that the rightward shift of the



Figure 12–43 T wave abnormalities after nonpenetrating trauma in a 30-year-old woman involved in a motor vehicle
accident during which her chest hit the dashboard of the car. ECG recorded immediately after the accident showed diffuse
T wave changes that became more marked by the next day, when this tracing was obtained. T wave inversion is most
pronounced in the precordial leads.

Figure 12–44 Right bundle branch block (RBBB) due to nonpenetrating trauma in a 21-year-old man who was involved in
a motor vehicle accident during which his chest hit the steering column. He sustained multiple injuries including laceration
of the liver and spleen. ECG shows complete RBBB, which resolved 4 days later.
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P axis is helpful for estimating the severity of the
lung disease.197 Occasionally the negative com-
ponent of the biphasic P wave in the right pre-
cordial leads is quite prominent; but unlike
that with left atrial enlargement, the slope of
the line connecting the peak of the positive and
the nadir of the negative P deflection is normal
(i.e., fairly steep). Baljepally and Spodick198 con-
firmed in a study of 100 patients with vertical
P wave axis (>70 degrees) that such an axis is a
highly sensitive (89 percent) and highly specific
(96 percent) sign of pulmonary emphysema.
A frontal plane QRS axis to the right of þ60
degrees is present in about 60 percent of patients
with emphysema.192 The degree of right axis
deviation is significantly related to the degree
of airway obstruction.198 The S1S2S3 pattern is
present in about one fourth of the patients.192

This pattern has been attributed to the con-
duction delay in the right ventricle.199 Leftward
displacement of the transitional zone with
an R/S ratio of <1 in leads V5 and V6 is also a
frequent finding in patients with severe
COPD.194



Figure 12–45 Atrial fibrillation due to nonpenetrating trauma in a 32-year-old man who was involved in a head-on motor
vehicle collision. He had external evidence of chest injury and no history of cardiac disease. A, ECG obtained shortly after
the accident shows atrial fibrillation with rapid ventricular response. There is slight flattening of the T waves in the left pre-
cordial leads. Later tracings proved the slight diffuse ST segment elevation to be due to early repolarization instead of peri-
carditis. No pericardial rub was heard. Cardiac enzymes and an echocardiogram were normal. Atrial fibrillation converted to
normal sinus rhythm the next day. B, Tracing obtained on the third day shows diffuse ST segment elevation attributed to
“early repolarization”.
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In patients with chronic bronchitis, a rightward
shift of the axis, increased P amplitude, and a QRS
pattern suggestive of RVH are seldom present until
the 1-second forced expiratory volume (FEV1) is
less than 45 percent of the predicted normal
value.200 In a study of 112 patients, a rightward P
wave axis was present in 29 percent and an RVH
pattern in only 10 percent.194,201

The best criteria for judging the severity of
COPD are: (1) an R amplitude in V6 of
<0.5 mV; (2) R/S amplitude in V6 of �1.0 mV;
and (3) increased P wave amplitude in leads II
and III.202 The best indicators of deteriorating
pulmonary function in patients with COPD are
reported to be (1) progressive reduction of
the R wave and R/S ratio in the orthogonal lead
x (also lead I and left precordial leads);
(2) progressive shift of the QRS axis in the supe-
rior direction; and (3) rightward shift of the
P wave axis.

In 150 patients with severe emphysema, the
presence of advanced disease was suggested by:
(1) increased P wave amplitude in leads II, III,
and aVF; (2) Ta wave >0.1 mV in leads II, III, and
aVF; (3) vertical heart position; (4) deep S waves
in the left precordial leads; and (5) tendency to



Figure 12–46 Electrical injury in a 22-year-old painter who hit a 4400-volt power line while moving an aluminum ladder.
He lost consciousness, and cardiopulmonary resuscitation was applied within a few minutes. After he was transported to a
nearby hospital, he was found to have ventricular tachycardia and ventricular fibrillation. Normal sinus rhythm resumed after
direct-current countershock. A, The 12-lead ECG shows sinus tachycardia with marked ST segment elevation in the antero-
lateral leads, suggesting myocardial injury. Anterolateral myocardial infarction may be present. B, One day later, the heart
rate is slower. ST segment elevation in the anterolateral leads is less pronounced.
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low voltage.203 A study of 126 patients with severe
COPD was reported by Smit et al.204 Of the initial
25 ECG variables, only the P wave amplitude in
lead II and the S wave amplitude in lead V6 were
predictive of 5-year survival.
Transient changes during exacerbations of pul-
monary insufficiency in patients with incipient or
overt cor pulmonale include Twave inversion in
the right precordial leads, ST segment depression
in leads II, III, and aVF, and transient RBBB.205



Figure 12–47 ECG of a 57-year-old man with severe chronic obstructive airway disease shows sinus tachycardia, right
axis deviation, incomplete right bundle branch block, and deep S waves in the left precordial leads.
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Diagnosis of RVH in the Presence of COPD

Autopsy correlations in 46 patients with chronic
lung disease showed that the most reliable sign
of RVH was right axis deviation and dominant
S waves in the left precordial leads.206 Other find-
ings suggestive of RVH include signs of right
atrial enlargement, an RSR0 or QR pattern in lead
V1, or an inverted T wave in the right precordial
or inferior leads194 (Figure 12–48). In the pres-
ence of an rSr0 pattern in the right precordial
leads,193 a slurred S wave in the left precordial
leads and a prominent R wave in lead aVR may
indicate the presence of RVH. The ECG was of lit-
tle value in the diagnosis of RVH in the presence
of coexisting LVH or myocardial ischemia.204
Figure 12–48 ECG of a 67-year-old woman with acute exace
pattern of chronic lung disease with a vertical QRS axis in the
T wave inversion occurred transiently during exacerbation of th
shown). Right ventricle was dilated, left ventricle was of norma
in the nuclear scan after infusion of dobutamine.
Arrhythmias and COPD

Other than sinus tachycardia, the arrhythmias in
patients with pulmonary insufficiency tend to be
transient and occur predominantly during exa-
cerbation of disease, respiratory failure, infection,
or pulmonary embolism. The arrhythmias are
mostly supraventricular in origin. Multiform atrial
tachycardia is almost pathognomonic of the pre-
sence of pulmonary insufficiency. Other atrial
tachyarrhythmias are ectopic uniform atrial tachy-
cardia, atrial flutter, and (less often) atrial fibrilla-
tion. Among 1482 patients with severe COPD,
arrhythmias were present in 7 percent.207 Most
of the patients also had evidence of RVH.194,207

An increased incidence of ventricular ectopic
rbation of chronic obstructive airway disease. ECG shows a
frontal plane and deep S waves in the left precordial leads.
e disease and regressed within 4 days in leads V3–V6 (not
l size, and there was no evidence of myocardial ischemia



TABLE 12–1 ECG Changes Suggestive
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frequency in patients withCOPDwas observed dur-
ing sleep in the presence of oxygen desaturation.208
of Pulmonary Embolism
PNEUMOTHORAX

Negative T3 Clockwise rotation

SI Sinus tachycardia “P pulmonale”
QIII Recent axis shift Complete or

incomplete right
bundle branch block

Negative T in two or
more right
precordial leads

Atrial arrhythmias
The ECG changes in patients with pneumotho-
rax are caused chiefly by displacement of the
heart, resulting most often in right axis devia-
tion, regardless of whether the pneumothorax
occurs on the left or the right.194 Insulation by
the air often causes low voltage, and QS deflec-
tions may be present in several precordial leads.
There may also be ST segment elevation and
T wave inversion simulating a pattern of MI.
Some of these changes may be partially normal-
ized when the ECG is recorded with the patient
in the upright position.209 The incidence of the
pseudoinfarction pattern, however, is low rela-
tive to the common occurrence of the rightward
shift of the QRS axis, diminution of the precor-
dial R voltage, decrease in QRS amplitude, and
precordial T wave inversion.210 A large sponta-
neous pneumothorax may produce a pattern of
acute cor pulmonale (see Figure 8–37).
SCOLIOSIS
Among 802 patients (586 younger than 18
years) with isolated scoliosis followed or oper-
ated on (or both), the data for such variables as
heart rate, QTc, P wave amplitude, PR interval,
and QRS amplitude were similar to the data
reported for the population without scoliosis.211

The QRS axis in the frontal plane was normal in
94 percent of patients under 18 years of age and
in 87 percent of patients older than 18 years.
Right axis deviation was present in 5 percent
and RVH in 2 percent; they were equally fre-
quent in younger and older age groups. Left axis
deviation was present in 1 percent of the youn-
ger age group and in 8 percent of the older age
group. In this study, only 1.3 percent of patients
had associated congenital heart disease.
ACUTE PULMONARY EMBOLISM
ECG Findings

Acute pulmonary embolism can produce an ECG
pattern of acute cor pulmonale (see Chapter 8).
Table 12–1 lists ECG changes suggestive of pulmo-
nary embolism. The changes listed can be attribu-
ted to the following four factors: (1) increased
sympathetic stimulation; (2) change in cardiac
position; (3) dilation of the right ventricle; and
(4) possible ischemia of the right ventricle. The last
two factors, in turn, can be attributed to acute pul-
monary hypertension.212–215
Allen and Surawicz216 evaluated the useful-
ness of the ECG for (1) supporting evidence of
a clinically suspected pulmonary embolism and
(2) the ability to detect clinically unsuspected
pulmonary embolism. The study included 100
patients with the ECG pattern identified by the
code number based on the signs listed in
Table 12-1. The researchers found that, among
36 patients in whom pulmonary embolism was
suspected by the referring physician, the ECG
provided evidence to support the diagnosis in
69 percent of cases. However, among 64 patients
in whom the electrocardiographer suggested the
diagnosis of pulmonary embolism to the clini-
cian, the ECG contributed to the detection of
pulmonary embolism in only 8 percent (5
patients). In 20 percent of this group no diag-
nosis was found to explain the ECG pattern,
and in 72 percent the clinical diagnosis simulat-
ing pulmonary embolism was consistent with
acute cor pulmonale caused by pneumonia (12
patients), COPD (15 patients), postpneumonect-
omy (2 patients), pneumothorax and atelectasis
(5 patients), pleural effusion (3 patients), upper
airway obstruction (2 patients), and other condi-
tions (7 patients). This study underscores the
lack of specificity of ECG changes produced by
acute cor pulmonale of different etiologies.

The incidence of the various ECG abnormal-
ities in 30 patients with proven pulmonary
embolism in this study was as follows: sinus
tachycardia in 73 percent, “P pulmonale” in 33
percent, RBBB in 20 percent, axis shift in 23 per-
cent, SI in 60 percent, QIII in 53 percent, nega-
tive TIII in 20 percent, negative T in two or
more precordial leads in 50 percent, supraven-
tricular arrhythmia in 13 percent, and “clock-
wise rotation” in 56 percent. In 49 consecutive
patients with pulmonary embolism reported by
Sreeram et al.,217 the incidence of these vari-
ables was as follows: (1) incomplete or complete
RBBB (n ¼ 33) associated with ST segment eleva-
tion in lead V1 (n ¼ 17); (2) S waves in leads
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I and aVL of >0.15 mV (n ¼ 36); (3) a shift in
the transition zone in the precordial leads to V5

(n ¼ 25); (4) Q waves in leads III and aVF but
not in lead II (n ¼ 24); (5) right axis deviation
(n ¼ 15); (6) a low-voltage QRS complex in limb
leads (n ¼ 10); and (7) Twave inversion in leads
III and aVF (n ¼ 16) or leads V1 to V4 (n ¼ 13).
In three other studies in which the number of
patients with pulmonary embolism ranged from
50 to 90,218,219 the incidence of ECG abnormal-
ities was similar to those in the personal study:
sinus tachycardia, 48 to 68 percent; SIQIII or
SIQIIITIII pattern, 12 to 25 percent; RBBB, 14 to
25 percent; T inversion in right precordial
leads, 10 to 46 percent; ST segment elevation in
lead III, 16 to 28 percent; clockwise rotation, 7
to 60 percent; P pulmonale, 6 to 28 percent;
atrial tachyarrhythmias (atrial tachycardia,
atrial flutter, atrial fibrillation), 14 to 38 percent;
and no significant abnormalities, 20 to 24
percent.

The large variability of results is not sur-
prising because the incidence and severity of
the ECG pattern depends on the timing and
magnitude of the obstruction in the pulmonary
arterial tree. Most observers have emphasized
the transient nature of the ECG abnormalities.
Patients with a normal ECG generally have a
small perfusion defect and low pulmonary arte-
rial pressure.219 When pulmonary embolism is
sufficently large to produce marked hypoxemia,
severe hypotension, or shock, ECG changes are
present in nearly all cases.194 In a group of
patients with massive pulmonary embolism,
Twave inversion or RBBB was present in 62 per-
cent of patients; only 3 patients had normal
Figure 12–49 ECG of a 46-year-old woman with documente
thymoma. Echocardiogram showed normal left ventriclar functio
pressure was 30 mmHg. ECG shows sinus tachycardia, prem
regressed within 4 weeks (not shown).
tracings.220 T wave inversion in leads V1–V4 is
the most persistent of all ECG abnormalities,
lasting an average of 41 days (range 16–120
days)210 (Figure 12–49). A global T wave inver-
sion with QT prolongation has been reported.221

ECG Differentiation of MI from Pulmonary
Embolism and Chronic Cor Pulmonale

The ECG changes associated with pulmonary
embolism may simulate acute inferior infar-
ction and, to a lesser degree, anterior infarction
(Figure 12–50; see also Figure 8–38). In
patients with pulmonary embolism, a signifi-
cant Q wave may appear in leads III and aVF,
and the ST segment may be slightly elevated in
these leads. The degree of ST elevation is usu-
ally less than would be expected in the presence
of an acute inferior infarction. Similar to right
ventricular infarction, the ST segment may be
elevated in leads V4R–V6R.

222 With pulmonary
embolism the T wave is frequently negative in
lead III and less frequently negative in lead aVF.
Rapid regression of these changes, particularly
disappearance of the Q wave in serial tracings,
favors a diagnosis of pulmonary embolism
rather than MI. When the ECG changes in the
inferior leads are accompanied by Twave inver-
sion in the right precordial leads, the ECG pat-
tern erroneously suggests an inferior infarction
(Figure 12–51).

In some cases the ECG is of no help in the
differential diagnosis between myocardial ische-
mia and non-Q wave MI of the anterior wall
and chronic cor pulmonale. The latter can be
recognized on the ECG by the presence of
d pulmonary embolism following resection of a malignant
n and right atrial enlargement; the estimated right venticular
ature atrial complexes, and T wave abnormalities, which



Figure 12–50 Acute pulmonary embolism simulating acute inferior myocardial infarction (MI) in a 67-year-old man who
was brought to the hospital because of syncope and shock. A, ECG obtained on arrival shows complete right bundle branch
block (RBBB). Q wave is present in lead III, with ST segment elevation in all the inferior leads. ST segment depression is pres-
ent in leads I, aVL, and V4–V6. Acute inferior MI was diagnosed. On the same day, repeated ECGs show disappearance of the
RBBB pattern. A definite Q wave also has developed in leadaVF , with T wave inversion in the inferior leads. B, Tracing
recorded 2 days later shows that the Q wave in lead III is smaller, and the Q wave in lead aVF is no longer present. In the
precordial leads, there is leftward displacement of the transitional zone, with T wave inversion from leads V1–V5. Radioiso-
tope lung scan revealed large perfusion defects. Serial enzymes were not consistent with MI. The tracing gradually returned
to normal. C, Tracing made 2 weeks later shows no Q wave in the inferior leads. QRS complexes are within normal limits.
Minor ST and T changes are consistent with a digitalis effect.
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various RVH patterns (Figures 12–52 and 12–53;
see also Figures 3–16 and 3–20). In patients with
pickwickian syndrome, RVH and right axis devi-
ation (see Figure 3–22) or right axis deviation
alone (Figure 12–54) is often present.
Congenital Heart Disease in Adults

Adult patients with congenital heart disease belong
in two categories: those who have undergone



Figure 12–51 ECG of a 35-year-old woman with a pulmonary embolism simulating inferior myocardial infarction.
The negative T waves in leads V1–V3 are attributed to right ventricular “strain” or ischemia.

Figure 12–52 ECG of an 87-year-old woman with chronic cor pulmonale simulating posterolateral myocardial infarction.
Echocardiogram showed massive dilation of the right atrium and right ventricle with an estimated pulmonary artery pressure
>100 mmHg. ECG shows sinus tachycardia, premature atrial complex, PR interval of 220 ms, right axis deviation, right atrial
enlargement, and right ventricular hypertrophy pattern.
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corrective or palliative surgical intervention and
those who have not. In both categories, the ECG
may reveal certain specific characteristics that
provide helpful clues to the clinical diagnosis of
various congenital defects.

Atrial Septal Defect

Most adult patients with atrial septal defect
(ASD) maintain a sinus rhythm for a long time;
but with the advanced stages of the disease,
which are usually associated with marked atrial
enlargement, one frequently encounters atrial
tachycardia, atrial flutter, or atrial fibrillation.
The latter was found in 13 to 19 percent of adult
patients.223,224 The arrhythmias tend to persist
after surgical correction of the defect and in
some cases appear for the first time after ope-
ration.225,226 This was attributed to right atrial
stretch and persisting conduction delay at the
crista terminalis after closure of ASD.227

In the study of Brandenburg et al.,228 the inci-
dence of paroxysmal atrial tachyarrhythmias in
188 patients age 44 years or older was 14 per-
cent (16 patients had atrial fibrillation, 2 atrial
flutter, and 9 atrial tachycardia). During the
postoperative period, attacks of atrial fibrillation
tended to increase in severity, and atrial fibrilla-
tion became sustained in 88 percent of patients
with paroxysmal atrial fibrillation, whereas par-
oxysmal supraventricular tachycardia gradually
diminished or disappeared.

The P wave may show signs of right atrial
enlargement,229 and the PR interval may be



Figure 12–53 ECG of a 32-year-old man with familial pulmonary hypertension (pulmonary artery pressure 70/46 mmHg).
Note the right ventricular hypertrophy pattern with inverted T waves in the precordial leads.

Figure 12–54 ECG of a 30-year-old man with sleep apnea and morbid obesity (height 5 feet, 7 inches; weight 377
pounds). Left ventricular dimensions and function were normal, and there was no evidence of stress-induced ischemia. Note
the right axis deviation.
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prolonged. The incidence of a prolonged PR inter-
val and advanced AV block is higher in patients
with ASD primum than in those with ASD secun-
dum. The frontal plane QRS axis is most helpful
in the differential diagnosis between secundum
and primum ASD. With the secundum defect, the
mean QRS axis is (with few exceptions) between
0 and þ180 degrees and in most cases to the right
of 100 degrees223,230 (Figure 12–55).

In one study of 910 patients with a secun-
dum-type ASD defect, left axis deviation was
present in only 2 to 3 percent. In contrast, most
patients with ASD primum have left axis devia-
tion superior to –30 degrees (Figure 12–56).
Pryor et al.230 found that in 91 percent of
patients with ostium primum defect, the mean
frontal axis was superior to 0 degrees, and no
patient had true right axis deviation.
The right axis in the secundum defect can be
attributed to right ventricular overload, whereas
the superior axis (as in left anterior fascicular
block) is believed to be caused by preexcitation
of the posterobasal region of the left ventricle
resulting from an abnormal anatomic structure
of the conducting system and not being counter-
balanced by the excitation front in the anterior
wall.231 In support of this hypothesis, Feldt
et al. found a marked posteroinferior displace-
ment of the left bundle branch system and rela-
tive hypoplasia of the anterior left bundle
branch fascicle in hearts with a partial or com-
plete form of AV canal.232

With the sinus venosus type of ASD defect,
which comprises 12 percent of all ASDs, the
frontal QRS axis is similar to that of the ASD
secundum type. In 50 cases of sinus venosus



Figure 12–56 Two cases of ostium primum atrial septal defect proved at autopsy. A, ECG of a 22-year-old woman with a
large left-to-right shunt and normal pulmonary arterial pressure. Note the marked abnormal left axis deviation. The morphol-
ogy of the QRS complex in lead V1 is normal and is not typical of an atrial septal defect. B, The tracing from this 37-year-old
woman shows first-degree atrioventricular block. The frontal plane QRS axis is about þ20 degrees, which is atypical for an
ostium primum defect. Lead V1 shows a normal rS complex.

Figure 12–55 Preoperative ECG of a 27-year-old woman with a large (6-cm diameter) atrial septal defect, secundum type,
and mild pulmonary hypertension. Note the right axis deviation, incomplete right bundle branch block, and a pattern
suggestive of left atrial enlargement and right ventricular hypertrophy.
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defect the QRS axis in the frontal plane ranged
from þ45 to þ135 degrees in all but 3 patients,
in whom the axis was directed leftward; in 44
percent of patients the axis was to the right of
þ90 degrees.233

The most characteristic ECG finding in
patients with all types of ASD is incomplete
RBBB with an rSR0 or rSr0 pattern in lead V1

(Figures 12–55 and 12–57). It was present
in 60 percent of 370 patients from four studies
reviewed by Chou.223 Complete RBBB occurs in
5 to 19 percent of cases223 and is more prevalent
in older patients. Other morphologies of the
QRS complex in lead V1 include RS, Rs, qR,
qRS, monophasic R, RSR0S0, or a normal rS or
QS pattern.223 In the presence of increased pul-
monary artery pressure, the ECG shows an
RVH pattern manifested by increased amplitude
of R (or R0) or a qR pattern in lead V1.

219,229

A frequently observed pattern in patients with
secundum or sinus venosus ASD, independent of
the RBBB, is a notched R wave in the inferior
limb leads.234 This pattern, called “crochetage,”
was observed in 73.1 percent of patients with



Figure 12–57 Four proved cases of ostium secundum atrial septal defect with different QRS morphology in lead V1 and
different hemodynamic findings. A, A 43-year-old man had a small left-to-right shunt and normal pulmonary arterial pres-
sure. He had paroxysmal atrial flutter. ECG shows sinus rhythm and an rSR0s0 pattern in lead V1. Frontal plane QRS axis is
indeterminate. B, A 44-year-old woman had a pulmonary arterial pressure that was moderately elevated and a pulmo-
nary-to-systemic flow ratio of 3:1. Lead V1 shows a qR pattern. C, A 32-year-old man had autopsy-proven ostium secundum
atrial septal defect, anomalous pulmonary venous return to the right atrium, and severe pulmonary hypertension. ECG
showed abnormal right axis deviation and an rsR0 pattern in lead V1 with tall R0. There are also secondary ST and T wave
changes in the right and mid-precordial leads. D, A 40-year-old woman had a secundum-type defect proved at surgery. Pul-
monary arterial pressure was normal. She had a large left-to-right shunt, with a pulmonary-to-systemic flow ratio of 6:1. The
PR interval on the ECG is 0.22 second. Frontal plane QRS axis is indeterminate. QRS duration is 0.12 second, and there is an
rsR0 pattern in lead V1 consistent with complete right bundle branch block. Some of the ST and T wave changes probably are
due to a digitalis effect.
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ASD.234 The incidence of “crochetage” was
lower in patients with a ventricular septal defect,
pulmonary stenosis, or mitral stenosis and in
normal subjects.232 In patients with ASD the
incidence increased in the presence of greater
left-to-right shunt; and early disappearance was
observed in 35.1 percent after surgical closure
of the defect. The sensitivity and specificity of
the notch for diagnosis of ASD are fairly high
when it is associated with incomplete RBBB or
when present in all three “inferior” leads. The
cause of this pattern remains unexplained.
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With the advent of echocardiography it
became evident that the classic ECG criteria for
diagnosing primum, secundum, and sinus veno-
sus ASD have limited sensitivity compared with
echocardiography and should not be relied on
to exclude the diagnosis of ASD in practice.235

Ventricular Septal Defect

The ECG reflects the hemodynamic characteris-
tics of the ventricular septal defect (VSD).233–235

A normal ECG suggests a small VSD. The pattern
of LVH associated with signs of left atrial enlarge-
ment236 indicates a moderate left-to-right shunt
without pulmonary hypertension. The pattern of
combined left and right ventricular hypertrophy
with large biphasic QRS complexes in the stan-
dard limb and mid-precordial leads, as described
by Katz and Wachtel,237 is often present in
patients with a large defect and variable degree
of pulmonary hypertension (see Figure 3–8). In
patients with marked pulmonary hypertension
(i.e., Eisenmenger syndrome), RVH predomi-
nates. The two most commonly encountered
ECG patterns in adults with VSD are a normal
ECG associated with a small left-to-right shunt
and an RVH pattern indicating severe pulmonary
hypertension.223

The sinus rhythm is usually maintained in
patients with Eisenmenger syndrome; right atrial
enlargement is often present, and the frontal
QRS axis is deviated to the right (except in some
cases of VSD associated with an endocardial
cushion defect). There is also evidence of RVH
with or without LVH238 (see Figure 3–13).
Figure 12–58 Patent ductus arteriosus in a 19-year-old man,
was demonstrated at cardiac catheterization, and the pulmonar
QRS axis of –15 degrees. The QRS voltage and ST and T wave
During the stage preceding irreversible pul-
monary hypertension, the ECG of patients with
large defects and bidirectional shunts often
shows a fairly characteristic S1S2S3 pattern. In
the study of Burch and DePasquale,239 this pat-
tern was present in 35 percent of 110 patients.239

In another 36 percent of these patients, a deep S
wave was present in leads I and II but not in lead
III.238 The presence of deep Swaves in the standard
limb leads is often associated with R0 in lead V1,
deep Swaves in leads V5 and V6, and a deepQwave
in lead V6. These ECG changes were attributed
to hypertrophy of the crista supraventricularis
caused by the volume overload of the right ven-
tricle analogous to the abnormalities in patients
with ASD.223,239

Aorticopulmonary Septal Defect

Aorticopulmonary septal defect is seldom
encountered in adults. The prevalent ECG pat-
tern is that of biventricular hypertrophy.240

Patent Ductus Arteriosus

Among those with patent ductus arteriosus, the
ECG is usually normal when the ductus is small.
In patients with a large left-to-right shunt, an
LVH pattern is usually present (Figure 12–58),
sometimes with upright Twaves in the left precor-
dial leads (“diastolic overload pattern”). In the
presence of pulmonary hypertension and a bi-
directional or reversed shunt, the ECG usually
shows either RVH or combined ventricular hyper-
trophy. Sinus rhythm is usually maintained, and
with the diagnosis proven at surgery. A 3:1 left-to-right shunt
y arterial pressure was normal. ECG shows a frontal plane
changes are consistent with left ventricular hypertrophy.
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the PR interval is prolonged in about 10 percent of
patients.241

Discrete Subaortic Stenosis

The ECG findings in patients with discrete sub-
aortic stenosis are similar to those in patients
with aortic valvular stenosis.242

Coarctation of the Aorta

The predominant ECG abnormality in patients
with coarctation of the aorta is an LVH pattern
caused by hypertension. In a series of 200 cases,
increased QRS voltage with normal T waves was
present in 22 percent and with secondary ST and
T wave abnormalities in 18 percent (Figure
12–59).243 The latter occurred usually in patients
who had associated abnormalities, such as aortic
valve disease or VSD.223 In one study of 234
patients, the incidence of additional congenital
heart lesions was 34 percent.244

In about half of patients with coarctation of
the aorta, the ECG is normal. Signs of left atrial
enlargement are seen in about 20 percent of
patients223 and first-degree AV block in about
10 percent.245

RBBB is present in 10 to 20 percent of
patients with coarctation of the aorta without
other associated congenital anomalies.223,245

The high incidence of this pattern is incom-
pletely understood.
Figure 12–59 Coarctation of the aorta in a 19-year-old man.
subclavian artery. During catheterization there was a gradient
ST and T wave abnormalities are seen in the left precordial lead
nosed, as the voltage of the QRS complex is within the normal
Pulmonary Stenosis

The ECG of patients with isolated pulmonary
stenosis reflects the presence of concentric
RVH and right atrial enlargement. The fre-
quency and severity of the ECG abnormalities
depend on the severity of the obstruction.246,247

In patients with mild pulmonary stenosis the
ECG is usually normal.245 When the pulmonary
stenosis is moderately severe, an rSR0 pattern in
lead V1 may be present, but most patients with
moderately severe pulmonary stenosis have a
monophasic R, qR, or RS complex with depressed
ST segment and inverted T wave,223 similar to
the ECG of children (Figure 12–60; see also
Figure 3–18). In a study of 105 patients, Cayler
et al.248 found that the presence of an R wave
>2 mV in lead V1 was usually associated with
a right ventricular pressure of >100 mmHg
(see Figure 3–14). In another study of 539
patients with isolated valvular pulmonary ste-
nosis, an RSR0 pattern in lead V1 was found in
20 percent. On average, patients with an RSR0
pattern had lower right ventricular systolic
pressure and a lower gradient across the valve
than patients with a QR, R, or RS pattern. An
R0 wave of a given voltage was associated with
generally lower right ventricular systolic pres-
sure than an R wave of equal amplitude.249

The PR interval and the QRS duration are usu-
ally normal in patients with isolated pulmonary
stenosis.
The coarctation is located just beyond the origin of the left
of 67 mmHg across the area of constriction. On the ECG,
s. Left ventricular hypertrophy could not be definitely diag-
range for the patient’s age.



Figure 12–60 ECG of a 5-year-old child with moderately severe valvular pulmonary stenosis (right ventricular systolic
pressure 50 mmHg) shows right ventricular hypertrophy. Note the half-normal standardization.
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Tetralogy of Fallot

Tetralogy of Fallot and the related trilogy and
pentalogy manifest in many anatomic forms
and hemodynamic patterns. The ECG is nearly
always abnormal, and the abnormality some-
times indicates the hemodynamic status caused
by the anomaly.223

Right atrial enlargement is seen in about 30 to
50 percent of patients.223,250,251 The most
commmon other abnormality is right axis devia-
tion and an RVH pattern (see Figure 3–10). R or
rR0, rSR0, rs or RS, and qR patterns in lead V1 are
seen, in descending order of frequency.223 In a
study of 25 adult patients not previously oper-
ated on, an rSR0 pattern in lead V1 was present
Figure 12–61 ECG of a 43-year-old woman admitted for imp
ventricular tachycardia. She underwent operative treatment fo
childhood, followed by complete repair at age 38. Note the rig
in 58 percent.252 In patients who have undergone
corrective surgery, RBBB with or without left ante-
rior fascicular block is the most prevalent ECG
pattern253,254 (Figure 12–61). In one study255 a
QRS duration >150 ms was significantly asso-
ciated with postoperative right ventricular dys-
function and significant regurgitation of the
pulmonary valve.

Ventricular arrhythmias, including nonsus-
tained ventricular tachycardia, are frequently
present in adults after repair of tetralogy. In a
retrospective study of 359 postoperative patients
with tetralogy of Fallot, 48 percent had ventricu-
lar ectopic activity during 24-hour ambulatory
monitoring, and in 17 percent ventricular
tachycardia was inducible during programmed
lantation of a cardioverter-defibrillator to treat symptomatic
r tetralogy of Fallot (probably a Blalock procedure) during
ht bundle branch block with a QRS duration of 172 ms.
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electrical stimulation.255 Supraventricular arr-
hythmias, including SA conduction disturbances,
atrial fibrillation, and atrial flutter, were found
in one third of the adult patients in whom tetral-
ogy was surgically repaired257 (Figure 12–62).
The incidence of arrhythmic sudden cardiac death
in patients after repair of tetralogy is estimated to
be 1 to 5 percent, but the cause is unknown.258,259

Late sudden death was associated with transient
complete AV block that persisted beyomd the third
postoperative day.260

Ebstein’s Anomaly

The wide spectrum of anatomic anomalies asso-
ciated with downward displacement of the tricus-
pid valve ranges from the mild form of “form
fruste” to severe disabling conditions with severe
tricuspid regurgitation.261 In typical cases the
ECG shows a characteristic pattern that some-
times provides the first clue to the diagnosis.

Abnormal P waves suggestive of right atrial
enlargement are present in 60 to 95 percent of
patients.262,263 Before the advent of surgical
treatment for this condition, high-amplitude
P waves suggested a poor prognosis.263 The PR
interval is prolonged in 16 to 34 percent of
patients.261,264,265

RBBB is present in most cases, but the pattern
is atypical because the QRS amplitude is low and
the QRS complex in the right precordial leads
tends to be polyphasic (i.e., rSR0, rSrs0, or RS)
(Figures 12–63 and 12–64). In one series a
low-voltage, polyphasic, notched and slurred
QRS complex in right-sided precordial leads
I

II

III aVF

aVL

aVR

Figure 12–62 Supraventricular tachycardia, probably ectopic
old woman who underwent surgical correction of tetralogy of
(124 ms), possibly due to flecainide, and there is right axis devi
was present in 47 percent of cases. Q waves in
lead V1 are often present in association with tri-
cuspid regurgitation.266 Deep wide Q waves with
a negative T wave are often present also in leads
II and III.256,261 A QR or Qr pattern with Twave
inversion in leads V1–V4 has been considered by
some authors to be almost pathognomonic
of Eb stein’s anoma ly. 223,266 The presence of
notched r0 or R0 is attributed to delayed activa-
tion of the “atrialized” right ventricular wall.261

An RVH pattern is not observed in uncompli-
cated Ebstein’s anomaly.

A right-sided AV accessory pathway is present
in 7 to 25 percent of patients with Ebstein’s
anomaly.261,262,265 The WPW pattern and RBBB
seldom coexist; but if the co-existence occurs,
an RBBB of low amplitude is almost diagnostic
of Ebstein’s anomaly223 (see Figures 12–63 and
12–65). The most common serious arrhythmia
is the orthodromic or antidromic AV circus move-
ment tachycardia utilizing the bypass tract. Sup-
raventricular tachycardia, atrial fibrillation, or
ventricular tachycardia was found in 34 of 52
patients preoperatively.267 After operation for
repair of Ebstein’s anomaly, more than one half
of patients had symptomatic supraventricular or
ventricular tachycardias during follow-up.268

Intracardiac electrograms may be useful for
documenting atrialization of a portion of the
right ventricle. Some ECG findings encountered
in patients with Ebstein’s anomaly may be mis-
leading. A wide P wave of 0.12 to 0.19 second’s
duration may lead to a false diagnosis of left
atrial enlargement,261 and RBBB with a qR or
qRs pattern in lead V6 may falsely suggest LVH.
V1

V2

V3 V6

V5

V4

atrial tachycardia, with a prolonged PR interval in a 26-year
Fallot in early childhood. The QRS duration is increased
ation and right ventricular hypertrophy.



Figure 12–64 ECG of a 29-year-old woman born with Ebstein’s anomaly. She had been operated on at age 2 and is now
admitted to the hospital with atrial flutter and severe tricuspid regurgitation. Note the atrial flutter with a predominant 2:1
response and right bundle branch block with a characteristic wide terminal QRS portion of relatively low amplitude. QRS
duration is 196 ms.

Figure 12–65 Ebstein’s anomaly with Wolff-Parkinson-White pattern in a 7-year-old girl. PR interval is 0.09 second. QRS
duration measures 0.12 second. Delta waves are present and are inscribed downward in leads V4R and V1. Signs of right bun-
dle branch block are also present, with an R0 in leads V4R and V1. (Courtesy of Dr. Samuel Kaplan.)

Figure 12–63 Ebstein’s anomaly with Wolff-Parkinson-White syndrome in a 35-year-old woman. Diagnosis of Ebstein’s
anomaly was confirmed at surgery. PR interval is 0.20 second. There is a complete right bundle branch block with a QR
pattern in lead V1. Some of the ST and T wave changes are probably due to digitalis effects.
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The ECG findings in patients with partial
parchment of the right ventricular wall (i.e., Uhl’s
anomaly) may be similar. In one reported case of
this anomaly with an inexcitable right ventricle,
examination of the conducting system revealed
destruction of both bundle branches; and the
ECG showed bilateral bundle branch block.269

Dextrocardia

In the presence of dextrocardia with situs inversus,
the ECG has the appearance of a tracing in which
the right and left arm electrodes are reversed, the
precordial lead in V1 position corresponds to lead
V2, and the lead in V2 position corresponds to lead
V1, whereas the leads in V3R to V6R positions corre-
spond to leads V3–V6 and leads V3–V6 correspond
to leads V3R–V6R. Leads aVR and aVL are reversed.
Dextrocardia is suspected when the P wave is neg-
ative in lead I. Reversal of the right and left arm
electrodes results in the same pattern in the limb
leads, but, unlike dextrocardia, the morphology
of the precordial leads is practically unaffected.

Proper interpretation of the ECG in the pres-
ence of dextrocardia requires recording precordial
leads on the right side of the chest. Dextrocardia
with situs inversus should be differentiated from
dextroposition, which means displacement of the
heart, most often an acquired condition (Fig-
ure 12–66). Dextrocardia without situs inversus is
nearly always associated with other congenital
anomalies and is rarely encountered in adults.
Figure 12–66 Dextroposition in a 40-year-old woman with a
of congenital origin. Heart and mediastinum are displaced to the
for a relatively large R wave in lead II and S wave in lead aV
amplitude of the R waves decreases from V2 to V6.
Tricuspid Atresia

Tricuspid atresia is one of the few congenital cya-
notic heart diseases in which the ECG shows left
or superior axis deviation that meets the criterion
for left anterior fascicular block (Figure 12–67).
This pattern was present in a series of 18 adults
with tricuspid atresia, most of whom underwent
palliative surgery during childhood.270

Survivors of the Fontan operation for tricus-
pid atresia or other forms of functional single
ventricle are reaching adulthood in increasing
numbers.271 Atrial tachycardia, atrial flutter,
and fibrillation occur in 10 to 20 percent of
these patients.272
Survivors of Switch Operation for Complete
Transposition of Great Vessels

Flinn et al.273 studied 372 patients with complete
transposition of the great vessels who survived the
Mustard operation, which was performed at a
mean age of 2 years. The most important observa-
tion consisted of a decreasing prevalence of normal
sinus rhythm and the appearance of supraventricu-
lar tachyarrhythmias. Second- and third-degree
AV block was present in 3 percent of patients. Sud-
den cardiac death was weakly associated with the
presence of dominant ectopic tachyarrhythmias.
More recently, Puley et al.274 reported that, of 86
consecutive adults who had undergone the Mus-
tard procedure as children, only 39 percent were
hypoplastic right pulmonary artery and right lung, probably
right chest. On the ECG, the limb leads are normal except

R. Precordial leads show tall R waves in leads V1–V3; the



Figure 12–67 ECG of a 1-year-old male child with tricuspid atresia shows incomplete right bundle branch block and left
anterior fascicular block.
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arrhythmia free; 2 died suddenly, and pacemakers
were implanted in 19 (22 percent).

Corrected Transposition of Great Vessels

The position of the AV node is abnormal and AV
conduction disturbances are common in the pres-
ence of ventricular inversion and corrected trans-
position of the great vessels. Complete AV block
Figure 12–68 Corrected transposition of the great arteries in
cardiographic findings. No other anatomic cardiac lesion was fo
tional escape rhythm at the rate of 50 beats/min. A QS deflectio
seen in leads V5 and V6. Q waves are present in leads III and a
may be present.275 The initial QRS deflection has
the same direction as in LBBB because the ventric-
ular conduction system is inverted (Figure 12–68).
In the absence of other abnormalities, the duration
of theQRS complex and otherconduction intervals
is normal.276 An abnormal Q wave in leads V1 and
V2maymimic an anterior infarction, and an abnor-
mal Q wave in lead III may mimic an inferior
infarction.277,278
a 43-year-old woman. The diagnosis is supported by echo-
und. ECG shows complete atrioventricular block with junc-
n is apparent in lead V1, and an absence of Q waves can be
VF . P waves are abnormal.
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Heart Rate Variability

Heart Rate Turbulence
The sinoatrial (SA) node is a small structure
measuring about 5 � 15 � 1 mm. Its task is to
sort out various inputs regulating the heart rate,
assume control of the heart rate, and suppress
other automatic activity outside the SA node.
The SA node is strategically located in the lat-
eral part of the sulcus terminalis at the junction
of the superior vena cava and the atrium. It is
spindle shaped with a tail (cauda) running
down the sulcus terminalis toward the orifice
of the inferior vena cava. Usually, but not uni-
versally, a single SA node artery passes through
the node, but in some cases there are multiple
small arteries. The sinus node artery arises in
55 percent of individuals from the right coro-
nary artery and in 45 percent from the left
circumflex artery.1

The main cellular elements of the SA node are
small, densely packed, round, pale cells with
sparse myofibrils and rare gap junctions. The
pacemaker (p) cells are arranged in elongated
clusters and make contact with each other but
not with the ordinary working myocardium. The
latter communication is maintained via “transi-
tional” cells, which form a narrow zone at the
borders of the node, most abundantly in the crista
terminalis. Numerous autonomic ganglia and
nerves are in close proximity to the SA node.
Pacemaker cells are sensitive to stretch, tempera-
ture, pressure, and various tactile, osmotic, and
chemical stimuli. These properties enable them
to serve as receptors for sensing time, pressure,
volume, and chemical signals in the circulatory
system.2
The SA node is located superficially just under-
neath the epicardium; therefore it can be readily
damaged during cardiac surgery (e.g., cannulation
of great veins) or during surgical correction of
congenital anomalies (e.g., Mustard’s procedure).
The nodal cells are set in dense fibrous tissue. Dur-
ing normal aging the amount of fibrous tissue
increases relative to the space occupied by the
p cells.3 At an advanced age the connective tissue
tends to become predominant; and in extreme
cases, contact is lost between the nodal cells and
the atrial myocardium, a presumable substrate of
the sick sinus syndrome and SA block. The sinus
node electrogram recorded with transvenous elec-
trodes shows two low-frequency, low-amplitude
deflections that precede the P wave of the electro-
cardiogram (ECG).4,5 Direct recording of sinus
node potentials using the electrode catheter tech-
nique can be achieved in 50 to 86 percent of
patients,6 but obtaining stable recordings is often
difficult. There is a wide range in SA intervals (30
to 150 ms), and the values overlap for patientswith
normal and abnormal SA node function.6

The P wave during sinus rhythm is always
upright in leads I and II and inverted in lead aVR;
it is variable in leads III and aVL. In the precordial
leads the sinus P wave is upright in leads V4–V6

and is either upright, inverted, or most often
biphasic (positive-negative) in leads V1 and V2. In
sinus rhythm the morphology of the P wave in
the same lead usually does not change from beat
to beat, but minor variations in shape related to
the respiratory cycles may be seen, especially in
leads III and aVF.
327
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Initiation of the Sinus Impulse

High-resolution mapping in humans has shown
that initiation of the sinus impulse is dynamic
and can be multicentric, with more than one focus
initiating a single impulse.7 Shifts in the site of
origin correlatewith changes in rate and are consis-
tent with minor P wave changes observed on the
surface ECG.7 The term “wandering atrial pace-
maker” is used sometimes in the presence of vary-
ing P wave morphology. With rare exceptions, the
assumed wandering of the pacemaker in the sinus
node is seen only in the presence of sinus arrhyth-
mia. At fast rates, the P wave in the inferior leads is
taller and the PR interval is longer because the loca-
tion of the pacemaker is higher. At slow rates the
P wave in the inferior leads decreases in amplitude,
and the PR becomes shorter as the pacemaker is
shifted toward the tail of the sinus node. As long
as the pacemaker is confined within the sinus node
or its vicinity, the Pwaves remain upright in leads I,
II, V5, and V6. This relationship between the loca-
tion of the pacemaker and the morphology of the
P waves was documented during electrophysio-
logic studies in which the sinus node electrograms
were correlated with the body surface ECGs.8,9 In
everyday practice, however, it is difficult to deter-
mine whether the fluctuating P wave morphology
is caused by the shift of the pacemaker within the
sinus node, differences in the propagation of the
impulse in the atria, or respiratory variations. For
this reason the term “wandering pacemaker” is
not useful.
Sinus Rate

It is well known that the sinus rate decreases
with age, both at rest and during exercise. In
adults, sinus bradycardia and sinus tachycardia
cannot be defined precisely because the values
depend not only on age and gender but also on
many other variables, such as ambient tempera-
ture, altitude, and physical fitness. Most cardiol-
ogists agree that the operational limits for a
normal sinus heart rate in adults range from
50 to 90 beats/min.10

Spodick et al.11 tabulated data from 500 consec-
utive asymptomaticmen andwomen, aged50 to 80
years, and found that within the span of these 30
years the average heart rate declined in men from
75 to 69 beats/min but rose in women from 71 to
73 beats/min. In the same cohort the minimum
rate in men ranged from 43 to 48 beats/min and
in women from 47 to 54 beats/min. These low
limits agree with earlier findings showing that in
elderly men a heart rate of less than 50 beats/min
does not indicate depressed cardiac performance.12

In a more recent study,13 a heart rate of less than
50 beats/min was present in 4 percent of subjects
older than 40 years and did not signify chronotro-
pic incompetence during exercise.

Sinus tachycardia is attributed to increased
sympathetic activity and usually can be explained
by the conditions resulting in increased sympa-
thetic activity (e.g., fever, congestive heart failure,
bleeding). There is also a nonreentrant type of
automatic chronic nonparoxysmal sinus tachycar-
dia that may occur in otherwise healthy persons.
It is termed “inappropriate sinus tachycardia”
(see later discussion).
Sinus Arrhythmias

Minor variation in the PP intervals is present in
most subjects. The differences between the longest
and shortest intervals, however, usually do not
exceed 0.16 second except with sinus arrhythmia.

With sinus arrhythmias, the P wave morphol-
ogy is normal but the PP interval varies by more
than 0.16 second. There are two types of sinus
arrhythmia. The more common type is respira-
tory sinus arrhythmia, in which the variation in
heart rate is related to the respiratory cycle.
The sinus rate increases gradually during inspi-
ration and decreases with expiration. The varia-
tion is attributed to changes in vagal tone as
a result of reflex mechanisms arising from the
pulmonary and systemic vascular systems during
respiration. The arrhythmia is a normal phe-
nomenon that is usually prevalent in infants
and children and tends to decrease with age
(Figure 13–1, top).

The nonrespiratory sinus arrhythmia is more
likely to be seen in elderly individuals in associ-
ation with heart disease (Figure 13–1, bottom).
In many instances the mechanism is unknown,
but in some cases the sinus arrhythmia is a man-
ifestation of sinus node dysfunction (e.g., after
acute inferior infarction) or in patients with
SA block. It is seen also in the presence of an
increase in intracranial pressure.

As a rule, both types of sinus arrhythmia
(respiratory and nonrespiratory) are seen more
commonly when the sinus rate is slow. The
rhythm tends to become regular when the rate
is increased with exercise or atropine. Sinus
arrhythmia is often simulated by premature
sinus or atrial complexes, sinoatrial block, or
sinus pauses.



Figure 13–1 Electrocardiograpic lead II. Top, Physiologic respiratory arrhythmia in a 14-year-old girl. Bottom, Similar
asymptomatic sinus arrhythmia in a 93-year-old woman is more likely to result from sinus node malfunction.
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VENTRICULOPHASIC SINUS
ARRHYTHMIA
Ventriculophasic sinus arrhythmia is seen in
patients with partial or complete atrioventricular
(AV) block. The PP interval containing the QRS
complex is shorter than the PP interval not con-
taining the QRS complex.14,15 This phenomenon
was observed in about 30 to 40 percent of cases
with complete AV block and less often with sec-
ond-degree AV block (Figure 13–2). Changes in
intracardiac pressure and volume and in stroke
volume are probably responsible for the reflex-
mediated changes in the sinus cycle. Differences
in perfusion of the sinus node may also play
a role in this phenomenon.
SINUS BRADYCARDIA
Sinus bradycardia is usually not considered clin-
ically significant unless the rate is less than
50 beats/min. Such a rate, however, is frequently
seen in healthy adults, especially in athletes and
regularly exercising subjects at all ages. A rate as
slow as 35 beats/min or less may be seen, but in
healthy individuals (Figure 13–3) the rate is usu-
ally more than 40 beats/min, especially during the
Figure 13–2 Ventriculophasic sinus arrhythmia in a 36-year-
ond-degree atrioventricular block with 2:1 conduction. PP inter
without the QRS complexes. No other evidence of heart diseas
waking hours. If the sinus rate is less than 40 beats/
min, the possibility of SA block should be consid-
ered. During sleep the heart rate may be close to
35 beats/min in the absence of symptomatic bra-
dycardia during waking hours. Many elderly
individuals have sinus bradycardia without appar-
ent cause.12 Increased vagal tone is often responsi-
ble for sinus rate slowing. Transient sinus
bradycardia occurs with the Valsalva maneuver,
carotid sinus massage, or vomiting. Increased
intracranial pressure may be accompanied by sig-
nificant bradycardia. Other causes include hypo-
thyroidism, hypothermia, hyperkalemia, Cheyne-
Stokes respiration during the apneic phase (Fig-
ure 13–4), and some episodes of myocardial ische-
mia. Commonly used drugs that cause sinus
bradycardia are b-adrenergic blockers, verapamil,
diltiazem, digitalis, amiodarone, and clonidine.

In the presence of organic heart disease, sinus
bradycardia is seen in 11 to 14 percent of patients
with acute myocardial infarction (MI).16 Its inci-
dence is even higher during the early phase of
inferior infarction.18 Sinus bradycardia is also
encountered in patients with ischemic and nonis-
chemic cardiomyopathy and in patients with pri-
mary disease of the cardiac conduction system.
Familial sinus bradycardia has been reportedly
old man who has no symptoms. Rhythm strip shows a sec-
vals that contain the QRS complexes are shorter than those
e was found.



Figure 13–3 Asymptomatic sinus bradycardia (36 beats/min) in a 54-year-old woman who had no evidence of heart dis-
ease. Note the prominent U waves. QTc is 438 ms.

Figure 13–4 Bradycardia during the apneic phase of Cheyne-Stokes respiration in a 64-year-old man with chronic renal
failure. Sinus bradycardia is present during apnea (first strip). In the third strip there is sinus arrest or sinoatrial block with
junctional escape complexes.
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caused by a mutation of the cardiac pacemaker
channel.17
SINUS TACHYCARDIA
As a general guideline, the maximum heart rate is
considered to be 220 beats/min minus years of
age. This rate, however, is often exceeded during
vigorous exercise or intense sympathetic stimula-
tion. Therefore sinus tachycardia must often be
included in the differential diagnosis of tachycar-
dias of uncertain mechanism. The recognition of
sinus tachycardia may become difficult when the
P wave is superimposed on the preceding Twave.
The differentiation of various narrow QRS tachy-
cardias is discussed in Chapter 16.
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During sinus tachycardia the T wave ampli-
tude is often decreased (Figure 13–5), although
it may be increased as a result of increased
sympathetic stimulation (Figure 13–6). (Also
see Chapter 10.) The PR interval is usually short-
ened but may be unchanged or prolonged. Junc-
tional-type ST segment depression may be
present, part of which is the result of an
increased amplitude of the negative atrial Twave.
A previously upright T wave may be flattened or
even inverted. Conversely, a previously inverted
T wave may become upright, presumably as a
result of increased sympathetic stimulation. The
QT interval is shortened, but most of the
decrease of the RR interval is at the expense of
the TP segment.

Sinus tachycardia occurs under a variety of
circumstances. In healthy individuals it may
be induced by exercise, anxiety, and other
Figure 13–5 ECG precordial leads of a 43-year-old woman w
min. Right, Heart rate is 124 beats/min. Note the decreased T w

Figure 13–6 ECG precordial leads of a 30-year-old woma
recorded on the same day. Left, Heart rate is 73 beats/min. Right
during sinus tachycardia.
situations associated with increased sympa-
thetic stimulation as well as by the use of alco-
hol, caffeine-containing beverages, and drugs
such as b-adrenergic agonists and anticholiner-
gic agents. Among disease states, the precipitat-
ing conditions include fever, hypotension,
hypoxia, congestive heart failure, bleeding,
anemia, hyperthyroidism, AV fistula, pheochro-
mocytoma, and myocarditis. Sinus tachycardia
is seen in about one third of patients with
acute MI.19
INAPPROPRIATE SINUS TACHYCARDIA
“Inappropriate” sinus tachycardia, also known
as nonparoxysmal sinus tachycardia or perma-
nent sinus tachycardia, is characterized by an
increased sinus rate at rest and exaggerated
acceleration of the heart rate during physiologic
ith nonangina-type chest pain. Left, Heart rate is 71 beats/
ave amplitude in several leads during sinus tachycardia.

n with nonangina-type chest pain. The two tracings were
, Heart rate is 100 beats/min. T wave amplitude is increased
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stress. The P wave morphology suggests an origin
in or close to the sinus node.20,21 The mechanism
leading to an exaggerated response of the sinus
node to minimal physiologic stress is incompletely
understood.22 It has been shown that the usual
negative chronotropic response to adenosine
is impaired in these patients.23 The condition is
most common in young women, with a dispropor-
tionate number employed in the health care field.24

A study of six female patients by Morillo
et al.22 suggested that the mechanism is related
to a primary sinus node abnormality character-
ized by a high intrinsic heart rate, depressed
efferent cardiovagal reflex, and b-adrenergic
hypersensitivity. Chronic sinus tachycardia at
rest may result from an excessive resting sympa-
thetic influence mediated through b-adrenergic
receptors or from deficient resting vagal nerve
influences. In most cases, b-adrenergic blockade
slows the rate of tachycardia, but sometimes
tachycardia is resistant to drug therapy. Sinus
node modification using radiofrequency catheter
ablation has been employed successfully to
reduce the maximal heart rate significantly.25,26

The neuropathic postural tachycardia syn-
drome, also known as chronic idiopathic orthostatic
intolerance, primarily affects young women. The
symptoms include lightheadedness, dimming of
vision, confusion, and anxiety, which are relieved
by lying or sitting down. The remarkable increase
in heart rate upon standing is not associated with
a decrease in blood pressure. Patients with this
syndrome frequently have high plasma catechol-
amine concentrations and evidence of sympa-
thetic denervation of the legs.27,28
PREMATURE IMPULSES ORIGINATING
IN THE SINUS NODE
“Sinus node extrasystoles” were described by
Wenckebach in 1908.2 Their presence is sus-
pected when the contour of the premature P wave
on the ECG is the same as during regular sinus
rhythm, as well as when the postextrasystolic
interval is equal to the sinus cycle (Figure 13–7).
A slight difference in P wave contour and slight
shortening of the postextrasystolic cycle may be
present.29 However, the similarity of morphology
II

Figure 13–7 ECG strip of lead II in a 69-year old man with
plexes exhibiting the same P wave morphology as the sinus rhyth
is, in part, bigeminal.
between the premature and nonpremature P wave
does not rule out the origin of the premature
impulse in the atrium near the SA node. In some
cases it can be shown that the premature sinus
impulses are parasystolic in origin, and that the
parasystolic focus is modulated in the same
manner as other automatic foci (see Chapter 17).
POSTEXTRASYSTOLIC PAUSE
If the premature impulse reaches the sinus
node and resets the sinus impulse formation,
the postextrasystolic pause, although shorter
than compensatory, is longer than the spontane-
ous cycle. The lengthening of the postextra-
systolic pause, which tends to increase with
increasing prematurity, can be attributed to
several mechanisms: conduction time into and
out of the SA node, decreased slope of diastolic
depolarization, and shift to a site at which the
intrinsic rate is slower.30 The postextrasystolic
pause can also be shorter than the spontaneous
cycle, as with complete or incomplete inter-
polation or due to a pacemaker shift.31
SINUS NODE REENTRY AND
REENTRANT TACHYCARDIA
Reentry within the SA node, resulting in single
reciprocal echo complexes and reentrant reci-
procating tachycardia, is more difficult to dem-
onstrate than reentry within the AV node. Proof
of the reentrant circuit by mapping was obtained
first in the rabbit SA node by Allessie and
Bonke.32 Using a combination of 192 intracar-
diac electrodes to map the right atrium and
several intracellular electrodes to explore the
SA node, these investigators were able to record
an echo complex and show that the reentrant
circuit was located completely within the SA
node, which means that the atrium was not an
essential link in the reentrant circuit.

The suggested diagnostic criteria for sinus
node reentry are as follows: (1) initiation of
atrial echo complexes is independent of the
atrial relative refractory period; (2) the echo
previous inferior myocardial infarction and premature com-
m, and therefore suspected to be of sinus origin. The rhythm
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interval should be shorter than the spontaneous
cycle length; (3) the activation pattern of the
echo complex is the same as that of the sinus
complex; (4) reentry should be independent of
the delay in the AV node; (5) tachycardia can
be terminated by appropriately timed atrial pre-
mature stimulus or carotid massage; (6) reentry
should be reproducible at different sites of atrial
stimulation; (7) the entrance block into the sinus
node should be excluded by demonstrating that
the reentrant complex resets the sinus node; and
(8) a right-sided accessory pathway that could
mimic the sequence of activation of the atrial
premature complex should be excluded.33–35

SA node reentry has been induced by pro-
grammed electrical stimulation in both healthy
subjects and patients with SA node dysfunction.
The incidence of inducibility varies from 4.0
percent36 to 9.4 percent37 and 11 percent.38 SA
node and AV node reentry can coexist,39 proba-
bly coincidentally. In patients with sinus node
reentry, there is usually no relation between the
rate of induced sinus reentrant tachycardia and
the spontaneous heart rate.35 Episodes of sinus
node reentry are usually brief, and symptoms
TABLE 13–1 Criteria for Differentiating Sinus
from Other Tachycardias

Tachycardia P wave Onset
Rate
Stability

SNRe-T or
SARe-T

Upright leads
II, III, aVF;
similar to or
identical to
sinus P wave

Sudden,
initiated
by APDs

CL variat
commo

Inappropriate
sinus
tachycardia

Same Gradual Warm-up
effect

Atrial
tachycardia

Usually
inverted in
leads II, III,
aVF, unless
originating in
the HRA;
however, P
wave
morphology
usually
different
from sinus

Sudden,
initiated
by APDs

Stable CL

From Gomes A, Mehta D, Langan MN: Sinus node reentrant tac
APD ¼ atrial premature depolarization; CL ¼ cycle length; CSM

tachycardia; SNRe-T ¼ sinus node reentrant tachycardia; HRA ¼ hi
are mild or absent. Symptoms may be more seri-
ous when the rate is rapid.

Among 65 men undergoing electrophysio-
logic studies for symptomatic paroxysmal supra-
ventricular tachycardia over a 4-year period, 11
had sustained sinus node reentrant tachycardia
at cycle lengths ranging from 250 to 590 ms.40

These tachycardias are frequently associated
with organic heart disease but are not manifesta-
tions of SA node dysfunction. In the study of
Gomes et al.,40 9 of 11 patients had coronary
artery disease, and 5 of these patients had had
a previous inferior MI. In general, sinus node
reentrant tachycardia teminates spontaneously
or abruptly during carotid sinus massage.41

Criteria for differentiating sinus node reentrant
tachycardia from inappropriate sinus tachycardia
and atrial tachycardia are shown in Table 13–1.

In some individuals with sinus node reentry,
spontaneous variations of cycle length are wider
(e.g., 140 and 180 ms) than in those with other
forms of supraventricular tachycardia.40 The
correct mechanism may remain undetected for
long periods. The incidence of sinus node reen-
trant tachycardia was reported to range from as
Node Reentrant Tachycardia

Termination Induction CSM

ion
n

Abrupt Easily
inducible

Abrupt
termination

Gradual
deceleration

Noninducible Slowing, no
termination

Abrupt Variable Usually no
effect

hycardia. PACE 18(Part I):1045, 1995, by permission.
¼ carotid sinus massage; SARe-T ¼ sinoatrial reentrant

gh right atrium.
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low as 1.8 percent in 379 patients with tachycar-
dias referred for electrophysiologic studies42 to
16.9 percent of symptomatic paroxysmal supra-
ventricular tachycardias.40 Figure 13–8 shows
an assumed sinus node reentrant tachycardia
that developed during exercise. Figure 13–9
shows the termination of an assumed sinus node
reentrant tachycardia at the end of exercise in
another patient.
SINUS PAUSE, SINUS ARREST
Sinus pause is the result of transient failure of
impulse formation within the SA node or impulse
propagation from the SA node. When the postu-
lated sinus inactivity, manifested by absent
P waves, is prolonged, the condition is called
sinus arrest. No precise definition distinguishes
these two entities.

Sinus pause should be differentiated from: (1)
SA block; (2) marked sinus arrhythmia; (3)
blocked premature atrial impulses; (4) single reci-
procating (“echo”) P waves; (5) suppression of
sinus activity after conducted premature (usually
atrial) complexes; and (6) overdrive suppression
after ectopic tachycardia. With SA block the long
cycle may be recognized as a multiple of the basic
PP interval, but no such relation is demonstrable
with sinus pause. With sinus arrhythmia, the
lengthening of the PP interval is usually gradual
and phasic. The blocked premature P waves and
the retrogradely conducted “echo” P waves can be
usually detected as distortions of the preceding
Twave, at least in some leads. Suppression of sinus
activity after a conducted premature complex is an
uncommon phenomenon with a poorly under-
stood mechanism; the resulting sinus pauses can
be long, causing syncope (Figure 13–10). Over-
drive suppression of sinus activity after a pro-
longed (usually supraventricular) tachycardia is a
better understood phenomenon that can be
demonstrated at the cellular level.2 Depending on
the duration of the pause, it may be terminated by
an ectopic atrial, AV junctional, or ventricular
escape complex. If the sinus arrest is prolonged, a
slow AV junctional or ventricular escape rhythm
may be present. Under such circumstances it is
impossible to determine whether the underlying
mechanism is sinus arrest or SA block. When the
ventricular rhythm is regular and the P wave is
absent, the possibility of sinoventricular conduc-
tion with atrial standstill and conduction through
the internodal tract should be considered. This
mechanism has been demonstrated during hyper-
kalemia (see Chapter 22).

Sinus pauses are occasionally seen in normal
individuals with increased vagal tone or a
hypersensitive carotid sinus.43 In one case, a pro-
longed AVasystole was associated with hiccups.44

Locatelli et al.45 reported three cases of asystole
and severe bradycardia as a manifestation of left
temporal lobe complex partial seizure. Sinus
pauses or arrest may be caused by digitalis and
other drugs mentioned during the discussion of
sinus bradycardia. Among patients with MI, sinus
pauses or arrests are usually seen in those with
infarction of the inferior wall.
SINOATRIAL BLOCK
Sinoatrial block may be caused by impaired
automaticity, impaired conduction, or both.46

These two mechanisms cannot be distinguished
from each other without a direct recording of SA
node activity. Figure 13–11 shows the assumed
mechanisms for the various types of SA block.
A first-degree SA block cannot be recognized on
the surface ECG. Second-degree SA blocks are
recognized frequently because of their effect on
the atrial rhythm. Analogous to second-degree
AV block, there are two types of second-degree
SA block: type I (Wenckebach periodicity) and
type II, manifested by dropped P waves during
sinus rhythm (Figure 13–12). Type I block is clin-
ically more prevalent than type II block. The
former is suspected when there is a sequence of
progressively shorter PP intervals followed by a
longer PP interval that includes a blocked sinus
impulse.47 In the case of Wenckebach periodicity,
in which only one impulse at the end of the period
is blocked, the duration of the presumed sinus
cycle can be calculated by dividing the total dura-
tion of the period by the number of visible cycles
þ1. The Wenckebach phenomenon was reported
to occur in 17 percent of 219 SA blocks reviewed
by Greenwood and Finkelstein.48 Figure 13–13
shows the repetitive sequence of normal, delayed,
and blocked SA conduction caused by 3:2 SA
block and resulting in a bigeminal rhythm.

With type II block, the long cycle between the
P waves is a multiple of the basic PP intervals.
The duration of the long cycle may be the equiv-
alent of two, three, or more beats. In some cases
the duration of the long cycle is less than the
exact multiple of the basic PP intervals. This is
especially true in patients who have sinus
arrhythmia. The precise limit of the differences
is difficult to define, but an interval of 0.10
second was suggested by one author.49

SA block is often associated with escape
rhythms from subsidiary foci. When the effective
sinus rhythm is slightly slower than the AV junc-
tional escape rhythm, a bigeminal rhythm known
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Figure 13–8 Sinus node reentrant tachycardia in a 62-year-old woman with abnormal ST and T wave in the resting ECG
(not shown). A, Sinus node reentrant tachycardia immediately after the exercise was stopped. Tracing shows initiation of the
tachycardia by a premature atrial beat (P 0). The three wide QRS complexes are due to aberrant ventricular conduction. The
heart rate is 210 beats/min at the beginning of the tachycardia and gradually decreases to 134 beats/min approximately
3 minutes after the exercise when the tachycardia terminates suddenly. B, Appearance of the P waves in the three simulta-
neously recorded leads during the tachycardia is identical to that during normal sinus rhythm. Radionuclide ventriculography
revealed hypokinesis of the posterobasal wall of the left ventricle. The left ventricular ejection fraction was normal.
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Figure 13–9 ECG of a 54-year-old man recorded immediately after completion of a treadmill exercise test. It shows no
evidence of myocardial ischemia on the nuclear scan. A nearly abrupt termination of tachycardia with the same sinus P wave
morphology suggests that tachycardia resulted from sinus node reentry.

Figure 13–10 ECG lead II rhythm strips in two patients with sick sinus syndrome. A, This 71-year-old woman had presyn-
copal episodes. Note the three sinus complexes with upright P waves and a PR interval of 220 ms (third, fourth, and fifth
complexes). The preceding complex and the three following complexes appear to be ectopic atrial or atrioventricular junc-
tional escape complexes preceded by a low notched P wave. This pattern suggests high-degree sinus exit block. B, A 73-
year-old woman with symptomatic bradycardia. The sinus P wave is wide and notched, which suggests an intraatrial con-
duction disturbance. After the first three sinus complexes (52 beats/min) there are three atrial premature complexes with a
progressively increasing PR interval, followed by a 2.5-second pause and two atrial escape complexes. This is an example
of marked suppression of sinus activity by premature atrial complexes.
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as “escape capture bigeminy” can occur3,50–52

(Figure 13–14). Monir et al.51 analyzed mechan-
isms of escape capture bigeminy in 14 patients.
In one case they identified SA entrance and exit
block. Digitalis, b adrenergic–blocking, or cal-
cium channel–blocking drugs were identified as
culprits in eight instances.

SA block is often intermittent, as the patient
may have normal sinus rhythm for days or weeks
between episodes. Patients with SA block often
have additional rhythm disturbances, including
AV block and supraventricular tachycardias, an
association called tachycardia-bradycardia syn-
drome (see later discussion). Before the established
practice of digitalis blood level measurements,
transient SA block was commonly seen as a mani-
festation of digitalis toxicity. Other conditions are
administration of drugs causing bradycardia, acute
MI, acute myocarditis, and increased vagal tone
(e.g., carotid sinus stimulation). Chronic SA block
is most commonly seen in elderly subjects with
idiopathic degeneration of the SA node.

The techniqueof recordingSAnodeelectrograms
disclosed the existence of diverse mechanisms of
SA block, such as bidirectional SA entrance
and exit block, unidirectional SA exit block,
and the absence of a recordable SA node elec-
trogram attributed to failure of the SA node
impulse formation.52 Histopathologic correla-
tions have shown that: (1) the amount of nodal
cells is inversely proportional to age; (2) a
chronic SA block may be associated with exten-
sive fibrosis of the SA node53,54 or perinodal
tissue54,55; (3) ischemia of the SA node is an
infrequent cause of SA conduction disturbances,
and obstructive disease of the SA node artery
seldom results in sick sinus syndrome (SSS)56;
and (4) the most common cause of SSS in chil-
dren is probably an aftereffect of corrective
surgery for congenital heart disease.57
Sick Sinus Syndrome

Two types of SSS are recognized: one with and one
without associated tachyarrhythmia. The term
sick sinus syndrome was used by Lown58 to des-
cribe bradycardia and associated supraventricular



Figure 13–11 Normal sinus rhythms with various degrees of sinoatrial (SA) block. Sinus impulses not seen on the body
surface ECG are represented by the vertical lines. With first-degree SA block, although there is prolongation of the interval
between the sinus impulses and the P wave, such a delay cannot be detected on the ECG. The diagnosis of second-degree
SA block depends on the presence of pause or pauses that are the multiple of the basic PP interval (B). Persistent 2:1 SA block
cannot be distinguished from marked sinus bradycardia (A). A feature of the Wenckebach phenomenon is gradual shortening
of the PP interval before the pause (C). With third-degree SA block, the ECG records only the escape rhythm.
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arrhythmias following an electrical cardioversion of
atrial fibrillation. Subsequently, Ferrer59 applied
this term to patients with the following manifesta-
tions: (1) persistent, severe, unexplained sinus bra-
dycardia; (2) sinus arrest, brief or sustained, with
an escape atrial or AV junctional rhythm (see
Figure 13–10); (3) prolonged sinus arrest with fail-
ure of the subsidiary pacemaker, resulting in total
cardiac asystole; (4) chronic atrial fibrillation with
a slow ventricular response not due to drug ther-
apy; and (5) an inability of the heart to resume sinus
rhythm following electroconversion for atrial
fibrillation.
Many patients with the syndrome have more
thanoneof thesemechanisms. In a series of 56 cases
reported by Rubenstein et al.,60 sinus bradycardia
was seen in 39 percent, sinus arrest or SA block in
60 percent, and tachycardia-bradycardia syndrome
(see later discussion) in 60 percent. Among the 46
patients with sinus bradycardia reported by Eraut
and Shaw,61 35 also had sinus arrest or SA block
and 76 percent had tachyarrhythmias. Sutton and
Kenny62 reviewed the literature on the natural his-
tory of SSS. Among the 1805 patients included in
37 studies, 300 (16.6 percent) patients also had
AV block or bundle branch block at the initial
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Figure 13–12 Three ECG strips of lead II from three different patients with different types of sinoatrial (SA) block. Top
strip: Probable type 2 block manifested by a dropped P wave without change in rhythm. Middle strip: Type 1 SA block with
3:2 conduction and prolonged P-R in each second conducted sinus complex. Lower strip: Long periods of absent P waves
(probably high-degree SA block) with junctional escape complexes. The first and the last junctional complexes conduct ret-
rogradely to the atria, and there is probable AV nodal reentry after the second AV junctional escape complex.

Figure 13–13 Calculation of the sinus rate is based on the assumption that the illustrated arrangement represents a 3:2
sinoatrial (SA) block, the sinus discharge is regular, the first sinus impulse after the pause coincides with the onset of the
P wave, the second sinus impulse after the pause is conducted with a delay, and the third sinus discharge is blocked. The
interval between the first two postpause complexes is 2200 ms. Assuming that this interval contains four regular sinus dis-
charges, the sinus cycle length is 550 ms. Assumed times of sinus discharges are marked by dots.

Figure 13–14 ECG lead II. Pattern represents a so-called sinus capture bigeminy in a 67-year-old man who had no evi-
dence of heart disease. See text discussion.
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diagnosis of SSS. Furthermore, AV block developed
in 8.4 percent of the patients during the follow-up
period of 34 months.

The causes of SSS may be summarized as
follows60–64: (1) idiopathic; (2) ischemic heart
disease; (3) primary nonischemic cardiomyopa-
thy; (4) hypertensive heart disease; (5) secondary
cardiomyopathy including those resulting from
connective tissue disease, syphilis, metastatic
tumor, amyloidosis, myxedema, hemochromato-
sis, Friedreich’s ataxia, muscular dystrophy, and
scleroderma; (6) mitral valve prolapse; (7) rheu-
matic heart disease; (8) acutemyocarditis; (9) con-
genital heart disease; (10) familial sinus node
disease; (11) surgical injury to the SA node, espe-
cially following repair of transposition of the great
vessels65; and (12) after the Cox-Maze III proce-
dure for management of chronic medically refrac-
tory atrial fibrillation.65 In some reported series,
patients without an apparent cause constitute the
largest group of cases60,64 (Figure 13–15), whereas
others found coronary artery disease in a large
number of patients.66.67

Detailed pathologic studies of the SA node in
patients with SSS have been carried out in a limited
number of cases.49,60,67 Degenerative changes of
the SA node were found.54,67 Engel et al.56 sug-
gested that SSS in patients with coronary artery
disease is probably not related to involvement of
the sinus node artery; however, in a postmortem
angiographic study of 25 patients with SSS
reported by Shaw et al.,69 5 had reduced filling of
the sinus node artery.
TACHYCARDIA-BRADYCARDIA
SYNDROME
The tachycardia-bradycardia syndrome has been
observed in 54 to 76 percent of patients with
SSS.59,60,66 It is not a pure clinical or ECG entity



Figure 13–15 Intermittent second-degree sinoatrial (SA) block of many years’ duration in an 80-year-old woman with
heart disease of unknown cause. The diagnosis of second-degree SA block was first made in 1964. She has intermittent
second-degree SA block with 4:1 or 2:1 conduction as illustrated. She remained symptom-free from the SA block in 1977.
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but rather is a conglomerate of combinations of
cardiac rhythm disturbances and their clinical
manifestations.70 The syndrome occurs in all
age groups but is more common in the elderly.
The etiology of arrhythmias responsible for the
tachycardia-bradycardia syndrome is frequently
obscured by difficulty distinguishing between
conditions directly causing arrhythmias and
those coexisting with them. Nevertheless, in
many cases the cause and effect can be estab-
lished. Thus certain MIs, usually those involving
the inferior wall, are complicated by a com-
bination of SA block and paroxysmal atrial
fibrillation. Other conditions listed in various
series include diseases of the mitral or aortic
valve, hypertensive heart disease, cardiomyopa-
thy, cardiac amyloidosis, diphtheria, hyperthy-
roidism, and digitalis toxicity.

The incidence of atrial fibrillation in 958
unpaced patients with SSS from 21 studies62

was 8.2 percent. Moreover, during an average
follow-up of 38 months, atrial fibrillation devel-
oped in 15.8 percent of patients.

Familial occurrence of the tachycardia-brady-
cardia syndrome has been reported. In one such
family followed by Surawicz and Hariman,71
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a slow heart rate in several generations of family
members was attributed to absent sinus node
function. The inheritance was autosomal domi-
nant. In these subjects, tachycardia was caused
by a paroxysmal AV nodal reentry or, more often,
by paroxysmal atrial fibrillation. The tachycardia-
bradycardia syndrome can occur after surgical
procedures, such as repair of complete trans-
position of the great vessels or other complex con-
genital anomalies. Postoperative tachycardia-
bradycardia syndrome may also occur after repair
of atrial septal defects. These arrhythmias have
been attributed to injury of intranodal conducting
pathways.

Possible mechanisms responsible for the tachy-
cardia-bradycardia syndrome can be divided into
the following categories: (1) tachycardia initiated
by bradycardia; (2) bradycardia initiated by tachy-
cardia; (3) bradycardia and tachycardia resulting
from a common mechanism or a common cause;
and (4) bradycardia and tachycardia coexisting
through operation of unrelated mechanisms
(Figure 13–16).

Bradycardia may initiate tachycardia by facili-
tating supraventricular reentrant tachycardia.
This occurs when an AV junctional or atrial
escape complex that follows a long sinus pause
conducts retrogradely to the atria. If this
Figure 13–17 Tachycardia-bradycardia syndrome. ECGs from
out intervening medication. Top, Sinus rhythm (128 beats/min),
rhythm with right bundle branch block morphology (39 beats/
interval of 160 ms, left bundle branch block, and premature su
the rhythm strip). The normal PR interval suggests that the AV dis
distal to the AV node, perhaps as a result of repeated concealed

Figure 13–16 Tachycardia-bradycardia syndrome. These two
81-year-old man who had normal ventricular function. Top, Sin
atrioventricular (AV) junctional complex. The small, wide bipha
duration is 100 ms. Bottom, Supraventricular tachycardia of un
waves at a rate of 127 beats/min.
retrograde conduction is sufficiently delayed,
the impulse may return to the ventricles through
another pathway and may initiate reciprocating
AV nodal tachycardia (see Chapter 16).

Long pauses are commonly seen following the
cessation of supraventricular tachycardia, atrial
flutter, or atrial fibrillation. They may be due to
depression of the sinus pacemaker and concom-
itant failure of the escape pacemakers. The latter
may be caused by depressed automaticity, exit
block, or a combination of the two. An interest-
ing although relatively uncommon rhythm dis-
turbance is tachycardia-dependent AV block
associated with depression of the escape pace-
makers.72 This phenomenon has been attributed
to the overdrive suppression of conduction.73

Amore commonmechanismof bradycardia caused
by tachycardia is the overdrive suppression of
automaticity. Another mechanism of bradycardia
initiated by tachycardia is an exit block that occurs
during a normal or accelerated escape rhythm.74 In
some cases bradycardia is assumed to be caused by
repetitive concealed conduction within the dis-
eased conducting system (Figure 13–17).

Tachycardias and bradycardias with a common
cause include arrhythmias induced by drugs,
electrolyte imbalance, endocrine disorders, and
perhaps vagal stimulation. Toxic doses of digitalis
a 93-year-old woman recorded about 3 hours apart with-
complete atrioventricular (AV) dissociation, and an escape
min). Bottom, Sinus tachycardia (140 beats/min) with a PR
praventricuar complexes (seventh and ninth complexes in
sociation in the upper strip was caused by a functional block
conduction.

ECG rhythm strips of lead II were recorded 1 day apart in an
us rhythm at a rate of 36 beats/min with a single premature
sic P wave suggests intraatrial conduction disturbance; QRS
certain mechanism without recognizable P waves or flutter
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cause frequently alternating bradycardia and
tachycardia because digitalis impairs SA and AV
conduction and enhances automaticity of ectopic
pacemakers. The mere presence of atrial prema-
ture complexes can induce the tachycardia-
bradycardia syndrome. Tachycardias occur when
premature complexes induce atrial flutter or
fibrillation, whereas bradycardia appears when
premature complexes are blocked or are followed
by depression of the sinus pacemaker. In an
unusual variant of the tachycardia-bradycardia
syndrome, tachycardia was caused by rapid anti-
dromic impulse conduction through an accessory
pathway and bradycardia by a high-degree AV
block during sinus rhythm.75
Detection of Sinus Node
Dysfunction

Ambulatory ECG monitoring, particularly event
monitoring, is one of the most useful tools for
evaluating patients suspected of having SSS.
Although sinus pauses longer than 2 to 3 sec-
onds on the ambulatory ECG are generally con-
sidered to suggest sinus node dysfunction, they
are seen in healthy individuals, especially during
sleeping hours. Clinically significant SA node
disease can be definitively diagnosed only if the
rhythm disturbance is observed at the time of
symptom occurrence. In the electrophysiology
laboratory, intravenous administration of atro-
pine and measurements of SA conduction time
and sinus node recovery time have been used
to detect sinus node dysfunction.
SA CONDUCTION TIME
An interval believed to represent the SA conduc-
tion time (SACT) has been determined by the
method of premature atrial stimulation76 or by
constant atrial pacing.77 Both techniques mea-
sure the reset sinus return cycle and interpret
this interval as the sum of the spontaneous cycle,
the anterograde conduction time into the SA
node, and the retrograde conduction time from
the SA node. Thus the difference between the
return cycle and the spontaneous cycle repre-
sents the sum of the anterograde and retrograde
conduction times. Assuming that these two con-
duction times are equal, the SACT is obtained by
dividing the combined time by 2. The validity of
this measurement rests on a variety of assump-
tions: (1) that the paced premature impulses or
runs do not change the sinus rate; (2) that the
SA node pacemaker does not shift; and (3) that
the conduction times into and out of the SA
node are indeed equal.

Judging by the number of factors that can
affect the duration of the return cycle, there is
little certainty that the interval believed to be
the SACT is an exact measure of this process.
Reiffel et al.78 have shown that the SACT varies
predictably inversely with the duration of the
sinus cycle; that is, the SACT decreases when
the cycle length increases, an effect explained
by refractoriness. However, potential errors
caused by electrotonic interaction among the
SA node and the atrial impulse and shifts of the
pacemaker sites are more difficult to detect.
Thus it is not surprising that the calculated
SACT values in subjects without apparent sinus
node disease have varied considerably among
studies, ranging from 40 to 153 ms35 and 46 to
116 ms5 to 108 to 272 ms.79 These values may
not represent the pure SACT because when SA
node electrograms were recorded intraopera-
tively,80 SACT measured directly was 30 to
40 ms at cycle lengths of about 600 to 700 ms.
SINUS NODE RECOVERY TIME
The sinus node recovery time (SNRT) tests the
integrity of the automaticity of the SA node
following an attempted overdrive by rapid
pacing. The test is based on the assumption that
automaticity suppressed by overdrive recovers
less rapidly when the SA node is diseased than
when it is functioning normally. Hence the post-
pacing pause, which is the time interval between
the last paced atrial beat and the subsequent
sinus escape beat, is measured. Because the post-
pacing interval is influenced by the prepacing
rate, the SNRT must be corrected for the sinus
rate. The rate-corrected SNRT is obtained by
subtracting the duration of the sinus cycle from
the duration of the postpacing interval.81,82 The
results are also influenced by the rate and dura-
tion of pacing,81,83 which makes it difficult to
define normal values. In one study84 the ratio
of the uncorrected SNRT to the basic cycle
length in patients with documented SSS ranged
from 1.38 to 4.86.

The intrinsic heart rate and the intrinsic cor-
rected SNRT can be obtained by eliminating the
effects of the autonomic nervous input. This is
measured following b-adrenergic blockade and
administration of atropine.85 The clinical useful-
ness of this test has been disputed. It has been
reported that the intrinsic SNRT lengthens with
increasing age, whereas the basic SNRT is not
affected by age.86
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The sensitivity of the corrected SNRT and
SACT for detecting sinus node dysfunction is
54 percent and 51 percent, respectively. Assess-
ment of SNRT after pharmacologic blockade of
the autonomic nervous system using atropine
and propranolol increases the sensitivity of the
method in patients with suspected sinus node
dysfunction and normal baseline results.87 In a
consensus statement on the state of the art of
electrophysiologic testing,88 the sensitivity of
combined SACT and SNRT in patients with symp-
tomatic sinus node disease was estimated to be
about 68 percent and the specificity 88 percent.
SINUS NODE DURING ATRIAL
FIBRILLATION
Clinical observations suggest that spontaneous
pharmacologically or electrically induced termi-
nation of atrial fibrillation is usually followed
by a prompt resumption of sinus rhythm. This
suggests the absence of appreciable overdrive
suppression of the SA node by rapid atrial dis-
charges. A study of Kirchhof and Allesssie89,90

addressed this problem by studying transmem-
brane action potentials in isolated perfused rab-
bit hearts during induced atrial fibrillation.
These investigators found that the SA node was
protected by a high-degree (about 5:1) entrance
block. Therefore pacemakers in the center of
the SA node were activated at a rate that was
only slightly higher than the average rate during
sinus rhythm, a phenomenon designated “con-
cealed automaticity.”

In contrast to the protected center of the
node, the SA border was activated at a rapid rate
with an exit block that dissipated upon termina-
tion of the atrial fibrillation. The sinus rhythm
resumed promptly without evidence of overdrive
suppression. In human subjects, Gomes et al.91

recorded regular SA node electrograms with
extracellular electrodes during atrial fibrillation,
which was taken as evidence of SA node
entrance block.2
CHRONOTROPIC INCOMPETENCE
Chronotropic incompetence is an attenuated
heart rate response to exercise that has been
shown to be independently predictive of mortal-
ity and coronary heart disease risk in healthy
populations even after adjusting for age, physical
fitness, standard cardiovascular risk factors, and
ST segment changes with exercise.92,93 It has
been assessed in three ways: (1) failure to
achieve 85 percent of the age-predicted maxi-
mum heart rate; (2) measurement of the actual
increase in rate from rest to exercise; and (3) a
low chronotropic index, a heart rate response
measure that accounts for effects of age, resting
heart rate, and physical fitness.94,95
Heart Rate Variability

“Heart rate variability” has become the conven-
tionally accepted term to describe variations of
both instantaneous heart rate and RR intervals.96

The development of computer-based methods to
analyze heart rate variability has provided an
opportunity to assess the prognostic significance
of the fluctuating activity of the cardiac auto-
nomic system in healthy individuals and in
patients with various cardiovascular and noncar-
diovascular disorders. Among the many methods
to evaluate heart rate variability, the simplest to
perform are the time domain measures. Generally,
three main components can be detected: (1) a
high-frequency component (around 0.25 Hz)
related to respiratory activity; (2) a low-frequency
component with a peak frequency around 0.1 Hz;
and (3) a very-low-frequency component at around
or below frequencies of 0.03 to 0.05 Hz.97 For
information about the methodology and clinical
significance, the reader is referred to the report of
a special task force.96
Heart Rate Turbulence

See Chapter 17.
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 Atrial Rhythms

Premature Atrial Impulses: Atrial
Extrasystoles, Premature Atrial
Depolarizations
Postextrasystolic Pause
Clinical Significance

Ectopic Atrial Rhythm, Accelerated
Atrial Rhythm

Automatic Ectopic Atrial Tachycardia
ECG Findings

Intraatrial Reentry Tachycardia
Repetitive Paroxysmal Atrial Tachycardia

Paroxysmal Atrial Tachycardia
with Block
Differential Diagnosis
Clinical Significance

Atrial Standstill

Multifocal Atrial or Chaotic
Tachycardia

Atrial Parasystole

Atrial Dissociation
The existence of pacemaker fibers in the atria
outside the sinoatrial (SA) node helps explain
ectopic atrial impulses, whereas the existence
of specialized continuous internodal pathways
helps explain the phenomenon of sinoventricu-
lar conduction in the presence of SA block dur-
ing hyperkalemia. The presence of continuous
anatomic pathways, however, has not been uni-
versally accepted. No insulated tracts such as
bundle branches have been found in the atrial
myocardium, although cells with characteristics
of conduction system cells appear to exist. The
interatrial tract (Bachman bundle) is a structure
connecting the two atria ventrally. In the dog it
contains rapidly conducting specialized fibers
that enable rapid impulse propagation between
the atria. The possible role of this pathway in
clinical electrocardiography or atrial arrhyth-
mias is not known.1
Premature Atrial Impulses: Atrial
Extrasystoles, Premature Atrial
Depolarizations

Premature atrial complexes originate from ectopic
complexes in the atria. The P wave morphology
differs from that of the sinus P wave, although
the differences may be slight (Figure 14–1). The
prematurity of the ectopic atrial complex varies.
It may be early, superimposed on the ventricular
complex of the preceding sinus impulse; or it
may be late, occurring just before the next sinus
impulse. In the latter instance, an atrial fusion
complex may result if part of the atrial activation
originates from the ectopic focus and part from
the sinus node. Such a fusion complex has an
intermediate morphology, between that of the
sinus and the ectopic complex (see Figure 14–1).
The premature atrial complexes, either unifocal or
multifocal, may appear at random intervals or after
one, two, or three sinus complexes, resulting in
a bigeminal, trigeminal, or quadrigeminal rhythm
(Figure 14–2). They may occur in pairs (see Fig-
ure 14–2). In some cases repetitive atrial premature
complexes are caused by reciprocation (Fig-
ure 14–3, bottom strip).

The site of the ectopic focus can be established
accurately using a large array of intracardiac and
surface electrodes. On the surface electrocardio-
gram (ECG), however, analysis of Pwavemorphol-
ogy is less helpful for defining the source of ectopic
activity. This is because foci located at divergent
sites can produce similar P wave patterns,2,3 and
different Pwave patterns can be caused by impulses
originating at the same site owing to differences in
intraatrial or interatrial conduction. Notwithstand-
ing these limitations, certain correlations have been
established. If the focus is near the sinus node, the
premature P wave simulates the sinus P wave
closely. If the focus is in the vicinity of the atrioven-
tricular (AV) junction, the premature ectopic P
wave is inverted in the inferior leads. Such a P wave
differs from the premature AV junctional complex
in that the PR interval is usually 0.12 second or
longer. Clinical correlations suggest that a negative
Pwave in lead I usually indicates a left atrial focus4,5
345



Figure 14–2 Strips of ECG lead II. Top, Bigeminy. Middle, So-called trigeminy. Bottom, Two premature atrial complexes
in a row; the second is blocked.

Figure 14–1 Strips of ECG lead II. Top row, Premature atrial complexes with a slightly longer PR interval than that in the
sinus complexes are conducted with slight aberration. Second row, Early blocked premature atrial complex recognizable by
the altered shape of the T wave. Third row, Three premature atrial complexes. The first is blocked; the second is normally
conducted; and the third, being more premature, is conducted with aberration. Fourth row, Two atrial premature complexes
in a row. The first is a fusion P wave between the positive sinus P wave and the negative atrial ectopic P wave.
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unless it is associated with dextrocardia or dextro-
version.6 A negative P wave in leads II, III, and
aVF can signify a focus in the left atrium,4,5 coro-
nary sinus, or low right atrium.4,7 In the right pre-
cordial leads, the normal P wave or an ectopic P
wave arising near the sinus node is usually posi-
tive-negative, although it may be positive if the
late negative component is isoelectric or negative
if the early positive component is isoelectric. In
contrast, the left atrial or low right atrial ectopic
P wave is usually negative-positive, but it may
be positive if the early negative component is
isoelectric.
The term “dome-and-dart P wave” was intro-
duced5,8 to describe the configuration of an
ectopic P wave in lead V1 in certain types of left
atrial rhythms in patients with congenital heart
disease. A dome-and-dart P wave consists of a
broad, rounded initial portion and a sharp,
peaked late portion. The term has been applied
only rarely in the more recent literature.

Limited insight into the sequence of atrial
activation can be obtained by recording esopha-
geal or intracavitary leads simultaneously with
surface ECG.9–11 In the esophageal lead the
P wave is upright at the level of the ventricles,



Figure 14–3 Strips of ECG lead II illustrating certain sequelae of the atrial premature complexes. Top, Prolonged sinus
node depression after two atrial premature complexes, of which the second is blocked; the rhythm becomes atrioventricular
(AV) junctional with a sinus P wave recognizable after the seventh QRS complex, in the eighth and ninth complexes, and
before the last two complexes of the accelerated AV junctional escape rhythm. Bottom, Complex arrhythmia initiated by
atrial premature complexes. The basic rhythm is sinus; atrial premature complexes are recognizable as positive P waves
superimposed on the sinus T waves. The dots indicate negative P waves attributed to reciprocation (echo complexes). The
morphology of T wave without the superimposed negative P wave can be recognized in the third-from-last ventricular com-
plex (sinus). The negative P waves marked by the first and the fourth dot are not followed by QRS complexes, whereas the
negative P waves marked by the second and the third dot are followed each by an aberrantly conducted ventricular complex
attributed to AV nodal reentry. The two complexes after the fourth dot are AV junctional (the second is probably reentrant),
and the third is an atrial premature complex, followed by two sinus complexes and an atrial premature complex.
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inverted above the level of the heart, and dipha-
sic at the atrial level. The point at which there is
a change of direction in the biphasic (positive-
negative) electrogram marks the onset of the
intrinsicoid deflection (ID)12 (see Chapter 1). It
has been shown that the onset of the ID is nearly
simultaneous at all levels of the posterior left
atrium and the posteroinferior wall of the right
atrium. This reflects the tangential spread of atrial
excitation. Consequently, the onset of posterior
atrial ID can be recorded in any atrial esophageal
electrogram displaying an RS complex.

The onset of ID on the anterior wall of the
right atrium can be recorded in the right atrial
intracardiac leads. On the surface ECG, the
onset of ID corresponds to the peak of the initial
upright P wave in the right precordial leads dis-
playing a diphasic P wave. The relation between
the anterior and posterior IDs establishes the
sequence of atrial depolarization. In 60 unpub-
lished cases of simultaneously recorded right
precordial and esophageal leads, Surawicz1 found
that the posterior wall was depolarized before the
anterior wall in 80 percent of ectopic atrial com-
plexes, the walls were depolarized simultaneously
in about 10 percent, and the anterior wall was
depolarized before the posterior wall in the
remaining 10 percent.

The PR interval of the premature atrial com-
plexes may be normal, shorter than normal, or
longer than in normal sinus complexes (see
Figure 14–1). Waldo et al.13 showed that the
PR interval was longer when atria were paced
from epicardial sites than when paced from endo-
cardial sites. The PR interval is usually similar to
the PR interval of the basic sinus complex when
the ectopic impulse appears relatively late and the
pacemaker is near the SA node. The PR becomes
shorter if the focus is near the AV node. The PR
tends to lengthen when the coupling interval is
short. An early premature complex may not be
conducted to the ventricles, resulting in a blocked
premature atrial complex (see Figure 14–1). A
blocked premature atrial complex should not be
mistaken for a second-degree AV block. In the lat-
ter case the PP interval remains constant, and the
P wave morphology is unchanged.

As a rule, the ventricular complex of a prema-
ture atrial complex does not differ from that of
the basic sinus complex, but aberrant intraven-
tricular conduction is common (see Figure 14–1
and 14–4). In most instances the aberrant ven-
tricular conduction has right bundle branch
block (RBBB) pattern morphology because of
the relatively longer refractory period of the right
branch. The left bundle branch block (LBBB) pat-
tern may be seen especially in patients with heart
disease, and various QRS morphologies may be
encountered in the same individual. Aberrancy
is more likely to occur when the premature
impulse appears early (a short RP0 interval) and
the preceding RR interval is long.
POSTEXTRASYSTOLIC PAUSE
The ectopic atrial impulses that reach and depo-
larize the SA node reset the sinus cycle. There-
fore the cycle length after the premature atrial
complex is longer than the basic sinus cycle.
Additional lengthening of the postextrasystolic
cycle occurs when the premature discharge of
the SA node depresses the rhythmicity of the
sinus node14 (Figure 14–5). Unlike that after
premature ventricular impulses, however, the



Figure 14–5 Postextrasystolic pauses in strips of ECG lead II. Top, The pause after the atrial premature complex is nearly
equal to the preceding sinus pause, which suggests that the sinus node is undisturbed. Middle, The pause after the premature
atrial complex is 150 ms longer than the preceding or subsequent PP interval, which suggests that the sinus node is reset.
Bottom, Atrial premature complex is interpolated.

Figure 14–4 Ectopic atrial tachycardia with aberrant ventricular conduction. An isolated premature atrial complex with
aberrant ventricular conduction is seen in the top strip. The rhythm simulates ventricular tachycardia.
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pause is usually not fully compensatory. In the
presence of a retrograde SA block, the SA nodal
rhythmicity is undisturbed; and when the sinus
rate is slow, the premature atrial impulse may
be interpolated between two normally occurring
sinus P waves (see Figure 14–5). In some cases,
premature atrial complexes cause prolonged
depression of sinus activity (see Figure 14–3,
top strip) (see Chapters 13 and 16).
CLINICAL SIGNIFICANCE
Most individuals with premature atrial com-
plexes have no organic heart disease. Among
100 healthy young men and women monitored
by ambulatory ECGs for a 24-hour period, sup-
raventricular ectopic complexes were observed
in 64 percent.15,16 Fewer than 2 percent of
these subjects, however, had more than 100
such ectopic complexes during the 24-hour
period. In some patients without heart disease,
the premature complexes appear to be related
to emotional stress, mental and physical
fatigue, excessive smoking, or alcohol or coffee
intake.

The incidence of premature atrial complexes
increases with increasing age and in patients
with organic heart disease. The premature com-
plexes tend to occur more often when atrial dis-
ease or atrial enlargement is present. They are
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known to precede the establishment of atrial
flutter or atrial fibrillation.
Ectopic Atrial Rhythm, Accelerated
Atrial Rhythm

During ectopic atrial rhythm (often called “ectopic
atrial pacemaker”), the atrial rate is less than 100
beats/min and the PR interval is within the nor-
mal range. The P wave morphology varies,
depending on the location of the ectopic focus.
Considerations of the origin of the ectopic focus
are the same as those for single atrial premature
complexes.

Ectopic atrial rhythm is often transient and is
seen in subjects with and without structural
heart disease. It can be easily recognized if the
premature P wave morphology can be compared
with that of the P waves during sinus rhythm
(Figure 14–6). When the ectopic pacemaker is
located in the lower atrium, the Pwaves in the infe-
rior leads are inverted and the rhythmmay be mis-
taken as AV junctional. It has been customary,
although without any firm support by experimen-
tal data, to consider the rhythm as AV junctional
when the PR interval is less than 0.12 second.
Figure 14–6 ECG leads V1–V3 and II in three patients with a
are 60 beats/min (left), 91 beats/min (middle), and 102 beats/min
recognizable in lead II (at the bottom of each vertical column).
An ectopic atrial rhythm may be called accel-
erated atrial rhythm when the atrial rate is faster
than the patient’s sinus rate but is less than 100
to 110 beats/min (see Figures 14–6 and 14–7).
Accelerated atrial rhythm is most commonly
recognized on ambulatory ECGs when the onset
and termination of the ectopic rhythm can be
identified.
Automatic Ectopic Atrial
Tachycardia

Automatic atrial tachycardia (sometimes described
as focal) may be transient, recurrent, sustained, or
incessant. The tachycardia is considered sus-
tained when it lasts longer than 30 seconds. The
transient and recurrent forms, believed to arise
in an ectopic atrial focus,17–19 are the most com-
mon paroxysmal supraventricular arrhythmias,
recorded in as many as one fourth of older
patients undergoing ambulatory ECG monitor-
ing. They occur in a wide variety of subjects
without heart disease and in patients with various
types of heart disease. These tachycardias often
appear during sleep or in the presence of sinus
bradycardia. This form of atrial tachycardia
ccelerated atrial rhythm or atrial ectopic tachycardia. Rates
(right). In each case the ectopic origin of the P wave is most



Figure 14–7 ECG leads I through III show ectopic atrial
tachycardia at a rate of 106 beats/min in a 40-year-old
man with an acute inferior myocardial infarction. Ectopic
rhythm was transient.
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also has been called benign slow paroxysmal
atrial tachycardia.23 Paroxysms are usually of
short duration, and the rate tends to be slow
(i.e., <150 beats/min). In the study of Stemple
et al.,20 the median number of complexes
was seven and the average heart rate was 116
beats/min. In the experience of Chou and
Ceaser,21 one or more transient episodes of tran-
sient ectopic atrial tachycardia were observed
in 582 (21.6 percent) of 2670 consecutive
adults in 12- to 24-hour ambulatory ECGs.
Figure 14–8 shows three examples of short runs
II

II

II

Figure 14–8 Three ECG strips of lead II in three different pat
able by P wave morphology different from that in sinus comple
the run of atrial tachycardia is interrupted by a ventricular prema
of ectopic atrial tachycardia (P waves are notched at the peak)
block.The tachycardia begins with a premature atrial complex (
atrial tachycardia (ectopic P waves are lower than sinus P wave
atrial tachycardia, which terminates after a P wave conducted t
of nonsustained ectopic atrial tachycardia that
is probably automatic because the P wave mor-
phology during tachycardia is the same as in the
premature atrial complex initiating the run.

Chronic persistent atrial tachycardias are less
common but are frequently disabling. Tachycar-
dia tends to be incessant with rare, short bouts
of intermittent sinus rhythm. Many patients with
this type of tachycardia have no evidence of
underlying heart disease, although heart disease
may eventually develop, apparently as a result
of the incessant tachycardia.22

The sustained and potentially disabling auto-
matic atrial tachycardias occur more often in
pediatric patients,26 apparently caused by rem-
nants of automatic tissues in the atrium. The
automatic mechanism is rare in geriatric patients
because automaticity decreases with aging.23

The distributions of right and left atrial tachycar-
dias were approximately equal in pediatric
patients.23 The most common location in the left
atrium is near the orifice of the pulmonary
veins.23 Other locations include the inferior left
atrium, base of the left atrial appendage, high lat-
eral left atrium,24 mitral annulus,25 and septum.26

In the right atrium, two thirds of tachycardias are
located along the crista terminalis (cristal atrial
tachycardias).27 Tachycardias arising in the
interatrial septum and not involving the AV node
are termed septal atrial tachycardias.28 Other right
atrial locations include the right atrial appendage,
lateral wall, tricuspid annulus, and near the coro-
nary sinus.27 According to Kistler et al.,29 the
most useful ECG leads for distinguishing the right
atrial from the left atrial ectopic locations are
leads aVL and V1. A positive or biphasic P wave
in lead aVL was associated with right atrial focus
ients with short runs of ectopic atrial tachycardia recogniz-
xes. Top, The rate of atrial tachycardia is 96 beats/min, and
ture complex (third complex from the end). Middle, The rate
is 200 beats/min; there is high-degree atrioventricular (AV)
PAC) and ends after a nonducted PAC. Bottom, The rate of
s ) is 160 beats/min; there is a high-degree AV block during
o the ventricle with a prolonged PR interval.
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with a sensitivity of 88 percent and a specificity of
79 percent. In the lead V1, 100 percent specificity
for right atrial focus was present with a positive-
negative P wave and for left atrial focus with a
negative-positive P wave.29a

In patients with recurrent forms of automatic
atrial tachycardias, the tachycardia is usually
initiated by a late atrial premature impulse dur-
ing sinus rhythm. The P wave configuration of
a tachycardia-initiating complex is identical to
that of succeeding complexes.30 Tang et al.27

found that analysis of P wave configuration in
leads aVL and V1 was helpful for distinguishing
right from left atrial loci. The sensitivity and
specificity of a positive or biphasic P wave in
lead aVL to predict a right atrial focus were 88
percent and 79 percent, respectively. The sensi-
tivity and specificity of a positive (not specified
whether preceded by a negative deflection)
P wave in lead V1 for predicting a left atrial focus
were 93 percent and 88 percent, respectively.27

In contrast to reentrant tachycardia, the PR
interval of the tachycardia initiating a premature
atrial complex is usually not prolonged.30 After
onset, the cycle length of tachycardia shortens
progressively (warm-up phenomenon) for several
cycles, but once established the PP intervals do
not vary by more than 50 ms unless an exit block
from the focus of tachycardia is present (Fig-
ure 14–9). During tachycardia, P waves are visi-
ble. The configuration and axis of P waves are
usually abnormal but sometimes resemble
P waves of sinus origin. The rate of tachycardia
tends to vary from day to day and from hour to
hour and is influenced by a variety of physiologic
3:19:43am2 SVT ONSET

Figure 14–9 Ectopic atrial tachycardia in a 55-year-old man w
a Holter monitor. Tachycardia is initiated with a premature atri
P waves during the tachycardia is similar to that of the initiating
the heart rate reaches 166 beats/min. The episode lasted 13 min
the T wave changes during the tachycardia.
factors modifying autonomic tone. During sleep
the rate of tachycardia slows or AV block occurs.
Atropine and isoproterenol increase the tachycar-
dia rate. The automatic ectopic atrial tachycardia
is not affected by vagal stimulation such as carotid
sinus massage or the Valsalva maneuver, although
these maneuvers may produce AV block.21,31,32

In the study of 80 cases of focal tachycardia,
67 (84 percent) were adenosine-sensitive.32a

During electrophysiologic studies the initiation
of automatic tachycardia does not depend on the
coupling interval of the premature stimulus or con-
duction delay. At short coupling intervals the
response of automatic supraventricular tachycardia
differs from that of reentrant supraventricular tachy-
cardia because it does not terminate but is “reset”
without cessation of the tachycardia. Overdrive pac-
ing captures the atrium but, upon cessation of the
pacing, the tachycardia immediately resumes with-
out an intervening sinus complex. This suggests that
the focus of automatic tachycardia is “protected.”
Chronic, persistent atrial tachycardia is quite resis-
tant to treatment, including direct-current counter-
shock. In a growing number of cases the treatment
of choice has become ablation or excision of ectopic
atrial foci responsible for tachycardia.26,28,33,34

Ablation was also successful in rare patients with
2 o r 3 simultaneous foca l atrial tachycardias.34a
ECG FINDINGS
The ECG criteria are as follows:
1. There are three or more successive abnor-

mal P waves whose morphology is differ-
ent from that of the sinus P waves.
x

*

ith dilated cardiomyopathy. The tracing was obtained with
al complex (marked with an x), and the morphology of the
premature complex. There is a short “warm-up” period until
utes 30 seconds (the end of the episode is not shown). Note
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2. The atrial rate is generally between 100
and 180 beats/min.

3. The rhythm is regular (after the first few
complexes).

4. The paroxysm consists of three or more
complexes in succession.

5. There is a QRS complex after each P wave,
and the QRS complex usually resembles
that of the sinus complex unless there is
aberrant ventricular conduction.

6. The PR interval tends to be normal or
prolonged.

7. Tachycardia-induced STsegment and T wave
changes may occur.

If the atrial rate is rapid, the AV junction may
be only partially recovered when the successive
atrial impulses arrive. The PR interval may
therefore be longer than that of the sinus com-
plex. In some cases, some of the P waves are
not followed by a QRS complex, resulting in
ectopic atrial tachycardia with block, a rhythm
commonly known as paroxysmal atrial tachycar-
dia with block (discussed later in the chapter).

The QRS complex in ectopic atrial tachycar-
dia usually resembles that of the patient’s sinus
complex. A prolonged QRS complex may be
the result of aberrant ventricular conduction. In
most cases the aberrant QRS complex has an
RBBB pattern, although an LBBB pattern also is
seen. Occasionally, aberrant ventricular conduc-
tion is present at the onset of a paroxysm, and
normal QRS configuration returns as the tachy-
cardia continues. The QRS complex may also
be abnormal because of a preexisting ventricular
conduction defect. In either case, the rhythm
may mimic paroxysmal ventricular tachycardia
and present a difficult but important diagnostic
problem.

As with sinus tachycardia, ST segment depres-
sion and T wave inversion may be seen during
the tachycardia. Furthermore, T wave abnormal-
ities may be present for hours or even days after
the cessation of long-lasting tachycardia. This is
called posttachycardia T wave abnormality (see
Chapter 23).
Intraatrial Reentry Tachycardia

Allessie et al.35 showed that reentrant activity
can be induced by early premature stimuli in
small pieces of rabbit atria. As a specific mecha-
nism of tachycardia in humans, atrial reentry
was recognized by several groups of investiga-
tors.36–39 With intraatrial reentrant tachycardia,
a reentry circuit confined to the atrium consists
of two functionally distinct pathways with
different conduction velocities and refractory
periods.22,36,40,41

The diagnostic criteria include (1) regular
ectopic supraventricular tachycardia; (2) an acti-
vation sequence differing from that in sinus
rhythm; (3) tachycardia that does not require
participation of the AV node; and (4) a rate
slower than that of atrial flutter.42 Demonstra-
tion of second-degree AV block is helpful for
documenting the mechanism.42

According to Josephson,31 reentrant atrial
tachycardia accounted for about 6 percent of
the 280 cases of paroxysmal supraventricular
tachycardia studied in their electrophysiology
laboratory. The heart rate may range from 120
to 240 beats/min. As a rule, the tachycardia is
initiated by a premature atrial complex.

The morphology of the P wave varies depend-
ing on the location of the reentry circuit in the
atrium and the pathway of the activation
impulse. Unlike the automatic (ectopic) type of
atrial tachycardia, the P wave morphology dur-
ing the tachycardia differs from that of the initi-
ating premature complex.20,21 Furthermore, the
morphology of the P wave during the episode
also may vary because the impulse exiting from
the reentry circuit may be conducted along differ-
ent pathways in the atria from beat to beat.32 The
tachycardia rhythm is regular without a warm-up.
The changes in the PR interval and the QRS dura-
tion, if present, are rate related and similar to
those seen with the automatic type.

Differentiation of intraatrial reentry tachycar-
dia from ectopic atrial tachycardia is difficult
from the body surface ECG, especially if the
onset of the tachycardia is not recorded. They
can be distinguished in the electrophysiology
laboratory because, in contrast to ectopic auto-
matic tachycardia, intraatrial reentry tachycardia
can be induced by programmed stimulation43

(Figure 14–10).
In a series of nine patients reported by Haines

and DiMarco,42 the cycle length of tachycardia
ranged from 260 to 460 ms; 89 percent of
patients had underlying structural heart disease,
and 68 percent had concomitant atrial flutter or
atrial fibrillation. Intraatrial reentrant tachycar-
dia is a common complication of cardiac surgery,
especially after surgery for congenital heart dis-
ease.44–46 It is believed that surgical scars and
patches serve as boundaries of reentrant cir-
cuits.45 This was also the case for a patient after
orthotopic heart transplantation in whom the
right atrial free-wall suture line47 was the site
of the acquired interatrial conduction path from
the recipient atria to the donor atria.47 A rare
case of incessant tachycardia using a concealed



Figure 14–10 ECG lead V5 in a 50-year-old man with exercise-induced paroxysmal supraventricular tachycardia. Electro-
physiologic study established a diagnosis of inducible atrial tachycardia by demonstrating a “high-low” sequence of propa-
gation. Note the atrial tachycardia at a rate of 193 beats/min with positive P waves; the tachycardia is terminated by a
premature atrial complex with a negative P wave. These findings suggest atrial reentrant tachycardia.
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atrionodal bypass tract and continuing despite
AV block was reported.48

As an alternative mechanism to reentry, trig-
gered activity could not be ruled out in patients
with atrial tachycardias but appeared unlikely
because verapamil or b-adrenergic blocking drugs
were therapeutically ineffective. Engelstein et al.49

found that atrial reentrant tachycardias were not
affected by adenosine administration and thus
could be differentiated from the automatic tachy-
cardias. Similarly, Markowitz et al.50 found that
adenosine-sensitive tachycardia is usually focal
in origin. In contrast, Chen et al.51 found that
a relatively high dose of adenosine could termi-
nate intraatrial reentrant tachycardia in 24 of 27
patients. Iesaka et al.52 found that focal reentry
at the low anteroseptal right atrium site adja-
cent to the AV junction (presumably within the
approaches to the AV node), but not involving
AV nodal pathways, could be terminated by
small doses of adenosine in 11 patients.52 It has
been reported that focal reentry can be differen-
tiated from focal automaticitry using high-density
mapping.53

Foci of macro-reentrant atrial tachycardia can
be successfully ablated by radiofrequency energy
applied to a critical area in the atrial reentrant
circuit.44–46,54 The increasing number of proce-
dures of isolating pulmonary veins in patients
with atrial fibrillation has led to the discovery
of both focal and macro-reentrant atrial tachy-
cardias originating in the pulmonary veins diag-
nosed before and after ablation.55,56 Pacing from
each of the pulmonary veins established useful
criteria for localizing the site of tachycardia.29,57
REPETITIVE PAROXYSMAL ATRIAL
TACHYCARDIA
Repetitive paroxysmal atrial tachycardia is char-
acterized by recurring short runs of atrial tachy-
cardia that are almost constantly present for
months or years and only occasionally inter-
rupted by normal sinus rhythm54 (Figure 14–11).
Using the more stringent definition, the individ-
ual paroxysms of this dysrhythmia should not be
separated by more than two normal beats. The
tachycardia often has a slightly irregular rhythm
whose mechanism is unknown. Similar repeti-
tive behavior also is seen with other types of
tachyarrhythmias such as atrial flutter, atrial
fibrillation, paroxysmal junctional tachycardia,
and ventricular tachycardia.58,59 Repetitive atrial
tachycardia is rare; it may be seen in patients
with or without organic heart disease.
Paroxysmal Atrial Tachycardia
with Block

Paroxysmal atrial tachycardia (PAT) with block
is currently often called ectopic atrial tachycardia
with block. The early term has remained in use,
mainly because of tradition.

The clinical importance of PAT with block
was brought to attention mainly by Lown
et al.,60 who proposed the following criteria.

1. Abnormal P (or P0) waves whose morphol-
ogy is different from that of the sinus
P waves

2. Atrial rate generally between 150 and 250
beats/min

3. Isoelectric intervals between P waves in all
leads

4. Second-degree or more advanced AV block
PATwith block generally is believed to be due

to increased automaticity of an ectopic atrial
focus associated with impaired AV conduction.
Triggered activity due to the presence of delayed
afterpotentials may be responsible for some cases,
especially those due to digitalis intoxication.61

As with other ectopic atrial rhythms, the mor-
phology of the P waves depends on the location
of the ectopic atrial pacemaker. The P waves fre-
quently are small and not easily identifiable. In
some cases, lead V1 is the best one to use to
search for the blocked P waves. Although the
atrial rate may range from 150 to 250 beats/
min, it is less than 200 beats/min in most cases
and occasionally as low as 110 beats/min. The
atrial rhythm is generally regular. Some variation



Figure 14–11 Repetitive ectopic atrial tachycardia in a 37-year-old man with probable idiopathic cardiomyopathy.
Repetitive ectopic atrial tachycardia has been noted for at least 8 years.
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of the PP interval, however, was seen in nearly half
of the series reported by Lown et al.62 The AV
block in this dysrhythmia usually is second degree
with 2:1 conduction, but 3:1 conduction or the
Wenckebach phenomenon may be observed
(Figures 14–12 to 14–15). Complete AV block is
uncommon. PATwith block cannot be diagnosed
when there is 1:1 AV conduction with prolonga-
tion of the PR interval. The PR prolongation in
such cases may be physiologic because of the
rapid atrial impulses. In some cases with 1:1
conduction, however, second-degree AV block
develops during carotid sinus massage.
DIFFERENTIAL DIAGNOSIS
Because the P waves in PATwith block are often
small and superimposed on the ventricular com-
plexes, this rhythm frequently is mistaken for AV
nodal reentrant tachycardia, atrial tachycardia
without block, or sinus tachycardia. When the
block varies, the irregular ventricular rhythm may
be mistaken for atrial fibrillation. The arrhyth-
mia that most closely simulates PATwith block is
atrial flutter. The differentiation may be important
because PATwith block frequently results fromdig-
italis toxicity, but atrial flutter does not. With atrial
flutter, the atrial rate is usually more than 250
beats/min, and there is constant oscillation of the
baseline. If the atrial rate is between 200 and 250
beats/min and the flutter waves are atypical, differ-
entiation of these arrhythmias is often impossible
based on the ECG.
CLINICAL SIGNIFICANCE
Digitalis intoxication is the predominant cause of
PAT with block. Among the 112 episodes of this
arrhythmia reviewed by Lown and Levine in
1958,58 73 percent were attributed to digitalis.
Other reports implicated digitalis toxicity in 40 to
82 percent of cases.63,64 In recent years the digitalis
dosage used generally has been reduced, resulting
in a marked decline of this arrhythmia. In patients
not receiving digitalis, this arrhythmia has diverse
etiology; it is found usually in patients with
advanced heart disease. Body potassium depletion
from the use of diuretics was often the precipitating
factor, although the serum potassium level was not
necessarily below normal. In one reported series of



Figure 14–13 ECG leads V1–V3 in a 66-year-old man
with right bundle branch block and left anterior fascicular
block show ectopic atrial tachycardia at a rate of 288
beats/min and 3:1 ventricular response. Atrial rate is within
the range of atrial flutter, but no flutter waves were recog-
nizable in any of the leads (not shown).

Figure 14–14 EC leads V1–V3 in a 76-year-old man with
a history of palpitations show ectopic atrial tachycardia at a
rate of 175 beats/min with 2:1 ventricular response and
Wenckebach periodicity of the conducted P wave.

Figure 14–12 ECG leads V1–V3 in an 82-year-old man
with a previous anterior myocardial infarction show ectopic
atrial tachycardia at a rate of 208 beats/min with 2:1 ven-
tricular response.
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patients with this arrhythmia, chronic pulmonary
disease was found in more than half of the patients
treated with digitalis.65
Atrial Standstill

Experimental atrial standstill has been induced
by drugs, chilling of the SA node, CO2 poison-
ing, or anoxia.66 In humans, atrial standstill has
been categorized as: (1) temporary (caused usu-
ally by the sick sinus syndrome, vagal action,
drugs, hyperkalemia, or following open heart sur-
gery)67; (2) terminal; or (3) persistent.

The recent study of Makita et al.68 suggests
that genetic defects in cardiac sodium channel
SCN5A underlie the congenital atrial standstill.

Bloomfield and Sinclair-Smith66 described the
first case of atrial standstill documented by car-
diac catheterization and proposed the following
criteria for its diagnosis, also known as “silent
atrium”: (1) absent P wave on surface and intra-
cardiac ECGs; (2) absent a wave in the intracar-
diac pressure record; (3) regular rhythm; and
(4) angiographic evidence of an immobile
atrium. An additional requirement is unrespon-
siveness to atrial pacing.69 The standstill may
involve both atria or be confined to the right
atrium with a normally functioning left atrium.65

It may be associated with idiopathic atrial
enlargement as the only pathologic abnormality,
but usually the atrial myocardium is damaged



Figure 14–15 Paroxysmal atrial tachycardia with block. A Wenckebach phenomenon is present. There is gradual length-
ening of the PR interval and shortening of the RR interval before the block occurs.
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and underlying depolarization is suspected.70 The
regular rhythmmay be caused by an AV junctional
escape pacemaker or sinoventricular conduc-
tion.71 The absence of P waves alone is not suffi-
cient to establish the diagnosis because P waves
may be absent also on the surface ECG in cases
of atrial tachycardia in which atrial activity is lim-
ited to small regions of the atrium.72

Multifocal Atrial or Chaotic
Tachycardia

Multifocal atrial tachycardia also is known as
chaotic atrial tachycardia or chaotic atrial mecha-
nism.73–75 This tachycardia is characterized by
P waves of varying morphology (Figure 14–16).
It is assumed that distinct P waves originate from
different foci, although one cannot rule out the
Figure 14–16 ECG lead II strip shows multifocal atrial tachy
chronic obstructive lung disease. Note the irregular rhythm and
possibility that the focus is single and the
changes in P wave morphology are caused by
variable intraatrial conduction or variable
degrees of fusion with the sinus P wave. Neither
P wave morphology nor the duration of the PR
interval is decisive when differentiating multi-
focal rhythms from multiform rhythms (i.e.,
rhythms originating from the same focus but
having a different spread of excitation). The
term multiform is preferred because it does not
commit the ECG interpreter to an uncertain
mechanism. The condition usually occurs in
seriously ill patients, often with chronic lung
disease and respiratory failure; it usually
resolves following successful management of
the underlying clinical disorder. Most patients
with multifocal atrial tachycardia are elderly.
Treatment with theophylline and b-adrenergic
agonists may be a contributing factor. In most
cardia at a rate of 154 beats/min in a 79-year-old man with
at least four P wave shapes.
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cases the arrhythmia is resolved within days,
although it may persist for longer periods.
There is a close relation between multifocal
atrial tachycardia and either atrial flutter or
atrial fibrillation. The tachycardia can be pos-
tural.76 In one case, pathologic studies revealed
a mesenchymal tumor at the site of an auto-
matic focus near the lip of the fossa ovalis.77

The ECG is characterized by: (1) three or more
morphologically distinct P waves in the same lead;
(2) the absence of one dominant atrial pacemaker
(in distinction to sinus rhythm with frequent pre-
mature atrial complexes); (3) an isoelectric base-
line; and (4) varying PP, PR, and RR intervals.
Some P waves may be nonconducted, and some
may be conducted to the ventricles with aberra-
tion. The ventricular rate is usually 100 to 150
beats/min but may be as low as 90 beats/min78 or
as high as 250 beats/min. It can be diagnosed only
with an ECG because the physical examination
findings clinically resemble atrial fibrillation when
the rhythm is irregular.79 In several reported series,
multifocal atrial tachycardia was seen in 0.2 to 0.4
percent of the ECGs from the institutions where
the studies were performed.73–75,80–82

The rhythm is often preceded or followed by
frequent premature atrial complexes, sinus tachy-
cardia, atrial fibrillation, atrial flutter, ectopic
atrial tachycardia, or PATwith block. In one series
it was preceded by or progressed to atrial fibrilla-
tion or flutter in 55 percent of cases.79 Many of
the patients had diabetes mellitus.74,82

The role of digitalis relative to this rhythm
has been debated.73,81 Electrolyte imbalance (e.g.,
hypokalemia and hypomagnesemia) has been
reported as the etiology of this arrhythmia.
Multifocal atrial tachycardia implies a poor
prognosis in patients with infection or with
pulmonary insufficiency and congestive heart
failure. However, the direct cause of death is
not the arrhythmia but rather is the underlying
disease. Arrhythmia may be present in children
without underlying heart disease.83 The ventric-
ular rate may be reduced by administration of
verapamil, an indication that abnormal atrial
Figure 14–17 Atrial parasystole at a rate of about 40 beats/m
parasystolic P waves, and stars mark the assumed concealed disc
toriness after the preceding P wave of the dominant sinus rhyth
activity represents a form of triggered tachycar-
dia (see Chapter 17).
Atrial Parasystole

Atrial parasystole is encountered less frequently
than ventricular parasystole. With atrial parasys-
tole, the ectopic P waves (P0) are independent of
the sinus activity. The morphology of the ectopic
P waves is often similar to that of the sinus
complexes. The coupling intervals vary. The
interectopic (P0P0) intervals have a common
denominator (Figure 14–17). In most instances
the ectopic atrial impulse can be conducted to
the ventricles whenever the latter are not in the
refractory phase.84,85 Atrial parasystole may be
seen in individuals with or without heart
disease.

The reported range of the parasystolic rate
ranges from 33 to 56 beats/min.84 The parasysto-
lic focus can be fully protected from sinus
impulses without evidence of modulation,86 but
more often it is electrotonically modulated by
the sinus pacemaker, as evidenced by the PP
intervals fitting a phase-response curve (see
Chapter 17).86 The SA node pacemaker may
remain undisturbed, but more often it is inter-
fered with, discharged, or blocked.84,87,88
Atrial Dissociation

Atrial dissociation has been seen more commonly
in recent years because of cardiac transplanta-
tion. In those occasional cases not associated with
cardiac transplantation, the ectopic depolariza-
tion always is limited to an area of one atrium;
the ectopic P (P0) waves are small and bizarre
and are never conducted to the ventricles (Fig-
ure 14–18). The interectopic intervals are more
variable than are those of atrial parasystole. Atrial
dissociation is usually a manifestation of
advanced heart disease and often occurs a few
hours before death.89
in. Note the variable coupling. Dots mark the manifested
harges that are unable to propagate because of atrial refrac-
m.



Figure 14–18 Atrial dissociation. The ectopic P waves are indicated by P0 waves. None of the P0 waves are conducted to
the ventricle. The length of the P0P0 interval is more variable than that seen with atrial parasystole. The patient had an acute
anterior myocardial infarction and died a few hours after this tracing was recorded.
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In patients who have undergone cardiac trans-
plantation, the recipient’s atrial remnant, which
includes the sinus node, generates regular
impulses that depolarize the atrial remnant,
resulting in a second set of P waves (see Chapter
12). Because of the small size of the atrial rem-
nant and its electrical isolation from the donor’s
heart by the surrounding scar tissue, the P waves
are generally small and are dissociated from the P
waves and QRS complexes of the donor’s heart.
Complex atrial arrhythmias can occur when one
part of the atrium develops atrial flutter or fibril-
lation. Cases have been reported with atrial flutter
in one atrium and atrial fibrillation in another.90
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Atrial Flutter

Atrial flutter is characterized by a rapid, regular
atrial rhythm at a rate of 200 to 400 beats/min.
There are usually no isoelectric segments between
the regular, uniformly shaped, biphasic, saw-
tooth-like oscillations. Most commonly the ven-
tricular response in the absence of treatment is
2:1 but may be 4:1, 3:1, 3:2, or any other manifes-
tation of a second-degree atrioventricular (AV)
block (Figure 15–1). When the AV conduction
varies, Wenckebach-type conduction is often
recognized if there is gradual lengthening of the
flutter-to-R interval until the expected conduc-
tion fails (Figure 15–2).

A higher-degree AV block usually results from
impaired AV conduction or drug treatment. In
the presence of complete AV block, the RR inter-
vals are regular but the flutter waves have
no constant relation to the QRS complexes (see
Figure 15–1). The escape pacemaker may be
located in the AV junction or in the ventricles.
Atrial flutter with complete AV block may also
be associated with AV junctional tachycardia.

One-to-one conduction during atrial flutter is
one of the most hemodynamically perilous and
life-threatening arrhythmias. It may occur when
the impulse is conducted through an AV acces-
sory pathway with a short refractory period or
when the impulse is conducted through the AV
node but the rate of flutter is slowed by an anti-
arrhythmic drug, particularly types IA and IC
sodium channel–blocking antiarrhythmic drugs.
One-to-one conduction may be also precipi-
tated by increased sympathetic stimulation (e.g.,
excitement, exercise, induction of anesthesia)1

(Figures 15–3 to 15–5). Additionally, intravenous
administration of atropine may result in 1:1 con-
duction. In two well-studied cases of 1:1 conduc-
tion, histologic examination revealed a bundle
connecting the atrium with the His bundle.2

The flutter waves are usually best seen in
leads II, III, aVF, and V1 (Figure 15–6). If the
flutter waves are superimposed on the QRS com-
plex and T waves, the rhythm may be difficult to
recognize. Often small, sharp deflections in lead
V1 are helpful for determining the atrial rate, lead-
ing to a correct diagnosis2 (see Figure 15–4B).
Other methods for visualizing atrial flutter include
recording the intraatrial or esophageal leads.3,4

Vagal maneuvers and adenosine administration
are used to decrease the ventricular rate and
to reveal the sawtooth appearance of the flutter
(Figure 15–7). Vagal stimulation sometimes
precipitates atrial fibrillation.5
CLINICAL CORRELATION
Atrial flutter may be chronic or paroxysmal. In
general, flutter is a less stable rhythm than atrial
fibrillation and frequently converts to atrial
fibrillation or to sinus rhythm.6 Atrial flutter
usually occurs in association with atrial pathol-
ogy, and most patients with atrial flutter have
structural heart disease. The predisposing factors
are atrial distension and atrial conduction distur-
bances, frequently manifested by a prolonged
361



Figure 15–2 ECG strips of lead II show atrial flutter with Wenckebach-type conduction to the ventricles. Top, Constant
3:2 conduction. Bottom, Constant 2:1 block with progressive lengthening of each following conducted flutter–QRS duration.
Arrangements are 4:3, 5:3, and 4:3 in three consecutive groups separated by a pause. The flutter rate and rhythm are
unchanged, and the apparent absence of the flutter wave during the pause after the fifth and twelfth QRS complexes is
explained by fusion of the negative flutter wave with the upright T wave.

Figure 15–1 ECG strips of lead II showing atrial flutter with 2:1 response (top row); 3:1 response (second row); and vary-
ing response 6:1, 3:1, 4:1, 5:1, 5:1, 5:1 in six consecutive cycles (third row), as well as complete AV block with an escape
rhythm at a rate of 30 beats/min (bottom row). The diagnosis of block is confirmed by the regular rate of the escape pace-
maker and the absence of a constant relation between the flutter waves and the QRS complex.

Figure 15–3 Atrial flutter with 1:1 conduction induced by exercise in a 16-year-old girl with congenital mitral insuffi-
ciency. A mitral valve prosthesis had been inserted 3 years previously. She was receiving digitalis and quinidine at the time
this tracing was recorded. There is atrial flutter with 2:1 to 3:1 atrioventricular (AV) conduction at rest. Typical flutter wave
morphology is seen in the inferior leads (not shown here). Atrial rate is 200 beats/min. The tracing taken immediately after
exercise shows 1:1 AV conduction.
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Figure 15–4 Atrial flutter in a 23-year-old man with alcoholic cardiomyopathy and intraventricular conduction disturbance.
A, ECG in the emergency room shows atrial flutter with 1:1 response at a rate of 278 beats/min. B, Sixteen minutes later, the
ventricular response varies from 2:1 to 3:1 with an average ventricular rate of 116 beats/min. Note the similar pattern of intra-
ventricular conduction disturbance, with the QRS duration decreasing from 172 ms to 132 ms at a slower ventricular rate,
apparently due to a lesser degree of aberrancy. The diagnosis of 1:1 flutter was confirmed in the electrophysiology laboratory.
Patient had several episodes of 1:1 flutter during follow-up, usually precipitated by alcohol intake.
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interatrial conduction time and prolonged P
wave duration.7

Atrial flutter may be transient, lasting for min-
utes or hours, or it may persist for months or even
years. In the study of Castellanos et al.,8 55 per-
cent of the episodes in 49 patients lasted less than
7 days and 10 percent lasted longer than 1 year. In
patients with acute myocardial infarction (MI),
the incidence of atrial flutter in several studies
ranged from 0.8 to 5.3 percent.1 Atrial flutter can
be seen in patients with acute and chronic cor pul-
monale,9,10 pulmonary embolism,10 pericarditis,
or hyperthyroidism; after cardiac surgery; and
in patients with atrial septal defect, both before
and after surgical repair.11 No evidence of organic
heart disease is found in a small percentage of
patients.12
RELATION OF ATRIAL FLUTTER TO
OTHER ATRIAL ARRHYTHMIAS AND
DIFFERENTIAL DIAGNOSIS
Atrial premature complexes are frequent precur-
sors of atrial flutter. Epicardial mapping at the



Figure 15–5 ECG leads I through III show atrial flutter in an 80-year-old patient with chronic lung disease. Left, 1:1
response with a ventricular rate of 254 beats/min, apparently precipitated by excitement. Right, At 96 seconds later, a vary-
ing ventricular response with an average ventricular rate of 163 beats/min.

Figure 15–6 Acute pericarditis with atrial flutter in a 28-year-old woman with acute pericarditis and moderate pericardial
effusion. The flutter waves can be seen in lead V1 at a rate of 300 beats/min. There is 2:1 atrioventricular conduction. QRS
voltage is low in the limb leads. The diffuse ST segment elevation is consistent with acute pericarditis.
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onset of atrial flutter during the postoperative
period showed that the typical flutter was
initiated by a premature atrial complex followed
by a transitional irregular atrial rhythm of variable
duration (mean 9.35 seconds).13 Atrial flutter and
fibrillation occur often in the same person. They
can appear on the same electrocardiogram
(ECG) as atrial flutter-fibrillation, also known as
“impure atrial flutter” (Figure 15–8). Treatment
with digitalis shortens the atrial refractory period
and often converts atrial flutter to atrial fibrillation.
Conversely, treatment with sodium channel–
blocking drugs such as quinidine or procainamide
often converts atrial fibrillation to atrial flutter as
a transitional stage before restoration of sinus
rhythm. During transition the flutter cycle tends
to be slightly irregular, with variable morphology
of the flutter waves.

Rytand et al.14 found an apparent relation
between atrial size and the rate of flutter. Patients
with markedly enlarged atria tended to have a
slower rate, and massive dilatation of the atria
was accompanied by increased duration of the flut-
ter cycle, resulting in rates of less than 200 beats/
min in some patients. Also, sodium channel–
blocking antiarrhythmic drugs decrease the rate
of flutter waves, whereas digitalis tends to increase
the rate.

Repetitive atrial flutter is an unusual form of
atrial flutter in which episodes of atrial flutter



Figure 15–7 Atrial flutter with 2:1 conduction. The rhythm in the upper strip may be mistaken as ectopic atrial tachycar-
dia with a rate of 133 beats/min. On carotid sinus massage, flutter waves at a rate of 266 beats/min are demonstrated during
the period of increased atrioventricular block.

Figure 15–8 Variable morphology of flutter waves, best seen in the rhythm strip of lead II at the bottom. The term flutter-
fibrillation is used to describe such a rhythm.
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are interrupted by a few sinus complexes
(Figure 15–9). Ectopic atrial tachycardia and
atrial flutter seldom coexist in the same patient,
but the attacks of atrial flutter may be followed
by sinus bradycardia in patients with the
tachycardia-bradycardia syndrome.

Atrial flutter must be considered in the differ-
ential diagnosis of narrow QRS tachycardias; it is
one of the most common causes of such arrhyth-
mias in the elderly and patients with structural
heart disease. Unlike sinus tachycardia, the ven-
tricular rate during atrial flutter tends to remain
stable. More difficult is the differential diagnosis
among atrial flutter with a 2:1 response, AV
nodal reentrant tachycardia, AV reentrant tachy-
cardia, and AV junctional automatic and ectopic
atrial tachycardia because of the similar ventric-
ular rates in all of these tachycardias. The uncer-
tainty arises when only half of the flutter waves
are visible. It may be helpful in such cases to
measure the distance between the two visible
atrial deflections and project one half of this dis-
tance onto the ECG. This may reveal whether
the morphology of the ECG at that point in time
is compatible with the presence of a disguised
second flutter deflection.

Abnormally wide QRS complexes during atrial
flutter may be due to a preexisting intraventricular



Figure 15–9 Repetitive atrial flutter in a 32-year-old woman who has no symptoms and shows no other evidence of
organic heart disease. Flutter rate varies during different episodes. Flutter waves are of the uncommon type, in that they
are upright in lead II.
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conduction disturbance, ventricular preexcitation,
aberrant conduction, or the effect of antiarrhyth-
mic (particularly IC type) drugs (Figure 15–10).
Atrial flutter with a wide QRS complex and 2:1
response may be indistinguishable from ventricu-
lar tachycardia when the flutter waves are masked
by ventricular complexes.
MECHANISMS OF ATRIAL FLUTTER
The proposed mechanisms of atrial flutter
include (1) a large reentrant loop, (2) a small
reentrant loop, and (3) a single focus or multiple
foci of automaticity.14,15 Lewis et al.16 favored
the mechanism of circus movement, with the
main wave traveling around the orifices of the
venae cavae and providing tangential offshoots
to excite the remainder of the atria. Studies of
Allessie et al.17 in the rabbit atria demonstrated
Figure 15–10 Effect of the sodium channel–blocking class IC
woman with chronic obstructive lung disease. ECG strips are from
with 300 mg propafenone twice daily (bottom). Before treatm
response. After treatment the flutter rate is 186 beats/min with 2
from 125 to 93 beats/min, and QRS duration increased after pro
reentry of the leading-circle type without an ana-
tomic obstacle and without an excitable gap.
Boineau18 carried out extensive mapping of the
atria in a dog with spontaneous atrial flutter
and observed two forms of flutter. Both forms
resulted from circus movement reentry with
zones of fast and slow conduction: one type
due to clockwise and the other due to counter-
clockwise motion in the right atrium. This study
emphasized the importance of a large anatomic
obstacle in the maintenance of flutter and sug-
gested that the difference between the polarity
of flutter waves was due to different activation
patterns.

Waldo’s group developed a model of sterile
pericarditis for studying experimental flutter in
dogs.19 In this model,20 in which a diffuse
inflammatory reaction involved 50 to 80 percent
of the atrial wall, atrial flutter was associated
drug propafenone on the rate of atrial flutter in a 73-year-old
lead II before treatment (top) and after 1 week of treatment

ent the flutter rate is 250 beats/min with 2:1 ventricular
:1 ventricular response. Thus the ventricular rate decreased
pafenone treatment from 94 ms to 106 ms.
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with a single loop of reentry that included a
region of slow conduction. These observations
in a model with an inflicted lesion were in agree-
ment with the findings of Boineau in a dog with
a naturally acquired lesion and suggested that
atrial flutter is sustained by the presence of two
barriers, one formed by the normal anatomic
structures (e.g., the vena cava) and the other
by a pathologic obstacle to conduction (e.g., a
scar). The experimental and clinical studies of
Waldo and co-workers15 established that type I
flutter involved a large reentrant circuit with an
excitable gap.

The existence of automatic foci in rare
cases of atrial flutter was recognized by Wellens
et al.21 In some cases, atrial flutter coexists
with typical automatic atrial tachycardias. In
most cases, however, atrial flutter is a reentrant
arrhythmia with an excitable gap in the right
atrium and a wave of excitation traveling up
the septum and down the free wall of the right
atrium. The site of slow conduction in the reen-
trant circuit is located inferiorly and posteriorly
in the right atrium, but individual variations
in the zone of block occur because the ascending
medial septal activation does not follow a
consistent pattern.22

The evidence in support of reentry include (1)
initiation and termination by pacing (Watson and
Josephson23 induced atrial flutter by programmed
electrical stimulation in about 80 percent
of patients with documented atrial flutter);
(2) patterns of entrainment by overdrive pacing;
(3) demonstration of fragmented electrical activ-
ity covering 36 to 100 percent of the flutter cycle,
predominantly in the right atrium, with disap-
pearance or marked decrease of fragmentation
after reestablishing the sinus rhythm24; and
(4) patterns of resetting by premature stimuli25

similar to those seen with reentrant ventricular
tachycardia (see Chapter 17).

With typical human atrial flutter, the crista ter-
minalis, eustachian ridge, and tricuspid annulus
have been identified as barriers to conduction.26

The tricuspid annulus constitutes a continuous
anterior barrier constraining the reentrant wave-
front of counterclockwise atrial flutter.27 A fully
excitable gap is present in all portions of the
circuit.28 The upper turnover site of the reentry
circuit of a common atrial flutter is anterior to
the orifice of the superior vena cava.29
IMPLICATIONS FOR TREATMENT
Experimental studies suggest that the region
of slow conduction may represent the proper
target of interventions. In humans, Puech et al.30
described an isthmus of slow conduction in the
posteroseptal part of the right atrium between
the orifices of the inferior vena cava, the coro-
nary sinus, and the tricuspid ring. Frequent
involvement of this area in circus movement
atrial flutter suggests that it could represent a
promising target of ablation to interrupt atrial
flutter.2 Subsequent studies have shown that
atrial flutter can be abolished permanently by
radiofrequency pulses delivered at the narrowest
part in the tissue between the tricuspid valve
ring and the orifices of the inferior vena cava
and proximal coronary sinus, respectively.31–36

The most common area of ablation is in the
cavotricuspid isthmus flanked by the inferior
vena cava, the tricuspid valve, and the coronary
sinus ostium. The effectiveness of ablation
requires demonstration of “isthmus block”37,38

(Figure 15–11). The success rate of the abolition
of bidirectional transisthmus conduction is
95 percent.35,39 Recurrences are rare and in
most cases represent recovery of isthmus
conduction after a complete block.36

Rational pharmacologic treatment of atrial
flutter may consist of (1) slowing conduction
to block the propagation within the circuit or
(2) lengthening the refractory period to prolong
the wavelength of the tachycardia.40
CLASSIFICATION
Atrial flutter exemplifies a macro-reentrant
tachycardia. Wells et al.3 classified atrial flutter
into two types.3 In type I the atrial rate is 240
to 350 beats/min (although it can be faster or
slower, particularly during treatment with anti-
arrhythmic drugs) (see Figure 15–10), and the
flutter can be entrained by atrial pacing. In type
II the rate of flutter is 340 to 430 beats/min, and
the flutter cannot be entrained by rapid pacing.

Type I atrial flutter is more often called
common or typical atrial flutter and is subdivided
into a more prevalent counterclockwise (cepha-
lad) type with the flutter wave axis directed
superiorly (i.e., inverted deflection in leads II, III,
and aVF) (see Figure 15–1) and a less prevalent
clockwise type (cranial to caudal) with flutter
waves upright in leads II, III, and aVF

(Figure 15–12). In lead V1 the flutter waves are
upright in the common type but are either upright
or inverted in the uncommon type. It has been
suggested that in a clockwise atrial flutter the left
atrium is activated predominantly over Bach-
mann’s bundle and in a counterclockwise flutter
predominantly over coronary sinus.41 The clock-
wise pattern includes a so-called upper loop
involving the upper portion of the right atrium.42



Figure 15–12 ECG of a 65-year-old man with coronary artery disease shows clockwise-type typical atrial flutter with
upright flutter waves in leads II and III. Rate of flutter is 244, and ventricular response is 4:1.

Figure 15–11 Measurement of isthmus conduction before and after isthmus ablation for treatment of atrial flutter. CT ¼
crista terminalis; CT1 ¼ conduction across the isthmus; CT2 ¼ conduction time over roof of right atrium; ER ¼ eustachian
ridge; IVC ¼ inferior vena cava; LLRA ¼ low lateral right atrium; PCS ¼ proximal coronary sinus; SVC ¼ superior vena cava.
(From Johna R, Eckardt L, Fetsch T, et al: A new algorithm to determine complete isthmus conduction block after radiofre-
quency catheter ablation for typical atrial flutter. Am J Cardiol 94:1666, 1999. Copyright 1999 Excerpta Medica, Inc., by
permission.)
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Most right atrial flutters with positive flutter wave
on surface ECG may be supported by a reentrant
circuit around the inferior vena cava or a figure-
eight, double-loop reentry involving both the infe-
rior vena cava and tricuspid annulus.43 Rarely, both
clockwise and counterclockwise flutter types are
present in the same person on different occasions
(Figure 15–13).
Type II atrial flutter is also known as atypical
or uncommon atrial flutter. It comprises a hetero-
geneous group of unstable arrhythmias that are
transitional to atrial fibrillation.4 This arrhyth-
mia is not infrequently induced in the electro-
physiology laboratory by atrial pacing.4 The
sequence of activation is usually incompatible
with clockwise or counterclockwise atrial flutter.



Figure 15–13 Two variants of typical atrial flutter in the same patient on two occasions at a 1-month interval. Left, ECG
recorded on June 15 shows atrial flutter at a rate of 222 beats/min with 2:1 ventricular response and upright flutter waves in
leads II and III. Right, ECG recorded on July 14 shows atrial flutter at a rate of 236 beats/min with a variable ventricular
response and inverted flutter waves in leads II and III.

TABLE 15–1 Atrial Flutter (Rapid [250
to 350 beats/min] Macro-
Reentrant Atrial Rhythm

Right atrial flutter

I. Isthmus dependent
A. Clockwise and counterclockwise
B. Double wave reentry
C. Lower loop reentry (single break or

multiple breaks)
II. Nonisthmus dependent

A. Upper loop reentry
B. “Scar” reentry
C. Critical flutter circuits

III. Surgical circuits
A. Incisional scar
B. Isthmus dependent
C. Complex circuits

Left atrial circuits

A. Mitral annular circuits
B. “Scar” related
C. Left membranous circuits

36915 � Atrial Flutter and Atrial Fibrillation
The inability to entrainmost such arrhythmias sug-
gests a leading circle mechanism5 without a fully
excitable gap4 or a focal mechanism. It has been
shown that atypical atrial flutter may exhibit vari-
able periodicity, making it difficult to distinguish
from atrial fibrillation.43a Gomes et al.44 defi-
ned uncommon atrial flutter as a heterogeneous
entity involving more than one circuit, localized
atrial fibrillation, or both. Left atrial circuits may
be recognized in the ECG because of flat or low-
amplitude forces in the inferior leads.45 Slowing
of conduction in the left atrial septum due to
antiarrhythmic drugs or atrial myopathy appears
to cause left septal atrial flutter.46

Table 15–1 shows the classification of atrial
flutter proposed by Scheinman47 and based on
specific circuits.
Atrial Fibrillation

Atrial fibrillation is a disorganized, asynchronous
fractionated activity recognizable by the absence
of Pwaves and the presence of small irregular oscil-
lations, so-called fibrillatory waves. Atrial fibrilla-
tion may be acute or chronic, paroxysmal, or
established. The paroxysmal episodes occur sud-
denly and last for seconds, minutes, or days. They
terminate spontaneously but tend to recur and
eventuallymay become established. The predictors
of recurrence include advanced age, increased
left atrial size, impaired left ventricular function,
and heart failure.48,49

Permanent atrial fibrillation signifies the pres-
ence of a permanent anatomic or electrophysiologic
disturbance leading to propagation of chaotic
impulses. Electrophysiologic abnormalities found
in patients with atrial fibrillation include sinoatrial
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(SA) node dysfunction, a short atrial refractory
period, intraatrial conduction disturbances, and a
wide zone of fragmented activity.2

Electrocardiographically, fibrillation may be
fine or coarse, without evidence of organized
activity on the surface ECG or in the endocavi-
tary leads. In patients with paroxysmal recurrent
atrial fibrillation with or without heart disease,
the fibrillatory process may begin as atrial flutter
or may be precipitated by one or more atrial
premature complexes (Figures 15–14 to 15–16).
In a number of patients with paroxysmal
Figure 15–14 Continuous record during ambulatory monitor
fibrillation.

Figure 15–15 ECG strip of lead II shows transition from sin
followed by atrial fibrillation.

Figure 15–16 ECG strip of lead II from a 60-year-old wom
tracing sequence of atrial fibrillation, sinus tachycardia, atrial fl
fibrillation.
supraventricular tachycardia, atrial fibrillation
evolves during an attack of tachycardia.50

Paroxysmal atrial fibrillation ends spontane-
ously after some seconds (see Figure 15–14),
minutes, hours, or days. This means that the
electrophysiologic matrix is not permanently
abnormal. This conclusion is usually supported
by the normal pattern of P waves during sinus
rhythm and the inability to initiate permanent
atrial fibrillation by rapid pacing or premature
atrial stimulation. Because both sympathetic
and vagal stimulation shorten the refractory
ing shows onset and termination of a short episode of atrial

us rhythm with 2:1 atrioventricular block to atrial flutter,

an with paroxysmal atrial fibrillation shows a continuous
utter, atrial fibrillation, sinus rhythm, atrial flutter, and atrial



Figure 15–17 ECG strip of lead II shows termination of atrial fibrillation and resumption of sinus rhythm.

Figure 15–18 ECG leads V4–V6 and II show the transi-
tion from atrial fibrillation to ventricular tachycardia in a
79-year-old man with an acute inferior myocardial
infarction.
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period of the atrial muscle, atrial fibrillation can
be induced experimentally and clinically by
sympathetic and vagal stimulation. It is believed
that the autonomic nervous system plays a major
role in precipitating paroxysmal atrial fibrilla-
tion, and it has been observed that in some
patients the attacks occur preferentially at night
or at rest when the heart rate is slow and in
others preferentially when the heart rate is rapid
(e.g., during exercise).51 Shortening the atrial
refractory period plays an important role not
only in the initiation but also the maintenance of
atrial fibrillation, a phenomenon called electrical
remodeling.52 Spontaneous termination of atrial
fibrillation is often preceded by atrial flutter,
although it may occur suddenly (Figure 15–17).
Transition of atrial fibrillation to ventricular
tachycardia, as seen in Figure 15–18, is a rare
event.

An international consensus on nomenclature
and classification of atrial fibrillation53 proposed
a subdivision of this arrhythmia into the following
four categories: (1) initial (first-detected) event
that may be symptomatic or asymptomatic and
may or may not recur; (2) paroxysmal that termi-
nates spontaneously within 48 hours and may be
recurrent; (3) persisting, not self-terminating and
lasting >7 days, or after prior cardioversion; and
(4) permanent (established) that may or may not
be terminated, or that relapses after cardioversion.
Themain purpose of this subdivision is to establish
guidelines for therapy.
VENTRICULAR RESPONSE
The ventricular rate in patients with atrial fibril-
lation is determined by the number of impulses
that manage to reach the ventricles by overcom-
ing both the time-dependent refractoriness of
the AV node and the voltage-dependent refracto-
riness of the His-Purkinje system. An important
role in the control of the ventricular rate during
atrial fibrillation is attributed to concealed
conduction of impulses in the AV node. The
concept of concealed conduction is supported
by the observations that the RR interval usually
increases after a premature ventricular complex,
which means that the retrograde penetration of
the AV node by the ventricular impulse prolongs
the refractory period and interferes with the
anterograde transmission of atrial impulses.
Other factors contributing to rate control are
the basic characteristics of the refractory
period and the conductivity of the AV node,54

electrotonic modulation,55,56 the function of
the AV junctional escape pacemakers,57 and the
strength and direction of atrial impulses reach-
ing the AV node from the atria. As is evident
from the frequent occurrence of aberrant intra-
ventricular conduction, particularly right bundle
branch block (RBBB), the long-lasting, voltage-
dependent refractoriness of the conducting sys-
tem distal to the AV node is a factor controlling
the ventricular rate during atrial fibrillation and
other atrial tachyarrhythmias.2

In the presence of incomplete AV block, the
rate of impulses transmitted to the ventricles
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decreases and the irregularity of the responses
tends to lessen. In the presence of high-degree
AV block, the ventricles are driven by AV junc-
tional or ventricular escape rhythms (Figures
15–19 to 15–22). When a degree of AV conduc-
tion remains preserved, the rate of these escape
pacemakers may be influenced by concealed
conduction of atrial impulses. When the escape
pacemaker is in the ventricles, the QRS complex
is usually wide. An accelerated AV junctional
rhythm or AV junctional tachycardia causes reg-
ular narrow QRS tachycardias in the presence of
atrial fibrillation (Figure 15–23, top strip).
Wenckebach periodicity during AV junctional
rhythm is not uncommon (see Figure 15–23,
bottom strip). Regular ventricular response
can also occur by changing to atrial flutter or by
treatment with antiarrhythmia class IC drugs.58
Figure 15–19 Atrial fibrillation with complete atrioventricula
of 34 beats/min.

Figure 15–20 Atrial fibrillation with complete atrioventricula
beats/min from a 49-year-old man with acute inferior and right
During pacing-induced atrial fibrillation in
humans, three responses have been observed:
types I, II, and III. The irregularity, complexity,
and incidence of continuous electrical activity
and reentry increase from type I to type III.59With
type I, which resembles atrial flutter, a single
broad wave propagates uniformly across the right
atrium. Local capture is often possible with this
type owing to the presence of an excitable gap in
the right and left atria.60

In patients with untreated atrial fibrillation
the ventricular rate is often faster than 150
beats/min (Figure 15–24) and is typically accel-
erated by exercise, even if it is well controlled
at rest (Figure 15–25). Myocardial ischemia
may be exposed during a rapid rate analogous
to a positive stress test (see Figure 15–25).
At rapid rates, the QRS duration may increase
r (AV) block and slow AV junctional escape rhythm at a rate

r (AV) block and AV junctional escape rhythm at a rate of 58
ventricular myocardial infarction.



Figure 15–21 ECG strip of lead II from a 90-year-old woman with chronic atrial fibrillation. Note the slow ventricular
response caused by high-degree atrioventricular block. Fifth, seventh, and eighth complexes are ventricular escape
complexes.

Figure 15–22 ECG strips of lead II from a 69-year-old man with coronary artery disease, mitral and aortic valve pros-
theses, chronic atrial fibrillation, and escape rhythm with left bundle branch block morphology. Top, Regular escape rhythm
at a rate of 53 beats/min. Bottom, On the same-day ECG strip, note the same rhythm with pauses that are exactly twice as
long as the cycle length, indicating an exit block.

Figure 15–23 ECG strips of lead II show atrial fibrillation in two patients treated with digitalis. Top, Regular, presumably
atrioventricular junctional rhythm at a rate of 79 beats/min. Bottom, Group beating suggests a 3:2 response of the escape
pacemaker with right bundle branch block and left anterior fascicular block morphology.

Figure 15–24 ECG strip of lead II from an 84-year-old woman with symptomatic atrial fibrillation. Ventricular rate is 165
beats/min.
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owing to aberrant intraventricular conduction or
a tachycardia-dependent bundle branch block,
creating a wide QRS tachycardia (Figure 15–26).

Atrial fibrillation is one of the most serious
arrhythmias in patients with preexcitation syn-
dromes. In the presence of a bypass tract, rapid
transmission of impulses through the accessory
AV pathway to the ventricles can result in ven-
tricular fibrillation and sudden cardiac death.

Patients with Wolff-Parkinson-White (WPW)
syndrome appear to be predisposed to atrial
fibrillation, with an incidence ranging from 10
to 30 percent. Langendorf et al.61 pointed out
that preexcitation should be suspected if the
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Figure 15–25 Chronic atrial fibrillation in a 79-year old woman. ECGs are recorded on 2 consecutive days. When the rate
is controlled (94 beats/min), the ventricular complex is normal. At a rapid rate (172 beats/min), diffuse ST segment depression
suggests myocardial ischemia; the patient was dyspneic but had no chest pain.

Figure 15–26 ECG leads V1–V3 from a 70-year-old man during sinus rhythm at a rate of 97 beats/min and during atrial
fibrillation with a ventricular rate of 176 beats/min. QRS duration increased from 100 ms to 130 ms at a rapid rate.
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ventricular rate during atrial fibrillation is unusu-
ally rapid (i.e., >200 beats/min). Castellanos
et al.62 demonstrated that the rapid ventricular
rate is associated with a short effective refractory
period of the accessory pathway. This association
was confirmed by Wellens and Durrer during
atrial fibrillation induced in patients with WPW
syndrome.63 A short effective refractory period
(i.e., �250 ms) increases the risk of ventricular
fibrillation in the presence of atrial fibrillation,



Figure 15–27 Atrial fibrillation in a patient with Wolff-Parkinson-White syndrome. Ventricular rate is 230 beats/min.
Intracardiac electrogram shows the fibrillatory waves (F).
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atrial flutter, or other rapid atrial tachycardia.
Figure 15–27 shows rapid conduction through
an accessory pathway with a short refractory
period during atrial fibrillation. The incidence of
atrial fibrillation is also increased in the presence
of multiple accessory pathways and slow intra-
atrial conduction.2 Factors contributing to a rapid
ventricular rate during atrial fibrillation other
than the refractory period of the accessory path-
way are concealment of impulses in the AV node,
supernormal conduction through the accessory
pathway, and the pattern of atrial input into the
accessory pathway.64,65

Unlike the AV node, the refractory period of the
accessory pathway tends to decrease as the rate
increases. Fillette and Fontaine66 studied RR histo-
grams of patients with atrial fibrillation and found
that the range of RR intervals distinguished patients
with and without preexcitation. The conduction
properties through the accessory pathway vary
depending on the frequency of impulses reaching
the atrial pole of the pathway and the influences
of the autonomic nervous system. In the presence
of accessory pathways with short refractory peri-
ods, ventricular responses may reach rates up
to 300 beats/min. The tachycardias are usually
irregular, with polymorphic configuration of the
ventricular complexes, as the ventricular activation
reflects fusion of the complexes conducted through
the accessory and normal AV pathways. The assess-
ment of risk is facilitated by testing the effects of
transient atrial fibrillation, exercise, and isoprotere-
nol infusion.2

The incidence of atrial fibrillation in patients
with preexcitation appears to be increased by
the presence of reentrant tachycardia. This is
suggested by the low recurrence rate of atrial
fibrillation after ablation of the accessory path-
ways.67 The probable mechanism of atrial fibril-
lation is stimulation during the atrial vulnerable
period by the impulse returning to the atria.
In patients with WPW syndrome and atrial
fibrillation, retrograde conduction over the
accessory pathway contributed up to 9 percent
of the total atrial wavefront near the accessory
pathway, indicating the presence of an excitable
gap during human atrial fibrillation.65
PHARMACOLOGIC AND MECHANICAL
SLOWING OF VENTRICULAR
RESPONSE
Slowing the ventricular response in clinical prac-
tice can be accomplished by decreasing the
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number of impulses traversing the AV node. The
categories of drugs capable of accomplishing this
include: (1) digitalis by means of vagal stimula-
tion and a direct effect; (2) b-adrenergic block-
ade; (3) subset of calcium channel–blocking
agents acting on the AV node (e.g., verapamil,
diltiazem); (4) class III antiarrhythmic drugs;
and (5) adenosine. Slowing the ventricular
response adequately may be difficult when the
drug effect is counteracted by increased sympa-
thetic stimulation (e.g., during exercise or with
fever, infection, or anemia).

Atrioventricular conduction during atrial
fibrillation can be modified by radiofrequency
ablation of the right mid-septal and posterosep-
tal region of the tricuspid annulus, a procedure
that eliminates the posterior atrionodal input,68

or by ablation of the slow AV nodal pathway.69,70

It has been shown that in patients with dual AV
nodal pathways, the slow pathway plays the
dominant role in determining the ventricular
rate.71 Observations during ambulatory monitor-
ing72 suggest that dual AV node physiology
could be recognized by the presence of bimodal
distribution of RR intervals.
Figure 15–28 Coarse atrial fibrillation in an 84-year-old
man with coronary artery disease. The wide QRS complex
MORPHOLOGY OF FIBRILLATORY
WAVES
is probably caused by aberrant conduction. From top to
bottom: leads V1, V2, V3, and II.
Studies have shown that atrial activation during

atrial fibrillation is not entirely random, because
the activation front follows the receding tail
of refractoriness.73 The tendency of wavefronts to
follow paths of previous excitation is termed
linking. Examination of intraatrial electrograms
during atrial fibrillation showed transient similari-
ties in the direction of wavelet propagation in most
patients with atrial fibrillation, a finding consistent
with the presence of transient linking.73

The atrial rate during atrial fibrillation ranges
from 400 to 700 beats/min. The fibrillatory (f)
waves are best seen in the inferior and right pre-
cordial leads V3R and V1. In some cases, how-
ever, f waves are not seen in any leads, and the
diagnosis of atrial fibrillation is based on the
irregularity of the ventricular rhythm. Depend-
ing on their amplitude, f waves are called fine
or coarse. Some authors consider f waves of
>0.05 mV amplitude as coarse, whereas others
use 0.1 mV amplitude as the dividing line1

(Figure 15–28). Exploration of the atria with
multiple catheter electrodes in 16 patients
showed that the amplitude of f waves in lead
V1 averaged 0.128 mV (coarse f waves) in the
presence of cranio-caudal direction of activation
and 0.06 mV (fine f waves) during disorganized
activity.74 In earlier studies the coarse waves
were found more often in patients with rheu-
matic valvular heart disease and the fine waves
in patients with other cardiomyopathies.75 This
etiologic association may no longer be valid in
this era of declining incidence of rheumatic val-
vular disease and early surgery or valvuloplasty
of valvular lesions. Several earlier studies
reported that the conversion to sinus rhythm is
more difficult in patients with fine waves than
in those with the coarse variety.1

Today, separation of atrial fibrillation into
coarse or fine is difficult to justify from a clinical
point of view because the amplitude of fibrilla-
tory waves on the ECG differs among leads and
is not constant in any single lead. This may
explain contradictory results of the correlations
between the amplitude of the fibrillatory waves
vs. atrial size and other clinical variables such
as the etiology of heart disease or duration of
arrhythmia.

Leier and Schaal76 recorded right and left atrial
electrograms in patients with coarse atrial fibrilla-
tion and atrial flutter-fibrillation. In those patients
with the coarse type, the atrial fibrillation was bi-
atrial. Flutter-fibrillation, however, signified the
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presence of regular tachycardia or flutter some-
where in the atria and was usually associated with
dissimilar atrial rhythms in the two atria. In some
cases the researchers found dissimilar atrial flutter
rates or fragmented flutter in two different parts of
the right atrium. Earlier, Puech77 showed that the
rates of local activity in the atria varied at different
recording sites and that regular and irregular depo-
larizations coexisted in some cases. Zipes and
De Joseph78 recorded simultaneously right atrial
and esophageal electrograms in patients with dis-
similar atrial rhythms and concluded that the
change from fibrillation in one atrium into more
regular activity in the contralateral atrium was
caused by a longer, more uniform refractory period
in the latter than in the former. Simultaneous
occurrence of atrial fibrillation and atrial flutter
in different parts of the atria has been confirmed
in patients undergoing ablation of atrial flutter
and has been attributed to a possible functional
interatrial block as the mechanism.79
CLINICAL CORRELATIONS
Most patients with established atrial fibrillation
have evidence of structural heart disease with
increased left atrial pressure or volume (e.g.,
hypertensive, ischemic, dilated, hypertrophic,
or restrictive cardiomyopathy) or both. In the
absence of symptomatic heart disease, the most
important etiologic factor is age. In a prospective
study of 5201 persons age 65 or older followed
for an average period of 3.28 years, the inci-
dence of atrial fibrillation was 19.2 per 1000
person-years, increasing with age, male gender,
and the presence of clinical cardiovascular
disease.80 The incidence of atrial fibrillation in
subjects aged>100 years was 30%.81 Atrial fibril-
lation is the most common atrial tachyarrhythmia
in patients with acute MI, and its presence pre-
dicts an increased incidence of stroke and a
higher mortality rate.82,83 Atrial fibrillation tends
to occur in the presence of right coronary occlu-
sion when there is coexistent occlusion of the
left circumflex artery proximal to its left atrial cir-
cumflex branch, resulting in impaired perfusion
of the AV nodal artery and left atrial ischemia.84

The overall incidence of atrial fibrillation in
3254 patients enrolled in the GUSTO-I trial was
10.4 percent.83 In one study, left ventricular
function was more impaired in patients who
developed atrial fibrillation later than 24 hours
after the onset of infarction than in those in whom
atrial fibrillation appeared earlier.85

In patients with hyperthyroidism, the inci-
dence of paroxysmal or established atrial fib-
rillation is about 10 to 15 percent.86 Atrial
fibrillation is relatively uncommon in patients
with acute pericarditis1 but is common in those
with constrictive pericarditis.87

Atrial fibrillation occurs transiently often after
coronary artery bypass surgery. In one study
the incidence was 27 percent.88 Independent pre-
dictors of this complication were advanced age,
male gender, history of atrial fibrillation, history
of congestive heart failure, and surgical practices
such as a long cross-clamping time and pulmo-
nary vein venting.88 In a collaborative study of
106,780 Medicare beneficiaries over 65 years
of age treated for acute MI between 1994 and
1996, atrial fibrillation was present in 22.1
percent (about half of subjects presented with it,
and the other half developed it during hospitali-
zation). Atrial fibrillation was an independent
predictor of in-hospital and 1-year mortality.
Patients who developed atrial fibrillation during
hospitalization had a worse prognosis than those
who had it on admission.89

Idiopathic or lone atrial fibrillation in the
absence of heart disease is usually paroxysmal
and frequently recurrent, often precipitated
by the consumption of alcoholic beverages90–93;
the sustained form seldom develops in these
subjects.94 The vagally mediated form of parox-
ysmal lone atrial fibrillation is preferentially
observed in young male adults in whom an
ECG pattern of common atrial flutter alternates
with atrial fibrillation.95
MECHANISM OF ATRIAL
FIBRILLATION
Induction of atrial fibrillation requires a critical
tissue mass. West and Lauda96 showed that there
is a critical weight of the tissue below which
fibrillation cannot be induced. In their study
the critical weight was 32 mg for the left atrium
and 28 mg for the right atrium. Just as there is a
critical mass below which fibrillation cannot
occur, there is also a critical rate above which
regular organized activity cannot continue. Thus
at a certain rate, atrial flutter progresses to atrial
fibrillation, provided there is critical tissue mass
available to sustain fibrillation. In the laboratory,
atrial fibrillation can be induced by stimulation
during the vulnerable period, rapid pacing, local
application of aconitine, isoproterenol infusion,
acetylcholine infusion, and strong vagal stimuli.2

Atrial fibrillation can be started from a single,
presumably automatic focus (e.g., by topical
application of aconitine to the atrial appendage).
Such atrial fibrillation disappears when the
atrium is isolated from the focus.2 In this case,
the mechanism of fibrillation differs from atrial
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fibrillation initiated by rapid pacing, which
remains self-sustaining when pacing is discon-
tinued. This type of atrial fibrillation is attribu-
ted to a multitude of reentrant wavelets, a
mechanism simulated in a computer model by
Moe et al.97 In this model, fibrillation was sus-
tained by a number of independent wavelets
coursing around islands of refractory tissue.
Each wavelet may accelerate or decelerate as it
encounters elements at different stages of excit-
ability. The wavelets may divide, coalesce, or
become extinguished. The greater the number
of independent wavelets, the less chance there
is of spontaneous termination. In dogs with ster-
ile pericarditis, changes of the functional block
in the right atrial wall were critical for conver-
sion of atrial flutter to atrial fibrillation and
atrial fibrillation to atrial flutter.98 The absence
of degeneration of established atrial flutter to
atrial fibrillation has been attributed to the stabi-
lizing effect of the anatomic barriers that define
the substrate of atrial flutter.99 Atrial fibrillation
occurs in about 12 percent of paroxysmal reen-
trant AV nodal tachycardias.100 In such cases the
AV nodal reentrant impulse acts as a trigger for
atrial fibrillation.

Allessie et al.101 confirmed the validity of Moe’s
model using 192 electrode terminals to follow the
spread of excitation during atrial fibrillation
induced by rapid pacing and acetylcholine in a
blood-perfused dog heart. Maps of human atria
during atrial fibrillation have been similar to those
in experimental animals. Atrial fibrillation was sus-
tained bymultiple wanderingwavelets, and various
areas were reexcited from different sites; thus there
was little opportunity for any of the wavelets to
complete reentry.98 However, extensive mapping
studies by Ferguson and Cox102 revealed the pres-
ence of complete macro-reentrant loops in some
instances and partial reentrant loops in others. This
may explain cases in which regional entrainment
of chronic atrial fibrillation was feasible in
humans103 and cases in which atrial fibrillation ori-
ginated in a single right or left atrial focus firing
irregularly, with the arrhythmias being eliminated
by radiofrequency pulses104 (see later discussion).

The discovery that focal ablation could elimi-
nate paroxysmal atrial fibrillation revived the
theory that atrial fibrillation could originate
from a rapidly firing focus.105 Weiss et al.106

proposed that fibrillation is initiated by wave-
break occurring when an emerging wavefront
encounters refractory tissue and splits into
daughter waves. The wavebreak might produce
reentry around a fixed anatomic site or might
produce a vortex-like micro-reentry (rotors)
around very small cores, with high-frequency
periodic activity, a mechanism discovered by
Jalife et al.107,108 in isolated heart preparations.
Rapid electrical impulses emanating from these
mother rotors may propagate throughout the
atria and interact with functional and/or anato-
mical barriers, causing fragmentation and wave-
let formation. These considerations fit into
explanations of both the multiwave and the focal
activity. The newer techniques of high-resolution
optical mapping allow the examination of elec-
trical wave propagation in greater detail. Using
the noncontact mapping, Lin et al.109 found
during focal atrial fibrillation induced by atrial
pacing the existence of atrial channels through
lines of block that acted as mother rotors, giving
rise to daughter waves and fibrillatory conduc-
tion. Thus atrial fibrillation increasingly is being
recognized as a deterministic process resulting
from the rapidly firing foci and fibrillatory con-
duction, rather than a fundamentally turbulent
and self-sustaining breakdown of organized
conduction.105

Yang et al.105a attempted to determine themech-
anism of atrial fibrillation by examining the prema-
ture atrial complexes (PACs) during the 5 minutes
preceding the onset of paroxysmal atrial fibrilla-
tion. They reported that subjects with high PAC
activity had fewer episodes and shorter-duration
atrial fibrillation episodes compared with those
who had low PAC activity but greater burden of
atrial fibrillation. It was assumed that the latter
were “substrate fibrillators” and the former were
“trigger fibrillators.” There is an increasing evi-
dence that in some cases atrial fibrillation can be
a heritable disease due to gene mutations.109a,109b
IMPLICATIONS FOR TREATMENT
The concept that atrial fibrillation begets atrial
fibrillation is of practical importance. Several
experimental and clinical studies have esta-
blished that atrial fibrillation contributes to elec-
trical remodeling of atrial myocardium, which
consists of changes in various membrane cur-
rents that control action potential duration; it
results in shortening the atrial effective refrac-
tory period and decreasing the wavelength,110

which facilitates continuation of the atrial fibril-
lation. A similar effect is enlargement of the atria
caused by atrial fibrillation.111,112

Understanding the electrophysiologic sub-
strate of atrial fibrillation has contributed to
the development of two surgical procedures for
maintenance of sinus rhythm: the corridor proce-
dure introduced by Giraudon and the maze
introduced by Ferguson and Cox.102 In both pro-
cedures, the conduction pathway leading from
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the SA node to the AV node is isolated from the
rest of the atria. With the corridor procedure
the left atrial attachment of the septum and most
of the right atrium are disconnected, leaving a
corridor consisting of a cuff of right atrium
around the superior vena cava, including the SA
node, a strip of atrial septum anterior to the fossa
ovalis, and the triangle of Koch with the AV node
and the orifice of the coronary sinus.113

The maze procedure provides for only one
entrance site (the SA node) and one exit site
(the AV node), with multiple blind alleys along
the route between the entry and exit sites.
The purpose of these alleys is to depolarize
the remaining atrial tissue without providing an
opportunity for reentry. Both procedures are
based on the premise that atrial fibrillation
cannot be sustained in a small tissue mass.

It has been suggested that the effect of the
maze procedure can be simulated by creating
linear lesions in the right atrium or left atrium (or
both) using a radiofrequency energy pulse.114,115

Drugs used to accomplish pharmacologic
conversion to sinus rhythm have an antifibrilla-
tory effect by slowing conduction, which pre-
vents reexcitation, and by helping smaller units
coalesce. Drugs that lengthen the refractory
period may be beneficial by increasing the wave-
length of the tachycardia, although a longer
duration of the relative refractory period may
facilitate reentrant activity.
FOCAL ATRIAL FIBRILLATION AND
ROLE OF PULMONARY VEINS
Most cases of atrial fibrillation fit the model of
multiple wavelets and are not amenable to abla-
tion. Focal atrial fibrillation is a fairly recently
discovered mechanism of sustained atrial fibril-
lation that is amenable to ablation of the initiat-
ing focus. The focal activity may be triggered,
or caused, by enhanced automaticity or micro-
reentry.116 (See earlier discussion.) Many of the
successfully ablated foci have been located in
the pulmonary veins,104,117 although right atrial
foci have been mapped and ablated success-
fully.116 Also, localized foci of activity alleged
to initiate chronic atrial fibrillation have been
found in the left atria,118 the ostium of the infe-
rior vena cava,119 and the persistent left superior
vena cava.120

There is evidence that pulmonary veins pos-
sess structures capable of generating reentrant
ectopic activity. These structures are implicated
not only as a trigger of atrial fibrillation in
patients with appropriate substrate, but also as
a source of “venous wave drivers” that are
capable of maintaining atrial fibrillation.121 This
is facilitated by marked abbreviation of the
action potential duration and shortened refracto-
riness by acetylcholine.122 It has been amply
demonstrated that the pulmonary veins are elec-
trically connected to the left atrium by discrete
fascicles, which explains how the isolation of
pulmonary veins by ostial ablation can eliminate
atrial fibrillation in a substantial number of
patients. Haissaguerre et al.123 were not able to
re-induce atrial fibrillation using aggressive elec-
trical stimulation in 57% of patients after pulmo-
nary vein isolation. In some patients who had
unsuccessful ablation, sources of localized atrial
activation could be mapped and ablated.123

Good results were reported in patients after pul-
monary vein isolation combined with linear
ablation of the cavotricuspid isthmus and mitral
isthmus.124
DIAGNOSIS OF PREMATURE
VENTRICULAR COMPLEXES IN THE
PRESENCE OF ATRIAL FIBRILLATION
Differentiation of premature ventricular com-
plexes from aberrant conduction may be diffi-
cult. A constant coupling interval favors the
diagnosis of ventricular ectopy. The presence of
the Ashman phenomenon favors aberrancy,
but a long preceding cycle also favors precipita-
tion of premature ventricular complexes (rule
of bigeminy). A longer (pseudocompensatory)
pause after a wide QRS complex favors a ventric-
ular origin because retrograde penetration of the
AV node by the ventricular ectopic impulse pro-
longs the AV nodal refractoriness and delays
anterograde transmission of the subsequent
atrial impulse. Polymorphism, particularly that
manifested by various forms of incomplete
RBBB, favors aberrancy but may also be caused
by different degrees of fusion between the atrial
and ventricular ectopic complex.

Because single, wide QRS aberrant complexes
are caused almost exclusively by the Ashman
phenomenon, a plot of the RR interval terminat-
ing the wide QRS complex vs. the preceding
RR interval can establish the domain of the aber-
rantly conducted complexes. A wide QRS com-
plex not fitting into this domain is not likely to
be caused by the Ashman phenomenon and
therefore is probably a ventricular ectopic com-
plex. Because the aberrant conduction during
atrial fibrillation results from the difference in
refractory periods between the AV node and the
bundle branches, it has a specific distribution
on the RR interval scattergram. If a large number
of points are available (e.g., during ambulatory



380 SECTION I � Adult Electrocardiography
monitoring), the computer-generated scatter-
gram makes it possible to differentiate between
aberrant ventricular conduction and ventricular
ectopy with great accuracy.125
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16
 Atrioventricular Junctional
Rhythms

Coronary Sinus Rhythm
Ectopic Impulses and Rhythms
Originating in the AVJ

Passive AV Junctional Impulses and
Rhythms
AV Junctional Escape Impulses
AV Junctional Escape Rhythms

Active-Type AV Junctional Rhythm and
Junctional Tachycardia
Premature Junctional Complexes
Automatic Junctional Tachycardia

Accelerated AV Junctional Rhythm
(Nonparoxysmal Junctional
Tachycardia)

AV Dissociation

AV Nodal Reentry
AV Nodal Reentrant Tachycardia
Differential Diagnosis of AVNRT

Reciprocal Impulses
Reciprocal Impulses of Junctional Origin
Reciprocal Impulses of Atrial Origin
Reciprocal Impulses of Ventricular
Origin
The atrioventricular junction (AVJ) extends from
the approaches to the atrioventricular (AV)
node, which are composed of transitional cells,
to the bifurcation of the His bundle. There
are two tracts of approaches: the anterosuperior
tracts are located in the anterior intertarial
septum near the apex of the Koch’s triangle,
and the posterior inferior approaches extend
from the coronary sinus.1

The AV node is situated in the base of the
atrial septum at the apex of Koch’s triangle.
Koch’s triangle is delineated by the tendon of
Towaro, the annulus of the tricuspid valve, and
the coronary sinus, forming the base of the trian-
gle. The average length of the triangle is 17 mm,
and the average height is 13 mm.2

The AV node is made up of small, densely
packed cells identical to p cells in the sinoatrial
(SA) node, with an admixture of slender transi-
tional cells and scattered Purkinje and myocardial
cells at the margins. Like the SA node, the AV
node is an epicardial structure receiving a rich
autonomic nervous supply. Automatic activity
can arise in the proximal part of the AVJ (AN
region), the area of transition from the AV node
to the His bundle (NH region), and the His bun-
dle itself. The central part of the AV node (N
region) is believed to lack automatic properties,
although this point is debatable.

The His bundle penetrates the central fibrous
body underneath the noncoronary cusp of the
aortic valve; it reaches the crest of the trabecular
septum underneath the membranous septum
and begins to branch underneath the commis-
sure between the right and noncoronary cusps
of the aortic valve. The His bundle is insulated
from the myocardium. Intraventricular conduc-
tion begins at the sites at which the insulation
disappears.

The rhythm disturbances arising in the AVJ fall
into two distinct categories: (1) ectopic impulses
and rhythms originating in the AVJ; and (2) recip-
rocal (reentrant) impulses and rhythms depen-
dent on slow conduction and unidirectional
block in the AVJ.3 The reentrant circuit nearly
always involves the AVN, but intra-Hisian reen-
trant tachycardias also are known to occur.

It is often difficult to determine the origin of
the impulses arising in the AVJ from the body
surface electrocardiogram (ECG). Therefore the
broader term AV junctional rhythm has replaced
the formerly used term “AV nodal rhythm.”
Coronary Sinus Rhythm

Rhythm that originates from the coronary sinus
is characterized by retrograde P waves with a
normal PR interval. Although these findings
have been reproduced experimentally in humans
by pacing the interior of the coronary sinus,4,5

the term “coronary sinus rhythm” is no longer
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in use. It has been replaced by the terms ectopic
atrial rhythm (sometimes designated low or left
atrial) or AV junctional rhythm. This is because
inverted P waves in leads II, III, and aVF with
normal PR intervals can be elicited by stimulat-
ing sites other than the coronary sinus6 and
because the PR duration may be normal when
a junctional impulse conducted anterogradely is
delayed.
ECTOPIC IMPULSES AND RHYTHMS
ORIGINATING IN THE AVJ
The AVJ may become the site of impulse forma-
tion when the ventricular rate becomes slower
than the inherent rate of the junctional pace-
maker (35 to 60 beats/min) (Figure 16–1). Such
an AV junctional rhythm is an escape phenome-
non and represents the slow or passive type of
junctional rhythm, in contrast to the active type
of AV junctional rhythm or junctional tachycar-
dia. The latter is caused by an abnormal increase
in the automaticity of the junctional pacemaker,
with the resulting rhythm generally at a rate
faster than 60 beats/min.

When the ectopic pacemaker is junctional in
origin, activation of the atria proceeds in a retro-
grade direction unless there is AV dissociation or
block. Therefore the P waves are inverted in
leads II, III, and aVF and are usually isoelectric
or upright in leads aVR and I. In the precordial
leads, P wave morphology is variable.

The retrograde P wave of a junctional impulse
may precede, be superimposed on, or follow the
QRS complex (Figure 16–2). These P–QRS rela-
tions gave rise to the terms upper, middle, and
lower nodal complexes, respectively. It has been
recognized, however, that the PR or RP interval
Figure 16–1 ECG strips of lead II showing slow atrioventri
(32 beats/min) in a 79-year-old man with apparent sinus arres
woman who has no evidence of heart disease. Note the AV
240 ms. Bottom, This 80-year-old woman had had a previous in
at a rate of 47 beats/min with an RP interval of 600 ms. Anothe
junctional complex that is blocked to the ventricles.
depends not only on the location of the pace-
maker in the junction but also on the relative
speed of conduction in the anterograde and ret-
rograde directions. If the pacemaker is located
at the upper part of the AVJ but the retrograde
conduction is delayed, the P wave may appear
after, rather than before, the QRS complex.
Therefore these descriptive terms may not corre-
spond to the actual location of the pacemaker
and should no longer be used when interpreting
the body surface ECG.3

In junctional complexes with the P wave pre-
ceding the QRS complex, the PR interval is usually
less than 0.11 second. If the P wave is inscribed
after the QRS complex, the RP interval varies and
may be as long as 0.20 second or longer.
Passive AV Junctional Impulses
and Rhythms
AV JUNCTIONAL ESCAPE IMPULSES
Supraventricular escape impulses readily occur
when the activity of the SA node becomes slow
or when conduction below the SA node is
blocked. Even transient slowing of SA nodal
activity may precipitate an atrial or AV junc-
tional escape rhythm. Single supraventricular
escape impulses are usually precipitated by long
pauses (e.g., sinus bradycardia), the slow phase
of sinus arrhythmia, intermittent SA block, sinus
arrest, partial AV block, atrial fibrillation with
slow ventricular response (Figure 16–3), and
conducted or blocked supraventricular prema-
ture impulses.

Occurrence of two escape impulses in a row
following a single premature impulse is not
cular (AV) junctional rhythms. Top, AV junctional rhythm
t. P waves are not visible. Middle, ECG of an 80-year-old
junctional rhythm (49 beats/min) with an RP interval of
ferior myocardial infarction. Note the AV junctional rhythm
r possibility is that the negative P wave is caused by an AV



Figure 16–2 ECG strips of lead II showing accelerated atrioventricular (AV) junctional rhythms and various P/QRS rela-
tions. Top, AV junctional tachycardia without visible P waves and right bundle branch block (present during sinus rhythm)
in a 75-year-old woman with acute inferior myocardial infarction (MI). Middle, AV junctional rhythm at a rate of 63 beats/
min with negative P waves preceding the QRS complex in a 73-year-old man with acute anterior MI. Bottom, AV junctional
rhythm at a rate of 88 beats/min with negative P waves after the QRS complex in a 74-year-old man with acute anterior MI.

I

II

Figure 16–3 Atrioventricular junctional escape complexes occurring during the slow phase of sinus arrhythmia. The
junctional QRS complexes are superimposed on the sinus P waves. The escape interval is 1.13 seconds.
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uncommon. Escape impulses occasionally occur
after premature ventricular impulses. If an escape
complex follows a premature ventricular impulse,
the escape interval may be longer than the
escape interval following a conducted supraven-
tricular impulse because the premature ventricular
impulse tends to conduct retrogradely into the AV
junction and discharge the escape pacemaker.7 An
escape impulse from the AV junction does not
always activate both the atrium and the ventricle.
The spread of excitation in one of the two direc-
tions may be blocked, and no P or QRS complex
is recorded. In the absence of intracardiac electro-
grams, the presence of such a concealed junc-
tional impulse can be detected only by its effect
on the formation or conduction of the subsequent
impulse.

Dissociated activation of the ventricles by the AV
junctional escape impulse and of the atria by the SA
node sinus impulse occurs often (see later discus-
sion). Fusion P waves are relatively frequent when
one part of the atrium is activated by one pacemaker
and another part by another pacemaker. These
fusion P waves can be recognized on the ECGwhen
the shape of the Pwave is intermediate between that
of the sinus P wave and the P wave of the escape
pacemaker (see Figure 14–1). In the presence
of atrial fibrillation, escape impulses may signify
impaired AV conduction, a common manifest-
ation of digitalis toxicity (Figure 16–4). Because
the morphology of the ventricular complexes dur-
ing atrial fibrillation is frequently variable owing
to varying degrees of aberrant intraventricular
conduction in the conducted supraventricular com-
plexes, differentiation between supraventricular
and ventricular complexes during atrial fibrillation
may be difficult, even without ventricular escape
impulses.

An interesting junctional escape pattern is
escape-capture bigeminy. The junctional beat is
followed by a sinus capture that presents a group
beating phenomenon (see Figure 13–14).



Figure 16–4 Atrial fibrillation in a 31-year-old woman with rheumatic mitral disease. The long pauses in lead II of iden-
tical cycle length suggest that the two ventricular complexes that terminate the pauses are junctional escape complexes.
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AV JUNCTIONAL ESCAPE RHYTHMS
Single escape impulses are more common than
escape rhythms. A succession of escape impulses
can occurwhen the ectopic impulse conducted ret-
rogradely discharges the SA node and delays its
impulse formation, providing an opportunity for
the subsequent escape impulse to become repeti-
tive. Appropriate timing of the escape pacemaker
and a slow inherent rate of the sinus pacemaker
may cause an AV junctional (or an atrial) escape
rhythm to last for some time. An escape rhythm is
defined as at least three escape impulses in a row.
The RR interval of the junctional escape complexes
is usually constant and varies less than 0.04
second, although exceptions do occur.

The QRS complex of AV junctional origin is
similar to that of the basic sinus or supraventricular
complex. It is usually narrow, but its morphology
may differ slightly from that of the sinus complex.
TheQRS complexesmay bewide if there is a preex-
isting intraventricular conduction defect. If the
tracing during sinus rhythm is not available and
the AV junctional rhythm is associated with an
abnormally wide QRS complex, it may simulate
ventricular rhythm. Such a differentiation is often
impossible from the body surface ECG alone
unless some conducted supraventricular com-
plexes are recorded (Figure 16–5).
Figure 16–5 ECG rhythm strip of lead II. Top, Junctional tac
disturbance with atrioventricular dissociation. Regularly spaced
Record obtained during sinus rhythm 2 days later shows the sam
Incomplete suppression of the activity of the
SA node sets the stage for dissociation between
two supraventricular rhythms. Commonly, the
sinus pacemaker activates the atria, whereas the
AV junctional pacemaker activates the ventricle;
one or the other of the two pacemakers intermit-
tently “captures” activation of both chambers for
a varying period of time (Figures 16–6 and
16–7). The rate of AV junctional escape pace-
makers is usually 40 to 60 beats/min in adults
and is frequently more rapid in children.

Scherlag et al.8 divided AV junctional pace-
makers into two types. With the first type, the rate
ranged from 45 to 60 beats/min and increased after
atropine administration. These pacemakers are
located proximal to the His bundle. With the
second type, located in the His bundle, the rate
ranged from 35 to 45 beats/min and did not change
significantly after atropine administration.

When the rate of an ectopic supraventri-
cular pacemaker is 100 beats/min or more, it is
referred to as ectopic tachycardia. There remains
an intermediate range of AV junctional rate of
60 to 100 beats/min, which is neither an escape
rhythm nor ectopic tachycardia. A dissociation
between two pacemakers is almost invariably
present in this situation if the sinus node activity
is not disturbed. Dissociation is often isorhyth-
mic (Figure 16–8).
hycardia in the presence of an intraventricular conduction
upright P waves are best seen at the end of the strip. Bottom,
e QRS morphology.



Figure 16–6 Atrioventricular (AV) dissociation caused by impaired AV conduction shown in ECG strips of lead II. Top,
This 73-year-old woman with hypertensive heart disease shows dissociation between the sinus rhythm at a rate of 70
beats/min and the AV junctional rhythm at a rate of 48 beats/min. The dissociation is caused by partial AV block. There
are two sinus capture complexes with a PR interval of 320 ms (third and sixth complexes) both preceded by long (900
and 800 ms, respectively) RP intervals. After shorter RP intervals, sinus impulses are not conducted to the ventricles. Bottom,
A 50-year-old woman with inferior and septal myocardial infarction shows dissociation between the sinus rhythm at a rate of
75 beats/min and the AV junctional rhythm at a rate of 55 beats/min. The dissociation is caused by partial AV block. PR inter-
val of the conducted sinus complexes (second, fifth, and probably eighth complexes) is 320 to 380 ms, and the preceding
RP intervals are 620 to 700 ms.

Figure 16–7 Atrioventricular (AV) dissociation caused by accelerated AV junctional rhythm at a rate of 100 beats/min.
Sinus rate is 75 beats/min. AV conduction is not impaired. A ¼ atrium; C ¼ sinus captures; N ¼ AV junction; V ¼ ventricle.
(Courtesy of Brendan Phibbs, MD.)
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The clinical significance of the escape mechan-
isms depends on the conditions precipitating their
occurrence. They often occur in healthy persons
with sinus bradycardia and become suppressed
when the sinus rate is increased by exercise or
other maneuvers. They may be seen in patients
with various heart diseases that affect the SA or
AV node and in the presence of drugs that suppress
the SA node or impair AV conduction. In most
instances, AV junctional rhythm is a transient phe-
nomenon, although the fast rate can precipitate
myocardial ischemia (Figure 16–9).
Active-Type AV Junctional Rhythm
and Junctional Tachycardia
PREMATURE JUNCTIONAL COMPLEXES
ECG Findings

Premature junctional complexes are less common
than premature ventricular or atrial complexes.
They may be seen in normal subjects and
patients with structural heart disease.
Single junctional impulses may be parasystolic,
with variable coupling and a common denomina-
tor of interectopic intervals, or extrasystolic, with
a fixed coupling interval. In most instances the
postextrasystolic pause is not fully compensatory
because the impulse conducted retrogradely
discharges the sinus node and resets its rhythmic-
ity (Figure 16–10). The pause may be fully
compensatory, however, if there is retrograde SA
block and the sinus node is not reset. A fully
compensatory pause may also occur if the sinus
discharge occurs before arrival of the retrograde
impulse from the AVJ. If the sinus impulse occurs
relatively early and depolarizes part of the atria
before it meets with the junctional impulse, an
atrial fusion complex is produced. An AV
junctional premature complex may be also inter-
polated (see Figure 16–10). The sinus rhythm
therefore is not disturbed. Similarly, the sinus
impulse may activate the entire atria and interfere
with retrograde conduction of the junctional
impulse. In such a case the junctional pacemaker
activates only the ventricles. Temporary AV
dissociation occurs, and the sinus rhythm is not



Figure 16–8 Reciprocal complexes preceded by lengthening of the PR interval in ECG strips of lead II. Top, Gradual
lengthening of the PR interval; a negative P wave follows the third complex with the longest PR interval. This is an atrial echo
complex. In this case the atrial echo causes sinus depression, similar to the depression after premature atrial complexes, a
“post-echo” depression. Middle, Nearly isorhythmic dissociation between sinus and atrioventricular (AV) junctional rhythm.
The sinus P wave after the fourth AV junctional complex is conducted with a long PR interval and is followed by a negative
P wave (an atrial echo) that is conducted to the ventricles. Subsequently, there are three AV junctional complexes followed
by a sinus capture with a long PR interval but without manifest reciprocation; the next sinus impulse is conducted with a
normal PR interval. Bottom, Bigeminal rhythm caused by reciprocal atrial complexes. PR interval of the complex after the
pause is 300 ms; the subsequent PR interval may be longer, but it cannot be measured because the P wave is superimposed
on the T wave (the difference between the shape of two T waves is clearly seen). The negative P wave causing indentation of
the second T wave is attributed to retrograde conduction (atrial echo) without conduction to the ventricles, which allows
resumption of the sinus rhythm. An alternative explanation of negative P waves is an atrial premature complex, but it is less
likely in this case.

Figure 16–9 ECG precordial leads of a 66-year-old woman who had atrioventricular junctional tachycardia associated
with ST segment depression and anginal pain after an operation on the lumbar spine (left). After cessation of tachycardia
40 minutes later the pattern was normal (right). Nuclear scan showed normal perfusion at rest and after exercise.
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reset. As with the premature atrial complex,
premature junctional complexes may appear in
the constellations of bigeminy, trigeminy, and
quadrigeminy or as couplets.

Differential Diagnosis

As discussed earlier, when the normal QRS
complex is preceded by a negative P wave in
leads II and III, a PR interval of less than 0.12
second favors a junctional origin. A negative
P wave in these leads with a PR interval more
than 0.12 second may indicate either an ectopic
atrial or a junctional origin.

Premature junctional complexes with aber-
rant ventricular conduction resemble premature
ventricular complexes. A junctional origin can
be assumed if a retrograde P wave with a short
PR interval precedes the QRS complex or if the
retrograde P wave appears after the QRS and



Figure 16–10 Premature junctional complexes. Top, Two premature junctional complexes conducted with slight aberra-
tion, no visible P waves, and a shorter than compensatory postextrasystolic pause. Bottom, Two premature junctional com-
plexes, the first of which is preceded by a negative P wave and followed by a shorter than compensatory postextrasystolic
pause. The second (sixth complex) is interpolated without a visible P wave and is conducted with aberration.
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the RP interval is less than 0.11 second. The pre-
mature complex with an RP interval less than
0.12 second is unlikely to be ventricular in ori-
gin, as the interval is too short for ventriculoa-
trial (VA) conduction unless an accessory
pathway is present. A longer RP interval, how-
ever, does not exclude a junctional origin of
the ectopic complex.
AUTOMATIC JUNCTIONAL
TACHYCARDIA
Tachycardia due to increased automaticity of the
AVJ in adults is nearly always associated with
structural heart disease. The ECG findings are
as follows9–11:

1. The heart rate is 120 to 220 beats/min, but
the rate may vary from minute to minute.

2. The QRS duration is normal unless
aberrant ventricular conduction or bundle
branch block is present.

3. The rhythm is generally regular, but occa-
sionally it is grossly irregular, mimicking
atrial fibrillation or multifocal atrial
tachycardia.10

4. A retrograde P wave may be seen following
the QRS, but AV dissociation with or with-
out sinus capture is more common.

In the presence of retrograde atrial capture,
automatic junctional tachycardia is difficult to
differentiate from reentrant AVor AV nodal tachy-
cardia on the body surface ECG. Some irregularity
of the rhythm and varying of the heart rate favor
the automatic mechanism rather than the reen-
trant mechanism. Automatic junctional tachycar-
dia does not respond to vagal stimulation,
which may or may not terminate an AV nodal or
AV reentrant tachycardia. Figure 16–11 illustrates
simultaneous ectopic atrial tachycardia and
junctional tachycardia (double tachycardia)
documented by intraatrial electrography.

Automatic junctional tachycardia may assume
a configuration of bidirectional tachycardia in
which the junctional impulses depolarize the
ventricles through alternate pathways (fascicles),
resulting in QRS complexes of opposite polari-
ties.12–14 In the presence of ventricular aberrancy
the alternating QRS complexes are wide, but in
some cases the bidirectional tachycardia is ventric-
ular in origin.15
ACCELERATED AV JUNCTIONAL
RHYTHM (NONPAROXYSMAL
JUNCTIONAL TACHYCARDIA)
Nonparoxysmal junctional tachycardia was first
described by Pick and Dominguez.16 It is now
called accelerated AV junctional rhythm and is
believed to be automatic with the following
characteristics:

1. The rate of junctional discharge is only
moderately increased, being about 70 to
130 beats/min (see Figure 16–7).

2. The ectopic rhythm lacks the sudden onset
and termination that are characteristic of
the paroxysmal type of AV node reentrant
tachycardia.

3. The relation between the sinus rhythm and
the accelerated AV junctional rhythm
depends on the state of anterograde and ret-
rograde conduction at the AVJ and on the
atrial and ventricular rates. If retrograde
activation of the atria occurs, a constant
relation exists between the P wave and the
QRS complex. If retrograde conduction is
impaired, the atria remain under control of
the sinus impulse, resulting in AV dissocia-
tion. The ventricular rate is generally faster
than the atrial rate except when an acceler-
ated junctional rhythm develops in the
presence of atrial tachycardia, atrial fibrilla-
tion, or atrial flutter.

An accelerated junctional rhythm is seen pre-
dominantly in patients with heart disease. Com-
mon causes include digitalis intoxication, acute
myocardial infarction (MI), intracardiac surgery,
or myocarditis. Only in rare instances does the
cause of the arrhythmia remain unexplained. In
the series described by Pick and Dominguez,
digitalis was responsible for more than half of
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Figure 16–11 Double tachycardia. A, Independent ectopic atrial tachycardia and automatic junctional tachycardia are
demonstrated by the intraatrial lead. B, Ectopic atrial tachycardia alone.
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the cases.16 MI and intracardiac surgery are prob-
ably themore common causes in recent years. The
arrhythmia was reported in up to 10 percent of
patients with acute MI.17 It is more commonly
associated with inferior than anterior MI. In the
latter case, it is said to be a poor prognostic sign.

Occasionally there is anterograde exit block
of the junctional impulse, and the ventricular
rate becomes slow. On the ECG, type I exit block
can be suspected in the presence of “group beat-
ing” (suggestive of Wenckebach periodicity),
and type II exit block can be suspected in the
presence of a long cycle that is a multiple of
the basic interectopic interval18 (Figure 16–12).

If the QRS complex is wide, an accelerated
junctional rhythm resembles an accelerated ven-
tricular rhythm. The rate of the ectopic ventricu-
lar rhythm is usually 70 to 110 beats/min. The
ventricular origin of the rhythm can be recog-
nized if capture complexes with narrow QRS or
fusion complexes are present (see Chapter 17).
AV Dissociation

There is considerable disagreement and confusion
about the definition of AV dissociation. It can be
avoided if one remembers to ask two questions:
What is dissociated from what? Why? In most
cases, the term AV dissociation is applied when
atrial and ventricular rhythms are independent of
each other.

AV dissociation may be caused by default or
usurpation. The cause of default may be sinus
bradycardia, sinus arrest, or SA block. The atrial
rate becomes slower than the inherent rate of the
subsidiary pacemaker, which acts by default as
an AV junctional or idioventricular escape mech-
anism. Usurpation is defined by increased auto-
maticity of the subsidiary pacemaker, resulting
in junctional or ventricular tachycardia. In each
case the relation between the two dissociated
rhythms depends on the state of the anterograde
and retrograde AV conduction.

AV dissociation may be complete or incom-
plete. With complete AV dissociation, the atrial
and ventricular rates (PP and RR intervals)
remain constant, although the PR interval varies.
None of the atrial impulses are conducted to
the ventricles. With incomplete AV dissociation,
some of the atrial impulses arrive at the AVJ at a
time when the junction is no longer refractory
and are conducted to the ventricles. Ventricular
captures occur, and the basic ventricular rhythm



Figure 16–12 Accelerated atrioventricular junctional rhythm resulting from digitalis toxicity. There is sinus arrest. The
basic ventricular rate is 72 beats/min. Retrograde P waves are seen as slight slurring at the end of the QRS in leads II and III.
The long pause in lead I has a duration approximately three times that of the basic RR interval. In lead III the two long pauses
have durations approximately twice that of the basic RR interval. These long pauses are probably due to exit block of the junc-
tional impulse, both anterograde and retrograde.
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is disturbed and reset. This phenomenon also
has been called AV dissociation with interference,
AV dissociation with ventricular capture, or inter-
ference dissociation.

The term interference dissociation has been
defined differently by different authors.19 In my
opinion, the term is superfluous. If interference
stands for interaction between impulses of differ-
ent origin, the only condition without interfer-
ence is a complete bidirectional block between
the dissociated propagation ways. Under all other
circumstances, some form of “interference” takes
place; as such it can be defined specifically based
on the observed or deduced manifestations, such
as suppression, resetting, reciprocation, synchro-
nization, altered refractoriness, concealed con-
duction, fusion, or capture, among others.

The broad definition ofAVdissociation includes
also all cases of AV block because the atrial and
ventricular rhythms are dissociated from each
other. However, when the cause of the dissociation
is anAVblock, the use of the term dissociation, even
if technically correct, is considered unnecessary
because it may lead to confusion.

With isorhythmic AV dissociation, the rates of
the dissociated pacemakers are nearly the same
(see Figure 16–8). The two rhythms appear to
chase each other, which prompted Marriott
and Menendez20 to describe it as a “flirtatious”
relationship. When the relationship is persistent,
it is called synchronization; if it is transient, it is
called accrochage.

One of the proposed mechanisms of isorhyth-
mic dissociation21 (based on experimental find-
ings) is the juxtaposition of two pacemaker
sites that synchronize their discharges by some
undefined interaction; this is likened to the inter-
action of two independent oscillators. Observation
of patients with isorhythmic AV dissociation
during surgery suggested that this phenomenon
might be due also to AV junctional rhythm
with retrograde capture of the atria; such a
mechanism cannot be assumed, however, when
the retrograde P waves are not inverted in the
inferior leads.22
AV Nodal Reentry
AV NODAL REENTRANT
TACHYCARDIA
One of the major contributions of programmed
intracardiac electrical stimulation was the dis-
covery that so-called paroxysmal supraventricu-
lar tachycardia not associated with accessory
pathways could be induced and terminated in
most afflicted patients by premature stimuli



Figure 16–13 ECG of a patient with intermittent atrioventricular (AV) nodal reentrant tachycardia. The presence of AV
block (a negative P wave, marked by a dot, not followed by a QRS complex) during tachycardia shows that ventricles do
not participate in the tachycardia circuit.
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applied during a relative refractory period of the
AV node. This suggested that the tachycardia
was reentrant.23 The prerequisite for induction
was appropriate lengthening of the AH interval,
which in most cases resulted from Wenckebach
periodicity.24 A similar critical delay in VA con-
duction was required to induce ventricular echo
in the presence of a retrograde Wenckebach
period.25 Lack of participation of tissues distal
to the His bundle recording site was confirmed
in patients with reentry continuing in the
presence of AV block26 (Figure 16–13).
Figure 16–14 Dual atrioventricular (AV) nodal pathway
curve. When the atrial premature complex interval is short-
ened minimally (10 ms), an abrupt increase in the antero-
grade conduction time occurs. Shown are the AV nodal
conduction times (A2, H2) of atrial premature beats
(A1, A2). (From Brugada P, Wellens HJ: Electrophysiology,
mechanisms, diagnosis, and treatment of paroxysmal recur-
rent atrioventricular nodal reentrant tachycardia. In:
Surawicz B, Reddy CP, Prystowsky EN (eds): Tachycardias.
Boston, Martinus Nijhoff, 1984.)
Dual AV Nodal Pathways

Studies by Rosen and his colleagues27–31 have
firmly linked AV nodal reentrant tachycardia
with the presence of dual AV nodal pathways.
The application of premature atrial stimuli at
progressively shorter coupling intervals allows
generation of an AV nodal function curve that
represents a plot of H1H2 responses as a function
of A1A2 (coupling) intervals. A continuous curve
suggests a single AV nodal pathway. The curve
becomes discontinuous when minor shortening
of the A1A2 interval (i.e., �10 ms) results in a
sudden increase (“jump”) of 50 ms or more in
the H1H2 interval (Figure 16–14). After the onset
of discontinuity, continuing extrastimulation gen-
erates a second continuous curve or precipitates
AV nodal reentrant tachycardia (AVNRT). This
may be associated with the presence of two PR
intervals or RP intervals (see Figures 19–4 and
19–5). In patients with AVNRT the curve is usu-
ally discontinuous, revealing the presence of a
fast and a slow anterograde pathway. Reentrant
supraventricular tachycardia can be induced
by atrial premature stimuli that block in the
anterograde fast pathway and conduct through
the anterograde slow pathway. Subsequently,
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the previously blocked fast pathway becomes
available for retrograde conduction toward the
atrium. Thus the usual circus movement consists
of slow anterograde and fast retrograde pathway
conduction with proximal and distal common
pathways.

Shen et al.32 reported that in 40 consecutive
patients who underwent slow pathway ablation,
the characteristics of fast pathway conduction
were not affected, which supports the concept that
fast and slow pathways are functionally distinct.
Until recently these pathways were believed to
be located in the AV node, but experience with
ablation of these pathways is no longer consistent
with this hypothesis. It has been shown that
lesions that ablate nodal reentry are in atrial mus-
cle fibers in the area of the triangle of Koch rather
than in the histologically specialized AV node.33

Moreover, ablation of the slow pathway to cure
AV nodal reentrant tachycardia does not produce
histologic damage to the AV node.34

Common AV Nodal Tachycardia

The occurrence of spontaneous AVNRT in pati-
ents with dual AV nodal pathways hinges on
the appropriate relation between the conduction
of these pathways. The refractory period of the
slow pathway is shorter than that of the fast
pathway, allowing demonstration of the discon-
tinuous curves. The rate at which the conduc-
tion in the slow pathway becomes blocked
defines the limit of slow pathway participation
during reentry. In most patients with AVNRT,
the slow pathway conducts as fast as 170 to 180
beats/min and in some cases up to 250 beats/
min.29 The rate at which retrograde conduction
in the fast pathway is blocked defines the limits
of fast pathway participation in reentry. In most
patients with AVNRT, the fast retrograde pathway
conducts as fast as 180 beats/min and in some
cases 250 beats/min or more.29
Figure 16–15 ECG lead II of a 42-year-old woman with ovari
ventricular nodal reentrant tachycardia since childhood and a s
tachycardia at a rate of 198 beats/min without a recognizable P
treatment with adenosine intravenously. PR interval is 88 ms.
The cycle length of supraventricular tachycar-
dia is determined predominantly by the conduc-
tion time through the slow pathway because
retrograde conduction is more similar among
patients, although variations exist. It has been
shown that the retrograde conduction time
through the fast pathway tends to parallel the
anterograde conduction time through this path-
way (i.e., the AH interval). Rosen and coworkers
found that 17 percent of patients with dual AV
nodal pathways had short PR (AH) intervals
associated with appropriately fast retrograde
conduction through the fast pathway. This
explained the facilitation of reentry in patients
with short PR intervals (Lown-Ganong-Levine
syndrome)30 (Figure 16–15). It should be noted,
however, that reentrant tachycardia with a short
PR interval may be caused by other mechanisms,
including AV reentry utilizing a concealed acces-
sory pathway.35

Dual pathways in the AV node have been
found in 10 to 35 percent of patients studied
by programmed electrical stimulation for rea-
sons other than paroxysmal supraventricular
tachycardia and in 35 percent of children with
acquired or congenital heart disease but no evi-
dence of spontaneous or inducible supraventric-
ular tachycardia.36 Thus finding a dual AV nodal
pathway in either anterograde or retrograde
direction appears to be of no clinical significance
in the absence of suspected supraventricular
tachycardia.

Observations suggest that the matrix of a sin-
gle dual pathway fails to explain all the clinical
observations.37 Thus it has been shown that the
classic clinical definition of the AV nodal dual
pathway physiology (i.e., the 50-ms “jump” in
the A2H2 interval for a 10-ms change in the
A1A2 interval) is applicable to only 60 to 85
percent of cases with AVNRT.38,39 The remain-
ing patients have smooth conduction curves.
Another series of observations showed that atrial
an carcinoma and a history of paroxysmal, most likely atrio-
hort PR interval during sinus rhythm. Top, Supraventricular
wave. Bottom, Sinus rhythm, recorded 20 minutes later after



Figure 16–16 Reentry circuit of typical atrioventricular
(AV) nodal tachycardia. Posterior input to the AV node
(dashed arrow) serves as the anterograde slow pathway of
the reentry circuit, and anterior input to the AV node (solid
arrow) serves as the retrograde fast pathway. Shaded areas
indicate the target sites for radiofrequency ablation of the
fast and slow pathways. Also shown are typical and atypi-
cal AV nodal reentrant tachycardias, at rates of 188 and
170 beats/min, respectively, recorded in lead II. Discrete
P waves are not present with typical AV nodal reentrant
tachycardia. With atypical AV nodal reentrant tachycardia,
inverted P waves precede the QRS complex. With this type
of tachycardia the anterior input to the AV node serves as
the anterograde fast pathway of the reentry circuit, and
the posterior input serves as the retrograde slow pathway.
(From Morady F: Radio-frequency ablation as treatment
for cardiac arrhythmias. N Engl J Med 340:534, 1999.
Copyright 1999 Massachusetts Medical Society, with
permission.)
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activation over the fast pathway is heterogeneous
within Koch’s triangle, a finding that argues
against the concept of an anatomically discrete
retrograde fast pathway.40 Careful mapping
techniques41 revealed that multiple AV nodal
pathways are not uncommon.42 In the study of
Chen et al.41 the incidence of anterograde path-
ways with multiple AH “jumps” was about 5.2
percent. Thus the prevailing concept suggests
that the AVNRT takes place in a highly complex,
three-dimensional model with nonuniform ani-
sotropy and discontinuous conduction in the
AV junctional area. It has been reported that in
one third of all typical AVNRT cases, a concealed
atriohisian tract bypassing the A-V node consti-
tutes the retrograd e pathway. 42a

Regardless of the circuit’s exact location, radio-
frequency ablation produces satisfactory results
and is currently the procedure of choice for treat-
ing symptomatic AV node reentrant tachycardia.
Although in many cases the fast pathways of the
His bundle recording site can be successfully
ablated,43,44 slow pathway ablation is performed
more frequently and appears to be more successful
than ablation of the fast pathway.45,46 Figure 16–16
demonstrates the sites used for ablation of fast and
slow pathways.47

Atrioventricular nodal reentrant tachycardia is
the most common form of paroxysmal supraven-
tricular tachycardia, comprising approximately
50 percent of all regular supraventricular tachy-
cardias.48 It is seen most often in healthy indivi-
duals without organic heart disease and has the
following characteristics:

1. The onset and termination of the tachycar-
dia are abrupt. The episode may last sec-
onds, minutes, hours, or days.

2. The episode is often initiated by a prema-
ture atrial impulse with prolonged PR
interval (Figures 16–17 and 16–18).

3. The heart rate is usually 140 to 220 beats/
min, and the rhythm is regular (see
Figures 16–13, 16–17, 16–18, and 16–19).

4. The P-QRS complex has the morphologic
characteristics of a junctional complex
described previously. The P waves are
inverted in leads II, III, and aVF. The P
waves may superimpose on, follow, or
(rarely) precede the QRS complex.

5. The QRS complex may be normal or
abnormally wide because of aberrant ven-
tricular conduction or a preexisting intra-
ventricular conduction defect.

In the common, or typical, form of AVNRT,
which is seen in 90 to 95 percent of cases, the
retrograde P waves are either totally or partially
masked by the QRS complexes.48 The P waves
cannot be detected on the surface ECG in about
50 percent of the typical form (Figure 16–20).
In the other near 50 percent, the P waves distort
the terminal portion of the QRS complex (see
Figure 16–12) and may appear as “pseudo-S”
waves in the inferior leads or “pseudo-R” waves
in lead V1.

48

Uncommon AV Nodal Tachycardia

In an uncommon variant of AVNRT (uncommon
AVNRT) the anterograde limb is the fast pathway
and the retrograde limb the slow pathway, result-
ing in a long RP0 interval and a short P0R interval.31

However, inmany cases the P0R interval is still lon-
ger than the RP0 interval (Figure 16–21). Tachycar-
dia may be initiated by a premature ventricular
complex.49 The ECG pattern is indistinguishable
from that of AV reentrant tachycardia, utilizing a
slowly conducting accessory pathway in the retro-
grade direction (see later discussion). Because of



Figure 16–17 ECG lead II of a 68-year-old woman after coronary artery bypass operation shows the onset of tachycardia
at a rate of 132 beats/min after an atrial premature complex with a long PR interval. It suggests atrioventricular nodal
reentrant tachycardia. The tachycardia is not interrupted by the normal-appearing sinus P wave (marked by a star). This
shows that atrial tissue forming the P wave does not participate in the reentrant circuit.

Figure 16–18 ECG strip of lead II shows the onset of atrioventricular nodal reentrant tachycardia after an atrial premature
complex with a long PR interval.

Figure 16–19 ECG lead II of a 2-year-old child with atrioventricular nodal reentrant tachycardia at a rate of 204 beats/
min.

Figure 16–20 Atrioventricular nodal reentrant tachycardia. P waves are superimposed on the QRS complexes. They are
demonstrated by an intraatrial electrogram obtained simultaneously with lead II. Their amplitude is largest in the mid-right
atrium. (From Chou TC: Atrial and AV junctional tachycardia. In: Fowler NO (ed): Cardiac Arrhythmias. New York, Harper
& Row, 1977.)

396 SECTION I � Adult Electrocardiography
this similarity, the existence of a slow intranodal
retrograde pathway was questioned in the earlier
literature, but it was shown that tissues distal to
His bundle did not participate in the reentrant
circuit in patientswith such tachycardias, implying
that reentry indeed occurred in the AVnode.28 This
type of tachycardia has been ablated selectively.
Common and uncommon variants can coexist in
the same patient.50 Some patients have three or
more pathways, and bothAVnodal pathways form-
ing a reentrant circuit may be “slow,” giving rise to
a slow-slow type of AVNRT.



Figure 16–21 ECG precordial leads and lead II of an 80-
year-old woman with atypical atrioventricular (AV) nodal
reentrant tachycardia, documented in the electrophysiology
laboratory and successfully ablated. RP interval is longer
than in the typical AV nodal reentrant tachycardia.
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Incessant Tachycardia

The tachycardia utilizing accessory pathways with
AV node–like properties and long retrograde
conduction times tends to manifest clinically as
an incessant (or permanent) supraventricular
tachycardia with a P0R interval shorter than the
RP0 interval. It is described here because it resem-
bles AVNRT. Enhanced anterograde AV nodal
conduction (short AH interval) and slow retro-
grade conduction in the accessory pathway are
considered necessary to maintain the tachycar-
dia.51,52 The P wave is usually negative in leads
II, III, aVF, and V4–V6.

51 Its onset is generally
during early childhood, and the tachycardia is
characterized by age-related prolongation of the
tachycardia cycle length mediated by a conduc-
tion delay in the concealed, retrogradely conduct-
ing accessory pathway, which in 76 percent of
cases is posteroseptal.51,53 Incessant tachycardia,
also known as Gallavardin-type tachycardia, is
present most of the time, with only a few sinus
cycles interposed between episodes of tachy-
cardia. The tachycardia is uncommon. In the
study of Brugada et al.54 the P0R was shorter than
the RP0 in 28 of 300 patients with AV nodal ech-
oes. Among patients presenting with supraven-
tricular tachycardia to the Pediatric Arrhythmia
Clinic at the University of Michigan, 1 percent
had this type of tachycardia.53 Catheter ablation
is an effective treatment.51,53

It has been postulated that there are two
slowly conducting accessory pathways. With
one, conduction is suppressed by adenosine but
not by verapamil; with the other, conduction is
suppressed by both adenosine and verapamil.55

The assumption underlying these differences is
that the former type represents conduction
dependent on the “depressed” fast channel, and
the latter represents conduction dependent on
the slow channel.55

The ECG findings of this rhythm include the
following.

1. A narrow complex tachycardia that is reg-
ular with a rate of 120 to 200 beats/min

2. Retrograde P waves (superior P axis) with
long RP interval and RP interval longer
than the PR interval

On the body surface ECG the rhythm resem-
bles the uncommon type of AVNRT and
ectopic atrial tachycardia. It is resistant to drug
therapy and may result in tachycardia-induced
cardiomyopathy.
DIFFERENTIAL DIAGNOSIS OF AVNRT
In the absence of aberrant ventricular conduction
or a preexisting intraventricular conduction defect,
theAVNRTis diagnosed by excluding the following
types of “supraventricular” (narrow QRS) tachy-
cardias with a regular rhythm11,48,49,56–58:

1. Sinus tachycardia and SA nodal reentry
tachycardia

2. Ectopic atrial tachycardia
3. Intraatrial reentry tachycardia
4. Atrial flutter with 2:1 conduction
5. Automatic junctional tachycardia
6. Permanent form of junctional reciprocat-

ing tachycardia
7. AV reentry tachycardia through a bypass

tract
The differentiation of these supraventricular

tachycardias from AVNRT is difficult at times on
the body surface ECG. In most instances, how-
ever, a diagnosis of the tachycardia can be reason-
ably established by observing (1) whether the
P waves are the result of anterograde or retrograde
atrial impulse conduction and (2) the characteris-
tics of the P-QRS relation (Figure 16–22).

If the P wave is normal and precedes the QRS
complex with a normal PR interval, the tachycar-
dia is either sinus or SA nodal reentry. The onset



Figure 16–22 Morphology of the P wave in the inferior
leads and its relation to the QRS complex in the various
types of supraventricular tachycardia. See text discussion.
A FLUTTER ¼ atrial flutter; AJT ¼ automatic junctional
tachycardia; AVNRT ¼ atrioventricular nodal reentrant
tachycardia; AVRT ¼ atrioventricular reentry tachycardia;
EAT ¼ ectopic atrial tachycardia; IART ¼ intraatrial reen-
trant tachycardia; PJRT ¼ permanent form of junctional
reciprocating tachycardia.
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and termination of sinus tachycardia are gradual,
whereas those of SA nodal reentry tachycardia
are sudden.59–61 Ectopic atrial and intraatrial
reentry tachycardias are characterized by an
abnormal P wave followed by the QRS complex,
with the PR interval being shorter than the
RP interval. If the P waves are inverted in the
inferior leads and the PR interval is shorter than
the RP interval, the rhythm may be ectopic atrial
tachycardia originating from a low atrial focus,
the uncommon form of AVNRT, or the permanent
form of junctional reciprocating tachycardia.

Atrial tachycardia can be excluded by showing
that the atria are not required to initiate and per-
petuate the tachycardia (see Figure 16–17). The
following findings argue against an atrial origin:
(1) initiation of supraventricular tachycardia by
atrial premature pacing only after a critical delay
in AV node conduction time; (2) initiation of sup-
raventricular tachycardia by ventricular pacing
only following retrograde conduction to the atria
and anterograde return of the atrial impulse
through the AV node; (3) a similar atrial activa-
tion pattern during retrograde conduction over
the fast AV nodal pathway during ventricular pac-
ing and during tachycardia; (4) persistence of
tachycardia in the absence of atrial activation or
in the presence of atrial fibrillation; and (5) ter-
mination of supraventricular tachycardia by a
ventricular premature impulse that is not con-
ducted retrogradely to the atria.

Atrial tachycardia can be differentiated from
AVNRT and orthodromic AV tachycardia by
means of ventricular pacing associated with 1:1
VA conduction.62 Upon cessation of pacing, the
electrogram sequence during atrial tachycardia
is atrial–atrial–ventricular, whereas with the
other two tachycardia types the response is char-
acteristically atrial–ventricular.62

During the “uncommon” type of AVNRT the
echo is initiated at the time of discontinuity in
the retrograde AV nodal conduction curve, when
conduction shifts from the fast to the slow retro-
grade AV nodal pathway. The P wave is usually
negative in leads II, III, and aVF and positive or
isoelectric in lead I.63 Variations of the P-QRS
relation with or without block occur not infre-
quently.64 Conduction through the slow AV
nodal pathway retrogradely is supported by the
following findings: (1) tachycardia is usually
nonsustained; (2) tachycardia cannot be initiated
by an atrial premature impulse and does not occur
spontaneously during sinus rhythm65; and (3)
tachycardia cannot be initiated after atropine.
From this one can deduce that if tachycardia with
a P0R interval shorter than the RP0 interval occurs
spontaneously, the presence of an accessory path-
way with slow retrograde conduction can be
assumed to exist.65

When reentry involves the bypass tract, there
maybeevidenceofWolff-Parkinson-White (WPW)
syndrome, or the bypass may be concealed. 61,66,67

With AV reentry tachycardia associated with
either the WPW syndrome or concealed bypass,
retrograde atrial excitation occurs at the end of
ventricular depolarization. Therefore the retro-
grade P wave is seen after the QRS and is not super-
imposed totally or partially on the QRS, as with
the common form of AVNRT, an important distin-
ction between these two common types of supra-
ventricular tachycardia. Also, the presence of ST
segment depression >2 mm, Twave inversion, or
both during narrow QRS tachycardia is believed
to suggest AV reentry.68 The presence and utiliza-
tion of an accessory AV pathway in the tachycardia
reentrant loop can be excluded if the atria and
ventricles are activated simultaneously or when
VA conduction is absent. Additionally, persistence
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of tachycardia during anterograde AV block
excludes an accessory AV pathway as a neces-
sary component of the tachycardia circuit (see
Figure 16–13). The incidence of 2:1 AV block is
about 10 percent, and the site of the block is below
the AVnode, probably in theHis bundle.69 Another
finding that favors utilization of the bypass tract
is the initiation of tachycardia by a late-coupled
premature ventricular complex.70 Automatic junc-
tional tachycardia may present similar findings.
Their characteristics were discussed earlier.

In the typical form of atrial flutter with 2:1
conduction, negative flutter waves in the inferior
leads with the RP interval greater than the PR
interval may be mistaken for abnormal P waves
associated with low atrial ectopic tachycardia,
retrograde P waves from the uncommon type of
AVNRT, or the permanent form of junctional reci-
procating tachycardia. A special attempt should
be made to search for the other flutter wave, which
may be mostly or partially masked by the QRS
complex. Lead V1 is often helpful for this purpose.

Vagal stimulation such as carotid sinus mas-
sage may be helpful for distinguishing AVNRT
from tachycardias due to increased automaticity
(Figure 16–23). The maneuver may terminate
AV nodal as well as SA nodal and AV reentry
tachycardia, or it may have no effect on these
Figure 16–23 ECG of a 77-year-old man with a history of par
conducted with a prolonged PR interval is followed by a negativ
atrial complex, and that the wide QRS tachycardia with right bun
ogy is an atrioventricular nodal reentrant tachycardia.
rhythms. With ectopic atrial tachycardia and
intraatrial reentry tachycardia, vagal stimulation
does not terminate the arrhythmia but may cause
transient AV block. With sinus tachycardia it
may lower the sinus rate slightly, a temporary
effect. Vagal stimulation has no effect on atrial
flutter but may increase the AV block and reveal
the characteristic flutter waves more clearly.
Automatic junctional tachycardia and the per-
manent form of junctional reciprocating tachy-
cardia do not respond to the maneuver. Pacing
and various drugs, including adenosine, can be
used to terminate tachycardia when intranodal
tachycardia is sustained and not terminated
by vagal maneuvers. Adenosine administration
may be helpful in differentiation between reen-
trant (atrial, AVNRT, AVRT) tachycardias and
focal automatic tachycardias.71,72

The AVNRT is usually terminated by a single
premature stimulus when the tachycardia rate
is slower than 160 beats/min (Figure 16–24).
At faster rates, two or more premature atrial sti-
muli are required to terminate the tachycardia.
Cardioversion is not required to terminate this
type of tachycardia.

If any of these supraventricular tachycardias are
associated with aberrant ventricular conduction,
a preexisting intraventricular conduction defect
oxysmal tachycardia. After carotid sinus massage, a complex
e P wave in leads II and III. It suggests that it is a reciprocal
dle branch block and left anterior fascicular block morphol-
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Figure 16–24 Two rhythm strips of lead II recorded on the same day in a 79-year-old man with paroxysmal tachycardia
showing the typical onset (upper strip) and the typical termination (lower strip) of atrioventricular nodal reentrant tachycardia
(AVNRT). The onset of AVNRT is preceded by three sinus complexes with progressive lengthening of the P-R interval, and the
termination is caused by a premature ventricular complex.
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including bundle branch block or ventricular
preexcitation of the tachycardia may resemble
monomorphic ventricular tachycardia. Their dif-
ferentiation is discussed in Chapter 17.

Increased QRS voltage has been observed
during AVNRT, but the finding is not helpful
because it is present also in other reentrant
tachycardias.73–75

In summary, the common form of AV nodal
reentrant tachycardia can be differentiated from
the other supraventricular tachycardias if the retro-
grade P wave is totally or partially superimposed
on the QRS complex. Because one cannot always
be sure that the former is the case when the P wave
cannot be identified, the presence of a retrograde
P wave, which is partially seen at the end of the
QRS, is practically diagnostic of this arrhythmia.
A definitive diagnosis of the uncommon form of
AVNRT is difficult without intracardiac electro-
physiologic studies because the duration of the
RP0 interval is similar to that in the AV reentrant
tachycardia utilizing concealed A-V bypass.
According to Wellens,76 however, the differentia-
tion can be made on clinical grounds because the
uncommonAVNRTis usually paroxysmal,whereas
A-Vreentry with slow accessory pathway is usually
incessant and prone to causing cardiomyopathy.
With regard to radiofrequency catheter ablation,
in the vast majority of AVNRTs, the slow pathway
is ablated in the inferoseptal right atrium, but rare
cases of both common and uncommon AVNRTs
require ablation in the left atrium orwithin the cor-
onary sinus.76a
Figure 16–25 Sequence of activation and the QRS-P-
QRS pattern in reciprocal junctional complexes.
Reciprocal Impulses

Reciprocal impulses (echo beats) occur when the
impulse activates the chambers (atria or ventri-
cles), returns, and reactivates the same chambers
again. The above term is used when the reentry
phenomenon is limited to one or two complexes.
If the process continues, reentrant tachycardia
develops. The impulses responsible for the appear-
ance of reciprocal complexes may originate from
the atrium, AVJ, or ventricle. The fundamental
requirement for the genesis of reciprocal com-
plexes is the existence of at least two pathways
between the atria and the ventricles. With the
exception of WPW syndrome, in which an acces-
sory bundle is present, the two pathways are
located in the AVJ. They have refractory periods
and speeds of conduction of different lengths,
resulting in longitudinal dissociation of the AV
junctional tissue.
RECIPROCAL IMPULSES OF
JUNCTIONAL ORIGIN
The mechanism responsible for the development
of reciprocal impulses originating from the AVJ
(Figure 16–25) is analogous to that of AVNRT.
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The junctional impulse is conducted both ante-
rogradely and retrogradely. The anterograde con-
duction results in ventricular depolarization
and a QRS complex. The retrograde impulse is
blocked in one of the two junctional pathways
and is conducted with considerable delay in the
other pathway to activate the atria. Subsequently,
it enters the previously unused pathway, which
by now is able to conduct the impulse anterogra-
dely and activate the ventricles again, producing
the reciprocal or echo complex. For the echo
impulse to occur, a long anterograde (see Fig-
ures 16–8 and 16–18) or a long retrograde con-
duction time (RP interval) (Figure 16–26) is
necessary. This is occasionally precipitated by a
retrograde Wenckebach phenomenon with grad-
ual prolongation of the RP interval before the
appearance of the reciprocal impulse.

The ECG shows the following:
1. The P wave sandwiched between two closely

grouped QRS complexes is inverted in the
inferior leads.

2. The RP interval is longer than 0.20 second.
3. The PR interval (from the retrograde P

wave to the second QRS) is variable but
often prolonged.

4. The first QRS complex is the same as the
basic QRS complex of the patient. The sec-
ond QRS complex may be aberrantly con-
ducted because of the relatively short RR
interval.
RECIPROCAL IMPULSES
OF ATRIAL ORIGIN
The ECG shows a P-QRS-P pattern. The first
P wave is the result of a premature ectopic atrial
Figure 16–26 Reciprocal impulses following prolongation of
with short and long RP intervals in a 51-year-old man after a co
in the second, sixth, and ninth complexes are followed by recipro
a rate of 72 beats/min with variable PR and RP intervals in a 78-y
rior myocardial infarction. The first, fourth, and eighth complex
rocal complexes.
impulse. The PR interval usually is prolonged.
The second P wave, or atrial echo, is a retrograde
P wave (see Figure 16–8). Aventricular echomay
follow, and reciprocating (reentrant) tachycardia
may be initiated (see Figure 16–17).
RECIPROCAL IMPULSES OF
VENTRICULAR ORIGIN
The ECG of a reciprocal impulse of ventricular
origin (Figure 16–27) reveals a QRS-P-QRS pat-
tern. The first QRS complex is the result of an
ectopic ventricular impulse and is therefore
wide. The P wave results from retrograde capture
of the atria, and the RP interval is prolonged.
The second QRS complex, the reciprocal complex
(also called return extrasystole), is usually normal
because the return impulse follows the intraven-
tricular conduction pathways unless there is aber-
rant ventricular conduction.

An interesting clinical manifestation of dual
pathways in the AV node is simultaneous
conduction through both pathways by a single
impulse, resulting in one P wave followed
by two QRS complexes.77,78 This phenomenon
is not common and must be differentiated
from the more common “pseudosimultaneous”
asynchronous fast and slow pathway conduc-
tion, which is present when, after termination
of atrial pacing, two ventricular complexes follow
one P wave because of sustained, slow conduction
through the slow pathway.79 Double atrial
responses to a single ventricular impulse may also
occur owing to simultaneous conduction via the
two AV nodal retrograde pathway.80
the RP interval. Top, Atrioventricular (AV) junctional rhythm
ronary artery bypass graft operation. The longer RP intervals
cal ventricular complexes. Bottom, AV junctional rhythm at
ear-old man with coronary artery disease and previous infe-
es with long RP intervals are followed by ventricular recip-
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Figure 16–27 Reciprocal complex originating from the ventricle. The simultaneously recorded leads I through III show
retrograde capture of the atria by the ectopic ventricular impulse, which returns to reactivate the ventricle. This results in
an abnormal QRS complex due to aberrant ventricular conduction. Retrograde capture of the atria occurs again and is fol-
lowed by another ventricular echo complex with normal morphology.
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 Ventricular Arrhythmias

Premature Ventricular Complexes
Electrocardiographic Findings
Site of Origin
Postextrasystolic Pause and
Ventriculoatrial Conduction

Pattern of Presentation
Rule of Bigeminy
Interpolated PVCs
Couplets and Triplets

Aberrant Intraventricular Conduction
Differentiation of PVCs from Premature
Supraventricular Complexes with
Aberrant Ventricular Conduction

Diagnosis of PVCs in the Presence of
Atrial Fibrillation

Heart Rate Turbulence

Clinical Correlation
Prognostic Significance

Ventricular Parasystole

Monomorphic VT (Paroxysmal VT)
Ventricular Rate
Regularity
Onset and Termination
AV Dissociation
Ventricular Capture and Fusion
Complexes

Using the ECG to Localize the Site of
Origin of VT

Polymorphism (or Pleomorphism) of VT
Fascicular Tachycardia and Narrow
QRS VT

Ventricular Escape Complexes and
Idioventricular Rhythm
Accelerated Ventricular Rhythms
Parasystolic VT
Incessant VT
Catecholaminergic Polymorphic VT

Idiopathic VT
Clinical Correlation

Role of Programmed Electrical
Stimulation

Mechanisms of Ventricular Arrhythmias
Reentry
Normal Automaticity
Abnormal Automaticity
Triggering by Delayed
Afterdepolarizations

Triggering by Early Afterdepolarizations
ECG Clues to the Mechanism of
Ventricular Arrhythmias
Ventricular arrhythmias define ectopic activity
originating distal to the bifurcation of the His
bundle. Excluded is activity originating in the
His bundle, even though this structure is
situated within the interventricular septum,
because the His bundle is part of the atrioven-
tricular (AV) junction. Arrhythmias utilizing
the accessory pathway are also excluded from
the definition even though ventricular tissue is
involved in the circus movement tachycardias.1

The ectopic location of the pacemaker in the
ventricle alters the sequence of cardiac activation.
The excitation no longer follows the normal path-
way of the intraventricular conduction network.
There is asynchronous activation of the two
ventricles. Consequently, the morphology of the
QRS complex becomes abnormal, and the dura-
tion of the QRS complex is prolonged.

Ventricular arrhythmias may develop as an
escape phenomenon because of failure of the
sinus or supraventricular impulse to reach the
ventricles at the expected time. More commonly,
however, ventricular ectopic impulses occur
prematurely.
Premature Ventricular Complexes

Premature ventricular complexes (PVCs) are
known by several other names, such as ventricu-
lar extrasystoles, ventricular premature beats
(VPBs), ventricular ectopic complexes (VECs),
and ventricular premature depolarizations (VPDs).
None of these terms is absolutely satisfactory for
this most common of rhythm disorders2 because
prematurity can be recognized only in the presence
of regular rhythm, whereas in the presence of atrial
fibrillation the prefix “premature,” a term that
implies an occurrence earlier than expected, may
not be valid.2,3
405
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ELECTROCARDIOGRAPHIC FINDINGS
Fig
A s
1. The ectopic impulses on electrocardio-
grams (ECGs) are premature in relation to
the expected impulse of the basic rhythm.

2. The QRS complex is abnormal in duration
and configuration. It is accompanied by
secondary ST segment and Twave changes.
When the major QRS deflection is upright,
the ST segment is depressed and the
T wave inverted; and when the major
QRS deflection is negative, the ST segment
is elevated and the T wave upright. The
morphology of the complexes may vary
in the same patient.

3. There is usually a full compensatory pause
following the PVCs (Figure 17–1).

4. Retrograde capture of the atria may or may
not occur.
Coupling Interval

The PVCs with a constant coupling interval usu-
ally occur near the end of the T wave (i.e., close
to the end of the ventricular refractory period).
Early PVCs interrupt the T wave (R-on-T); and
late PVCs, called end-diastolic, frequently form
fusion complexes (Figure 17–2). Most often the
coupling interval is considered constant when
the variation does not exceed 0.08 second.4

Occasionally it is influenced by the preceding
cycle length.5

To determine whether the patterns of PVC
coupling hold any clues to the mechanism of
PVCs, Surawicz and Macdonald6 analyzed the
coupling interval in 88 subjects who had 10 or
more unifocal PVCs in the same lead. In 40 sub-
jects the coupling interval was fixed (varying by
less than 120 ms), and in 48 subjects the cou-
pling interval varied by more than 120 ms. Per-
sons without heart disease and three groups of
patients with heart disease of varying severity
had a similar incidence of fixed and variable
ure 17–1 Premature ventricular complexes (PVCs). Tracin
hort run of bigeminal rhythm is present.
coupling intervals. In some cases the coupling
interval increased with increasing duration of
the RR (and QT) interval, and in some cases
the relation was inverse. Most often, however,
there was no good correlation between the cou-
pling interval and the preceding RR interval in
subjects with varying RR intervals.

Fusion Complexes

Summation or fusion occurs when two pace-
makers participate in ventricular activation
(Figures 17–3 and 17–4). Ventricular fusion
complexes are observed in most cases of ventric-
ular preexcitation where different parts of the
ventricles are activated by impulses conducted
simultaneously through the AV bypass and the
AV node. The presence of fusion complexes is
important for the diagnosis of parasystole
(Figure 17–5). Fusion complexes are also com-
mon when supraventricular complexes coincide
with late PVCs or escape impulses. Ventricular
fusion complexes can also result from simulta-
neous stimulation of two ventricular impulses
(e.g., fusion of a spontaneous complex and a
paced complex or of two competing escape pace-
makers) during AV block.7

Marriott et al.8 formulated the following cri-
teria for fusion complexes between supraventric-
ular and ventricular impulses: (1) the contour
and duration of fusion complexes are usually
intermediate between the contours and dura-
tions of two competing pacemakers; (2) the PS
(or PJ) interval of the fusion complex cannot
be shorter than the PR interval of the supraven-
tricular complex; (3) the PR interval is equal to
or shorter than the PR interval of the supraven-
tricular complex; (4) the terminal vector of the
fusion complex is always different from that of
the complex generated by the supraventricular
impulse; and (5) the initial vector may or may not
differ from the initial vector of the complex gener-
ated by the supraventricular impulse. Exceptions
g demonstrates the full compensatory pause after the PVCs.



Figure 17–2 A, Early premature ventricular complex (PVC) with the R-on-T phenomenon. B, Late or end-diastolic PVC.

Figure 17–3 ECG strips of lead II. Top, Ventricular accelerated rhythm at a rate of 95 beats/min with sinus captures (fifth
and twelfth complexes) and fusion complexes (fourth and eighth). Middle, Ventricular tachycardia at a rate of 107 beats/min
with sinus capture (sixth complex) and fusion (tenth complex). Bottom, Intermittent ventricular pacing with a fusion complex
(ninth complex).
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to these criteria are seen in the presence of bundle
branch block, other intraventricular conduction
disturbances, and variable AV conduction times
during supraventricular rhythm.

Concealed PVC

Concealment of PVC implies the absence of a
PVC at the time it was expected to occur. This
can be postulated only if there is a regular,
predictable arrangement of PVCs. For instance,
if a PVC becomes concealed during bigeminal
rhythm, there are three sinus complexes, rather
than one sinus complex, between two PVCs.

Kinoshita in Japan in 19609 and Schamroth
and Marriott in the United States in 196110 inde-
pendently observed cases in which there were
only odd numbers of sinus complexes between
two PVCs (i.e., 2n–1, where n is any number)
and postulated that it is indicative of concealed



Figure 17–4 Onset of monomorphic ventricular tachycardia (VT) recorded during ambulatory monitoring of a 50-year-old
man with coronary artery disease. ECG shows atrial fibrillation with ST segment elevation in the middle (inferior) lead.
VT follows abruptly after a fusion complex.

Figure 17–5 Ventricular parasystole. The basic rhythm is sinus with an RR interval of about 800 ms. Parasystolic com-
plexes with right bundle branch block configuration show varying coupling intervals, a fixed interectopic interval of
2600 ms, and fusion in the last complex. (Courtesy of Dr. Charles Fisch.)
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bigeminy. They also defined concealed trigeminy
as a PVC occurring after two sinus impulses.* In
this case concealment was detected by showing
that the number of intervening sinus complexes
was 3n–1, where n is any number (e.g., 5, 8,
11, 14). Subsequently, cases of concealed quadri-
geminy were found with the number of interven-
ing sinus complexes equal to 4n–1, and
concealed hexageminy with the number of inter-
vening complexes equal to 6n–1.
*This type of trigeminy should be differentiated from
a trigeminy where each sinus impulse is followed by two
PVCs. Even if the concept of concealed PVCs is plausible,
its occurrence does not reveal the mechanism of the PVCs.9

Schamroth10 assumed that the concealed PVCs are aborted
automatic discharges, whereas Levy et al.11,12 explained the
same phenomenon by varying block in the reentrant circuit
and described several additional variants of concealed bigem-
iny, trigeminy, and a combination of the two.
SITE OF ORIGIN
As a broad general rule, the right ventricular
ectopic pacemaker generates a ventricular com-
plex with left bundle branch block (LBBB) pat-
tern, and the left ventricular ectopic pacemaker
generates a ventricular complex with right bundle
branch block (RBBB) pattern. A superior frontal
plane QRS axis under such circumstance suggests
a location of the pacemaker in or near the poste-
rior division of the left bundle branch. A right-
ward QRS axis suggests a location in or near the
anterior division of the left bundle branch.
A basal location of the pacemaker is associated
with dominant anterior QRS forces, with most
or all of the precordial leads displaying an upright
QRS complex.13 An apical location generates pos-
teriorly oriented QRS forces and mostly negative
QRS complexes in the precordial leads.

The QRS duration of PVCs depends on their
site of origin and on the characteristics of tissues
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activated by the premature impulse in relation to
the Purkinje network. It also tends to be wider
when the coupling time is short because the
impulse conduction is likely to be more aberrant
or encounter partially refractory tissue.

It has been shown that in patients with car-
diomyopathy the PVCs with notches and shelves
of more than 40 ms duration and QRS duration
exceeding 160 ms represent markers for a
dilated and globally hypokinetic left ventricle.14

The duration of the QRS complex with ectopic
ventricular complexes is usually 0.12 second or
longer, but ventricular premature complexes
with morphology similar to that of sinus com-
plexes and normal QRS duration can occur. This
is seen most commonly in the presence of LBBB
on baseline complexes (see Chapter 4). The sug-
gested mechanism explaining the narrow QRS
complex of a ventricular ectopic impulse is the
origin within the interventricular septum, with
equal conduction time to both ventricles below
Figure 17–6 A, Multifocal premature ventricular complexes (
in a couplet.
the region of the block.15 In the absence of bun-
dle branch block, a septal ectopic impulse con-
ducting with equal delay to both ventricles is
expected to simulate an AV junctional complex.

PVCs with different QRS configurations usu-
ally indicate a multifocal origin of the ectopic
beats (Figure 17–6). Endocardial mapping stud-
ies showed, however, that an impulse originating
at the same site may produce complexes with
distinctly different QRS morphologies because
of varying spread of excitation.16 This means
that errors can be made when attempting to
localize the site of origin of a PVC on the basis
of the morphology of the ventricular complex
on the surface ECG, especially in patients
with coronary artery disease.17

When the ectopic impulses originate from dif-
ferent foci, their coupling intervals are usually
different. The changing morphology in the
absence of multifocal origin can also occur when
the premature complexes are late and cause
PVCs). B, PVCs in bigeminy. C, PVCs in trigeminy. D, PVCs



410 SECTION I � Adult Electrocardiography
varying degrees of fusion with the next sinus
complex because of the slight change in the
sinus rate or changing coupling interval of the
premature impulses. Also, in couplets, the mor-
phology of the second QRS complex of the cou-
plet may differ from that of the first complex
because of the short RR interval, resulting in
additional aberrant conduction caused by rela-
tive refractoriness.

In patients with myocardial infarction (MI)
and an abnormal Q wave, PVCs may also display
a Q wave. Such Q waves may persist when a Q
wave is no longer present in the sinus complexes
(Figure 17–7).
POSTEXTRASYSTOLIC PAUSE AND
VENTRICULOATRIAL CONDUCTION
If the basic rhythm is sinus in origin, a PVC is
typically followed by a pause that is fully com-
pensatory. The sum of the RR intervals that pre-
cede and follow the ectopic complex (or the RR
interval that contains the PVC) equals two RR
intervals of the sinus rhythm. The fundamental
requirement for the occurrence of a fully com-
pensatory pause is that the sinus rhythmicity
is undisturbed by the ectopic impulse. It is
observed if one of the following conditions
occur: (1) there is ventriculoatrial (VA) block
or (2) there is retrograde VA conduction and
atrial capture, but the ectopic impulse is either
blocked at the sinoatrial (SA) junction, or the
sinus impulse is discharged before arrival of the
ectopic impulse. The two excitation fronts may
meet at the SA junction, in the atria, at the AV
junction, or in the ventricles.

Because many patients have sinus arrhythmia,
the RR interval that contains the PVC may not
be exactly twice the duration of the RR interval
of the adjacent sinus complex, even though a
fully compensatory pause exists. If the ectopic
impulse depolarizes the SA node and resets its
rhythmicity, the postextrasystolic pause is no
longer fully compensatory. Such depolarization
of the SA nodal tissue by an extrinsic impulse
may temporarily depress its activity, and a fortu-
itous “compensatory” pause may be observed.

In most instances the sinus P wave that
occurs during the PVC is difficult to recog-
nize within the QRS complex or the T wave
(Figure 17–8). The exact state of the VA conduc-
tion is therefore often difficult to determine on
the surface ECG. With an esophageal lead, retro-
grade VA conduction was demonstrated in 45
percent of patients with PVCs by Kistin and Land-
owne.18 During ventricular pacing the incidence
of VA conduction was 89 percent in patients
with normal anterograde AV conduction times
and 8 percent in patients with prolonged AV con-
duction times.
PATTERN OF PRESENTATION
The frequency of the ectopic beats varies widely
not only among individuals, but also in the same
subject at different periods of observation. Most
authors use the adjective frequent when there
are 5 or more PVCs per minute on the routine
ECG or more than 10 to 30 per hour during
ambulatory monitoring.

The PVCs may appear in a pattern of bigeminy,
trigeminy, or quadrigeminy (see Figure 17–2).
The term complex premature ventricular complexes
usually refers to PVCs that are frequent, are mul-
tiform, or show bigeminy, trigeminy, couplets,
triplets, or the R-on-T phenomenon.

Lown and Graboys19 proposed the following
grading system for premature ventricular com-
plexes. It was commonly used for prognostic eval-
uation but today is mainly of historic interest.

0 ¼ No premature ventricular complexes
1 ¼ Occasional (<30 per hour)
2 ¼ Frequent (>30 per hour)
3 ¼ Multiform
4 ¼ Repetitive
A ¼ Couplets
B ¼ Salvos of 3

5 ¼ R-on-T
RULE OF BIGEMINY
Langendorf et al.4 defined the “rule of bigeminy”
as a natural consequence of PVCs emerging only
after appropriately long diastolic intervals. In
such cases a compensatory pause creates condi-
tions for PVC occurrence, and hence bigeminy
persisting so long as the compensatory pause
remains sufficiently long (see Figures 17–1 and
17–6). According to the rule, bigeminy disap-
pears when the heart rate increases, which is usu-
ally the case (Figure 17–9). Even though the rule
of bigeminy explains the increased prevalence of
PVCs at slow heart rates, it does not explain the
mechanism of the PVC because it can represent
reentry if propagation through the circuit requires
a certain amount of time or an automatic dis-
charge after a long phase 4 depolarization.
INTERPOLATED PVCs
An interpolated PVC is sandwiched between two
consecutive sinus complexes without disturbing
the sinus rhythm (Figure 17–10). It occurs
mostly when the sinus rate is slow and the



Figure 17–7 A, EGC precordial leads from an 86-year-old woman recorded 5 days after an acute anterior myocardial
infarction documented by typical ECG evolution and enzyme elevation. Note the abnormal ST segment elevation in leads
V2–V4 and nearly absent R waves in leads V1–V4. B, Three months later her pattern is normal except for “poor R wave pro-
gression,” which is not specific. Another supporting, albeit nonspecific, finding is the morphology of the ventricular prema-
ture complex.
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premature complex is early. The PR interval of
the sinus couples following the PVC is nearly
always prolonged because of concealed retro-
grade conduction of the ectopic ventricular
impulse, which renders the AV junction partially
refractory to the closely following sinus impulse.
Katz et al.20 established that disturbances of AV
conduction caused by an interpolated PVC affect
the conduction not only of the first but also of
the second postextrasystolic complex as a result
of changing the RP-PR relation. This accounts
for a postponed compensatory pause.21



Figure 17–9 ECG strip of lead II illustrating the “rule of bigeminy”: preferential occurrence and perpetuation of premature
ventricular complexes (PVCs) after long RR intervals. Note the absence of PVCs after a shorter RR interval (fourth cycle).
Underlying rhythm is atrial fibrillation.

Figure 17–8 Premature ventricular complexes (fourth complete complex) masking the P wave, which is revealed by
a simultaneous intraatrial electrogram.
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COUPLETS AND TRIPLETS
Couplets and triplets (two or three PVCs in suc-
cession, respectively) (see Figures 17–6 and
17–10) seldom occur in the absence of concom-
itant single PVCs. Typically the number of PVCs
exceeds by several orders of magnitude the num-
ber of couplets, whereas the episodes of couplets
are usually more frequent than those of triplets
and nonsustained ventricular tachycardia (VT).
The morphologies of the PVCs of the couplets
may differ from each other, but more frequently
the morphologies are the same. Triplets (see Fig-
ure 17–10) are also called salvos and are some-
times considered nonsustained VT.
Kuo and Surawicz22 have shown that couplets
occur significantly more often in patients with
proved or suspected ventricular parasystole than
in those with fixed coupling intervals of the
PVCs. Of several possible mechanisms proposed
to explain this association, the most plausible
is reentry within the parasystolic focus or its
vicinity.22,23 In such cases the mechanism of the
second complex of the couplet is the same as that
of a single PVC, which may explain the more fre-
quent occurrence of couplets than of triplets and
longer runs of nonsustained VT. This hypothesis
is consistent with the observation that repetitive
reentry is more difficult to elicit than single reen-
try during programmed electrical stimulation.



Figure 17–10 Top, Three ventricular ectopic complexes in a row, called triplets, salvos, or nonsustained ventricular
tachycardia. Bottom, Interpolated premature ventricular complexes (PVCs). Sinus P wave after the interpolated PVC is super-
imposed on a T wave, but lengthening of the PR interval can be appreciated.
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Surawicz et al.24 examined the QRS morphol-
ogy of PVCs inpatientswith permanent ventricular
pacemakers and found that in 20 of 80 patients the
QRS morphology of the PVC was similar to that of
the preceding paced complex, which suggested
that the couplet was caused by reentry in the vicin-
ity of the pacing site (i.e., parasystolic focus). Two
PVCs in a row (assumed repeated reentry) were
observed in only one patient, and no VT following
a paced complex was encountered.

The proposed mechanism of couplets dis-
cussed earlier cannot be considered universal.
Couplets are frequently associated with sus-
tained and nonsustained VT in the absence of
identifiable parasystole. In these patients the
coupling interval of the first and second com-
plex of the couplet correlated closely with the
first cycle length of the VT, a finding compatible
with the hypothesis that the couplet in this
setting represents attempted but aborted VT.25
Aberrant Intraventricular
Conduction

Aberrant intraventricular conduction can be
divided arbitrarily into physiologic and patho-
logic types. The former, but not the latter, can
be explained by the cycle length–dependent
action potential duration and the retrograde
invasion of the anterogradely blocked conduc-
tion pathway.

Physiologic Aberration

Physiologic aberration is also known as the Ash-
man phenomenon.26 Intraventricular conduction
disturbances occur when the refractoriness in a
segment of the conducting system (usually a
bundle branch or a fascicle) had insufficient
time to complete recovery. The most likely site
of delayed recovery is in the segment with the
longest intrinsic refractory period, which is usu-
ally the right bundle branch.

Physiologic aberration can be produced in
nearly all normal subjects by selecting an appro-
priate combination of a long cycle followed by a
short cycle. This is because after a long cycle the
time-dependent refractoriness of the AV node
tends to shorten, the voltage-dependent refracto-
riness of the bundle branch becomes longer, and
the relatively short voltage-dependent refracto-
riness of the His bundle does not impede the
impulse transmission toward the bundle branches.

In 1967, Cohen et al.27 produced aberration
of the RBBB type in nearly all studied subjects
(including six normal persons) and aberration
of the LBBB type in two of these subjects. They
concluded that aberrant conduction “must be
considered a physiological event.”

In another pacing study of 52 subjects by
Cohen and colleagues,28 multiple patterns of
aberrant conduction were observed in 29 cases.
RBBB was induced in 31 cases, RBBB with left
anterior fascicular block in 27, left anterior
fascicular block in 14, left posterior fascicular
block in 6, RBBB with left posterior fascicular
block in 7, and LBBB in 6.

In practice, aberration of the supraventri-
cular premature complexes is observed often
(Figure 17–11). The most common sites of con-
duction delay are the right bundle branch and
the left anterior fascicle of the left bundle branch
(see Figure 17–11). Frequently, in the presence



Figure 17–11 Aberrant intraventricular conduction. Left, Premature atrial complex conducted with aberration (right
bundle branch block [RBBB] morphology). Middle, Atrial fibrillation with two complexes conducted after long pauses with
aberration (RBBB morphology); the short RR interval after the complex with wide QRS favors the diagnosis of aberration ver-
sus premature ventricular complexes. Right, Four consecutive complexes conducted with aberration because of the rapid
rate during atrial fibrillation; the diagnosis of aberration is supported by polymorphism.
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of two or more supraventricular premature com-
plexes, only the first is conducted with aberration.
The degree of aberrancy may vary. Different gra-
dations of abnormalities may be seen in the same
individual, often related to the degree of prematu-
rity of the supraventricular impulse.

Runs of aberrant PVCs can form a “wide QRS
tachycardia” (Figure 17–12), possibly caused
by long sequences of cycle lengths shorter than
the refractory period of the conducting system, a
mechanism postulated by Gouaux and Ashman29

in 1947 and popularized by Langendorf30 in 1950.
An alternative mechanism of continuing aberra-
tion is continuing retrograde invasion from
the contralateral bundle branch, a mechanism
documented by several investigators during
intracardiac extrastimulation.31,32

Akthar et al.33 examined the site of conduc-
tion delay during functional bundle branch
block in 14 subjects with normal intraventricu-
lar conduction. All subjects developed RBBB;
9 of them also developed LBBB and bilateral
bundle branch block. During RBBB, the block
was proximal to the site of the right bundle
potential recording in all but 2 subjects.

Chilson et al.34 studied the rate-dependent
refractoriness of the right and left bundle
branches in humans. They found that during
long cycles the relative refractory period of the
right bundle branch was greater than that of
the left bundle branch, but during short cycles
the relative refractory period of the left bundle
branch was greater than that of the right bundle
branch. This explains the occurrence of functional
RBBB and LBBB in the same person. Cohen et al.35

showed that an aberrant QRS complex was fol-
lowed by retrograde activation of the His bundle.
They suggested that, following anterograde con-
duction in the left bundle branch, the blocked right
bundle branch was invaded retrogradely, causing a
His bundle echo. This has been shown to occur in
subjects with normal function of the intraventricu-
lar conduction system, in whom sustained conduc-
tion delay in the right bundle branch could be
induced by ventricular pacing because of repeated
anterograde concealment by impulses conducted
retrogradely via the left bundle branch.36 This
may be the reason why the cycle in which the bun-
dle branch block disappears is nearly always longer
than the cycle in which acceleration-dependent
bundle branch block develops.

“Pathologic” Aberration

Fisch et al.37 studied 40 patients with a rate-
dependent aberration that differed from the
physiologic aberration as follows: (1) the aberra-
tion occurred after relatively long cycles (i.e., at
slow heart rates) and in some cases without
a change in cycle length; (2) the aberration was
less dependent on the typical sequence of a short
cycle preceded by a long cycle; (3) in most
patients the conduction block was in the left
bundle branch; and (4) nearly all patients had
structural heart disease. In a similar group of
15 patients with organic heart disease and rate-
dependent bundle branch block (10 patients
with LBBB and 5 with RBBB), Denes et al.38



Figure 17–12 ECG of a 29-year-old man with acute anterior myocardial infarction. A, Sinus rhythm at a rate of 152 beats/
min; QRS is 70 ms. Note the QS pattern in leads V1–V5. B, Same day: the sinus rhythm is at a rate of 146 beats/min, and there
is aberrant ventricular conduction with a pattern of incomplete right bundle branch block and left anterior fascicular block.
QRS is 118 ms, and there is a wide Q wave in lead V3 and a QS pattern in leads V4–V6.
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found that the onset of rate-dependent bundle
branch block was usually abrupt and caused by
loss of the normal decrease in the refractory
period of the bundle branch accompanying the
decrease in cycle length. It was manifested by
an abnormal shape of the relation between the
refractory period of the bundle branches and
the cycle length in these patients.

Fisch39 also reported the transient appearance
of bundle branch block after termination of
VT in three patients with organic heart disease.
Although two of these patients had rate-
dependent bundle branch block, the posttachy-
cardia bundle branch block could not be
explained by a critical increase in cycle length
but was assumed to be provoked by VT.
DIFFERENTIATION OF PVCs FROM
PREMATURE SUPRAVENTRICULAR
COMPLEXES WITH ABERRANT
VENTRICULAR CONDUCTION
The differential diagnosis of PVCs versus prema-
ture supraventricular complexes with aberrant
ventricular conduction is not difficult when the
abnormal QRS complex is preceded by a prema-
ture P wave, indicating that the ectopic beat is
supraventricular (atrial or junctional) in origin.
The absence of a fully compensatory pause fur-
ther supports such a diagnosis. If no P wave
can be identified, the ectopic focus may be
located in the AV junction or ventricle. A fully
compensatory pause following the premature
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complex favors its ventricular origin, but the
absence of a fully compensatory pause does not
exclude such a possibility, as retrograde depolar-
ization of the SA node may have occurred.
A normal sinus P wave may appear after the
QRS complex in either a premature junctional
or ventricular complex if there is no retrograde
atrial capture. If a retrograde P wave is identifi-
able after the QRS complex and the RP interval
is less than 0.11 second, the premature complex
is likely to be AV junctional, as the RP interval is
too short for VA conduction unless an accessory
pathway is present. An RP interval of 0.20
second or longer is suggestive, but not diagnos-
tic, of an ectopic ventricular complex, as the ret-
rograde conduction time of a junctional impulse
is less likely to exceed this duration.40

The morphology of the QRS complex may be
of some assistance in distinguishing aberrant
conduction from ventricular ectopy. The abnor-
mal QRS complex is more likely to be aberrant
if its initial forces are similar to those of the sinus
impulse and if there is an RBBB pattern with an
rSR pattern in lead V1

41 (see Figure 17–11). Con-
versely, if the QRS complexes in all precordial
leads are either all positive or all negative,
ventricular ectopic complexes are more likely.42
DIAGNOSIS OF PVCs IN THE PRESENCE
OF ATRIAL FIBRILLATION
Atrial fibrillation and atrial flutter with variable
block create numerous opportunities for aberra-
tion. Under these circumstances, the differential
diagnosis between aberration and PVCs may be
difficult or impossible. The differential diagnosis
is discussed in Chapter 15.
Heart Rate Turbulence

The concept of heart rate turbulence (HRT) was
introduced by Schmidt et al in 1999.43 The HRT
indicates short-term fluctuation in sinus cycle
length (an increase followed by a decrease over a
10- to 15-beat period that follows a PVC. The
absence of HRT is considered to be a noninvasive
predictor of adverse cardiac events followingMI.44
Clinical Correlation

PVCs seldom occur in healthy children, but from
adolescence on they begin to increase in fre-
quency exponentially with advancing age.45 The
“complexity”—defined as multiformity, bigem-
iny, couplets, triplets, and runs of nonsustained
VT—also increases with advancing age. The pres-
ence of heart disease contributes to the increased
frequency and complexity of PVCs evenwhen car-
diac function remains normal or minimally
impaired. An even greater increase in frequency
and complexity tends to accompany impairment
of ventricular function and development of
congestive heart failure.45,46

Apparently Healthy Individuals

The prevalence of PVCs in otherwise healthy
adults monitored with 24-hour ambulatory
ECGs ranged from 17 to 100 percent but most
commonly from 40 to 55 percent.47–49 Complex
PVC forms may be present in 7 to 22 percent of
subjects and in as many as 77 percent when
older subjects were studied. A considerable vari-
ation in the number and complexity of the PVCs
occurs from day to day and hour to hour in the
same individual in all age groups. In one study
of 165 hospital patients, those without organic
heart disease had PVCs predominantly of right
ventricular origin.50

In normal individuals PVCs may increase,
decrease, or be totally suppressed by exercise.51–53

They may be absent at rest but precipitated by
exercise. In the studies of McHenry et al.,54

6 percent of clinically normal subjects had ven-
tricular arrhythmias when they exercised on the
treadmill to increase their heart rate up to
130 beats/min. The incidence of ventricular arr-
hythmias increased with increasing levels of
exercise, and 44 percent of the subjects developed
arrhythmias when the heart rate was increased to
more than 170 beats/min. The arrhythmias may
appear during or immediately after exercise.

No definite relation between PVCs and smok-
ing or coffee, tea, or alcohol intake has been
established. Generally, the frequency of PVCs
tends to decrease during sleep52,55 in normal
subjects and those with heart disease.

In certain patients, frequent PVCs can cause
left ventricular dysfunction which may subside
after catheter ablation of the foci of PVC
origin.55a

Heart Disease

As a rule, the reported incidence of ventricular
arrhythmias varies depending on the duration
of observation. In patients with chronic coronary
artery disease without acute MI, the incidence
was about 90 percent when the ECG was
recorded for 6 to 24 hours.52,53

Patients with coronary artery disease are more
prone to develop ventricular arrhythmias with
exercise. The incidence of such arrhythmias in
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these patients is more than four times that of
age-matched normal subjects at comparable
heart rates.54 The incidence of complex ventric-
ular arrhythmias also is higher in patients with
coronary artery disease. Patients with three-
vessel disease and abnormal left ventricular
wall motion have a significantly higher incidence
of exercise-induced ventricular arrhythmias.
Most investigators agree, however, that exercise-
induced ventricular arrhythmias are of question-
able value as predictors of untoward events in
patients with ischemic heart disease.55–58 In
patients with acute MI, the PVCs can be detected
in all patients by continuous monitoring.59

PVCs also are commonly encountered in
patients with other types of organic heart disease,
including hypertensive and rheumatic heart dis-
ease and cardiomyopathies. In patients with rheu-
matic or valvular heart disease, ventricular
arrhythmias are seen most often when there is
cardiac enlargement or congestive heart failure.

PVCs comprise the most common arrhythmia
in patients with mitral valve prolapse syndrome.
They are seen in about one third of routine ECGs
of these patients.60 Ambulatory ECG monitoring
by Winkle and associates61 revealed an even
higher incidence, with 50 percent of the patients
showing frequent PVCs (which they defined as
more than 425 complexes in 24 hours) and
another 25 percent exhibiting occasional PVCs.

Frequent PVCs are the most common
arrhythmias in patients with digitalis excess.
They account for about half of the arrhythmias
induced by the drug62 and are often multifocal
or bigeminal. Antiarrhythmic drugs used to treat
arrhythmia can also increase the incidence of
PVCs, a phenomenon known as proarrhythmia.
Among electrolyte imbalances, hypokalemia is
frequently associated with the appearance of
ventricular arrhythmias.63
PROGNOSTIC SIGNIFICANCE
The prognostic significance of PVCs depends
mainly on the population involved. Rodstein
et al.64 found no increased mortality among
712 insured persons with extrasystoles on their
routine ECGs who were followed for an average
18 years. Their life expectancy was normal if
they had no other evidence of cardiac abnormal-
ity or hypertension, regardless of whether the
subjects had simple or complex PVCs. In the
presence of hypertension or other cardiac abnor-
mality, however, PVCs were associated with
a mortality rate more than twice that expected.

The prognostic implications of complex
ventricular ectopic complexes in patients with
coronary artery disease varied among studies.
De Soyza et al.65 found that complex ventricular
arrhythmias were not associated with an
increased risk of sudden death in patients with
chronic stable angina. In three large series of
patients with acute MI examined before their
hospital discharge and followed for 1 to 3 years,
the presence of complex ventricular arrhythmias
increased the risk of sudden death by about
threefold.54,66,67 In the Cardiac Arrhythmia Pilot
Study, 360 patients who had more than 10 PVCs
per hour during the early post-MI period and
received no antiarrhythmic agents were followed
by 24-hour ambulatory ECGs for 1 year. Patients
who had more than 10 PVCs per hour 1 year
after MI had a threefold increase in mortality
compared with those who had fewer than 3
PVCs per hour.68 In the GISSI-2 study, 8676
post-MI patients who were treated with throm-
bolytic agents during the acute phase of the
illness were followed for 6 months.69 The inci-
dence of sudden death (2.1 percent) was signifi-
cantly higher among patients who had more
than 10 PVCs per hour than in those who had
fewer than 10 PVCs per hour (0.8 percent).

An increased risk of sudden death also is found
for patients who have arrhythmias several months
after MI.70,71 In the Coronary Drug Project,72

among 2,035 survivors of MI, mortality during a
3-year follow-up was nearly twice as high among
those with any PVCs in the resting baseline
12-lead ECG as in those who had no PVCs. In
the Danish Verapamil Infarction Trial,73 the pres-
ence of more than 10 PVCs predicted increased
mortality 1 week and 1 month after MI but not
after 16 months. In the Canadian Assessment of
Myocardial Infarction Study, PVCs had no inde-
pendent predictive value of mortality.74
Ventricular Parasystole

Parasystolic rhythms are believed to be auto-
matic. Automaticity is an inherent property of
cardiac fibers endowed with the capacity to
develop diastolic depolarization (i.e., pacemaker
fibers). Normally the heart rate is usurped by
pacemakers with the steepest slope of diastolic
depolarization located in the SA node. The pace-
makers with the slowest intrinsic rate are the
ventricular Purkinje fibers with the gentlest
slope of diastolic depolarization, whereas the
intrinsic rate of subsidiary pacemakers in the
atria and the AV junction is intermediate
between that of the SA mode and Purkinje fibers.

During normal activity originating in the SA
node, the slower diastolic depolarization of all
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subsidiary pacemaker fibers is constantly sup-
pressed by the activity of the dominant pace-
maker and becomes evident only as an escape
mechanism when the propagation wave originat-
ing in the faster pacemakers fails to reach the
subsidiary pacemakers and suppress their activity.
Under certain circumstances, however, two
rhythms—one originating in the faster, dominant
pacemaker and the other in the slower, subsidiary
pacemaker—can coexist. This is known as paraar-
rhythmia or, more commonly, parasystole.

To explain the presence of parasystole, it is
necessary to assume that the slower pacemaker
is not disturbed by the spread of excitation from
the dominant pacemaker; that is, it enjoys pro-
tection. This implies the presence of an entrance
block into the site of the ventricular automatic
(parasystolic) focus, which thus has an opportu-
nity to continue its diastolic depolarization until
it reaches a threshold of excitation and spreads
out as an ectopic impulse. The successful propa-
gation of such an impulse can take place when
the myocardium ceases to be refractory after
propagation of the dominant pacemaker. Propa-
gation of the ectopic pacemaker during the
refractory period (most of the QT interval) is
not possible, which means that the ectopic pace-
maker encounters an exit block.

Because of the usual lack of synchronization
between the rates of the dominant pacemaker
and the parasystolic pacemaker, the emerging
ectopic impulses bear no fixed time relation
(although exceptions occur) to the dominant
pacemaker, which means that their coupling
intervals vary. Variable coupling intervals repre-
sent an important characteristic of a parasystolic
rhythm.

The inherent rate of a parasystolic pacemaker
can be deduced if the dominant rhythm becomes
temporarily suppressed (e.g., by vagal stimula-
tion), allowing two or more ectopic impulses
to appear in succession. A more practical way
to determine the rate of the parasystolic pace-
maker is to measure the durations of interecto-
pic intervals, which may contain variable
numbers of impulses that were prevented from
emerging because of an exit block. The cycle
length of the parasystole may be revealed by
finding a common divisor. The search for the
common divisor is helped by the availability of
a long record. The long records often reveal time
intervals of absent ectopic impulses that cannot
be accounted for by the presence of refractoriness.
The occurrence of such intervals free of parasysto-
lic activity is defined as intermittent parasystole.

Even in the absence of intermittence, how-
ever, the calculated interectopic intervals are not
absolutely constant, which may be explained in
part by the autonomic influences and more impor-
tantly by the process known as modulation. The
concept of modulated pacemaker activity origi-
nates in the observations of Weidmann,75

who showed that the course of diastolic depolari-
zation in Purkinje fibers is reset to a steeper or flat-
ter slope following application of subthreshold
depolarizing or hyperpolarizing current pulses.

Moe and co-workers76,77 showed that the sti-
muli applied during the early and late courses of
diastolic depolarization have opposite effects on
the course of diastolic depolarization; the ear-
liest stimulus has the maximal effect in one
direction and the last stimulus in the opposite
direction. This means that each perturbation
can produce a phase response curve that typi-
cally consists of a period of acceleration followed
by a period of retardation. The perturbation
assumed to be responsible for modulation of
the parasystolic pacemaker is the spread of exci-
tation of the dominant pacemaker, which influ-
ences electrotonically the zone of protection
without actual invasion of this zone and without
abolition of protection. Because the electrotonic
modulation takes place variously during differ-
ent phases of pacemaker activity, one can deter-
mine when the dominant pacemaker will
accelerate or delay diastolic depolarization and
thereby accurately describe the characteristics
of the so-called phase response curve that modu-
lates the rhythm of pacemaker activity.

In most subjects, parasystolic rates range
between 30 and 66 beats/min78 but may be as
slow as 20 beats/min and as rapid as 400 beats/
min. Parasystolic VT is present when the rate is
more than 70 beats/min (Figure 17–13). Fusion
complexes are frequently found in subjects with
parasystole. The morphology is variable depend-
ing on the proportion of the ventricle activated
by the two impulses. Fusion complexes occur
with all types of ventricular arrhythmias but are
seen more commonly with ventricular parasys-
tole (see Figure 17–5).

Ventricular parasystole is seen more often
than atrial or AV junctional parasystole. In the
early literature, it was reported to occur in 1.0
to 1.5 per 1000 ECGs,78,79 but the examination
of short ECG strips probably underestimates
the frequency of ventricular parasystole. In the
study of Surawicz and Macdonald,6 examination
of extended records revealed that variable cou-
pling intervals occurred more frequently than
the fixed coupling intervals. In 32 of 48 persons
with a variable coupling interval, a least-
common divisor of interectopic intervals was
established, permitting the labeling of these



Figure 17–13 Parasystolic ventricular tachycardia (VT). Note (1) the variation of the coupling intervals of the ectopic
complexes initiating the various episodes of VT; (2) the mathematic relation between the RR intervals of the ectopic
complexes; and (3) the presence of fusion complexes. (Courtesy of Dr. Kenneth Gimbel.)
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cases as parasystole, but in the remaining cases a
common divisor could not be found because the
interectopic intervals were either too long or too
erratic.

Parasystole was associated nearly always with
an exit block or intermittence. In some cases of
parasystole, the interectopic intervals increased
progressively in the manner consistent with
Wenckebach periodicity; in some cases, shorter
and longer interectopic intervals alternated; and
in some cases of intermittent parasystole, each
new run of parasystolic rhythm was initiated by
a PVC with the same coupling interval. The
latter observation is consistent with the prevail-
ing notion that the fixed coupling interval need
not be attributed to reentry. Conversely, Malinow
and Langendorf7 pointed out that a variable cou-
pling interval does not rule out reentry.

The fixed coupling interval of parasystole was
attributed by Langendorf and Pick80 to one of
the following possibilities: (1) mutual protection
of the two pacemakers; (2) a fortuitous numeric
relation between the two pacemaker rates; (3)
discharge only during the supernormal phase;
and (4) unilateral protection with discharge of
the dominant pacemaker by the parasystolic
pacemaker, referred to as “reversed coupling.”

Levy et al.81 showed that a feedback mecha-
nism involving a baroreceptor reflex arc could
explain the fixed coupling interval of parasys-
tole. This may explain the observation that the
exercise-induced increase in heart rate can
reveal parasystolic mechanism when the cou-
pling interval is fixed at rest.82 Because a fixed-
rate electronic pacemaker can be viewed as a
parasystolic focus, the interaction between the
pacemaker rhythm and the spontaneous sinus
rhythm can provide helpful information about
“protection.”

Steffens83 showed that the PVC-free intermit-
tent period resulted from discharge of the para-
systolic focus by the dominant pacemaker (i.e.,
loss of protection). Parasystole resumed with
the onset of entrance block. This also explained
the fixed coupling interval, the duration of
which equals the parasystolic cycle length minus
the dominant cycle length plus the ventricular
conduction time to the parasystolic focus.

Ventricular parasystole is seen in the presence
of various heart diseases and in persons without



420 SECTION I � Adult Electrocardiography
heart disease.84 It does not appear to have any par-
ticular prognostic significance, and there is no evi-
dence that it responds differently to drug therapy
than PVCs with a fixed coupling interval.
Monomorphic VT (Paroxysmal VT)

In monomorphic VT there is a rapid succession
of three or more ectopic ventricular com-
plexes.85 The tachycardia is called sustained if it
lasts longer than 30 seconds or requires interven-
tion for termination. There are two definitions of
nonsustained VT: Spontaneous nonsustained
VTconsists of three or more consecutive PVCs,86

whereas induced nonsustained arrhythmia con-
sists of six or more impulses lasting less than 29
seconds. Figure 17–14 is the record of a patient
who had both sustained and nonsustained VTon
two occasions.
VENTRICULAR RATE
The ventricular rate during paroxysmal VT is usu-
ally 140 to 200 beats/min, but a rate as slow as
120 beats/min is seen occasionally. An ectopic
ventricular rhythm with a rate below 110
beats/min is generally referred to as accelerated
Figure 17–14 ECGs of a 66-year-old man with acute inferior
(VT) at a rate of 170 beats/min with left bundle branch block m
morphology interrupted by conducted sinus impulses recorded
ventricular rhythm or nonparoxysmal ventricular
tachycardia (see Figure 17–3). When the ventricu-
lar rate is more than 200 beats/min and the tracing
resembles a continuous sine wave, the rhythm is
usually called ventricular flutter.
REGULARITY
The RR interval during monomorphic VT is con-
stant in more than 90 percent of cases. Some var-
iation of the interval is often seen during the
early part of an episode, especially when the
rate of the tachycardia is slow.87 Geibel et al.88

found that the cycle length at the onset of tachy-
cardia varied from –18 percent to 12 percent of
the mean cycle length. During 74 episodes of
sustained monomorphic VT induced by pacing,
Volosin et al.87 found that the average difference
between the maximum and minimum RR inter-
vals per episode was 127�72 ms. In 45 percent
of the episodes, the difference was less than
150 ms, and the maximum observed during
one episode was 290 ms (Figure 17–15). The
variability of the cycle length decreased as the
episode continued, and the cycle length stabi-
lized by 20 beats in about 70 percent of cases.87

In patients with irregular nonsustained VT, the
longest interval during VT is usually the first or
the last interectopic interval.
myocardial infarction. A, Sustained ventricular tachycardia
orphology. B, Episodes of nonsustained VT with the same
1 day later.



Figure 17–15 ECGs of a 42-year-old woman with idiopathic dilated cardiomyopathy, severe left ventricular dysfunction,
pulmonary hypertension, low cardiac output, and normal coronary arteries. On the left, the ventricular tachycardia (VT) at a
rate of 171 beats/min, QRS duration of 158 ms, and right bundle branch block morphology. Tachycardia is irregular. The
diagnosis of VT is supported by the QRS morphology in lead V1 and positive concordance. Tachycardia with the same mor-
phology was induced by extrastimulation in the laboratory. ECG recorded (right) on the preceding day shows the sinus
rhythm with left bundle branch block.
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ONSET AND TERMINATION
Most VTs are initiated by PVCs (see Figure 17–4),
although initiation by supraventricular impulses
is known to occur. Qi et al.25 examined the pre-
mature index (PI), defined as the coupling inter-
val/QT interval ratio, during 469 episodes of VT
in 122 patients. The PI of the PVC initiating VT
was less than 1 (R-on-T) during only 62 (13 per-
cent) VTs in 14 patients, and the PI of the second
complex of VTwas less than 1 during only 24 epi-
sodes of VT. Although the range of PIs was simi-
lar for single PVCs not initiating VT and those
initiating VT, for individual patients the PI of
the PVC initiating VT was longer than the PI of
isolated PVCs. The relation was not affected by
gender, age, presence of heart disease, or drug
therapy. The coupling interval of the first VTcom-
plex was longer than the first interectopic interval
during VT in 72 percent of patients. Similar find-
ings were observed by other investigators.88,90

The relatively long coupling interval required for
initiation of tachycardia may be explained by
the required critical recovery time for completion
of reentry.25,91

Anderson et al.92 divided spontaneous sustained
monomorphic VTs into two types based on the type
of onset. In type 1 VT, the initiating early cycle PVC
(possibly triggering) was morphologically distinct;
in type 2 VT, the QRS complex of the initial com-
plex was identical to subsequent complexes. Heart
rate and heart rate variability did not change before
type 1 VT, but RR interval dynamics changed before
type 2, which suggested that with type 2 the short-
term changes in neurohumoral activity contributed
to VT initiation.

Gomes and associates89 noted that a short–
long cycle sequence often precedes the onset of
VT. The short cycle consists of a sinus complex
followed by a PVC. The ensuing compensatory
pause before the appearance of the next sinus com-
plex represents the long cycle. Such a sequence
(sinus–PVC–pause–sinus–VT) is often seen at the
onset of polymorphic VT (see Chapter 18).
AV DISSOCIATION
In patients with underlying sinus rhythm, the
atria may remain under the control of the sinus
impulse. The atrial and ventricular rhythms are
independent of each other, and there is no
demonstrable relation between the P waves and
QRS complexes (Figure 17–16). The P wave
during VT may be misdiagnosed, as certain com-
ponents of the wide QRS complex or the ventri-
cular repolarization may resemble P waves
(Figure 17–17). It is recommended, therefore,
to support the diagnosis by noting the presence



Figure 17–16 Recognition of sinus P waves during ventricular tachycardia (VT). From top to bottom: leads V1, V2, V3, II.
A, VT with left bundle branch block morphology at a rate of 135 beats/min. In lead II, sinus P waves can be recognized in the
first and fifth complexes; corroborating evidence consists of a corresponding notch during the ST segment in leads V2 and V3.
B, VT at a rate of 120 beats/min. P wave is seen in lead II (at the bottom) during the ST segment and is corroborated by
corresponding P waves in lead V1.

III aVF V3 V6

II aVL V2 V5

I aVR V1 V4

Figure 17–17 ECG of a 63-year old man with severe ischemic cardiomyopathy and documented ventricular tachycardia
with a pattern of right bundle branch block and superior axis. The initial deflections in leads V3–V6 resemble P waves, but
synchronization with lead V2 shows that these deflections correspond to the QRS complex.
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of a synchronous deflection in another lead (see
Figures 17–16 and 17–17).

The atrial rate is usually slower than the ven-
tricular rate. However, retrograde impulse con-
duction to the atria from the ventricular focus
often occurs during VT (Figure 17–18). In 21
cases of VT studied by Kistin93 with esophageal
leads, 1:1 VA conduction was demonstrated
in 10 cases, VA conduction with variable block
in 4, and independent atrial rhythm in 7. The
RP interval of the retrograde conducted beats
is, as a rule, 0.11 second or longer. Wellens



Figure 17–18 ECGs of a 51-year-old woman who developed an accelerated ventricular rhythm after thrombolytic therapy
for an acute anterior myocardial infarction. Top, Monomorphic accelerated ventricular rhythm at a rate of 97 beats/min with
retrograde conduction to the atria. Bottom, At 58 minutes later there is a regular bidirectional accelerated ventricular rhythm
(89 beats/min) with retrograde conduction to the atria. After cessation of the ectopic rhythm, the QRS complex during sinus
rhythm was narrow (not shown).
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and Lie94 found 1:1 VA conduction in 29 (64 per-
cent) of 45 consecutive patients with VT in whom
intracavitary atrial recordings were obtained. VA
conduction was uncommon when the ventricular
rate was rapid, being seen in only one of seven
patients with a rate of more than 200 beats/min.
Among the 122 cases of VT reported by Akhtar
and co-workers,95 25 percent had 1:1 VA conduc-
tion and another 20 percent had VA conduction
with varying degrees of VA block.
VENTRICULAR CAPTURE AND FUSION
COMPLEXES
Occasionally, ventricular capture by conducted sup-
raventricular impulse results in QRS complexes
with normal or aberrant supraventricular mor-
phology appearing during VT (see Figure 17–3).
Their presence is helpful for confirming the ventric-
ular origin of the ectopic tachycardia. Fusion
complexes, known as Dressler beats, have the same
significance.96 According to Fisch,97 fusion and
captures are present in only 5 percent of patients
with VT.
USING THE ECG TO LOCALIZE
THE SITE OF ORIGIN OF VT
Demonstrating the exact site of origin of the VT
requires exact mapping. The approximate location
can be identified on the basis of QRSmorphology
on the surface ECG. Most often RBBB morpho-
logy (VT-RBBB) (see Figures 17–15, 17–17,
and 17–19) is associated with a left ventricular
origin of VT. The LBBB morphology (VT-LBBB)
and inferior axis is usually localized in the right
ventricular outflow tract in the absence of heart
disease.98 Left bundle branch morphologies are
present in all right VTs, and occasionally from
the left ventricular site of the septum. In patients
with ischemic or dilated cardiomyopathy,
VT-LBBB is also associated more often with left
VT (see Figures 17–14 and 17–16). Josephson
and associates99 proposed that the left ventricular
site of origin of VTwith LBBB configuration may
be explained by preferential left-to-right trans-
septal activation or other alterations of the con-
duction pathway. VT-LBBB is also seen in
patients with arrhythmogenic right ventricular
dysplasia100–102 or Uhl’s anomaly,103 after surgical
repair of tetralogy of Fallot, and in patients with
no apparent heart disease.46 98,104,105

In the presence of myocardial infarction,
VT nearly always arises in the left ventricle or
intraventricular septum. VTs in the left ventricle
have RBBB morphology, and VTs adjacent to the
left septum have LBBB morphology. VTs with
RBBB morphology arising from the apex usually
have a right and superior axis. VTs with LBBB
morphology and a right inferior axis arise on



Figure 17–19 A, ECG of a 77-year-old man with severe ischemic cardiomyopathy (left ventricular ejection fraction about
20 percent) treated with amiodarone. It shows ventricular tachycardia (VT) at a rate of 141 beats/min and a QRS duration of
216 ms. The pattern in leads V1 and V6 is nearly pathognomonic of VT. B, Additional proof is obtained by the configuration
of premature ventricular complexes in a couplet that follows a paced ventricular complex in a record made on another day.
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the upper half of the septum. VTs with RBBB
morphology and a right inferior axis may arise
on the septum or on the free wall.

Miller et al.106 correlated the findings in the
12-lead ECG during VTwith the endocardial site
of origin obtained by mapping in 108 patients
with a prior MI. They found that the specific site
of origin is more difficult to determine with ante-
rior infarction than with inferior infarction. In
tachycardias with an LBBB pattern the sites of ori-
gin clustered on or were adjacent to the septum,
whereas in those with RBBB morphology the loca-
tion could be either septal or the free wall of the
left ventricle (see the section on Idiopathic VT).

Some features on the ECG can give clues to
the underlying substrate, which is most useful
in the ablation therapy. The following text is
abstracted from a paper by Josephson and
Callans.107 They note that the more rapid the
initial forces, the more likely VT is arising from
normal myocardium (Figure 17–20). Slurring
of the initial force is often seen when the
tachycardia arises from the scar or from the epi-
cardium. VTs originating in very diseased myo-
cardium have lower amplitude complexes than
those arising in the normal substrate. The pres-
ence of notching of the QRS is a sign of scar tis-
sue. The presence of qRr, qr, or QR complexes is
highly suggestive of an infarct.

The site of origin of VT affects QRS width.
Septal VTs exhibit generally less wide QRS com-
plexes than VTs originating on the free wall. The
QRS axis is related more to the superior/inferior
activation of normal muscle. Thus right superior
axis VTs arise from apical, septal, or apical lat-
eral regions, whereas inferior axis VTs arise in
the basal areas of the heart, right ventricular out-
flow tract, high left ventricular septum, or high
lateral left ventricle. A left inferior axis is more
likely to be present in a VT arising from a supe-
rior area of the right free wall or from the top of
ventricular septum.

Positive concordance is seen only in VTs aris-
ing at the base of the heart (left ventricular out-
flow tract along the mitral or aortic valves, or the
basal septum) and negative concordance is seen
only in VTs originating near the apical septum,
in which case the activation moves away from
the chest wall.

QS complexes reflect activation away from
the recording site (i.e., the QS complexes in the
inferior leads suggest that the activation is origi-
nating in the inferior wall, whereas QS com-
plexes recorded in the anterior leads indicate
activation moving from the anterior wall).
POLYMORPHISM
(OR PLEOMORPHISM) OF VT
These terms signify two or more morphologies
of the same sustained VT. Polymorphous VT is
similar to torsade de pointes (see Chapter 18),
except that the QT interval is not prolonged.
It is seen mostly in patients with coronary artery
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Figure 17–20 ECG of an 86-year-old man with hypertension and normal systolic ventricular function. Top, Ventricular
tachycardia (VT) with left bundle branch block morphology at the heart rate of 137 beats/min with sinus captures (leads
I-III) and fusion complexes (leads V4–V6). Bottom, ECG made 3 days earlier shows sinus rhythm with premature ventricular
complexes (PVCs) exhibiting the same morphology as the VT. Note the rapid initial deflection of the PVCs and during VT .
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disease, including those with acute myocardial
ischemia and MI.108 The incidence of this arr-
hythmia is lower than that of torsade de pointes.
Josephson et al.109 have shown that multiple
morphologies (i.e., the presence of VT-RBBB and
VT-LBBB) in the same patient usually reflect vari-
able exit sites or a variable ventricular activation
pattern. Kimber et al.110 found that in patients with
pleomorphic VT the site of origin of the VT
remained relatively constant, whereas the changes
in the QRS configuration resulted from changes
in the direction of propagation and different pat-
terns of ventricular activation. The uncommon
bidirectional VT (see Figure 17–18) is probably
generated in such a way in most cases. Buxton
et al.111 showed that conversion of inducible poly-
morphic VT to uniform VT after procainamide
administration occurred almost exclusively in
patients with previous MI and abnormal left ven-
tricular function.
FASCICULAR TACHYCARDIA AND
NARROW QRS VT
In some but not all fascicular VTs the QRS com-
plex is narrow, and some but not all VTs with a
narrow QRS complex are fascicular in origin.
A left anterior fascicular origin is suggested by
VT-RBBB with an inferior axis (Figure 17–21);
and left posterior fascicular VT is suggested
by VT-RBBB with a superior axis.112 In one
study,113 VT with narrow QRS complex (i.e.,
110 ms or less) was present in about 5 percent
of VTs; the morphology was fascicular in only
two of five cases. The diagnosis of VT with fas-
cicular morphology or narrow QRS complex is
established by the usual criteria: AV dissociation,
fusion complexes, and HV interval shorter than
during the sinus rhythm.114
Ventricular Escape Complexes and
Idioventricular Rhythm

Ventricular escape complexes occur when the rate
of supraventricular impulses reaching the ventri-
cles is slower than the inherent rate of the ectopic
ventricular pacemaker (Figure 17–22). In most
instances, escape complexes associated with bra-
dyarrhythmias originate from the AV junction.
Ventricular escape complexes occur when junc-
tional automaticity is impaired or when the block
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Figure 17–21 ECG of a 65-year-old man with presumably left anterior fascicular tachycardia suggested by right bundle
branch block and left posterior fascicular morphology. Earlier ECG on the same day showed sinus tachycardia and normal
QRST pattern (not shown).

Figure 17–22 Ventricular escape complexes following blocked premature atrial complexes.

Figure 17–23 ECG lead II from a 56-year-old man following thrombolytic treatment of an acute inferior myocardial
infarction. Note the marked sinus bradycardia and ventricular escape rhythm (46 beats/min), configuration of left bundle
branch block, and a QRS duration of 170 ms. A P wave is seen at the foot of the first and fifth R waves.
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is at a level distal to the His bundle. A sequence of
three or more consecutive ventricular escape com-
plexes is called slow ventricular rhythm.

The ventricular rate in idioventricular rhythm
is usually 30 to 40 beats/min but may be as
slow as 20 beats/min or as fast as 50 beats/min
(Figure 17–23). The QRS complexes are usually
wide, but escape complexes originating in the
ventricular septum may have near-normal dura-
tion and configuration. Escape complexes from
the right bundle branch system generally have
LBBB morphology, and escape complexes from
the left bundle branch system usually have RBBB
morphology. Escape rhythms may arise from the
left anterior (Figure 17–24) or left posterior
(Figure 17–25) fascicle.



Figure 17–24 Ventricular escape rhythm originating at or near the left anterior fascicle at a rate of 44 beats/min in a
60-year-old man with atrial fibrillation and complete atrioventricular block. Note the right bundle branch block pattern
and left posterior fascicular block. QRS is 122 ms. Junctional rhythm with aberrant conduction cannot be ruled out.

Rest Ex. 9min. 160/min

Ex. 1min. 120/min P. exercise

Ex. 4min. 150/min
C.C. 16F
Exercise-induced asymptomatic V.T.

P. exercise

Figure 17–25 Ventricular escape rhythm originating at or near the left posterior fascicle at a rate of 38 beats/min in an
80-year-old woman with marked sinus bradycardia. Note the right bundle branch block pattern and left anterior fascicular
block. QRS is 114 ms. Junctional rhythm with aberrant conduction cannot be ruled out.
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Slow ventricular rhythm may be simulated by
the AV junctional escape rhythm with preexist-
ing intraventricular conduction defect. The dif-
ferentiation is sometimes impossible based on
the body surface ECG. The diagnosis of ventric-
ular rhythm is supported by the presence of cap-
ture or fusion complexes.
ACCELERATEDVENTRICULARRHYTHMS
Accelerated ventricular rhythms, termed by
Schamroth115 idioventricular tachycardia or
nonparoxysmal VT,116 are ectopic ventricular
rhythms at rates intermediate between escape
rhythms (rate less than about 40 beats/min)
and VT at rates above 100 to 120 beats/min
(see Figures 17–18 and 17–26). The rhythm is
accelerated because it is faster than the inherent
rate of ventricular pacemakers, even when it is
100 beats/min or less. The ventricular origin of
these rhythms can be demonstrated by the usual
ECG criteria (e.g., AV dissociation, fusion, or
capture complexes) and recording of His bundle
potentials.117 They are believed to be automatic
and are usually readily overdriven by faster sup-
raventricular pacemakers. The slower ectopic
ventricular rate also allows more opportunities
for complete or partial activation of the ventri-
cles by supraventricular impulses. Therefore
ventricular capture or fusion complexes are seen
much more commonly with this type of arrhy-
thmia than with the paroxysmal variety. Because
the VT rate and the sinus rate are often
Figure 17–26 Left, Accelerated ventricular rhythm at a rate of
man with an acute anterior myocardial infarction caused by oc
proximal portion. QRS duration is 152 ms. Right, Nine hours late
tion is 94 ms.
similar, an isorhythmic dissociation is a common
finding.

Most of the episodes of nonparoxysmal VT
are transient, lasting seconds, minutes, or hours
(Figure 17–27). In some cases the RR interval
of the nonparoxysmal VTwas the exact multiple
of the RR interval of the rapid VT. This relation
suggests that exit block of the rapid ventricular
ectopic impulse is responsible for the appear-
ance of nonparoxysmal VT in some instances.

Accelerated idioventricular rhythm was first
described as nonparoxysmal VT by Rothfeld
and associates in patients with acute MI,118 in
whom the incidence of this arrhythmia was
reported to vary between 8 and 36 percent.118,119

In patients with acute MI120 this arrhythmia is
seen during the first 24 hours after reperfusion
in 90 percent of patients, most often during the
first few hours. The frequency begins to decrease
8 to 12 hours after reperfusion (see Chapter 7
for additional discussion). Accelerated idioven-
tricular rhythm usually occurs in the presence
of sinus bradycardia. The prognosis is not
adversely affected, probably because the ventric-
ular rate is in the normal range. Paroxysmal VT
often coexists in the same patient, however.

The arrhythmia also is seen in patients with
other types of heart disease, such as primary
myocardial disease and hypertensive, rheumatic,
and congenital heart disease.121 It also may be
caused by digitalis.116 Occasionally, no evidence
of heart disease is found. Such an example is
shown in Figure 17–27.
105 beats/min after thrombolytic treatment of a 43-year-old
clusion of the left anterior descending coronary artery in its
r, note the sinus rhythm at a rate of 84 beats/min; QRS dura-



Figure 17–27 Accelerated ventricular rhythm in a 15-year-old girl with no other evidence of organic heart disease. She has
no symptoms. The ectopic rhythm is intermittent and occurs when the sinus rhythm is slow. Fusion complexes are present.
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PARASYSTOLIC VT
It is believed that VTmay originate from a parasys-
tolic focus (see Figure 17–13). The diagnosis is
suggested by the VT morphology being the same
as that of documented ventricular parasystole.
The ventricular rate is usually 70 to 140 beats/
min. Most of the patients have organic heart
disease, especially coronary artery disease with
MI. Parasystolic VT is seen occasionally in young,
otherwise healthy individuals.122
INCESSANT VT
Ventricular tachycardia is described as incessant
if the tachycardia is recurrent and the episodes
present during a large part of the day and night,
interrupted by only a few sinus complexes. In
the 21 infants studied by Garson et al.,123 VT
continued during more than 90 percent of the
day and night; the VT rate ranged from 167 to
440 beats/min (average 260 beats/min). Surgical
exploration revealed myocardial hamartomas
(Purkinje cell tumors) or histiocytoid cardio-
myopathy in 13 patients and rhabdomyomas in
2 (i.e., lesions amenable to excision). The incessant
VTobserved in adults, some of whom can be trea-
ted with antiarrhythmic drugs, appear to differ
from incessant VTs in infants in terms of substrate.
CATECHOLAMINERGIC
POLYMORPHIC VT
Catecholaminergic polymorphic VT, which is
often bidirectional, is believed to result from
abnormalities in ryanodine receptors that are
responsible for release of calcium from sarco-
plasmic reticulum following the calcium entry
into the cell. The tachycardia is often induced
by exercise or stress and may terminate in sud-
den death. Resting ECG and cardiac structure
are normal.124–126
Idiopathic VT

The term idiopathic implies a structurally normal
heart in young and middle-aged subjects and a
normal QT interval, although biopsy or magnetic
resonance imaging127,128 may detect microscopic
or subtle macroscopic abnormalities. In most
cases idiopathic VTs are amenable to ablation.
Idiopathic VT comprises about 10 percent of all
VTs and can be classified in three ways on the
basis of (1) symptoms, (2) site of origin, and
(3) response to drugs and interventions.

Classification by Symptoms

Two syndromes merit management considera-
tions: (1) repetitive monomorphic VT and (2)
paroxysmal sustained monomorphic VT. Repeti-
tive monomorphic VT is characterized by repeti-
tive runs of nonsustained VT interspersed with
sinus rhythm. Frequent PVCs usually are pres-
ent. The arrhythmia is often asymptomatic and
found incidentally during studies done for other
reasons. The VT may be suppressed with exer-
cise. The QRS morphology is usually LBBB with
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normal or right axis. Callans et al.129 reported
that repetitive monomorphic VT can arise from
the outflow tract of the right or left ventricle.
Tachycardias with a precordial R wave transition
at or before lead V2 are consistent with a left
ventricular origin. The tachycardia is usually
not inducible with programmed ventricular
stimulation. Some of these patients show a
warm-up phenomenon with gradual acceleration
of the rate after tachycardia begins, which sug-
gests an automatic mechanism (see later discus-
sion). The prognosis is usually excellent.

Paroxysmal sustained monomorphic VT is simi-
lar to the repetitive monomorphic type, but the
episodes of tachycardia tend to be more widely
spread out in time. The episodes are often sus-
tained when they occur. This type of VT is more
likely to be inducible with programmed ventric-
ular stimulation, and induction is often facili-
tated by isoproterenol.

Classification by Site of Origin

VTs arising from the anterior septal side of the right
ventricular outflow tract, from the right or left cor-
onary cusp passing to the right or left side of the
septum, and from the pulmonary artery give rise
to LBBB morphologies with right inferior axis.
VTs arising in the left ventricle from the mitral
annulus adjacent to the aortic valve or from the epi-
cardium at the outflow tract may have RBBB mor-
phology. The major difference between VTs with
LBBB morphology arising from the right or left
sides of the heart is that early R wave progression
is present when VTs originate in the left ventricle
or in the aortic cusp. R waves in V1 and V2 and a
transition by lead V3 are characteristic of left-side
outflow tract VTs, whereas later transitions at V3

and V4 characterize VTs arising from the right
ventricular outflow tract or pulmonary artery. In
posterior septal right ventricular outflow tract
VTs, the axis becomes more leftward. Free wall
right ventricular outflow tract VTs have lower
QRS amplitude, and theQRS is notched in the infe-
rior leads. In addition, the VTs with free wall ori-
gins have a later R wave transition in the
precordial leads toV4 andV5. On the left side, there
is not only the early transition, but also persistent
dominant R waves across the precordium with
small or absent Swaves out to the apex. The Rwave
in V2 is broad and occupies a greater percentage of
the QRS width than in VTs originating on the right
side. A broad R wave in the lead V1 is often present
in VTs with LBBBmorphology originating from the
right coronary cusp.111

VTs originating along the mitral annulus
superiorly, laterally, and occasionally inferiorly
have RBBB morphology with dominant R waves
across the precordium, whereas epicardial VTs
that follow the anterior coronary vein often show
a loss of R wave in V1 and V2 with a broad
R wave from V3 to V6. The VTs arising from
the right ventricular outflow tract just above
the His bundle have a left inferior axis that is
usually about þ30 degrees.111

Idiopathic right ventricular tachycardia is the
most common type, found in about 70 percent of
patients. The origin is usually in the right ven-
tricular outflow tract. The ECG morphology is
that of LBBB, usually with an inferior or a right-
ward axis.130 It is often exercise induced and
catecholamine sensitive. The postulated mecha-
nism is cyclic adenosine monophosphate (cAMP)-
mediated triggered activity. In a small number of
patients, VT originates in the tricuspid annulus;
their ECG shows usually R wave amplitude >0.5
mV in lead I and positive QRS polarity in lead
aVL.130a

Idiopathic left ventricular tachycardia is a less
common tachycardia. It is seen predominantly in
young patients, who are usually symptomatic and
have episodes of sustained VT.131,132 Lerman
et al.133 subdivided this syndrome into three sub-
groups. The most prevalent form, verapamil-sensi-
tive intrafascicular tachycardia, originates in the
region of the left posterior fascicle of the left bun-
dle. This tachycardia is adenosine insensitive and
is thought to be due to reentry. A second type is
analogous to adenosine-sensitive right ventriclar
outflow tachycardia. It appears to originate from
deep within the interventricular septum and exits
from the left side of the septum. This form
responds to verapamil and is thought to be due to
cAMP-mediated triggered activity. A third form is
propranolol sensitive. It is not initiated by pro-
grammed electrical stimulation, and the drug
responses suggest an automatic mechanism.

Classification by Response to Drugs

Verapamil-sensitive tachycardia encompasses a
heterogeneous group of tachycardias. Lee et al.134

found that, of 32 patients, 69 percent had VTwith
RBBB morphology and 31 percent had VT with
LBBBmorphology. Verapamil-sensitive VTexhibits
properties of both reentrant and triggered arrhyth-
mia and is inconsistently dependent on both
exogenous catecholamines for induction and intra-
venous adenosine for termination.

Catecholamine- or exercise-sensitive tachycardia
most often has an LBBB-like morphology (Figure
17–28). Gill et al.135 suggested that there are at
least two possible mechanisms of this idiopathic
VT. First, VTinitiatedwithout cycle length changes



Figure 17–28 Exercise-induced ventricular tachycardia with left bundle branch block morphology in a 16-year-old girl.
ECG strips of lead II are shown at rest, during exercise (Ex.), and after exercise (p. exercise). Dots mark fusion and sinus
capture complexes. Note that the rate of tachycardia increases progressively with increasing duration of exercise, which
means that the ectopic focus is probably automatic and presumably under sympathetic control. (From Surawicz B: Automa-
ticity. In: Fisch C, Surawicz B (eds): Cardiac Electrophysiology and Arrhythmias. New York, Elsevier, 1991.)
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is more common and more likely to have an infe-
rior axis, suggesting an outflow tract origin. It is
probably related to triggered activity secondary to
delayed diastolic depolarizations. Second, VT
initiated with a long–short sequence is more often
nonsustained. It may have a superior axis and is
probably related to early afterdepolarizations. In
children, catecholamine-sensitive VTmay be a var-
iant of long QTsyndrome (see Chapter 24).136

Adenosine-sensitive VT is another type.
Lerman et al.137 suggested that termination of
VT by adenosine is strongly suggestive of a
cAMP-mediated triggered mechanism rather
than reentry. Among 14 patients in whom VT
was terminated by adenosine, the VT originated
in the right ventricular outflow tract in 10, right
ventricular apex in 1, and left ventricular septum
in 3.128 Yeh et al.138 found that adenosine-
terminated VT originated from the anterolateral
left ventricle in only 4 of 53 consecutive cases.
CLINICAL CORRELATION
As a general rule, the incidence of nonsustained
and sustained monomorphic VT mirrors the
severity of the structural heart disease. The inci-
dence is low in subjects without heart disease.
The reported incidence of VT in patients with
acute MI during continuous ECG monitoring
varies between 6 and 40 percent. Among 820
patients monitored by 24-hour Holter recording
for 8 to 14 days after acute MI, Bigger and
colleagues139 found nonsustained VT in 11 per-
cent and sustained VT in 2 percent. In a more
recent survey of 40,895 patients with ventricular
arrhythmias receiving thrombolytic treatment in
the GUSTO-I study,140 4188 (10.7 percent) had sus-
tained VT, ventricular fibrillation (VF), or both.
These arrhythmias had a negative impact on the
patients’ early outcome and predicted significantly
highermortality 1 year later among the survivors.141

In patients with congestive heart failure sec-
ondary to ischemic or dilated cardiomyopathy,
about half of deaths are caused by arrhythmias,
which include VT, VT degenerating into VF,
and VF. In seven studies of such patients sum-
marized by Packer,142 the incidence of VT
ranged from 39 to 60 percent. In eight studies
reviewed by Surawicz,45 the incidence of nonsus-
tained VT ranged from 49 to 100 percent (average
65 percent). In many of these studies ventricular
arrhythmias were detected during single 24-hour
ambulatory monitoring, and thus it is likely
that longer monitoring would have revealed an
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even higher incidence of VT. In the seven studies
summarized by Packer,142 the total mortality aver-
aged 37.4 percent, and sudden cardiac death aver-
aged 14.3 percent per year. In the eight studies
reviewed by Surawicz,45 the average incidence of
sudden cardiac death was 21.4 percent during fol-
low-up of 11 to 34 months. The introduction of
automatic implantable cardioverter defibrillators
drastically reduced the incidence of sudden
arrhythmic death among these patients. The prog-
nostic role of nonsustained VT is debatable. In the
collaborative study of patients with heart failure
treated with vasodilator drugs, nonsustained VT
was present in 80 percent of all patients but was
not an independent predictor of all-causemortality
or sudden death.143

VT and VF are responsible for sudden death in
patients with hypertrophic cardiomyopathy, some
of whom are young athletes. The association
between right VT and arrhythmogenic right ven-
tricular dysplasia was emphasized by Marcus
et al.101 Paroxysmal VTmay occur for the first time
during pregnancy144 and is responsible for syncope
in some patients with mitral valve prolapse.145,146

In adult patients late after repair of tetralogy of
Fallot, the risk factors for sustained VT included
low cardiac index, outflow tract aneurysm, pulmo-
nary regurgitation,147 and QRS prolongation.148

Several cases of familial VT have been reported,
characteristically with female preponderance.106

Digitalis intoxication is a common cause of par-
oxysmal VT. It was responsible for 25 percent of
the cases in one study.149 The incidence has been
much lower in recent years because the digitalis
dosage used is generally lower. Many of the class
I antiarrhythmic drugs can cause VTand VF.150–154

Ventricular tachycardia may develop because
of nonpenetrating trauma to the heart, causing
myocardial contusion or electrical injury involv-
ing the heart. It also may be the result of cardiac
catheterization and cardiac surgery because of
mechanical irritation of the ventricles. It has
been observed in patients after coronary artery
bypass surgery when no such arrhythmia was
seen preoperatively.155 Severe hypokalemia and
hyperkalemia can cause VT.63,156 VT and other
types of arrhythmia also have been implicated
in substance abuse, including “sudden sniffing
death” as a result of inhaling aerosols propelled
by fluorinated hydrocarbons.157,158

Role of Programmed Electrical
Stimulation

Programmed electrical stimulation (PES), intro-
duced in 1972 for diagnostic purposes, evolved
into a procedure utilized for clinical manage-
ment of patients with life-threatening VTs. The
results of a typical study are examined in terms
of: (1) the presence or absence of inducible
arrhythmia; (2) the type of inducible arrhythmia;
and (3) suppression or modification of inducible
arrhythmia by therapy.

The most commonly practiced stimulation
protocol utilizes the right ventricular apex as the
single stimulation site, pacing at three basic rates,
and applying a maximum of three extrastimuli.
It seldom initiates sustained VT in persons with-
out heart disease or a history of ventricular tachy-
arrhythmia, but it can initiate the clinically
occurring sustained monomorphic VT in nearly
100 percent of patients with previous MI, in 75
to 90 percent of patients with idiopathic VT, and
in 50 to 60 percent of patients with dilated car-
diomyopathy or mitral valve prolapse.159 Rarely
the results are improved by stimulation from an
additional right ventricular site, stimulation from
the left ventricle, or addition of isoproterenol.

The prognostic significance of nonsustained
VT induced by pacing in patients with structural
heart disease has been disputed because several
studies suggest that the substrate of nonsus-
tained VT is not necessarily the same as that of
sustained VT. For instance, the rate of nonsus-
tained VT observed during ambulatory monitor-
ing tends to be considerably slower than the rate
of spontaneous or induced sustained VT in the
same person. In one study160 the rate of spontane-
ous nonsustained VT averaged 150 beats/min
compared with 246 beats/min for sustained VT.

Induction of polymorphic VT is considered
a nonspecific response because an aggressive
stimulation protocol can induce it even in per-
sons without heart disease or a history of sponta-
neous sustained VT. For the same reason,
induction of VF is considered a nonspecific
finding, the incidence of which increases with
the use of aggressive stimulation protocols.

The usefulness of PES for selecting helpful
drugs is limited because drugs that prevent
inducibility can be identified in no more than
20 to 25 percent of patients; sometimes drugs
are helpful even if they do not suppress
inducibility; and therapeutic failures occur even
when inducibility is suppressed. Variable results
depend on the stimulation protocol.

Mechanisms of Ventricular
Arrhythmias

The mechanism of PVCs is not known. It
appears that each of the three factors (advancing
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age, presence of heart disease, impaired ventric-
ular function) not only increases the PVC fre-
quency but also facilitates the formation of
repetitive forms. These associations suggest the
role of an abnormal matrix that would favor
a reentrant mechanism but could equally well
enhance normal or abnormal automaticity. It is
plausible that, analogous to VTs, more than one
mechanism plays a role in the genesis of PVCs.
The following mechanisms have been postulated
in the genesis of VT: (1) reentry; (2) normal
automaticity; (3) abnormal automaticity; (4)
triggering by late afterdepolarizations; and (5)
triggering by early afterdepolarizations. Whereas
it is customary to apply the term triggering only
to arrhythmias dependent on afterdepolariza-
tions, it must be acknowledged that a trigger
must be present at the onset of any arrhythmia.
Indeed, the concept of a receptive matrix and
an effective trigger is common to each of the
postulated mechanisms discussed next.
REENTRY
Reentry is a common mechanism that is believed
to play a dominant role in the precipitation and
maintenance of life-threatening supraventricular
and ventricular tachyarrhythmias. This discus-
sion of clinical reentry is confined to monomor-
phic VTs. The rules governing maintenance of
the circus movement in all models of reentry call
for: (1) unidirectional block; (2) slow conduc-
tion around the site of block, allowing for reex-
citation of the previously blocked site, and
continuing propagation along the same path;
and (3) physical interruption of the circuit,
Figure 17–29 Theory of reentry as a mechanism for genesis
ducted normally through the Purkinje fiber (P) and its branch
(hatched) of impaired conductivity and excitability in branch B
refractory area has recovered when the impulse arrives later from
that propagates (as indicated by the interrupted lines) and caus
paroxysmal tachycardia occurs if the process is perpetuated.
which terminates and prevents reinitiation of
the circus movement. Figure 17–29 shows a
short reentrant circuit involving the junction
between a Purkinje fiber and ventricular muscle
with a unidirectional block in the Purkinje fiber.

The length of the functional reentry pathway
is related to the wavelength of the electrical
impulse. The latter is defined by the distance
traveled by the depolarization wave during the
time the tissue restores excitability to propagate
another impulse. The wavelength equals the
conduction velocity (in meters per second)
multiplied by the duration of the functional
refractory period (in seconds). In the anatomi-
cally defined circuit, a wavelength shorter than
the circuit implies the presence of an excitable
gap, defined as the time interval between the
recovery of excitability (or the end of the refrac-
tory period) and the arrival of the next impulse.
The tissue within the gap may be fully excitable
or partially refractory. A fully excitable gap is
likely to be present in an anatomically defined
pathway when the conduction time is longer
than the recovery time. A propagated impulse
from a premature stimulus arriving at the path
of reentry during the excitable gap can interfere
with the reentrant arrhythmia by: (1) interrupt-
ing it; (2) resetting its cycle; or (3) merging with
the reentrant propagation (i.e., entraining it).

Unidirectional block can be continuous or
transient. It has been attributed to depressed
conduction, prolonged refractoriness, or both.
Newer studies have emphasized the role of
abnormal anisotropy.161

Reentry is suggested by the following findings:
(1) VT can be induced and terminated by
of the premature ectopic beat. A, Activation impulse is con-
es (A and B) to depolarize the myocardium (M). B, Area
, where the normal antegrade impulse is blocked. C, This
the retrograde direction. Its activation generates an impulse
es premature depolarization of the myocardium. Sustained
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extrastimuli; (2) there is an inverse relation
between the coupling interval of the initiating
extrastimulus and the following cycle length that
precedes VT; (3) there is continuous diastolic or
end-diastolic activity during VT; (4) there are
fragmented late potentials during sinus rhythm,
a finding suggestive of slow conduction; (5) the
characteristic behavior of entrainment and reset-
ting; (6) the possibility of mechanical interrup-
tion by incision, cooling, or radiofrequency
ablation; and (7) there is mapping out of the
reentrant circuit. Pogwizd et al.162 performed
three-dimensional computer-assisted intraope-
rative mapping of as many as 156 intramural sites
in patients with healed MI and refractory VT and
defined the mechanism of VT as either intramural
reentry or a focal mechanism. In the focal VTs the
sites of marked conduction delay were distant
from the sites of stimulation. Pogwizd et al.163

confirmed that spontaneous and induced VTs in
patients with end-stage idiopathic cardiomyopa-
thy can arise in the subendocardium or subepi-
cardium. In some cases of post-myocardial
monomorphic VT, the Purkinje system appeared
to form part of the re-entry circuit.163a

A so-called phase 2 reentry has been des-
cribed in isolated tissues.164 This arrhythmia
appears to be a manifestation of re-excitation
rather than reentry and is a result of juxtaposi-
tion of myocardial cells at different membrane
potential during phase 2 (plateau) of the ventric-
ular transmembrane action potential.164 This
mechanism has been postulated in patients in
whom ventricular arrhythmias were precipitated
by a sinus complex with an elevated J point
and ST segment and T wave changes.165 Such a
mechanism has been suggested to explain
arrhythmias in patients wih Brugada syndrome
(see Chapter 7).

Reentry Incorporating Bundle Branches

Programmed electrical stimulation showed
bundle branch reentry in more than half of
the patients studied by Akthar et al.166 This
occurred when an appropriately timed right ven-
tricular premature impulse (V2) was conducted
with delay to the site of the His bundle recording
(H) and was followed by a spontaneous impulse
with an H2V3 longer than the HV interval of the
sinus impulses. It was assumed that V2, which
was blocked retrogradely in the right bundle
branch (i.e., the site of unidirectional block),
was conducted across the septum and returned
by way of the left bundle branch and His bundle
to the right ventricle through the previously
blocked right bundle branch. The reentry
depends on the critical lengthening of the V2H2

or V3H3 intervals.
Bundle branch reentry can become continuous,

giving rise to macroreentrant VT, which has been
shown to be the mechanism operating in 6 percent
of patients with sustained VT.167 The QRS mor-
phology is of the LBBB or RBBB type (when the site
of unidirectional block is the left bundle branch).
The affected patients frequently have intraventric-
ular conduction disturbances and a prolonged HV
interval. Most have dilated cardiomyopathy, but it
is seen also in one third of patients with VToccur-
ring after valve surgery.168 The importance of this
type of reentry is that it can be managed selectively
by ablation of the bundle branch in nearly all
cases.169

Intramyocardial Reentry

With intramyocardial reentry the reentry pathway
is a macrocircuit comprising a tract of surviving
tissue traversing the infarct and the remain-
ing healthy tissue.170 Studies by Josephson
et al.171–173 suggested that many cases of induc-
ible (and thus presumably reentrant) VT in
patients with ischemic and dilated cardiomyopa-
thy originate in a small (micro-reentrant) focus
that is well protected from invasion during circus
movement. Localizing the circuit to a small area
in the ventricle was suggested by the finding that
large areas of the ventricles could be captured by
ventricular extrastimuli (or by sinus capture)
without any effect on the tachycardia.
NORMAL AUTOMATICITY
The concept of automaticity was introduced into
the discussion of ventricular escape complexes
and ventricular parasystole. The automatic
Purkinje fibers are depolarized from a mem-
brane potential negative to –70 mV by a sodium
entry–dependent mechanism. The automatic
tachycardias are not inducible and are not inter-
rupted by extrastimulation. They are believed to
originate in small protected foci that are amenable
to ablation. The automatic VT is typically cate-
cholamine sensitive; that is, it can be induced by
isoproterenol or exercise and suppressed by b-
adrenergic drugs (see Figure 17–28). The arrhyth-
mia is also amenable to overdrive suppression.
ABNORMAL AUTOMATICITY
Abnormal automaticity can arise in any depolar-
ized Purkinje fiber or nonautomatic ventricular
fiber at membrane potentials positive to about
–60 mV when the sodium channel is depressed
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or inactivated and when the depolarization is
mediated by the calcium channel. Abnormal
automaticity can be readily elicited in vitro, but
its role in human arrhythmias is difficult to doc-
ument. In support of the mechanism of abnor-
mal automaticity is suppression by verapamil,
but such a finding is not specific for abnormal
automaticity because depolarized verapamil-
sensitive tissue may be incorporated into a reen-
trant circuit, and arrhythmias triggered by delayed
depolarizations are also sensitive to verapamil.
TRIGGERING BY DELAYED
AFTERDEPOLARIZATIONS
The discovery of abnormal automaticity demon-
strated that reentry is not the only mechanism
for arrhythmias initiated by extrastimulation.
This property is shared by delayed afterdepolari-
zations (DADs) that arise in tissues with intra-
cellular calcium overload, which in practice is
most often a result of treatment with digitalis.
It has been shown that the amplitude and fre-
quency of afterdepolarizations (i.e., depolariza-
tions occurring after the end of the action
potential during diastole) are increased by a
higher rate of stimulation and higher calcium
concentration. Digitalis-induced afterdepolariza-
tions in Purkinje fibers can reach threshold and
initiate automatic activity even when normal
pacemaker activity is depressed.174,175 DADs
can be also induced by high concentrations of
isoproterenol and cAMP. Calcium overload is
difficult to document in clinical arrhythmias,
but it may be suspected in the presence of digi-
talis toxicity. Vos et al.176 found that flunarazine,
a blocker of calcium overload, delayed the
occurrence of ouabain-induced arrhythmias in
animals but had no effect on arrhythmias attrib-
uted to normal or abnormal automaticity.

It is generally believed that arrhythmias in
which increasing prematurity shortens the inter-
val between the extrastimulus and the first com-
plex of the tachycardia are caused by triggered
DADs, rather than by reentry.
TRIGGERING BY EARLY
AFTERDEPOLARIZATIONS
Triggering by early afterdepolarizations (EADs)
is a mechanism that is easily elicited in vitro
but difficult to prove in the clinical setting.
EADs arise before the end of repolarization
and, unlike DADs, tend to appear after long
pauses. When applied to EADs, the term trigger-
ing denotes that an afterdepolarization that does
not elicit ectopic activity triggers another
afterdepolarization, which gives rise to ectopic
activity. Such arrhythmias are implicated in the
setting of long QT interval and are believed to
play a role in the genesis of torsade de
pointes.177
ECG CLUES TO THE MECHANISM OF
VENTRICULAR ARRHYTHMIAS
Reentry may be postulated for PVCs with fixed
coupling and for about 90 percent of monomor-
phic nonsustained and sustained VTs in the pres-
ence of structural heart disease. It is also
involved in ventricular fibrillation.

Normal automaticity is the postulated mecha-
nism of escape complexes and escape rhythms,
parasystolic rhythms, accelerated ventricular
rhythms, and certain idiopathic VTs. Arrhythmia
triggered by DADs can be suspected when the
VT is triggered by a supraventricular tachycar-
dia, as may occur in the presence of digitalis
toxicity.

With automatic tachycardias the first interec-
topic interval tends to be longer, and the rate
increases gradually (“warming-up” effect); how-
ever, reentrant tachycardias also accelerate.178,179

Triggering by EADs is suspected in torsade de
pointes and long QT syndrome. This is particu-
larly true when the polymorphic tachycardia
is preceded by a sequence of long cycle–short
cycle, often causing an R-on-T phenomenon.
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 Torsade de Pointes,
Ventricular Fibrillation, and
Differential Diagnosis of Wide
QRS Tachycardias

Torsade de Pointes
Paroxysm
Clinical Correlation
Most Common Causes of TDP
Mechanism of TDP
Other Polymorphic VTs

Ventricular Flutter and Fibrillation

Commotio Cordis

Differential Diagnosis of Tachycardia
with Wide QRS Complex
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Torsade de Pointes

Torsade de pointes (TDP), a polymorphic ventricu-
lar tachycardia (VT) associated with a prolonged
QTinterval or increasedUwave amplitude, is ame-
nable to suppression by an increase in heart rate.1–3

When defined in this manner, the arrhythmia has
been recognized as a syndrome rather than a dis-
tinctly different VTor ventricular fibrillation.

To satisfy the description of torsade de pointes,
the axis of the QRS complexmust change direction
after a certain number of complexes as though the
complex rotated around the baseline. The phasic
variation of the polarity and amplitude of the
QRS complexes may be apparent only if several
synchronous leads are recorded.4

The intervals between complexes vary, and the
rate of tachycardia is usually 200 to 250 beats/min
but may range from 150 to 300 beats/min. It has
been observed that the episodes of fast TDP (heart
rate>220 beats/min) are characterized by longer
duration, are preceded by faster heart rate, and
degeneratemore often into ventricular fibrillation.5

In addition to its characteristic morphologic fea-
tures, TDP differs from sustained monomorphic
VT by the difficulty of arrhythmia induction with
programmed electrical stimulation and by the char-
acteristic pattern of onset. Inmost cases TDP is pre-
ceded by a sequence of a long RR interval of the
dominant cycle followed by a short extrasystolic
interval with premature depolarization inter-
rupting the T wave (R-on-T phenomenon)
(Figure 18–1). Kay and associates6 reported that
such a sequence was seen during 41 of the 44
episodes of TDP that occurred in 32 patients. Such
a sequence is not pathognomonic for TDP, how-
ever, as Gomes et al.7 also noted it frequently pre-
ceding ventricular tachycardia and ventricular
fibrillation. The presence of severe bradycardia,
as seen with advanced atrioventricular (AV) block
or sinoatrial (SA) block, in the basic rhythm before
the onset of TDP has been noted on many
occasions8–10 (see Figure 18–1).
PAROXYSM
An episode of TDP consists of two or more cycles.
Each cycle begins or ends at the point where the
amplitude of the QRS complexes is the smallest
and the polarity of the complexes changes. There
are usually 5 to 20 complexes in each cycle. Because
of thewideQRS complexes and rapid rate, it is often
difficult to distinguish the QRS and T waves. In
some instances, when multiple simultaneous leads
are recorded, the tachycardia appears to be mono-
phasic in one lead but presents the typical TDP in
another.1 Torsade de pointes appears to be less dis-
organized than ventricular fibrillation; the rhythm
is usually self-terminating but may degenerate into
ventricular fibrillation.Theattackalsomayendwith
sinus arrest with slow ventricular escape rhythm
before the basal rhythm resumes (Figure 18–2).



Figure 18–1 Continuous strip of ECG lead II in a 76-year-old man with failure of an electronic pacemaker, implanted
6 years earlier. Ventricular premature complexes (VPC) with varying coupling intervals (CI) in the presence of complete
AV block and AV junctional escape rhythm. QT interval is 0.54 second. Top strip: The CI of the VPC decreases progressively:
0.56 second (4th complex), 0.52 second (6th complex), 0.50 second (9th complex), and 0.48 second (16th complex). Note
the long pauses before the complexes followed by a VPC. The VPC with the shortest CI is followed by ventricular fibrillation
and torsade de pointes, continuing through the middle strip and part of the bottom strip.
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CLINICAL CORRELATION
TDP is generally seen in conditions associated
with QT prolongation.11 The risk is increased
with increasing QTc duration and in the pres-
ence of (1) hypokalemia, potassium deficiency,
and perhaps hypomagnesemia; (2) impaired ven-
tricular function; (3) severe bradycardia and
second- or third-degree AV block; (4) T wave
alternans; and (5) R-on-T phenomenon.12,13

Female gender is also a relative risk factor, as
in most series there is female preponderance of
this arrhythmia (ratio of female:male is about
3:1). The clinical conditions known to predis-
pose to TDP are as follows:

1. Congenital long QT syndrome (see Chapter
24).

2. Poisoningwith organophosphorus compounds.14

3. Intracranial hemorrhage15,16 and complica-
tions of air encephalography.17

4. Treatment with antiarrhythmic drugs. This
represents one of the three most common
causes of TDP. The largest number of cases
has been reported in patients treated with
quinidine,18–20 in whom the incidence of tor-
sade is approximately 1.5 percent per year21

(Figure 18–3). Arrhythmia tends to occur
early, within 1 week of initiating treatment.
In one study of 31 patients, approximately
two thirds had a prolonged QT while not
receiving quinidine.22 Other aggravating fac-
tors include structural heart disease, hypoka-
lemia, and abrupt rate slowing.21
TDP has been reported in patients trea-
ted with procainamide and its metabolite
N-acetylprocainamide23,24 and in those
treated with disopyramide.25 Other drugs
in the class IA category reported to have
induced TDP include aprindine and ajma-
line.26,27 There are case reports of TDP
attributed to class IB drugs (e.g., mexile-
tine) and class IC drugs (e.g., propafe-
none). TDP also occurs during treatment
with class III drugs, such as sotalol,28,29

ibutilide, azimilide, dofetilide, and amio-
darone.6,18,30 In patients in whom ibutilide
was administered intravenously for treat-
ment of atrial fibrillation, TDP occurred
in 5.6 percent of women and in 3 percent
of men during or within 45 minutes of
completion of ibutilide infusion.31 In
patients treated with azimilide the inci-
dene of TDP is 1 percent but, unlike other
IKr blockers, the TDP events are not con-
centrated in the first week.31a The inci-
dence of TDP appears to be lower in
patients treated with amiodarone than
with other drugs that prolong the QT
interval.32,33 Other antiarrhythmic drugs
that prolong QTc and can induce TDP
are the calcium channel–blocking drugs
bepridil34 and prenylamine.35

5. Metabolic disturbances. TDP associated with
significant QT prolongation has been repor-
ted in patients with hypothyroidism36,37



Figure 18–3 Torsade de pointes resulting from quinidine administration in a 75-year-old man who had syncope while
receiving quinidine. The upper strip shows a basic sinus rhythm. There is marked prolongation of the QT interval, measuring
0.56 second. Bottom strip: There is an ectopic ventricular complex falling on the T wave of the preceding sinus complex. The
ectopic complex initiates an episode of ventricular tachyarrhythmia. The tachycardia has a rate of about 200 beats/min.
The RR interval is irregular. The QRS complexes have negative polarity during the first part of the episode and upright polar-
ity during the second part.

Figure 18–2 Torsade de pointes (TDP) resulting from quinidine administration in a 60-year-old woman who had a previ-
ous myocardial infarction and was receiving digoxin and quinidine for the control of supraventricular and ventricular
tachyarrhythmias. Because of recurrent dizziness, an ambulatory ECG was obtained. During the recording, she had a syn-
cope episode. The tracing at the time of syncope (5:48 PM) shows TDP followed by ventricular fibrillation and sinus arrest
with ventricular escape complexes. Sinus rhythm returned in about 1 minute. Note the prolongation of the QT interval
(0.48 second) in the top strip during sinus and ectopic atrial rhythm. There is a ventricular couplet followed by a pause
and a supraventricular complex, which in turn is followed by an ectopic ventricular complex that falls on the terminal part
of the T wave and initiates a 45-second episode of TDP. Thus a long–short cycle initiating sequence is present (see text
discussion). The quinidine and digoxin levels were within therapeutic range. The patient did not have recurrence of syncope
after quinidine administration was discontinued.
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or anorexia nervosa and during treatment
with “liquid protein” diets, other fad weight-
reducing diets, and therapeutic starva-
tion.38–40 Hypokalemia is a well-known risk
factor for this arrhythmia, either alone or in
association with other factors.13,41,42 Hypo-
calcemia appears to be a rare cause of
TDP43; the same is true of hypomagnesemia.

6. Concomitant use of drugs that compete for or
inhibit the hepatic cytochrome P-450 3A4.
This isoenzyme is essential for the metabo-
lism of drugs that prolong the QT interval.
The two drug categories that inhibit this
enzyme are (1) antifungal drugs such as
ketoconazole, itraconazole, miconazole,
and fluconazole; and (2) macrolide anti-
biotics such as erythromycin, clarithromy-
cin, and troleandomycin. The reported
arrhythmias in patients treated with terfe-
nadine and cisapride occurred usually dur-
ing concomitant administration of a drug
in these two categories.44–46

7. Other drugs. Case reports of TDP associated
with QT lengthening incriminate a variety
of drugs. A partial list includes thioridazine,
amantadine, vincamine, ketanserin, astemi-
zole, pentamidine, trimethoprim-sulfameth-
oxazole, vasopressin, and a mixture of
Chinese medical herbs.47–55 Undoubtedly,
more drugs will be added to the list in the
future. See also Chapter 21.

8. Transient QT prolongation often occurs
during the acute phase of myocardial
ure 18–4 ECG recorded during ambulatory monitoring in a
mature ventricular complex interrupts the T wave and initiates
nt.
infarction (MI).56 In a series of 771 consec-
utive patients with acute MI, TDP was
observed in 1.2 percent.57 Drugs and elec-
trolyte imbalance were not implicated in
these patients. TDP also was reported in a
few patients with chronic stable coronary
artery disease58 (in some such cases the QT
interval is not prolonged) (Figure 18–4),
variant angina,59,60 andmyocarditis.61 Mitral
valve prolapse may rarely cause TDP.58

9. Other conditions. TDP has been reported in
several other conditions associated with
QT lengthening (e.g., after ionic contrast
injections into the coronary artery62) and
in patients with pheochromocytoma.63
MOST COMMON CAUSES OF TDP
In one of the largest series collected over 11
years, Salle et al. found that of 60 cases of TDP,
21 were associated with severe bradycardia, 16
were linked to potassium depletion, and 23 were
caused by drugs.64
MECHANISM OF TDP
Many experimental studies suggest that TDP is
initiated by a process known as early afterdepolari-
zations, which may also contribute to maintenance
of the arrhythmia. An alternative hypothesis pro-
poses that essential to the maintenance and per-
haps to the initiation of TDP is the presence of
dispersion of ventricular repolarization.65
patient with angina pectoris (continuous tracing). Early
torsade de pointes. ST segment depression precedes the
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OTHER POLYMORPHIC VTs
The definition of TDP does not include polymor-
phic tachycardias, which are morphologically
indistinguishable from TDP but occur in the
absence of prolonged ventricular repolarization.
Such tachycardias may be present during acute
myocardial ischemia, in patients with structural
heart disease (e.g., ischemic or dilated cardiomy-
opathy in which the polymorphic ventricular
tachycardias coexist with other types of ventricular
tachyarrhythmia), and in the presence of QT
lengthening resulting from QRS prolongation
without appreciable lengthening of repolariza-
tion66a (e.g., after treatment with class IC antiar-
rhythmic or certain antidepressant drugs).

Leenhardt and associates66 described a
“short-coupled variant” of TDP in 14 patients
with syncope but no structural heart disease.
The episodes of VT had the typical characteristics
of TDP except the QT interval was normal. The
coupling interval of the first tachycardia complex
was unusually short, indicating increased disper-
sion of repolarization. Of these 14 patients, 5 died
suddenly within 7 years.
Ventricular Flutter and Fibrillation

The electrocardiographic (ECG) pattern of ven-
tricular flutter (VFl) shows regular, continuous
waves, usually of large amplitude (Figure 18–5).
The tracing often resembles a continuous sine
wave, with no distinction among the QRS com-
plex, ST segment, and T wave. The rate of the
undulations is usually more than 200 per minute.
Differentiation between VT and VFl is based
mainly on themorphology of the waveforms rather
than on the rate. Ventricular flutter is diagnosed
when the individual component of the ventricular
complex is no longer recognizable.

Ventricular fibrillation (VF) is defined as cha-
otic asynchronous fractionated activity of the
heart. The ECG shows irregular deflections of
varying amplitude and contour. No definitive
P waves, QRS complexes, or T waves can be
recognized. The rate of the undulations varies
between 150 and 500 per minute (Figure 18–6).
The pattern of disorganized electrical activity
Figure 18–5 Ventricular flutter.
during VF is similar to that in atrial fibrillation
(see Chapter 15). Recently, epicardial activity
during VF induced by burst pacing in patients
undergoing cardiac surgery was sampled with a
sock containing 256 unipolar contact elec-
trodes.66a It was shown that VF was driven by
co-existent multiple complex wavelets and
single periodic sources (mother rotors).66a

Ambulatory monitoring shows that in
patients with coronary artery disease, VF may
be preceded by a variety of events such as VT,
VF, frequent premature ventricular contractions
(PVCs), ST deviation caused by myocardial
ischemia, R-on-T phenomenon, long pauses,
lengthening of the QT interval, supraventricular
arrhythmias, or sinus tachycardia.67 None of
these events is highly sensitive or highly specific.
Campbell et al.68 studied ventricular arrhyth-
mias that occurred within the first 12 hours of
acute MI and reported that R-on-T initiated the
primary VF in 16 of 17 patients, whereas it
initiated VT in only 4 of 265 VT episodes.
R-on-T frequently occurs in the absence of
arrhythmia and is not a reliable predictor of VF.
Adgey et al.69 found that R-on-T initiated pri-
mary VF in 33 of 48 (69 percent) patients,
whereas the remaining VF episodes were pre-
ceded by VT (19 percent) or late ventricular
ectopic complexes (12 percent). Similar results
were reported by other investigators. VF was
observed in 20 percent of patients with docu-
mented MI monitored within 1 hour after the
onset of symptoms and in only 1 of 98 patients
later than 10 hours after the onset of symp-
toms.70 The recurrence rate of VF in patients
with initial primary VF occurring within 1 hour
after onset of MI was 16 percent; it was higher
among the hospitalized survivors who had no
acute myocardial infarction.71 In another study,
the incidence of recurrent VF in a large group
of hospital patients was 2.4 percent.72 It has
been reported that in patients with acute MI
the risk of primary VF is determined by cumula-
tive ST deviation and family history of sudden
death.72a

Cases of VF in the absence of previously
documented organic heart disease or a long QT
comprise a small fraction of victims of sudden
cardiac death in all published series. These



Figure 18–6 Ventricular fibrillation.
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arrhythmias predominantly affect men73 and
represent a variety of etiologies and mechanisms
(e.g., exercise-induced familial or sporadic, pos-
sible “forme fruste” of long QT syndrome, abnor-
mally short ventricular refractory period, or
coronary spasm). For a more detailed discussion
of VF and its mechanisms, the reader is referred
to two review articles74,75 and the author’s
textbook.76
Commotio Cordis

Commotio cordis is a term applied to sudden death
resulting from nonpenetrating chest wall impact in
the absence of injury to the ribs, sternum, and heart,
thereby differing from cardiac contusion. The com-
mon causes include the impact of baseballs, foot-
balls, lacrosse sticks, and hockey pucks. The mean
age of affected individuals was 14 years. Among
more than 140 cases collected in the registry begun
in 1998, the death ratewas 84%, presumably caused
by ventricular tachyarrhythmia.77 In terms of
mechanism, it is believed to represent a mechan-
ically induced ionic channel dysfunction.78
Differential Diagnosis of
Tachycardia with Wide
QRS Complex

A regular tachycardia with a rate of 120 to 200
beats/min and a QRS duration of 0.12 second
or longer may represent one of the following
rhythms:

1. Ventricular tachycardia
2. Aberrant ve ntricular conduction (see Fig-

ure 17–11 )
3. Preexisting left (LBBB) or right (RBBB)

bundle branch block
4. Preexisting nonspecific intraventricular

conduction defect
5. Anterograde conduction through the bypass

tract in patients with the Wolff-Parkinson-
White (WPW) syndrome (see Chapter 20)
6. Anterograde conduction over an atriofasci-
cular or nodoventricular connection (see
Chapter 20)

An irregular wide QRS complex tachycardia
may represent one of the following rhythms:

1. Atrial fibrillation with aberrant ventricular
conduction, bundle branch block, or intra-
ventricular conduction defect.

2. Atrial fibrillation with ventricular preexci-
tation. In the presence of a short refractory
period of the bypass tract, the ventricular
rate can be rapid. Indeed, if the ventricular
rate in atrial fibrillation is >220 beats/min
or the shortest RR interval is <250 ms, the
presence of a bypass should be seriously
considered because the AV node is not
capable of conducting impulses at such
rates in adults.

3. Polymorphic VT (e.g., catecholaminergic
tachycardia) (see Chapter 17).

4. Torsade de pointes.
MECHANISM OF REGULAR WIDE
QRS TACHYCARDIA
Morphology of Premature Complexes during
Supraventricular Rhythm

The availability of a previous or subsequent
record during sinus rhythm helps to recognize
the preexisting intraventricular conduction
defect. If PVCs are present and their morphology
is identical to those of the tachycardia com-
plexes, the ventricular origin of the ectopic
rhythm can be assum ed (see Figure 17– 18 ).
Conversely, the presence of premature supra-
ventricular complexes with aberrant ventricular
conduction and morphology identical to that
of the tachycardia complexes supports the
diagnosis of supraventricular tachycardia (see
Figure 17– 11 ).

Onset of Tachycardias

When the tachycardia is intermittent and its
onset is recorded, supraventricular tachycardia
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can be diagnosed if the episode is initiated by a
premature P wave. If the paroxysm begins with
a QRS complex, however, the tachycardia may
be ventricular or supraventricular. If the first
wide QRS complex of the tachycardia is pre-
ceded by a sinus P wave with a PR interval
shorter than that of the conducted sinus com-
plexes, the tachycardia is usually ventricular.
AV DISSOCIATION
Identification of atrial activity independent of
ventricular activity establishes the presence of
AV dissociation and offers strong evidence but
not absolute proof of VT. AV dissociation also
may be seen in AV junctional tachycardias with
retrograde second-degree block.79,80 Conversely,
a 1:1 atrial:ventricular relation does not exclude
VTbecause itmay represent 1:1 retrograde VA con-
duction (Figure 18–7). Finding an RP interval of
<0.10 second favors junctional tachycardia, as
the time interval is too short for VA conduction in
the absence of a bypass pathway. However, rapid
VA conduction may take place when the PR inter-
val during sinus rhythm is short (Figure 18–8).
Similarly, a longer RP interval does not exclude
junctional rhythm because retrograde conduction
of the junctional impulse may be delayed. Appear-
ance of retrograde P waves may be simulated by
portions of the QRS complex. This can be detected
by aligning the suspected P wave with the QRS
complex in other simultaneously recorded leads
(Figure 18–9).

Positive and Negative Concordance

The terms positive and negative concordance indi-
cate that the QRS complexes in all six precordial
Figure 18–7 Ventricular tachycardia with retrograde ventricu
diomyopathy. Arrow points at the P wave. The morphology is r
leads have the same polarity (i.e., all positive or
all negative). The finding of positive or negative
concordance favors VT (see Figures 17–14 and
17-15 ), but exceptio ns occur ( Figure 18– 10 ).

Capture and Fusion Complexes

Although capture and fusion complexes with a
normal QRS duration occur in only about 5 per-
cent of VTs, their appearance constitutes some of
the strongest evidence for VT. It should be
remembered, however, that during supraventric-
ular tachycardia with LBBB, intermittent prema-
ture narrow QRS complexes may represent
fusion complexes between bundle branch block
and an ipsilateral PVC. This is because the PVC
from the left ventricle with RBBB morphology,
when superimposed on the underlying LBBB
complex, results in pseudonormalization of the
ventricular complex (see Chapter 4). A short
HV interval of such PVCs suggests that their ori-
gin is in the fascicles.81 A narrow QRS complex
may appear also during irregular supraventricu-
lar tachycardia with LBBB morphology if the
LBBB is rate dependent.

Other exceptions are caused by fusion of the
supraventricular impulses with the wide QRS
complex. This is caused by conduction through
an anomalous pathway with sinus complexes
that are transmitted through the normal AV
pathway.82

Vagal Stimulation and Adenosine
Administration

In most instances, termination or slowing of
wide QRS tachycardia by vagal stimulation or
adenosine implies a supraventricular origin,
loatrial conduction in a 76-year-old man with ischemic car-
ight bundle branch block, and the QRS duration is 160 ms.



Figure 18–8 A, Wide QRS tachycardia with right bundle branch block morphology, QRS duration of 196 ms, and short
RP interval in a 68-year-old woman with three-vessel coronary artery disease, previous inferior myocardial infarction, and
inducible ventricular tachycardia (VT) with RBBB morphology. B, ECG during sinus rhythm shows a relatively short PR inter-
val of 118 ms, suggesting that the short RP during VT is caused by rapid ventriculoatrial transmission.
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although exceptions occur. Waxman and Wald83

reported well-documented episodes of VT that
were terminated by carotid sinus massage after
pretreatment with edrophonium. The subset of
adenosine-sensitive idiopathic VT is discussed
in Chapter 17.

Morphology of the QRS Complex

The markers differentiating VT from supraven-
tricular tachycardia with aberrant conduction
listed previously are useful but are available for
only a small number of the wide QRS tachycar-
dias that may be in need of urgent diagnosis.
Hence the need to analyze the morphology of
the QRS complexes must be emphasized. In
some patients with bundle branch block or fas-
cicular block, the morphology of the QRS com-
plexes during VT is nearly identical to that of
supraventricular complexes.84 In most cases,
however, the morphologies of supraventricular
complexes conducted with aberration and ven-
tricular ectopic complexes differ from each
other. Therefore VT is frequently suspected
when the QRS complexes do not resemble typi-
cal bundle branch block complexes. Because an
impulse blocked in the bundle branch spreads
through the other bundle branch and the



Figure 18–9 Pseudo P waves during ventricular tachy-
cardia (VT) on an ECG of a 69-year-old man with documen-
ted VT. Negative deflections after the QRS complex in lead
II (at the bottom) resemble retrograde P waves, but they are
synchronous with the terminal portion of the QRS complex
in other leads.
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Figure 18–10 ECG of a 69-year-old woman with a concorda
128 ms) during sinus rhythm (top) and supravenricular tachycar
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Purkinje fibers, the onset of the QRS deflection
is inscribed relatively rapidly (Figure 18–11).
In contrast, the QRS onset of an ectopic ventric-
ular complex is slower. Therefore differences in
the speed of inscription of the initial QRS deflec-
tion are helpful for the differential diagnosis
of the two types of wide QRS tachycardia
(Figure 18–12).

Diagnostic mistakes can be made because
there may be slow onset of the QRS complex
during supraventricular tachycardia with aberra-
tion during preexcitation, after MI, during treat-
ment with sodium channel–blocking drugs, or in
the presence of hyperkalemia. Figure 18–13A
shows supraventricular tachycardia with slow
onset of the QRS complex in a patient with bun-
dle branch block and MI (Figure 18–13B). Con-
versely, rapid onset of the QRS complex can
occur during VT if the latter originates in or near
the rapidly conducting fascicles (Figure 18–14)
and when the initial QRS force is cancelled by
two opposing slow wave fronts. Rapid onset of
the QRS complex during VT has been attributed
also to the origin of VT in a normal ventricular
substrate (see Chapter 17 and Figure 17–20).
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Figure 18–11 A, Wide QRS tachycardia (159 beats/min) and a QRS duration of 186 ms in a 65-year-old man with ische-
mic cardiomyopathy. The rapid onset of the QRS complex suggests that the tachycardia is supraventricular. B, ECG recorded
during sinus rhythm confirms the diagnosis.
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Criteria Based on Correlations
with Intracardiac Studies

The mechanism of any wide QRS tachycardia
can be established by means of intracardiac
recording. In patients with VT, regular activation
of the His bundle is either absent or occurs later
than during supraventricular tachycardia, and
intracardiac ECGs are abnormal in more than
50 percent of the cases84 (Figure 18–15).

Because most intracardiac studies utilize ECG
leads V1, V2, and V6, the proposed criteria for
the differential diagnosis between supraventricu-
lar tachycardia with aberration and VT refer to
the QRS morphology in these three leads. Based
on the polarity of the main QRS deflection
in lead V1, wide QRS tachycardias have been
divided into RBBB-like and LBBB-like morpholo-
gies. Based on intracardiac recordings, Wellens85

established the following diagnostic criteria for
VTwith RBBB-like QRS morphology: (1) in lead
V1 are monophasic R or biphasic qR, QR, RS; (2)
in lead V6 are rS, QS, qR.

For VT with LBBB-like morphology Kindwall
et al.86 established the following diagnostic cri-
teria: (1) R wave in lead V1 or V2 >30 ms; (2) any
Q wave in V6; (3) a duration of �60 ms from the
onset of QRS to the nadir of the S wave in V1 or
V2; and (4) notching of the downstroke of the S
wave in V1 or V2. Common to all these criteria for
VT is the slow onset of the QRS complex or an
abnormal Q wave.



Figure 18–12 A, Wide QRS tachycardia (138 beats/min) and a QRS duration of 190 ms in a 58-year-old man. He had
ischemic cardiomyopathy, status post coronary artery bypass graft operation, and multiple episodes of inducible nonsus-
tained ventricular tachycardia (VT), but no inducible sustained VT. Onset of QRS is slow. B, ECG of the same patient
recorded 2 days earlier shows supraventricular tachycardia of uncertain mechanism at a rate of 178 beats/min, QRS duration
of 120 ms, and left bundle branch block. Onset of QRS is rapid. During sinus rhythm (not shown) the QRS morphology was
the same as during supraventricular tachycardia.
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Brugada et al.87 combined these two sets of
criteria for VT and developed a simplified
approach to analysis of wide QRS tachycardia
of uncertain mechanism, shown in Figure 18–16.
It can be seen that VT can be diagnosed if there
are no rS complexes in any precordial lead (neg-
ative concordance), if the interval from R to S
exceeds 100 ms, in the presence of AV dissocia-
tion, and if the morphologic criteria for VT pro-
posed by Wellens85 are present in lead V1, V2, or
V6. When these four features were absent, supra-
ventricular tachycardia with aberration can be
diagnosed by exclusion.
In a sample of 554 wide QRS tachycardias,
the four-step approach to the differential diagno-
sis shown in Figure 18–16 yielded a sensitivity
of 98.7 percent and a specificity of 96.5 percent.
In the presence of RBBB-like QRS morphology in
lead V1, qR or the RS complex had a specificity
of 98 percent and a sensitivity of 30 percent for
VT, and a triphasic QRS complex had a specific-
ity of 91 percent and a sensitivity of 82 percent
for supraventricular tachycardia with aberration.
In lead V6, R/S >1 had a specificity of 94 percent
and a sensitivity of 41 percent for VT; QS had
a specificity of 100 percent and a sensitivity of



Figure 18–13 A, Supraventricular wide QRS tachycardia simulating ventricular tachycardia because of the slow onset of
QRS. B, ECG of the same patient during sinus rhythm shows nearly the same pattern (minor differences can be attributed to
different rate-dependent aberration and perhaps different lead placement) as during tachycardia (i.e., right bundle branch
block with anterior myocardial infarction). The latter accounts for the slow onset of the QRS complex.

Figure 18–14 Three simultaneous ECG leads during ambulatory monitoring show a seven-beat run of ventricular tachy-
cardia (VT) with a QRS complex of 0.11 second. Note the atrioventricular dissociation and fusion (sixth complex of VT).
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Figure 18–15 His bundle recording from a patient with ventricular tachycardia (VT). Simultaneous leads I, II, and III and
bipolar electrograms from the high right atrium (RA) and bundle of His (BH) area are shown. In the two sinus beats (first and
second complexes), His bundle potential (H) is present between the atrial (A) and ventricular (V) potentials. With the devel-
opment of VT, the bundle of His deflection is no longer seen before the ventricular deflection. (Courtesy of Dr. Winston
Gaum, Cincinnati, OH.)

Figure 18–16 Approach to the diagnosis of wide QRS tachycardia in 554 cases. SN ¼ sensitivity; SP ¼ specificity; VT ¼
ventricular tachycardia. (From Brugada P, Brugada J, Mont L, et al: A new approach to the differential diagnosis of a regular
tachycardia with a wide QRS complex. Circulation 83:1649, 1991.)
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29 percent for VT; and the triphasic QRS com-
plex had a specificity of 64 percent and a sen-
sitivity of 95 percent for supraventricular
tachycardia with aberration. In the presence of
LBBB-like QRS morphology, the specificity of
the criteria proposed by Kindwell et al.86 for
VT was 89 percent and the sensitivity was 100
percent.

Brugada et al.87 failed to classify correctly
only 11 of 554 wide QRS tachycardia. This is
remarkably high diagnostic accuracy that may
be peculiar to the sample of patients referred
for diagnostic studies to the clinical electrophys-
iology laboratory.

The rate of tachycardia is of no help in the
differential diagnosis except for unusually rapid
rates of certain supraventricular tachyarrhyth-
mias (e.g., atrial flutter and atrial fibrillation)
conducted through an accessory pathway. The
QRS duration tends to be wider during VT than
during supraventricular tachycardia with aberra-
tion. Akthar et al.88 found that the QRS duration
during VT averaged 169�29 ms, 138�14 ms
during supraventricular tachycardia with aberra-
tion, and 156�24 ms during antidromic con-
duction through an accessory pathway. The
QRS was �140 ms in nearly all cases of RBBB
aberration and <160 ms in all cases of LBBB
aberration. They also reported that positive con-
cordance (QRS upright in all precordial leads)
and right superior axis in the frontal plane from
�90 to þ180 degrees had a specificity of 100
percent for VT.
DIFFERENTIAL DIAGNOSIS OF VT
VERSUS PREEXCITED TACHYCARDIA
Stierer et al.89 analyzed the morphologic differ-
ences between VT and supraventricular tachy-
cardia with anterograde conduction over an
accessory pathway (preexcited tachycardia) with
a QRS complex >0.12 second in 149 consecu-
tive VTs and 149 consecutive preexcited regular
tachycardia. They found that the following char-
acteristics were specific for VT but were absent
with preexcited tachycardia: (1) predominantly
negative QRS complexes in leads V4–V6; (2)
presence of a QR complex in one or more leads
V2–V6; and (3) more QRS complexes than P
waves (when AV dissociation was present during
VT). The sensitivity and specificity of these three
markers of VTwere 75 percent and 100 percent,
respectively.
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Atrioventricular Block
AV Conduction Defect with Normal
PR Interval

First-Degree AV Block
Second-Degree AV Block
2:1 AV Block
High-Grade or Advanced AV Block
Differential Diagnosis of Second-Degree
AV Block

Complete (Third-Degree) AV Block
Postextrasystolic Depression of AV
Conduction and Paroxysmal AV Block

Comparison of AV and Ventriculoatrial
Conduction

AV Block with Preserved Retrograde
VA Conduction

Multilevel AV Block
Clinical Correlation of AV Block
Vagal Stimulation and Drugs

Concealed Conduction
Concealed Conduction in the AV Junction
Concealed Conduction in the Bundle
Branch System

Concealed Conduction of Atrial Impulses
into the Bundle Branch during Atrial
Flutter and Atrial Fibrillation

Gap Phenomenon
Atrioventricular Block

The atrioventricular (AV) conduction defect
traditionally is divided into incomplete and
complete block. Incomplete AV block includes
first-degree, second-degree, and advanced AV
block. Complete AV block, also known as
third-degree AV block, is often incorrectly called
“complete heart block.” The block may be
located proximal to, in, or distal to the His bun-
dle.1 When it is proximal to the His bundle, the
block may be in the atrium (intraatrial) or AV
node (AV nodal). The distal infranodal block
includes intrahisian and infrahisian types.2–4

With intraatrial block there is prolongation of
the PA time (normal 25 to 45 ms), which repre-
sents the interval between the onset of the P
wave in the surface electrocardiogram (ECG)
and the deflection A recorded by the intracardiac
electrode at the low right atrium (Figure 19–1).

With AV nodal block there is an increase in
the AH interval (normal 60 to 140 ms), which
is the interval between deflection A from the
low right atrium to the onset of the first rapid
deflection of the His bundle electrogram (H).
With intrahisian block (or block within the His
bundle itself), the duration of the His bundle
potential, or BH time, exceeds 20 ms (normal
15 to 20 ms). The His bundle potential is “split.”
With infrahisian block, the conduction defect is
at the level of the bundle branches, and there is
prolongation of the HV time (normal 35 to
55 ms), which is the interval between the onset
of the His bundle potential and the onset of ven-
tricular depolarization recorded on the intracar-
diac electrogram (V) or any of the surface leads.
Although the His bundle recording can offer more
accurate assessment of AV conduction than the
surface ECG, it is not routinely obtained in clini-
cal practice because it is seldom needed to make
a reasonable therapeutic decision.

All degrees of AV block may be intermittent or
persistent. The degree of the conduction defect
also may vary from time to time. It is not uncom-
mon for a patient to experience a transient epi-
sode of complete AV block resulting in syncope
in the absence of premonitory first- or second-
degree AV block.
AV CONDUCTION DEFECT WITH
NORMAL PR INTERVAL
Conduction delay in part of the AV conduction
system may not be sufficient to prolong the
PR interval above the upper limit of normal,
which is 0.20 second in adults. This arbitrary
limit has no particular physiologic counterpart,



Figure 19–1 Atrioventricular conduction system and the
corresponding bipolar intracardiac electrogram (BE) and
standard surface ECG (L-2). A ¼ bipolar atrial electrogram;
A-H ¼ conduction time through the AVN; AVN ¼ atrioven-
tricular node; BH ¼ bundle of His; H-V ¼ conduction time
through the His Purkinje system; RB and LB ¼ right and left
bundle branches, respectively; SAN ¼ sinoatrial node; V ¼
bipolar ventricular electrogram recorded from the area of
the AV junction. (Adapted from Narula OS, Schlerlag BJ,
Samet P, et al: Atrioventricular block: localization and clas-
sification by His bundle recordings. Am J Med 50:146,
1971.)
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and in some computer programs the upper limit
of normal is set at 0.21 second. Often a change
in duration of the PR interval, even to a value
that is still within normal limits, is more reveal-
ing than a stable interval exceeding the normal
limit.

A normal PR interval does not rule out dis-
turbed AV conduction. Thus of 96 patients with
a normal PR interval and an abnormally wide
QRS complex studied by Puech, more than half
had a prolonged HV interval (>55 ms).4 The
Figure 19–2 First-degree atrioventricular block.
HV prolongation was more common in patients
with left bundle branch block (LBBB) or right
bundle branch block (RBBB) with left fascicular
block.4,5 Bilateral bundle branch block is sus-
pected when HV prolongation is attributed to
a conduction delay in the unblocked fascicle.
FIRST-DEGREE AV BLOCK
With first-degree AV block (Figure 19–2) the
range of PR prolongation is usually 0.21 to
0.40 second. Occasionally, the interval is as long
or longer than 0.60 second. When prolongation
is marked, the P wave may be superimposed
on the preceding T wave, or it may simulate a
U wave. This is more likely to occur at rapid
heart rates (Figure 19–3).

The degree of prolongation may change even
in the same individual. The interval may shorten
when the heart rate increases and lengthen
when the vagal tone is increased. Occasionally
one observes a phenomenon of two markedly
different PR intervals in the same subject,
presumably due to conduction through two
different AV nodal pathways (i.e., fast and slow)
(Figure 19–4; see also Chapter 16).

Fisch et al.6 reported findings in 21 patients
with sinus rhythm and PR intervals consistent
with dual AV nodal physiology. Eighteen patients
exhibited an abrupt, persistent PR interval
change. In two patients the PR interval alter-
nated between the slow and fast pathways, and
in one the ECG suggested simultaneous conduc-
tion along both pathways in response to a single
stimulus. A similar phenomenon is probably
responsible for the presence of two RP intervals
(Figure 19–5).

In patients with first-degree AV block and a
narrow QRS complex, the conduction is
most commonly delayed in the AV node with
prolongation of the AH time.7 Less common
is prolongation of the PA or BH time, and least
common is prolongation of the HV interval.3

PR prolongation caused by interatrial block is



Figure 19–3 Marked PR prolongation at various heart rates. Top, PR interval of 580 ms duration in the presence of a heart
rate of 45 beats/min. Middle, PR interval is about 560 ms. The P wave is partly merged with the T wave in the presence of a
heart rate of 65 beats/min. Bottom, PR interval is about 480 ms. The P wave is superimposed on the T wave in the presence
of a heart rate of 94 beats/min.

Figure 19–4 First-degree atrioventricular (AV) block with marked variation of the PR interval in an apparently healthy
individual, probably caused by dual AV conduction. The PR interval varies from 0.18 to 0.66 second. The shorter PR interval
is associated mostly with a more rapid heart rate.
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Figure 19–5 Continuous tracing of ECG lead II shows the onset of apparent reciprocating atrioventricular (AV) nodal
tachycardia after the sinus complex with a PR interval of 280 ms. After the first two complexes, the RR intervals vary by
<40 ms. The first RP interval is 260 ms; the next RP interval is 200 ms; the subsequent 10 RP intervals are 240 to 260 ms,
and the 12th and 16th RP interval are 180 and 100 ms, respectively. Variations in the RP interval at a nearly constant ven-
tricular rate may be explained by dual AV nodal pathways.

45919 � Atrioventricular Block; Concealed Conduction; Gap Phenomenon
seen in patients with an endocardial cushion
defect.8

In patients with first-degree AV block and
bundle branch block, the HV interval is often
prolonged, particularly in those with LBBB.
However, the conduction delay may occur at
other sites and at more than one site.
SECOND-DEGREE AV BLOCK
With second-degree AV block, there is intermit-
tent failure of the supraventricular impulse to
be conducted to the ventricles. Some of the
P waves are not followed by a QRS complex.
The conduction ratio (P/QRS ratio) may be set
at 2:1, 3:1, 3:2, 4:3, and so forth; or it may vary
from time to time in a haphazard fashion. When
describing the conduction sequence, it is impor-
tant to specify whether the ratio refers to conduc-
tion or block. For example, if only every third
P wave is followed by a QRS complex, there is
3:1 conduction or 3:2 block. Interchangeable
use of the terms conduction and block can create
misunderstandings.
Figure 19–6 Type I second-degree atrioventricular block wit
There are two types of second-degree AV
block: I and II. Type I also is called Wenckebach
phenomenon or Mobitz type I and represents the
more common type. Type II is also called Mobitz
type II and is less common.

Type I Second-Degree AV Block:
Wenckebach Phenomenon

ECG Findings

The ECG findings with type I second-degree AV
block are as follows:

1. Progressive lengthening of the PR interval
until a P wave is blocked.

2. Progressive shortening of the RR interval
until a P wave is blocked.

3. RR interval containing the blocked P wave
is shorter than the sum of two PP intervals.

In the so-called typical case of type I second-
degree AV block, the greatest increment of PR
prolongation takes place in the second con-
ducted impulse after the pause (Figure 19–6).
In the subsequent impulses the PR interval
continues to increase, but the degree of the
h typical Wenckebach phenomenon.



Figure 19–7 Progressive shortening of the RR interval during a typical Wenckebach period. Although there is progressive
prolongation of the PR interval, the increment of increase decreases.
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increment decreases. Progressive shortening of
the RR interval until a blocked P wave occurs
is the result of the decrease in the increment of
PR prolongation, as shown in Figure 19–7.
Assuming the PP interval is 1.0 second, the PR
interval increases stepwise from 0.20 to 0.30 to
0.36 to 0.40 second, following which the P wave
is blocked. Therefore 5:4 conduction is present.
The increments of the PR interval of the con-
ducted beats are 0.10, 0.06, and 0.04 second,
respectively. The RR intervals are 1.0�0.10
(1.10), 1.0�0.06 (1.06), and 1.0�0.04 second
(1.04), respectively. The same diagram shows
that marked shortening of the PR interval after
the pause results in an earlier appearance of
the QRS complex, which explains why the RR
interval that contains the blocked P wave is
shorter than the two PP intervals. The sequence
between one pause and the next is referred to
as a “Wenckebach period.”

Because of the periodic pauses, the rhythm has
a character of “group beating,” a finding that is an
important clue to the diagnosis of Wenckebach
phenomenon. Paradoxically, the typical Wencke-
bach phenomenon is not the most common
Figure 19–8 Atypical Wenckebach periodicity. Top, 7:6
RR interval before the block. Middle, 8:7 AV conduction with sh
ening of RR intervals. Bottom, 10:9 AV conduction with shorte
RR intervals until the appearance of the block.
pattern of type I second-degree AV block, as the
exceptions exceed the rule. Prolongation of the PR
interval may not be progressive (Figure 19–8).
The largest increment of the PR interval is some-
times seen just before block occurs (see Fig-
ure 19–8). When the Wenckebach period is
long, many successive cycles may not show
any measurable change in the PR interval (see
Figure 19–8). In most clinical studies the atypical
periodicity occurs more frequently than the typi-
cal periodicity. This is because under most cir-
cumstances the PP intervals are not absolutely
regular, the PR/RP relations do not remain con-
stant, and there are changes in autonomic tone,
all of which can affect AV nodal conductivity
and modify the typical pattern of Wenckebach
periodicity.9

AV nodal Wenckebach periodicity can be
induced in nearly all subjects when atrial refrac-
toriness permits achievement of the critical rate
required to elicit this phenomenon. During
electrophysiologic studies, the point at which
progressive shortening of the coupling of atrial
premature stimuli induces Wenckebach period
is a useful marker of refractoriness. It has been
atrioventricular (AV) conduction with lengthening of the
ortening of the first two RR intervals and subsequent length-
ning of the first two RR intervals and subsequent constant
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shown that the Wenckebach block point remains
stable during long-term follow-up in patients
with intact AV conduction.10

Electrophysiologic Correlation

In patients with type I block and narrow QRS
complexes, the block is usually located in the
AV node4,11 and the progressive PR lengthening
is associated with progressive prolongation of
the AH interval until the P wave is blocked with
an absent His bundle potential. Occasionally, the
block is in the His bundle, which can be recog-
nized by progressive prolongation of the interval
between the split His potentials and absence of
the second part of the split His potential after
the blocked P wave.

Often intrahisian block can be distinguished
from intranodal block on the body surface ECG,
because with infrahisian block the AV conduction
ratio worsens after atropine administration
(which increases the sinus rate) and improves
with carotid sinus massage (which decreases the
sinus rate), whereas opposite effects are observed
if the block is intranodal.12 When type I second-
degree AV block is associated with bundle branch
block, the site of the block may be the AV node,
the His bundle, or the contralateral bundle
branch. In about 75 percent of cases the block is
in the AV node; in the other 25 percent it is
infranodal.4,11

Mechanism of Wenckebach Periodicity

Wenckebach periodicity appears most com-
monly in slowly conducting tissue when propa-
gation depends on a depressed sodium channel
or calcium channel. Of the two structures
with predominantly calcium channel–dependent
conduction, Wenckebach periodicity is seen
much more frequently in the AV node than
in the sinus node, perhaps because AV transmis-
sion manifests on the surface ECG but sinoatrial
conduction does not. Experimental studies
suggest that the progressive slowing of conduc-
tion in the AV node is related to a progressive,
time-dependent decline of excitability.13,14

Wenckebach periodicity may occur also in
any cardiac tissue in which the conduction is
Figure 19–9 Mobitz type II atrioventricular block. ECG strip o
a rate of 56 beats/min, incomplete right bundle branch block, c
normally fast, such as the ventricular conduction
sy stem (see Figure 4–6 ) or myoca rdium.
Type II Second-Degree AV Block:
Mobitz Type II

ECG Findings

Type II second-degree AV block exhibits the fol-
lo wing ECG signs: (1 ) there are intermitte nt
blocked P waves and (2) d ur in g t he c o n d uc te d
impulses the PR intervals may be normal or
prolonged, but they remain constant. Slight
shorteningmay occur, however, in the first impulse
after the blocked cycle as a result of improved con-
duction following block. In some cases the shorter
interval from P to QRS is due to an escape com-
plex.15 Some investigators require the presence of
a constant PR interval in all complexes as a strict
diagnostic criterion for Mobitz type II block.16

Electrophysiologic Correlation

Most patients with type II second-degree AV block
have associated bundle branch block (Figures
19–9 to 19–11). In these patients the block is usu-
ally located distal to the His bundle (see Figure
19–11).17 In about 27 to 35 percent of patients
with Mobitz type II block, the lesion is in the
His bundle4,11 and the QRS complex is narrow11

(Figure 19–12). Rarely, the site is the AV node.18
2:1 AV BLOCK
When the AV conduction ratio is 2:1, it is often
impossible to determine whether the second-
degree AV block is type I or II. A long rhythm
strip may help by recording an episode of chang-
ing conduction ratio and observing the behavior
of the PR interval (Figure 19–13). The wide
QRS complex in the conducted impulses favors
the diagnosis of type II (see Figure 19–13). When
the atrial rate is increased by exercise or atropine,
the AV block in type I tends to decrease and that
in type II tends to increase.12,15 In the absence of
such additional information, however, it is advis-
able to be noncommittal as to the type of Mobitz
block when dealing with 2:1 AV block.
f lead II from a 78-year-old man with regular sinus rhythm at
onstant PR interval of 188 ms, and nonconducted P waves.



Figure 19–11 Mobitz type II second-degree atrioventricular block resulting from bilateral bundle branch block. The mon-
itor lead shows changing left and right bundle branch block patterns. A His bundle recording demonstrated that the block
was distal to the His bundle (not shown).

Figure 19–10 Mobitz type II second-degree atrioventricular block. There is 3:2 conduction. The QRS complex has left
bundle branch block morphology.
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HIGH-GRADE OR ADVANCED
AV BLOCK
When the AV conduction ratio is 3:1 or higher,
the rhythm is called advanced AV block. In some
cases only occasional ventricular captures are
observed, and the dominant rhythm is main-
tained by a subsidiary pacemaker. Identifying
the type of second-degree block in such
instances is also difficult. A comparison of the



Figure 19–12 Mobitz type II second-degree atrioventricular block with narrow QRS complex. The patient had recurrent
episodes of syncope. Because of the narrow QRS complex, the block is probably at the level of the His bundle.

Figure 19–13 Two examples of 2:1 atrioventricular (AV) block. A, ECG lead II of a 59-year-old man with inferior myo-
cardial infarction, 2:1 AV block, and a PR interval of 316 ms. QRS duration is 92 ms, and there is fusion of the P and
T waves. Bottom: ECG recorded the next day shows Wenckebach periods (Mobitz type I block) with an AV junctional escape
complex and blocked P wave. B, ECG lead II from a 78-year-old man with predominant 2:1 AV block, PR interval of 256 ms,
and left bundle branch block (QRS is 130 ms). The presence of a nonconducted P wave following the premature ventricular
complex at the beginning of the strip in conjunction with the constant PR interval confirm that the 2:1 AV block represents a
Mobitz type II block.
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PR intervals of the occasional captured com-
plexes may provide a clue. If the PR interval var-
ies and its duration is inversely related to the
interval between the P wave and its preceding
R wave (RP), type I block is likely. A constant
PR interval in all captured complexes suggests
type II block.15

Not infrequently the advanced AV block
occurs in patients in whom the PR interval is
normal or only slightly prolonged. The failure
of AV conduction in such cases is caused by a
functional block that is most often localized in
the AV node. The block is caused by concealed
conduction of the atrial impulses that fail to reach
the ventricles but prolong the refractoriness of the
AV node. Figure 19–14 shows three cases of
advanced AV block. In the first case the success
or failure of conduction depends on the duration
of the preceding RP interval (see Figure 19–14).
In the second case, high-degree AV block with a
normal PR interval in the conducted impulses
may be related to repeated concealed conduction
associated with sinus tachycardia. In the third
case sinus tachycardia is also present, but the
AV conduction appears impaired, as the PR inter-
val of the conducted impulse is 600 ms. In this
case the appearance of occasional conduction is
difficult to explain unless one postulates dissipa-
tion of concealment before the conducted
impulse.



Figure 19–14 Advanced atrioventricular block. Top, The first and second RR intervals are escape intervals at a rate of
about 1800 ms. The first sinus complex is conducted with a PR interval of 220 ms; the subsequent four P waves at a rate
of 60 beats/min are not conducted to the ventricles; the sixth P wave is conducted with a PR interval of 450 ms and is pre-
ceded by an RP interval of 960 ms; the seventh P wave is blocked, but the eighth P wave is conducted with a PR interval of
200 ms, being preceded by an RP interval of 1500 ms. The RP intervals preceding nonconducted P waves are shorter (740
and 860 ms) than the RP intervals preceding the conducted P waves. Middle, Sinus tachycardia at a rate of 100 beats/min.
Three sinus complexes with right bundle branch block pattern appear to be conducted because the PR interval is constant
(although coincidence cannot be ruled out). The block is attributed to repeated concealed conduction. The dot marks an arti-
fact. Bottom, Sinus rhythm at a rate of about 110 beats/min. The first, second, fourth, and fifth RR intervals are regular escape
intervals of about 1660 ms duration. The P wave after the third QRS complex appears to be conducted with a PR interval of
600 ms. It is possible that the conduction took place because of dissipated concealment.
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DIFFERENTIAL DIAGNOSIS OF
SECOND-DEGREE AV BLOCK
Second-degree AV block may be simulated by
blocked premature atrial impulses (see Chapter
14). This occurs especially when the coupling
interval of the premature atrial impulse is rela-
tively long. Careful measurement of the PP cycle
length and examination of the P wave morphol-
ogy can clarify the diagnosis. Conversely, ventri-
culophasic sinus arrhythmias are present with
some second-degree AV blocks. The PP intervals
that contain the QRS complexes are shorter
than those that do not. The blocked P waves
may be mistaken for blocked premature atrial
complexes.

An AV conduction ratio of 2:1 may simulate
sinus bradycardia when the nonconducted
P waves fall on the preceding Twaves and escape
recognition (see Figure 19–13) or are mistaken
for U waves. Conversely, the U waves in patients
with sinus bradycardia may be mistaken for
blocked P waves, causing an erroneous diagnosis
of second-degree AV block.
COMPLETE (THIRD-DEGREE)
AV BLOCK
With third-degree AV block there is complete
failure of the supraventricular impulses to reach
the ventricles. The atrial and ventricular activ-
ities are independent of each other. The ventric-
ular excitation is initiated by a subsidiary
pacemaker distal to the site of the block, which
may be in the AV junction, His bundle, or bun-
dle branches. If the block is in the main bundle
branches, it is called bilateral bundle branch
block. If it involves the right bundle branch and
two divisions of the left bundle branch, it is
called trifascicular block.

ECG Findings

In patients with sinus rhythm and complete AV
block, the PP and RR intervals are regular, but
the P waves bear no constant relation to the
QRS complexes (Figure 19–15). The PR interval
varies, and the PP intervals may be slightly irreg-
ular because of sinus arrhythmia. Ventriculopha-
sic sinus arrhythmias can be demonstrated in
about 30 to 40 percent of patients with complete
AV block.19

In the presence of atrial fibrillation, complete
AV block is recognized by the regularity of
the ventricular rhythm (see Figures 15–19 and
15–20). The same applies to atrial flutter or
ectopic atrial tachycardia, but as an additional
requirement the flutter or ectopic P waves
should have no demonstrable relation to the
QRS complexes (see Figure 15–1).

The morphology of the QRS complexes
depends mainly on the location of the block.
The escape pacemaker usually originates from
a site just distal to the region of the block. If
the block is proximal to the bifurcation of the
His bundle, the escape pacemaker is likely to
be within the AV junction, and the QRS com-
plexes are narrow (Fi gure 19– 16) unles s bundle



Figure 19–16 Congenital complete atrioventricular block. The narrow QRS complexes suggest that the escape pacemaker
is junctional in origin. No other associated congenital defects were found.

Figure 19–15 Complete atrioventricular (AV) block. ECG strips of lead II. Top, Escape rhythm at a rate of 34 beats/min,
QRS duration of 156 ms, and a pattern indicating right bundle branch block (RBBB) and left anterior fascicular block. The
presumed site of the escape pacemaker is at or near the left posterior fascicle. Middle, Escape rhythm at a rate of
30 beats/min, QRS duration of 144 ms, and RBBB pattern. The presumed site of the escape pacemaker is the Purkinje fiber
in the left ventricle. Bottom, Escape rhythm is at a rate of 50 beats/min, and the QRS duration is 84 ms. The presumed site of
the escape pacemaker is the AV junction. Note that retrograde conduction is preserved in the presence of anterograde AV
block.
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branch block coexists. If the block is below the
bifurcation of the His bundle, the escape rhythm
is of ventricular origin and the QRS complexes
are wide (see Figure 19–15). Therefore in the
presence of complete AV block, narrow QRS
complexes indicate an AV junctional location of
the block, but wide QRS complexes may be the
result of bilateral bundle branch block, trifasci-
cular block, or AV junctional block with uni-
lateral bundle branch block. This relation
between the duration of the QRS complexes
and the location of the block was confirmed by
histologic studies of the conduction system in a
limited number of patients in whom His bundle
records were available.20

The ventricular rate associated with complete
AV block usually depends on the origin of the
escape pacemaker. The rate of AV junctional
escape rhythm is usually 40 to 60 beats/min.
The rate of the ventricular pacemaker is usually



Figure 19–17 Effect of exercise on the ventricular rate in a patient with congenital complete atrioventricular (AV) block.
The QRS complexes are narrow, and the ventricular rate increases after exercise. The escape pacemaker probably is located
in the proximal part of the AV junction.
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30 to 40 beats/min, but it may be as low as
20 beats/min or as high as 50 beats/min. If the
pacemaker is high in the AV junction, the
ventricular rate may be increased by exercise or
vagolytic agents21 (Figure 19–17). An escape
rhythm from the ventricle or low AV junction
is generally not affected by such maneuvers.

Electrophysiologic Correlation

His bundle recordings indicate that the site of
block in patients with complete AV block may
be proximal to, within, or distal to the His bun-
dle. With chronic, acquired, complete AV block
the site of the block is distal to the His bundle
in about 50 to 60 percent of cases, and the QRS
complexes are wide.1,4 When the block is proxi-
mal to or within the His bundle, the QRS com-
plexes are more often narrow than wide. In the
presence of acute AV block resulting from inferior
myocardial infarction (MI), infections, or drugs,
the block is usually proximal to the His bundle.
A complete AV block associated with acute ante-
rior MI is usually distal to the His bundle.
POSTEXTRASYSTOLIC DEPRESSION OF
AV CONDUCTION AND PAROXYSMAL
AV BLOCK
The postextrasystolic AV block associated with
delayed escape intervention is usually of short
duration.22 In some cases, however, the absence
of AV conduction persists for several seconds
and leads to syncope. Two examples of such a
block, also known as paroxysmal AV block, are
shown in Figure 19–18. The mechanism is
unclear, but concealed discharge of escape pace-
makers may be suspected. Study of Brignole
et al.,23 which utilized the implantable event
recorders, showed that in patients with bun-
dle branch block, syncope, and a negative
conventional workup, including electrophysio-
logical study, the syncope was often caused by
a paroxysmal AV block. In only a minority of
their cases, however, was the block preceded by
a premature complex.
COMPARISON OF AV AND
VENTRICULOATRIAL CONDUCTION
Akhtar et al.24 compared the facility to conduct
impulses in the anterograde and retrograde direc-
tions in 50 patients using incremental atrial and
ventricular pacing and the extrastimulation tech-
nique. Ventriculoatrial (VA) conduction was
absent in 11 patients. In an additional 25 patients,
AV conduction was “better” than VA conduction
because the onset of Wenckebach periodicity in
the AV node occurred at a faster pacing rate.
In 8 patients the VA and AV conductions were
equal, and in 6 the onset of Wenckebach peri-
odicity occurred at a faster rate during VA con-
duction. The authors concluded that in most
patients anterograde conduction is better than
retrograde conduction. The region of maximum
refractoriness (i.e., atrium, AV node, His-
Purkinje systems, ventricular myocardium) varied
among patients and was usually not the same
during anterograde as during retrograde conduc-
tion in the same patient. Figure 19–20 shows an
example of AV conduction that is considerably
longer than VA conduction.
AV BLOCK WITH PRESERVED
RETROGRADE VA CONDUCTION
AV block with preserved VA conduction is not
rare (see Figure 19–15). The first comprehensive
review of this phenomenon, by Winternitz and
Langendorf,25 appeared in 1944. The pathologic
lesions in the autopsied cases were near the
bifurcation of the His bundle.



Figure 19–18 ECG strips recorded during ambulatory monitoring show prolonged depression of atrioventricular conduc-
tion after an atrial premature complex (top) and after a ventricular premature complex (bottom).
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MULTILEVEL AV BLOCK
The presence of AV block at two levels can be
detected by the occurrence ofWenckebach periods
at alternate complexes. Alternating Wenckebach
periodicity has been demonstrated both below
and above the His bundle.26,27 Most episodes
are attributed to multilevel block.28 The phenome-
non is not uncommon, particularly during atrial
flutter.

Kosowsky et al.29 classified ECGs of patients
with multilevel AV block into two groups based
on the nature of the conduction defect at their
uppermost level of block. Of their 36 patients, 24
had an integral conduction response (2:1 in all
cases) at the uppermost level of the block and
Wenckebach periods at the lower level of the
block; 12 patients had a nonintegral conduction
ratio (e.g., 5:4, 4:3) at the upper level with either
integral or nonintegral block at the lower level.
Complex patterns of conduction can be produ-
ced by pacing in patients with bilevel block.30
CLINICAL CORRELATION
OF AV BLOCK
Normal Subjects

A PR interval longer than 0.2 second occasionally
is seen in apparently healthy individuals. It was
found in 0.52 percent of 67,375 asymptomatic
male pilots examined by Johnson and associ-
ates.31 The PR interval ranged from 0.21 to 0.39
second but rarely exceeded 0.28 second. The inci-
dence of first-degree AV block in normal subjects
is higher when a 24-hour ambulatory ECG is
obtained,32,33 which in some instances reflects
the presence of dual AV nodal conduction. Sec-
ond-degree AV block with Wenckebach phenom-
enon also may be seen in young individuals
mostly during sleep,32,33 and it has been reported
on routine ECGs of trained athletes.34 None of 16
subjects with prolonged PR intervals among 1000
healthy young aviators had clinical evidence of
heart disease during 10 years of follow-up.35



Figure 19–19 Type I second-degree atrioventricular block due to digitalis intoxication.
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Mymin et al.36 examined the long-term prog-
nosis of first-degree AV block in a 30-year longi-
tudinal study of 3983 healthy men. First-degree
AV block was present in 52 patients on entry
into the study, and in 124 the PR interval became
prolonged during follow-up. Two thirds had a
PR interval of 0.22 to 0.23 second. The study
showed that first-degree AV block with moderate
PR prolongation was a benign finding. Mortality
was not increased, and the AV block progressed
to higher grades in only two cases.36
VAGAL STIMULATION AND DRUGS
Transient AV block may be produced by vagal
stimulation, such as carotid sinus massage,
Valsalva maneuver, or hiccups.37 It may be the
mechanism responsible for syncope in patients
with hypersensitive carotid sinus reflex.38

Digitalis (due to its vagal action) (see Figure
19–19), b-adrenergic blocking drugs, verapamil,
and diltiazem can produce varying degrees of
AV block, particularly when used in combination
or in subjects with a diseased conduction
system. Other offending drugs include class
II

II

Figure 19–20 Strips of selected ECG leads of a 80-year-old m
rhythm and conduction disturbances. Top, Sinus rhythm with PR
Probably an atrioventricular junctional rhythm at a rate of 10
T wave.
IA and IC sodium channel blockers and
amiodarone.

Coronary Artery Disease

AV block in patients with coronary artery disease
may be acute or chronic, transient or permanent.
With acute MI, varying degrees of AV conduc-
tion defect occur in about 16 to 21 percent of
patients: first-degree AV block in 8 to 13 percent,
second-degree block in 3.5 to 10.0 percent, and
complete AV block in 2.5 to 8.0 percent.39,40

The MILIS Study Group41 found complete AV
block in 38 of 698 patients during acute MI.32,33

The occurrence was more frequent among
patients with preceding major abnormalities of
AV or intraventricular conduction. Another study
suggested that the incidence of complete AV
block during acute MI has declined since the
advent of thrombolytic therapy.42

The ECG manifestations are closely related
to the location of the infarct. AV block is
more common in patients with inferior MI
(Figure 19–21) caused by occlusion of the right
coronary artery proximal to the takeoff of the
an made on 2 consecutive days. ECG is normal except for
interval of 540 ms at a heart rate of 65 beats/min. Bottom,

1 beats/min with negative (retrograde) P waves within the



Figure 19–21 Strips of ECG lead II of a 64-year-old man. Top, Complete atrioventricular (AV) block with an AV junctional
escape rhythm at a rate of 38 beats/min. Bottom, At 26 hours later there is a sinus rhythm with 1:1 AV conduction and a PR
interval of 260 ms.
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artery supplying the AV node (see Chapter 8). The
block is proximal to the His bundle.4 If the block is
high grade or complete, the escape rhythm is usu-
ally junctional in origin. First-degree or type I sec-
ond-degree AV block often precedes the complete
AV block. As a rule, the AV block is transient,
and normal conduction resumes within less than
1 week after the acute episode.40,43 Structural
damage of the AV node is usually absent.44,45

Some degree of AV block may be seen in up to
21 percent of patients with acute anterior MI46

(Figure 19–22). The reported incidence of sec-
ond- and third-degree AV block is 5 and 7
percent, respectively.40,43

The block is the result of extensive damage to
the interventricular septum, caused usually by
occlusion of the left anterior descending coro-
nary artery proximal to the takeoff of the septal
perforators. RBBB alone, RBBB with left anterior
or left posterior fascicular block, or LBBB
alone often precedes the development of bilat-
eral or trifascicular AV block.45,46 The PR inter-
val is usually normal or minimally prolonged
Figure 19–22 ECG from a 79-year-old man with acute anteri
beats/min and acute injury pattern. Right, At 17 hours later there
a rate of 30 beats/min.
before the sudden onset of second- or third-degree
AV block. Although the initial episode of the AV
block is mostly transient, there is a relatively high
incidence of recurrence of the high-degree AV
block after the acute event.47 In the Danish TRACE
study, the presence of a complete AV block was
associated with a fourfold increase in mortality
(i.e., to 60% in patients with anterior MI and from
10% to 25% of patients with inferior MI).48

In the past, infarction and ischemia of the
septum caused by coronary artery disease were
thought to be the most important causes of
chronic complete AV block, but more recent
pathologic studies have shown that this is not
the case (Table 19–1).49 Only 15 of 100 chronic
complete AV blocks examined by Davies were
caused by coronary artery disease.49

Degenerative Diseases of the Conducting
System

Table 19–1 shows that among the 100 autopsied
cases of chronic complete AV block examined by
or myocardial infarction. Left, Sinus rhythm at a rate of 122
is complete atrioventricular block with an escape rhythm at



TABLE 19–1 Cause of Chronic AV
Block (100 Autopsied
Cases)

Cause No. of Cases

Idiopathic bilateral bundle
branch fibrosis

46

Ischemic coronary artery
disease

Destruction of both bundle
branches

14

Destruction of AV node 1
Cardiomyopathy 13
Calcific valve disease 8
Myocarditis 4
Connective tissue disorder 3
Amyloidosis 3
Transfusion siderosis (only
AV node affected)

2

Congenital heart block (only
main bundle affected)

3

Gumma of interventricular
septum

3

Total 100

Adapted from Davies MJ: Pathology of Conducting Tissue
of the Heart. New York, Appleton-Century-Crofts, 1971.

AV, Atrioventricular.
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Davies, the most common cause (46 percent of
cases) was idiopathic bilateral bundle branch
fibrosis. Lenègre is credited with establishing
the link between the sclerodegenerative lesions
of the bundle branches and chronic complete
AV block.50 The pathologic process described
by Lenègre is also called idiopathic bilateral
bundle branch fibrosis, and the AV block is called
primary heart block.

Lev described similar degenerative lesions,
which he referred to as sclerosis of the left side
of the cardiac skeleton.51 There is progressive
fibrosis and calcification of the mitral annulus,
central fibrous body, pars membranacea, base of
the aorta, and summit of the muscular ventricu-
lar septum. Various portions of the His bundle or
the bundle branches may be involved, resulting
in AV block. The difference between so-called
Lenègre disease and Lev disease52 consists prob-
ably in the prevalence of valve calcifications in
the latter versus pure fibrosis of the summit of
the ventricular septum in the former. Cardiac
calcifications associated with complete AV block
have been found also in Paget’s disease.53 The
chronic AV block seen in patients with hyperten-
sion is thought to be due to coronary arterioscle-
rosis or sclerosis of the left side of the cardiac
skeleton exacerbated by hypertension.54
Myocardial Diseases

Atrioventricular conduction defects are seen in
idiopathic and secondary cardiomyopathies, par-
ticularly the former (see Table 19–1). Varying
degrees of AV block are observed in about 15
percent of patients with dilated idiopathic car-
diomyopathy but in only about 3 percent of
those with the hypertrophic variety.55 Among
secondary cardiomyopathies, myocardial sar-
coidosis is well known for its frequent associa-
tion with AV block. Other causes are infiltrative
diseases such as amyloidosis and hemachromato-
sis, neuromuscular diseases such as progressive
muscular dystrophy, and connective tissue dis-
eases such as systemic lupus erythematosus,
dermatomyositis, scleroderma, Reiter’s disease,
and Marfan syndrome.56 AV block also has
been described in association with rheumatoid
heart disease,57 but it is more commonly seen
with ankylosing spondylitis.58 Tumors, primary
or metastatic, may involve the AV node, His
bundle, or bundle branches to produce AV block.

AV block may occur with all types of acute
myocarditis. Prolongation of the PR interval is
a common finding in patients with acute rheu-
matic fever, with the incidence ranging from
25 to 95 percent in various reported series.
Type I second-degree AV block also may occur,
but complete AV block is uncommon.59

The AV block seen with acute rheumatic fever
is not included in the diagnostic criteria for
rheumatic carditis. In 508 patients with acute
rheumatic fever reviewed by Clarke and Keith,59

no significant difference in the PR interval
was found between patients with or without car-
ditis. The transient appearance of incomplete
AV block is not uncommon with other forms of
myocarditis of viral or bacterial origin. Among
bacterial infections, diphtheria was once a well-
known cause of complete AV block. The parasitic
Chagas heart disease is known to be associated
with both acute and chronic AV block.
Valvular Heart Diseases

In patients with calcific aortic stenosis, a chronic
partial or complete AV block may occur when
extended calcifications involve the main bundle
or its bifurcation, resulting in degeneration
and necrosis of the conduction tissue.49 Occa-
sionally, massive calcification of the mitral annu-
lus causes AV block.60 In patients with bacterial
endocarditis, especially on the aortic valve,
AV block may be caused by extension of the
infectious process to the adjacent conduction
tissue.
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Congenital Heart Disease

Congenital complete AV block occurs most com-
monly in the absence of other evidence of
organic heart disease. The site of the block is
most commonly the AV node and less often the
bundle of His.61 In patients with congenital
complete AV block, abnormally wide QRS com-
plexes occur less frequently and have been con-
sidered more ominous than QRS complexes of
normal duration.61 In a study conducted by
Engle, abnormally wide QRS complexes were
present in 18 of 128 patients with congenital
complete AV block without associated congenital
malformations.61 In children with complete AV
block, the ventricular rate is usually >40 beats/
min. In one study, a persistent heart rate at rest
of <50 beats/min significantly correlated with
the incidence of syncope.62

A congenital AV block may be hereditary63,64

and may occur in infants born to mothers with
systemic lupus erythematosus.65 Among patients
who have other congenital cardiac defects, AV
block is frequently seen in those with corrected
transposition of the great vessels. In adult patients
with congenital heart disease, AV block (usually
incomplete) is seen more commonly in associa-
tion with atrial septal defect and Ebstein anomaly.

Trauma

AV block may be induced during open heart sur-
gery in the area of the AV conduction tissue. It is
seen in patients operated on to correct a ventricular
septal defect, tetralogy of Fallot, or left ventricular
outflow tract obstruction. The conduction defect
may be the result of edema, transient ischemia, or
disruption of the conduction tissue. Complete
AV block following surgery for congenital heart
disease resolves in two thirds of patients, usually
by the ninth postoperative day.66

In some cases, complete AV block is created
purposefully by interrupting the His bundle
when all othermeasures fail to slow the ventricular
rate in patients with atrial fibrillation. Complete
AV block also has been reported in patients who
sustained nonpenetrating or penetrating trauma
of the chest.67 Also, after alcohol septal ablation
for the treatment of obstructive hypertrophic car-
diomyopathy, the occurrence of complete AV block
requiring a pacemaker is not uncommon.68,69

Concealed Conduction

Concealed conduction, mentioned earlier, is a
common manifestation applicable to the surface
ECG. It defines a nonrecordable event that
modifies the expected behavior of the recorded
event. The concealment is most frequently loca-
lized in the AV node during anterograde (atrial)
or retrograde (ventricular) propagation of an
impulse that, upon reaching the AV node and
modifying its refractoriness, fails to complete
its passage across the AV junction. The con-
cealed presence of such an impulse can be
deduced from the unexpected changes in con-
duction, refractoriness, excitability, or automa-
ticity of the subsequent impulse. It has been
shown that 1-ms change in the timing of the
atrial premature response could determine
whether a block occurred that resulted in con-
cealment or conduction in the AV node.70

The concept of concealed conduction ante-
dates electrocardiography.71 Of note are the
experimental studies of Scherf and Shookhoff70

and the analysis of human ECGs by
Langendorf.72 Langendorf’s simplest example of
this phenomenon was lengthening of the PR
interval after an interpolated premature ventric-
ular or AV junctional complex (Figure 19–23).
Other examples are disturbances of AV junc-
tional automaticity by anterograde or retrograde
concealment of supraventricular or ventricular
impulses reaching the AV node. Concealment
can be uncovered by direct recording from the
sites of concealment, such as recording AV nodal
action potentials of impulses propagated from
the atria and not reaching the ventricles or
impulses propagated from the ventricles and
not reaching the atria.73

Various types of single or multiple conceal-
ment of cardiac impulses are discussed in text-
books dedicated to complex arrhythmias.71,74

Here only a few representative examples of this
phenomenon are outlined. An interested reader
encountering an observation that may include
concealed conduction should be guided by the
following principles formulated by Fisch:71

Any manifestation of concealed conduction can be
accurately defined in the context of the following
descriptors: the site of origin of the concealed
impulse and, when possible, the mechanism
responsible for the impulse formation
(i.e., concealed reciprocation or concealed His
bundle discharge), the anatomic site of concealment
(i.e., AV node), and the effect of the concealed
impulse on the behavior of the subsequent impulse.
The latter may take form of delayed conduction,
conduction block, displacement of pacemaker,
enhancement of conduction, or a combination of the
above.
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CONCEALED CONDUCTION
IN THE AV JUNCTION
In Figure 19–23, the retrogradely conducted
interpolated ectopic impulse reaches the AV
junction and prolongs its refractoriness, remain-
ing concealed and failing to complete its passage
to the atria. Conduction of the postextrasystolic
sinus impulse in the invaded and incompletely
recovered AV junction is slowed, resulting in
prolongation of the PR interval. A similar expla-
nation is suggested for the occurrence of an
alternating PR interval and resulting bigeminal
rhythm in Figure 19–24.

In some cases concealed conduction restores
failed conduction in the AV junction, possibly
due to retrograde concealed conduction of the
premature ventricular impulse entering the AV
junction. Early depolarization of the AV junc-
tion by the premature impulse results in its
Figure 19–24 Sinus rhythm with 2:1 atrioventricular block a
400 ms conducts with a PR interval of 200 ms. P2 is blocked. P3
of 440 ms. P4 with an RP interval of 0 ms is blocked. The rhythm
pected prolongation of P3R and P7R is attributed to concealed c
A ¼ atria; J ¼ junction; V ¼ ventricle. (From Knoebel S, Fisch C
cardiography. Philadelphia, FA Davis, 1973, p 22.)

Figure 19–23 Interpolated premature complex, presumably f
to the ventricles and causing prolongation of the PR interval.
(From Schamroth L, Surawicz B: Concealed interpolated AV ju
Cardiol 27:703, 1971.)
earlier recovery, shifting the refractoriness of
the AV junction “leftward” to allow conduction
of the next supraventricular impulse at a time
when such impulse was previously blocked.
The same effect can cause paradoxical short-
ening of the PR interval. This phenomenon is
often called “peeling,” or peeling back of the
refractory period.71

The effect of anterograde concealed conduc-
tion on impulse conduction may be observed
during atrial fibrillation. The irregular ventricu-
lar response during atrial fibrillation is probably
the result of the varying depth and frequency
of the concealed conduction into the AV junc-
tion.75 A long RR interval after repeated conceal-
ments is usually followed by an AV junctional
escape pacemaker. If the RR is longer than
the expected junctional escape interval, how-
ever, a concealed discharge of the junctional
pacemaker may be suspected (Figure 19–25).
nd alternation of the PR interval. P1 with an RP interval of
with an RP interval of 680 ms conducts with a P3R interval
is bigeminal because of alternation of the PR interval. Unex-
onduction of P2 and P6, respectively. In the Lewis diagram:
: Concealed conduction. In Fisch C [ed]: Complex Electro-

rom the atrioventricular junction conducted with aberration
a ¼ atrium; a-v ¼ atrioventricular junction; v ¼ ventricle.
nctional extrasystoles and AV junctional parasystole. Am J



Figure 19–25 Concealed conduction in atrial fibrillation. The unexpected marked prolongation of the RR interval on the
bottom strip can best be explained by repeated concealed conduction in the atrioventricular junction and concealed
discharge of the junctional pacemaker. The RR intervals are longer than the expected junctional escape interval.
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Pseudo AV block due to concealed His extrasys-
tole is another example of the effect of concealed
depolarization on AV conduction.76 If premature
His extrasystole occurs soon after the preceding
sinus impulse, it is completely concealed because
it fails to propagate either anterogradely or retro-
gradely.77 No QRS or P can be detected on the
surface ECG, but when the next sinus impulse
arrives at the His bundle the latter is still refractory
and fails to conduct. A blocked sinus Pwave is seen
unexpectedly, accounting for the phenomenon of
pseudo AV block. In Figure 19–26, His extrasys-
toles are (1) conducted anterogradely and retro-
gradely; (2) conducted only anterogradely or
retrogradely; and (3) not conducted in either
direction. The latter is implied by the presence
of an unexpected nonconducted sinus P wave.
Figure 19–27 shows a concealed His discharge that
blocks propagation of the following atrial impulse
into the ventricles, resulting in a so-called pseudo
AV block. Figure 19–28 shows a transient 2:1 AV
block attributed to concealed conduction in the
presence of AV junctional parasystolic rhythm,
which is slightly faster than the sinus rhythm.

Concealed conduction may play a role in the
phenomenon of tachycardia-induced AV block, a
cause of syncope that is usually associated with
impaired conduction in the distal part of the AV
junction (Figure 19–29).78 This phenomenon falls
also into the category of the previously discussed
paroxysmal AV block.71 Concealed conduction is
probably responsible for a concomitant increase
in R-R and P-R interval after short runs of atrial
tachycardia or atrial flutter shown in Figure 19–30.
CONCEALED CONDUCTION IN THE
BUNDLE BRANCH SYSTEM
Concealed conduction of impulses in the bundle
branch may account for the following manifesta-
tions of transient appearance and disappearance
of bundle branch block.
Perpetuation of aberrant ventricular conduction
(functional bundle branch block) is initiated by a
sudden increase in the ventricular rate. The aber-
rancy persists even though the ventricular rate
returns to its previous level. Such a phenomenon
can be explained by transseptal concealed conduc-
tion. The supraventricular impulse, which is con-
ducted through the bundle branch that is not
refractory, traverses the interventricular septum to
depolarize the blocked bundle branch. When the
next impulse arrives, the previously refractory
bundle continues to remain refractory because it
was depolarized late via transseptal conduction of
the impulse from the contralateral bundle branch.
This process is believed to perpetuate aberrancy.
An example is shown in Figure 19–31. In brady-
cardia- or deceleration-dependent bundle branch
block, the conduction defect is attributed to spon-
taneous diastolic depolarization (phase 4 depolari-
zation) of the bundle branch. At slower heart rates,
diastolic depolarization may reach a takeoff poten-
tial atwhich impulse propagation fails and conduc-
tion block occurs. With an increase in heart rate,
the block dissipates. Concealed conduction from
a premature impulse can accelerate or depress
the course of diastolic depolarization and alter
the cycle length at which bundle branch block is
present or absent. A similar mechanism is respon-
sible for modulated ventricular parasystole (see
Chapter 17). Examples of bradycardia-dependent
LBBB are shown in Figures 4–16 and 4–17.
CONCEALED CONDUCTIONOF ATRIAL
IMPULSES INTO THE BUNDLE BRANCH
DURING ATRIAL FLUTTER AND ATRIAL
FIBRILLATION
The ability of an atrial impulse to get past the AV
junction into the bundle branch system has been
demonstrated in humans by electrophysiologic
studies.79 Figure 19–32 shows an ECG of a
patient with atrial fibrillation, complete AV



Figure 19–26 Pseudo atrioventricular (AV) block due to concealed His extrasystole. The tracings were recorded with a
two-channel Holter monitor. A, There is sinus rhythm with premature junctional complexes. The third complex is a prema-
ture junctional complex with retrograde atrial capture. The negative P waves after the third and fourth sinus complexes are
retrograde P waves from premature junctional complexes with anterograde block resulting in an absence of QRS complexes.
The last complex is premature junctional without retrograde P wave. B, The sinus P wave, which is not followed by QRS, is
most likely due to refractoriness of the His bundle caused by premature His depolarization with both anterograde and retro-
grade block occurring before the blocked sinus P wave. The blocked P wave is followed by two more junctional complexes.
The patient is an 18-year-old man with mitral valve prolapse. During his 24-hour Holter monitor numerous junctional extra-
systoles are seen, but there is no evidence of an AV conduction defect other than the nonconducted sinus P wave shown in
the tracing.
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Figure 19–28 Atrioventricular (AV) junctional parasystole with concealed conduction. Tracing of lead V1 shows pseudo sec-
ond-degree AV block. Dots at the bottom indicate manifest parasystolic impulses. Interectopic intervals are expressed in 0.01
second. a ¼ atrium; a-v ¼ atrioventricular junction; v ¼ ventricle. (From Lindsay AL, Schamroth L: Atrioventricular junctional
parasystole with concealed conduction simulating second degree atrioventricular block. Am J Cardiol 31:397, 1973.)

Figure 19–27 Pseudo type II atrioventricular block following the third P wave caused by a concealed premature His bun-
dle discharge (H0). The intracardiac recordings are from the His bundle (HL) and ECG leads I and II (L1, L2). H ¼ His bundle
deflection; H-H ¼ interval between two His bundle deflections. (From Fisch C, Zipes DP, McHenry PL: Electrocardiographic
manifestations of concealed junctional ectopic impulses. Circulation 53:217, 1976.)
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block, and marked slowing of the presumed
fascicular escape rhythm, possibly caused by
concealed conduction, although other interpre-
tations of this phenomenon are possible.
Gap Phenomenon

The term “gap” of conduction defines a zone
within the cardiac cycle during which premature
impulses fail to propagate, whereas premature
responses outside that zone (i.e. earlier or later)
evoke propagated responses. The existence of
gaps depends on the presence of nonhomoge-
neous refractoriness in different parts of the con-
ducting system. In 1981, Reddy et al. reported
that six types of gap had been described for
anterograde conduction and three types for ret-
rograde conduction.80 The common mechanism
of all types of gap involves a proximal delay,
allowing more time for distal recovery.
The two most commonly cited anterograde
gaps are type I (a gap in AV conduction) and type
II (a gap in the bundle branch).81 With both types
there is prolongation of the P0R interval of the
conducted premature complex. With type I gap,
the resumption of AV conduction with an
early premature complex is due to a delay in the
conduction of the impulse in the AV node. The
delay allows sufficient time for the His-Purkinje
system to recover and conduct. With type II gap,
the delay of the premature impulse is within the
proximal His-Purkinje system, allowing impulse
propagation to the affected bundle branch after
its recovery from refractoriness.82

The sequence of AV conduction in type I gap
is illustrated in Figure 19–33A. Among the three
premature atrial complexes (P0), those with
the longest and shortest RP0 interval (0.40 and
0.20 second, respectively) are conducted, but
the one with the intermediate RP0 interval
(0.30 second) is blocked. The P0 with the
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Figure 19–30 ECG strip of a 71-year-old man. ECG is normal except for short runs of atrial tachycardia or atrial flutter.
The non-conducted atrial impulses cause lengthening of the R-R interval and of the P-R interval, probably due to concealed
conduction within the atrioventricular junction.

Figure 19–29 His bundle electrogram (HBE) of a patient with tachycardia-dependent paroxysmal atrioventricular block.
Top, Normal AH (100 ms) and prolonged HV (65 ms) intervals during 1:1 conduction. Bottom, Effect of rapid atrial pacing at
a rate of 150 beats/min. Atrial depolarizations (A) follow atrial pacing stimulus artifacts (S). His bundle spikes are present after
each atrial depolarization (AH interval is ¼ 125 ms). The absence of a ventricular complex (V) after h indicates a block below
the level of recording of the His bundle spike. S1 ¼ ventricular pacing spike. (From Aravindakshan V, Surawicz B, Daoud FS:
Depression of escape pacemakers associated with rapid supraventricular rate in patients with atrioventricular block. Circu-
lation 50:255, 1974.)
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shortest RP0 interval is conducted because of the
longer delay in the AV node. The P0R interval of
the conducted P0 is longer, and consequently the
RR interval containing the shortest RP0 is equal
to or longer than the RR interval containing the
longest RP0.

Figure 19–33B illustrates a type II gap.
Aberrant ventricular conduction with RBBB mor-
phology occurs when the premature atrial com-
plex is early but normal ventricular conduction
resumes upon further shortening of the coupling
interval.

The gap is not the only mechanism that
explains the unexpected conduction of an
early premature impulse. Another mechanism
invoked to explain such phenomena is called
supernormality,71,73 a favorite hypothesis offered
when other explanations fail. Supernormal excit-
ability and supernormal conduction are sound
physiologic concepts,73 but a discussion of this
subject is beyond the scope of this textbook.
In 1962 Pick et al.83 stated, “The application of
the concept of supernormal conduction in
conjunction with that of concealed conduction
and of unidirectional block permits a satisfactory
interpretation of some otherwise inexplicable fea-
tures of AV block in clinical electrocardiography.”
This statement has not lost its validity, but specu-
lations may cease to be necessary when technical
means are available to examine various properties
of the conducting system critically during intra-
cardiac electrophysiologic studies.



Figure 19–31 Unexpected persistence of an acceleration-dependent aberration attributed to concealed transseptal
conduction from the right bundle branch (RBB) to the left bundle branch (LBB). The basic rhythm is sinus with gradual accel-
eration of the heart rate. When the RR interval shortens to 700 ms, left bundle branch block (LBBB) appears and persists at
longer RR intervals up to 880 ms. Persistence of the LBBB at cycles longer than the critical RR cycle for initiation of LBBB is
explained by the concealed transseptal conduction from the RBB to the LBB, which is believed to shorten the LBB-to-LBB
interval to 700 ms, resulting in LBBB. This implies that the LBB-to-LBB interval, shown in the diagram below the figure, rather
than the manifest QRS-to-QRS interval, determines whether conduction is normal or aberrant. The authors of this report
also considered other explanations for this phenomenon. (From Fisch C, Zipes DP, McHenry PL: Rate-dependent aberrancy.
Circulation 48:714, 1973.)

Figure 19–32 ECG strips of lead II from a 90-year-old man with atrial fibrillation and complete atrioventricular block.
Top, Escape pacemaker at a rate of 41 beats/min with right bundle branch block and left posterior fascicular block QRS mor-
phology, presumably from or near the site of the left anterior fascicle. Bottom, The same escape pacemaker at a slower rate.
The second RR interval is approximately twice as long as the first and third RR intervals, which suggests the possibility of an
exit block.
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Figure 19–33 Gap phenomenon. A, Gap in atrioventricular (AV) conduction is shown. Relatively late premature complex
with an RP0 interval of 0.40 second is conducted. As the premature complex appears earlier (RP0 ¼ 0.30 second), it is
blocked. However, when the premature complex occurs even earlier (RP0 ¼ 0.20 second) it is conducted with a prolonged
PR interval (0.50 second). An AV conduction gap is therefore present. B, Bundle branch conduction gap. As the RP0 interval
of the premature complex decreases from 0.60 to 0.40 to 0.30 second, the QRS complex changes from normal to right bun-
dle branch block morphology and back to normal when the ectopic atrial complex is most premature (RP0 ¼ 0.30 second).
The latter is associated with a long PR0 interval (0.40 second). See text for explanation.
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Atrial Fibrillation and Atrial Flutter
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Electrophysiologic Properties of the APs
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Syndrome
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Effects of Drugs

Radiofrequency Ablation of APs
The syndrome of short PR interval with an
abnormal QRS complex and paroxysmal tachycar-
dia was first described by Wolff, Parkinson, and
White1 in 1930. It also is called the ventricular
preexcitation syndrome. The term Wolff-Parkinson-
White (WPW) pattern defines the ventricular pre-
excitation seen in the absence of the preexcita-
tion-dependent tachycardia.2

Figure 20–1 shows the four preexcitation
pathways: atrioventricular (Kent bundle) and
three types of Mahaim fibers (i.e., atriofascicular,
sometimes called the Brechenmacher tract; nodo-
ventricular; fasciculoventricular). The atrioven-
tricular (AV) bypass is the most common type
of preexcitation, generating the typical pattern
of short PR interval, delta wave, wide QRS com-
plex, and T wave vector directed opposite to the
delta vector.

In patients with AV bypass tracts the impulse
may be conducted only through the AV node,
only through the bypass tract (full preexcitation),
and simultaneously through the AV node and
the AV bypass tract, giving rise to a wide range of
fusion complexes. With an increasing contribution
of conduction through the AV bypass tract, the QRS
complex widens and the HV interval shortens.3

Conversely, with an increasing contribution of
conduction through the AV node (e.g., during exer-
cise), the PR andHVintervals lengthen and theQRS
complex shortens.

Progressive shortening of the PR interval with
corresponding widening of the QRS complex,
and vice versa, without change in the duration
of the P-end QRS interval is called the concertina
effect (Figure 20–2). In about half of patients
with the WPW pattern, the characteristic elec-
trocardiographic (ECG) changes appear only
intermittently.4,5 In some cases the change from
the preexcitation pattern to normal AV conduc-
tion (and vice versa) occurs in the same tracing
(Figure 20–3). The capacity for preexcitation to
go in the anterograde direction may become
lost with time. In a longitudinal electrophysio-
logic study of 29 patients with the WPW
pattern but without symptoms, Klein and
Gulamhusein6 found that 9 subjects lost this
capacity when they were reexamined after 36
months.
481



Figure 20–2 ECG lead II of a patient with intermittent preexcitation demonstrates a “concertina” effect in which increas-
ing preexcitation shortens the PR interval and lengthens the QRS complex, with the interval from P to the end of QRS remain-
ing constant. This tracing also is an example of secondary T wave changes, with the T wave becoming more negative as the
QRS duration increases. Of the six consecutive complexes, the first is conducted through the atrioventricular (AV) node alone
and the sixth presumably through the accessory pathway (AP) alone (fully preexcited), whereas the second, fourth, fifth, and
third complexes show increasing degrees of fusion between the AV nodal and AP conduction.

Figure 20–1 Classification of preexcitation syndromes. AP ¼ accessory pathway; AVN ¼ atrioventricular node; RB and LB
¼ right and left bundle branch. See text discussion. (From Prystowsky EN, Miles WM, Heger JJ, et al: Preexcitation syn-
dromes: mechanisms and management. Med Clin North Am 68:831, 1984, by permission.)
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Wolff-Parkinson-White ECG Pattern

The WPW ECG pattern with full preexciation
contains the following elements:

1. A PR interval of less than 0.12 second,
with a normal P wave

2. Abnormally wide QRS complex with
a duration of 0.11 second or more

3. The presence of initial slurring of the QRS
complex, the delta wave

4. Secondary ST segment and Twave changes
PR INTERVAL
The duration of the PR interval is affected by
the degree of preexcitation. In fully preexcited
complexes, the duration of the PR intervals equals
the duration of the P wave or its initial portion. In
most instances it is 0.06–0.11 second. In about 12
percent of cases, PR is longer than 0.12 second; a
duration of up to 0.20 second has been reported,7,8

predominantly in variant forms of the preexcita-
tion associated with Mahaim bypass fibers. If the
baseline PR interval is relatively long, the interval
may shorten considerably, but the duration
remains in the normal range. In such cases the
diagnosis of preexcitation may be confirmed if the
tracing during normal AV conduction is available
for comparison.

In the absence of coexisting atrial pathology,
the P wave morphology is normal. The WPW
pattern cannot be diagnosed with certainty if
there is a short PR interval without a delta wave.



Figure 20–3 ECG precordial leads and the strip of lead II
(at the bottom) show alternating normal and preexcited
complexes in a 3-year-old girl with Wolff-Parkinson-White
syndrome.
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A short PR interval with an inverted P wave in
the standard limb leads may be caused by an
ectopic atrial or AV junctional pacemaker.
QRS COMPLEX
When the ventricles are depolarized entirely by
the impulse conducted through the accessory
pathway (AP), the QRS duration is increased, usu-
ally to 0.11 to 0.16 second. In some series,7,9 how-
ever, the QRS duration was less than 0.10 second
in almost one third of the cases, presumably due
to fusion between preexcited and normally con-
ducted complexes. The sum of the PR and QRS
intervals usually remains within the normal range.

A normal “septal” q wave is seldom found in
the preexcited complexes. Its presence in lead
V6 is believed to exclude preexcitation.10

Complete normalization of the WPW pattern
was attributed by Massumi and Vera11 to the fol-
lowing mechanisms: (1) the bypass tract failed to
conduct at rapid atrial rates or with early atrial pre-
mature complexes; (2) the AP became refractory
after long pauses and at slow rates, presumably
because of phase 4 depolarization; (3) the origin
of the ventricular impulse was situated in the His
bundle; and (4) conduction through the AV node
was faster than through the AV bypass tract.
DELTA WAVE
The delta wave is the most important finding in
the WPW pattern. It depicts slow conduction
through the bypass tract and ventricular myocar-
dium between the site of bypass tract insertion
and the site at which ventricular activation
proceeds via the rapidly conducting Purkinje
system. The duration of the delta wave varies
between 0.02 and 0.07 second. Theoretically,
the delta wave should be present in all leads,
but it may become isoelectric and be easily
overlooked in the leads with the lead axis,
which is nearly perpendicular to the initial QRS
forces.

When the delta wave is negative, the down-
ward deflection may resemble the abnormal
Q wave associated with myocardial infarction.
Such a pseudoinfarction pattern may be seen in
up to 70 percent of patients with the WPW pat-
tern. Anterior myocardial infarction (MI) may be
simulated by the negative delta waves in the
right precordial leads, lateral MI by a negative
delta wave in lead aVL (Figure 20–4), and infe-
rior MI by a negative delta wave in leads II, III,
aVF (Figures 20–5 and 20–6). The large upright
delta wave in lead V1 may simulate true poste-
rior MI (Figure 20–7A) or right bundle branch
block.
ST SEGMENT AND T WAVE CHANGES
The altered sequence of ventricular activation
in patients with the WPW pattern results in
secondary repolarization abnormalities. Most
commonly, the direction of the ST segment dis-
placement and the Twave polarity are opposite to
the direction of the delta wave and the major
deflection of the QRS complex. The changes are
similar to those of ventricular hypertrophy or bun-
dle branch block. In some cases, however, no
apparent ST segment and T wave abnormalities
are seen (Figure 20–8). Attention has been called
to different types of Twave abnormality that persist
after ablation of the APs, resulting in cessation of
preexcitation. These abnormalities have been
sometimes called “Twavememory” to indicate that
they completely regress within several weeks after
ablation12 (Figure 20–9). The origin of these
T wave abnormalities has been attributed to the
lengthening of ventricular action potentials at the
preexcited site, induced by preexcitation and
slowly subsiding after ablation.13
Clinical Significance

It has been estimated that the WPW pattern
is present in 0.15 to 0.20 percent of the gen-
eral population.7 The incidence may be higher
if concealed forms (see later discussion) are



Figure 20–4 ECG of a 44-year-old man with left lateral bypass tract. The negative delta wave in lead aVL simulates basal
or lateral myocardial infarction.

Figure 20–5 A, ECG of a 25-year-old woman with left posterior paraseptal bypass tract simulating inferior myocardial
infarction. B, Normal atrioventricular conduction after ablation of the bypass tract. The deeply inverted symmetric T wave
in leads III and aVF represents a transient postablation abnormality also known as the “memory” T wave.
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Figure 20–6 Top, ECG of a 7-year-old girl with the Wolff-Parkinson-White pattern (probably right anterior accessory path-
way). Bottom, Lead II recorded on another day shows narrow QRS tachycardia at a rate of 278 beats/min with negative
P waves inscribed during the ST segment, which is typical of atrioventricular reentrant tachycardia.

48520 � Ventricular Preexcitation (Wolff-Parkinson-White Syndrome and Its Variants)
counted.3 The incidence of other clinically rec-
ognizable types of bypass tract is much lower.
The WPW pattern occurs more often in males
than females. Most subjects (about two thirds)
with the WPW pattern have no associated
organic heart disease.7,14,15 In the presence of
coronary, hypertensive, or rheumatic heart dis-
ease, the WPW pattern is usually an unrelated
finding. There is a higher incidence of this pat-
tern in patients with dilated and obstructive
types of cardiomyopathy. With the latter type
(see Figure 20–23), the reported incidence is 4
percent.16 With the congestive type of primary
myocardial disease, the WPW pattern is more
often seen with the familial variety.17 Patients
with hyperthyroidism are said to have a high
incidence of the WPW pattern.18 In one series
of patients with the WPW pattern, hyperthyroid-
ism was present in 6 percent of the subjects. The
WPW syndrome may become apparent during
pregnancy owing to the observed sensitivity of
women with preexcitation to supraventricular
arrhythmias in this condition.19

Of the 163 patients reported by Gallagher and
associates,20 12 had mitral valve prolapse syn-
drome. All but one had left-sided bypass. WPW
syndrome has been reported also in association
with AV block, sick sinus syndrome, tuberous
sclerosis, and cardiac tumors.21 It has beenhypothe-
sized that tumor tissue (e.g., rhabdomyoma)
becomes an AP that functions like a Kent bundle.22

In a reported case of mesothelioma of the AV node
the WPW syndrome appeared to be coincidental.21
Among patients with congenital heart disease,
the WPW pattern is seen most commonly in
patients with Ebstein’s anomaly (Figure 20–10).
Schiebler and co-workers23 reported that this
anomaly was present in 24 of 83 patients with con-
genital heart disease and the WPW pattern. About
5 to 10 percent of patients with Ebstein’s anomaly
have the WPW pattern,24 nearly always with a
right-sided AP.25,26 Other associated congenital
heart diseases include atrial septal defect (Fig-
ure 20–11), tricuspid atresia, corrected transposi-
tion of the great vessels, ventricular septal defect,
tetralogy of Fallot, and coarctation of the aorta.27,28
Tachyarrhythmias

Paroxysmal tachycardias are the most important
clinical manifestations in patients with WPW syn-
drome. They were recorded in 13 to 80 percent of
patients with the WPW pattern. The incidence is
closely related to the population sampled: It was
low (13 percent) when the WPW pattern was
diagnosed from routine ECGs among a clinically
healthy population.29 In hospitalized or cardiac
clinic patients with this pattern, paroxysmal
tachycardias occurred in 40 to 80 percent.7,12 In
many cases the tachyarrhythmia is the first clue
to the diagnosis of preexcitation syndrome.

Paroxysmal supraventricular tachycardia is
responsible for 75 to 80 percent of all paroxys-
mal tachycardias in patients with WPW syn-
drome.18,30 If the tachycardia is a reciprocating



Figure 20–7 ECG of a 28-year-old man with Wolff-Parkinson-White (WPW) syndrome. A, WPW pattern suggestive of left
anterior paraseptal bypass tract and simulating posterior myocardial infarction. B, Strip of lead II during atrial fibrillation with
a ventricular rate of 249 beats/min. C, Normal atrioventricular conduction after ablation of the bypass tract.
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Figure 20–8 ECG of a 76-year-old woman with an asymptomatic Wolff-Parkson-White pattern suggestive of a left anterior
bypass tract. The T waves are upright in several leads in which the delta wave is upright.
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or reentrant type, it is called AV reentrant tachy-
cardia. The tachycardia loop in such cases is
formed by the atrium, AV node, His-Purkinje sys-
tem, and ventricular myocardium in the antero-
grade direction, returning to the atrium via AP
in the retrograde direction. A circus movement
is therefore established (Figure 20–12).

In such patients the delta wave is not
observed during the tachycardia, and the dura-
tion of the QRS complex is normal (narrow).
This tachycardia is called orthodromic AV
reentrant tachycardia (see Figures 20–6 and
20–13C). The heart rate is usually 140 to 250
beats/min, which is generally faster than the rate
of tachycardia due to reentry in the AV node.20

The cycle length of tachycardia depends on the
total conduction time in all elements but most
importantly in the AV node. Therefore the rate
of tachycardia is enhanced by rapid conduction
through the AV node, which may manifest as a
short PR interval.31,32 Tachycardia is often
initiated by premature atrial or ventricular com-
plexes (Figure 20–14). It can also be induced by
a premature atrial or ventricular stimulus, due
either to anterograde block in the accessory
pathway when pacing the atrium or to unidirec-
tional retrograde block in the His-Purkinje sys-
tem when pacing the ventricle.33

Diagnostic criteria on the surface ECG and
in the intracardiac electrogram during tachycar-
dia include the following3,34: (1) the P wave is
negative in lead I; (2) PR is longer than RP when
the retrograde pathway is fast (most common pat-
tern) and shorter than RP when the retrograde
pathway is slow; (3) the P wave is inscribed after,
not during, the QRS complex; and (4) the
tachycardia cycle length is prolonged in the pres-
ence of functional ipsilateral bundle branch block
(BBB). The difference between the cycle length
without and with ipsilateral BBB equals the con-
duction time from the nonblocked bundle branch
across the septum to the terminals of the blocked
bundle branch. Wellens and Durrer35 reported
that this interval ranged from 20 to 50 ms. How-
ever, Kerr et al.36 found that in the presence
of ipsilateral BBB the minimum VA interval
increased by an average of 61 ms, whereas no
change in cycle length occurred in the presence
of contralateral BBB. It should be added that the
increase in tachycardia cycle length in the pres-
ence of ipsilateral BBB is too small to be detected
when the accessory pathway is located in the sep-
tum (septal pathway) or when an increase in AV
conduction time counteracts the delay caused
by the BBB.

Coumel and Attuel37 described a phenome-
non called the “paradoxical capture.” They
showed that if BBB was present during tachycar-
dia, a premature impulse elicited in the ventricle
of the blocked bundle branch could be followed
by a VA interval shorter than the VA interval of
the tachycardia complexes because there is no
delay caused by conduction around the blocked
bundle branch.

Criterion (5) is an occasional occurrence of
electrical alternans during tachycardia. This is
probably not a peculiarity of the circuit but
rather the consequence of rapid rates during
AV reentrant tachycardia, which are frequently
faster than AV node reentrant tachycardia.38

Criterion (6) is the sequence of the atrial exci-
tation. The earliest excitation of the impulse



Figure 20–9 T wave changes during ventricular preexcitation in a 45-year-old woman (A) on the day of ablation of the
right posterior accessory pathway (B) and 40 days later (C). See text discussion. (From Surawicz B: Transient T wave abnorm-
alities after cessation of ventricular preexcitation: memory of what? J Cardiovasc Electrophysiol 7:51, 1996.)
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Figure 20–10 ECG of a 35-year-old woman with Ebstein’s anomaly with right lateral bypass tract and recurrent episodes
of orthodromic atrioventricular (AV) reentrant tachycardia. A, Abnormal P waves. The QRS morphology is consistent with
ventricular preexcitation. The PR interval is within normal limits (0.14 second). B, Tracing recorded during normal AV con-
duction. The PR interval is longer. There is borderline abnormal right axis deviation. Lead V1 shows a QR pattern. C, Tracing
demonstrating intermittent AV reentrant tachycardia with a retrograde P wave following the QRS. Note the change in mor-
phology of the QRS complexes during tachycardia. Epicardial mapping during sinus rhythm with the Wolff-Parkinson-White
pattern revealed early ventricular excitation at the lateral border of the right ventricle near the AV groove. During orthodro-
mic AV reentrant tachycardia, the same area was the latest among the mapping sites to be activated. The findings suggest a
right lateral location of the bypass.
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Figure 20–11 Wolff-Parkinson-White (WPW) syndrome in a 28-year-old man with ostium secondum type atrial septal
defect. A, During sinus rhythm there is a WPW pattern, with a pseudoinfarction pattern in the inferior leads. B, During atrio-
ventricular (AV) reentrant tachycardia the QRS complex is narrow and the delta wave is no longer present, suggesting normal
anterograde AV conduction (orthodromic tachycardia). The morphology of the QRS complexes is consistent with right ven-
tricular hypertrophy. C, On another occasion the patient developed tachycardia with wide QRS complexes similar to those
during sinus rhythm, suggesting anomalous anterograde AV conduction through the bypass (antidromic tachycardia). The
rhythm was later proved to be atrial flutter with 2:1 conduction.
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Figure 20–12 Most common mechanism responsible for the development of paroxysmal tachycardia associated with
Wolff-Parkinson-White syndrome. A, Normal conduction pathways of atria and ventricles. B, Anterograde Kent conduction
with premature ventricular depolarization. C, Excitation impulse conducts anterogradely through the normal atrioventricular
(AV) conduction system and returns to the atrium retrogradely through the accessory pathway. A circus movement is there-
fore established, resulting in orthodromic AV reentrant tachycardia. D, The impulse is conducted anterogradely through the
Kent bundle and retrogradely through the AV node (AVN). The reentrant supraventricular tachycardia has wide QRS com-
plexes simulating ventricular tachycardia and is called antidromic AV reentrant tachycardia. (From Dreifus LS, Nichols H,
Morse D, et al: Control of recurrent tachycardia of Wolff-Parkinson-White syndrome by surgical ligature of the A-V bundle.
Circulation 38:1030, 1968, by permission of the American Heart Association.)
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conducted retrogradely via the AV node takes
place near the atrial septum. Evidence of retro-
grade conduction through the AV bypass tract is
established when the earliest excitation site
is remote from the septum. Atrial excitation
becomes eccentric to the His bundle, and the ear-
liest atrial activation site is recorded, depending
on the location of the bypass tract, at sites sur-
rounding the circumference of the mitral and
tricuspid valves using multiple endocardial elec-
trodes in the coronary sinus and right
atrium.3,36,39 The site of earliest atrial excitation
helps locate the site of the bypass tract when it
is situated at a distance from the AV node and
the His bundle. However, intermediate septal
bypass tracts located in close proximity to the
AV node and His bundle cannot be detected in
this manner.

Some bypass sites are in close proximity to
each other (e.g., posterior septal and left poste-
rior bypass tracts), and the location of the site
of the earliest atrial activation is not as helpful
as directional conduction times established by
multiple electrode catheters40 or differences
between the time of activation of the His bundle
and atria.41 Also, anteroseptal, midseptal, and
right anterior free wall pathways may be best
distinguished using programmed stimulation of
the summit of the right ventricular septum and
especially with changes in the VA interval when



Figure 20–13 ECG of a 36-year-old man with Wolff-Parkinson-White syndrome. A, Intermittent preexcitation with a pat-
tern suggestive of right anteroseptal bypass tract. B, Antidromic tachycardia at a rate of 175 beats/min. C, Orthodromic atrio-
ventricular reentrant tachycardia at a rate of 185 beats/min with P wave inscribed during the ST segment.
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Figure 20–14 Orthodromic atrioventricular (AV) reentrant tachycardia initiated by a premature atrial complex. The first
five complexes of the simultaneously recorded leads show sinus rhythm with ventricular preexcitation. A premature atrial
complex (P0) initiates the narrow QRS complex tachycardia (orthodromic AV reentrant tachycardia) at a rate of 186 beats/
min. During the tachycardia the retrograde P waves can be seen after the QRS complexes, most distinctly in the bottom strip.
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right bundle branch block (RBBB) develops dur-
ing orthodromic reentrant tachycardia.42

Criterion (7) is the demonstration that the
impulse is conducted from the ventricle to the
atria at the time when the His bundle is refrac-
tory. Conversely, the presence of AV block during
contin uing tachyca rdia (see Figure 16– 13 ) ru les
out the tachycardia utilizing the AV bypass tract.

The effect of drugs is criterion (8). The effec-
tive refractory period of the AV node and of the
AP is lengthened by different categories of drugs
(i.e., adenosine, b-adrenergic blockers, calcium
channel blockers, and digitalis for the AV node
and class 1A sodium channel blockers for the
AP). Therefore the response to a drug may be
helpful occasionally in the differential diagnosis
between AV node reentrant and AV reentrant
tachycardia. These criteria, however, are not reli-
able in the presence of atypical electrophysio-
logic properties of the AV node or the AP.
AP WITH DECREMENTAL
CONDUCTION
In some cases of AV reentrant tachycardia, the AP
conducts the impulse as slowly as or slower than
the normally conducting AV node. Such decre-
mental conduction was found in 7.6 percent of
APs in 653 patients.43 Most of these atypical
APs are located in the posteroseptal region,44

and the associated tachycardia is called the per-
manent form of junctional reciprocating tachycardia,
as was first described by Coumel et al.45 (see
Chapter 16). Patients with AP located in the left
or right free wall also have been reported.44,46,47

The tachycardia tends to be “incessant.” It is usu-
ally initiated by lengthening of the PR interval or
a premature complex and can be produced or
aggravated by antiarrhythmia drugs.48
ATRIAL FIBRILLATION AND ATRIAL
FLUTTER
Atrial fibrillation was mentioned in the original
description of the syndrome by Wolff, Parkinson,
and White in 1930. In 1952, Langendorf et al.49

pointed out that preexcitation should be sus-
pected if the ventricular rate during atrial fibrilla-
tion with a wide QRS complex is unusually rapid.

Castellanos et al.50 have shown that the rapid
ventricular rate is associated with a short, effec-
tive refractory period of the AP. This association
was confirmed by Wellens and Durrer51 during
atrial fibrillation induced in patients with WPW
syndrome.

Atrial fibrillation and flutter (see Figures 20–7B
and 20–15) are less common than AV reentrant
tachycardia in the WPW syndrome. The reported
incidence of atrial fibrillation was 20 to 35 per-
cent18,20,30,44,52 and that of atrial flutter was 7 per-
cent44 among patients with tachyarrhythmias. In
most cases the atrial impulses during atrial fibrilla-
tion and atrial flutter are conducted to the ventri-
cles through the AP. Therefore the preexcited QRS
complexes are wide with an additional increase
in duration caused by aberrant ventricular conduc-
tion. The latter is often present because the ventric-
ular rate may be as rapid as 220 to 360 beats/min



Figure 20–15 Top, ECG of a 46-year-old woman with Wolff-Parkinson-White syndrome and a pattern suggestive of right
posterior paraseptal bypass tract. The pattern simulates left bundle branch block. Bottom, Strip of lead II shows atrial fibril-
lation with a ventricular rate of 197 beats/min.
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(see Figure 20–7B). Such a rapid rate is possible in
the presence of a short, effective refractory period
of the accessory bundle.

Because of the rapid ventricular response dur-
ing atrial fibrillation, patients with the WPW syn-
drome may develop ventricular fibrillation that
results in sudden death.25,53 Klein and co-workers5

found that a short, effective refractory period (i.e.,
250 ms or less) increases the risk of ventricular
fibrillation in the presence of atrial fibrillation,
atrial flutter, or other rapid atrial tachycardia. The
presence of multiple APs also renders the patient
more susceptible to the development of this poten-
tially lethal arrhythmia.54

The occurrence of atrial fibrillation appears to be
facilitated by the presence of reentrant tachycardia.
This is suggested by the low recurrence rate of atrial
fibrillation after surgical55 and catheter56 ablation.
The probable mechanism of atrial fibrillation is
stimulation during the atrial vulnerable period by
the impulse returning to the atria (see Chapter 15).

With atrial flutter, the regular rhythmwith wide
QRS complexes is often mistaken for paroxysmal
ventricular tachycardia (see Figure 20–11). The
AV conduction ratio may be 2:1 or 1:1. Indeed,
atrial flutter with 1:1 conduction is rare in the
absence of the WPW syndrome unless the atrial
rate is relatively slow owing to treatment with
sodium channel–blocking drugs.

With atrial fibrillation, the erroneous diagno-
sis of ventricular tachycardia can often be
avoided because of the gross irregularity of the
ventricular response (see Figures 20–7B and
20–15). The presence of the WPW syndrome is
often suspected from the rhythm strip alone if
the ventricular rate during atrial fibrillation
exceeds about 200 beats/min. Such a rapid ven-
tricular response would be unusual if the
impulses were conducted via the normal AV con-
duction system. Although ventricular tachycar-
dia can occur in subjects with WPW syndrome,
it is unrelated to the syndrome unless tachycar-
dia originates in the bypass tissue.
ABORTED SUDDEN DEATH WITH THE
WPW SYNDROME
Among 690 patients with the WPW syndrome
referred to the Academic Hospital in Maastricht,
the Netherlands,57 aborted sudden death outside
the hospital setting occurred in 15 (2.2 percent).
Ventricular fibrillation was the first manifesta-
tion of the WPW syndrome in 8 patients; the
remaining patients had atrial fibrillation, circus
movement tachycardia, or both. The location of
the AP was septal in 11 patients, left lateral in
4, and right lateral in 1.
ELECTROPHYSIOLOGIC PROPERTIES
OF THE APS
Anterograde refractoriness of the AP is studied
by delivering atrial premature stimuli (A1A2);
retrograde refractoriness is studied by delivering
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ventricular premature stimuli (V1V2). The anter-
ograde effective refractory period is the longest
A1A2 interval recorded nearest the AP at which
A2 conducts to ventricles without preexcitation.
The retrograde effective refractory period is the
longest V1V2 interval recorded nearest the AP
with the activation sequence compatible with
retrograde conduction through the accessory
bypass tract.

Unlike the AV node, conduction time through
the AV bypass tract is not dependent on the cycle
length, and this is helpful for evaluating AP
function. However, atypical patterns of conduc-
tion can occur through both the AP and the AV
node. This means that conduction through
the AP becomes time dependent; conversely,
the AV nodal transmission becomes virtually
time independent.
CONCEALED AP: CONCEALED WPW
SYNDROME
An accessory AV pathway may be capable only of
retrograde conduction. Anterograde block in the
AP with preserved retrograde conduction results
in an absence of the WPW pattern on the surface
ECG (i.e., concealment of the bypass tract).
However, the bypass tract can be utilized in the
retrograde direction as a link in the AV reentrant
circuit.58–60

The pathway is called concealed accessory path-
way or bypass. Its existence can be documented
only by intracardiac studies.58,60–63 When a reen-
trant tachycardia occurs in association with such
a concealed bypass, the condition is called con-
cealed WPW syndrome. It is the most common var-
iant form of WPW syndrome and occurs in about
20 to 30 percent of patients with APs.64,65

Patients with this syndrome have AV reentrant
tachycardia when a sinus or an atrial impulse is
conducted to the ventricle through the normal
AV conduction system. From the ventricle the
impulse is conducted retrogradely through the
concealed bypass to reactivate the atrium and
initiate a reciprocating tachycardia. Such a
mechanism may be responsible for many reen-
trant tachycardias that were formerly attributed
to AV nodal reentry. Paroxysms of atrial flutter
or fibrillation may develop in such patients if
the retrograde activation of the atrium occurs
during its vulnerable period.

Inmost of the reported cases of concealedWPW
syndrome, the AP is located on the left side of the
cardiac chambers.60,61 In a few cases the location
is right sided or septal. The site of the anterograde
conduction block appears to be located almost
always near the AP–ventricular interface.66
Farshidi and associates34 considered the
following findings during tachycardia to be sug-
gestive of a concealed bypass tract: (1) negative
P wave in lead I (because of left-sided bypass
and early left atrial depolarization), (2) P wave
during the ST segment, and (3) increased cycle
length if functional left bundle branch block
(LBBB) develops.

Atrioventricular reentrant tachycardia due to
the presence of a concealed AP is shown in
Figure 20–16. A less common type of unidirec-
tional block is a retrograde unidirectional block
in the AP. This can be detected by means of ven-
tricular stimulation in 5 percent of patients with
single APs. In such cases the accessory bypass
tract can cause antidromic reentrant tachycardia
or “preexcited” atrial tachyarrhythmias, or it can
serve as an “innocent bystander” in patients with
AV nodal reentrant tachycardia.
Anatomic Findings: Localization
of the AP by Routine ECG

Ventricular preexcitation was once believed to
be the result of congenital clefts in the fibrous
AV ring that are occupied by muscular bridges
serving as APs. Later, anatomic studies at autopsy
and during surgery showed that the APs (Kent
bundles) skirt but do not perforate the fibrous
annulus.67,68 They may be found in the right
(tricuspid) or left (mitral) side of the AV ring as
well as in the interventricular septal area.69

With the advent of ablation treatment of
refractory tachyarrhythmias in patients with
WPW syndrome, precise localization of the site
of the AP became important. The extensive surgi-
cal experience from Duke University indicated
that the routine ECG was useful for localizing an
approximate site of the AP in most cases.20,25,70

Figure 20–17 shows a schematic drawing of the
cross section of AV ring depicting 10 sites of pre-
excitation, and Figure 20–18 shows the polarity
of the delta wave at these sites in the 12-lead ECG.

Rodriguez et al.71 found it helpful to distinguish
the major AP locations by the differences in the
frontal plane QRS axis combined with differences
in locations of the frontal plane delta wave axis.
Arruda et al.72 developed an ECG algorithm for
identifying AP ablation sites based on correlations
of a 12-lead ECG with the successful radiofre-
quency ablation site in 135 patients with a single
anterogradely conducting AP. This algorithm cor-
rectly identified the AP location in 87 percent of
patients and was subsequently successfully tested
prospectively in 121 patients. AP locations were



Figure 20–16 Atrioventricular (AV) reentrant tachycardia due to the presence of a concealed accessory pathway (AP). The
ECG shows first-degree AV block. The first complex is sinus in origin. The second complex is followed by an atrial echo,
which initiates AV reentrant tachycardia. The fact that the QRS complex in the first complex is normal without a delta wave
indicates that the AP is concealed. The presence of a left-sided concealed AP was documented during electrophysiologic
studies. The patient also has a standby dual AV nodal pathway manifested by two different PR intervals on different ECGs
(not shown).
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Figure 20–17 Schematic drawing of cross-section of
atrioventricular ring depicting 10 sites of epicardial preexci-
tation. 1 ¼ right anterior paraseptal; 2 ¼ right anterior; 3 ¼
right lateral; 4 ¼ right posterior; 5 ¼ right posterior parasep-
tal; 6 ¼ left posterior paraseptal; 7 ¼ left posterior; 8 ¼ left
lateral; 9 ¼ left anterior; 10 ¼ left anterior paraseptal.
(Reprinted with permission from Gallagher JJ, Pritchett
ELC, Sealy WC, et al: The preexcitation syndromes. Prog
Cardiovasc Dis 20: 285, 1978.)
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divided into three main regions, which were
further subdivided as shown in Figure 20–19.

The septal APs were subdivided into five
regions, as follows:

1. Anteroseptal tricuspid annulus and right
anterior paraseptal (AS/RAPS), which
includes APs located up to 10 mm anterior
to the His bundle, in which both the AP
and a His potential can be recorded from
the same bipolar electrode

2. Midseptal tricuspid annulus (MSTA),
which includes APs located at the septal
section of the tricuspid annulus between
the posteroseptal and anteroseptal regions

3. Posteroseptal tricuspid annulus (PSTA),
including APs located near the coronary
sinus (CSOs)

4. Posteroseptal mitral annulus (PSMA)
5. Subepicardial posteroseptal APs, which

consist of APs that required ablation from
within the subepicardial venous system
(occasionally at the left posterior region),
including the middle cardiac vein and
other coronary veins or in anomalies of
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Figure 20–18 Expected polarity at 10 sites of ventricular insertion of accessory atrioventricular connections for each of 12
standard ECG leads, based on analysis of initial activation at 40 ms of ventricular depolarization in documented cases of sin-
gle accessory pathways with no associated anomalies. � ¼ isoelectric; þ ¼ positive; � ¼ negative. (Reprinted with permis-
sion from Gallagher JJ, Pritchett ELC, Sealy WC, et al: The preexcitation syndromes. Prog Cardiovasc Dis 20: 285, 1978.)

Figure 20–19 The heart as viewed in the left anterior
oblique projection. Nomenclature used to describe acces-
sory pathway locations. AS ¼ anteroseptal; CS ¼ coronary
sinus venous anomaly (coronary sinus diverticulum); CSOs
¼ coronary sinus ostium; HB ¼ His bundle; LAL ¼ left ante-
rolateral; LL ¼ left lateral; LP ¼ left posterior; LPL ¼ left
posterolateral; MCV ¼ middle cardiac vein (coronary vein);
MSTA ¼ mid-septal tricuspid annulus; PSMA ¼ posterosep-
tal mitral annulus; PSTA ¼ posteroseptal tricuspid annulus;
RA ¼ right anterior; RAL ¼ right anterolateral; RAPS ¼ right
anterior paraseptal; RL ¼ right lateral; RP ¼ right posterior;
RPL ¼ right posterolateral. (From Arruda MS, McClelland
JH, Wang X, et al: Development and validation of an ECG
algorithm for identifying accessory pathway ablation site
in Wolff-Parkinson-White syndrome. J Cardiovasc Electro-
physiol 9:2, 1998, by permission.)
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the coronary sinus such as a diverticulum
(subepicardial)

The right free-wall APs were subdivided into
five regions, as follows:

1. Right anterior (RA)
2. Right anterolateral (RAL)
3. Right lateral (RL)
4. Right posterolateral (RPL)
5. Right posterior (RP)
The left free-wall APs were subdivided into

four regions, as follows:
1. Left anterolateral (LAL)
2. Left lateral (LL)
3. Left posterolateral (LPL)
4. Left posterior (LP)
The polarity of the delta wave was measured

during the initial 20 ms of the preexcitation
and was classified as positive (þ), negative (�),
or isoelectric (þ�). The algorithm is shown in
Figure 20–20 and is described as follows:

Step 1: If the delta wave in lead I is (�) or (�)
or the R/S in lead V1 is >1, a left free-wall
AP is present. If this criterion is fulfilled,
lead aVF is examined. If the delta wave in
lead aVF is (þ), an LL/LAL AP is identified.
If a delta wave in lead aVF is (�) or (�),
the AP is located at the LP/LPL region. If
the criteria in leads I and V1 are not ful-
filled, a septal or right-free wall AP path-
way is identified. Proceed to step 2.



Figure 20–20 Stepwise ECG algorithm for predicting accessory pathway location. Abbreviations as in Figure 20–19. See
text for explanation. (From Arruda MS, McClelland JH, Wang X, et al: Development and validation of an ECG algorithm for
identifying accessory pathway ablation site in Wolff-Parkinson-White syndrome. J Cardiovasc Electrophysiol 9:2, 1998, with
permission.)
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Step 2: Lead II is examined. A (�) delta wave
in lead II identifies the subepicardial pos-
teroseptal AP. If the delta wave in lead II
is (�) or (þ), proceed to step 3.

Step 3: Lead V1 is examined. A (�) or (�)
delta wave identifies a septal AP. If this cri-
terion is fulfilled, lead aVF is examined. If
the delta wave in lead aVF is (�), an AP is
identified that is located at the PSTA/CSOs.
If the delta wave is (þ�) in lead aVF, the
AP may be located close to either PSTA or
the PSMA. A (þ) delta wave in aVF identi-
fies the AS/RAPS or MS regions. These two
regions are differentiated by examining the
R/S ratio in lead III: R >S identifies AS/RAPS
AP, and R <S identifies an AP located along
MSTA. If the delta wave in lead V1 is (þ)
(after having excluded patients with a left
free-wall APs, in step 1), a right free-wall
AP is identified. Proceed to step 4.

Step 4: In patients with right free-wall APs,
examine lead aVF. A (þ) delta wave in lead
aVF identifies RA/RAL. If the delta wave in
aVF is (�) or (�), examine lead II. A (þ)
delta wave in lead II identifies RP/RPL.

Earlier, Chiang et al.73 suggested a similar
algorithm based on comprehensive analysis of
the delta wave in the limb leads and an R/S ratio
in leads V1 and V2 in 369 patients who under-
went successful radiofrequency ablation.
CORRELATION OF THE LOCATION OF
AN AP AND ELECTROPHYSIOLOGIC
PROPERTIES
In four series of patients in which a total of 906
APs were successfully ablated by catheter or sur-
gery, 560 (61.8 percent) pathways were located
in the free wall of the left ventricle.44,65,66,74

The remaining 115 pathways (38.2 percent)
were in the free wall of the right ventricle, 61
were in the anteroseptal area, 158 were in the
posteroseptal area, and 12 were in the midseptal
area. About 21 to 30 percent of the pathways
were concealed.

In a study of 817 patients who underwent
ablation of APs, Haissaguerre and co-workers75

reported the following breakdown: About 50
percent of pathways were left lateral, about 25
percent were posteroseptal, about 15 percent
were right lateral, about 5 percent were Mahaim
fibers, and about 5 percent were APs with retro-
grade decremental conduction properties giving
rise to permanent junctional reciprocating tachy-
cardia. Location of APs in close proximity to the
His bundle (parahisian) was identified in 8 of
582 consecutive patients who underwent radio-
frequency ablation of APs.76

Among the 384 symptomatic patients with
a single AP studied by de Chillou and associates,44

the concealed AP was more common in the left
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free wall or in a posteroseptal location. The
researchers also found that the decremental con-
duction property in the AP was related to the
location of the pathway. Anterograde decremental
conduction property was associated only with
right free pathways, and retrograde decremental
conduction was found only in patients with
a posteroseptal or left free wall pathway.
MULTIPLE APS
The presence of more than one AP is not unex-
pected if one accepts the premise that such path-
ways result from an imperfect separation between
the atria and the ventricles during cardiac develop-
ment. In addition to offering diagnostic and thera-
peutic challenges, multiple pathways increase the
probability of multiple reentrant circuits. For
example, in a case reported by Portillo et al.,77

three APs and two internodal pathways produced
three types of reciprocal tachycardia.

The incidence of multiple pathways in patients
with WPW syndrome studied electrophysiologi-
cally ranges from 5 to 15 percent. Of 388 patients
with APs studied at Duke University, 52 (13 per-
cent) had multiple APs.78 The following criteria
were proposed to recognize the presence of mul-
tiple pathways78: (1) two or more patterns of pre-
excitation during sinus rhythm, atrial pacing,
atrial fibrillation, or antidromic circus movement;
(2) two or more pathways of atrial activation dur-
ing orthodromic circus movement or ventricular
pacing; and (3) an antidromic tachycardia using
another AP as the retrograde limb of the tachycar-
dia or vice versa. The incidence of multiple path-
ways is increased in patients with Ebstein’s
anomaly and those with atrial fibrillation or
ventricular fibrillation.79
ANTIDROMIC REENTRANT
TACHYCARDIA
Antidromic reentrant tachycardia is a wide QRS
tachycardia with the morphology of a fully pre-
excited ventricular complex. The conduction
proceeds in the anterograde direction through
the bypass tract and returns via the His bundle
and AV node (see Figure 20–13B). This is the
least common cause of wide QRS tachycardia.
It occurs in about 10 percent of patients with
WPW syndrome undergoing electrophysiologic
evaluation80; and one third of these patients har-
bor multiple APs. There is also a relatively high
incidence of atrial fibrillation and ventricular
fibrillation. The diagnosis is established by the
following criteria: (1) QRS morphology identical
to that of the fully preexcited complex; (2)
establishment of circus movement; and (3) docu-
mented participation of both ventricles and atria
in the reentrant circuit.

Conditions favorable for development of anti-
dromic tachycardia include: (1) short, effective
refractory period of the entire retrograde VA
conduction system; (2) short anterograde effec-
tive refractory period of the AP; and (3) location
of the bypass tract farther from the AV node.81 In
a study of 30 patients with antidromic AV reen-
trant tachycardia, Parker and associates81 found
that the pathways in these patients were located
at least 5 cm away from the AV node, and no
patient with a posteroseptal AP had this form
of tachycardia.
Reentrant Tachycardia Associated
with a Short PR Interval and Lown-
Ganong-Levine Syndrome

In the early literature, the short PR interval was
attributed to the presence of paranodal fibers
described by James.82 The sinus impulse is con-
ducted through these fibers and bypasses most
or all of the AV node, thereby avoiding the nor-
mal delay at the AV node. The QRS complex is
normal in duration and morphology. Other
explanations for the short PR interval include
a small, underdeveloped AV node,83,84 a prefer-
ential fast pathway, or unusually rapid conduc-
tion in an anatomically normal AV node.20,85–87

The ECG findings of Lown-Ganong-Levine
(LGL) syndrome88 include the following:

1. PR interval less than 0.12 second (in
adults), with normal P wave

2. Normal QRS duration
3. Paroxysmal tachycardia
The mechanisms, and even the mere existence,

of such a syndrome have been disputed; even if
the term remains in use, it should not be applied
to the ECG findings of short PR interval and nor-
mal QRS, with no history of paroxysmal tachycar-
dia. In such cases, when the history of
tachycardia is unknown, the term accelerated AV
conduction is appropriate. The early literature sug-
gested that this syndrome may be caused by the
atriofascicular bypass tract.89 Indeed, an infant
with short PR, supraventricular tachycardia, and
atriofascicular connection was described.90 How-
ever, such cases are rare, and, as discussed inChap-
ter 16, most cases of enhanced AV conduction
manifested by an AH interval of 60 ms or short
PR interval during sinus rhythm are believed to
represent but one of a continuous spectrum of nor-
mal AV nodal physiology.91 The mechanism of
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tachycardia in such cases is either AV nodal reen-
try29 or AV reentry via a concealed bypass tract.92

Another cause of short PRmay be excessive sympa-
thetic stimulation. In one case, short PR in a patient
with pheochromocytoma disappeared when the
tumor was resected.93

Atrial fibrillation and atrial flutter are occa-
sionally observed in patients with a short PR
interval, and the ventricular response may be
rapid. Ventricular rates as fast as 300 beats/min
have been reported.94 Ventricular tachycardia
also has been described.29,95,96
Mahaim-Type Preexcitation

In 1941 Mahaim and Winston97 described muscu-
lar bridges connecting the AV node and ventricular
myocardium, as well as discrete connections
between the fascicles to the ventricles. Almost all
Mahaim fibers are right sided. Depending on the
origin of the fibers, these bypass tracts may be
called atriofascicular, nodoventricular (or nodofasci-
cular), or fasciculoventricular connections98,99 (see
Figure 20–1). A sinus impulse may therefore travel
to the right atrium and upper part of the AV node
with the normal delay, but it is followed by prema-
ture excitation of the basal part of the ventricular
myocardium, resulting in the inscription of a delta
wave. This variant formof preexcitationwith a nor-
mal PR interval and delta wave cannot be differen-
tiated from the occasional cases of ventricular
preexcitation via the bundle of Kent with a normal
PR interval caused by a long intraatrial conduction
time or slow conduction in the bypass tract60
Figure 20–21 Wolff-Parkinson-White pattern with prolongati
in 1959 is 0.11 second. It increases to 0.16 second in 1970. Th
(Figure 20–21). Furthermore, many patients with
Mahaim fibers show no delta wave on their ECG
during sinus rhythm (Figure 20–22). Preexcita-
tion, not manifested during sinus rhythm, may be
shown by rapid atrial pacing when the delay in
the AV node occurs and the His bundle deflection
is displaced into the QRS complex.

Reentrant tachycardia in patients with the
nodoventricular- or atriofascicular-type Mahaim
fibers typically has LBBB morphology with a
superior axis. The excitation proceeds over a
macroreentry circuit, with the Mahaim fibers
serving as the anterograde limb and the His-Pur-
kinje system as the retrograde limb.68,100,101

Bardy and colleagues100 suggested that the fol-
lowing findings during tachycardia with LBBB
morphology were predictive of the presence of
nodoventricular (nodofascicular) fibers: ventric-
ular rate of 134 to 270 beats/min; QRS axis of
0 to �75 degrees; QRS duration of 0.15 second
or less; R wave in lead I; rS wave in lead V1;
and precordial transition from a negative to a
positive QRS complex after lead V4. These find-
ings were present in 12 of the 13 patients in their
study. Nodoventricular tachycardia is illustrated
in Figure 20–22.

It has been suggested that the “nodoventricu-
lar pathway” is a variant of the AV bypass tract
(i.e., an anomalous connection between the right
atrium and the right bundle branch102,103 or the
right ventricular myocardium).103 The absence
of preexcitation and delta waves during sinus
rhythm is explained by slow conduction and
decremental properties of the pathway. The reen-
trant circuit involves anterograde conduction
on of the PR interval with age. The PR interval in the tracing
e QRS morphology is essentially unchanged.
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over the accessory pathway and retrograde con-
duction over the bundle branches. Nevertheless,
the existence of nodofascicular (or nodoventri-
cular) pathways cannot be dismissed.104 Nodo-
fascicular tachycardia should be suspected if:
(1) intermittent anterograde preexcitation is
recorded; (2) the tachycardia can be initiated
with a single atrial premature stimulus produc-
ing two ventricular complexes; and (3) a single
ventricular extrastimulus initiates supraventricu-
lar tachycardia without a retrograde His
deflection.105
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II L V
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Figure 20–22 Nodoventricular tachycardia in a 14-year-old
dence of organic heart disease. A, The resting 12-lead ECG is wit
and V6 and the small R waves in leads V1 and V2 are uncommon
a left bundle branch block appearance. The heart rate is 186 be
Bardy and colleagues.100 Electrophysiological studies supported
rhythm, the AH and HV intervals and the QRS duration are norm
S1S1 interval) there was progressive lengthening of the AH interva
duration gradually increased, but 1:1 AV conduction was maint
In the absence of reentrant tachycardia,
Mahaim fibers can be suspected when two differ-
ent morphologies of the ventricular complex
appear within a short time interval without any
inter vening clin ical ev ents (see Figure 27–10 ).
ATRIOFASCICULAR TRACTS
Evidence from electrophysiologic studies, cathe-
ter ablation, and surgery has definitely estab-
lished that right atriofascicular fibers crossing
the tricuspid annulus serve as the basis for
Vent. rate 186

1 V4

1 V4

2 V5

2
V5

3 V6

3 V6

girl with recurrent episodes of tachycardia but no other evi-
hin normal limits, but the absence of Q waves in leads I, V5,
at this age. B, During tachycardia the QRS complexes have

ats/min. The other findings are similar to those described by
the diagnosis of nodoventricular tachycardia. During sinus
al (not shown). With atrial pacing at increasing rates (shorter
l, but the HV interval was progressively shortened. The QRS
ained.
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Atrial
pacing

Spontaneous tachycardia
following a PVC.

R-R 400 Msec.
VA 170 Msec.

Rate 150
QRS 130

SI-SI 380 Msec
AH 185
HV 30

QRS
duration 80 AV cond. 1:1

D
Figure 20–22 cont’d C, Various measurements when the pacing interval (S1S1) was 380 ms; AH interval, 185 ms; HV
interval, 30 ms; QRS duration, 80 ms; AV conduction, 1:1. These findings suggest the presence of an accessory pathway
(Mahaim fibers) that bypasses the His bundle. D, During the study an episode of tachycardia developed spontaneously fol-
lowing a premature ventricular complex. The morphology of the QRS complexes is identical to that in B. The His bundle
potential is not seen. There is retrograde atrial activation. (Courtesy of Dr. Winston Gaum, Cincinnati, OH.)
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typical Mahaim conduction in most if not all of
these patients.106 A case of atriofascicular path-
way inserting into the left bundle branch has
been reported.107 The physiologic properties of
these fiber tracts were found to be similar to
those in the AV node.108
FASCICULOVENTRICULAR FIBERS
Fasciculoventricular Mahaim fibers arise from
the His bundle or bundle branches and enter
the ventricles. The PR interval is normal, the
HV interval is shortened, and there is slight
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ventricular preexcitation manifested by slurring
of the initial QRS portion. No specific arrhyth-
mias have been associated with this condition,3

but the AV bypass tracts often coexist with the
fasciculoventricular fiber tracts.109
AUTOMATICITY IN THE AP
Impulse formation within the AP was postulated
by Pick and Katz in 1955.110 Cases reported
by Lerman and Josephson111 and by Deam
et al.112 support the existence of such a phenom-
enon, even though the bypass tract is usually
composed of ordinary myocardial fibers. Auto-
maticity was found in 5 of 40 patients with
Mahaim fibers, a finding suggestive of the
presence of AV nodal–like structures in these
fibers.113
LONGITUDINAL DISSOCIATION
IN THE AP
Similar to the AV node, a fast and a slow path-
way (with decremental conduction) are known
to coexist in some accessory pathways. The
resulting longitudinal dissociation can be diag-
nosed during orthodromic or antidromic tachy-
cardia by sudden changes in cycle length, AV or
VA intervals without changes in AV nodal con-
duction, pattern of preexcitation, and sequence
of activation.114
Figure 20–23 ECG of a 58-year-old man with hypertrophic c
phy, and asymptomatic ventricular preexcitation. Patient also ha
artery, treated with angioplasty.
Ventricular Hypertrophy, BBB, and
MI in the Presence of the WPW
Pattern

Because of the altered sequence of ventricular
activation, the usual diagnostic criteria for left
(LVH) and right (RVH) ventricular hypertrophy
cannot be applied in patients with the WPW pat-
tern. In patients with LVH the voltage is
increased (Figure 20–23), but the voltage can
be increased in the absence of hypertrophy. The
evidence of LBBB may be masked, but the pres-
ence of RBBB associated with the preexcitation
pattern is often recognized when there is a typi-
cal slow, anteriorly and rightward-directed ter-
minal QRS portion. When the WPW pattern
with a right-sided AP pattern and RBBB coexist,
the findings are highly suggestive of Ebstein’s
anomaly115 (Figure 20–24).

The frequent occurrence of the pseudoinfarc-
tion pattern in the WPW syndrome has been
emphasized. In addition, preexcitation usually
obscures the abnormal Q waves of true MI
(Figure 20–25). An interesting example may be
seen in Figure 20–26, in which the appearance
of the WPW pattern obscures the presence of
an old anterior MI but creates a pseudoinfarction
pattern in the inferior leads. In patients with the
WPW pattern and acute MI, ST segment eleva-
tion suggestive of myocardial injury may be seen
ardiomyopathy, severe asymmetric left ventricular hypertro-
d significant stenosis of the left anterior descending coronary



Figure 20–24 Ebstein’s anomaly with Wolff-Parkinson-White (WPW) pattern. The presence of both a WPW pattern
and a right bundle branch block pattern is highly suggestive of Ebstein’s anomaly. (Courtesy of Dr. Samuel Kaplan,
Cincinnati, OH.)

Figure 20–25 Four ECG precordial leads of a 71-year-old man with previous anterior myocardial infarction (MI). Left,
Sinus tachycardia with normal atrioventricular conduction. Middle, Wolff-Parkinson-White pattern, suggestive of left poste-
rior paraseptal bypass tract; there is ST segment depression in leads V2–V5 during an angina pectoris attack. Right, Ten hours
later, after treatment with intravenous nitroglycerin, there is regression of the ST segment depression. The pattern of anterior
MI is obscured by preexcitation.
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in leads that normally would display isoelectric or
depressed ST segments (Figure 20–27). Also, an
abnormal STsegment depression suggestive ofmyo-
cardial ischemia can be recognized in the presence
of the WPW pattern (see Figure 20–25).
Effects of Drugs

The greatest threat to life from ventricular pre-
excitation is a rapid ventricular rate during
atrial fibrillation and other atrial tachyarrhyth-
mias. The rapid rate is facilitated by a short,
effective refractory period of the AP. A short-
ened effective refractory period may be caused
also by digitalis and vagal stimulation. Digi-
talis, b-adrenergic drugs, and calcium channel
blockers such as verapamil and diltiazem sup-
press transmission through the AV node and
thereby facilitate transmission through the AP.
Being composed of ventricular muscle fibers,
the AP responds in the same way as other ven-
tricular myocardium to the action of drugs and
neurotransmitters. Accordingly, conduction is
slowed by sodium channel–blocking drugs,
whereas refractoriness is prolonged by class IA
and class III antiarrhythmia drugs.
Radiofrequency Ablation of APs

Current techniques make APs amenable to suc-
cessful radiofrequency catheter ablation at all
locations.75,76 Some posteroseptal APs can be
successfully ablated only from inside the coro-
nary sinus or its branches.116 They were
reported to have a characteristic ECG pattern
with a positive steep delta wave in lead aVR

and a deep S wave in lead V6.
116Radiofrequency

current applied to the tricuspid annulus can
safely eliminate tachycardia in patients with
Mahaim fibers.106



Figure 20–26 Effect of Wolff-Parkinson-White (WPW) pattern on the diagnosis of myocardial infarction (MI). A, During
normal conduction through the atrioventricular node, the ECG shows a previous anterior and high lateral MI pattern. B, In
the presence of a WPW pattern there is a pseudoinfarction pattern in the inferior leads, but the anterior and lateral infarction
are no longer recognizable.

Figure 20–27 Acute myocardial infarction (MI) in the presence of a Wolff-Parkinson-White (WPW) pattern in a 49-year-
old man with the typical symptoms and enzyme changes of acute MI. The tracing shows a WPW pattern. The presence of
acute injury is indicated by the ST segment elevation in leads V3–V5. In uncomplicated cases of WPW pattern, the ST seg-
ment is either isoelectric or depressed in leads with an essentially upright QRS complex.
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 Effect of Drugs on the
Electrocardiogram

Antiarrhythmia Drugs
Classification
Clinical Application
Proarrhythmic Effects of Antiarrhythmia
Drugs

Individual Drugs

Digitalis
Digitalis Intoxication
The More Common Arrhythmias

Correlation of Digitalis Toxicity with
Serum Glycoside Levels

Miscellaneous Drugs
Epinephrine, Norepinephrine,
Isoproterenol

Vagolytic Drugs
Anesthetic and Analgesic Agents
Antiparasitic Drugs
Arsenic
Drugs can affect the electrocardiogram (ECG)
indirectly or directly. Examples of indirect action
include hypokalemia or hyperkalemia caused by
a diuretic drug, cessation of fever-induced tachy-
cardia by an antibiotic, or regression of a left
ventricular hypertrophy pattern by an antihyper-
tensive drug. The pertinent indirect effects are
discussed in the appropriate chapters.

The direct effects on the ECG result from spe-
cific electropharmacologic actions, which can be
separated into several categories. When a new
drug becomes available for clinical use, it is
important to learn about its assignment to a spe-
cific category. This is because the fundamental
electrophysiologic properties of a drug in a given
category can predictably determine its effect on
the ECG. The ability to deduce the possible
ECG changes based on knowledge of the drug’s
fundamental properties is useful because it obvi-
ates the need to commit to memory the details of
each drug’s action on each ECG component. The
following general principles may be helpful.

The specific actions of drugs are as follows:
1. Vagal action slows the activity of the

pacemakers and prolongs atrioventricular
(AV) conduction.

2. Sympathetic action has an opposite effect.
3. b-adrenergic block has an effect similar

to the vagal effect.
4. Anticholinergic agents have an effect similar

(but not identical) to sympathetic action.
5. Sodium channel–blocking effect slows

conduction in all cardiac fibers except the
sinoatrial (SA) node and the AV node. In
the latter structures, conduction depends
mainly on the calcium channel.
6. Sodium channel–enhancing effect plays
no role in current pharmacotherapy, but
future development of drugs with such
properties is possible. The depression of
conduction by sodium channel–blocking
drugs can be overcome by an increase in
extracellular sodium concentration and
to a degree by increased sympathetic
stimulation (e.g., isoproterenol).

7. Potassium channel–blocking drugs pro-
long repolarization (i.e., the duration of
cardiac action potential) and thereby pro-
long the duration of the effective refrac-
tory period.

8. Potassium channel–opening drugs have
an opposite effect. They have not been
used for this purpose in practice at the
time of this writing.

9. The two calcium channel–blocking drugs
verapamil and diltiazem slow automaticity
and conduction in the SA and AV nodes
but not in other cardiac tissues. The dihy-
dropyridine class of calcium channel–
blocking drugs, which shares the negative
inotropic and vascular effects with the
above two drugs, is devoid of significant
action on the SA and AV nodes at thera-
peutic concentrations.

10. Block of the sodium-potassium pump by
digitalis glycosides shortens the duration
and alters the repolarization slope of the
ventricular action potential because of
altered sodium, potassium, and calcium
transmembrane gradients.

11. Use-dependent (or rate-dependent) effect
describes an increase in the sodium channel
509
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block (i.e., increased slowing of conduc-
tion) associated with increased heart rates.

12. Reverse use-dependent effect applies to
potassium channel–blocking drugs and
means that the degree of block increases
with decreasing heart rate; that is, the
action potential duration (and refracto-
riness) deviates toward longer values from
the predicted RR-dependent durationmore
at slow heart rates than at fast heart rates.

The above 12 actions may affect the ECG in
the following manner:

1. Sinus rate is increased by sympathetic
stimulation and anticholinergic action.

2. Sinus rate is decreased by vagal stimula-
tion and b-adrenergic blocking action.

3. P wave duration may be expected to
increase by both sodium channel– and
potassium channel–blocking drugs.

4. PR (AH) interval is increased by vagal
stimulation and b-adrenergic blocking
action as well as by calcium channel
blocking action and adenosine or adeno-
sine triphosphate (ATP).

5. HV interval is prolonged by sodium chan-
nel–blocking drugs.
Figure 21–1 A, Rate-dependent effects of quinidine on the ECG o
plex is wider when the rate is rapid; it is also wider in the premature
with longer coupling intervals. B, Control tracing in the same lead
Fisch, M.D., Indianapolis, IN.)
6. QRS duration is prolonged by sodium
channel–blocking drugs.

7. Accessory pathway conduction is slowed
by sodium channel–blocking drugs.

8. QT intervals (and JT intervals) are short-
ened by digitalis and prolonged by potas-
sium channel–blocking drugs. The same
applies to the refractoriness of the acces-
sory pathway.

9. Use-dependent effect is manifested by
increased QT duration at fast heart rates
(Figure 21–1).

10. Reverse use dependence is manifested by
excessive QT lengthening at slow heart
rates (Figure 21–2).
Antiarrhythmia Drugs
CLASSIFICATION
The purpose of classifying antiarrhythmia drugs
is to categorize their action and to fit new
drugs with similar action into established cate-
gories. The most successful and widely accepted
classification is that first proposed by Vaughan
f a patient treated with quinidine sulfate. The QRS com-
complexes with shorter coupling intervals than in those
in the absence of quinidine. (Courtesy of Dr. Charles
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Figure 21–2 Reverse use dependence is a process caused by blocking the repolarizing potassium current (iKr) by
class III drugs such as sotalol or dofetilide. It is manifested on the ECG by disproportionately more lengthening of the
QT interval at slow heart rates than at fast heart rates (top curve) compared to that of the control with no drug (bottom
curve).
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Williams in 1970 and 1975 and subsequently
modified by others.1 The classification is useful
for practical purposes, even though the inherent
weakness of this or any other classification is
that most of the arrhythmia drugs have more
than one action.

Class I Action

The class I drugs are divided into three cate-
gories: A, B, and C. The differences between
these categories reflect the differences in the
kinetics of the interaction between the drug
and the sodium channel entry into the cell inte-
rior during depolarization and to some extent
the differences in the interaction with other
channels. The detailed description of these
differences is beyond the scope of this textbook,
and the interested reader is referred to textbooks
of pharmacology and basic electrophysiology1

and review articles.2

Class IA drugs include quinidine, procaina-
mide, disopyramide, and ajmaline. These drugs
block not only the sodium channel but also
one or more of the potassium channels and to
a degree the calcium channel. On the ECG these
drugs are seen to prolong the P wave (may be
difficult to recognize), the QRS duration, and
the JT component of the QT interval. Character-
istically, the QRS duration is more prolonged at
rapid rates (see Figure 21–1).
Class IB drugs include lidocaine, tocainide,
mexiletine, and phenytoin. These drugs block
the sodium current predominantly at rapid heart
rates and in depolarized (e.g., acutely ischemic)
tissue. For practical purposes the effects of these
drugs on the ECG are not recognizable.

Class IC drugs include encainide, flecainide,
propafenone, moricizine, and tricyclic antide-
pressants (e.g., imipramine and amitriptyline).
These drugs block sodium entry into the myocyte
more tenaciously at therapeutic doses and have a
strong use-dependent effect. On theECG the drugs
prolong the QRS duration and QT interval (but
not JT), particularly at rapid heart rates and in
the early premature complexes. Because of QRS
widening at rapid heart rates, supraventricular
tachycardias can mimic ventricular tachycardias.3

Class II Action

Antiarrhythmic drugs in class II (i.e., b-adrener-
gic blockers) depress automaticity of the SA
node and prolong conduction time through the
AV node (AH interval). They may suppress the
effects of b-adrenergic stimulation on automatic-
ity and ameliorate the adverse balance between
the energy supply and demand in the heart. On
the ECG these drugs decrease the sinus rate,
prolong the PR interval, may produce SA and
AV conduction block, and depress both the
escape and accelerated automatic rhythms.
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Class III Action

Class III action prolongs repolarization, most
often by blocking one of the potassium channels,
but it may be produced also by other mechan-
isms, such as increased inward sodium current.
Some of the potassium channel–blocking drugs in
this category are sotalol, amiodarone, bretylium,
dofetilide,4 ibutilide,5 sematilide,6 and almoka-
lant.7 On the ECG these drugs prolong the
QT intval (and JT interval) without QRS prolonga-
tion (with the exception of amiodarone) and
exhibit the property of reverse use dependence.
Class IV Action

Class IVaction inhibits the calcium inward current,
which can have a direct effect on slow channel–
dependent (e.g., SA and AV nodes) automaticity,
conduction, and refractoriness, and an indirect
effect on processes involving the intracellular cal-
cium concentration (e.g., myocardial ischemia).
On the ECG, verapamil and diltiazem decrease the
sinus rate andprolongAVconduction (AH interval).
Class V Action

Class Vaction refers to “specific bradycardia agents”
acting on the SA node. At the time of this writing,
these drugs have not been approved for clinical use.
CLINICAL APPLICATION
Antiarrhythmia drugs can depress normal automa-
ticity, abnormal automaticity, and triggered activity
caused by delayed or early afterdepolarizations.
They can stop or prevent reentry by improving or
depressing conduction.1 Improved conduction
can eliminate the unidirectional block or acceler-
ate the returning wavefront by engaging the
still-refractory tissue. Depressed conduction can
prevent or terminate reentry by transforming a
unidirectional block into a bidirectional block.
Drugs that prolong repolarization and refrac-
toriness also can terminate or prevent reentry by
blocking propagation of the reentering impulse.
The effects of antiarrhythmic drugs on conduction
and refractoriness in human hearts are consistent
with the drug effects on determinants of con-
duction and refractoriness in single cardiac fibers
in vitro.1
PROARRHYTHMIC EFFECTS OF
ANTIARRHYTHMIA DRUGS
The administration of antiarrhythmia agents may,
paradoxically, aggravate the arrhythmias that are
being treated or cause new rhythm disorders.
Such effect, which is often called proarrhythmia,
usually occurs when the dosage of the drugs
does not exceed the therapeutic range. Charac-
teristically, the arrhythmogenic effect usually
appears within a few hours or a few days after
initiation of treatment.8

The reported incidence of proarrhythmia
ranges from 3.4 to 16.4 percent, depending to
a large extent on the antiarrhythmia agents used
and the type of proarrhythmia included in the
study.8–10 The arrhythmogenic effect is seldom
caused by drugs with class II and IV action or
by class IB drugs. Proarrhythmia is predominantly
associated with slow use-dependent conduction
(e.g., incessant ventricular tachycardia) during
treatment with class IC drugs or a reverse use-
dependent effect on refractoriness (e.g., torsade
de pointes during treatment with class IA drugs
or drugs with pure class III action).8,10–14 Proar-
rhythmia is described as primary when it is unre-
lated to any identifiable arrhythmogenic factor
other than the underlying arrhythmia or heart
disease. It is called secondary when its occurrence
requires the presence of an adjunctive factor, such
as high plasma concentration of the antiarrhyth-
mic drug, concomitant medications, electrolyte
disturbances, or myocardial ischemia.12

Ventricular proarrhythmia has received the
most attention because of its potentially serious
consequences. Aggravation of preexisting ven-
tricular ectopic activity is often difficult to recog-
nize because of the marked variation in the
number and complexity of premature ventricular
complexes (PVCs) in the absence of any antiar-
rhythmic drugs. Velebit and associates8 sug-
gested the following changes as evidence of
drug-induced aggravation of arrhythmia:

1. A fourfold increase in the hourly fre-
quency of PVCs compared with the con-
trol period

2. A tenfold increase in the hourly frequency
of couplets or ventricular tachycardia
compared with the control period

3. The first occurrence of sustained ventricu-
lar tachycardia not present during control
studies

Refinement of these criteria has been pro-
posed because some investigators question the
accuracy of the criteria when the ectopic PVCs
are infrequent during the control period.9 In
patients who are treated for ventricular tachycar-
dia, 10 percent shortening of the tachycardia
cycle length also is considered evidence of aggra-
vation of the arrhythmia.14

Figures 18–2 and 18–3 are examples of quini-
dine-induced torsade de pointes, which is probably
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the most generally recognized form of drug-
induced ventricular tachyarrhythmia.
INDIVIDUAL DRUGS
Quinidine

Quinidine is discussed in greater detail as a pro-
totype of an antiarrhythmia drug that slows con-
duction and prolongs refractoriness. Therapeutic
doses of quinidine have little effect on the sinus
rate even though it directly decreases the auto-
maticity of the pacemaker fibers in the SA node.
At the AV junction, the conduction time is often
decreased because the direct depressing action of
the drug is counteracted by the vagolytic effect.
Automaticity is depressed in the Purkinje sys-
tem. Quinidine slows conduction and prolongs
refractoriness in the His-Purkinje system, atria,
and ventricles.

With high or toxic doses of the drug, the
automaticity of the SA node may be depressed,
resulting in sinus bradycardia or sinus arrest,
or it may be increased, resulting in sinus tachy-
cardia. SA and AV conduction may be impaired,
and the intraventricular conduction time may be
markedly prolonged.

The ECG findings consist of the following:
1. Decreased amplitude of the T wave or

T wave inversion
2. ST segment depression
3. Prominent U waves
4. Prolongation of the QTc interval
5. Notching and widening of the P waves
6. Increased QRS duration
Toxic effects include marked widening of the

QRS complex, various degrees of AV block, ven-
tricular arrhythmias, syncope, and sudden death
(usually associated with torsade de pointes); less
often there is marked sinus bradycardia, sinus
arrest, or SA block. In the meta-analysis of ran-
domized control trials for maintenance of sinus
rhythm after cardioversion from chronic atrial
fibrillation, the odds of death in the quinidine-
treated group were approximately threefold that
of the control group.15

Prolongation of the QTc interval is related to
the increased duration of the action potential of
the ventricular muscle fibers. The degree of pro-
longation may give some indication of the inten-
sity of the quinidine effect, but it cannot be used
as a reliable sign to guide therapy. Because the
U wave is often prominent and merged with
the T wave, accurate determination of the QT
interval is difficult. Figure 21–3 illustrates
prolongation of the QT interval as a result of
quinidine, but the exact measurement of the
interval is difficult because of the Twave merger
with U waves. The ST segment, T wave, and
U wave changes caused by quinidine often closely
mimic those seen in patients with hypokalemia.

Notching and widening of the P waves may
occur in patients with sinus rhythm. Although
these changes may be seen with therapeutic
doses of the drug, they are observed most often
when the plasma level is in the toxic range.
In patients with coarse atrial fibrillation or atrial
flutter, widening of the fibrillatory or flutter
waves may be seen with a decrease in the atrial
rate. This may occur even when the plasma level
of the drug is as low as 1.7 to 2.7 mg/L.16

With large doses and a high blood concentra-
tion of quinidine, the QRS complex may widen
progressively. The widening is diffuse, affecting
the entire QRS complex. Although this is generally
considered a late change, careful measurements by
Heissenbuttel and Bigger in 20 patients receiving
quinidine revealed an increased QRS duration in
every patient.17 The mean increase was 12 ms at
a plasma drug concentration of 2 to 5 mg/L. Pro-
longation of the duration above 25 percent of the
control value, however, usually is considered a
toxic sign. Higher quinidine concentrations can
cause ventricular tachycardia (Figure 21–4).

Prolongation of the PR interval represents a
late toxic change and occurs only when the
serum concentration of quinidine reaches a high
level, usually above 10 mg/L. Therapeutic concen-
trations (mean value 4.6 mg/L), however, as shown
by Josephson and associates who recorded His
bundle electrograms, tended to shorten the AV
nodal conduction time.18

Considerable ECG variability is present at
similar plasma quinidine concentrations among
individuals. Patients with advanced heart disease
may be particularly sensitive to the drug. Both
the quinidine plasma level and the ECG should
be used to guide therapy. It is of note that quinine
has the same electrophysiologic properties as
quinidine.19

Procainamide

The electrophysiologic effects of procainamide
are similar to those of quinidine except that the
drug it is not anticholinergic.20,21 The ECG
changes that result from therapeutic doses of
procainamide are usually less pronounced than
those from quinidine. The sinus rate is not
affected in a predictable way. The P wave may
be slightly widened and the PR interval slightly
prolonged. The QRS duration is increased gener-
ally in proportion to the plasma level of the drug
but usually does not exceed the normal range.



Figure 21–3 QT interval prolongation, T wave changes, and T wave merger with U wave as a result of quinidine. This 57-
year-old woman with hypertensive disease was given quinidine (300 mg q6h) to control frequent premature ventricular com-
plexes (a treatment currently considered inappropriate). The tracing from 9/30/70 shows prolongation of the QT interval,
even though the exact measurement is difficult because of the prominent U waves. There is T wave inversion in leads II,
III, and aVF. ECG also suggests left ventricular hypertrophy. The tracing of 12/8/70 was recorded 4 days after quinidine
was discontinued. The QT interval has shortened, the U waves are separated from T waves, and the T waves in the inferior
leads have become essentially isoelectric.
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The QTc interval is prolonged but usually less
than the prolongation caused by quinidine. The
T waves are lower in amplitude or notched, and
the U waves become more prominent.22

High or toxic procainamide doses may cause
high-degree AV block, marked widening of the
QRS duration (Figure 21–5), ventricular premature
complexes, ventricular tachycardia, torsade de
pointes, ventricular fibrillation, or asystole.23–25

These manifestations are seen more frequently
with intravenous than with oral administration of
the drug.

Disopyramide Phosphate

The effects of disopyramide on the ECG are sim-
ilar to those of quinidine,26–28 but the QRS
widening and QTc prolongation are less conspic-
uous with the usual therapeutic doses of the
drug.29 However, marked depression of sinus
node function may occur in patients with
sinus node disease.30 Preexisting AV block or
an intraventricular conduction defect also may
be aggravated by disopyramide.31 Ventricular
tachycardia, ventricular fibrillation, and torsade
de pointes have been reported in patients receiv-
ing the drugs, especially in those with QTc inter-
val prolongation31,32 (Figure 21–6). Slowing of
conduction may be manifested by slower rates
of ventricular tachycardia and atrial flutter.

Lidocaine, Mexiletine, Tocainide, Phenytoin

Clinically, lidocaine, mexiletine, tocainide, and
phenytoin cause no noticeable changes of the
P wave, PR interval, QRS complex, QT interval,
or T wave.33–35 Although in vitro lidocaine
depresses the current involved in phase 4
depolarization in Purkinje fibers,36 the clinical
relevance of this change is uncertain, as
therapeutic lidocaine concentrations have little
effect on the automaticity of the escape
pacemakers both proximal and distal to the
His bundle.37,38 An unusual case of sinus arrest
after administration of an average customary
dose of lidocaine is shown in Figure 21–7.



Figure 21–4 Quinidine intoxication in a 20-year-old woman who ingested 4 g of quinidine sulfate in a suicide attempt.
The first rhythm strip (7:50 PM, 1/31/68) was recorded about 3 hours after the ingestion and shortly after she had a syncopal
episode. The rhythm is paroxysmal ventricular tachycardia. The third and fifteenth QRS complexes are probably sinus cap-
tures. The plasma quinidine level at that time was 28 mg/L. At 8 AM the following day the quinidine level had decreased to
13 mg/L. The rhythm is sinus with a PR interval of 0.18 second. The QRS duration is normal. There is prolongation of the QT
interval with prominent U waves. A premature atrial complex is present. The tracing recorded at 8 AM on 2/2/68 is within
normal limits, and the quinidine plasma level was 3 mg/L.
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Propafenone, Flecainide, Encainide,
Moricizine

The sinus rate on the ECG is unaffected by propa-
fenone, flecainide, encainide, or moricizine; the
PR interval and QRS duration are prolonged (espe-
cially in the case of encainide); and the QT interval
may or may not be appreciably increased.39–41

Propafenone differs from the other class IC agents
in that it also has b-adrenergic properties42 and
may cause sinus node slowing. The QTc lengthens
to the extent that the QRS duration increases.42–44

Slowing of conduction results in slower rate of
atrial flutter (Figure 21–8). Similar to other class
IC agents, propafenone increases the refractory
period of the accessory pathway in patients with
Wolff-Parkinson-White (WPW) syndrome.
b-Adrenergic Blocking Agents

Many b-adrenergic blocking agents are available
for clinical use. Their electrophysiologic actions
are similar, but propranolol in high doses also
has a direct quinidine-like effect on conduction.
The drugs depress the automaticity of the SA
node and Purkinje fibers; they prolong the AV
conduction time and the effective refractory
period of the AV node.45
Therapeutic doses of b-adrenergic blocking
drugs administered orally slow the sinus rate and
may prolong the PR interval, but they have no sig-
nificant effect on the P, QRS, T, or U wave.46 The
QTc interval is sometimes shortened. In the pres-
ence of atrial tachyarrhythmias, especially atrial
fibrillation and atrial flutter, these agents decrease
the ventricular rate47 and may cause various
degrees of AV block in patients with preexisting dis-
ease of the AV conduction system or in those receiv-
ing digitalis and either verapamil or diltiazem.

Intravenous administration of propranolol
was reported to produce AV block, SA block,
shortening of the QTc interval, and occasionally
slight peaking and increased amplitude of the
T wave.48,49 No significant ECG effects, except
for slowing the ventricular rate due to the action
on the AV node, have been seen in patients trea-
ted with the ultrashort-acting b-adrenergic
blocking agent esmolol.50

Amiodarone and Dronedarone

Amiodarone has multiple effects on cardiac ionic
channels. It depresses sodium and calcium
inward currents and at least two components of
potassium repolarizing currents, interacts with
the a-adrenergic and muscarinic receptors, alters



Figure 21–5 Procainamide intoxication in a 73-year-old man who was given procainamide (6 mg/min IV) on 1/21/76.
The tracing recorded on that date reveals first-degree atrioventricular block and marked prolongation of the QRS complex,
with a duration of 0.20 second. The morphology of the QRS complexes resembles that of right bundle branch block. Addi-
tional primary ST and T wave changes are present. On 1/22/76, after procainamide was discontinued, the PR interval and
QRS duration have shortened. There are fewer ST and T wave changes. The QT interval, which now can be measured more
accurately, is prolonged. On the next day (1/23/76) the PR interval is within normal limits, and the QRS duration has
decreased to 0.12 second. ST and T wave abnormalities are still present, especially in the precordial leads.
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sodium/potassium pump activity, and affects thy-
roid function.1 It is listed as a class III drug
because the potassium channel–blocking effects
prolong the QT interval. This effect, however,
is rarely seen after intravenous amiodarone
administration.

Amiodarone is probably the most potent
antiarrhythmia drug and is frequently effective
in the treatment of supraventricular and ventric-
ular ectopic rhythms resistant to other drugs.
By slowing the ventricular rate, amiodarone
may transform a poorly tolerated ventricular
tachycardia into a tolerable one (Figure 21–9).

Amiodarone is slowly accumulated in and
dissipated from the body. Use of the drug appears
to be associated with a low incidence of proar-
rhythmic effects and less than a 1.0 percent inci-
dence of torsade de pointes.51 The undesirable
effects on other organs, however, result in a high
incidence of intolerance.



Figure 21–6 ECG of a 68-year-old woman treated with disopyramide for atrial tachyarrhythmias shows sinus rhythm with
premature atrial complexes, notched P wave, QRS duration of 96 ms, and QTc of 526 ms. Torsade de pointes occurred on
the same day this ECG was recorded.

Figure 21–7 Sinus arrest due to lidocaine. The patient is a 56-year-old man who underwent aortocoronary artery bypass
surgery. Lidocaine (100 mg) was administered intravenously as a bolus postoperatively for treatment of ventricular arrhyth-
mias. The tracing was recorded 2 minutes after the injection. Note the normal sinus rhythm followed by the appearance
of sinus arrest with junctional escape rhythm and premature ventricular complexes. Normal sinus rhythm resumed after
about 3 minutes.
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The electrophysiologic effects of amiodarone
consist of depression of sinus node automaticity
and prolonged conduction and refractory periods
of the atrium, AV node, His-Purkinje system, and
ventricle.31,52 In patients with WPW syndrome,
administration of amiodarone prolongs the refrac-
tory period of the accessory pathway, reportedly
more consistently in the anterograde direction
than in the retrograde direction.14,53 The drug is
particularly effective for treating arrhythmias
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associated withWPW syndrome because amiodar-
one affects conduction and refractoriness in all
components of the long reentrant pathway.

Sinus bradycardia is commonly seen on the
ECGs of patients receiving amiodarone, and occa-
sional cases of SA block and sinus arrest have
been described.54–57 The PR interval may be
prolonged52,53 and the QRS duration increased.52

The QTc interval is usually lengthened52,56,58

(Figure 21–10). The T waves may become wider
and notched with prominent U waves. The interval
between the peak and the end of T wave is pro-
longed.59 The repolarization changes usually
begin to appear after the fourth day of loading
Figure 21–9 ECG rhythm strips of lead II from a 43-year-old m
amiodarone the ventricular rate is 147 beats/min and the QRS d
one the ventricular rate is 92 beats/min and the QRS duration 2

Figure 21–8 ECG rhythm strip of lead II shows atrial flutter
a patient treated with propafenone. Before propafenone the rate

Figure 21–10 ECG of a 72-year-old woman treated with oral
tion to sinus rhythm. The wide P wave suggests left atrial enla
104 ms. The QT interval appears prolonged but is difficult to m
In lead aVL the U wave amplitude is low, and there is a notch b
The QT interval in lead aVL is 520 ms. The duration of the QTþ
treatment, become pronounced after 7 to 10
days, and persist 15 to 21 days after the drug
is discontinued.59 Mitchell and co-workers60

showed that the effect of amiodarone on sinus
node automaticity and atrial and AV nodal con-
duction reached their maximum within 2 weeks,
whereas the effect on ventricular repolarization
(and therefore on the QTc interval) did not
reach maximum until 10 weeks after oral
administration of the drug was begun. Drone-
darone is a benzofuran derivative with electro-
pharmacologic profiles closely resembling that
of amiodarone, but with structural differences
intended to eliminate the effects of amiodarone
an with ventricular tachycardia. Top, Before treatment with
uration 196 ms. Bottom, After treatment with oral amiodar-
00 ms.

at a rate of 180 beats/min with 4:1 ventricular response in
of atrial flutter was 244 beats/min.

amiodarone following electrocardioversion of atrial fibrilla-
rgement. The PR interval is 190 ms and the QRS duration
easure because of fusion of the T wave with the U wave.
etween the end of the T wave and the onset of the U wave.
U interval is 716 ms.
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on thyroid and pulmonary function, resulting
in fewer side effects. The elimination half-life
of dronaderone is 1 to 2 days compared with
30-55 days for amioadorone.60a

Bretylium Tosylate

After intravenous administration of bretylium,
there is a brief initial sympathomimetic phase
of action followed by adrenergic neuronal block-
ade. Bretylium causes an initial transient
increase in the heart rate followed by a later
decrease. The drug lengthens the duration of
the action potential and refractory periods of
the atrial, ventricular, and Purkinje fibers; but
in the doses used, the QRS duration and QTc
interval are unchanged.61 Bretylium has a repu-
tation for effectively suppressing life-threatening
ventricular tachyarrhythmias that are refractory
to treatment with other antiarrhythmia drugs,
but the alleged antifibrillatory action of the drug
could not have been predicted from its pharma-
cologic and electrophysiologic properties.62

Sotalol

Sotalol63 is a class III antiarrhythmic agent that
also has a b-adrenergic blocking effect. On the
ECG sotalol is shown to decrease the heart rate
and increase the PR interval. There are no signif-
icant changes in the QRS duration. The most
significant change is prolongation of the QTc inter-
val, usually by 40 to 110 ms63–65 (Figure 21–11).
Consistent with the reverse use-dependent effect,
prolongation of theQTinterval ismore pronounced
at a slow heart rate and may not be apparent during
tachycardia.63,66,67 To achieve greater prolongation
of refractoriness, low-dose sotalol has been
Figure 21–11 ECG of a 77-year-old woman treated with so
rhythm shows right bundle branch block. The QT interval is dif
aVL, in which the U wave is absent, and 610 ms in leads V2–V4
combined with a class IA drug, but the reverse use
dependence has not been eliminated.68,69 Like
other antiarrhythmic agents that prolong the QTc
interval, the drug may cause torsade de pointes.70

Calcium Channel–Blocking Agents:
Verapamil and Diltiazem

In patients with normal sinus node function, the
calcium channel blockers cause no significant
heart rate slowing.71 In patients with sinus node
disease, however, verapamil and diltiazem may
cause severe sinus bradycardia and occasionally
sinus arrest.72,73 The calcium channel–blocking
agents have no effect on the HV interval or
the effective refractory period of the atria, ventri-
cles, or His-Purkinje system.74 The effects of
these drugs on the accessory pathway in patients
with WPW syndrome are variable.75 In some
patients, verapamil shortens the anterograde
effective refractory period of the accessory path-
way.76 Prolongation of conduction via the AV
node may facilitate conduction through the
accessory pathway and accelerate conduction
via the AV bypass tract during atrial tachyar-
rhythmias in patients with WPW syndrome. This
can lead to ventricular fibrillation and cardiac
arrest.77

The effect of calcium channel blockers on the
sinus rate on the 12-lead ECG varies depending
on the balance between the direct action of the
drugs and the antagonistic sympathetic reflex
secondary to their hypotensive action. The
PR interval is lengthened by verapamil and dilti-
azem, but second- and third-degree AV blocks
rarely develop. The calcium channel–blocking
agents have no effect on the QRS duration or
QTc interval.74
talol after electrocardioversion of atrial fibrillation to sinus
ficult to measure accurately, but it measures 480 ms in lead
, in which the T wave has merged with the U wave.
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Adenosine and ATP

Both adenosine and ATP depress the automatic-
ity of the sinus node and AV nodal conduc-
tion.78,79 The AV conduction delay is caused by
prolongation of the AH interval without any
demonstrable effect on the HV conduction time.
After rapid bolus injection of the drugs, AV
block of varying degree usually occurs within
20 seconds and lasts for about 10 to 20 sec-
onds.78,79 The mechanism by which the AV con-
duction is delayed differs from the b-adrenergic
blocking and vagal actions.78,79

Adenosine andATPhave been used to terminate
AV nodal reentrant tachycardia and orthodromic
AV reentrant tachycardia80,81 (Figure 21–12). The
incidence of transient second-degree AV block
and various supraventricular and ventricular
arrhythmias after termination of the reentrant
tachycardia is high.80
Figure 21–12 Effect of intravenous administration of adenos
P wave is recognizable within the ST segment during tachycardi
ular preexcitation.

Figure 21–13 Phenothiazine overdose in a 40-year-old wom
12-lead ECG was recorded. The tracing shows prominent U wa
is difficult because of the superimposed U wave. The patient de
the next 2 days. One of the episodes is shown here.
Psychotropic Drugs (Phenothiazines,
Tricyclic Antidepressants, Lithium)

The electrophysiologic effects of the phenothia-
zines on ventricular repolarization are similar to
those of quinidine, but the QRS duration usually
remains normal. The most common ECG changes
caused by the phenothiazines are widening, flat-
tening, notching, or inversion of the Twave; pro-
longation of the QTc interval; and prominence of
the U wave (Figure 21–13).19,82,83 These repolar-
ization abnormalities are seen more frequently in
patients receiving thioridazine (Mellaril) than
in those receiving chlorpromazine (Thorazine)
or, even less, trifluoperazine (Stelazine).83 The
changes are dose related.

With thioridazine, repolarization abnormal-
ities are usually not seen when the dosage is less
than 100 mg/day. T wave abnormalities are pres-
ent in about half of patients when the dosage
ine on atrioventricular reentrant tachycardia. The negative
a. The first complex after the pause appears to show ventric-

an who took more than 2 g of Mellaril 3 hours before the
ves. The QT interval is prolonged, but exact measurement
veloped multiple episodes of ventricular tachycardia during
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level is 100 to 300 mg/day and in about three
fourths of patients when the dosage is >300 mg/
day82 (see Figure 21–13). The effects usually
appear within 1 to 2 days after starting therapy
and reach their maximum in 4 to 5 days. They
are seen more often in women than in men.82

High doses of the drug may cause supraventricu-
lar and ventricular tachyarrhythmias. Ventricular
tachycardia and fibrillation were responsible for
sudden death in some of these patients.84,85

The ventricular repolarization changes pro-
duced by the tricyclic antidepressants are similar
to those caused by the phenothiazines but are
usually less pronounced.86–88 In contrast, the
slowing of conduction manifested by increased
QRS duration is more marked, particularly
Figure 21–14 Tricyclic antidepressant overdose in a 25-ye
4 hours before the 5 PM tracing was recorded. The three standard
ogy. The exact rhythm cannot be determined. She was severel
shows probable supraventricular rhythm with intraventricular co
at rapid heart rates (use-dependent effect)
(Figure 21–14). Niemann and associates89 found
that the presence of sinus tachycardia, prolonged
QRS duration, prolonged QTc interval, and
rightward shift of the terminal 40-ms QRS vector
are useful ECG signs of tricyclic antidepressant
cardiotoxicity. Their absence practically rules
out overdose of the drug.

The most common ECG changes associated
with therapeutic doses of lithium carbonate are
T wave abnormalities.90,91 Flattening or occa-
sional inversion of the T wave is seen in 20 to
30 percent of lithium-treated patients.90 The
QT interval is not prolonged, and the T wave
changes are reversible within 2 weeks after the
drug is discontinued. In a number of case
ar-old woman who took 500 mg of Tofranil (imipramine)
limb leads show wide QRS complexes of varying morphol-

y hypotensive at this time. Fifteen minutes later the tracing
nduction defect.
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reports, lithium caused sinus node dysfunction,
including marked sinus bradycardia, sinus
pauses, and sinoatrial (SA) block.90–95 Such
effects, however, are uncommon relative to the
number of population taking the drug.

Of 97 consecutive patients receiving lithium
and examined by Hagman and colleagues,92 only
2 had sinus node depression possibly caused by
lithium. In one report,93 sinus node dysfunction
induced by lithium was associated with hypothy-
roidism. Isolated cases of lithium toxicity causing
supraventricular and ventricular tachyarrhyth-
mias, AV and intraventricular conduction defects,
and QT prolongation have been described.90

Occasional premature ventricular complexes and
first-degree AV block have been attributed to the
drug, but many such case reports are not well
documented.
Figure 21–15 ECG of a 17-year-old woman after she attemp
digitoxin. Top three strips, recorded on the day of ingestion, sho
ular escape complexes, and slowing of the ventricular rate aft
maneuver. The fourth strip, recorded on the same day, shows r
PR interval after intravenous administration of 0.4 mg atropine
toxin ingestion, show persistent depression of SA node activity
Mortelmans S: Factors affecting individual tolerance to digitalis
Stratton 1969.)
Digitalis

Digitalis is used clinically because it exerts a
positive inotropic effect and because it slows
transmission in the AV node in patients with
supraventricular tachyarrhythmias. The positive
inotropic effect is due to inhibition of the
sodium/potassium pump at the outer cell mem-
brane. The action of digitalis on the AV node is
primarily vagal and can be counteracted by atro-
pine (Figure 21–15). Digitalis also has an anti-
adrenergic and a slight direct action, both of
which augment the vagal effect of the drug on
conduction in the AV node.

Digitalis has two potentially proarrhythmia
effects: (1 ) shorte ning of the refractory period
in the atria, ventricles, His-Purkinje system,
ted suicide by ingesting 3.0 to 4.0 mg (30 to 40 tablets) of
w depression of sinoatrial (SA) node activity, supraventric-
er carotid (R. Carot.) sinus massage and after the Valsalva
egular sinus rhythm at a rate of 90 beats/min and a normal
sulfate. The lower strips, recorded 1 and 4 days after digi-
and supraventricular escape complexes. (From Surawicz B,
. In: Fisch C, Surawicz B [eds]: Digitalis. Orlando, Grune &
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and accessor y pathwa ys; and (2 ) a narrow mar-
gin between therapeutic and toxic action on the
sodium/potassium pump regulating intracellular
calcium concentration.

Administration of therapeutic doses of digi-
talis decreases the automaticity of the SA node.
At the AV junction the drug slows condu-
ction but enhances automaticity.96 The increase
in the PR interval is due to prolongation of the
AH interval, but the HV interval is unchanged.
Digitalis may cause an increase in the automatic-
ity of the His-Purkinje system by increasing the
slope of diastolic depolarization in the Purkinje
fibers. This action is responsible for the produc-
tion of digitalis-induced AV junctional and
ventricular tachyarrhythmias. The effects of dig-
italis on ventricular repolarization are responsi-
ble for the characteristic ST segment and T
wave changes associated with administration
of the drug. The QT interval is shortened. Appli-
cation of suction electrodes during cardiac
catheterization in humans showed that the
monophasic action potential recorded from
the endocardial surface of the ventricles had
a steeper repolarization slope and shortened
total duration.97 The most common digitalis
effects on the ECG are as follows:

1. Prolonged PR interval
2. ST segment depression
3. Decreased amplitude of the T wave, which

may become diphasic (negative-positive)
or negative

4. Shortened QT interval
5. Increased U wave amplitude
Figure 21–16 Digitalis effect in a 50-year-old man with no ev
suicide attempt 1 day before the tracing was recorded. The plasm
Note the sagging of the ST segment, especially in leads I, II, an
arrhythmia was observed.
After administration of digitalis, the earliest
ECG changes usually consist of decreased ampli-
tude of the Twave and shortening of the QT inter-
val. The more typical finding, however, is sagging
of the ST segment, with the first part of the Twave
“dragged down” by the depressed ST segment
(Figure 21–16). Therefore the T wave becomes
diphasic, with the initial portion being negative
and the terminal portion positive. As the ST
segment depression becomes more pronounced,
the entire Twave may become inverted.19

Sometimes digitalis-induced T wave changes
are atypical (i.e., pointed, inverted) and resem-
ble those seen with myocardial ischemia or peri-
carditis.19 The QT interval is shortened by
digitalis, however, and it is usually normal with
pericarditis and prolonged with myocardial
ischemia. In about 10 percent of patients receiv-
ing digitalis, there is peaking of the terminal
portion of the T wave.98

The U wave may become more prominent with
digitalis therapy. The increased amplitude usually
is best seen in the mid-precordial leads and may
simulate QT lengthening (Figure 21–17). The
degree of the increase is usually less than that
resulting from hypokalemia or quinidine or amio-
darone administration.

The characteristic ST and T wave changes
caused by digitalis are not always present. Fur-
thermore, the degree of change has no consistent
relation to the amount of digitalis administered
or the serum level of the glycoside. Toxic sys-
temic manifestations of the drug or arrhythmias
may occur in the absence of any significant
idence of heart disease who took about 5 mg of digoxin in a
a digoxin level at the time of the recording was 4.1 ng/mL.
d V4–V6. The T waves in leads II and V5 are biphasic. No



Figure 21–17 ECG of a 55-year-old man with atrial fibrillation treated with digoxin. Prolongation of the QT interval is
simulated by fusion of the T wave with the U wave, best seen in leads V2–V4. The amplitude of the U wave is increased.
Normally at this heart rate the U wave amplitude is too low to be recognizable.
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ST segment or T wave changes. Conversely,
marked repolarization abnormalities may be
present when the doses are therapeutic or sub-
therapeutic. These changes also are more likely
to be pronounced during tachycardia. Digitalis is
one of the common causes of a false-positive ECG
response during exercise testing to detect ischemia.
Such a false-positive response was reported in 50
percent of normal subjects.99

The secondary ST segment and Twave changes
in patients with ventricular hypertrophy or bundle
branch blockmay simulate or mask the repolariza-
tion abnormalities associated with digitalis. The
digitalis effect may be recognized, however, if there
is definite “sagging” of the ST segment with an
upward concavity. The duration of the QT interval
is also sometimes helpful. With left ventricular
hypertrophy or left bundle branch block, the QT
interval is usually prolonged, whereas a digitalis
effect may be suspected if the interval is normal
or shortened.
DIGITALIS INTOXICATION
The diversity of actions affecting normal and
abnormal automaticity, excitability and conduc-
tion, and the ability to elicit delayed afterdepolari-
zations (see Chapter 17) explains the diversity and
complexity of cardiac arrhythmias and conduct-
ion disturbances caused by digitalis toxicity. A
marked decline in complex arrhythmias has
occurred concomitant with blood concentration–
guided use of the drug, resulting in both lower
blood and (presumably) myocardial drug concen-
tration.1 Reversal of digitalis toxicity now can
be accomplished rapidly using highly specific
antibodies.100

Although gastrointestinal symptoms are com-
mon and neurologic manifestations may occur,
cardiac complications are the most serious toxic
effect of digitalis. The drug is known to produce
almost all types of cardiac arrhythmia, resulting
from either disturbed impulse formation or
impaired conduction. The only exceptions are
atrial flutter and bundle branch block, which
are rarely caused by digitalis. Different arrhyth-
mias are often seen in the same patient within
a relatively short time. Digitalis toxicity should
be suspected especially when evidence of
increased automaticity and impaired conduction
are present at the same time. Although some of
the arrhythmias are characteristic of digitalis
toxicity, none is pathognomonic.
THE MORE COMMON ARRHYTHMIAS
Ventricular ectopic complexes are the most
common arrhythmias and often represent the ear-
liest manifestation of digitalis intoxication. They
account for almost half of the arrhythmias caused
by digitalis. They may be unifocal or multifocal.
Bigeminal and trigeminal rhythms are particularly
characteristic. When PVCs due to digitalis are
not recognized and the drug administration is
continued, more serious ventricular arrhythmias,
such as ventricular tachycardia and ventricular
fibrillation, may develop. The latter, however,
may occur in the absence of the warning prema-
ture complexes. Digitalis also may cause a more
benign accelerated idioventricular rhythm.
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AV block of varying degree is the next most
common arrhythmia induced by digitalis. In
patients with sinus rhythm, slight prolongation
of the PR interval is generally considered to be
a therapeutic effect; more marked prolongation
of the PR interval should be considered a warn-
ing sign of toxicity. Second- and third-degree
AV block, when caused by digitalis, can be
viewed as definitive evidence of intoxication.

Digitalis-induced second-degree AV block is
usually of the Wenckebach type. Mobitz type II
second-degree AV block is rare. Complete AV
block caused by digitalis, as a rule, is associated
with narrow QRS complexes unless an intra-
ventricular conduction defect preexists. In pati-
ents with atrial fibrillation, advanced-degree AV
block manifests as excessive slowing of the vent-
ricular rate. A regular ventricular rhythm in the
presence of atrial fibrillation suggests complete
AV block (Figure 21–18).

Digitalis may cause abnormal enhancement of
impulse formation at the AV junction, resulting in
accelerated junctional rhythm. The rate of the
junctional discharge is usually 70 to 130 beats/
min, and the rhythm is regular. If the junctional
pacemaker fails to capture the atria, AV dissocia-
tion occurs.101 The atrial and ventricular rhythms
Figure 21–18 Atrial fibrillation with complete atrioventricula
tion with controlled ventricular response. The ST and T wave c
interval in the tracing of 10/28/64 suggests a complete AV block
suspected. (From Chou TC: Digitalis-induced arrhythmias. In: F
ment. New York, Harper & Row, 1977.)
are independent, and the ventricular rate is gener-
ally faster than the atrial rate.

Digitalis used to be the most frequent cause
of a form of bidirectional tachycardia102,103

(Figure 21–19). This rare arrhythmia may be AV
junctional in origin, with regular alteration of two
types of QRS complex, but well-documented cases
of bidirectional ventricular tachycardia originating
in the ventricle also have been reported.

Lown and associates104 stressed the importance
of digitalis in the genesis of ectopic atrial tachycar-
dia with block, an arrhythmia known as paroxys-
mal atrial tachycardia (PAT) with block. Loss of
potassium is responsible for precipitation of PAT
with block in many digitalized patients. It was
estimated that, among hospitalized patients, about
73 percent of those with this arrhythmia had
the arrhythmia induced by digitalis.104 Both the
incidence of arrhythmia and its precipitation by
digitalis have decreased in recent years.

The atrial rate in PAT with block is usually
150 to 200 beats/min. The degree of AV block
varies (Figure 21–20), with second-degree block
and the Wenckebach phenomenon being most
common. Occasionally there is 1:1 conduction
with a normal PR interval, and the AV block is
demonstrated only during carotid sinus massage.
r (AV) block. The tracing on 10/12/64 shows atrial fibrilla-
hanges are consistent with a digitalis effect. The regular RR
with junctional escape rhythm. Digitalis toxicity is strongly
owler NO [ed]: Cardiac Arrhythmias: Diagnosis and Treat-



Figure 21–19 Bidirectional tachycardia caused by digitalis in a 54-year-old man with cardiomyopathy. The rhythm strip
shows an atrial rate of 72 beats/min and a ventricular rate of 168 beats/min. There is atrioventricular dissociation. The alter-
nate QRS complexes have opposite directions. The 12-lead ECG (not illustrated) showed a right bundle branch block pattern
in all complexes.
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Shortening of atrial refractory period can
facilitate induction of atrial fibrillation, which
is reported to account for about 10 percent of
the arrhythmias induced by digitalis. The role
of the drug in such an event is often difficult to
document. Only if sinus rhythm returns after
the drug is discontinued can the cause–effect
relation be assumed.

The bradyarrhythmias are caused by the vagal
effect of digitalis (see Chapter 13; Figure 21–15).
CORRELATION OF DIGITALIS TOXICITY
WITH SERUM GLYCOSIDE LEVELS
The serum glycoside level is of considerable
value for confirming the diagnosis of digitalis-
induced arrhythmias. A digoxin level >2 ng/mL
is generally considered indicative of digitalis
overdosage. Considerable overlap of the serum
glycoside concentration is found, however,
among patients with and without toxicity. Toxic
manifestations are seen in some patients with
serum levels <2.0 ng/mL, but toxicity is absent in
others with levels of 3.0 ng/mL.105 Treatment with
digitalis requires understanding the factors that
modify sensitivity and tolerance to the drug.106
Miscellaneous Drugs
EPINEPHRINE, NOREPINEPHRINE,
ISOPROTERENOL
Epinephrine administered subcutaneously pro-
duces tachycardia and occasional PVCs. Rapid
intravenous administration of 0.25 mg epine-
phrine has also caused various repolarization
abnormalities, including ST segment elevation
simulating acute myocardial ischemia.107

The effect of intravenous epinephrine infu-
sion in different types of congenital long QT syn-
drome is described in Chapter 24.

Intravenous infusions of norepinephrine and
isoproterenol at customary rates are associated
with increased P wave amplitude, depressed
PR segment, slightly shortened PR and QRS
intervals, and variable Twave changes. Biberman
et al.108 studied the sequence of ECG changes
during infusion of isoproterenol administered
at a rate of 3 to 6 mg/min for 4 to 6 minutes in
11 healthy subjects with normal ECGs. During
the early phase of infusion the Twave amplitude
decreased in all subjects, and previously upright
Twaves became negative in one or more of leads
I, II, and V3–V6. These changes were accompa-
nied by an increase in heart rate without change
in the QT interval (i.e., lengthening of the
QTc interval). The maximal T wave inversion
occurred usually within 30 to 40 seconds after
starting the infusion and was always associated
with hysteresis of the QT interval. Subsequently,
the T wave became gradually more upright and
the U wave amplitude increased. After an aver-
age of 2 minutes, the T wave and QTc interval
were not significantly different from those in
the control. After about 4 minutes, the ampli-
tude of the upright T wave frequently exceeded
that of the control (Figure 21–21). The change
from negative to normal upright T waves during
the second phase of isoproterenol action is simi-
lar to the often-observed effect of exercise in
subjects with nonspecific T wave inversions at
rest becoming upright during exercise-induced
tachycardia.



Figure 21–20 Paroxysmal atrial tachycardia (PAT) with 2:1 block caused by digitalis. The serum digoxin level was 3.7 ng/mL.
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VAGOLYTIC DRUGS
Administration of vagolytic drugs (e.g., atropine)
produces an effect resembling spontaneous tachy-
cardia (i.e., increased P wave amplitude, shortened
PR interval, and decreased Twave amplitude).19
ANESTHETIC AND ANALGESIC
AGENTS
Transient prolongation of the PR interval, devi-
ation of the ST segment, T wave abnormalities,
and various rhythm disturbances may occur
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Figure 21–21 Sequence of T wave changes during intravenous isoproterenol infusion at a rate best seen in leads V2–V4.
See text discussion. (From Biberman L, Sarma RN, Surawicz B: T wave abnormalities during hyperventilation and isoproter-
enol infusion. Am Heart J 81:166, 1971.)
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during anesthesia with all commonly employed
agents.19

In normal subjects, doses of succinylcholine
used for endotracheal intubation (1 mg/kg) have
no apparent effect on the plasma potassium con-
centration or the ECG; but in patients with soft
tissue injuries, hyperkalemia associated with
typical ECG manifestations was observed.109

Curare and gallamine have no apparent effect
on the ECG and do not cause hyperkalemia in
subjects with soft tissue injuries.
ANTIPARASITIC DRUGS
Administration of emetine for treatment of ame-
biasis or alcoholism has caused T wave abnorm-
alities, lengthening of the QTc interval, and
occasional deviation of the ST segment.19 Similar
ECG abnormalities may occur after administra-
tion of chloroquine, plasmaquin, and atabrine.
Treatment of schistosomiasis with various anti-
mony compounds produced progressive T wave
abnormalities associated with an increased QTc
interval in nearly all patients.19
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ARSENIC
Chronic arsenic intoxication produced QRS wid-
ening of 0.10 to 0.16 second, depression of the ST
segment, QT prolongation, and T wave lowering
in 56 percent of patients.19 Episodes of ventricular
tachycardia110 and ventricular fibrillation111 have
been reported. A case of complete AV block was att-
ributed to arsenic trioxide used to treat leukemia.112
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Central Nervous System Diseases
Electrolytes

The specific electrocardiographic (ECG) changes
caused by electrolyte imbalance are attributed to
the effect of the altered concentration of ions on
the transmembrane potentials of cardiac cells.
Such changes are usually reversible, and their
development and regression follow a predictable
course. They can be modified, however, by a
number of variables, the most important of which
are (1) variation in the basic ECG pattern upon
which the abnormalities caused by electrolyte
imbalance are superimposed; (2) nonspecific
effects owing to changes in the rate or rhythm
caused by abnormal electrolyte concentrations;
(3) repolarization changes secondary to intraven-
tricular conduction disturbances caused by the
abnormal electrolyte concentration; and (4) mod-
ifications introduced by the effect of one electro-
lyte on the concentration and activity of other
electrolytes.

Another variable assumed to be responsible
for the commonly encountered inaccuracy of
the ECG in predicting the concentration is the
effect of intracellular concentrations of electro-
lytes, but this factor is not likely to play an
important role.1 There is ample evidence that
all patterns of electrolyte imbalance can be pro-
duced or corrected by rapidly altering the extra-
cellular concentration of electrolytes.1

The accuracy of the ECG diagnosis improves
when the interpreter is alert to the possibility
of an electrolyte imbalance, when control tra-
cings are available for comparison, and when
the patient is followed with serial tracings.
Monitoring the ECG during intravenous admin-
istration of potassium and calcium salts or of
agents that lower the concentrations of these
ions contributes to the effectiveness and safety
of such therapy.
POTASSIUM
ECG Manifestations of Hyperkalemia

When the plasma K concentration exceeds
approximately 5.5 mM, the T waves become tall
and peaked; and when the plasma K concentra-
tion exceeds 6.5 mM, QRS changes are usually
present (Figure 22–1). Hyperkalemia cannot be
diagnosed with certainty on the basis of T wave
changes alone. Braun et al.2 found that the char-
acteristic tall, steep, narrow, and pointed Twaves
were present in only 22 percent of patients with
hyperkalemia, whereas in the remainder the tall
T wave could not be distinguished from similar
T waves of other etiology.

A correct ECG diagnosis of hyperkalemia can
usually be made when plasma K concentrations
exceed 6.7 mM.1 Characteristically, the uni-
formly wide QRS complex due to hyperkalemia
differs from the ECG pattern of bundle branch
block or preexcitation because widening affects
both the initial and terminal portions of the
QRS complex (Figures 22–2 and 22–3). The



Figure 22–1 ECGs of a 46-year-old woman with chronic renal insufficiency. A, Plasma K concentration (Kp) is 8.0 mEq/L.
There is a regular rhythm at a rate of 87 beats/min. P waves are not recognizable. The slow onset of QRS simulates P waves;
the QRS duration is about 220 ms. T waves are tall, narrow, and sharply peaked. B, Three hours later, after treatment, the
Kp is 6.0 mEq/L. Note the sinus rhythm at a rate of 90 beats/min. The PR interval is 240 ms, and the QRS duration is
116 ms. T waves are tall, narrow, and sharply peaked. C, Kp is now 4.2 mEq/L. Sinus rhythm is present at a rate of
87 beats/min. The PR interval is 180 ms, and the QRS duration is 96 ms. T waves are lower and wider than in B.
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Figure 22–2 ECGs of a 76-year-old man with chronic renal failure and atrial fibrillation. Top, Kp is 8.1 mEq/L. There is
irregular rhythm at a rate of 36 beats/min. The QRS duration is about 360 ms. Secondary T waves are not as tall, narrow,
or sharply peaked as with less severe hyperkalemia and a lesser degree of intraventricular conduction disturbance. Bottom,
After treatment the Kp is 3.9 mEq/L. Atrial fibrillation is present with a ventricular rate of 54 beats/min. Note the right bundle
branch block and left axis deviation. The QRS duration is 130 ms.
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wide S wave in the left precordial leads some-
times helps differentiate the pattern of hyperka-
lemia from that of typical left bundle branch
block (LBBB), whereas the wide initial portion
of the QRS complex may help differentiate the
pattern of hyperkalemia from that of typical
right bundle branch block (RBBB).

In some patients with hyperkalemia, however,
the wide QRS complex resembles the typical
pattern of LBBB or RBBB (see Figure 22–3). The
QRS axis may shift superiorly (see Figure 22–3)
or sometimes inferiorly, suggesting a nonuni-
form delay of conduction in the major divisions
of the left bundle branch. Slow intraventricular
conduction is associated with prolongation of
the HV interval, which parallels the increase in
the QRS duration.3 The QRS duration increases
progressively with an increasing plasma K con-
centration, and there is a rough correlation
between the duration of the QRS complex
and the plasma K concentration. Rarely, initial
QRS portion is inscribed rapidly. Figure 22–4
shows pattern of advanced hyperkalemia with
a rapid initial QRS deflection that simulates a
pacemaker spike. Cases of yet inadequately
explained normal ECG in patients with plasma K
concentrations of 6.5 to 9.0 mEq/L have been
observed and reported, but they lacked firm
verification.

The pattern of advanced hyperkalemia is nearly
identical to that recorded from dying hearts. Some-
times in patients with advanced hyperkalemia the
ST segment deviates appreciably from baseline
and simulates the “acute injury” pattern, which
resembles the pattern of acutemyocardial ischemia
(Figure 22–5). Such ST deviation disappears rap-
idly when hyperkalemia regresses during treat-
ment with hemodialysis.4 The “injury current”



Figure 22–3 ECGs of a 36-year-old man with hypertension, diabetes mellitus, and end-stage renal disease. A, The Kp is
8.4 mEq/L. The rhythm is irregular at a rate of 36 beats/min. P waves are absent; the slow onset of QRS simulates P waves; the
QRS duration is 182 ms; and the T waves are tall and narrow. B, After treatment of hyperkalemia, 53 minutes later, there is a
sinus rhythm at a rate of 86 beats/min. The PR interval is 298 ms, and the QRS duration is 104 ms. The pattern of left
ventricular hypertrophy is now recognizable.
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responsible for the ST segment deviation is proba-
bly caused by nonhomogeneous depolarization in
different portions of the myocardium. Deviation
of the ST segment or a monophasic pattern can be
readily produced by topical application of K on
the ventricular surface or an intracoronary KCl
injection.5

When the plasma K concentration exceeds
7.0 mM, the P wave amplitude usually decreases,
and the duration of the P wave increases because
of the slower conduction in the atria. The PR
interval is frequently prolonged, but most of
the prolongation tends to result from an increase
in P wave duration. When the plasma K concen-
tration exceeds about 8.0 mM, the P wave fre-
quently becomes invisible (see Figures 22–1
and 22–3). In the presence of a wide QRS com-
plex, a low or absent P wave helps differentiate
the pattern of hyperkalemia from that of intra-
ventricular conduction disturbances of other
origin.

A regular rhythm in the absence of P waves
has been attributed to sinoventricular conduc-
tion via atrionodal tracts in the presence of sino-
atrial (SA) block. This concept is supported by the
observations that when the P wave disappeared
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Figure 22–4 Left, ECG pattern of hyperkalemia in a 74-year-old woman with renal insufficiency (Ks ¼ 7.8 mEq/L). Note
the rapid onset of QRS duration, which in lead II (at the bottom of the tracing) simulates a pacemaker spike. QRS duration is
204 ms. P waves are absent. Right, Nearly 8 hours later after treatment. Note the sinus tachycardia (116 beats/min). QRS
duration is 108 ms.
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Figure 22–5 Left, ECG pattern of hyperkalemia with marked ST elevation in leads V1–V3. Acute injury pattern in a
36-year-old man with acute renal insufficiency (Ks ¼ 7.3 mEq/L). Also of note: QRS duration is 138 ms; tall, narrow, peaked
T waves in leads V4–V6; P waves are still present. Right, After treatment: sinus rhythm; incomplete right bundle branch block;
QRS ¼ 88 ms; low T amplitude.
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during hyperkalemia in dogs, the electrical
activity was recorded from the SA node, crista
terminalis,6 and atrionodal tracts,7 and each QRS
complex was preceded by a His bundle
electrogram.
A regular rhythm in the absence of P waves
can be caused by displacement of the pacemaker
into the atrioventricular (AV) junction or the
Purkinje fibers, but precise localization of the
pacemaker in patients with absent P waves is
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usually not possible. When the plasma K con-
centration exceeds about 10 mM, the ventricular
rhythm may become irregular owing to the
simultaneous activity of several escape pace-
makers in the depressed myocardium. The com-
bination of an irregular rhythm and an absent P
wave may simulate atrial fibrillation (see Fig-
ure 22–3). In patients with preexisting atrial
fibrillation and hyperkalemia, the ventricular
rate is usually slow (see Figure 22–2).

An increase in the plasma K concentration to
above 12 to 14 mM causes ventricular asystole
or ventricular fibrillation. The latter may or
may not be preceded by acceleration of the ven-
tricular rate.8 When the heart rate is rapid,
the ECG simulates ventricular tachycardia
(Figure 22–6). The ECG pattern of hyperkale-
mia can be made more normal by increasing
the concentrations of plasma calcium and
sodium9 and more abnormal by decreasing the
concentration of plasma calcium and possibly
that of sodium.

Understanding the above-described ECG
changes produced by hyperkalemia may be facili-
tated by correlating these changes with concomi-
tant changes in the atrial and ventricular
transmembrane action potential. This is shown in
Figure 22–7, which is based on experimental work
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Figure 22–6 Left (June 25), ECGpattern of hyperkalemia simula
phology in a 50-year-old man with renal insufficiency. Ks¼ 8.0 m
tall and peaked. Right (June 26), After treatment, the ECG is norma
in isolated perfused rabbit hearts.10 Figure 22–7A
shows that the action potential duration in
atrial fibers is shorter than in ventricular fibers.
Figure 22–7B shows the more rapid repolariza-
tion that is responsible for the narrow and
peaked T wave when the K concentration is
increased to 6.0 mM. Figure 22–7, parts C to
E, demonstrate that a progressive increase in
the K concentration produces a progressive
decrease in resting membrane potential, which
decreases the maximum velocity of depolariza-
tion (Vmax). This in turn slows intraatrial and
intraventricular conduction, resulting in an
increased duration of the P wave and the QRS
complex.11 At a K concentration of 12.0 mM
ventricular depolarization is exceedingly slow,
portions of the ventricular myocardium undergo
repolarization before depolarization is completed,
and determining the end of the QRS complex
may be difficult to impossible (see Figure 22–7E).
Figures 22–7C,D show that the atrial fiber is
more depolarized than the ventricular fiber. In
Figure 22–7C the P wave is wide and of low ampli-
tude, and in Figure 22–7D the P wave is barely
discernible. In Figure 22–7E the P wave is absent
because the low-amplitude atrial depolarization
does not reach the threshold to produce a
propagated response.
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tingventricular tachycardiawith left bundle branchblockmor-
Eq/L; QRS duration is 164 ms; P waves are absent; T waves are
l except for sinus tachycardia (136 beats/min). QRS is 98 ms.



Figure 22–7 Atrial (A) and ventricular (V) action potentials superimposed on the ECG. The numbers on the left designate
the transmembrane potential in millivolts, and the numbers at the bottom represent the extracellular K concentration in milli-
equivalents per liter. See text discussion. (From Surawicz B: Relation between electrocardiogram and electrolytes. Am Heart J
73:814, 1967.)
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Antiarrhythmic and Arrhythmogenic
Effects of Potassium

In the study of Bettinger et al.,12 intravenous
administration of potassium chloride solution
suppressed supraventricular and ventricular
ectopic complexes (with the exception of atrial
fibrillation and flutter) in about 80 percent of
patients. The incidence of suppression was not
influenced by the presence or absence of heart
disease, plasma K concentration, or treatment
with digitalis. The margin between the therapeu-
tic and toxic doses of K was rather narrow, and
the antiarrhythmic effect usually occurred when
the plasma K concentration increased by 0.5 to
1.0 mM to a level of 5.0 to 6.5 mM. Such an
increase in plasma K concentration usually had
no effect on the sinus rate. The therapeutic effect
of K administration is usually transient.

Administration of K salts with glucose at a slow
rate may precipitate serious arrhythmias (includ-
ing ventricular tachycardia and ventricular fibrilla-
tion) in patients with hypokalemia, severe K
depletion, or digitalis toxicity.13 In these patients
K is apparently avidly taken up by the cells, and
the plasma K concentration falls whenK in glucose
solution is administered slowly.

Lethal hyperkalemia results predominantly from
renal failure and occasionally from an error in the
amount of K administered intravenously. The effect
of intravenously administered K depends on the
rate of administration rather than the absolute
amount of potassium given. Large amounts of pota-
sium can be administered at a slow rate, which
allows K to be excreted through the kidneys or
transferred into the cells. At rapid administration
rates, however, even small amounts of K can be
lethal.

ECG Manifestations of Hypokalemia

Understanding the ECG changes due to hypokale-
mia may be facilitated by correlating these changes
with concomitant changes in the ventricular action
potential, as shown in Figure 22–8. It can be seen
that progressive changes in repolarization are
reflected on the ECG as progressive depression of
the ST segment, a decrease in T wave amplitude,
and an increase in U wave amplitude in the stan-
dard limb and precordial leads. So long as the
T and U waves are separated by a notch, the dura-
tion of the QT interval is unchanged. With more
advanced stages of hypokalemia, the TandUwaves
are fused, and an accurate measurement of the
QT interval is not possible.1 Because the duration
of mechanical systole does not change during
hypokalemia, one can best describe the pattern of
hypokalemia as a gradual shift of themajor repolar-
ization wave from systole into diastole. The maxi-
mum amplitude of the repolarization wave is
inscribed during systole in Figure 22–8A. Repolar-
ization waves during systole and diastole are of
equal amplitude in Figure 22–8B, whereas in Fig-
ure 2 2– 8C ,D the amplitude of the repolarization
wave inscribed during diastole is greater than that
inscribed during systole. The latter two ECG pat-
terns seen with hypokalemia are most frequently
encountered when the plasma K concentration is



Figure 22–8 Ventricular action potential (on the left) superimposed on the ECG for extracellular K (Ks) 4.0 to 1.0 mEq/L.
The numbers on the left designate the transmembrane potential in millivolts. See text discussion. (From Surawicz B: Relation
between electrocardiogram and electrolytes. Am Heart J 73:814, 1967.)
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<2.7 mM.1 Previously, Surawicz and Lepeschkin
assumed that the second heart sound marked the
point of the TU junction and that the apex of a large
deflection expected at the time of the occurrence of
the normal Uwave apex represents either a Uwave
of large amplitude or a normal U wave elevated by
underlying prolonged ventricular repolarization. It
is equally possible that the U wave amplitude
remains unchanged, however, and that analogous
to congenital or acquired long QT syndromes the
abnormal repolarization during hypokalemia is
caused by fusion of a prolonged Twave with a nor-
mal U wave, which means a prolonged QT interval
with an unrecognizable U wave.14

The ECG diagnosis of hypokalemia is usually
based on abnormalities of the ST segment,
T wave, and U wave. In an attempt to evaluate
the pattern of hypokalemia quantitatively,
Surawicz et al.15 considered the following three
ECG features: (1) depression of the ST segment
of �0.5 mm; (2) U wave amplitude >1 mm;
and (3) U wave amplitude greater than the
T wave amplitude in the same lead. The limb
lead and the precordial lead, each with the tallest
U wave, were analyzed on each of the ECGs.

The ECG was considered to be “typical” of
hypokalemia if three or more of these features
were present in the two leads; it was considered
“compatible” with hypokalemia if two of these
features or one related to the U wave were pres-
ent. When the plasma K concentration was
<2.7 mEq/L, the ECG was “typical” in 78 per-
cent and “compatible” in 11 percent of all
patients. When the plasma K concentration was
2.7 to 3.0 mEq/L, the ECG was “typical” in 35
percent and “compatible” with hypokalemia in
35 percent of patients. Other investigators
obtained full agreement of the ECG and labora-
tory findings in patients whose plasma K con-
centration was <2.3 mEq/L16 or <3.0 mEq/L.17

Typical patterns of hypokalemia are shown in
Figures 22–9 to 22–11.

When the ECG was monitored during admin-
istration of K in patients with hypokalemia,
changes in the amplitude of the T and U waves
reflected fairly accurately the changes in the
plasma K concentration.13

Recognizing hypokalemia is frequently diffi-
cult in the presence of tachycardia, which
decreases the amplitude of the T and U waves
and often causes ST segment depression. More-
over, during tachycardia the U wave usually
merges with the terminal portion of the T wave
and with the P wave. The only indication that a
U wave is present may be prolonged descent of
an apparently normal Twave. In such cases the P
wave is usually superimposed on the U wave.
When this occurs, the P wave is tilted because its
onset is situated farther from the baseline than
its end15 (see Figure 22–9). P wave tilting, how-
ever, is not always caused by an underlying U
wave. When the rate is rapid or when the PR or
QT interval is prolonged, the P wave may be
superimposed on the descent of the Twave.

In the presence of a left ventricular hypertrophy
(LVH) pattern, the U wave amplitude is frequently



Figure 22–9 ECGs of a 43-year-old man with distal renal tubular acidosis and muscular weakness. Top, Kp is 1.5 mEq/L.
Sinus rhythm is present at a rate of 97 beats/min. The PR is 220 ms, and the QRS is 110 ms. This is a typical pattern of hypo-
kalemia with ST segment depression and U wave amplitude exceeding the T wave amplitude in several leads. In some leads
the P wave is tilted because it is superimposed on the U wave. Bottom, After correction of hypokalemia, there is sinus rhythm
at a rate of 90 beats/min. ECG is normal. The PR is 116 ms, and the QRS is 82 ms. The ST segment is no longer depressed,
and the T wave amplitude exceeds that of the U wave.
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increased (as part of the overall amplitude
increases) even in the absence of hypokalemia.
The latter may be suspected when the ST segment
is depressed in the right precordial leads because
in the presence of an uncomplicated LVH pattern
the ST segment in these leads is usually elevated.
Digitalis often causes ST segment and T wave
changes similar to those caused by hypokalemia,
but it does not increase the U wave amplitude to
the same degree as hypokalemia does.

Digitalis usually causes a more distinct separa-
tion of the Twave from the Uwave than hypokale-
mia because digitalis shortens the QT interval (see
Figure 21– 16 ). Conco mitant adm inistratio n of
digitalis with quinidine and other drugs that pro-
long QT results in a pattern indistinguishable
from that of hypokalemia.1
The U wave amplitude is also increased
during bradycardia, particularly in the presence
of complete AV block and in some patients with
a “cerebrovascular accident (CVA) pattern” (see
later discussion). In these patients the T wave
amplitude is also frequently increased, and the
T/U wave amplitude ratio is usually not altered.

When hypokalemia is advanced, both the
amplitude and duration of the QRS interval are
increased. The QRS complex is widened diffusely
(but seldom by more than 0.02 second in adults).
The QRS widening may be more pronounced in
children.18 The increased duration of the QRS is
the result of widening without a change in shape,
which suggests that it is caused by slower intraven-
tricular conduction without changes in the depo-
larization sequence. The amplitude and duration



Figure 22–10 Hypokalemia associated with periodic paralysis in a 33-year-old woman with periodic paralysis. The top
tracing (2/23/74) was recorded when the serum potassium level was 2.4 mEq/L. ST segment depression and low amplitude
of the T wave are seen in leads I, II, aVF, and V4–V6. Prominent U waves are best seen in leads II, III, aVF, and V3–V6.
The bottom tracing was recorded the next day, after the serum potassium level was restored to normal.
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of the Pwave in hypokalemia are usually increased,
and the PR interval is often slightly or moderately
prolonged (see Figure 22–9).

Arrhythmogenic Effects

Hypokalemia promotes the appearance of supra-
ventricular and ventricular ectopic complexes
(see Figures 22–11 and 22–12). In a study of
81 patients not treated with digitalis whose
plasma K concentration was �3.2 mEq/L, the
incidence of ventricular ectopic complexes was
28 percent; that of supraventricular ectopic com-
plexes, 22 percent; and that of AV conduction
disturbances, 12 percent. The incidence of
ectopic complexes was three times higher and
the incidence of AV conduction disturbances
two times higher than the corresponding inci-
dences in the control hospital population.19

Arrhythmias appearing in patients with severe
hypokalemia are of the same type as in patients
with digitalis toxicity; that is, nonparoxysmal atrial
tachycardia with block (see Figure 22–12) and
various types of AV dissociation. These arrhyth-
mias are attributed to a combination of increased
automaticity of ectopic pacemakers and at least
some degree of AV conduction disturbance. Similar
to digitalis, hypokalemia increases sensitivity to
vagal stimulation.

In patients with severe hypokalemia, serious
ventricular tachyarrhythmias, including ventri-
cular tachycardia, torsade de pointes, and ventricu-
lar fibrillation, have been reported in the absence
of heart disease or digitalis therapy.13,15,19–21



Figure 22–11 ECG of a 65-year-old woman with chronic pyelonephritis and vomiting in the presence of hypokalemia
(7/13) and after K repletion (7/21). There was a typical pattern of hypokalemia on 7/13 and ventricular ectopic complexes
with a short coupling interval in leads aVF and V2. The plasma K concentration is shown in milliequivalents per liter. During
hypokalemia the T and U waves are fused. After treatment the Kp was 5.7 mEq/L. The U wave is not discernible. (From
Surawicz B: Relation between electrocardiogram and electrolytes. Am Heart J 73:814, 1967.)
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Hypokalemia is frequently present in patients with
acute myocardial infarction22,23 or after resuscita-
tion from out-of-hospital ventricular fibrillation24

possibly due to treatment with thiazide diure-
tics20,22,24 or administration of sodium bicarbonate
during resuscitation.24 Hypokalemia may be preci-
pitated by intense sympathetic stimulation that
shifts K into the skeletal muscle and the liver,25 an
effect attributed to b2-receptor stimulation by the
circulating epinephrine.26

Modification of Potassium Effects
by Other Electrolytes

Hypocalcemia frequently accompanies hyperka-
lemia in patients with renal insufficiency (see
Figure 12–27 ). Its presence may be expec ted to
aggravate AV and intraventricular conduction
disturbances and facilitate the appearance of
ventricular fibrillation.

Hypercalcemia is also present in some
patients with renal insufficiency and hyperkale-
mia because of secondary hyperparathyroidism
or overzealous therapy with calcium. Hypercal-
cemia may be expected to counteract the effect
of hyperkalemia on the AV and intraventricular
conduction disturbances and to prevent ventric-
ular fibrillation.

Abnormal sodium concentrations may also
modify the ECG pattern of hyperkalemia. Hyper-
natremia may be expected to counteract, and
hyponatremia to augment, the effects of increased
K concentration on AV and intraventricular con-
duction disturbances. In hypokalemic patients
with hypocalcemia, the ST segment is prolonged
(Figure 22–13). Arrhythmias in hypokalemic
patients with hypocalcemia were as common as
in those without hypocalcemia.19 Similarly, the
incidence of arrhythmias was the same in hypoka-
lemic patients with and without acidosis.19
CALCIUM
Changes in extracellular calcium concentration
have a profound effect on the duration of the
plateau (phase 2) of the action potential.
The duration of the plateau increases at low
extracellular calcium concentrations and short-
ens at high calcium concentrations. Because
the plateau duration of the ventricular action
potential determines the duration of the ST seg-
ment, the changes in calcium concentration



Figure 22–12 ECG lead V2 (at the top of each panel) and esophageal lead (at the bottom of each panel) of a 34-year-old
woman with a plasma K level of 1.0 mEq/L caused by vomiting. Top panel shows hypokalemia pattern and indistinct P waves
in lead V2. The P waves and the 2:1 atrioventricular block are seen clearly in the esophageal lead. After intravenous admin-
istration of 15 mEq K (two lower strips), ectopic atrial tachycardia and 2:1 block are no longer present. (From Bettinger JC,
Surawicz B, Crum WB, et al: The effect of intravenous administration of potassium chloride on ectopic rhythms, ectopic
beats, and disturbances in AV conduction. Am J Med 21:521, 1956.)
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predominantly affect the duration of the ST seg-
ment and thereby the duration of the QT
interval.

Hypercalcemia

The ST segment is short or absent in the pres-
ence of hypercalcemia and the duration of the
QTc interval is decreased1 (Figure 22–14; see
also Figure 12– 25 ). Bronsky et al. 27 found that
the QTc interval was inversely proportional to
the serum calcium level up to 16 mg/dL. The
interval between the onset of QRS and the onset
of the T wave (Q-oT) became shorter at higher
calcium levels, although the T wave was pro-
longed and the QT interval became more
normal. Nierenberg and Ransil28 found that the
interval from the onset of QRS to the apex of
the T wave (Q-aT) correlated more closely than
the QTc or Q-oTc with the serum calcium levels.
Q-aTc interval of 0.27 second or less was asso-
ciated with hypercalcemia in more than 90
percent of the cases. Lind and Ljunghall29

examined ECG changes of 139 patients with pri-
mary hyperparathyroidism (and hypercalcemia).
A decrease in the ST segment and the Q-oT inter-
val correlated significantly with increasing
serum calcium concentration, but the QRS and
PR durations did not. In other studies hypercal-
cemia was associated with slight prolongation
of the QRS duration.1

Hypercalcemia usually does not alter the mor-
phology of the P waves and Twaves, but a slight,
statistically significant increase in Twave duration
was reported.29 The U wave amplitude is either
normal or increased.1 In the presence of hypercal-
cemia associated with hypokalemia, a short
QT interval with increased U wave amplitude
results in a distinct pattern, most often seen in
patients with multiple myeloma (Figure 22–15).



Figure 22–14 Hypercalcemia in a 29-year-old woman with malignant lymphoma involving multiple organs, including
bone. The serum calcium level was 17.4 mg/dL. She was not receiving digitalis. The heart was found to be normal at
autopsy. Note the short QT interval. The ST segment is almost absent. The flat T waves may or may not be related to
hypercalcemia.

I II III 9-18-64

I II III 9-23-64

I II III 9-25-64

Figure 22–13 Hypocalcemia and hypokalemia in a 31-year-old man with chronic renal failure. The tracing on 9/18/64
shows prolongation of the QT interval, especially the ST segment. The U waves are prominent. The serum calcium level
was 5.8 mg/dL, and the potassium level was 3.3 mEq/L. On 9/23/64 the serum potassium level was 2.8 mEq/L. The U waves
become more prominent, and in most of the leads they are superimposed on the T waves. The ST segment remains
prolonged. On 9/25/64 the serum calcium level was increased to 6.5 mg/dL, and the potassium level was increased to
3.5 mEq/L. The tracing shows definite shortening of the ST segment, and the U waves are less prominent.
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Cardiac arrhythmias are uncommon in
patients with hypercalcemia. It has been postu-
lated, however, that sudden death of patients
during hyperparathyroid crisis and other condi-
tions associated with severe hypercalcemia may
be caused by ventricular fibrillation.30 Second-
or third-degree AV blocks have been reported
in patients with severe hypercalcemia.30,31

Hypocalcemia

In the presence of hypocalcemia, the ST segment
and the QTc interval are prolonged (Figure 22–16;
see also Figure 12–24). The duration of the
ST segment is inversely related to the plasma cal-
cium concentration.1 Usually lengthening of the
STsegment, Q-aT, and the QT interval are the only
ECG abnormalities; but the QTc interval seldom
exceeds 140 percent of normal. Therefore a QTc
interval of more than 140 percent usually suggests
that the Uwave is incorporated into the Twave and
that QU is being measured.32 Hypocalcemia usu-
ally can be recognized on the ECG because, with
the possible exception of hypothermia, there are
no other agents or metabolic abnormalities that
prolong the duration of the ST segment without



Figure 22–15 ECG of a 41-year-old man with multiple myeloma. Plasma calcium and potassium concentrations (in
mEq/L) are shown at the bottom. On the left, hypercalcemia is manifested by near-absence of the ST segment, and hypoka-
lemia is reflected in the increased U wave amplitude, best seen in lead V3. On the right, the pattern is normal at normal
plasma Ca and K concentrations.
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changing the duration of the T wave (a possible
exception to this statement may be LQT3 pattern;
see Chapter 24). Measurements of the ST segment
duration, however, may be difficult when it is
depressed or elevated or when the Twave is dipha-
sic.1 In patients with a prolonged QT interval due
to hypocalcemia, the U wave is usually absent or
not recognizable. The heart rate, P wave configura-
tion, and duration of the PR interval and the QRS
complex are usually normal, and no significant
rhythm disturbances are noted. The results of cor-
relation between serum calcium and the QTc are
variable.16,33 A good correlation between the dura-
tion of the ST segment and the plasma calcium
concentration was found in patients with hypocal-
cemia induced by administration of the calcium-
binding agent ethylenediaminetetraacetic acid
(EDTA).34 In these patients the ECG pattern was
not obscured by the effects of other electrolyte
abnormalities. Because the ECG is affected by the
concentration of ionized calcium rather than total
calcium, it apparently correlates better with the
calcium concentration in the protein-free cerebro-
vascular fluid than with the calcium concentration
in the blood.35 In the presence of hypocalcemia,
the polarity of the Twave may remain unchanged.
Sometimes, however, the Twave becomes low, flat,
or sharply inverted in leads with an upright QRS
complex.36 The change in T wave polarity sug-
gests a change in the sequence of repolarization,
presumably due to unequal lengthening of ventric-
ular action potentials in different regions of the



I aVR V1 V4

II aVL V2 V5

III aVF V3 V6

Figure 22–16 Prolonged QTc (532 ms) caused by hypocalcemia (Cas ¼ 6.0 mg/L) in a 44-year-old woman. Note the
prolonged ST segment with normal duration and morphology of the T wave.
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myocardium. Figure 12–24 s h o w s t ha t i nt ra ve no us
calcium administration shortens the QT interval
and restores normal T wave polarity in a patient
with hypocalcemia.

Prolongation of the QTc interval is associated
with an increased duration of the ventricular refrac-
tory period. This effect per se, in the absence of a
concomitant increase in dispersion of refractoriness
or changes in conduction, may be expected to be
antiarrhythmic, perhaps similar to the class III
action of the antiarrhythmic drugs. Moderate hypo-
calcemia induced by administration of Na2 EDTA
suppressed supraventricular and ventricular ectopic
complexes in about 50 percent of patients.37 The
ectopic complexes suppressed by hypocalcemia
reappeared after calcium administration.37
SODIUM
High sodium levels prolong the duration of the
cardiac action potential, but the clinical signifi-
cance of this change is uncertain. A prolonged
QT interval caused by delayed inactivation of the
sodium current in patients with congenital long
QT syndrome (type 3) is described in Chapter
24. The effect of high or low sodium levels on
the ECG, cardiac rhythm, and conduction is prob-
ably negligible within the limits of the plasma
sodium concentration compatible with life. How-
ever, in the presence of intraventricular conduc-
tion disturbances caused by hyperkalemia, the
duration of the QRS complex is shortened by
hypernatremia and prolonged by hyponatremia.
MAGNESIUM
Magnesium concentrations within the range
encountered in clinical situations have no
important effect on the action potential, at least
at normal potassium and calcium concentra-
tions.38 Studies of isolated perfused rabbit hearts
suggested that hypomagnesemia may augment
the QT lengthening induced by hypocalcemia,
but clinical studies produced no supporting
evidence for such a phenomenon,1 probably
because the effect of magnesium deficiency
that modulates the effect of calcium deficiency
on the plateau of the action potential in vitro
does not manifest in vivo until the concentra-
tions of these two ions fall to levels that are not
compatible with life.39

Hypomagnesemia and hypermagnesemia do
not produce specific ECG patterns in animals
and humans. Personal experience suggests
that neither hyper- nor hypomagnesemia has a
detectable effect on the QT interval in humans.
In fact, in children with tetany the lack of
QT prolongation would favor deficiency of
magnesium rather than of calcium.

Evidence that hypomagnesemia is responsible
for cardiac arrhythmias is limited to case reports.
In some cases, other associated causes could be
suspected because of QT prolongation40,41 or
the presence of hypokalemia on admission42,43

(Figure 22–17).
Magnesium sulfate solution administered

intravenously has been used empirically for sev-
eral decades44,45 to suppress a variety of supra-
ventricular and ventricular arrhythmias in the
absence and presence of digitalis therapy.46 The
precise mechanism of antiarrhythmic action of
acute magnesium administration has not been
elucidated. Magnesium blocks the calcium chan-
nel, modifies the effect of hyperkalemia, and
exerts modulating effects on several potassium
currents.5



Figure 22–17 Ventricular tachycardia and torsade de pointes, probably caused by electrolyte imbalance, in a 63-year-old
woman with diagnosis of hypertension, diabetes mellitus, and chronic alcoholism. The tracing shows prolongation of the
QT interval, with probable prominent U waves and an episode of ventricular tachycardia in lead V4. Long lead II shows
an episode of torsade de pointes. The serum potassium level was 2.9 mEq/L, and the calcium level was 7.9 mg/dL. Serum
magnesium level determined 2 days later was 0.7 mg/dL. It is likely that the hypokalemia and hypomagnesemia are respon-
sible for the ventricular arrhythmias.
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Hypermagnesemia depresses AV and intra-
ventricular conduction. In animal experiments,
AV conduction may be depressed when the magne-
sium concentration reaches 3 to 5 mM. The latter
concentrations are higher than those that can cause
respiratory arrest. In humans, infusion of magne-
sium salts lengthens the sinus node recovery time,
AV conduction time, andQRS duration during ven-
tricular pacing.47 A number of these actions can
influence cardiac arrhythmias and conduction dis-
turbances. It appears plausible that the antiarrhyth-
mic effect of magnesium is caused by improved
conduction in depolarized myocardium.5
pH
Acidosis and alkalosis usually are associated
with an altered concentration of potassium and
ionized calcium. It is difficult to determine
whether modification of the extracellular pH
per se causes specific ECG changes.
Temperature

A low temperature slows and a high temperature
accelerates the ion fluxes and various metabolic
processes that determine the electrophysiologic
properties of the heart.
HYPOTHERMIA
A lowered temperature is associated with grad-
ual action potential duration lengthening, pre-
dominantly caused by lengthening of the
plateau of the action potential. The velocity of
depolarization decreases both secondary to
depolarization and independent of depolariza-
tion. Decreased velocity of depolarization causes
slowing of conduction, and the prolonged action
potential duration is associated with lengthening of
the refractory period. In humans profound hypo-
thermia affects both depolarization and repolariza-
tion, but moderate hypothermia causes T wave
abnormalities without appreciable QRS changes
(Figure 22–18). Homogeneous cooling of the entire
heart causes an increase in Twave duration without
a change in polarity, a pattern observed during acci-
dental hypothermia.48 Cooling the posterior wall of
the heart by drinking ice water usually produces
deviation of the Twave vector anteriorly and supe-
riorly, causing Twave inversion in leads II and III.35

Hypothermia is frequently associated with the
appearance of a J wave (also called an Osborne
wave), which is a slow upright deflection between
the end of the QRS complex and the early portion
of the ST segment (see Figures 22–18 and 22–19).
They are most commonly observed in leads II, III,
aVF, V5, and V6. The J wave increases in amplitude



Figure 22–19 Hypothermia. The body temperature was 80�F. Note the J waves in all leads, with prolonged QT interval
and low T waves. Intermittent baseline oscillation is present as a result of somatic muscle tremors. The heart rate is 32 beats/
min.

Figure 22–18 Sequential ECG changes during induction of hypothermia. A, Control. The temperature is 37.5�C, and
there is atrial fibrillation. The QRS is 0.06 second, and the T wave is upright. B, Temperature is 35.5�C. An RS complex is
present, and the ventricular rate is slower. C, Temperature is 35�C. The S wave has disappeared. The QRS is 0.07 second,
and the T wave is inverted. D, Temperature is 29�C. There is marked slowing of the ventricular rate. The QRS is 0.12
second. The S wave has reappeared, and there is elevation of the J junction and marked QT prolongation. E, Temperature
is 28.8�C a few seconds before the development of ventricular fibrillation. QRS is 0.13 second, and there is a prominent
elevated J wave. (From Schwab RH, Lewis DW, Killough JH, et al: Electrocardiographic changes occurring in rapidly induced
deep hypothermia. Am J Med Sci 248:290, 1964.)
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as the body temperature falls. The genesis of this
deflection has been difficult to explain. The
timing is compatible with atrial repolarization,
but the large amplitude of the J wave and its
appearance in the absence of P waves makes this
explanation unlikely. Yan and Antzelevitch49

postulated that the J wave could be caused by
the transmural potential gradient at the onset of
ventricular repolarization, which has been
observed in vitro. This gradient is attributed to
the presence of a prominent notch during early
repolarization in the epicardium and not in the
endocardium, presumably reflecting differences
in reactivation of the transient outward current
(ito), which participates in repolarization during
the early portion of the action potential. It is of
note that the occurrence of J waves is not limited
to hypothermia. Theymay also be present during
extreme hypercalcemia, with various disorders
of the central and peripheral nervous system,50

with vasospastic angina51 and with other miscel-
laneous conditions.52 A deflection similar to the
J wave is present also in patients with Brugada
syndrome (see Chapter 7). During rapid induc-
tion of deep hypothermia in patients prepared
for surgery, atrial fibrillation appeared at tem-
peratures ranging from 32.0�C to 22.5�C (aver-
age 27.2�C).

Among 12 studied patients, ventricular fibril-
lation occurred in 10 and cardiac standstill in 2.
Ventricular fibrillation was preceded by widen-
ing of the QRS complex and the appearance of
a J wave (see Figure 22–16). The temperature
at which the J wave appeared was 1�C to 9�C
warmer than the temperature at the onset of ven-
tricular fibrillation (15�C to 30�C).53 Okada54

studied 60 patients with accidental hypothermia
(body temperature 34�C or lower). At about
25�C, 32 patients had sinus rhythm with P wave
of low amplitude, 23 had atrial fibrillation, and
the remaining had AV junctional rhythm. In most
cases, in this and other studies, atrial fibrillation
developed at a temperature below 32�C, and it
usually subsided during rewarming.
HYPERTHERMIA
Immersion of lightly anesthetized dogs and
monkeys into 45�C water resulted in cardiac
arrest from ventricular fibrillation or asystole
within about 2 to 5 hours.55 In humans, fever
is associated with tachycardia, but the effect of
increased temperature is difficult to discern from
that of increased sympathetic stimulation. Per-
sons susceptible to malignant hyperthermia are
at risk of ventricular tachycardia or ventricular
fibrillation, particularly during anesthesia.56
Miscellaneous Compounds

In humans, alcohol, coffee, and tobacco produce
no detectable specific ECG abnormalities. The
longitudinal Normative Aging Study revealed
that an increase in bone lead level was associated
with increased QRS duration and increased
risk of intraventricular and AV conduction
disturbances.57
Central Nervous System Diseases

In 1954, Burch et al.58 identified a specific
ECG pattern peculiar to certain patients with
cerebrovascular accident (CVA). This pattern
occurs most frequently in patients with intracra-
nial hemorrhage, but it has been found also in
those with other intracranial lesions. The typical
ECG pattern is characterized by a conspicuous
increase in T wave amplitude, prolonged QT
interval (by 20 ms or more) (Figure 22–20),
and an occasional increase in U wave amplitude.
In one series,59 ECG changes were seen in
71.5 percent of patients with subarachnoid hem-
orrhage and in 57.1 percent of those with cerebral
hemorrhage. The abnormally wide T waves of
increased amplitude are more often negative than
positive, resembling other “giant T waves” (see
Chapter 23). Surawicz60 found this pattern in
29 percent of 89 patients with intracranial hemor-
rhage, 10 percent of patients with primary intra-
cranial aneurysm, and 7 percent of patients with
acute cerebrovascular thrombosis and increased
intracranial pressure. The pattern was found
in only 1 of 30 patients with hypertensive enceph-
alopathy and 1 of 32 patients with brain metas-
tases.60 Similar percentages have been found by
other investigators. In one study of 186 patients
with cerebrovascular hemorrhage, the QT interval
was prolonged only in patients with frontal lobe
damage.61 In another study of 89 patients with
subarachnoid hemorrhage, the QT interval
exceeded 115 percent of normal in 19 percent
of patients.62 In yet another study, the QT was
prolonged in 11 of 20 patients.63

The observation that the CVA pattern
appeared in several patients after cryohypophy-
sectomy associated with diabetes insipidus, as
shown in Figure 22–21, suggested that the pat-
tern could result from injury of the hypothala-
mus.64 This would explain the association of
the pattern with subarachnoid hemorrhage,
because hypothalamic lesions occur frequently
after rupture of aneurysms of the anterior and
posterior communicating arteries.65



Figure 22–20 Typical ECG pattern after cerebrovascular accidents in three women who were 45, 39, and 44 years old,
respectively. All had subarachnoid hemorrhage, a prolonged QT interval, and an increased amplitude of an upright or
inverted T wave. (From Surawicz B, Knoebel SK: Long QT: good, bad, or indifferent. J Am Coll Cardiol 4:398, 1984.)
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On rare occasions, an ECG pattern identical
to that in patients with cerebral lesions appears
after extracranial manipulation of the auto-
nomic nervous system (e.g., after transabdom-
inal truncal vagotomy for treatment of peptic
ulcer disease, after presumed destruction of
the sympathetic nerve fibers during radical
lymph node dissection of the right side of the
neck,66,67 or with a neck hematoma).68 Global
T wave inversion was reported also in associa-
tion with nonconvulsive status epilepticus, and
in one case report preceded the stroke.69,69a

The typical CVA pattern is usually a transient
phenomenon lasting only a few days and can
be reversed by intravenous administration of
isoproterenol.70

In a study of Kuo and Surawicz,71 the pattern
most similar to that of CVA in patients appeared
in an experimental animal with combined left
stellate ganglion transection and right stellate
stimulation. It has been reported that some
patients with cerebrovascular disease develop
less typical T wave changes, consisting of a low-
ered T wave amplitude or T wave notching.72

Elevation or depression of the ST segment
may occur. The former may simulate the injury
pattern of acute ischemia.73 Occasionally the ST
elevation is diffuse, mimicking acute pericarditis
(Figure 22–22). Regional wall motion abnormal-
ities were observed in a group of patients with sub-
arachnoid hemorrhage associated with ST segment
elevation in at least two consecutive leads.74 In
some cases abnormal Q waves develop, and the
erroneous diagnosis of acute myocardial infarction
may be made.74–76 Appearance of a J wave has been
reported.76 Tall P waves were frequently encoun-
tered in one series.77

Rhythm disturbances may occur in patients
with central nervous system disease. They
include sinus bradycardia, sinus tachycardia,



Figure 22–21 ECG of a 52-year-old woman treated with a 0.25-mg daily maintenance dose of digoxin before (left), 3 days
after (middle), and 18 days after (right) cryohypophysectomy. The deeply inverted symmetric T waves with a prolonged
QT interval are similar to changes induced by subarachnoid hemorrhage. (From Surawicz B: The pathogenesis and clinical
significance of primary T wave abnormalities. In: Schalant RC, Hurst JW [eds]: Advances in Electrocardiography. Orlando,
Grune & Stratton, 1972.)

Figure 22–22 Cerebral thrombosis in a 72-year-old woman who was comatose on admission when this ECG was
obtained. There is diffuse ST segment elevation involving all leads except leads aVR and aVL. There also is T wave inversion
in most of the leads, with prolongation of the QT interval. The pattern suggests the possibility of acute pericarditis, but pro-
longation of the QT interval is evidence against the diagnosis. At autopsy there was extensive cerebral atherosclerosis, with
scattered large infarcts in the cerebral and cerebellar hemispheres and pons. Although there also was generalized atheroscle-
rosis of the coronary arteries, there was no evidence of pericarditis or myocardial infarction.
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Figure 22–23 Head injury in a 73-year-old man with fracture of the skull. The tracings were recorded after the patient
underwent craniotomy with evacuation of epidural, subdural, and left temporal lobe hematoma. There are frequent prema-
ture ventricular complexes, with periods of bigeminal rhythm. The tracing on 5/19/70 shows sinus tachycardia and left ante-
rior fascicular block. There are QS complexes in leads V1 and V2. ST segment elevation and wide and inverted T waves are
present in all the precordial leads except lead V1, which shows an upright T wave. It was uncertain whether these abnorm-
alities were due to the original head injury or the intracranial surgical procedure. The tracing on 5/21/70 shows the appear-
ance of R waves in leads V1 and V2, and the ST and T wave changes have much improved. At autopsy the heart showed left
ventricular hypertrophy, with 60 percent narrowing of the left circumflex coronary artery. No evidence of myocardial infarc-
tion was found.
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AV junctional rhythm, premature ventricular
complexes (Figure 22–23), and ventricular tachy-
cardia.78 Chou79 observed the development of
atrial fibrillation after head injury in a few young
persons.
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 T Wave Abnormalities

Secondary T Wave Abnormalities

Primary T Wave Abnormalities
Uniform Changes in the Shape or
Duration of Ventricular APs

Asynchronous Repolarization
Ischemic and Postischemic T Wave
Abnormalities

Pericarditis
Myocardial Disease Processes
Mitral Valve Prolapse Syndrome and
Floppy Mitral Valve

Diffuse (“Global”) T Wave Inversion
Isolated T Wave Inversion in Adults
Apparent Dysfunction of the Autonomic
Nervous System

Fear, Anxiety, and Nervous Tension
Hyperventilation
Orthostatic Abnormalities
Miscellaneous Primary T Wave
Abnormalities

Rapidly Reversible T Wave
Abnormalities

Concomitant ST-T Abnormalities

Nonspecific ST and T Abnormalities

Computerized Analysis of T Wave
Morphology and Spatial Orientation
of the T Wave
Of all the components of the electrocardiogram
(ECG), the T wave has the greatest potential for
misinterpretation because the line dividing nor-
mal from abnormal is not sharp, and structural
and functional disturbances can cause similar
patterns of abnormal repolarization.

Cellular electrophysiology has contributed to the
understanding of normal and abnormal ventricular
repolarization.1 The shape of the normal Twave is
largely determined by the asynchrony of phase 3
of the ventricular acti on potentials (see Figure 1–1).
Consistent with the smooth course of the ventricu-
lar actional potential (AP), the T wave is smooth
and rounded, and it contains little frequency con-
tent in excess of 10 cycles per second. The charac-
teristic form of the T wave helps differentiate
between the Twave and the P wave, which usually
displays notches that are indicative of higher-fre-
quency components. When the Twave is notched
in the precordial leads, however, a second summit
may be as pointed as a P wave component.

The Twave abnormalities are classified as pri-
mary and secondary (Table 23–1). The concept
of a ventricular gradient (see Chapter 1) allows
one to define the primary and secondary T wave
abnormalities according to their independence
of or dependence on changes in the QRS com-
plex.2,3 The area of the primary T wave is equal
to the ventricular gradient, and the primary
T wave describes variations of the ventricular
gradient as a function of time.4

A secondary T wave is a deflection that would
follow a givenQRS complex if ventricular recovery
properties were uniform. In theory, secondary
Twave abnormalities can be recognized bymeasur-
ing the ventricular gradient planimetrically.
Secondary T Wave Abnormalities

Secondary Twave abnormalities can be expected
under any conditions of an altered depolarization
sequence. An instructive example of secondary
T wave changes is shown in Figure 20–2 . In pra c-
tice, the recognition of secondary Twave abnorm-
alities is not difficult when the T wave vector
deviates opposite to that of the main QRS vector
in the presence of ventricular hypertrophy or left
bundle branch block (LBBB) patterns, opposite
the slow terminal QRS component in the presence
of right bundle branch block (RBBB), and oppo-
site the delta wave in the presence of the ventricu-
lar preexcitation pattern (see Figure 20– 2).
However, recognition of the secondary T wave
abnormalities may be difficult in the presence of
conditions that generate both primary and sec-
ondary T wave abnormalities. The secondary
T wave abnormalities caused by left ventricular
hypertrophy reflect an abnormally wide QRS/T
angle in both the frontal and horizontal planes in
the presence of an unchanged ventricular gradi-
ent. During typical evolution of the left ventricu-
lar “strain” pattern, the phase of Twave lowering
precedes the stage of inversion (see Chapter 3).
Differences between the shape of the secondary
and primary Twave changes in the same patient
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are shown in Figure 23–1. In the typical pattern of
right ventricular hypertrophy, the QRS/T angle is
wide and the T wave is upright in the leads in
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TABLE 23–1 Classification of T Wave Abnormalities

From Surawicz B: The pathogenesis and clinical significance of primary Twave abnormalities. In: Schlant R, Hurst JW (eds):
Advances in Electroradiology. Orlando, Grune & Stratton, 1972.
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Figure 23–1 Differences between the shape of the secondary and primary T wave changes on the ECG of a 70-year-old
man with hypertensive and coronary artery disease. A, Typical secondary ST segment and T wave changes in the presence
of a left ventricular hypertrophy pattern. The ST segment is upsloping and slightly elevated in the right precordial leads and
downsloping in the left precordial leads. The T wave is upright in leads V1–V3, notched in transitional lead V4, and
inverted in leads V5 and V6. U wave polarity is concordant with the T wave polarity. B, ECG recorded the next day after
an episode of chest pain associated with cardiac enzyme elevation. The QRS complex is practically unchanged, but the T
wave is inverted in all precordial leads. Typical of the primary T wave changes caused by myocardial ischemia, the ST
segment remains nearly flat, and is followed by a terminal T wave inversion. The QTc interval increased from 404 ms
in A to 466 ms in B.

55723 � T Wave Abnormalities
pattern that is prevalent in patients with ische-
mic heart disease is sometimes referred to as a
“coronary T wave.” Typically, the ST segment is
not displaced, the T wave vector is abnormal,
the angle between the ascent and the descent is
more acute (pointed configuration), and the
QTc interval is prolonged. (See also Chapters 7
to 9.)
PERICARDITIS
The primary Twave changes seen with pericardi-
tis are discussed in Chapter 11.
MYOCARDIAL DISEASE PROCESSES
The T wave abnormalities in patients with non-
ischemic cardiomyopathies are usually secondary
to QRS abnormalities produced by ventricular
hypertrophy. Sometimes, however, primary T
wave abnormalities precede changes in the QRS
complex.6 Coltart and Meldrum7 found that
the ventricular AP from a muscle band excised
from the heart of a patient with hypertrophic
obstructive cardiomyopathy had a slow slope of
phase 3 and 498-ms duration compared with an
average 308-ms duration of the ventricular action



Figure 23–2 Differences between secondary (8/6/79)
and primary T wave changes (8/3/79) on the ECG of a
patient with left bundle branch block and myocardial
infarction. The differences are similar to those described
for Figure 23–1 and are best seen in leads II, V4, and V5.
(From Surawicz B: ST-T abnormalities. In: MacFarlane
PW, Lawrie TD [eds]: Comprehensive Electrocardiology.
New York, Pergamon, 1989.)
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potential in eight control human subjects. This
observation explains the primary T wave abnor-
malities and prolonged QTc in patients with
obstructive cardiomyopathy.

Several conditions associated with primary
T wave changes in patients with myocardial
damage are discussed in Chapter 9.
MITRAL VALVE PROLAPSE SYNDROME
AND FLOPPY MITRAL VALVE
The most typical ECG abnormalities in patients
with mitral valve prolapse are flattening or inver-
sion of T waves in leads II, III, and aVF with or
without ST segment depression. They occur in
15 to 42 percent of patients in the larger
reported series8–10 and often resemble T waves
caused by myocardial ischemia. In some
patients, similar changes are present in the left
precordial leads (Figure 23–3). T wave changes
in the right precordial leads were reported
to be associated with prolapse of both leaflets.9

Diffuse T wave inversion (see later discussion)
has also been described but is uncommon. Spon-
taneous variations of the T wave may occur, and
normalization by exercise is not uncommon.8,10

Exercise may precipitate a horizontal ST segment
depression in patients with normal coronary
arteriograms.8,11 A false-positive response to
exercise was found in 53 percent of patients with
the syndrome and chest pain.12

The genesis of the T wave abnormalities is
unclear. It is conceivable that they are caused
by prolonged repolarization in the abnormal left
ventricular ridge described for this syndrome.13

Primary T wave abnormalities frequently occur
also in patients with mitral insufficiency caused
by a floppy mitral valve in Marfan syndrome.14
DIFFUSE (“GLOBAL”) T WAVE
INVERSION
The term “diffuse inversion” is applied when the
T wave is inverted (and often symmetric) in all
standard leads except aVR, although leads V1, III,
and aVL are occasionally spared (Figure 23–4).
The term “global” was used by Walder and Spo-
dick,15 who found such a pattern in 100 cases
among the approximately 30,000 consecutive
routine ECGs they interpreted. Among these
patients, 82 were women and 18 were men. The
QTc interval was prolonged. The most common
causes were myocardial ischemia and central ner-
vous system disorders. Other conditions included
pericarditis, myocarditis, apical hypertrophic car-
diomyopathy, cardiac metastases, carotid endar-
terectomy, cocaine abuse, and pheochromocytoma.
In some cases, no associated condition was appar-
ent. After following these cases for up to 11 years,
Walder and Spodick16 concluded that the long-term
prognosis depended on the underlying or associated
disease and that the striking diffuse Twave changes
per se do not imply a poor prognosis. Brscic et al.17

reported a series of 17 patients (all women) with
global T wave inversion with “ischemic” chest
pain, normal coronary arteriograms, and intact left
ventricular function. In another series of nine
patients (seven women), the pattern was associated
with acute cardiogenic but nonischemic pulmonary
edema.18 The ECG changes gradually resolved
within 1 week and had no immediate prognostic
implications.



Figure 23–4 ECG of a 78-year-old woman admitted to the hospital with dyspnea and pulmonary congestion. Note the
typical pattern of “global” T wave inversion with prolonged QTc (527 ms). Myocardial infarction was ruled out by the
absence of cardiac enzyme elevation. Echocardiography and left heart catheterization revealed normal dimensions of
cardiac chambers and no wall motion abnormalities; coronary angiography showed no obstructive disease.

Figure 23–3 Mitral valve prolapse syndrome in a 12-year-old asymptomatic boy. A mid-systolic click and a late systolic
murmur were heard in the mitral area. Rhythm strips showed frequent premature supraventricular complexes. The 12-lead
ECG shows T wave inversion in the inferior leads and leads V3–V6 and prominent U waves.
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The pattern of global T wave inversion does
not differ substantially from the pattern of the
giant negative T waves seen most often with
myocardial ischemia, subarachnoid hemorrhage,
and apical cardiomyopathy with a spade-like
configuration of the ventricle (see Chapter 12).
It has been reported that the characteristic giant
T wave pattern may appear at an early stage of
the disease, before the appearance of the spade-
like configuration.19 Another cause of global
T wave inversion is the presence of a 2:1
advanced or complete atrioventricular (AV)
block (Figure 23–5).
ISOLATED T WAVE INVERSION
IN ADULTS
Another rare variant is an isolated negative
T wave in the mid-precordial leads V3 and V4.
In such cases the T wave tends to be diphasic
rather than frankly negative. This pattern some-
times occurs in the absence of heart disease.
Under these circumstances the region in which
the T wave is abnormal over the precordium is
small, and small downward electrode shifting
usually reveals an upright T wave.

In a series of 86 consecutive patients with
isolated T wave inversion reported by Okada



Figure 23–5 Marked T wave inversion and QTc prolongation (604 ms) in an asymptomatic 88-year-old man with com-
plete atrioventricular block.
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et al.,20 23 had no symptoms and represented a nor-
mal variant. The remaining 63 patients had chest
pain. Among the latter, 19 were considered to rep-
resent a normal variant, whereas most of the others
had coronary artery disease. The presence or
absence of structural heart disease could be differ-
entiated by recording additional precordial leads.
In the absence of heart disease, the area of negative
Twaves extended rightward and downward and in
patients with heart disease leftward and upward.20
APPARENT DYSFUNCTION OF THE
AUTONOMIC NERVOUS SYSTEM
The ECG pattern associated with cerebrovascular
accidents is discussed in Chapter 22. Other Twave
abnormalities in patients with various dysfunc-
tions of the autonomic nervous system are proba-
bly caused by the effects of nonhomogeneous
sympathetic stimulation on ventricular repolari-
zation.21 Such a mechanism may explain T wave
abnormalities preceding hypertensive crises in
patients with pheochromocytoma or abnormalities
from adrenal or pituitary insufficiency21 (see
Chapter 12), as well as diffuse T wave abnormal-
ities occurring occasionally after electroconvulsive
therapy.22

Visceral reflexes are believed to be responsible
for the rapidly reversible Twave changes present
in some patients with acute abdominal processes
(cholecystitis, peritonitis, appendicitis, pancre-
atic necrosis, and ileus).3 These ECG abnormal-
ities may simulate myocardial ischemia in
patients with pathologic conditions of the heart
and coronary vessels.23,24 T wave abnormalities
in patients with acute and subacute pancreatitis
are caused in some cases by pericarditis or myo-
cardial necrosis induced by circulating enzymes
from the damaged pancreas.6
FEAR, ANXIETY, AND NERVOUS
TENSION
Fear (especially fear of operation), anxiety, worry,
longing suggested by hypnosis, and other emo-
tional factors may produce Twave abnormalities
in persons without heart disease.6 It has been
shown that Twave abnormalities in anxious sub-
jects may disappear after reassurance and rest,
even without a change in the heart rate.

Several studies have reported Twave abnorm-
alities in a vaguely defined syndrome of neuro-
circulatory asthenia (NCA) characterized by
tachycardia, hyperventilation, labile blood pres-
sure, and low effort tolerance (i.e., characteris-
tics of many subjects with mitral valve prolapse
syndrome). However, it has been shown conclu-
sively that NCA is not associated with a charac-
teristic ECG pattern.6
HYPERVENTILATION
The effect of hyperventilation on the ECG has
been studied predominantly in subjects with
normal ECGs at rest before a stress test is done
to detect myocardial ischemia. Hyperventilation
causes predominantly transient Twave inversion
in leads with an upright T wave and sometimes
ST segment depression. The incidence of T wave
abnormalities varies depending on the duration
and vigor of the hyperventilation and the
number of recorded leads.25
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Biberman et al.26 found that Twave inversion
was present in all normal volunteers studied dur-
ing the early stage of vigorous hyperventilation,
but not during the late stage of rapid hyperventila-
tion or during prolonged slow hyperventilation
(Figure 23–6). Biberman et al.26 showed that the
T wave abnormalities produced by hyperventila-
tion could not be attributed to alkalosis; changes
in the plasma sodium, potassium, or magnesium
concentrations; or changes in heart position. The
T wave abnormalities produced by hyperventila-
tion were always accompanied by tachycardia
but could not be attributed solely to a critical
increase in heart rate. This conclusion is in agree-
ment with previous studies in which the T wave
became inverted after hyperventilation but
remained upright when tachycardia was induced
by exercise,27,28 intravenous administration of
propantheline, or breathing air containing 5
percent CO2.

29,30

Transient T wave inversion during hyperven-
tilation is similar to the transient T wave
abnormalities during isoproterenol infusion26

and can be explained by an asynchronous
shortening of ventricular repolarization during
the early phase of sympathetic stimulation.
In keeping with this hypothesis are the observa-
tions that T wave abnormalities produced by
Figure 23–6 Simultaneously recorded electrocardiographic
various intervals after 30 seconds (sec) of vigorous hyperventilat
16 to 17 seconds after HV. (From Biberman L, Sarma RN, Sura
isoproterenol infusion. Am Heart J 81:166, 1971.)
hyperventilation can be prevented by pretreat-
ment with propranolol31,32 while maintaining
the heart rate at which hyperventilation caused
T wave abnormalities.31

Unlike the Twave inversion that may be con-
sidered a physiologic finding, the ST segment
depression observed occasionally during short-
or long-lasting hyperventilation may be asso-
ciated with myocardial ischemia, although it
appears also in subjects without coronary artery
disease. Therefore it should be evaluated in
the same manner as the exercise-induced or
postexercise-induced ST segment depression.33–35
ORTHOSTATIC ABNORMALITIES
In the upright position the ventricular gradient
decreases, the QRS/T angle widens,36 and Twave
changes occur in most young individuals.37 How-
ever, the incidence of unequivocal orthostatic
T wave abnormalities varies among patient
groups. Lepeschkin and Surawicz38 found an
abnormal orthostatic ECG in only 3 percent of
individuals with a negative exercise test but
in 30 percent of subjects with junctional ST
segment depression and in 23 percent of patients
with ischemic heart disease and a positive exercise
test. In patients with NCA, orthostatic T wave
leads V1–V6 in a 21-year-old woman before (Rest) and at
ion (HV). The T wave is inverted early but becomes upright
wicz B: T wave abnormalities during hyperventilation and
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abnormalities occurred in 43 percent of women
and 30 percent of men.39

Transient orthostatic Twave abnormalities have
been attributed to increased sympathetic activity.40

Intravenous administration of propranolol pre-
vents orthostatic T wave abnormalities.6 Suppres-
sion of the orthostatic changes by b-adrenergic
blocking drugs does not result solely from the
decrease in heart rate.32
MISCELLANEOUS PRIMARY T WAVE
ABNORMALITIES
Postprandial Abnormalities

A decrease in Twave amplitude or Twave inver-
sion in leads I, II, and V2–V4 occurs frequently
within 30 minutes after a meal of about 1200
calories.41 Postprandial T wave abnormalities
occurred in 3.9 percent of 2000 young, healthy
airmen.42 These abnormalities may arise from
lowering of the plasma potassium concentration,
tachycardia, and possibly sympathetic stimula-
tion. It has been shown that various nonspecific
T wave abnormalities may disappear when the
ECG is recorded after fasting.43
Injection of Ionic Contrast Material
into Coronary Arteries

Injection of ionic contrast material into coronary
arteries produces transient prolongation of the
QTc interval and changes in Twave morphology.
These T wave changes are sometimes associated
with prolongation of the QRS complex, but in
most cases they are primary. As a rule, the
Figure 23–7 Postextrasystolic T wave inversion in a person w
for premature ventricular complexes. (From Surawicz B: ST-T ab
hensive Electrocardiology. New York, Pergamon, 1989.)
Twave vector is directed away from the area per-
fused by the contrast material.44 These T wave
changes have been attributed to the regional pro-
longation of repolarization caused by the high
sodium concentration in the contrast medium44

or the medium’s calcium-binding properties.
Shabetai et al.45 showed that transient T wave
abnormalities that occur during injection of con-
trast into the right coronary artery were associated
with prolongation of the ventricular monophasic
action potential (MAP) in the right ventricle with-
out changes in MAP in the left ventricle.45

Postextrasystolic Abnormalities

The cause of occasional primary Twave changes
in the first and sometimes also the second or
third postextrasystolic complex is not known
(Figure 23–7). The association of postextrasysto-
lic Twave inversion with prolongation of the QT
interval46 suggests asynchronous repolarization
during adjustment to a new cycle length. The
postextrasystolic T wave changes apparently
occur more frequently in patients with heart dis-
ease than in those without it,46–48 but the reason
for this association is not obvious.

Posttachycardia Abnormalities

In about 20 percent of patients with paroxysmal
tachycardia, the normal upright Twave becomes
inverted for hours or days after termination of
the episode3 or interruption of tachycardia by
ablation.49 This may occur after ventricular or
supraventricular tachycardia and is unrelated
to the age of the patient or to the presence or
ith no evidence of heart disease and a normal ECG except
normalities. In: MacFarlane PW, Lawrie TD [eds]: Compre-
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absence of heart disease.6 The abnormalities often
persist longer than would be expected on the
basis of physiologic adjustment to the new cycle.
The mechanism is probably similar to that of the
postpacing, post-LBBB, and post-preexcitation
abnormalities (see following discussion).
Figure 23–8 Assumed postpacing T wave abnormalities in a
pacing. The presently inverted T waves were upright before pac
events.

Figure 23–9 Assumed postpacing T wave abnormalities. ECG
ventricular pacemaker show atrial fibrillation with both paced an
block. In the nonpaced complexes, the T waves are deeply in
upright in the left precordial leads.
Right Ventricular Pacing

Ventricular pacing frequently produces T wave
inversion in the nonpaced sinus complexes
(Figures 23–8 and 23–9). These T wave changes
occur without any change in the QRS duration.
The Twave abnormalities increase with increased
85-year-old man after 1.5 years of intermittent ventricular
emaker implantation, and there were no intervening cardiac

precordial leads of a 69-year-old man with an implanted
d nonpaced ventricular complexes and right bundle branch
verted. Before pacemaker implantation, the T waves were
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duration of pacing and the amount of energy
applied during pacing. The site of stimulation
determines the vector of the Twave. After pacing
the endocardial surface of the right ventricle, or
the epicardial surface and apex of the left ventricle,
abnormal T waves appear predominantly in leads
II, III, and V3–V5; but after pacing the right ventric-
ular outflow tract, the T wave inversions occur
mainly in leads V1 and V2.

50 In some cases, Twave
abnormalities persisted for 1 to 2 years after termi-
nation of the pacing. Twave changes do not appear
after atrial pacing or after ventricular pacing during
the ventricular refractory period.50 Thus the
T wave abnormalities appear to be related to the
presence of abnormal depolarization in the stimu-
lated area. Goyal et al.51 noted that changes in
T wave morphology correlated with changes in
the monophasic AP morphology at the right ven-
tricular septum and that the lingering effects on
the repolarization process were evident after pac-
ing episodes as brief as 1 minute.51

Shvilkin et al.52 found that the combination of a
positive Twave in lead aVL, positive or isoelectric
T wave in lead I, and maximal precordial T wave
inversion greater than Twave inversion in lead III
had a 92% sensitivity and 100% specificity for
Twave abnormalities following pacing right ventri-
cleat theapex,presumablybecausesuchdistribution
of T wave abnormalities is not likely to be caused
bymyocardial ischemia or myocardial infarction.

LBBB and Ventricular Preexcitation

Transient T wave abnormalities have been
observed for variable periods of time after the
disappearance of LBBB53 or ventricular preexci-
tation.54 In patients with preexcitation, T wave
abnormalities persisted for days, weeks, and
some times up to 3 months (see Figure 20– 9 ).
The incidence of transient T wave abnormalities
and the magnitude of the T wave abnormalities
increase with increasing degree of preexcitation
(i.e., the duration of the preexcited QRS com-
plex).55,56 No T wave abnormalities occurred in
patients with concealed AV bypass conducting
only in the retrograde direction. The pattern of
primary Twave changes produced by ventricular
preexcitation depends on the location of the
accessory pathway connections. The septal and
posterior connections are associated with more
prominent anteriorly directed Twave deflections
(i.e., increased amplitude of the T wave in the
right and mid-precordial leads) and deviation
of the T wave vector superiorly (i.e., negative
Twaves in leads II, III, and aVF). The left lateral
connections are associated with rightward devia-
tion of the T wave in the frontal plane (i.e.,
Twave inversion or flattening in the left “lateral”
leads).57 The distribution of body surface poten-
tials studied before and 1 day and 1 week after
ablation of accessory pathways strongly suggests
that the transient Twave abnormalities after ces-
sation of preexcitation are caused by AP prolon-
gation over the preexcited area58 and that
substantial recovery of action potential duration
takes place within 1 week after the ablation.58

The gradual disappearance of primary Twave
abnormalities following normalization of intraven-
tricular conduction has been considered a possible
manifestation of repolarization “memory.” This
implies that the abnormal sequence of activation
is “remembered” for some time after return to a
normal activa ion pattern.53 Another term applied
to describe such a phenomenon is “electrical
remodeling.” It is of interest that similar abnormal-
ities have not been recorded in patients with
intermittent RBBB.

Normal Variants and Unexplained
T Wave Abnormalities

Abnormalities of the T wave have been found in
0.5 to 2.0 percent of normal persons in various
population groups.6 In a study of 122,043 men
without heart disease, aged 16 to 50 years, Hiss
and Lamb59 found a 1.15 percent overall inci-
dence of T wave abnormalities, with the highest
incidence in the youngest and the oldest age
groups. T wave abnormalites occurred most fre-
quently in the lateral precordial leads. Fisch60

found no ST or Twave abnormalities in 776 nor-
mal individuals younger than age 25 years,
whereas 15.7 percent of normal persons older
than 65 years had abnormal T waves.
RAPIDLY REVERSIBLE T WAVE
ABNORMALITIES
“Rapidly reversible T wave abnormalities” char-
acterizes a category of primary Twave abnormal-
ities that disappear spontaneously with a change
in posture or heart rate or within minutes after
administering potassium or catecholamines. Such
changes may be present only at a slow heart rate
or only at a rapid heart rate, or they may be inde-
pendent of the heart rate.

T Wave Abnormalities Reversed
by an Increase in Heart Rate

In certain subjects without heart disease, primary
T wave abnormalities appear only at normal
or slow heart rates and disappear after a certain
critical increase in heart rate with exercise, hyper-
ventilation, pacing, or administration of atropine



Figure 23–10 ECG leads V4 and V5 of a 55-year-old man with diabetes mellitus, increased left ventricular end-diastolic
pressure, and a normal coronary arteriogram recorded before (control) and during atrial pacing and during pacing and
isoproterenol (ISP) infusion. The normalization of T waves after ISP cannot be attributed to the increase in heart rate. The
QT interval during pacing without ISP is 320 ms and that during pacing with ISP is 340 ms. (From Daoud F, Surawicz B,
Gettes LS: Effect of isoproterenol on the abnormal T wave. Am J Cardiol 30:810, 1972.)
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or isoproterenol. This type of purely rate-depen-
dent T wave abnormality can be identified most
conclusively with atrial pacing because the rate-
dependent effects of exercise, hyperventilation,
and isoproterenol may be attributed to the sympa-
thetic stimulation. The suppression of T wave
abnormalities by atropine more likely results from
a nonspecific increase in heart rate than from the
vagolytic action of the drug because, in persons
with normal T waves, atropine tends to decrease
the Twave amplitude.

T Wave Abnormalities Reversed
by a Decrease in Heart Rate

Various nonspecific Twave abnormalities are often
associated with tachycardia and disappear when
the heart rate slows.6 It has been reported that intra-
venous administration of 10 to 20 mg propranolol
abolishes ST segment and T wave abnormalities
and prevents orthostatic and exercise-induced
changes in patients with Twave abnormalities aris-
ing from myocardial ischemia or myocarditis.61
Rapidly Reversible Rate-Independent
T Wave Abnormalities

A moderate increase in the potassium concentra-
tion can change an abnormally low or negative
T wave to an upright T wave without a change
in heart rate. During the 1950s a diagnostic test
consisting of administration of about 10 g of
potassium salts orally was employed to differen-
tiate between the irreversible T wave abnormal-
ities produced by structural heart disease and
the reversible Twave changes attributed to func-
tional and nonspecific Twave abnormalities. The
test proved to be unsafe.

A safer but more cumbersome test that can be
used for the same purpose consists of intravenous
administration of isoproterenol. In the study of
Daoud et al.,62 isoproterenol was administered at
a rate of 2 to 6 mg/min for 30 to 90 seconds to 80
patients with various T wave abnormalities. The
isoproterenol infusion increased the heart rate by
27 to 55 (average 37) beats/min. In patients with
secondary T wave abnormalities arising from
hypertrophy and bundle branch block and in
patients with primary T wave abnormalities after
myocardial infarction or pericarditis, adminis-
tration of isoproterenol altered only the amplitude,
not the polarity, of the Twave. In patients (with or
without heart disease)with various primaryTwave
abnormalities and a normal QRS complex, isopro-
terenol transiently shifted the abnormal T wave
vector to the left and anteriorly by 60 to 180
degrees and “normalized” the ECG (see Figure
12-26). These changes did not result from an
increase in heart rate because they did not occur
after a similar increase in heart rate by atropine or
pacing (Figure 23–10).63 The results of this study
help us understand the fairly common occurrence
of T wave normalization during exercise-induced
tachycardia.
Concomitant ST-T Abnormalities

As a result of the differences in the underlying
mechanisms at the cellular level, the behavior
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of the ST segment and the T wave differ from
each other in a variety of conditions discussed
earlier. An example is myocardial ischemia,
which frequently produces both ST segment
and T wave changes, although the ST segment
changes may occur without T wave changes
and vice versa.

Despite the fundamental differences in the
genesis of the ST segment and the T wave, elec-
trocardiographers frequently use the expression
“ST-T changes” to describe the patterns asso-
ciated with the alterations of one or both of
these two repolarization components. One rea-
son for applying this term may be the lack of a
distinct point of demarcation between the end
of the ST segment and the onset of the T wave.
Another reason is that the ST segment and the
T wave abnormalities commonly coexist in the
presence of secondary repolarization abnormal-
ities (e.g., left ventricular hypertrophy or LBBB)
or when primary repolarization abnormalities
affect both the plateau and phase 3 of repolariza-
tion (e.g., effect of digitalis and type IA antiar-
rhythmia drugs). Nevertheless, in a variety of
other situations the ECG diagnosis gains in pre-
cision when the ST segment, Twave, and U wave
are analyzed as separate components rather than
as a single complex of “repolarization.”
Nonspecific ST and T Abnormalities

Ventricular repolarization changes are probably
the most common ECG abnormalities. Their
diagnostic usefulness, however, is often curtailed
owing to the perceived notion of low specificity
reflected in the commonly used terms “nonspe-
cific repolarization abnormalities” and “nonspe-
cific ST, T, or ST-T changes.” These terms are
appropriate when the interpreter is unable to
render an opinion because it carries a risk of
being incorrect, but they deprive the clinician
of useful information when a specific cause can
be suggested with a high degree of probability.
The interpretation of abnormal ventricular repo-
larization can be facilitated by using available
clinical information and by noting the following
suggestions:

1. Define whether the abnormalities affect
only the ST segment, only the T wave, or
both.

2. Assess the abnormality as slight, moderate,
or marked.

3. Based on the analysis of the QRS complex
and the contour of the ST segment and
T wave changes, determine whether the
changes are likely to be secondary to
hypertrophy and an intraventricular con-
duction disturbance.

4. Assume that terminal T wave inversion
without deviation of the ST segment from
the baseline is probably a primary abnor-
mality that often indicates acute or chronic
myocardial ischemia.

5. Consider that the probability of myocar-
dial ischemia is increased when: (1) a pat-
tern of progression or regression can be
detected in serial tracings; (2) a constella-
tion of leads suggests possible localization
of the ischemic region; (3) the QTc inter-
val is considerably prolonged; and (4) the
U wave is inverted.

6. Consider that secondary and primary
T wave changes can coexist.

7. Consider that tachycardia alone can pre-
cipitate both ST segment depression and
T wave abnormalities.

8. Remember that a negative Twave may rep-
resent a normal finding in leads III, aVL,
and V1. Moreover, a negative T wave in
lead V2 may represent a normal “juvenile”
pattern in young adults.

9. Consider that marked QT lengthening
associated with ST segment depression
and fusion of the T and U waves may
reflect a drug effect or hypokalemia.

When no clues are available to suggest a spe-
cific diagnosis or a cause of the abnormality, it
is appropriate to characterize the undiagnosed
abnormalities as nonspecific. When such abnorm-
alities are minimal or slight, it is appropriate to
acknowledge this in the report. In theUnited States
and other countries with a high prevalence of
ischemic heart disease, the presence of moderate
or marked primary T wave abnormalities in the
adult population should be considered probable
manifestations of ischemic heart disease. In my
opinion, the diagnostic usefulness of the ST seg-
ment and T wave abnormalities improves when
the interpretations are couched in terms of proba-
ble specificity, rather than placing the emphasis
on the absence of specific findings.
Computerized Analysis of T Wave
Morphology and Spatial
Orientation of the T Wave

The widely perceived failure of QT dispersion in
the 12-lead ECG as a prognostic marker of car-
diac events in clinical practice spawned studies
testing alternative ways to characterize the non-
homogeneity of ventricular repolarization. Several
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approaches aided by computer-basedmethodology
have been undertaken to characterize the mor-
phology and the spatial orientation of abnormal T
waves. The details of methods analyzing various
descriptors of T wave morphology,64,65 T wave
complexity derived from principal component
analysis,66 Twave axis deviation,67 and the shape
of the Twave loop68 are beyond the scope of this
textbook inasmuch as the practical usefulness of
this information must await the passage of time.
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 QT Interval, U Wave
Abnormalities, and Cardiac
Alternans

QT Interval
Prolonged QT Interval
Congenital Long QT Syndrome
Acquired Bradyarrhythmias
Cerebrovascular Accident
Antiarrhythmic and Psychotropic Drugs
Poisoning with Organophosphorous
Compounds

Metabolic Disturbances
Obesity, Weight Loss, Dieting
Prolonged QTc and Myocardial Damage
Predictive Value of QT Interval in Heart
Disease

QT Interval and Ischemic Heart Disease
Mitral Valve Prolapse
Miscellaneous Conditions
Short QT Syndrome (SQTS)

Abnormal U Wave
Negative U Wave
Increased Amplitude of Upright U Wave

T Wave and U Wave Fusion in the
Presence of a Prolonged QT Interval

Nomenclature for Prolonged QT Interval
in the Presence of Suspected T Wave
and U Wave Fusion

Electrical Alternans
Alternans of T Wave, U Wave, and QT
Interval

Alternans of Conduction
Atria
Atrioventricular Junction
Bundle Branches and Distal Conduction
System

AV Accessory Pathways
Alternans Associated with Myocardial
Ischemia

ECG Alternans in Association with
Cardiac Motion

Clinical Significance of Electrical
Alternans
QT Interval

The normal QT interval is discussed in Chapter 1.
A recently published distribution of QTc values
in apparently healthy persons is shown in
Figure 24–1. Abnormal shortening of the QTc
interval results from a shortened or absent ST seg-
ment. Shortening of the QTc is seldom recognized
and, except for a hypercalcemia and digitalis effect,
has not played a role in clinical practice. Recently,
however, a syndrome of short QT associated with
sudden death became recognized as a distinct
channelopathy (see later discussion).

Lengthening of the QT interval, however, is a
common finding of undiminished theoretic and
practical interest. Such lengthening may be
caused in part or exclusively by increased QRS
duration, but the subsequent text deals only
with the conditions associated with predominant
or exclusive lengthening of repolarization.
PROLONGED QT INTERVAL
Clinical manifestations of a prolonged QT interval
can be divided into those that result in: (1) marked
QTc prolongation (i.e.,>125 percent of the average
normal value) (Table 24–1); and (2) moderate QT
prolongation (i.e., approximately 115 to 125 per-
cent of the average normal value) (Table 24–2).
Several reported causes of minor and inconsistent
QTc prolongation are considered separately. Subdi-
vision into these categories is based exclusively on
personal experience and is not categoric. Each of
the conditions that can causemarkedQT prolonga-
tionmay also cause less or noQTprolongation. The
conditions listed as causingmoderateQT prolonga-
tion in Table 24–2 seldom cause QT prolongation
asmarked as do the conditions in Table 24–1. Thus
the conditions listed in Tables 24–1 and 24–2 may
be used as guidelines for the differential diagnosis
when confronted with marked or moderate QTc
prolongation of uncertain origin.
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Figure 24–1 QTc values in 12,012 healthy persons. (With permission of authors and publishers in Gallagher MM,
Magliano G, Yap YG, et al: Distribution and prognostic significance of QT intervals in the lowest half centile in 12,012
apparently healthy persons. Am J Cardiol 98:933, 2006.)

TABLE 24-1 Causes of Marked QT
Lengthening* (>125%)

Congenital
Neurogenic, including organophosphorus
Severe hypothermia
Hypokalemia
Severe hypocalcemia
Fad diets
Contrast injections into coronary artery
Antiarrhythmic drugs classes IA and III
Severe bradycardia, atrioventricular block (see
Figure 24–5), myocardial ischemia,
postresuscitation, unexplained (occasionally)**

*Excluding that secondary to QRS widening.
**Probably predominantly neurogenic.

TABLE 24-2 Causes of Moderate QT
Prolongation* (115–125%)

Postischemic, transmural, and nontransmural
myocardial infarction

Various cardiomyopathies and after cardiac
surgical trauma

Moderate hypokalemia and hypocalcemia
Class IA and III antiarrhythmic agents,
tranquilizers

Hypothyroidism and pituitary insufficiency
Neurogenic or unexplained (occasionally)

*Excluding that secondary to QRS widening.
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CONGENITAL LONG QT SYNDROME
Familial prolongation of the QT interval asso-
ciated with congenital deafness and sudden
cardiac death due to ventricular arrhythmia was
first reported by Jervell and Lange-Nielsen of
Norway.1 This condition is autosomal recessive
and is less common and more severe2 than
the subsequently described autosomal-dominant
congenital long QT syndrome associated with
sudden death and normal hearing reported in
families in Ireland3 and Italy4,5 (Romano-Ward
syndrome).

The natural history of the disorder is extremely
variable, the appearance of symptoms is sporadic
and unpredictable, and the duration of theQTinter-
val undergoes marked spontaneous variations
(Figure 24–2). Numerous clinical observations of
ventricular arrhythmia have shown that syncope
and sudden death are provoked by increased sym-
pathetic stimulation and emotional stress, such as
fright1,6 or startling noises (Figure 24–3). In some
cases, continuous recordings are available7–9 that
show prolongation of the QT interval precipitated
by noxious psychic stimuli and the concomitant
appearance of ventricular premature complexes
and ventricular tachycardia degenerating into
ventricular fibrillation. Evidence for autonomic
dysfunction in patients with long QT syndrome
include a reported inability to increase the heart rate
appropriately with exercise10–12 or after administra-
tion of atropine13 and inappropriate adjustment of
the QT interval to tachycardia induced by exercise
orduring theValsalvamaneuver.14–17 Suchdysfunc-
tion does not occur uniformly in all patients.



Figure 24–2 ECGs on different days from a 15-year-old
girl with congenital long QT syndrome. The QT lengthen-
ing is much greater in A than in B, although the heart rates
are similar. (From Surawicz B, Knoebel SK: Long QT,
good, bad, and indifferent. J Am Coll Cardiol 4:398,
1984.)
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Syncope and sudden cardiac death are caused
usually by the characteristic polymorphous ven-
tricular tachycardia (torsade de pointes) or
ventricular fibrillation. These arrhythmias occur
in the setting of large dispersion of ventricular
repolarization18,19 and are precipitated usually
by a ventricular premature complex interrupting
the Twave.4,13,20–23

It has been suspected for some time that congen-
ital long QTsyndrome (LQTS) was an abnormality
of ion channel proteins that control the duration of
the ventricular action potential; that is, potassium
channel block or prolonged inactivation of the
sodium channel (i.e., a leaky sodium channel).

During the early 1990s a linkage was identified
between the LQTS phenotype and abnormalities
at several chromosomal locations. Keating
et al.24 analyzed the DNA of members of multi-
ple families from the international registry of
congenital LQTS and found mutations in two
genes in some affected families. Both genes
encoded cardiac channels in families linked to
chromosomes 3 and 7. This established congeni-
tal LQTS as primarily a disease of cardiac ion
channels (channelopathy) with marked genetic
heterogeneity. Since then, the horizons of genetic
molecular biology have expanded in many direc-
tions. The defective genes have been mapped to
five chromosomes and identified in various
types of LQTS. The Jervell and Lange-Nielsen
syndrome is caused by two genes that encode
the slowly activating delayed rectifier potassium
channel (KCNQ1) and KCNEI, whereas the
Romano-Ward syndrome is caused by mutations
in eight different genes. These include: KCNQI
(LQTI), KCNH2(LQT2), SCN5A (sodium chan-
nel-LQT3), ANKB (protein ankyrin involved in
anchoring calcium and sodium channel to the
cellular membrane (LQT4), KCNEI (mink,
LQT5), KCNE 2 (LQT6), KCNJ2(LQT7, Ander-
sen’s syndrome), and CACNAIC (LQT8, Timo-
thy syndrome). This means that of the eight
genes, six encode for cardiac potassium channel,
one for th e sodiu m chann el, an d one for the pro-
tein ankyrin (ankyrin- B syn drome) . 25,26,26a It is
believed that the ECG differences in repolariza-
tion patterns in congenital LQTS can identify
LQTI, LQT2, and possibly LQT3 genotypes.27

The long QT in LQTI and LQT2 is caused mostly
by Twave lengthening, but the Twaves in LQT2
are lower and more notched than in LQTI,28

whereas in patients with LQT3 lengthening of
QT is due predominantly to an increased
duration of the ST segment.29 The epinephrine
test is another way to expose the differences
between the three most common channelopa-
thies.30,31 Low-dose epinephrine infusion short-
ens the QT interval in control subjects and
those with LQT2 and LQT3 but paradoxically
lengthens it in subjects with LQTI.30,31 Sinus
bradycardia may be present in LQT3 patients as
a result of sodium channel mutations.32 Also,
certain types of the T and U abnormalities, such
as prolonged terminal portion of T wave down-
slope and wide T-U junction, have been reported
as distinct anomalies in Andersen-Tawil syn-
drome (LQT7).33 It has also been reported that
different types of LQTS require application of
different preventive and therapeutic mea-
sures.34,35 A more detailed survey of the growing
literature about various aspects of LQTS is
beyond the scope of this textbook.



Figure 24–3 Initiation of ventricular fibrillation after an auditory stimulus (alarm clock) in a 14-year-old girl with congen-
ital long QT syndrome. QT interval lengthening is followed by ventricular premature complexes, torsade de pointes, and
ventricular fibrillation. The middle of the tracing is recorded at a slower speed than the beginning and the end. (From Well-
ens HJ, Vermeulen A, Durrer D: Ventricular fibrillation occurring upon arousal from sleep by auditory stimuli. Circulation
46:661, 1972.)
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ACQUIRED BRADYARRHYTHMIAS
The marked QT lengthening in patients with
bradycardia in the presence of complete A-V
bl ock (Figure 24– 5) may cause torsad e de
pointes, particularly when morphology of the
T waves is like in LQ T2 sy ndrome. 35a
CEREBROVASCULAR ACCIDENT
See Chapter 22.
ANTIARRHYTHMIC AND
PSYCHOTROPIC DRUGS
See Chapter 21.
POISONING WITH
ORGANOPHOSPHOROUS
COMPOUNDS
The organophosphorous compounds inhibit
cholinesterase and produce intense vagal stimu-
lation. The mechanism of QT lengthening in this
condition is poorly understood, but the electro-
cardiographic (ECG) patterns and the arrhyth-
mias (i.e., torsade de pointes) are similar to
those in patients with congenital LQTS.36
METABOLIC DISTURBANCES
See Chapter 22.
OBESITY, WEIGHT LOSS, DIETING
Frank et al.37 studied the ECGs of 1029 obese
persons, of whom 85 percent were women. The
QTc tended to increase slightly with an increase
in weight, but a QTc >0.44 second was found
in only 7.8 percent of the subjects and a QTc
>0.47 second in 12 persons. These values
appear to be within the range of QT distribution
in the general population. In contrast, El-Gamal
et al.38 found that the duration of the QTc inter-
val is significantly associated with obesity and
that obesity may be one of the most common
causes of prolonged QTc interval. Conventional
dieting appears to result in shortening rather
than lengthening of the QTc,39 whereas QTc
lengthening has been reported in persons using
a liquid protein diet.

Isner et al. reviewed 17 cases of unexplained sud-
den death in the users of liquid protein diet for
weight reduction.40 The ECG was recorded before
death in nine women and one man, and their QTc
intervals ranged from 0.46 to 0.70 second. Similar
findings were reported by others,41,42 although
someof the cases appear inmultiple reviews. In their
review article, Surawicz and Waller43 concluded
that sudden cardiac death during use of liquid pro-
tein products remains an enigma, but othermethods
of properly supervised diets are not associatedwith a
prolonged QT interval and appear to be safe.

Lengthening of the QTc has been reported in
some patients with anorexia nervosa.36 Isner
et al.44 speculated about the possibility of neuro-
genic QT lengthening caused by hypothalamic-
pituitary disturbances believed to be associated
frequently with anorexia nervosa. Prolonged star-
vation is associated with low voltage, which makes
it difficult to measure the QT interval accurately.
This may account for conflicting reports about
the effects of starvation on theQTc interval. Simon-
son et al.45 found no evidence of QTc lengthening
after 3 months of semistarvation, resulting in
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24 percent weight loss, but Hellerstein and San-
tiago-Stevenson46 and Burch et al.47 reported that
the QTcwas occasionally prolonged in cases of car-
diac cachexia and atrophy.
PROLONGED QTc AND MYOCARDIAL
DAMAGE
In many patients with rheumatic, congenital, or
hypertensive heart disease and various cardiomyo-
pathies, the QT interval is slightly to moderately
prolonged. This is frequently due, at least in part,
to prolongationof theQRS complex; however, asyn-
chronous repolarization unrelated to the abnormal
sequence of activationmay also be important. Mod-
erate or occasionally marked QTc lengthening
occurs transiently in most patients after open heart
Figure 24–4 Prolonged QT interval (500 ms; QTc 602 ms), re
old hypertensive, diabetic, morbidly obese woman who had no
the left axis deviation and increased voltage in the lead aVL su

I

II

III aVF

aVL

aVR

Figure 24–5 Long QT (640 ms) in a patient with severe brad
with an escape rhythm at 17 beats/min. On the same day when
QTc was normal (not shown).
operations (see Chapter 11). Early after operation,
this may be a lingering effect of hypothermia. Pro-
longed QT is seen often after cardiac resuscitation
even in cases when the QT interval is not known
to be prolonged before the arrest (Figure 24–4).
PREDICTIVE VALUE OF QT INTERVAL
IN HEART DISEASE
There are at least two rationales for QTc lengthen-
ing being predictive of an adverse prognosis for
survivors of myocardial infarction. One could
assume that a longerQTc interval is associatedwith
a more extensive mass of scarred or poorly func-
tioning myocardium. However, it is not known
whether the magnitude of the QTc lengthening
bears a relation to the age, location, and extent of
corded after cardiac resuscitation, on the ECG of a 68-year-
t been treated with any drugs. In addition to long QT, note
ggestive of left ventricular hypertrophy.

V1

V2

V3 V6

V5

V4

ycardia, caused by paroxysmal atrioventricular (AV) block
the AV block dissipated with return of regular sinus rhythm,
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the infarction. In addition, if the QT lengthening is
secondary to a more extensive mass of affected
myocardium, the prolonged QTc would not be
expected to represent an independent prognostic
marker. Alternatively, one could assume that the
lengthening of QTc reflects an increased dispersion
of ventricular repolarization, a marker of a poten-
tially arrhythmogenic electrophysiologic substrate.

The baseline QTc in a healthy population enter-
ing the FraminghamHeart Studywasnot predictive
of cardiac mortality or sudden cardiac death.48

However, in a cohort of Dutch civil servants and
their spouses,QTc lengthening (>440 ms)waspre-
dictive of increased cardiovascular-related mortal-
ity.49 Similarly, in a population of healthy older
adults, QTc interval >450 ms in men and
>470 ms in womenwas reported to be an indepen-
dent risk factor for sudden cardiac death.50

In some studies of patients with heart disease,
QTc lengthening was not an independent risk fac-
tor for sudden death due to cardiac arrest51 or
death after acute myocardial infarction.52,53

In other studies, QTc lengthening was a predictor
of sudden cardiac death in patients with unstable
angina pectoris,54 with chronic ischemic heart dis-
ease,55 and at 1 year after myocardial infarction.56

See also Chapters 7, 8, and 9.
MITRAL VALVE PROLAPSE
The possible role of prolonged QTc as a contribu-
tor to arrhythmias in patients with mitral valve
prolapse has received increasing attention. In
two studies,57,58 QTc prolongation (>0.43 sec-
ond) was found in 29 of 40 patients57 and in 44
of 94 patients, respectively.58 In another report59

the average QTc of 56 patients with mitral valve
Figure 24–6 Prolonged QT interval (532 ms; QTc 602 ms) o
torsade de pointes. The QT prolongation was attributed to treatm
tion. The patient had no history of heart disease and no abnorm
normal after orlaan was eliminated from the body.
prolapse was 0.48 second compared with 0.38
second in 62 normal volunteers. In contrast to
these reports are the results of the Framingham
study60 in which a QTc>0.44 second was present
in 5 percent of 208 subjects with mitral valve pro-
lapse and in 7 percent of 2727 subjects without it.
Similarly, Cowan and Fye61 found no significant
difference in the distribution of QTc between
patients with mitral valve prolapse and controls.
MISCELLANEOUS CONDITIONS
Lesser degrees of QTc prolongation (usually <115
percent) have been reported in a variety of condi-
tions, including diabetes mellitus, chronic alcohol-
ism, alcoholic liver disease,62 depression, and
induction and maintenance of anesthesia.63,64 In
most of these reports the QTc values are not abnor-
mal but are significantly longer than in the res-
pective matched control groups. Variable QTc
prolongation can also be caused by accidental or
induced hypothermia and several drugs outside
the antiarrhythmic and psychotropic categories,
such as quinine, probucol, atabrine, emetine,
calcium channel blocker prenylamine, ketanserin
(a selective blocker of 5-hydroxytryptamine-
2 receptors), vincamine, chloralhydrate,methadone,
pimozide, ziprasidone, haloperidol, tamoxifen,
arsenic preparations, doxepin, pentamidine, and
certain antibiotic and antiinfective agents (e.g.,
erythromycin, ampicillin, sparfloxacin, moxifloxa-
cin, trimethoprim sulfa). Some of these and other
drugs have been withdrawn because of QT prolon-
gation associated with the risk of torsade de
pointes.65 The list has been growingwith an increas-
ing number of case reports. Figure 24–6 shows QT
prolongation attributed to use of the drug orlaan.
n the ECG of a 43-year-old woman who was admitted with
ent with the drug orlaan used to manage her narcotic addic-
al cardiac findings, but the QT interval had not returned to



57524 � QT Interval, U Wave Abnormalities, and Cardiac Alternans
SHORT QT SYNDROME (SQTS)
Association of short QT interval with sudden
death was mentioned in 1993 by Algra et al.,66

reported as a short-coupled variant of torsade de
pointes by Leenhardt et al.,67 and introduced as
a clinical syndrome by Gussak et al.68 The QT is
considered short when it is <330 ms. However,
QTc <320 ms was found in 0.1% in a cohort of
10,28 2 middle -aged subj ects 68a whereas not a sin-
gle case of QTc<300ms was recorded in a sample
of 479,120 ECGs from 106,432 patie nts. 68b In the
study of families with history of sudden cardiac
death by Gaita et al.69 the QTc did not exceed
280 ms. In addition to the short QT, the Twaves
are often tall and peaked. The syndrome has been
linked to to gain-of-function mutations in several
potassium channels controlling ventricular repo-
larization and causing stronger than normal
K currents, or loss of function mutations in the
cardiac calcium channel.26,70,70a
Abnormal U Wave
Figure 24–7 U wave inversion associated with ST seg-
NEGATIVE U WAVE

ment depression in a patient with an akinetic segment of
the anterior left ventricular wall caused by previous myo-
cardial infarction.
The negative U wave in the standard ECG leads
other than aVR (and occasionally III and aVF) sel-
dom occurs in the absence of heart disease or other
ECG abnormalities. Holzmann and Zurukzoglu71

found that 197 of 200 patients with a negative
U wave had heart disease. Of the 100 patients
reported by Ameur-Hendrich et al.,72 99 had heart
disease; and in the study of Kishida et al.73 only 25
of 488 patients (5.1 percent) with a negative
U wave had no other ECG abnormalities.

Inversion of the U wave has been reported dur-
ing attacks of variant angina pectoris.74 During
exercise testing, U wave inversion was found to
be a specific (specificity 93 percent) but not a sen-
sitive (sensitivity 21 percent) marker for stenosis
of the left anterior descending coronary artery75

(Figure 24–7). In the study of Kishida et al.,73

the largest subgroup of patients with a negative
U wave had systemic hypertension. In most cases
of hypertensive, ischemic, or left-sided valvular
heart disease the Uwave is inverted in the left pre-
cordial leads; but in patients with right ventricular
hypertrophy the U wave is usually inverted in the
right precordial leads (Figure 24–8).

Kishida et al.73 reviewed the records of 130
patients in whom the U wave changed polarity,
from negative to positive or vice versa, in the
same lead within less than 1 year. In 107
patients, the change from a negative to a positive
U wave occurred during medical treatment
and in 23 patients after a surgical procedure
(e.g., kidney transplantation, aortic valve replace-
ment, coronary artery bypass graft). Changes in
the polarity of the U wave were not accompanied
by any consistent change in the Twave or ST seg-
ment, which suggests that changes in U wave
polarity are independent of the electrophysiologic
processes that control ventricular repolarization.

Tamura et al.76 found negative U waves in 31
of 141 patients with acute anterior myocardial
infarction. Patients with a negative U wave had
smaller infarcts, less ST segment elevation, better
collateral circulation, and a larger amount of
stunned but viable myocardium.77 Figure 24–9
shows an ECG from a patient in whom the
appearance of negative U waves preceded the
occurrence of myocardial infarction.
INCREASED AMPLITUDE OF UPRIGHT
U WAVE
Positive inotropic interventions (e.g., catechola-
mines, calcium, digitalis, or postextrasystolic
potentiation) tend to increase the U wave ampli-
tude. Digitalis and hypercalcemia do not appre-
ciably change the temporal relation between
the T wave and the U wave (i.e., the U wave
begins from the baseline after the end of the
T wave). After intravenous administration of



Figure 24–8 Negative Uwave in patients with ventricular hypertrophy. Left, ECG pattern of right ventricular hypertrophy with
negative U waves in leads V4R, V1, and V2. Right, Pattern of left ventricular hypertrophy with negative U waves in leads V4–V6.
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epinephrine or isoproterenol, however, the U
wave appears earlier, resulting in its fusion with
the terminal Twave portion.78 U wave amplitude
is also increased during bradycardia.

The amplitude of a positive U wave in
patients with myocardial ischemia has not been
studied systematically. Kataoka et al.79 suggested
that in some patients with myocardial ischemia
a positive U wave of increased amplitude in
the precordial leads represents the reciprocal
polarity of a negative U wave associated with
inferoposterior myocardial ischemia.
T WAVE AND U WAVE FUSION IN THE
PRESENCE OF A PROLONGED
QT INTERVAL
Lengthening of the QT interval (without a
change in QTc) results most often from a
decrease in the heart rate, which is associated
with increased ventricular filling and a longer
ejection period. Under these conditions the rela-
tion between the QT interval and the onset of the
U wave remains unchanged; that is, the U wave
begins from the baseline synchronously with
the second heart sound. If the increased diastolic
interval occurs abruptly, however (e.g., during
atrial fibrillation or after a premature impulse80),
fusion between the T wave and the U wave may
occur.

The nonphysiologic types ofQT interval length-
ening caused by global or regional increases in the
ventricular action potential duration result in
fusion of the T wave and the U wave. So long as
the QT interval is prolonged by less than about
90 to 110 ms and the timing of the U wave does
not change, the Uwave apex remains recognizable.
With progressively increased duration of the QT
interval, the point of the TU junction deviates pro-
gressively from baseline. More than about 100 ms
of QT lengthening results in complete obfuscation
of a normally timed U wave. The difficulty of
measuring the QT in such cases is illustrated in
Figures 24–9 and 24–10.

In the absence of Twave notching or QT pro-
longation, distinguishing the T wave from the
U wave and accurately measuring the QT inter-
val present no difficulties. When the T wave is
notched, however, the distant peak can be mis-
taken for the U wave. This is seldom a problem



Figure 24–9 Negative U waves in leads V4–V6 on the ECG of a 32-year-old hypertensive woman with angina pectoris 1
day before the occurrence of acute anterior wall myocardial infarction. The pattern suggests left ventricular hypertrophy,
which could have been responsible or co-responsible for the U wave inversion.

Figure 24–10 This ECG exemplifies the difficulty of measuring the QT interval when the T wave is fused with the U wave.
The true QT is assumed to measure 500 ms in lead aVR, in which the U wave is not detectable, allowing the end of the T
wave to be defined. In lead V2, the QTþU interval measures 620 ms; and in lead V1, where the T wave is notched, the
QT measured to the nadir of the notch is 410 ms.
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because the T wave is seldom notched in all 12
leads, and the end of the T wave can be deter-
mined in one of the leads with a monophasic
contour. The interval between notches is usually
shorter than the aT-aU interval (i.e., <170 to
220 ms). The notches are usually situated
>0.2 mV above the baseline, whereas T-U fusion
occurs usually <0.2 mV above the baseline. One
can also take advantage of the absence or near-
absence of the U wave in leads I, aVL, and aVR

(see Figures 24–10 and 24–11), which allows
accurate QT measurement in these leads. When
the QT interval is prolonged by <100 ms at
heart rates of 50 to 100 beats/min, the end of
the T wave can be measured at the intersection
of these two deflections.81
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Figure 24–11 Upper tracing shows an example of difficulty measuring the QT interval in the presence of fusion of T wave
and U wave caused by hypokalemia (Ks ¼ 2.3 mEq/L). In the precordial leads the QTþU complex measures 510 ms, whereas
in lead aVL, in which the U amplitude is low and the T wave end is discernible (end of T wave marked by a vertical line), the
QT interval measures 400 ms. The notch between T and U apex can be discrerned in lead I. In the lower tracing, in the ECG
recorded next day after correction of hypokalemia, the QT interval measures 434 ms and the U wave of low amplitude is
separated from the T wave more distinctly.
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NOMENCLATURE FOR PROLONGED
QT INTERVAL IN THE PRESENCE OF
SUSPECTED T WAVE AND U WAVE
FUSION
When the QT interval is prolonged by more than
about 100 ms at heart rates within the range of
50 to 100 beats/min, the Twave occupies the ter-
ritory of the U wave and masks it. Under such
circumstances it is proper to designate the inter-
val from the beginning of QRS to the end of the
T wave as the QT interval or acknowledge the
fusion by using the terms QT þ U interval or
Q(TþU) interval (see Figures 24–10 and 24–11).

The term “QT(U)” is inappropriate because it
does not describe the fusion of two waves but
suggests that the terms QT and QU can be used
interchangeably. Even more inappropriate than
the term “QT(U) interval” is the designation
“QU prolongation,” a term implying that the
given interval is longer than the normal rate-
dependent QU interval, usually without compar-
ing it with the available normal rate-dependent
QU values.82
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Electrical Alternans

Electrical and mechanical alternans may be con-
current or dissociated from each other. At the
cellular level, mechanical alternans in the ven-
tricular myocardium is usually accompanied by
an alternating shape of the ventricular action
potential.83,84
ALTERNANS OF T WAVE, U WAVE,
AND QT INTERVAL
In clinical electrocardiography, ventricular repolar-
ization alternans is most frequently associatedwith
abrupt rate changes85 or a prolongedQTinterval.84

Alternans of the T wave is the consequence of an
alternating duration or shape of the ventricular
action potential (or both). It may be expected to
occur when the diastolic interval becomes suffi-
ciently brief to produce measurable shortening of
the following action potential, which in turn
lengthens the subsequent diastolic interval and
perpetuates continuation of alternation. The lon-
ger the QT interval, the longer is the shortest cycle
length at which alternans can occur. When the QT
interval is prolonged, the Twave tends to encroach
on the U wave, resulting in fusion between the two
waves. Under such circumstances, alternans has
been described as U alternans or QU alternans.

A prolonged QT interval not only predisposes
to T wave alternans but also frequently reflects
the presence of an electrophysiologic substrate
generating torsade de pointes.86 Therefore it is
not surprising that T wave alternans has been
Figure 24–12 T wave alternans in a patient with hypokalemia
(From Navarro-Lopez F, Chinca J, Sanz G, et al: Isolated T wav
implicated as a precursor of torsade de pointes.
This association may be only a fortuitous result
of a common electrophysiologic abnormality.

Alternans of the T wave that is dependent on
critical shortening of the diastolic interval fre-
quently manifests when the duration of the ven-
tricular action potential approaches or exceeds
the cycle length. Therefore aQTinterval occupying
nearly the entire cycle length can be seen in many
cases of repolarization alternans associated with a
long QT interval (Figure 24–12). Twave alternans
associated with a long QT has been reported in
some of the following conditions: congenital
LQTS,87–89 hypocalcemia,90,92 treatment with
quinidine,92 hypokalemia,93 hypokalemia with
hypocalcemia and hypomagnesemia, and cardio-
myopathy associated with hypomagnesemia94–96

after defibrillation.97 It may also be unexplained.98

In addition to the manifest alternans on the
clinical ECG, subtle alternans forms may become
detectable by digital processing techniques. It
has been shown that these subtle forms of alter-
nans are associated with increased susceptibility
to inducible ventricular tachycardia and ven-
tricular fibrillation in patients with coronary
artery disease or cardiomyopathy and therefore
may represent a noninvasive marker of electrical
instability.
ALTERNANS OF CONDUCTION
On the surface ECG, alternans of conduction
may manifest as: (1) alternating duration, mor-
phology, or both of the P wave, the QRS com-
plex, or both; (2) alternans of the PR or RP
(K level 2.2 mEq/L) and hypocalcemia (Ca level 3.0 mEq/L).
e alternans. Am Heart J 95:369, 1978.)
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interval; (3) alternans of the cycle length; and
(4) various combinations of (1) to (3).

The diagnosis of alternans manifested by an
alternating cycle length requires documentation
of regular impulse formation at a fixed site of
origin. Table 24–3 lists structures that may be
involved in conduction alternans.
ATRIA
Rapid atrial pacing may result in alternans of
atrial electrograms,99 but P wave alternans is
rarely recorded in humans.100 When present, it
is usually accompanied by alternans of the
QRS, ST segment, and T wave: so-called total
alternans.101 Alternans of atrial flutter waves
and of the PP interval during rapid rates, such
as atrial tachycardia, have been recorded.99,100
ATRIOVENTRICULAR JUNCTION
Alternation of atrioventricular (AV) conduction
in anterograde and retrograde directions has been
recorded at normal and rapid heart rates, fre-
quently with rapid pacing.101 The alternans of
AV or ventriculoatrial (VA) conduction can be
accompanied by QRS alternans or cycle length
alternans. In some cases there is alternation of
conduction between two functionally separate
AV nodal pathways.102,103
BUNDLE BRANCHES AND DISTAL
CONDUCTION SYSTEM
Alternation of right (RBBB) or left (LBBB) bun-
dle branch block with normal conduction,
known as 2:1 bundle branch block,101 may be
TABLE 24-3 Anatomic Structures
Involved in Conduction
Alternans

Atria
AV junction
Bundle branches
Single
Both

Fascicles
Distal Purkinje fibers
Ventricular myocardium
Accessory AV pathway
Alone
With AV junction

Various combinations of the above

AV, atrioventricular.
tachycardia or bradycardia dependent.104 The
most common type of alternans is between
the left bundle branch pattern and either a
normal or left ventricular hypertrophy pattern
(Figure 24–13). Next in frequency is probably
alternans between RBBB and normal conduction
or incomplete RBBB, or between two types of
intraventricular conduction disturbance (see
Figure 24–14).

Alternation of complete RBBB and LBBB
conduction during normal sinus rhythm is rare.
Alternating conduction along the left anterior
and posterior fascicle is most often accompanied
by an incomplete or complete RBBB and repre-
sents one type of bidirectional ventricular
tachycardia.

Subtle changes in QRS duration or amplitude
(or both) without definitive changes in the QRS
axis or morphology have been observed fre-
quently in the presence of ectopic supraventric-
ular tachycardia with normal QRS duration.
In a study of a large number of patients
with spontaneous or induced supraventricular
tachycardia with a narrow QRS complex, QRS
alternans was observed in 22 percent; and
of these patients, more than 90 percent were
associated with an AV reciprocating tachycardia
with retrograde conduction along an acces-
sory pathway105 (Figure 24–15). Other studies
tended to support these findings.105,106 How-
ever, Morady et al.107 have shown that during
rapid pacing alternans is primarily determined
by the cycle length of the tachycardia, indepen-
dent of the mechanism.
Figure 24–13 Alternans of left bundle branch block and
normal ECG complex.



Figure 24–14 Alternans of nonspecific intraventricular conduction complexes with different QRS duration.

Figure 24–15 Electrical alternans during orthodromic atrioventricular reentrant tachycardia in a 23-year-old woman with
Wolff-Parkinson-White syndrome without evidence of organic heart disease.
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AV ACCESSORY PATHWAYS
Alternans of conduction has been recorded
between an accessory pathway and an AV nodal
path way (see Figure 20– 3 ), betw een two sepa-
rate accessory pathways, or within a single
accessory pathway.101
ALTERNANS ASSOCIATED WITH
MYOCARDIAL ISCHEMIA
In patients with ischemic heart disease, ST alter-
nans usually consists of alternating levels of ST
elevation in the standard or anterior precordial
leads displaying an acute injury pattern with an



Figure 24–16 Alternans of the ST segment and T wave in a patient with vasospastic angina pectoris. (From Williams RR,
Wagner GS, Peter RH: ST-segment alternans in Prinzmetal’s angina. A report of two cases. Ann Intern Med 81:51, 1974.)
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anteriorly or inferiorly directed ST vector. STalter-
nans is characteristically associated with vasospas-
tic angina pectoris108–111 (Figure 24–16) but has
been reported during acute myocardial infarc-
tion,112 in the presence of nonvasospastic angina
pectoris,113 during exercise tests,114–116 and after
subarachnoid hemorrhage.117
ECG ALTERNANS IN ASSOCIATION
WITH CARDIAC MOTION
See Chapter 11.
CLINICAL SIGNIFICANCE OF
ELECTRICAL ALTERNANS
Certain forms of electrical alternans can be consid-
ered physiologic manifestations of normal electri-
cal adjustment to the new cycle length. Such
physiologic forms of alternans may be caused by
sudden increases in the heart rate or premature sti-
muli and are manifested by alterations of refracto-
riness or repolarization (or both). This form of
physiologic alternans is usually nonsustained.

The type of alternans that presents may
provide useful diagnostic clues to specific clini-
cal conditions. Electrical alternans in a patient
with pericardial effusion, for example, suggests
a large effusion with the threat of cardiac tam-
ponade; QRS alternans during narrow QRS
tachycardia suggests AV reentry through a mani-
fest or concealed accessory pathway; alternating
PR intervals may reveal dual AV nodal conduc-
tion pathways; and alternans of the ST segment
elevation suggests coronary spasm. T wave alter-
nans in association with a long QT interval con-
veys a threat of torsade de pointes.
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25
 Misplacement of Leads and
Electrocardiographic Artifacts

Misplacement of the Limb Lead
Reversal of Left and Right Arm Cables
Reversal of Left Arm and Left Leg Cables
Reversal of Right Arm and Right Leg
Cables

Reversal of Right Arm and Left Leg
Cables

Reversal of Left Leg and Right Leg Cables
Reversal of Left Arm and Right Leg
Cables

Reversal of Both Arm Cables with Their
Corresponding Leg Cables

Misplacement of Precordial Lead
Electrodes

Misconnection of Precordial Lead Cables

Recognition of Lead Misplacement:
Summary

Artifacts
An electrocardiographic (ECG) lead consists of
two components: the electrode, which is attached
to the patient, and the cable, which connects the
electrode to the ECG recorder. Incorrect lead
placement may involve applying the electrode in
a wrong location, connecting the cable to the
wrong electrode, or both. Such errors occur occa-
sionally even when the ECG is recorded by
a well-trained, experienced technician. Some mis-
takes can be identified easily by the ECG inter-
preter, but others are more difficult or even
impossible to recognize, especially if a previous
tracing from the same patient is not available for
comparison.
Misplacement of the Limb Lead

Because the limb lead electrodes are seldom mis-
placed, the following discussion is confined to
errors in connecting the cables to the electrodes.
To distinguish leads recorded with correct cable
connections from those with incorrect connec-
tions, the latter are cited in quotation marks.
REVERSAL OF LEFT AND RIGHT
ARM CABLES
When the left and right arm leads are reversed, a
comparison of the resulting ECG (Figure 25–1)
from that recorded with correct cable connections
(Figure 25–2) reveals the following changes:

1. “Lead I” is upside down because the polar-
ity of the lead is reversed.

2. “Lead II” is actually lead III and vice versa.
3. “Lead aVR” is actually lead aVL and vice
versa.

The morphology of the complexes in the limb
leads therefore resembles that of the patients
with mirror-image dextrocardia. However, the
precordial leads show normal transition with tall
R waves in leads V5 and V6, whereas in true
mirror-image dextrocardia the QRS complex
becomes smaller and displays mostly QS or rS
deflections in leads V3–V6.

Reversal of the arm leads is the most common
lead placement error and is the easiest to recog-
nize because of a negative P wave in lead I in
patients with sinus rhythm, which is unusual
even in the presence of heart disease. In patients
with atrial fibrillation or unidentifiable P waves,
the morphology of the ventricular complexes in
leads I, V5, and V6 should be similar, as the lead
axes of all these leads are directed essentially
leftward. If the polarity of the QRS complex in
lead I is opposite that in the left precordial leads,
arm lead reversal is suspected.
REVERSAL OF LEFT ARM AND
LEFT LEG CABLES
The following changes are observed if the left
arm cable is attached to the left leg and vice
versa (Figure 25–3):

1. “Lead I” is actually lead II.
2. “Lead II” is actually lead I.
3. “Lead III” is upside down relative to the

actual lead III.
4. “Lead aVR” is unchanged, but “leads aVL

and aVF” are reversed.



Figure 25–2 Normal ECG recorded with correct lead placement from a 27-year-old woman. It serves as the “control”
tracing to be compared with Figures 25–1, 25–3, 25–7 through 25–10, and 25–13, which were recorded with intentional
lead misplacements.

Figure 25–1 Changes in the ECG limb leads from those in the control tracing (Figure 25–2) after the left and right arm lead
cables were intentionally reversed. The accompanying diagram depicts the changes in the components of the leads as a
result of the cable switch. In this and subsequent diagrams, as well as in the text, leads recorded with placement errors
are cited in quotation marks.
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Reversal of the left arm and left leg cables is dif-
ficult and sometimes impossible to detect if a pre-
viously correctly recorded tracing is not available
for comparison. Lead misplacement would not
have been realized or suspected in Figure 25–3 if
the ECG had not been compared with the baseline
tracing (see Figure 25–2). One of the exceptions is
illustrated in Figure 25–4, in which the sawtooth
appearance of the flutter waves is seen in “leads
I, III, and aVL” but not in “lead II.” Such a finding
is not seen with atrial flutter, and limb lead rever-
sal is suspected. Because the QRS morphology in
“lead aVR” is what one normally would have
expected, reversal of the left arm and left leg
cables can be safely assumed.

Difficulty recognizing left arm and left leg
lead reversal may result in an erroneous ECG
diagnosis even though the clinician gave the
interpretation correctly based on the tracing pre-
sented. Figure 25–5B is an example of T wave



Figure 25–3 Changes in the limb leads of the control subject after intentional reversal of the left arm and left leg cables.
“Lead I” is actually lead II, “lead II” is lead I, and “lead III” is upside down. Without the control tracing, the errors in lead
placement would not be suspected.

Figure 25–4 Recognition of left arm and left leg cable reversal based on the morphology of the flutter waves. A, Limb
leads with cable reversal. Note the unusual isoelectric flutter waves in “lead II.” B, Limb leads with correct lead placement
showing the typical sawtooth appearance of the flutter waves in the inferior leads. (Courtesy of Dr. Noble O. Fowler.)
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inversion in “leads III and aVF,” suggestive of infe-
rior myocardial ischemia in a healthy 35-year-old
man with atypical chest pain, although the
tracing recorded with proper lead placement is
normal (Figure 25–5A).
REVERSAL OF RIGHT ARM AND RIGHT
LEG CABLES
If the cables for the right arm and right leg are
switched, the changes in the ECG patterns in
the various leads are more pronounced. Because



Figure 25–5 “Abnormal T waves” resulting from left arm and left leg cable reversal. A, Recorded from a healthy 35-year-
old man with atypical chest pain. The tracing is normal. B, Recorded when the left arm and left leg cables were switched by
mistake. T wave inversion suggestive of myocardial ischemia appears in leads III and aVF. The “abnormal” pattern due to
technical error would not have been recognized if tracing A were not available for comparison.
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the right leg lead normally serves as a ground,
its misplacement on the other limb alters not
only the morphology of the complexes but also
their amplitude in most of the leads. The poten-
tial of the central terminals no longer represent
the sum of the potentials from the left arm
(VL), right arm (VR), and left leg (VF), as the
potentials at both legs are assumed to be equal,
and it is no longer zero. Similarly, and usually
to a greater degree, the unipolar limb leads are
affected. It is now the sum of potentials from
the left arm and the left and right legs (or VL þ
VF þ VF). The changes in the amplitude and
polarity in each lead varies in the individual cases
depending on the potential in each lead when
it is attached to the correct limb. They are illu-
strated in the following list (Figure 25–6) using
Figure 25–2 as the control:

1. “Lead I” is actually upside-down lead III.
It represents the difference between the
right leg and left arm potentials, with the
left arm lead designated the positive end.

2. “Lead II” appears as a practically straight
line, as it represents the potential differ-
ence between the two legs, which have
almost equal potentials.

3. “Lead III” is not affected.
4. “Lead aVR” is morphologically similar to
the correctly recorded lead aVF but has
a different amplitude with or without a
change in polarity.

5. “Leads aVL and aVF” are morphologically
similar to their corresponding leads
recorded with correct cable connections
but have different amplitudes with or
without changes in polarity.

To illustrate the changes in voltage expected
in the augmented unipolar limb leads when the
right leg (ground) cable is switched with the
right arm cable, one may begin with a review
of the derivation of these leads.

Lead aVR ¼ VR� ðVLþ VFÞ=2
Lead aVL ¼ VL� ðVRþ VFÞ=2
Lead aV ¼ VF� ðVRþ VLÞ=2
F

aV ¼ VR� 1:5; aV ¼ VL� 1:5;
R L

aV ¼ VF� 1:5
F
If the right arm and right leg cables
are reversed, the recorded “lead aV ” actually
R

comes from the right leg, which has almost the
same potential as the left leg. Therefore,

}Lead aVR} ¼ VF� ðVLþ VFÞ=2



Figure 25–6 Changes in the morphology and amplitude of the complexes in the limb leads of the control subject after
intentional reversal of the right arm and right leg cable compared with those in Figure 25–2. See text for a discussion of
the changes. An almost straight line in “lead II” should lead one to suspect that the right leg cable has been switched with
the right arm cable.
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}Lead aVL} ¼ VL� ðVFþ VFÞ=2
}Lead aVF} ¼ VF� ðVFþ VLÞ=2
For example, in Figure 25–1, in which the
leads are connected properly:
VR ¼ aVR � 2=3 ¼ 1:2mV� 2=3 ¼ 0:8mV

VL ¼ aVL � 2=3 ¼ 0:5mV� 2=3 ¼ 0:33mV

VF ¼ aV � 2=3 ¼ 1:1mV� 2=3 ¼ 0:73mV
F
When the right arm and right leg cables are
reversed, the expected potential recorded by:
}Lead aVR}¼ 0:8� ð0:33þ 0:73Þ=2 ¼ 0:27mV

}Lead aVL} ¼ 0:33� ð0:73þ 0:73Þ=2 ¼ �0:4mV
}Lead aVF}¼ 0:73� ð0:73þ 0:33Þ=2 ¼ 0:2mV
These values approximate those actually
recorded in Figure 25–6. They are not exactly

the same, as the calculation is based on the
assumption that leads I, II, and III form an equi-
lateral triangle. In reality, these three leads form
a scalene triangle.
REVERSAL OF RIGHT ARM AND LEFT
LEG CABLES
Misplacement of the right arm and left leg leads
results in the following changes, which are illu-
strated in Figure 25–7:
1. “Lead I” is actually upside-down lead III.
2. “Lead II” becomes upside down.
3. “Lead III” is actually upside-down lead I.
4. “Leads aVR and aVF” are reversed, and

“lead aVL” is unchanged.
REVERSAL OF LEFT LEG AND RIGHT
LEG CABLES
With reversal of left leg and right leg cables, the
ECG is unchanged from that recorded with the
cables attached correctly because the potentials
at the left and right legs are practically the same.
REVERSAL OF LEFT ARM AND RIGHT
LEG CABLES
The changes in the ECG when the left arm and
right leg cables are switched are illustrated in
Figure 25–8. They include the following:

1. “Lead I” is actually lead II.
2. “Lead II” is unchanged.
3. “Lead III” is a straight line, as it now

records the difference in potentials between
two legs, which are practically the same.

As in the case of reversal of the right leg and
right arm cables, the augmented unipolar limb
leads are altered not only in their morphology
but also in amplitude because of the associated
changes in the potentials of the central terminals.



Figure 25–7 Changes in the limb leads of the control subject after intentional reversal of the right arm and left leg cables.
Note that the P, QRS, and T waves in lead aVR are all upright, suggesting that the right arm cable was misplaced. Because all
the complexes in the inferior leads appear to be upside down, it may be concluded that the left leg cable is also misplaced.
As indicated by the accompanying diagram, “lead I” is actually upside-down lead III, “lead II” becomes upside down, and
“lead III” is upside-down lead I. Only lead aVL is not affected.

Figure 25–8 Changes in the limb leads of the control subject after intentional reversal of the left arm and right leg cables.
“Lead I” is actually lead II. “Lead II” is unchanged. “Lead III” is practically a straight line as it records the difference in poten-
tials between the two legs.
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REVERSAL OF BOTH ARM CABLES
WITH THEIR CORRESPONDING LEG
CABLES
As illustrated in Figure 25–9, switching both
arm cables with their corresponding leg cables
results in the following changes on the ECG:
1. “Lead I” appears as almost a straight line,
as it now records the potential difference
of the two legs.

2. “Lead II” is actually upside-down lead III, as
it records the potential difference of the left
arm and right leg with the left arm serving



Figure 25–9 Changes in the limb leads of the control subject after intentional reversal of both armcableswith their corresponding
leg cables. “Lead I” appears as a practically straight line. “Lead II” is upside-down lead III. “Lead III” becomes upside down.
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as the positive instead of the negative elec-
trode as in the case of normal lead placement.
As mentioned previously, left and right leg
potentials may be assumed to be equal.

3. “Lead III” appears as its own mirror image,
as the polarity of its two components is
reversed.

4. The amplitude and polarity of “lead aVR”
and “lead aVL” are the same, as both leads
are derived by comparing the potentials at
each leg (VF) (which are the same) with
the central terminal, which also has the
same value for both leads.
MISPLACEMENT OF PRECORDIAL
LEAD ELECTRODES
The electrodes may be misplaced simply owing
to carelessness, or acting in a hurry. The loca-
tions of the electrodes may be too high or too
low, as the correct intercostal spaces may not
be accurately identified. They also may be more
medial or lateral than they should be. This is
especially true for leads V3–V6. The bony land-
marks may be difficult to find in obese subjects.

Misplacement of the electrodes may be diffi-
cult to detect unless there are unexpected
changes in the ECG in a stable patient whose
previous tracings are available for comparison.
Even when there is a previous tracing, it is often
difficult to decide which one was recorded with
proper electrode placement.

Placement of the precordial electrodes at a
higher or lower intercostal space may or
may not affect the interpretation of the ECG sig-
nificantly depending on the individual ECG
abnormalities. It is beyond the scope of this
text to discuss the potential effects of incorrect
electrode placement under each circumstance.
Figure 25–10 is an example of the ECG findings
that may alert the clinician to the possibility of
inaccurate electrode placement.

Figure 25–10A was obtained from a surgical
patient with atrial fibrillation. ECGs recorded
on the following 2 days showed no significant
changes. The tracing recorded 5 days later
(Figure 25–10B) showed QS deflections in leads
V1 and V2, suggestive of anteroseptal infarction.
Because the patient’s clinical status remained sta-
ble, it was suspected that misplacement of the
electrodes to a level higher than the standard
was responsible for the changes. A repeat tracing
(Figure 25–10C) on the same day showed find-
ings similar to those recorded on previous days,
supporting the suspicion that the pseudoinfarc-
tion pattern in Figure 25–10B was due to
a technical error.
MISCONNECTION OF PRECORDIAL
LEAD CABLES
In general, misconnection of the cables to prop-
erly placed precordial lead electrodes is easier to
recognize than misplacement of the electrodes.
An abrupt change in the P, QRS, and Twave mor-
phology from the adjacent lead (e.g., V2–V3),
followed by reversal to some degree in the
next lead (e.g., V4) suggests the possibility of
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Figure 25–10 Pseudoinfarction pattern due to misplacement of the precordial lead electrodes. A, On 12/25/94 there are
QS deflections in leads V1 and V2 with a decrease in R wave amplitude in lead V3, suggesting anteroseptal infarction. As the
patient’s clinical status remained unchanged, technical errors were suspected. B, A repeat ECG was recorded on the same
day. The QS deflection in lead V2 is no longer present, and the R wave amplitude in lead V3 returns to what was seen on
the previous days. Apparently, tracing B was recorded with the precordial lead electrodes placed at higher than normal
levels.
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erroneous switching of the adjacent cables
(V2 and V3). Because the P wave changes are
usually independent of those of the QRS-T in
most of clinical circumstances, its progression
from lead V1 through V6 may be helpful for
determining whether the QRS changes are real
or due to technical error. Figure 25–11 is an
example in which the cables for leads V1 and
V2 were reversed purposefully after the control
tracing (Figure 25–2) was recorded. Loss of the
R wave amplitude from V1 to V2 with T wave
inversion in lead V2 raises the possibility of an
anterior infarction. However, these changes
occur only in one isolated lead. In addition, the
P wave in lead V2 is biphasic, whereas the
P waves in leads V1 and V3 are upright, a highly
improbable if not impossible presentation.

Recognition of Lead Misplacement:
Summary

The following findings are helpful for recogniz-
ing errors in lead cable connections or electrode
placement and for determining which leads are
probably involved:
1. If the complex in lead I (including the P
wave) appears to be upside down, the left
and right arm cable connections were
reversed, provided the precordial leads are
not suggestive of mirror-image dextrocardia.

2. If one of the standard limb leads is almost
a straight line, the right leg cable was
switched with one of the other limb lead
cables.

3. In the augmented unipolar limb leads, the
lead showing all negative deflections
(including the P wave) indicates whether
the right arm cable is involved. If such a
complex is seen in lead aVR, the right
arm is not involved. If it is seen in lead
aVL, the right arm cable has been switched
with the left arm; if it is seen in lead aVF, it
was switched with the left leg cable.

4. Reversal of the left arm and left leg cables
is difficult or impossible to recognize with-
out having a previous ECG available for
comparison.

5. Misconnection of the precordial lead cables
may be suspected if the transition of
the complexes including the P waves is
not explainable.



Figure 25–11 Possible anterior infarction pattern resulting from intentional reversal of the cables for leads V1 and V2 in
the control subject. The tracing shows a decrease in the R wave amplitude from “lead V1” to “lead V2,” with T wave inver-
sion in “lead V2.” Lead reversal should be suspected because the P wave is upright in “V1,” biphasic in “V2,” and upright
again in lead “V3,” which is highly unusual.
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6. Misplacement of the precordial electrodes
is difficult or impossible to recognize with-
out having a previous tracing available for
comparison.

7. If the rhythm is not sinus, recognition of
lead misplacement is, with occasional
exception, more difficult.
Artifacts

ECG artifacts have two potentially undesirable
ef fects: ( 1) th ey may make it difficul t to inter pret
th e ECG; or (2 ) they may cause incorrect inter-
pretation of the ECG.1,2 Some of the common
errors of recording observed in the past have
been nearly eliminated by advances in the
manufacturing of the equipment. Faulty recor-
ders with poor frequency response (damping),
broken stylus, uneven paper transport, incorrect
standardization, and excess paste on the skin of
the chest are not likely to cause any problems
with the present technology. Faulty placement
of precordial electrodes (discussed previously)
and incorrect identification of the patient can
still occur owing to lack of experience or lack
of attention by the recording person.
The most common artifacts are caused by
skeletal muscle tremor, electrical interference
from the network or appliances, and electrode
movements. An artifact can be readily recog-
nized if it affects one electrode predominantly
(e.g., muscle tremor, jerky movements of one
extremity, pulsation of the radial artery under
the electrode on one hand). Under such circum-
stances the leads not connected to the electrode
affected by the source of the disturbance are
either free of distortion or much less affected
by the distortion than the leads connected to
the electrode affected by the disturbance. For
instance, in Figure 25–12 the artifact affects the
electrode on the left arm, and therefore lead II
is much less affected than the other limb leads.
In Figure 25–13 the artifact affects the right
arm, and therefore lead III is much less affected
than the other limb leads. Figure 25–14
shows an artifact simulating a long QT interval,
which apparently was precipitated by movement
of the electrode on the left leg. Similar motion
artifacts in the precordial leads can be recog-
nized when they affect few adjacent chest
leads. They are usually caused by cardiac pulsa-
tions. An example is shown in Figure 25–15.
Figure 25–16 shows an intermittently appearing



Figure 25–12 An artifact that affects leads II and aVR less than other limb leads can be traced to the left arm electrode.

Figure 25–13 An artifact that affects lead III less than other limb leads can be traced to the right arm electrode.
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artifact caused by an electric gastric stimulation.
Similar artifacts were shown to be caused by an
axial blood flow pump after implanting a perma-
nent Jarvik 2000 Heart.5

Knight et al.3 reported 12 artifacts simulating
monomorphic or polymorphic ventricular tachy-
cardia. In each of these cases the patient under-
went at least one unnecessary intervention. In
most such cases the artifacts are superimposed
on the regular sinus rhythm, which can be
detected by careful inspection. Figure 25–17
shows that portions of the QRS complex of the
underlying sinus rhythm are visible within the
artifact. Littmann and Monroe4 pointed out that
the intersection of the native complex with the
artifact creates visible notches, and that the
notch-to-notch intervals can be compared with
the RR intervals of the underlying rhythm.



Figure 25–14 An artifact that spares lead I and affects predominantly leads II, III, and aVF can be traced to the left leg electrode.
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Figure 25–15 An artifact that distorts the terminal T wave portion and simulates ST segment elevation and a negative
U wave in lead V6 and a prolonged QT in V2–V5.

I aVR V1 V4

II aVL V2 V5

III aVF V3 V6

Figure 25–16 An artifact attributed to an electric gastric pump.
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Figure 25–17 ECG artifact that mimicked monomorphic ventricular tachycardia and led to the patient being treated with
lidocaine. Arrows point to the native sinus QRS complexes. (From Knight BP, Pelosi F, Michaud GF, et al: Clinical conse-
quences of electrocardiographic artifact mimicking ventricular tachycardia. N Engl J Med 341:1270, 1999.)
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 Electrocardiography of Artificial
Electronic Pacemakers
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Pacemakers Components

Pacemaker Nomenclature

Pacemaker Stimulus Artifact

Morphology of ECG Complexes
Atrial Pacing
Atrial Synchronous Ventricular Inhibited
Pacing (VDD)

Ventricular Pacing

Dual-Chamber Pacing
AV Sequential Pacing
Dual-Chamber Pacing and Sensing with
Inhibition and Tracking: AV Universal
Pacing (DDD)

Magnet Mode

Rate-Responsive Pacing
DDD Pacemaker-Related Arrhythmias
Other Causes of Tachycardia
Overdrive Suppression
Ventricular Resynchronization
(Biventricular Pacing)

Minimizing RV Pacing

Adaptive AV Delay, Rate Hysteresis,
Fallback Response, Rate Smoothing,
Rate-Responsive AV Delay, Mode
Switching, Autocapture

Pacing Failure

ECG Signs of Malfunction of Ventricular
Pacing
Undersensing
Oversensing
Myopotential Sensing
Abnormal Latency
Electromagnetic Interference

ECG Signs of Malfunction of the AV
Universal (DDD) Pacemakers
Cross Talk

Pacemaker Syndrome

Ambulatory Monitoring in Patients
with Pacemakers
Postpacing T Wave Changes
Diagnosis of MI During
Ventricular Pacing

Abnormally Wide QRS Complex
The electrical pacing of the human heart was
initiated in the early 1950s as a resuscitative proce-
dure1 and has continued to expand since that time,
responding to the demands of clinical cardiologists
whose challenges have been met sequentially
by the ingenuity of electronic technology. The
implanted pacemakers became prophylactic with
the advent of synchronization made possible by
the ability to sense, inhibit, and trigger the intrinsic
electrical activity. The next step was to control the
heart rate and the atrioventricuular (AV) delay by
dual-chamber pacing with the ability to modulate
the rate responsiveness. In 2002, dual-chamber
pacemakers represented 82.8 percent of all new
pacemaker implantations in this country.2

More recent advances have been directed
at improving the hemodynamics by reducing the
recognized adverse effects of asynchronous
right ventricular pacing and by the increasing
application of the synchronized biventricular pac-
ing. Major preventive action is provided by the
implantable cardioverter defibrillators (ICDs) and
to some extent by atrial pacing to prevent recur-
rences of atrial fibrillation.

As indicated by its title, the emphasis of this
chapter is electrocardiography. Beyond the scope
of this textbook is the detailed coverage of related,
but not strictly electrocardiographic (ECG) pro-
blems, such as the indications for pacing, selection
of appropriate pacing modes, outcomes of therapy,
and technical aspects of programming and control
of pacemaker function.
Pacemakers Components

An electronic pacemaker system has two major
components: the pulse generator and the lead
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or leads. The pulse generator consists of several
components: a power source, which in perma-
nent pacemakers is a sealed battery, most com-
monly lithium iodide; voltage multipliers that
increase the available stimulation amplitude;
amplifier circuits that increase the amplitude of
sensed cardiac signals; microelectronic circuits
that regulate timing of the device and control
the action of the pacemaker; a radiofrequency
receiver to receive programming information;
and a transmitter to provide information from
the pacemaker. Most modern pulse generators
also include a sensor to modulate the pacing
rate; an internal clock may also be included to
allow for alteration of the pacing rate based on
circadian rhythms. In a permanent pacemaker
these components are contained in a hermeti-
cally sealed container made of titanium, which
is insulated on one side to prevent electrical
stimulation of adjacent skeletal muscle. The
leads may be unipolar (a single wire extending
from the pacemaker to the stimulating electrode)
or bipolar (two wires extending to two stimulating
electrodes at and near the tip of the lead).
Pacemaker Nomenclature

The pacemaker nomenclature established by the
North American Society of Pacing and Electro-
physiology (NASPE) and the British Pacing and
Electrophysiology Group (BPEG) is designated as
NBG code for pacing nomenclature3 (Table 26–1).
The code has five positions. The first position des-
ignates the chamber in which stimulation takes
place: A ¼ atrium, V ¼ ventricle, and D ¼ dual
TABLE 26–1 NASPE/BPEG Generic (NBG) Pac

Parameter Position I Position II Position II

Category Chamber(s)
paced

Chamber(s)
sensed

Response
sensing

O ¼ none O ¼ none O ¼ none
A ¼ atrium A ¼ atrium T ¼ trigge

V ¼ ventricle V ¼ ventricle I ¼ inhibi

D ¼ dual
(A þ V)

D ¼ dual
(A þ V)

D ¼ dual
(D þ I)

Manufacturer’s
designation
only

S ¼ single
(A or V)

S ¼ single
(A or V)

Note: Positions I through III are used exclusively for antibradya
BPEG ¼ British Pacing and Electrophysiology Group; NASPE ¼
chamber, or both A and V. The second position
designates the chamber where sensing occurs,
and the letters are the same as for the first position
sensed. The third position refers to the mode of
response. An I indicates that a sensed event inhi-
bits the output pulse and causes the pacemaker
to recycle for one more timing cycle; T indicates
that an input pulse is triggered in response to
sensed event, and D means that both T and I can
occur.

For example, the code for the ventricular
inhibited pacemaker is VVI. The pacemaker paces
the ventricle (V), senses the ventricle (V), and is
inhibited (I) by a sensed signal. The D designation
is restricted to dual-chamber pacemakers.

The fourth position of the code shows both
programmability and rate response. An R in the
fourth position indicates that the pacemaker
incorporates a sensor to modulate the rate ide-
pendently of intrinsic cardiac activity. Other
functions in the fourth position and the func-
tions in the fifth position are primarily used by
manufacturers to describe functions that are
beyond the scope of this chapter.
Pacemaker Stimulus Artifact

The pacemaker impulse is recognized on the
ECG as a sharp, narrow spike (Figure 26–1).
Its duration is generally less than 2 ms,4 and it
appears as a vertical line on the routine ECG.
When the pacing spike is large, it is often followed
by an exponential voltage decay curve that may
distort or even mask the depolarization waveform
induced by the pacemaker (Figure 26–2).
emaker Codes

I Position IV Position V

to Programmability, rate
modulation

Antitachyarrhythmia
function(s)

O ¼ none O ¼ none
red P ¼ simple

programmable
P ¼ pacing
(antitachyarrhythmia)

ted M ¼
multiprogrammable

S ¼ shock

C ¼ communicating D ¼ dual (P þ S)

R ¼ rate modulation
Comma optional here

rrhythmia function.
North American Society of Pacing and Electrophysiology.



Figure 26–1 Transvenous right ventricular pacemaker with bipolar electrode. The tip of the electrode is located at the
apex of the right ventricle. The pacemaker spikes are narrow and of relatively small amplitude. The QRS-T morphology
resembles that of complete left bundle branch block. Retrograde capture of the atria is present.
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All types of cardiac electrical stimulation
require a complete electrical circuit with a cath-
ode (negative) electrode and an anode (positive)
electrode. For “bipolar” pacing, the cathode usu-
ally is located at the tip of the catheter, and the
anode is approximately 1 cm proximal to the tip.
The electric current completes the circuit by tra-
versing a relatively small distance from the nega-
tive to the positive electrode. For “unipolar”
pacing, the cathode is located at the tip of the
catheter, and the anode is the exposed metal por-
tion of the pulse generator. The electrical current
flows from the tip of the electrode catheter to the
pacing device through the body tissue and fluid.
Figure 26–2 Pacemaker spike decay curve. The tracing
was recorded from a patient with a malfunctioning unipolar
ventricular demand (VVI) pacemaker. There is constant fail-
ure to capture and intermittent failure of sensing. The grad-
ual downward inscriptions following the spikes represent
the spike decay curves, one of which is indicated by an
arrow.
As a rule, pacemakers in the seldom-used uni-
polar pacing mode cause much larger pacing
spikes than those produced by bipolar pacing
(see Figures 26–1 and 26–2). Bipolar epicardial-
myocardial leads elicit even smaller spikes than
the bipolar endocardial leads (Figure 26–3).

Inadvertent stimulation of skeletal muscle
occurs more frequently in patients with unipolar
pacing, and the longer distance between the
electrodes renders the pacemaker more vulnera-
ble to electromagnetic interference and sensing
of myopotentials from skeletal muscles (see later
discussion).

Regardless of the pacemaker type, placement,
or pacing mode, the voltage and polarity of the
pacing impulse differ in the various leads of the
ECG because both the amplitude and polarity
of the spike in a given lead depend on the rela-
tion between the axis of the lead and the spatial
orientation of the spike vector. For example,
with a transvenous bipolar electrode located at
the apex of the right ventricle, the vector of the
pacing impulse is directed toward the negative
side of lead II (because the negative electrode is
at the tip of the catheter, and the positive elec-
trode is proximal to it). Therefore lead II usually
records a large negative spike and lead aVR

a large positive spike, whereas the leads that
are perpendicular to the spike vector record
a small deflection. With a unipolar electrode,
the vector of the pacer impulse has an orien-
tation parallel to a line joining the tip of the
catheter to the pulse generator, the latter having
the positive polarity. The direction of the vector



Figure 26–3 Left ventricular epicardial pacing with a bipolar lead. Note the small amplitude of the pacemaker spikes. The
QRS complexes show right axis deviation and a right bundle branch block–like pattern. The underlying rhythm is sinus with
complete atrioventricular block.
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therefore depends on the location of the pulse
generator as well as on the pacing site.

Tracings recorded with digital electrocardiog-
raphy may display unusual pacemaker spikes if
they are artificially simulated. Recording devices
that enhance pacemaker spikes do so based on
sensing high frequency electrical activity. Occa-
sionally, patients with relatively high frequency
of spontaneous ventricular activity meet the cri-
teria for enhancement, and an apparent pace-
maker spike appears when no pacing has
occurred. Pacemaker spikes that are artificially
enhanced obviously do not have the same impli-
cations for identifying unipolar or bipolar pacing
modes. If pacing spikes are not simulated in a
digital ECG recording system, the displayed
spike amplitude may be highly variable (see Fig-
ure 26–3) owing to the short duration of the
stimulus (usually <1 ms) and the sampling rate
of the recorder (frequently >1 ms). Even experi-
enced electrocardiographers can be led to errors
when the spikes are not readily detectable. Stan-
dard analog electrocardiography is therefore
preferable for detecting pacemaker and lead
abnormalities.5
Morphology of ECG Complexes

Most pacemakers can be programmed noninva-
sively through a radiofrequency or an electro-
magnetic signal to the mode of cardiac pacing
best suited to the needs of the individual patient.
A single-chamber pacemaker has more limited
programmable options than a dual-chamber
pacemaker, such as DDD. The ECG interpretation
is easier when one knows the type of pacemaker
and programmed parameters, but this informa-
tion frequently is not available to the reader of
the ECG. Although it may be possible to deter-
mine the programmed mode by careful analysis
of multiple tracings,6 the findings in a single
tracing may be consistent with multiple modes.7

The ECG characteristics of each mode are
described here and must be considered when
interpreting “unknown” clinical tracings.
ATRIAL PACING
Sinus node dysfunction is the most common
indication for permanent pacemaker implantation,
accounting formore than 50percent of implants.8,9

Several studies have suggested that atrial-based
pacing offers advantages over ventricular pacing
in patients with this disorder.10–12 Single-chamber
atrial pacing is an acceptable approach in selected
patients,12 but dual-chamber pacemakers are fre-
quently used because of concern about subsequent
development of AV block.

With atrial pacing, the pacer artifacts are fol-
lowed by ectopic P waves whose waveform
depends on the site of stimulation. P wave mor-
phology resembles that of sinus complexes if
the site of stimulation is near the sinus node
(Figures 26–4 and 26–5). The most common site
for implantation of a permanent endocardial
atrial pacing lead is the right atrial appendage.
If a transvenous catheter is implanted in the cor-
onary sinus, the P wave axis is directed superi-
orly, and inverted P waves are recorded in the



Figure 26–5 Bipolar atrial pacing. The lead was implanted, through a thoracotomy, in the region of the sinoatrial node.
The morphology of the P waves resembles that of normal sinus rhythm.

Figure 26–4 Atrial synchronous ventricular pacing with ventricular stimulation from the right ventricular septum. Right
bundle branch block with a superior frontal-plane QRS axis is noted. QRS transition occurs to the right of lead V3. Digital
recording results in variable stimulus artifact amplitude.
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inferior leads (Figure 26–6). Pacing may also be
done from more than one atrial site.13

Pacing Modes

The modes of atrial pacing can be atrial asyn-
chronous (AOO) or atrial demand, the latter of
which may be atrial inhibited (AAI) or atrial
triggered (AAT).

The atrial asynchronous (AOO) mode is also
called fixed-rate atrial pacing. It has no sensing
function. Normal ventricular activation depends
on an intact AV conduction system. The lead is
connected to the atrium, which is paced at a pre-
set rate independent of the patient’s own heart
rate or rhythm (Figure 26–7A). This pacing
mode is rarely used today.

Atrial demand mode, either atrial inhibited or
atrial triggered, paces the atrium and senses the
atrial impulse. In the case of AAI pacing, in the
presence of spontaneous atrial activity with a
rate greater (or the PP interval shorter) than
a predetermined level, no stimulus would be
delivered (Figure 26–7B). AAI pacing is appro-
priate for patients with sinus node dysfunction
and normal AV conduction. Sensing of the far-
field QRS complexes by an AAI pacemaker will
cause slowing of the pacing rate because the
sensed event from the ventricle resets the lower
rate interval. Another problem is that ventricular



Figure 26–6 Left ventricular pacing via the coronary sinus. Morphology of QRS complexes is a right bundle branch
block–like pattern and normal axis. There is no transition in the precordial leads due to pacing from the base of the left ven-
tricle. The atrial lead was positioned in a low posterior right atrial location, resulting in a superiorly directed P wave axis.

Figure 26–7 A, Atrial asynchronous (AOO) pacing. The underlying rhythm is sinus. Competitive fixed-rate atrial pacing
occurs with no atrial sensing. Atrial capture does not occur when the atrium is refractory. B, Atrial inhibited (AAI) pacing.
The underlying rhythm is sinus with intact AV conduction. The pacemaker is inhibited until the intrinsic rate decreases below
the programmed pacing rate, at which time pacing begins. Inhibition of the pacemaker again occurs when the intrinsic rate
increases above the programmed pacing rate.
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premature complexes are often not sensed by the
AAI mode because the far-field QRS signal is too
weak.

With AAT, the pacer senses the atrial impulse
and stimulates the atrium when the atrial rate falls
below the programmed rate, but it also delivers sti-
muli when it senses native P waves. The AATmode
is rarely used as a permanently programmed mode
but frequently is helpful as a temporarily pro-
grammed mode to assess atrial sensing.
ATRIAL SYNCHRONOUS VENTRICULAR
INHIBITED PACING (VDD)
These pacemakers pace only in the ventricle,
sense in both chambers, and respond both by
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inhibition of ventricular input due to intrinsic
ventricular activity and by ventricular tracking
of P waves.14 In the VDD mode, sensed atrial
events initiate the AV interval (AVI). If an intrin-
sic ventricular event occurs before the termina-
tion of the AVI, ventricular output is inhibited
and the lower rate timing cycle is reset. The
addition of ventricular sensing prevents brady-
cardia. This mode of pacing can perform atrial
synchronous ventricular inhibited pacing (VDD)
with a single lead. The lead is introduced trans-
venously and has electrodes for ventricular pac-
ing and sensing at the distal tip. Electrodes are
also located on the lead in a more proximal
position at a point where the lead passes
through the atrium. This system is less expen-
sive and easier to implant than a DDD system,
but it cannot provide AV synchrony at slow
intrinsic atrial rates. This mode of pacing is
most appropriate for patients with AV block
and intact sinus node function.
VENTRICULAR PACING
With ventricular pacing, the pacer impulse is
followed by an abnormal QRS complex, the
characteristics of which usually give a fairly
good indication of the location of the stimulating
electrode. Right ventricular pacing results in
QRS complexes similar to those of complete left
bundle branch block (LBBB) (see Figure 26–1).
In most cases of transvenous ventricular pacing,
the tip of the electrode is located at the apex of
the right ventricle. The induced sequence of ven-
tricular activation is from right to left and from
apex to base. The apex-to-base sequence of
depolarization results in a superior orientation
Figure 26–8 Transvenous right ventricular pacing. The left bu
ative in all precordial leads, including V5 and V6.
of the QRS vector and superior axis deviation
in the frontal plane with negative QRS com-
plexes in leads II, III, and aVF. In many patients,
with a typical complete LBBB pattern in the limb
leads and right precordial leads there is a pre-
dominant negative deflection in leads V5 and
V6 (Figure 26–8). This finding is due to the
direction of the lead axis of V5 and V6, which
is not only leftward but also slightly downward.
When the QRS forces are oriented superiorly,
they may project on the negative side of the lead
axis of the above leads. If the site of stimulation
is at the inflow or outflow tract of the right ven-
tricle, the frontal plane QRS axis is usually nor-
mal. If the site is located immediately below
the pulmonary valve, the QRS axis becomes ver-
tical or even rightward15 (Figure 26–9).

The QR and qR complexes during right ven-
tricular pacing are abnormal in the absence of
fusion complexes except for a qR complex in
leads I and aVL, which may be present normally,
without indicating myocardial infarction (MI),
during stimulation of the right ventricular
outflow tract or during biventricular pacing.16

The pattern similar to right bundle branch
block (RBBB) in the right precordial leads raises
concern about possible septal perforation by the
pacing electrode, resulting in left ventricular
(LV) pacing. In most cases, however, the RBBB-
like pattern occurs during right ventricular (RV)
pacing in the absence of perforation. This can be
recognized by defining the location of the transi-
tion zone of the QRS polarity in the precordial
leads. When the transition zone is to the right of
lead V3 (see Figure 26–4), the pacing is still from
the right ventricle, whereas transition at lead V3

or to the left of lead V3 suggests LV pacing.17
ndle branch block–like QRS complex is predominantly neg-
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Figure 26–9 Twelve lead ECG during DDD pacing from right ventricular outflow tract shows left bundle branch block
pattern with right axis deviation in the frontal plane. (Courtesy of S.S. Barold, MD.)
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With LV epicardial-myocardial pacing, the
12-lead ECG displays a complete RBBB pattern.
LV pacing from the coronary sinus can also
result in an RBBB pattern (see Figure 26–6).
The frontal plane axis cannot differentiate pre-
cisely an endocardial LV site from the site in
the coronary vein system.16 When the electrode
is implanted in the mid to high lateral portions
of the left ventricle, there is right axis deviation
with negative QRS deflection in leads I and V6

and an R wave in lead V1 (see Figures 26–3
and 26–10). When the stimulation site is near
the LV apex, an S1S2S3 pattern is seen as the acti-
vation front advances rightward and superiorly.
Occasionally, LV pacing near the apex produces
a negative QRS deflection in lead V1. In that
Figure 26–10 Perforation of the heart by a pacemaker electro
for treatment of complete atrioventricular block. On 5/2/72, the t
T morphology similar to that of complete left bundle branch blo
a change from LBBB pattern to right bundle branch block patte
electrode resting on the epicardial surface of the left ventricle.
case, it may be impossible to determine from
the ECG whether the left or right ventricle is
being paced18 and whether the placement of
the LV electrode is correct.16

Pacing Modes

The various pacing modes are as follows: ven-
tricular asynchronous (VOO) and ventricular
demand, the latter of which may be ventricular
inhibited (VVI) or ventricular triggered (VVT).

VOO Pacing

The VOO pacing mode is also called fixed-rate ven-
tricular pacing. The pacer delivers stimuli at a
de. The patient has a right ventricular pacemaker implanted
racing shows functioning right ventricular pacing with QRS-
ck (LBBB). The following day, the electrocardiogram reveals
rn as a result of ventricular perforation, with the tip of the



Figure 26–11 Asynchronous ventricular pacing during application of a magnet. Many of the pacemaker stimuli are inef-
fective, falling on various portions of the spontaneous QRS complexes. The third complex is a fusion complex. The fourth
pacing stimulus occurs during the vulnerable period and initiates ventricular tachycardia. Continued asynchronous pacing
is noted during ventricular tachycardia.
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constant rate independent of the patient’s own
heart rate or rhythm. The resulting rhythm is a ven-
tricular parasystole. The fixed-rate mode was the
only mode available during the early era of pace-
makers for treatment of complete AV block19–21

but is rarely used now, in part because of the risk
that the artificial stimulus may fall within the vul-
nerable period and result in ventricular tachycar-
dia or fibrillation (Figure 26–11). Admittedly, this
risk is low in most patients, but it may increase in
the presence of myocardial ischemia, electrolyte
imbalance, or drug toxicity.21

During the follow-up of patients with ventric-
ular demand pacing, an ECG is often obtained
while a magnet is applied to the pulse generator.
The magnet converts most pacemakers from the
demand mode to a fixed-rate mode. It is mostly
under this condition that ventricular asynchro-
nous pacing, as well as pacemaker-induced ven-
tricular arrhythmia, is observed clinically.

VVI Pacing

The VVI pacing is the most common type of
demand pacing. The VVI pacemaker functions like
the AAI pacemaker and generates impulses when-
ever the patient’s ventricular rate falls below the
programmed rate (Figures 26–12 and 26–13).
The features of the VVI pacing are displayed in
Figure 26–13. The QRS marked 1 is sensed by the
Figure 26–12 Ventricular inhibited pacing (VVI). The third, s
the pacemaker. The interval between spikes is 840 ms.
pacemaker; complexes 2 and 3 are paced; the ven-
tricular extrasystole (complex 4) and a normal
QRS (complex 5) are sensed; and complexes 6
and 7 are paced. The pacemaker refractory period
is 300 ms. Inhibition of the pacemaker occurs
when the intrinsic rate increases above the pro-
grammed lower rate. Therefore the ability to sense
ventricular activity is an important function of this
type of ventricular pacemaker.

The ECGs of patients with properly function-
ing ventricular inhibited pacing may present the
following findings:

1. All ECG complexes are spontaneous, and
the existence of an artificial pacemaker
cannot be detected. This occurs when the
spontaneous ventricular rate is faster than
the pacemaker’s pacing rate and all the
spontaneous RR intervals are shorter than
the pacing interval. The presence of pacing
function can be demonstrated by applying an
external magnet to the pulse generator to
inactivate its sensing circuit and convert it
to the fixed-rate mode (see Figure 26–11).
Depending on the specific pacemaker, the
pacing rate during magnet application may
ormay not be the same as the pacing rate dur-
ing its demand mode.

2. All the ventricular complexes are the result
of pacemaker stimulation (see Figure 26–6).
The spike-to-spike interval (pace interval,
ixth, and last complexes are sinus complexes that suppress



Seconds

ECG

1 2 3 4 5 6 7

Lower rate
counter

Ventricular sense
Ventricular pace

Ventricular
refractory

VVI

Figure 26–13 Diagram displaying the features of ventricular inhibited pacing (rate ¼ 80 beats/min). The QRS marked 1 is
sensed by the pacemaker. Complexes 2 and 3 are a paced ventricular extrasystole (4) and a normal QRS (5) that are then
sensed. The sixth and seventh complexes are paced. The pacemaker’s refractory period (300 ms) is shown as a rectangle.
Complexes 4 and 5 reset and restart the lower rate counter before completion of the ventricular escape interval (equal to
automatic interval). (Reproduced with permission from Lindemans PW: Diagrammatic representation of pacemaker function.
In: Barold SS [ed]: Modern Cardiac Pacing. Mount Kisco, NY, Futura, 1985, pp 323–353.)
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automatic interval) remains constant. In
adults the pacing rate is commonly set at 60
to 70 beats/min.When a demand pacemaker
is pacing uninterruptedly, the ECG is indis-
tinguishable from that seen with a fixed-rate
pacing mode.

3. Both spontaneous and paced complexes are
present (see Figure 26–12). The spontane-
ous complexes may be sinus or ectopic sup-
raventricular or ventricular impulses. If a
spontaneous complex is followed by a
paced complex, the interval from the onset
of the spontaneous QRS complex to the
pacemaker spike is called the escape inter-
val. Depending on the origin of the sponta-
neous impulse, its potential may not be
sensed by the electrode until the later part
of the depolarization process. The pace-
maker is therefore not reset until part of
the QRS complex in the surface ECG is
already inscribed. With certain pacemakers
the escape interval is deliberately set longer
than the pacing interval, a feature called
hysteresis (see later discussion).

4. Fusion complexes and pseudofusion com-
plexes are seen when the ventricles are
simultaneously depolarized by two activa-
tion fronts, one from the pacing impulse
and one from the spontaneous focus.
The morphology of the fusion complexes
varies, depending on the portion of the ven-
tricles depolarized by each of the activation
fronts, but the QRS duration of the fusion
complexes is usually shorter than that of
pure paced impulses (see Figures 26–11,
26–14, and 26–15). The QRS complex of a
fusion complex may be isoelectric in a single
lead, and the diagnosis of fusion relies on
seeing the T wave. Fusion complexes may
simulate MI,22 as shown in Figure 26–15.

Pseudofusion complexes occur when an inef-
fective pacing impulse is superimposed on
a spontaneous complex (Figure 26–16).
The pacemaker impulse does not induce
ventricular depolarization, and the mor-
phology of the QRS complex with the
superimposed spike is the same as that of
the nonpaced complex. Pseudofusion com-
plexes occur when the pacemaker dis-
charges during the absolute refractory
period before sufficient intracardiac voltage
has been generated at the site of the pacing
lead to activate its sensing circuit. The
pacemaker spike falls within the spontane-
ous QRS complex generated independently
of the electrical changes recorded from the
pacing catheter.23

Pseudofusion complexes are more likely to be
seen in patients with an intraventricular
conduction defect or ectopic ventricular
complexes.24 In patients with complete
RBBB and an RV artificial pacemaker, there
is a delay in the arrival of the activation
front of the spontaneous beats at the site
of the electrode. The pacemaker may dis-
charge its stimulus at its preset interval in
the initial part of the QRS complex because
it has not yet sensed the event in progress
in the left ventricle. The same phenomenon
may be seen in patients with complete
LBBB and an LV artificial pacemaker. Pseu-
dofusion complexes may be seen in
patients with LV premature ventricular
complexes and an RV pacemaker (see Fig-
ure 26–16) or with RV premature com-
plexes and an LV pacemaker by a similar



Figure 26–14 Right ventricular demand pacing (VVI) shows fusion complexes. Depending on the proportion of spontane-
ous and pacer-induced ventricular activation, the morphology of the QRS-T complex varies. The pacemaker rate is 92 beats/
min.
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mechanism. Pseudofusion complexes do
not indicate malfunction of the sensing cir-
cuit of the pacemaker and are normal man-
ifestations of a demand pacemaker.

An atrial stimulus also can fall within the
QRS complex before the intracardiac ven-
tricular electrogram is sensed. In this situa-
tion when an atrial stimulus deforms the
QRS complex, the term pseudopseudofusion
has been applied to indicate that the distor-
tion involves two chambers instead of one,
as in the case of pseudofusion complexes
(Figure 26–17).25

5. Occasionally, certain ventricular ectopic
complexes are not sensed by an otherwise
properly functioning VVI pacemaker because
the abnormal depolarization impulse does
not generate adequate signal at the site of the
intracardiac electrode. Alternatively, the local
electrical voltage may be too low, or the ven-
tricular depolarization vector is perpendicular
to the sensing electrodes. Also, the rate of volt-
age change (dV/dT) may be too slow to be
sensed by the pacemaker.
VVI Pacing in the Magnet Mode

Some manufacturers of pacemakers incorporate
a “threshold margin test” during the initial part
of the magnet mode. The application of a magnet
to such VVI pacemakers initiates asynchronous
pacing pulses with the pulse width or amplitude
of one of the stimuli having a fixed reduction in
output (Figure 26–18). The purpose of this
reduction is to ensure that the pacemaker’s out-
put is providing a sufficient safety margin to cap-
ture the ventricle.

In many pacemakers, the pacing rate in the
magnet mode is the same as that during auto-
matic pacing. In some pacemakers, however,
the rates are different. In either case, changes
in the pacing rate during magnet application
may reflect a reduction in the pacemaker’s bat-
tery voltage. Depending on the particular pace-
maker, the degree of change in the pacing rate
with magnet application will indicate whether
the pacemaker may be electively replaced or
the replacement is urgent.

VVT Pacing

The VVT mode of demand pacing functions
similarly to the inhibited mode (VVI) by deliver-
ing a stimulus at a preset interval when no spon-
taneous ventricular depolarization is detected.
It differs from the VVI mode by additionally
delivering a stimulus immediately after a sensed
spontaneous QRS. This results in R wave syn-
chronous pacing. On the ECG, each QRS com-
plex is accompanied by a pacing spike. When
there is a spontaneous ventricular complex, the
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Figure 26–15 Myocardial infarction (MI) simulatd by fusion complexes. ECG of a 58-year-old man admitted for noncar-
diac surgery. Upper tracing shows sinus complexes and paced fusion complexes; the QRS pattern simulates an extensive
anterior MI, of which there was no evidence or history. Lower ECG, recorded 1 day later, shows atrial fibrillation, no pacng,
and no evidence of MI.

60926 � Electrocardiography of Artificial Electronic Pacemakers
pacing spike appears shortly after the onset of
the QRS during the absolute refractory period
of the ventricle and produces a pseudofusion
complex. If there is no spontaneous ventricular
activation, the pacemaker spike appears at the
end of the escape or pacing interval and initiates
the QRS complex (Figure 26–19).

Ventricular-triggered pacemakers were origi-
nally designed to avoid the potential problem
of pacemaker inhibition by extracardiac electri-
cal signals such as those that originated from
skeletal muscle or radio transmitters, especially
when unipolar leads were used. Modern pace-
maker circuitry and an increase in the use of
bipolar leads have reduced the likelihood of
such interference. Because of the additional
power drain and the distortion of the native
QRS complexes by the pacing spikes, the trig-
gered mode of pacing is used infrequently
as a permanent pacing mode. As in the case
of the atrial-triggered mode, the ventricular-
triggered mode may be useful as a temporarily
programmed mode to assess ventricular sensing
problems, particularly an oversensing.
Dual-Chamber Pacing

Dual-chamber pacing may be AV sequential or
AV universal (DDD).
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Figure 26–17 Cross talk and pseudopseudofusion. Holter record of DDD pacemaker showing the effect of cross-talk
timing cycle during normal pacemaker function. Three leads are recorded simultaneously. The fifth complex is a ventricular
premature complex (V) deformed by an atrial stimulus (A). The delivery of atrial stimulus within a QRS complex (capable of
being sensed) is called a pseudopseudofusion complex. The effective ventricular electrogram of the premature ventricular
complex (PVC) (of adequate amplitude to be sensed) occurs within the postarial ventricular blanking period initiated by
the atrial stimulus (open arrow). The PVC is therefore unsensed by the ventricular channel of the pacemaker. The subsequent
ventricular extrasystole, marked by an asterisk, is sensed normally by the ventricular channel. The third ventricular complex
is also deformed by atrial stimulus, but the atrial stimulus occurs earlier, allowing the pacemaker to sense the effective ven-
tricular electrogram beyond the ventricular blanking period but still within ventricular safety period (VSP). Ventricular com-
plexes marked by open circles. (Courtesy of S.S. Barold, MD.)

Figure 26–16 Pseudofusion complexes. There is an ineffective pacemaker stimulus falling on the premature complex in
each of the three leads.
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AV SEQUENTIAL PACING
The AV sequential pacing mode is a dual-cham-
ber pacing mode that paces both the atrium
and the ventricle but senses only the ventricle
(DVI), or it senses both atrium and ventricle
but is capable only of inhibiting pacing but not
triggering it (DDI).26 If ventricular or conducted
supraventricular complexes occur at a rate above
the programmed rate with DVI pacing, all activ-
ities of the pacemaker are suppressed. If no ven-
tricular potential is sensed by the ventricular



Figure 26–19 Ventricular triggered pacing (VVT). A, Recorded during normal sinus rhythm. The pacemaker senses the
R waves of the spontaneous complexes and generates stimuli that are superimposed on the initial part of the QRS complexes.
B, The same phenomenon occurs when the heart rate increases during walking. C, The spontaneous ventricular rate falls
below 76 beats/min. The pacemaker operates in its demand mode with a rate of 76 beats/min. All ventricular complexes
are paced complexes. D, Fusion complexes (F) are present and are the result of ventricular depolarization by impulses com-
ing from both the pacemaker and conducted spontaneous impulses. The spontaneous ventricular rate and the pacemaker rate
in its demand mode are nearly the same.

Figure 26–18 Ventricular inhibited pacing (VVI) in the magnet mode, demonstrating the “threshold margin test.” With
application of a magnet, this pacemaker (manufactured by Medtronic) generates the first three stimuli at a rate of 100 times
per minute. The pulse width of the third stimulus is reduced by 25 percent, but this measurement cannot be made on the
routine ECG because of the slow paper speed. The pacing rate after the first three stimuli is identical to that during automatic
pacing.
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electrode at a predetermined interval, atrial pac-
ing occurs. Because the pacemaker does not
sense the atrium and the pacing interval is reset
by ventricular depolarization, the atrial stimulus
is competitive with the native atrial impulse.
Atrial fibrillation may develop if the atrial stimu-
lus is delivered during the vulnerable period.

The DDI pacing mode senses native atrial activ-
ity and inhibits atrial pacing where appropriate.
This mode, especially when coupled with rate
modulation, may be useful in patients with inter-
mittent atrial tachyarrhythmias and AV block. Its
use has largely replaced the older DVI mode. AV
synchrony is maintained during periods of slow
atrial rates, but rapid ventricular pacing in
response to atrial tachycardia is not seen owing to
inability of the device to trigger ventricular pacing
from atrial sensing.
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DUAL-CHAMBER PACING
AND SENSING WITH INHIBITION
AND TRACKING: AV UNIVERSAL
PACING (DDD)
DDD pacing mode is most appropriate for
patients with normal sinus rhythm and AV block.
It is also considered as a mode of choice in neuro-
cardiogenic syndromes with sympathetic cardi-
oinhibition.27 DDD pacing does not restore rate
response in the chronotropically incompetent
patient and has limitations in the patients with
sinus node dysfunction. Also, in patients with
chronic atrial fibrillation, atrial pacing is not
possible.

The AV universal mode is the most commonly
used dual-chamber pacingmode27 (Figures 26–20
to 26–22). It senses and paces both the atrium
and the ventricle. From the sensed events, it may
be inhibited or triggered to pace the atrium,
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Figure 26–20 Diagrammatic representation of the basic timin
talk intervals: postatrial ventricular blanking period (PAVB) and
AVI ¼ AV interval; LRI ¼ lower rate interval (ventricular based);
total atrial refractory period; VRP ¼ ventricular refractory period
refers to the termination and reinitiation by the timing cycle befo
duration. See text discussion. (Reproduced with permission
Pacemakers Step by Step. An Illustrated Guide. Malden MA, Bl
the ventricle, or both according to the pro-
grammed rate limits and AV interval. The opera-
tions of the two channels of a DDD pacemaker
are intimately linked, and an event detected by
one channel generally influences the function of
the other. Four different rhythms can occur with
normal DDD function: (1) normal sinus rhythm,
(2) atrial pacing, (3) AV sequential pacing, and
(4) P-synchronous pacing.

Because of the many possible modes of presen-
tation, the ECGs of patients with an AV universal
pacemaker are often difficult to interpret without
understanding the timing cycles of the dual-cham-
ber pacemaker. The traditional dual-chamber
pacemakers are designed with ventricular-based
or “V-V” lower rate timing (see Figure 26–20).
In this system the atrial escape interval (AEI) (the
interval from a paced or sensed ventricular com-
plex to the next paced atrial event) is preeminent
and controls the paced rate (see Figure 26–20).
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PVAPRP ¼ postventricular atrial refractory period; TARP ¼
. Neither PAVB nor VSP is initiated by atrial sensing. Reset
re it has timed out to its completion according to its program
from Barold SS, Stroobandt RX, Sinnaeve AF: Cardiac

ackwell-Futura, 2004.)



Figure 26–21 Atrioventricular (AV) universal pacemaker (DDD). Leads I, II, and III depict atrial and ventricular pacing at
a rate of 60 beats/min (lower limit) with an AV interval of 200 ms. Leads V1 through V3 depict sinus rhythm with a rate of
78 beats/min. Atrial pacing is inhibited. Ventricular pacing still occurs because of the delayed spontaneous AV conduction
beyond 200 ms.

Figure 26–22 Atrioventricular universal (DDD) pacemaker. The tracing shows consistent ventricular pacing. Atrial stim-
ulation is seen intermittently depending on whether the native P wave appeared before the programmed VA interval, which
is 700 ms.
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Despite its preeminence, the AEI is not a pro-
grammed interval but rather is calculated from
the programmed lower rate interval (60,000 ms �
programmed lower rate interval in ms) minus the
programmed AV delay. The paced AV delay is usu-
ally 20 to 50 ms longer than the sensed AV delay to
allow for the difference in interatrial conduction
between intrinsic and paced atrial events.

If AV conduction occurs with an interval
shorter than the programmed AV delay, the pace-
maker senses the ventricular activity and initi-
ates a new AEI. This results in atrial pacing at
a rate faster than the programmed lower rate.
The difference in rate is more pronounced at
faster programmed lower rate limits and when
there is a more pronounced difference between
the programmed AV delay and the native AV
conduction interval.

With the development of rate-modulated dual-
chamber pacemakers, it is more common to have
faster programmed lower rate limits, as the rate
modulation may increase the lower rate limit to
>100 beats/min during physical activity. As phys-
ical activity may also be associated with enhanced
AV conduction, shorter native AV conduction
intervals may be seen; this may significantly
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increase the atrial pace rate if “V-V” lower-rate
timing is utilized. To avoid this problem, some
dual-chamber pacemakers, especially those with
rate modulation, use atrial-based, or “A-A” lower
rate timing. With this approach the lower rate
interval is based on the atrial sensed or paced
event without consideration of ventricular events.
The AEI is thus lengthened if sensed ventricular
activity occurs before the programmed AV delay
and there is no increase in the atrial paced rate
above the lower rate limit.

The sensing circuits of the atrial and ventricu-
lar channels must be enabled and disabled
throughout the pacemaker cycle to allow the
device to function properly. Sensing in the atrial
channel must be controlled to avoid inappropri-
ate sensing of nonatrial events. The atrial chan-
nel is refractory during the period beginning
with an atrial paced or sensed event and
throughout the AV interval (see Figures 26–21
and 26–22). The atrial channel is likewise
insensitive for a period of time beginning imme-
diately after sensed or paced ventricular activity
(the postventricular atrial refractory period, or
PVARP) (see Figure 26–20). Thus the total
atrial refractory period is the AV interval plus
the PVARP. For many devices the programmable
atrial refractory period is the PVARP. The impor-
tance of PVARP lies not only in avoiding atrial
sensing of ventricular activity but also in avoiding
sensing of atrial activity caused by retrograde con-
duction from a ventricular event. Such retrograde
conduction frequently begins with a spontaneous
premature ventricular complex and may initiate
a acemaker-mediated tachycardia (PMT) or
endless-loop tachycardia (see later discussion).

Sensing of the ventricular channel must be
completely disabled for a short period during
and shortly after the atrial pacing spike. This
interval is termed the postatrial ventricular blank-
ing period (PAVB in Figure 26–20), during which
the device is insensitive to all signals. If it were
not for this period, the atrial spike could be
sensed as ventricular activity and inhibit ventric-
ular pacing, resulting in so-called cross-talk
inhibition (see later discussion). It should be
noted that ventricular blanking occurs only with
atrial paced and not atrial sensed events.

Following a ventricular paced or sensed event,
the ventricular channel is insensitive, the so-
called ventricular refractory period. This avoids
sensing Twaves, which might inhibit subsequent
ventricular pacing and would reset the AEI in a
device with “V-V” lower rate timing.

The upper tracking limit can be defined either
by the duration of the TARP or by a separate
timing circuit controlling the ventricular channel.
The upper tracking limit of the dual-chamber
pacemaker limits the rate at which ventricular
pacing may occur following atrial activity. If atrial
activity is sensed and initiates an AV interval that
would place a ventricular stimulus earlier than
the programmed upper rate limit, the AV interval
is extended and the ventricular pulse is delayed
until the upper rate limit has been satisfied.

The specifics of the pacemaker features vary
among manufacturers and are often programma-
ble. It is essential that such information is
known to the ECG interpreter. Without this
information, an incorrect diagnosis of pace-
maker malfunction may be made. Most DDD
pacemakers can be programmed to function in
other pacing modes, and adaptive timing cycles
can modulate the AV delay and the PVARP. For
more details of the DDD pacemaker function,
the reader is referred to other texts.4,27
MAGNET MODE
As discussed for VVI pacemakers, the applica-
tion of a magnet against the skin over the
implanted pacemaker site serves to reveal the pro-
grammed pacing mode, verify capture, and evalu-
ate the status of the pacemaker’s power source.
Themagnetmode alsomay be helpful for identify-
ing the specific pulse generator, as pacemakers
from different manufacturers respond differently
to magnet application. Conversely, the specific
response to magnet application must be known
for each pacemaker to determine whether the
response is normal. Otherwise, interpretation of
the findings is often erroneous.

Application of a magnet to an AV universal
(DDD) pacemaker usually results in asynchro-
nous pacing in both the atrial and ventricular
chambers (DOO mode). In some models, magnet
application results in asynchronous atrial pacing
but ventricular sensing is retained.28–30 In most
devices, however, the atrial and ventricular pacing
spikes appear at a specific interval regardless of
whether spontaneous complexes are present.
The pacing rate and AV interval vary depending
on the model and the manufacturer of the pace-
maker. A significant decrease from the expected
rate usually indicates battery depletion.

Atrial and ventricular capture should occur
consistently if there are no spontaneous com-
plexes. They occur intermittently if spontaneous
complexes are present and the chambers are sti-
mulated during their refractory periods. Certain
DDD pacemakers respond to magnet application
with two pacing rates. During the initial part of
the magnet mode several complexes are paced
at a faster rate, the last being stimulated with



Figure 26–23 Atrioventricular (AV) universal (DDD) pacemaker with and without magnet application. A, Tracing
recorded without the magnet. The pacing rate is 71 times/min, and the AV interval is 180 ms. There is consistent atrial cap-
ture. The ventricular pacing spikes, however, occur at the same time as when spontaneous ventricular depolarization begins,
resulting in pseudofusion complexes. B, Tracing was obtained while a magnet was applied. There are three pairs of AV
stimuli occurring at a rate of 78 times/min with an AV interval of 100 ms (threshold margin test). There is both atrial and
ventricular capture. After these three complexes, the pacing rate and AV interval return to the same values seen before the
magnet was applied.
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reduced pulse width. The AV interval during this
period is shortened to avoid competitive depo-
larization from spontaneous AV conduction
(Figure 26–23).
Rate-Responsive Pacing

Rate-responsive pacing is designed to increase
the pacing rate and thus the cardiac output in
response to increased physical activity.31–33 A sen-
sor works independently of intrinsic atrial
activity. Several types of sensors are available.
Those most widely used are vibration- or
motion-sensing devices, either a piezoelectric
crystal activity sensor fixed to the inside of the
pacemaker case or an accelerometer. The crystal
detects vibration generated by body motion, and
the accelerometer senses motion directly. Cir-
cuitry inside the pacemaker then converts these
detected vibrations or motion into an increased
pacing rate in response to the level of activity
being performed.31–33 Figure 26–24 shows an
example of this type of pacemaker.

Other rate-responsive pacemakers have used
the right ventricular blood temperature, minute
ventilation, the QT interval, mixed venous oxy-
gen saturation, and other physiologic parameters
as variables to modulate the pacing rate.34 Multi-
ple apparent pacing spikes may be recorded
from a patient with a pacemaker that senses
minute ventilation (Figure 26–25). Some pace-
makers use dual sensors (e.g., motion and min-
ute ventilation) in an attempt to provide a
more physiologic rate response.
Dual-chamber rate adaptive (DDDR) pace-
makers are capable of all modes described for
DDD pacemakers. In addition to using P-synchro-
nous pacing as a method for increasing the heart
rate, the sensor incorporated in the pacemaker
may also drive the increase in heart rate. The result-
ing rhythm may be sinus driven (alternatively
called “P-synchronous”) or sensor driven. The rela-
tion between the sensor-driven upper rate and the
atrial-driven rate can be expressed in three ways:
(1) sensor-driven upper rate <atrial-driven upper
rate (i.e., a non-useful response); (2) sensor-driven
upper rate ¼ atrial-driven upper rate; and (3) sen-
sor-driven upper rate >atrial-driven upper rate, a
useful arrangement to avoid tracking of fast atrial
rates in patients with bradycardia-tachycardia syn-
drome and chrontropic incompetence.4 The ideal
patient for DDDR pacing is one with combined
sinus and AV node dysfunction, because this mode
allows restoration of rate responsiveness and AV
synchrony.27
DDD PACEMAKER-RELATED
ARRHYTHMIAS
Because of the characteristics of the DDD pace-
maker, certain tachycardias and irregular
rhythms may be seen even though the pace-
maker is functioning normally.
Wenckebach Pacemaker Response

The Wenckebach pacemaker response35,36 is
observed when the spontaneous PP interval



Figure 26–25 Multiple apparent pacing spikes recorded from a patient with a pacemaker that uses a minute ventilation
sensor. The pacemaker emits small electrical impulses to measure chest wall impedance. These impulses may be recorded
as pseudo-pacing spikes.

Figure 26–24 Rate-responsive ventricular inhibited pacing (VVI þ activity). The tracing was obtained with Holter moni-
toring. The upper and middle strips show a ventricular pacing rate of 80 times/min. The pacemaker senses and captures prop-
erly. The bottom strip was recorded during exercise, and the pacing rate was increased to 124 times/min.

616 SECTION I � Adult Electrocardiography
(atrial rate) is shorter than the programmed
DDD pacemaker upper rate limit, but longer
than the TARP. The atrial impulses are sensed
(unless they occur during the pacemaker’s atrial
refractory period), and atrial pacing is inhibited.
Ventricular pacing does not occur at the preset
AV interval but is delayed until the upper
rate limit (the shortest VV interval) is reached
(Figure 26–26). Therefore the P-to-V interval is
prolonged by an interval that is inversely propor-
tional to the preceding VP interval. This
shortening of the VP interval and lengthening
of the PV interval is progressive until the P wave
falls within the postventricular portion of
the atrial refractory period, during which the
P wave is not sensed. The unsensed P wave is
not followed by a ventricular stimulus. The suc-
ceeding P wave, however, is sensed and is fol-
lowed by ventricular pacing at the programmed
AV interval. A long VV interval is observed. The
progressive lengthening of the PV interval until
a P wave is no longer followed by a paced QRS
complex superficially resembles the Wenckebach
type of second-degree AV block.

Pacemaker Circus Movement Tachycardia

The reentry tachycardia occasionally seen in
patients with normally functioning DDD, DDR,
or VDD pacemakers is sometimes also called end-
less-loop tachycardia (ELT).37–39 The underlying
cause of this pacemaker-induced tachycardia is
the presence of retrograde Pwaves (Figures 26–27
and 26–28). Approximately two thirds of patients
with sick sinus syndrome and 20 to 35% of
patients with AV block exhibit retrograde VA con-
duction.40 The duration of VA conduction ranges
from 100 to 300 ms (rarely longer) and is influ-
enced by autonomic tone and drugs.40a Only
about 5 percent of patients with absent VA



Figure 26–27 Genesis of pacemaker-induced reentry tachycardia. The retrograde P wave (P0) of a paced beat is sensed by
the DDD pacemaker and induces delivery of a ventricular stimulus at the end of the programmed atrioventricular interval.
The pacemaker serves as a bypass to initiate and perpetuate a reentry tachycardia.

Figure 26–26 Wenckebach response of a DDD pacemaker. The programmed lower rate of the pacemaker is 60 and the
upper rate 120 pulses/min. The atrioventricular interval is 150 ms, and the postventricular atrial refractory period is 325 ms.
The two-channel Holter recording shows that the patient’s spontaneous atrial rate is 128 beats/min (PP interval 470 ms). Ven-
tricular pacing occurs at the upper rate limit of 120 pulses/min (VV interval 480 ms) for three beats followed by a pause.
There is progressive lengthening of the PV interval and shortening of the VP interval until the pause occurs. The last VP inter-
val before the pause measures 300 ms. The P wave preceding the pause therefore falls within the postventricular atrial refrac-
tory period and is not sensed. Ventricular pacing is not triggered until the next P wave appears and the same sequence is
repeated.
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conduction before implantantion acquire VA con-
duction after pacemaker implantation.41 Retro-
grade atrial depolarization is sensed by the atrial
component of the pacemaker, which in turn
triggers programmed delivery of a ventricular
stimulus, resulting in a paced QRS complex with
retrograde atrial capture. The same reentrant
event repeats itself, resulting in ELT in patients
with persistent VA conduction. The rate of the
tachycardia cannot exceed the upper rate limit
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Figure 26–28 DDD pacing and endless-loop tachycardia induced by loss of atrial capture. ECG and marker channel.
Lower rate interval ¼ 857 ms; atrioventricular (AV) delay ¼ 200 ms after atrial pacing and 150 ms after atrial sensing; post-
ventricular atrial refractory period (PVARP) ¼ 300 ms; upper rate interval ¼ 500 ms. Subthreshold atrial stimulation (AP).
Ventricular pacing causes retrograde VA conduction. Left, The retrograde P waves fall within the PVARP and are depicted
as AR by the marker channel. AR events cannot initiate an AV delay. The PVARP was shortened to 200 ms at the asterisk.
The pacemaker then senses the retrograde P wave (AS) and initiates endless-loop tachycardia. (Reproduced with permission
from Barold SS, Zipes PD: Cardiac pacemakers and antiarrhythmic devices. In: Braunwald E [ed]: Heart Diseases. A Text-
book of Cardiovscular Medicine, 5th ed. Philadelphia, Saunders, 1997, pp 705–741.)
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programmed for the pacemaker. Lengthening of
the atrial refractory period of the pacemaker
may decrease the incidence of this complication.
Most devices are capable of extending the PVARP
after a sensed ventricular event (a premature
ventricular complex) to prevent sensing a retro-
grade P wave. Shortening of AV delay is also use-
ful. Additionally, termination of the tachycardia
may occur with a programming feature that
allows the device to block sensing of atrial activ-
ity periodically when the atrial rate exceeds a
preset limit. This feature terminates the end-
less-loop tachycardia; but if it is sinus tachy-
cardia, only a single ventricular stimulus is
omitted, an event not likely to be noted by the
patient. Endless-loop tachycardia can also be
terminated by applying a magnet over the
pacemaker.

Repetitive VA synchrony can also occur in the
DDD or DDR mode when the retrograde P wave
is unsensed, but the pacemaker continually deli-
vers an ineffectual atrial stimulus that causes an
additional ventricular paced complex following
each paced ventricular complex. This arrhyth-
mia is often labeled as non-reentrant.41
OTHER CAUSES OF TACHYCARDIA
Different types of supraventricular tachycardia
may induce a variety of pacemaker responses when
automatic switching mode is not programmed.
A rapid and irregular ventricular rate suggests
atrial fibrillation or atrial flutter, provided a defec-
tive atrial lead can be ruled out.

Pacemaker tachycardia triggered by myopo-
tentials sensed by the atrial channel of a unipolar
DDD pacemaker can be regular or irregular. Sen-
sor-driven tachycardia is rare with accelometers
used in contemporary pacemakers.
OVERDRIVE SUPPRESSION
Overdrive suppression (see Chapter 13) can
occur after cessation of pacing.
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VENTRICULAR RESYNCHRONIZATION
(BIVENTRICULAR PACING)
Ventricular resynchronization with biventricular
pacing has become an established therapy for
patients with LV dysfunction of various etiology,
in particular in the presence of established ventric-
ular asynchrony due to intraventricular conduc-
tion disturbances.42,43,43a To interpret the ECG
during the follow-up of the biventricular pacing,
it has been suggested to record four 12-lead ECGs
at the time of implantation: (1) intrinsic rhythm,
(2) RV paced rhythm, (3) LV paced rhythm, and
(4) biventricular paced rhythm.16

Biventricular devices permit programming of
interventricular interval, usually in steps from
þ80 ms (LV first) to �80 ms (RV first) in order
to optimize hemodynamic function. In the
absence of anodal stimulation, increasing the
VV interval gradually to þ80 ms will progres-
sively widen the QRS complex and alter its mor-
phology by increasing the R wave amplitude in
lead V1. As pointed out by Barold,44 the varying
configuration of QRS in lead V1 cannot be corre-
lated with the hemodynamic response, and the
degree of QRS narrowing is a poor predictor of
the mechanical cardiac synchronization.16

Evaluation of the ECG pattern of biventricular
pacing focuses on simultaneous RV and LV stimu-
lation. The paced QRS complex is often less wide
than the QRS complex caused by single-chamber
pacing. Loss of capture in one ventricle will cause
a change in the morphology of ventricular paced
complexes in the 12-lead ECG by displaying ven-
tricular complexes generated by either single-
chamber RV or single-chamber LV pacing (see
earlier discussion). Also, a shift in the frontal
plane axis may be useful in corroborating the loss
of capture in one of the ventricles.

During biventricular pacing the QRS complex
is often positive in lead V1 when the RV is paced
from the apex. A negative QRS complex in the V1

position may be caused by lack of LV capture, LV
lead displacement, increased latency, or changes
in ventricular substrate (e.g., ischemia, scar).
MINIMIZING RV PACING
The recently discovered harmful effects of chronic
RV pacing prompted a search for procedures
aimed at minimizing its impact. Programmed
AV delays and automatic mode switching from
DDDR to AAIR represent some of these attempts
(Figure 26–29). The reader is referred to other texts
for more details.45,46,46a In some patients, His bun-
dle stimulation can be satisfactorily performed to
synchronize the ventricular contraction.47
Adaptive AV Delay, Rate
Hysteresis, Fallback Response, Rate
Smoothing, Rate-Responsive AV
Delay, Mode Switching,
Autocapture

Adaptive AV delay is a feature included in some of
the DDD pacemakers. With this feature the pace-
maker shortens the sensed AV intervals with
increasing atrial rate within a programmable range
of rates, thereby mimicking the physiologic
response of the PR intervals. The purpose of this
feature is to provide equivalent AV hemodynamic
intervals for spontaneous or paced atrial contrac-
tions. It is assumed that the atrial electrode senses
the intrinsic atrial impulse after atrial contraction
has already begun. Therefore a shorter sensed AV
interval provides the same mechanical time
sequence generated by a paced atrial beat with a
longer paced AV interval.

Adaptive dynamic PVARP with atrial sensing
is another provision for adaptation to different
atrial rates (see earlier discussion).

Rate hysteresis is present when the pacemaker’s
escape interval is longer than the pacing interval
(Figure 26–30). This feature is provided to allow
the patient’s own sinus rhythm, which is more
physiologic, to be maintained at a lower rate than
the pacing rate. In contemporary pacemakers, hys-
teresis is coupled with a search function that looks
for intrinsic activity by periodically extending one
or more pacing cycles to the hysteresis interval.
If the device then detects intrinsic activity, it will
be inhibited and will begin to function at the hys-
teresis rate. If no intrinsic activity is sensed, pacing
will resume at the programmed rate.

In certain pacemakers a fallback response is
included to limit the time during which the ven-
tricular rate remains at the programmed upper
rate.48 This option is designed to be used in
patients who cannot tolerate a sustained upper
rate. The response is activated by detection of an
atrial rate faster than the programmed upper rate.
The fallback mechanism then gradually returns
the ventricular rate to more tolerable levels. AV
synchrony may or may not be maintained during
the fallback response.

Rate smoothing is a programmable option avail-
able in some DDD pacemakers. It is designed to
eliminate pronounced variations in the ventricular
pacing cycle length while tracking atrial activity.
It is intended for patients who cannot tolerate
marked fluctuations of paced rate. The maximum
change in the pacing rate from cycle to cycle is lim-
ited to somepercentage of the previousRR interval.



Figure 26–30 Hysteresis. Note the longer escape interval after the spontaneous complexes. Once pacing begins, the rate
returns to the programmed automatic rate.
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Figure 26–29 ECGs showing the function of Managed Ventricular Pacing (Medtronic) to minimize the impact of right
ventricular pacing. AP ¼ atrial paced event; AS ¼ atrial sensed event; V ¼ ventricular paced event; VS ¼ ventricular sensed
event. (Courtesy of Medtronic, Inc.)
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Rate-responsive AV delay allows shortening of
the AV interval at faster tracked or paced atrial
rates. This allows for more physiologic AV syn-
chrony and higher programmable upper rate
limits without shortening the postventricular
atrial refractory period.

Mode switching during DDD pacing is also
available in many devices. The device can be
programmed to behave as a typical AV universal
pacemaker until atrial rates exceed those
expected for sinus rhythm. Under this condition,
the device switches to VVI or DDI mode, usually
with ratemodulation. This avoids rapid ventricular
pacing during atrial arrhythmias.

Autocapture allows the pacemaker to adjust
stimulation output according to continuously
monitored capture thresholds,48 decreasing over-
all current consumption and prolonging the pace-
maker’s service life. The pacemaker confirms
capture while decreasing the amplitude of the pac-
ing stimulus. When capture is not confirmed, the
pacemaker delivers a higher-amplitude output
pulse shortly after the ineffective pulse. This results
in two pacing artifacts preceding the QRS complex
on the ECG.
Pacing Failure

Pacing failure (output failure or failure to
capture) cannot be recognized if the patient’s
Figure 26–31 Battery failure. The battery power failure is ind
min.
rhythm is spontaneous with a ventricular rate
faster than the pacemaker’s preset pacing rate.
A magnet may be applied to convert the pace-
maker to the fixed-rate mode, and pacing can
be examined. In some patients, slowing of the
intrinsic heart rate may be accomplished by
carotid sinus stimulation to allow the pacemaker
to escape. Such a procedure, however, is asso-
ciated with the potential risk of ventricular asys-
tole if pacing malfunction does exist.

With most pacemakers, a change in the pacing
rate due to battery depletion appears earlier in the
magnet mode than during automatic pacing. This
is frequently a planned indication for pacemaker
replacement. Slowing of the automatic pacing rate
may be due to malfunction from further battery
depletion (Figure 26–31) and in most pace-
makers is an indication for urgent pulse generator
replacement. With modern pacemakers, a marked
increase in the pacing rate (runaway pacemaker)
is seldom seen as a sign of battery depletion.

Pacing malfunction also may manifest as fail-
ure of the pacemaker impulse to depolarize the
ventricles. The failure may be permanent or inter-
mittent and may be caused by inadequate voltage
output from the pulse generator, wire fracture,
electrode displacement, or an increase in the
stimulation threshold at the site of the electrode.
Functional failure to capture may also be seen if
the pacemaker impulse occurs during the myo-
cardial refractory period (see Figure 26–11).
icated as a decrease in the pacing rate from 70 to 47 beats/
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Myocardial perforation occasionally is res pon-
sible for pacing failure and occurs most frequently
during the first few weeks after implantation. An
RV endocardial lead may perforate the interven-
tricular septum or, more commonly, the free wall
of the right ventricle. The electrode may migrate
and rest on the epicardial surface of the left ventri-
cle. On the ECG the morphology of paced com-
plexes may change from an LBBB pattern to an
RBBB-like pattern. Indeed, if such morphologic
changes occur spontaneously in a patient with
an RV transvenous electrode, the diagnosis of
myocardial perforation should be suspected (see
Figure 26–10).
ECG Signs of Malfunction
of Ventricular Pacing

Although other procedures may be employed to
evaluate the functions of ventricular pace-
makers, only findings detectable by routine
ECG are discussed here. Pacemaker malfunction
may involve abnormalities of sensing, capture,
or heart rate.49 Loss of sensing ability usually
occurs before loss of pacing ability.50 The source
of malfunction may be in the pulse generator, in
the lead, at the junction of the cardiac tissue
Figure 26–32 Ventricular demand pacemaker (VVI) with sen
pacemaker. The spontaneous ventricular complexes are not sen

INSPIRA

Figure 26–33 Loss of atrial sensing (arrows) during deep insp
with permission from Barold SS, Falkoff MD, Ong TS, et al: Elec
old SS, Mugica J [eds]: New Perspectives of Cardiac Pacing. Mo
with the electrode, or at the junction of the lead
with the pulse generator. The VVI pacing mode
is discussed here.
UNDERSENSING
When a ventricular pacemaker in the demand
(VVI) mode has completely lost its ability to
sense, it performs like a fixed-rate asynchronous
pacemaker (Figure 26–32). Such dysfunction
cannot be detected if the patient has consistent
bradycardia and spontaneous ventricular com-
plexes are absent. In some patients, exercise or
drug use accelerate the heart rate, expose spon-
taneous QRS complexes, and allow one to deter-
mine the sensing ability of the pacemaker. In
some instances the undersensing is intermittent
and may or may not be associated with pacing
failure.

The most common cause of undersensing is a
low-amplitude electrogram (Figure 26–33). With
newly implanted pacing leads, the electrical
potential to be sensed may be too low because
of underlying myocardial scar, inadequate myo-
cardial or endocardial contact, poor orientation
of a bipolar electrode, or inappropriate program-
ming of amplifier sensitivity.20 Injury current
resulting from lead placement, especially seen
with active fixation leads, may disturb the rate
of discharge (dV/dT) and interfere with sensing.
sing malfunction. The pacemaker operates like a fixed-rate
sed. The spontaneous rhythm is atrial fibrillation.

TION

iration caused by decreased P wave amplitude. (Reproduced
trocardiography of contemporary DDD pacemakers. In Bar-
unt Kisco, NY, Futura, 1988.)
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Later loss of signal potential may be the result of
acute MI, formation of an insulating fibrous cap-
sule around the electrode, or myocardial perfora-
tion with the electrode having migrated to a poor
signal area.24 Hyperkalemia, slow conduction
caused by certain types of antiarrhythmic drugs,
and cardioversion-defibrillation can also cause
transient undersensing.51 Broken leads or wire
insulation tears with current leakage have become
less common with the improved quality of the
lead wire and insulation.

Findings that may be mistaken for undersen-
sing have been discussed previously, including
fusion, pseudofusion, and certain unsensed ven-
tricular ectopic complexes. Artifact caused by
recorders that simulate the pacing spike can also
be mistaken for undersensing. Functional atrial
undersensing with a normally functioning pace-
maker is quite common when it occurs during
long or extended PVARP.
OVERSENSING
Oversensing of physiologic intracardiac voltage
may occur when tall P or T waves may be mis-
taken for R waves and thereby cause inappropri-
ate triggering with resetting of the pacemaker23
Figure 26–34 Oversensing of the T wave. The two leads were
have a pacing rate of 70 beats/min. The first QRS complex i
sixth QRS complexes are paced. The third QRS complex is a fu
fifth complexes is 860 ms, which is the equivalent of the progr
and sixth complexes is much longer. However, the interval be
T wave is 860 ms. The delay of the last pacing spike is therefor
The long spike-to-spike interval that involves the second and th
(Figure 26–34). Mistaken doubling of the heart
rate may occur in the presence of tall, peaked
Twaves, such as in hyperkalemia. Another cause
of oversensing is the myopotential (see next
discussion).
MYOPOTENTIAL SENSING
Myopotentials represent electrical activity origi-
nating in skeletal muscle. Oversensing of myo-
potentials occurs almost invariably with unipolar
pulse generators. Most myopotential interfer-
ence originates from the deltopectoral region at
the site of a unipolar pacemaker.52–56 A unipolar
ventricular pacemaker may sense such myopo-
tentials and can inhibit ventricular pacing for
variable time periods. In a DDD channel myopo-
tential interference is more common in the atrial
channel, resulting in a rhythm disturbance. An
example is shown in Figure 26–35. Myopotential
inhibition in a bipolar pacing system suggests
faulty lead insulation.
ABNORMAL LATENCY
The delay from a pacing stimulus to the evoked
potential is called latency, which is normally
<40 ms. Increased latency can be simulated by
recorded simultaneously. The VVI pacing is programmed to
s spontaneously conducted. The second, fourth, fifth, and
sion complex. The spike-to-spike interval of the fourth and
ammed pacing rate. The spike-to-spike interval of the fifth
tween the last pacing spike and the apex of the preceding
e most likely the result of sensing of the preceding T wave.
ird complexes can be explained on the same basis.



Figure 26–35 Myopotential inhibition of ventricular demand pacing (VVI). The ECG was obtained during telemetry mon-
itoring. In the control tracing obtained while the patient was inactive, the pacemaker is pacing regularly at a rate of 73 beats/
min. Intermittent inhibition of the pacemaker occurred while the patient was taking a shower and during left arm exercise.
Baseline artifacts due to skeletal muscle potential are present. The pulse generator was implanted overlying the pectoralis
muscle, and the lead was unipolar.
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an isoelectric onset of the QRS complex in one
or more leads. Consequently diagnosis of abnor-
mal latency requires a 12-lead ECG. Abnormal-
ities of latency are caused either by structural
myocardial changes (e.g., myocardial ischemia
or scar) or by functional reversible abnormalities
(e.g., hyperkalemia, antiarrhythmic drugs).

Increased atrial latency is caused usually by
atrial disease. The delayed P wave onset results
in the delayed mechanical response and subopti-
mal mechanical AV synchrony.
ELECTROMAGNETIC INTERFERENCE
Electromagnetic interference causing oversensing
may come from nonphysiologic sources such as
radar, television, and radio transmitters. Electro-
cautery may inhibit the pacemaker output if it is
used within a few inches of the pulse generator.
Microwave ovens and weapon detector equip-
ment no longer cause potential problems for
proper function of modern pacemakers. Reports
have indicated that handheld cellular telephones
used in the proximity of permanent pacemakers
may interfere with their function.57,58 Although
their effects are not restricted to the sensing
function, it is pertinent to mention that therapeu-
tic irradiation and direct-current countershock
applied externally or from a co-implanted cardio-
verter/defibrillator may damage or reset the pulse
generator.59
ECG Signs of Malfunction of the AV
Universal (DDD) Pacemakers

As in the case of VVI pacemakers, malfunction of
DDD pacemakers may be manifested by under-
sensing or oversensing, an absence of pacing sti-
muli when expected, a slowed or increased
pacing rate, or failure to capture. Those problems
that involve only the ventricular channel (see
above) and are common to both modes of pacing
are not repeated here.

The ECG diagnosis of DDD pacemaker mal-
function is usually more difficult because the
characteristics of the pulse generators vary with
the manufacturer and the different models from
the same manufacturer. Misinterpretation of
pacemaker malfunction often occurs when the
specifics of these characteristics are not known
to the electrocardiographer. It also occurs if the
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interpreter is not informed about the parameters
(e.g., pacing rate, pacing mode) that have been
reprogrammed since the previous tracing.

Atrial undersensing is one of the most common
problems with DDD pacing.60 It may be due to
poor electrode location, lead dislodgement, inade-
quate P wave amplitude, or problems that involve
the lead itself and the pulse generator.

Myopotential interference occurs frequently
with unipolar DDD pacemakers, as discussed
earlier.61–63
CROSS TALK
Unique to the DDD (and DVI) pacemakers is the
phenomenon of cross talk, or self-inhibition.64,65

Cross talk is the inappropriate sensing by one
channel of electrical events generated in the
other channel (see Figures 26–17 and 26–20).
This is seen more commonly as detection of
atrial activity or atrial stimulus by the ventricu-
lar lead. Sensing of the ventricular stimulus by
the atrial lead is obviated by inactivation of atrial
sensing after ventricular pacing, but sensing of
spontaneous ventricular activity in the atrial lead
is another example of cross talk. Depending on
the system, cross talk can cause shortening of
the paced AV delay and increase the pacing rate.
Alternatively it can prolong the interval between
the atrial stimulus and the succeeding conducted
QRS complex to a value greater than the pro-
grammed AV delay.65

Most contemporary DDD pacemakers mini-
mize the possibility of cross talk by including
Figure 26–36 Safety pacing. The fifth and sixth QRS complex
(AV) interval, and the pacemaker delivers a ventricular stimulus
falls during the ventricular refractory period and before the vuln
the previously described ventricular blanking
period after the atrial stimulus. During the ven-
tricular blanking period (usually 10 to 60 ms
after the atrial stimulus), no signal can be
detected. The ventricular channel then “opens”
after this short blanking period so that ventricu-
lar sensing can occur during the remainder of
the AV delay. Another protective mechanism,
known as ventricular safety pacing, complements
the blanking period but does not prevent cross
talk. It merely offsets its consequences. Any
event sensed by the ventricular lead during this
time triggers ventricular pacing at the end of
the triggering period. If this sensed event was
“cross talk” from the atrium, ventricular pacing
ensures the presence of ventricular activity.
If, on the other hand, the sensed event was truly
ventricular activity, the ventricular pacing spike
falls shortly afterward and probably during ventric-
ular depolarization rather than at the end of the
programmed AV delay, avoiding the vulnerable
period of the ventricle (Figure 26–36).
Pacemaker Syndrome

According to Barold,66 the pacemaker syndrome
is a clinical problem caused by improper timing
of atrial and ventricular contractions precipitating
reduced cardiac output and hypotension. The
resulting symptoms may be present in about 10
to 20 percent of patients with VVI pacemakers,
often in association with retrograde VA con-
duction. The obvious clinical manifestations
es are sensed during the early portion of the atrioventricular
at the conclusion of a shortened AV interval. This stimulus
erable period.
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include signs and symptoms of heart failure, but
there are often subtle manifestations that can be
missed. The treatment of pacemaker syndrome is
restoration of appropriate AV synchrony and opti-
mizing the AV delay in patients with DDD pace-
makers. The MOST study investigators reported
severe pacemaker syndrome in nearly 20 percent
of VVIR-paced patients who improved with repro-
gramming to the dual-chamber pacing, and sug-
gested that atrial-based pacemakers be implanted
in all patients.67 However, the meta-analysis of
randomized trials showed that, compared with
ventricular pacing, the use of atrial-based pacing
did not improve survival and cardiac morbidity
except for modest reduction of the incidence of
atrial fibrillation.68 For further information the
reader is referred to other pertinent studies.69,70
Ambulatory Monitoring in Patients
with Pacemakers

In general, Holter or event monitoring in pace-
maker patients is more useful in the investiga-
tion of unexplained symptoms, such as syncope
or palpitations71,72 than in the evaluation of
pacemaker function after an unrevealing thor-
ough evaluation in the pacemaker clinic. Asymp-
tomatic lead malfunction, however, may be
demonstrated more reliably by Holter monitor-
ing than in the clinic.73 In routine Holter record-
ings, the most common abnormalities consist of
atrial undersensing and myopotential interfer-
ence in unipolar systems. The reliable interpreta-
tion of recordings from DDD pacemakers may be
difficult.

A system that enhances the pacemaker stimu-
lus (and displays it on a separate channel) may
be useful. Presently, the pacemaker itself can func-
tion as an implantable Holter system.74,75 The
development of electrogram storage and retrieval
by pacemakers has added a new dimension to
the diagnosis of arrhythmias in patients with
Figure 26–37 Characteristic ECG changes associated with a
A, Normal, expected QRS complex/ST-T wave discordance. B, D
>1 mm. D, ST depression >1 mm in leads V1, V2, or V3. (From K
cardiographic diagnosis of acute myocardial infarction in patien
1998.)
pacemakers. The system enables the storage of
electrograms with separate channels for atrial
and ventricular activity as well as the recording
of the onsets and the offsets of the events of inter-
est, which have included detection of tonic-clonic
seizures.76 Also, recent developments have
allowed for wireless transmission of pacemaker
and lead data. It is anticipated that the memory
function will help to facilitate the programming
of increasingly complex devices.
POSTPACING T WAVE CHANGES
In patients with artificial ventricular pacemakers,
postpacing Twave inversions in the spontaneous
complexes may simulate myocardial ischemia.
These changes are discussed in Chapters 4 and
23 (see Figures 23–8 and 23–9).
DIAGNOSIS OF MI DURING
VENTRICULAR PACING
The QRS complexes generated by right ventricu-
lar pacing resemble LBBB, except for the initial
forces. Therefore the ST segment and T wave
criteria for diagnosis of myocardial ischemia
described in Chapter 4 are applicable to
the paced RV complexes.77–79 Thus Sgarbossa
et al.78 proposed the following criteria for the
diagnosis of acute injury pattern in the paced
ventricular complex: (1) ST elevation �5 mm
discordant with the QRS complex; (2) ST eleva-
tion >1 mm concordant with the QRS complex;
and (3) ST depression >1 mm in lead V1, V2, or
V3 (Figures 26–37 and 26–38). These findings
are associated with a sensitivity of 18 to 53 per-
cent and specificity of 88 to 94 percent.

Pacing from a location at or near to the RV
apex can produce a qR pattern in leads I and
aVL, where q wave duration is usually �3 ms.
The left precordial leads, however, display R,
Rs, rS, or QS complexes, and an initial q wave
in these leads suggests the presence of a prior
cute myocardial infarction according to Sgarbossa et al.28

iscordant ST elevation >5 mm. C, Concordant ST elevation
ozlowski FH, Brady WJ, Aufderheide TP, et al: The electro-
ts with ventricularly paced rhythms. Acad Emerg Med 5:52,



Figure 26–38 Ventricular pacing in a patient with extensive anterior myocardial infarction. There is marked ST segment
elevation and absent R waves in leads V1–V6. Notching of the upstroke of the QRS complex (Cabrera’s sign) is noted in V4.
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anterior MI. The St-qR pattern (St refers to the
pacing stimulus) in the lateral precordial leads
has a specificity approaching 100 percent for
anterior MI.79 Late notching of the ascending
limb of the QRS complex in the left precordial
leads (Cabrera’s sign) (see Figure 26–38) is also
highly specific for prior anterior MI.80

Inferior MI is more difficult to detect than
anterior MI because the QS pattern in the infe-
rior leads is normally recorded during RV apical
pacing. A QR or Qr pattern in the inferior leads,
I aVR V

II aVL V

III aVF V

Figure 26–39 Intermittent ventricular pacing in a patient with
(MI) caused by occlusion of the dominant left circumflex artery.
in leads V5–V6 and a QS pattern in leads II, III, and aVF.
however, does not occur during normal RV pacing
and is highly specific for MI (Figure 26–39).
An rS pattern in lead aVR may also be seen with
inferior MI but is not specific.79
ABNORMALLY WIDE QRS COMPLEX
The very long (e.g., >160 ms) QRS duration of
the paced ventricular complex is associated with
increased incidence of heart failure and increased
mortality.81,82 It has been found that the risk
1 V4

2 V5

3 V6

history of previous inferior and lateral myocardial infarction
MI can be recognized in paced complexes by wide Q waves
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increases progressively for each 10-ms increase in
the QRS duration of the paced complex.81

Reversible widening of QRS complex occurs
during treatment with certain antiarrhythmic
drugs (see Chapter 22) and during hyperkalemia,
which can be suspected in the presence of tall and
sometimes peaked Twaves and low-amplitude or
absent P waves.
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Heart Rate Variability
Ambulatory electrocardiographic (ECG) moni-
toring is a method of recording an ECG for long
durations (generally 24 to 48 hours). In honor of
Norman J. Holter,1 an engineer from Helena,
Montana, who invented ambulatory ECG moni-
toring in 1961, the procedure is often called
Holter monitoring. The methodology has under-
gone considerable evolution since its introduc-
tion into the practice of cardiology.

Modern Holter monitors are cassette recor-
ders or digital recorders that usually record
2 or 3 ECG leads, with some models recording
up to 12 leads. The leads generally used are
modified bipolar leads V1 and V5 and, in the case
of three-channel recording, an additional modi-
fied lead aVF. For two-channel recordings, two
negative electrodes are placed in the area of the
upper sternum and two positive electrodes at
the conventional lead V1 and V5 positions,
respectively. A ground electrode is placed over
the right side of the chest. For three-channel
recordings, another negative electrode is placed
at the left infraclavicular fossa, and the electrode
at the conventional lead V5 position is used as
the positive electrode for the modified lead aVF.

Newer models conform to accepted ECG stan-
dards and thus eliminate distortions of low-
frequency signals. This allows accurate assessment
of ST segment deviations and QT measurement.
Almost all current recorders are equipped with
an event marker button that the patient presses
to mark the time of a particular symptom. Pressing
the button leads to an electronic marker on the
tape, so when the tape is analyzed, the symptom
noted in a patient’s diary can be correlated with
the recording. The patient’s diary during the
monitoring period is an essential part of the
information.

Current ambulatory ECG monitoring is under-
going significant renovation with the advent of
personal computer technology. In addition to
providing a 24-hour (or longer) ECG recording,
almost all systems can also provide information
regarding hourly heart rates and counts, hourly
rhythm disturbances, hourly and day/night
ST segment deviation trends, and hourly rates of
both supraventricular and ventricular ectopic
activity. Most systems also provide information
regarding heart rate variability.2

All units have time identification whenever
the ECG is printed out by an automated program
or at the discretion of the operator. A 24-hour
trend sheet or digital printout is provided to dis-
play the heart rate and ST segment changes in
relation to the time of the day as well as the
number and characteristics of ventricular and
supraventricular ectopic complexes on an hourly
basis. Certain playback systems print out the
631
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ECG from the entire Holter tape in a condensed
form (Figure 27–1). A printout of the distribu-
tion of the frequency of premature complexes,
as shown in Figure 27–2, is readily available.
Some portions of the tracing may be selected
for enlargement and detailed examination.
Figure 27–1 Condensed printout of 1 hour of an ambulatory

Figure 27–2 Hourly distribution of premature ventricular com
Even with the most automated scanning sys-
tem, the computer interpretation is not always
reliable. Quantitation of ventricular premature
complexes have an average error of 24 percent,3

and the computer readout often needs editing.
Because of the large amount of data recorded
ECG from a patient with premature ventricular complexes.

plexes in a 26-year-old man who is aware of palpitations.
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on the tape, the technician should be able to
select the pertinent parts of the tape and prepare
a printout for the physician’s scrutiny. The tech-
nician should therefore be experienced in ECG
interpretation and know the clinical significance
of the common cardiac arrhythmias.

The utilization of personal computer hard-
ware and software has led to more rapid and
accurate analysis of Holter monitor tapes. Oper-
ator intervention has been reduced considerably,
as has the error associated with the analysis. The
more advanced systems give the operator con-
siderable leeway for determining whether the
complexes are normal or abnormal. This is partic-
ularly important in the event of baseline artifact
on a recording that may lead to incorrect determi-
nations of ectopic rhythms. Reanalysis may also
be performed within minutes using different algo-
rithms, providing more accurate data for patient
management.2
Event Recorders

Holter monitoring is performed generally for 24
hours. McClellan et al.3 found that extending the
monitoring for an additional day was not cost
effective. Transient event recorders have been
developed as an alternative to Holter monitor-
ing. These devices are suitable for patients with
infrequent symptoms, but are not suitable for
patients with syncope or for those who are func-
tionally impaired and therefore unable to acti-
vate the recorder. Event recorders should be
considered when the suspected symptom may
require prompt interpretation or intervention,
as analysis of the regular Holter monitoring and
the accompanying diary is likely to be performed
within 1 to 2 days after occurrence of the
recorded symptoms.

The event recorders are roughly the size of
a pager and are worn by the patient for 30 days.
During this time digital recording can be made
at the time of symptomatic episodes and trans-
mitted to a receiving station over the telephone
by the patient. These loop recorders record con-
tinuously, but only a small window of time is
present in memory at any time; the current win-
dow is frozen while the device continues to
record for 30 to 60 seconds. Some of the loop
recorders store up to 30 seconds of ECG before
the patient activates the recording.

Event recorders are generally very effective in
documenting infrequent events. More recently
autotriggered memory loop recorders (AT-MLR)
programmed for a variety of arrhythmic events
have become available, making it possible to
record and analyze the asymptomatic events.
The study of Reiffel et al.4 in a large group of
patients showed that standard MLR provided
more information than Holter monitors, but the
benefit was enhanced even more by the use of
AT-MLR.

For patients with very infrequent episodes
suggestive of arrhythmia, a period of 30 days
may be insufficient. In such cases, small devices
implanted under the skin can be activated by
a special magnet waved over the implanted
device upon the occurrence of the perceived
arrhythmia event. The implantable recorder has
been useful in determining the cause of syncope
in 18 of 21 patients over a mean 5-month period
after inserting the implant.5
Networking and Databases

Modern ambulatory ECG monitoring systems
permit networking and thus allow connections
via telephone lines or digital links to outlying
locations. The acquisition of data at remote loca-
tions may be transmitted over a wide area net-
work to a central location for analysis and
interpretation. The final report may be transmit-
ted back to the original source for patient man-
agement. This type of networking arrangement
may permit greater use of ambulatory ECG mon-
itoring in locations that have no access to such
technology. 2,6 The computer operating systems
allow digital storage of the ECG strips and final
Holter reports. This permits construction of data-
bases containing the data from many patients as
well as multiple studies on the same patient.2

For more detailed treatment of the technical
aspects of ambulatory monitoring, the reader is
referred to the guidelines for ambulatory electro-
cardiography by a task force of the American
College of Cardiology and the American Heart
Association7 and review articles.8,9
Ambulatory Recording
in Normal Subjects
HEART RATE
In young andmiddle-aged adults, the normal heart
rate varies widely during a 24-hour period, day and
night. In subjects who do not participate in a regu-
lar exercise program, the heart rate over a 24-hour
period may range from 35 to 190 beats/min, with
an overall average rate of about 80 beats/min.10

There is distinct diurnal variation. The maximum
heart rate usually occurs during late morning and
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the minimum heart rate at 3 to 5 AM. With increas-
ing age, the maximum heart rate decreases signifi-
cantly during both day and night. The average
heart rate for the 24-hour period, however, is
essentially unaffected.10 The decrease in fluctua-
tion of the heart rate is particularly evident in the
elderly. In a group of 98 active subjects 75 years
of age or older, only 15 had heart rates that
exceeded 100 beats/min intermittently during a
24-hour period.11 In more than one third of the
subjects the heart rate did not vary by more than
10 beats/min during the 24-hour period.

Women generally have faster heart rates than
men.12,13 In 50 healthy young men and 50
healthy young women between the ages of 22
and 28 years studied by the same institution,
the average waking and sleeping heart rates were
faster in women by about 10 beats/min. The
gender-related difference in heart rate persists
to a certain degree with advancing age.13

The heart rate in normal subjects increases
not only with physical exercise but also with
mental stress. In a group of house officers pre-
senting cases at medical grand rounds, the aver-
age heart rate increased from 73 to 154 beats/
min.14 The fastest heart rate was recorded either
during the minutes before or the first few min-
utes of actual presentation, occasionally reaching
187 beats/min.

It is well known that the heart rate of trained
athletes is slower than that of the general popu-
lation. In one study that compared long-distance
runners with untrained young adults, the aver-
age heart rates during normal activities during
a 24-hour period were 61 and 73 beats/min,
respectively.15 The heart rate of endurance ath-
letes during sleeping hours may be as slow as
24 beats/min.16
ECTOPIC COMPLEXES
Isolated asymptomatic supraventricular ectopic
complexes may be observed in up to 64 percent
of healthy young subjects.12 In two groups of
young adults studied, fewer than 2 percent had
more than 100 supraventricular ectopic com-
plexes over a 24-hour period. The frequency of
premature complexes is higher in the older pop-
ulation.15 It was 100 percent in a group of
healthy men and women older than 80 years.17

The prevalence of ventricular ectopic complexes
in otherwise healthy adults monitored with
24-hour ambulatory ECGs ranged from 17 to 100
percent but most commonly was 40 to 55 per-
cent. 7,12,13,18 They are rare in newborns and young
children.19,20 As a rule, the total number of ventric-
ular ectopic complexes in healthy young adults is
small: fewer than 100 during a 24-hour period in
96 percent of cases.10,12 Similar to supraventricular
ectopic complexes, the highest incidence of ven-
tricular ectopic complexes was encountered in
individuals 60 years of age or older.16,17 An increase
in the duration of monitoring revealed a higher
incidence of ventricular ectopic complexes.13

Complex ventricular ectopic complexes—
defined as >30 beats/hr, multiforms, bigeminy,
couplets, or R-on-T phenomenon—are present
in 7 to 22 percent of subjects and as many as
77 percent in an older population. Ventricular
ectopic complexes may appear or increase in
healthy individuals with physical or nonphysical
stress,21,22 but a relation has not been estab-
lished between premature ventricular complexes
(PVCs) and smoking or coffee, tea, or alcohol
intake.7
TACHYARRHYTHMIAS
Short episodes of atrial tachycardia, usually
lasting not more than a few seconds, are occa-
sionally seen on the ambulatory ECGs of other-
wise healthy persons. A prevalence of 2 to 5
percent was reported in young adults, but the
tachycardia was more frequent in the older pop-
ulation.12,13 It is thought to be the most common
ectopic tachycardia seen on the ambulatory ECG.
It occurs in patients of all ages with or without
heart disease. The heart rate is generally 100 to
150 beats/min. The rhythm is often slightly irreg-
ular, with a gradual increase in rate (warming-up
phenomenon), suggesting that the tachycardia is
probably automatic. The latter has been referred
to as benign slow paroxysmal atrial tachycardia or
ectopic atrial tachycardia (Figure 27–3). The term
suggested by Chou8 is accelerated atrial rhythm.
With rare exception it is asymptomatic.

Nonsustained ventricular tachycardia (VT) is
encountered in apparently healthy young adults
but is uncommon.12 It is usually asymptomatic.
Kim et al.23 used Holter monitoring to examine
whether the rate of nonsustained VTwas predic-
tive of the rate of sustained VT in the same sub-
ject. They found that in 50 patients with
nonsustained VT the mean rate was 150 beats/
min, which was significantly slower than the rate
of spontaneous or induced VT (mean 246 beats/
min) in these patients. In a study of 400 patients
who underwent coronary angioplasty within 12
hours after onset of acute myocardial infarction
(MI), Holter monitoring performed within 10
to 30 days after index MI revealed nonsustained
ventricular tachycardia in 10 percent of patients.
This finding was associated with increased
arrhythmia morbidity.24



Figure 27–3 Short episode of accelerated atrial rhythm (ectopic atrial tachycardia) in a healthy young man. (From Chou
TC, Ceaser JH: Ambulatory electrocardiogram: clinical applications. Cardiovasc Clin 13:321, 1983.)
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BRADYARRHYTHMIAS AND
CONDUCTION DISTURBANCES
Marked sinus bradycardia is common on the
ambulatory ECGs of healthy adults, particularly
during sleeping hours. The bradycardia is often
associated with transient atrioventricular (AV)
junctional escape rhythm, which is observed in
4 to 22 percent of healthy subjects.12,13 Brief per-
iods of sinus pauses or sinoatrial (SA) block are
seen in 28 to 34 percent. First- and second-
degree AV blocks with Wenckebach phenome-
non have been reported in 1 to 12 percent and
3 to 6 percent of normal subjects, respectively
(Figure 27–4). They are seen mostly in young
individuals and during sleep. The various bra-
dyarrhythmias are more common in trained
athletes.14
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Figure 27–4 Second-degree atrioventricular block with Wenc
ducted P wave.
Correlation with Symptoms of
Palpitations, Dizziness, and
Syncope

The ambulatory ECG provides a unique oppor-
tunity to record cardiac rhythms during normal
daily activities and to identify circumstances
associated with symptoms. Useful information
can be easily obtained if the symptoms occur fre-
quently, but prolonged periods of recording or
event monitoring may be needed if the symp-
toms occur seldom. An example of symptomatic
ventricular arrhythmia detected during Holter
monitoring is shown in Figure 27–5.

There is a remarkably poor correlation
between the presence or absence of cardiac
P
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kebach phenomenon in a healthy young man. P ¼ noncon-



Figure 27–5 Symptomatic ventricular arrhythmia recorded during ambulatory monitoring.Top, Interpolated premature
ventricular complex (PVC) with prolonged PR interval after the PVC, a manifestation of concealed conduction. Dots mark
P waves. Bottom, Nonsustained ventricular tachycardia. The fifth complex during tachycardia is a fusion complex.
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arrhythmias and symptoms such as palpitations,
fluttering in the chest, and irregular heartbeats.
Even sustained paroxysmal tachycardias often
go unnoticed. The same patient may have palpi-
tations during some episodes but no symptoms
during others (Figure 27–6). Conversely, typical
complaints suggestive of arrhythmias often cor-
relate with regular sinus rhythm.

The reported ability of the 24-hour ambula-
tory ECG to correlate a symptomatic episode
with cardiac arrhythmia ranges from 10 to 64
percent.25 Valuable information also is obtained
if rhythm disturbances are absent during the
symptomatic periods. It may be that in patients
Figure 27–6 Heart rate trend chart of a 28-year-old woman w
of orthodromic atrioventricular reentrant tachycardia. Of the
palpitation only briefly during one episode. (From Chou TC, Cea
Cardiovasc Clin 13:321, 1983.)
with dizziness and similar complaints the ambu-
latory ECG is more often helpful for excluding
cardiac arrhythmias as the cause of the symptom
than for detecting the cause of a complaint.

Surawicz and Pinto26 compared symptoms
reported during ambulatory ECG recording in
306 hospitalized patients and 278 outpatients
who had 20 or more PVCs during waking hours.
Complaints compatible with arrhythmia were
reported in 6.3 percent of hospital patients and
55 percent of outpatients. The complaints corre-
lated with the presence of ventricular arrhythmias
in 19 of 20 (95 percent) hospitalized patients and
67 of 154 (43.5 percent) outpatients. There were
ith Wolff-Parkinson-White syndrome and frequent episodes
many episodes of tachycardia, the patient experienced

ser JH: Ambulatory electrocardiogram: clinical applications.
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no significant age or gender differences among the
noncomplainers, appropriate complainers, and
inappropriate complainers (symptoms in the
absence of arrhythmia) for the outpatients. In a
later study, Surawicz (unpublished observations,
1992–1996) correlated symptoms with episodes
of supraventricular or ventricular tachycardia
(3 to 640 beats in a row) in 601 consecutive
patients (inpatients and outpatients) undergoing
24-hour ambulatory ECG monitoring. In this
cohort 464 patients had no symptoms, 107 had
inappropriate symptoms (i.e., not during the
tachycardia episode), and 30 patients (5 percent)
had appropriate symptoms.

Arrhythmias capable of producing cardiogenic
syncope include bradycardia of <40 beats/min,
tachycardia of >150 beats/min, and asystole lon-
ger than 3 to 5 seconds, depending on the
patient’s body position and activity at the time
of the arrhythmia.27 Patients with impaired car-
diac function are more likely to have symptoms
during tachyarrhythmia or bradyarrhythmia than
those without heart disease.

Because of the abnormal sequence of ventric-
ular activation and contraction, ventricular
tachycardia can often cause cerebral symptoms
at a rate as low as 120 beats/min,28 whereas
patients with supraventricular tachycardia can
tolerate faster rates. Focal neurologic abnormal-
ities are rarely due to decreased cerebral flow
from cardiac arrhythmias alone, and the ambula-
tory ECG is unlikely to be helpful in resolving
these problems.29
Chest Pain

The ambulatory ECG is used to monitor patients
in whom chest pain occurs at rest or at night or
is associated with stresses other than exercise.
It is particularly useful in patients who have
chest pain suggestive of Prinzmetal’s or vasospas-
tic angina. Occasionally, the continuous record-
ing reveals arrhythmias responsible for the
onset of angina.

When the ambulatory ECG is used to evalu-
ate chest pain, it is important to be aware of
the limitations inherent in the interpretation of
the ST segment changes. As during the graded
exercise test, horizontal or downsloping ST seg-
ment depression may be a falsely positive finding
on the ambulatory ECG.3 Body position, hyper-
ventilation, cardiac medications, and other fac-
tors may contribute to the appearance of ST
segment depression resembling that of ische-
mia.30 In 50 patients studied by Stern and associ-
ates31 the ambulatory ECG had a sensitivity of
91 percent and a specificity of 78 percent for diag-
nosing significant coronary artery disease docu-
mented by angiography. Patients with abnormal
resting ECGs, however, were included in this
study, and T wave inversion also was considered
a positive sign for myocardial ischemia. In 70
patients studied by Crawford and associates,32

the sensitivity of the ischemic-type ST segment
depression on the ambulatory ECG for detecting
significant coronary artery disease was 62 per-
cent (24 of 39 patients), and the specificity was
61 percent. Armstrong and associates33 studied
50 middle-aged normal men with 24-hour Hol-
ter monitoring. Transient horizontal or down-
sloping ST segment depression of 1 mm or
more was recorded in 15 (30 percent) of the sub-
jects. The abnormal ST segment depression
lasted 30 seconds to 2 hours, and the magnitude
of the depression varied from 1 to 4 mm. These
men had no symptoms during an average
36-month follow-up period. This study also
demonstrated that isolated T wave inversion on
the ambulatory ECG is a nonspecific finding, as
36 percent of the normal subjects had such a
finding intermittently. In contrast, it is generally
agreed that transient ST segment elevation of
1 mm or more on the ambulatory ECG is a
highly specific sign for myocardial ischemia, as
it seldom occurs in normal persons without
symptoms.33

To minimize the incidence of a false-positive
diagnosis of myocardial ischemia, a set of con-
trol tracings should be obtained at the beginning
of the Holter recording with the patient in the
supine, sitting, and standing positions and
during hyperventilation.
Clues to the Arrhythmia Mechanism

Ambulatory monitoring may provide clues to the
mechanism of arrhythmias. This is illustrated in
the following four examples.

Figure 27–7 shows the onset of atrial tachy-
cardia, preceded by atrial premature complexes
conducted with aberration. The RR interval gradu-
ally shortens, indicating a “warming-up” phenom-
enon, which suggests an automatic mechanism of
the tachycardia. Figure 27–8 shows spontaneous
termination of torsade de pointes followed by
a sinus rhythm with apparent QT prolongation in
a patient with frequent presyncopal episodes.
Figure 27–9 shows a rhythm strip from a patient
with a history of presyncopal episodes. A long
period of AV block is explained by the rare phe-
nomenon of depressed AV conduction following
an atrial premature complex. Figure 27–10 shows



Figure 27–8 Termination of torsade de pointes recorded during ambulatory monitoring. The torsade is followed by sinus
complexes with a depressed ST segment and apparent prolongation of the QT interval suggested by the “tilted P waves.”
These repolarization changes suggest hypokalemia.

Figure 27–7 Onset of atrial tachycardia preceded by single premature atrial complexes conducted with aberration. The
cycle length decreases gradually. Aberrant conduction is present in the first complex of tachycardia because of the Ashman
phenomenon and in the fourth through eleventh complexes because of a critically short cycle. Aberration ceases without
change in cycle length because the refractory period has adjusted to the new short cycle length.

Figure 27–9 Continuous record during ambulatory monitoring shows depression of atrioventricular (AV) conduction after
an atrial premature complex, a ventricular escape complex, and resumption of AV conduction with a normal PR interval after
15 nonconducted P waves.
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Figure 27–10 ECG strips recorded during ambulatory monitoring show a change in the QRS axis without a change in
heart rate or PR interval. The change is apparent also in the atrial premature complex. A subsequent study showed that
the pattern in the lower strip at 1:21 AM represents normal conduction, and the pattern in the upper strip at 11:39 PM

represents conduction through a nodoventricular bypass tract.
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an “axis shift” without a change in the heart rate or
the PR interval. Thiswas explained in a subsequent
study by a nodoventricular bypass tract.

Patients with Specific Problems
EVALUATION OF ISCHEMIC EPISODES
Holter monitoring has been used to examine
patients with unstable or vasospastic angina, detect
silent myocardial ischemia, and evaluate antiangi-
nal therapy. Figueras and associates34 studied 23
patients with coronary artery disease and resting
or nocturnal angina with continuous hemody-
namic and ECG recording. In 11 patients, recur-
rent episodes of pain were always preceded by an
average of 8 minutes of ischemic ECG changes
and hemodynamic signs of left ventricular dys-
function. Two patients had transient ischemic
ECG and hemodynamic changes without pain.

Among 116 patients with unstable angina,
Johnson and co-workers35 found that the appear-
ance of transient ischemic STsegment displacement
or ventricular tachycardia on the Holter recording
is an indicator of severe left main or triple-vessel
coronary artery disease, variant angina, or impaired
prognosis over the subsequent 3months. Examples
of ventricular tachycardia and ventricular fibrilla-
tion, believed to be precipitated by myocardial
isc hem ia, are shown in Figures 17-5 a nd 18-4,
respectively.

Continuous ECG monitoring in patients with
variant angina reveals serious cardiac arrhythmias
in about 50 percent of cases. These arrhythmias
include ventricular tachycardia, ventricular fibrilla-
tion, complex ventricular ectopic rhythms, second-
and third-degree AV block, and asystole.36–38

They are seen mostly in patients with marked ST
segment elevation (4 mm or more).36–38 Serious
ventricular arrhythmias are usually associated
with ST segment elevation in the anterior leads,
whereas bradyarrhythmias are usually associated
with ST elevation in the inferior leads.36,39

The ventricular arrhythmias may develop during
the period of maximal ST segment elevation
or during resolution of the ST segment changes.
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Previtali and associates38 suggested that the
arrhythmias seen during ST segment elevation
represent occlusion arrhythmias, and that those
seen during resolution represent reperfusion
arrhythmias. The latter occurredmore often when
the duration of myocardial ischemia was longer.

Patients with variant angina and serious
arrhythmias also have been shown to be at a
much higher risk for sudden death. Among 114
patients with variant angina followed for a mean
period of 26 months by Miller and associates,37

sudden death occurred in 42 percent of the
patients with serious arrhythmias during their
anginal episodes compared with 6 percent of
those without such arrhythmias.

Asymptomatic episodes of ischemic types of
ST segment change are often observed on the
ambulatory ECGs of patients with coronary
artery disease.40–44 Such episodes are also seen
in patients with exertional or rest angina. The
duration and degree of the ST changes tend to
be less with the asymptomatic than the symp-
tomatic episodes, but the available evidence
suggests that these episodes represent usually
silent myocardial ischemia.41 In 93 patients
with silent ischemic episodes on ambulatory

patients who had longer cumulative duration
(more than 60 minutes per 24 hours) of ische-
mia were more likely to have three-vessel and
proximal coronary artery disease.

Among patients with anginal chest pain and
normal coronary arteries, episodes of ST depres-
sion during Holter monitoring were recorded in
Figure 27–11 Tachycardia in a patient with sick sinus syndro
fibrillation stops abruptly and resumes after about 6 seconds. (
clinical applications. Cardiovasc Clin 13:321, 1983.)
17 of 28 (61 percent) patients who had significant
ST segment depression during exercise testing and
in 5 of 10 (50 percent) patients without STsegment
depression during exercise testing.45 The findings
were explained by differences in the response of
the coronarymicrovascular tone to exercise testing
and to stimuli operating during daily life.45
SICK SINUS SYNDROME
One of the common manifestations of the sick
sinus syndrome is a prolonged sinus pause without
an escape rhythm during the symptomatic episode.
Repeated 24-hour monitoring is often needed to
establish a temporal relation between the patient’s
symptoms and the ECG findings. In some
instances, sinus pauses are seen but the patient
exhibits no symptoms during the period of moni-
toring. SA node dysfunction may be suspected,
but it is possible that the cause of the patient’s
symptoms is noncardiac. Brief sinus pauses (up to
2 seconds) may occur in normal subjects, espe-
cially during sleep.

In patients with sick sinus syndrome and
bradytachyarrhythmias, tachyarrhythmia may be
the presenting abnormality. Sinus arrest or cessa-
tion of AV transmission often follows an episode
of supraventricular tachyarrhythmia, causing diz-
ziness or syncope (Figure 27–11).
CONDUCTION ABNORMALITIES
The ambulatory ECG may be used to detect
intermittent conduction abnormalities including
me and recurrent syncope. Ventricular activity during atrial
From Chou TC, Ceaser JH: Ambulatory electrocardiogram:
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combinations of fascicular block and various
degrees of AV block if symptoms suggestive of
transient cerebral ischemia appear. A patient
with a normal PR interval on the routine ECG
may be found by Holter monitoring to have tran-
sient high-degree AV block and marked brady-
cardia. Patients with bifascicular blocks may
have transient episodes of second- or high-
degree AV block long before the development
of permanent complete AV block.46
PACEMAKER EVALUATION
Patients with implanted cardiac pacemakers are
periodically evaluated with ECGs recorded in
the routine manner or by transtelephonic trans-
mission. The ambulatory ECG may be helpful
when evaluating patients with pacemakers that
appear to function properly on routine evalua-
tion but who have symptoms suggestive of pace-
maker malfunction (see Chapter 26).
MITRAL VALVE PROLAPSE
Cardiac arrhythmias, both ventricular and supra-
ventricular, are common in patients with mitral
valve prolapse, and sudden death occurs occa-
sionally.47,48 Many patients with the mitral valve
prolapse syndrome are troubled by symptoms of
palpitations, lightheadedness, and atypical chest
pain. In one study only 27 percent of symptom-
atic patients were found to have arrhythmias asso-
ciated with their symptoms.48 In most cases the
negative correlation between symptoms and
arrhythmias serves to reassure patients of the
benign nature of their symptoms.
PREEXCITATION SYNDROME
In patients with documented Wolff-Parkinson-
White (WPW) pattern, the ambulatory ECG
showed that preexcitation is intermittent in 65
percent of cases.49 When the routine ECG is sug-
gestive but not diagnostic of the WPW pattern,
demonstration of more typical signs of preexcita-
tion intermittently confirms the presence of this
anomaly.
CARDIOMYOPATHIES
Hypertrophic obstructive cardiomyopathy is fre-
quently associated with atrial and ventricular
arrhythmias and occasionally with sudden
death.48,50,51 In a prospective study by Maron
and associates,51 99 patients with hypertrophic
cardiomyopathy had 24-hour ambulatory ECGs
and were followed for 3 years. There was a
significantly increased risk of sudden death for
patients with asymptomatic ventricular tachycar-
dia; the annual mortality rate among these
patients was 8.6 percent.

Patients with dilated cardiomyopathy are
known to have frequent complex ventricular
arrhythmias. Patients with complex ventricular
arrhythmias or nonsustained ventricular tachy-
cardia and dilated cardiomyopathy were found
to be at high risk of sudden death.52,53
CHRONIC OBSTRUCTIVE
LUNG DISEASE
In patients with chronic obstructive lung disease,
ambulatory ECG recording documented a
72 percent incidence of arrhythmia, most com-
monly multiform PVCs.54 The incidence of atrial
arrhythmia in this study was 52 percent. In
hospitalized patients, however, supraventricular
arrhythmias are more common.55
CHRONIC HEMODIALYSIS AND
DIAGNOSTIC PROCEDURES
Morrison et al.56 reported a 40 percent inci-
dence of ventricular arrhythmias during and
after dialysis, more prominently in patients
receiving digitalis and exhibiting left ventricu-
lar hypertrophy. The arrhythmias were reduced
as the potassium level in the dialysate was
increased. Therefore ambulatory ECG monitor-
ing may be of value in patients at risk of
arrhythmia on dialysis.55

Ventricular and atrial ectopic complexes,
tachyarrhythmias, and ST changes occurred in
38 percent of patients during gastroscopy.57 A 40
percent incidence of new arrhythmia was reported
during a barium enema.58 Arrhythmias occur also
in patients undergoing bronchoscopy.55
EVALUATING THE EFFICACY
OF DRUG TREATMENT
The ambulatory ECG has gained widespread
use for evaluating drug therapy for arrhythmias,
especially ventricular arrhythmias. Readings are
obtained before and after institution of antiar-
rhythmia therapy. Suppression of episodes of
ventricular tachycardia or a significant reduc-
tion in ventricular ectopic complexes is consid-
ered to indicate the efficacy of the drug. In the
electrocardiographic monitoring (ESVEM) trial,
Holter monitoring compared favorably with
intracardiac electrophysiologic studies for
selecting effective antiarrhythmic drugs to treat
ventricular tachyarrhythmias.59
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The frequency of ventricular ectopic activity
varies widely from hour to hour and from day
to day. The spontaneous variation is even greater
when the ambulatory ECG is repeated at weekly
or longer intervals.60 Such fluctuations in fre-
quency have led to difficulty in deciding whether
an observed reduction in ectopic activity is due
to a drug effect or to spontaneous variations.
It has been proposed that if a 24-hour Holter
monitoring ECG is obtained before and another
1 to 2 weeks after therapy begins, a reduction by
more than 85 percent of the total number of PVCs
is necessary before the changes can be attributed
to a drug effect.60,61 It is almost impossible to dis-
tinguish a drug effect from spontaneous variation
of the arrhythmias if the interval is longer than 3
months.62 The detection of nonsustained VT in
survivors of MI during Holter monitoring was
found to be of limited value when selecting
patients for a primary implantable cardioverter/
defibrillator prevention trial.63
SLEEP APNEA SYNDROME
Cardiac arrhythmias and conduction disturbances
during sleep were reported in patients with sleep
apnea syndrome.64,65 Among 23 patients with this
syndrome monitored with 24-hour ECG, Miller65

found episodes of marked sinus arrhythmia,
extreme sinus bradycardia with a heart rate less
than 30 beats/min, sinus pauses, and first- and
second-degree AV block in a few cases. In a series
of 400 patients reported by Guilleminault and
associates, 48 percent had cardiac arrhythmias
during the night of the Holter recording.64

Nonsustained ventricular tachycardia was seen in
8 patients, sinus arrest lasting 2.5 to 13.0 seconds
in 43, and second-degree AV block in 31. Seventy-
five patients had frequent (>2 beats/min) PVCs
during sleep. In 50 patients with significant
arrhythmias who underwent tracheostomy, no
arrhythmia other than PVC was seen by Holter
monitoring after surgery. In patients with stable
heart failure, the presence of sleep apnea was
associated with a high incidence of atrial fibril-
lation and ventricular arrhythmias.66

Ambulatory monitoring revealed that ST seg-
ment depression is relatively common in patients
with obstructive apnea during sleep. Moreover,
the duration of ST segment depression is reduced
by nasal continuous positive air pressure.67
VICTIMS OF CARDIAC ARREST
Several investigators have reported patients who
had cardiac arrest or sudden death during Holter
monitoring.68–71 The terminal event at the time
of cardiac arrest was ventricular tachyarrhythmia
in most cases (about 80 percent),69 but bradyar-
rhythmias and asystole were more common in
one reported series of patients without apparent
heart disease.72 The ventricular tachyarrhyth-
mias include ventricular tachycardia or flutter,
torsade de pointes, and ventricular fibrillation.
Ventricular fibrillation was always preceded by
ventricular tachycardia or ventricular flutter. In
patients with cardiac arrest due to bradyarrhyth-
mia, the mechanism is mostly sinus arrest
(Figure 27–12) with some cases of complete AV
block. In patients who sustained ventricular
fibrillation, there is usually an increased fre-
quency of PVCs during the hour before the
event.69 The PVCs initiating ventricular tachy-
cardia that degenerates into ventricular fibrilla-
tion do not display the R-on-T phenomenon in
most instances.
Heart Rate Variability

Beat-to-beat variability in RR intervals is referred
to as heart rate variability. It is determined by the
interplay of the sympathetic and parasympathetic
input. In normal subjects, age and heart rate are
the major determinants of heart rate variability.73

The variability is reduced in patients with conges-
tive heart failure, left ventricular dysfunction,
coronary artery disease, and diabetic neuropa-
thy.73 In these patients the sympathovagal balance
shifts toward sympathetic predominance. There-
fore more blunted heart variability occurs con-
comitantly with an elevated heart rate.74

Conversely, increased heart rate variability by
exercise training is attributed to an increase in
parasympathetic tone.75

In survivors of acute MI, the degree of heart
rate variability has been found to be a useful pre-
dictor of long-term prognosis. In a multicenter
postinfarction study, Kleiger and associates76

reported their findings from 808 patients who
underwent 24-hour Holter recording 11 � 3 days
after acute MI and who were followed for a mean
period of 31 months. Patients with heart rate
variability (standard deviation of RR intervals) of
less than 50 ms had a relative risk of all-cause
mortality 5.3 times higher than those with heart
rate variability of more than 100 ms. Subse-
quently, these results were confirmed in a 4-year
follow-up study by the same group of investiga-
tors who analyzed the data in more detail and
made adjustments for five covariates.77

Algra and associates78 examined the relation
between heart rate variability from the 24-hour
ambulatory ECG and the 2-year risk for sudden



Figure 27–12 Ventricular asystole during Holter monitoring of a 74-year-old man with a history of recurrent dizziness.
He had cardiac arrest while the ambulatory ECG was being recorded. The tracing shows sinus bradycardia, sinus pauses
or sinoatrial block, first-degree and complete atrioventricular block, and ventricular asystole.
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death. A total of 6693 consecutive patients were
studied, 245 of whom died suddenly. Ten per-
cent of the subjects studied were postinfarction
patients. The others included those with symp-
toms suggestive of cardiac arrhythmia, such as
palpitations, dizziness, and syncope (72 per-
cent), and patients undergoing antiarrhythmia
therapy (8 percent). They found that patients
with a minimum mean per-minute heart rate of
less than 65 beats/min had a double risk of
sudden death compared with those with a mini-
mum per-minute heart rate of more than 65
beats/min. The authors concluded that the find-
ings support the theory that patients with low
parasympathetic activity are at increased risk
for sudden death independent of other risk fac-
tors. A more recent study of survivors of recent
acute MI also confirmed a strong association
between heart rate variability and mortality; but
when other risk factors were considered, heart
rate variability failed to add independent prog-
nostic information.79
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P Waves

PR Interval

QRS Complex: Morphology, Duration,
and Axis

Q Waves

R Waves

S Waves

ST Segment

T Waves

QT Interval

Indications for Performance
of ECGs in Pediatrics
In adults, an electrocardiogram (ECG) can be
interpreted with the assumption of a common
normal standard. Evaluation of the ECG in pedi-
atric patients must consider dramatic variation
of the normal standard with age. In the growing
infant and child these variables change most rap-
idly in the first year of life. Davignon and collea-
gues published in 1979 the most extensive
collection of age-dependent normal ECG para-
meters,1 which are summarized in Table 28–1.
This compilation of normal ECG parameters in
pediatrics is limited by the preponderance of
white (Caucasian) infants and children in this
study population. The differences in ethnicity,
racial background, and body mass index, as
recognized in the ECG patterns in adults,2 have
been also recognized in children.3–5 The most
significant differences are in QRS voltage exam-
ined in the scalar ECGs and vectorcardiograms.6

A large study in a more ethnically diverse popu-
lation of children from birth to 6 years of age
with normal left ventricular mass by echocardio-
gram has reported normal ranges for Q wave
amplitude in leads III and V6 and QRS voltage
in precordial leads.7 The voltages in most cases
exceeded those in Davignon’s study group and
probably represent a better standard for current
patients. Extensive race-specific data are still
lacking in the literature.

In recognition of improved technology in fetal
electrocardiography and an anticipated transi-
tion of intervention for congenital heart disease
from the newborn to the fetus, normal values
for fetal ECGs are being developed8,9 and are
shown in Table 28–1.
Heart Rate

One of the most striking changes in the normal
pediatric ECG is that affecting the resting heart
rate with increasing age. The average resting
heart rate increases from birth to 1 month of
age and subsequently decreases.1,10 The increase
in heart rate in the first month of life is likely
related to autonomic factors, but subsequent
slowing of sinus node activity appears to be pri-
marily related to the age-dependent changes in
the “intrinsic” sinus node activity isolated from
autonomic control11—a finding implying that
changes in the autonomic control of heart rate
in this age group are less important. Relative
maturational changes in heart rate in the human
have been shown to be similar to those seen in
647



TABLE 28–1 Normal Values for Pediatric ECG

Age/Gestation
Heart Rate
(beats/min)

QRS Axis
(degrees)

PR Interval
(ms)

QRS
Duration
(ms) Q (III) (mV)

R (V1)
(mV)

S (V1)
(mV)

R (V4)
(mV)

S (V4)
(mV)

R (V6)
(mV)

S (V6)
(mV)

20 weeks
gestation

147 — 75.1–112.0 30.6–54.3 — — — ––– ––– ––– –––

30 weeks
gestation

143 — 80.7–129.2 35.4–62.9 — — — ––– ––– ––– –––

40 weeks
gestation

138 — 80.2–137.8 41.0–72.8 — — — ––– ––– ––– –––

Days 0–1 122 (93–155) 59–193 79–161 21–76 0.01–0.51 0.5–2.6 0.1–2.3 0.3–3.0 0.3–2.8 0–1.2 0–1.0
1–3 122 (91–158) 64–196 81–139 22–67 0.01–0.51 0.5–2.7 0.1–2.1 0.6–3.0 0.2–2.7 0–1.2 0–1.0
3–7 128 (90–166) 77–193 73–136 21–68 0.01–0.48 0.3–2.4 0.1–1.7 0.6–2.9 0.3–2.6 0–1.2 0–1.0
7–30 149 (106–182) 65–161 72–138 22–79 0.01–0.56 0.3–2.1 0.1–1.1 0.8–2.9 0.3–2.3 0.2–1.7 0–1.0
Months 1–3 149 (120–179) 31–113 72–130 23–75 0.01–0.54 0.3–1.8 0.1–1.3 1.3–3.8 0.5–2.2 0.5–2.2 0–0.7
3–6 141 (106–186) 7–104 73–146 22–79 0–0.66 0.3–2.0 0.1–1.7 1.1–4.3 0.3–2.3 0.6–2.2 0–1.0
6–12 131 (108–169) 6–99 72–157 23–76 0–0.63 0.2–2.0 0.1–1.8 1.2–3.6 0.2–2.3 0.6–2.3 0–0.7
Years 1–3 119 (90–151) 7–101 81–148 27–75 0–0.53 0.3–1.8 0.1–2.1 1.1–3.5 0.3–2.0 0.6–2.3 0–0.7
3–5 109 (72–138) 6–104 83–161 30–72 0–0.42 0.2–1.8 0.2–2.2 1.3–4.5 0.2–1.8 0.8–2.4 0–0.5
5–8 100 (64–132) 11–143 90–163 32–79 0–0.32 0.1–1.4 0.3–2.3 1.2–4.4 0.2–1.9 0.8–2.7 0–0.4
8–12 91 (62–130) 9–114 88–171 32–85 0–0.27 0.1–1.2 0.3–2.5 1.1–4.2 0.2–1.9 0.9–2.6 0–0.4
12–16 80 (61–120) 11–130 92–176 34–88 0–0.30 0.1–1.0 0.3–2.2 0.7–3.9 0.1–1.8 0.7–2.3 0–0.4

Adapted from Davignon A, Rautuharju P, Boisselle E, et al: Normal ECG standards for infants and children. Ped Cardiol 1:123, 1979; and Taylor MJ, Smith MJ, Thomas M, et al: Non-invasive
fetal electrocardiography in singleton and multiple pregnancies. BJOG 110:668, 2003.
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smaller primates, although the absolute heart
rates were markedly different.12

The interaction between heart rate, ventricu-
lar size, and cardiac output during development
is of interest when considered from a teleologic
viewpoint. Davignon’s data1 for heart rate and
the body surface area of subjects make it appar-
ent that the relationship of heart rate to body
surface area is inverse and logarithmic. Akiba
et al.13 have shown an age-dependent increase
in left ventricular volume and stroke volume
that is logarithmic when indexed for body sur-
face area. This increase is mirrored by a logarith-
mic decrease in heart rate, which creates a
relatively constant product of heart rate and
stroke volume, resulting in a stable cardiac out-
put when indexed for body surface area.
P Waves

As in adults, the P wave axis in the frontal plane
in sinus rhythm is normally directed to the left
and inferiorly. Unlike the large variation in other
ECG parameters with age, the P wave amplitude
changes less in children. Thus the P wave in lead
II for pediatric patients of all ages at the 50th
percentile is approximately 1.5 mm and 2.5 mm
for the 98th percentile.1 Normal P wave duration
and dispersion (range of P wave durations on a
12-lead ECG) are age dependent in the fetus9

and in children,14 probably due to an increase
in atrial size with advancing age.
PR Interval

The mean PR interval increases from 102 to
110 ms from 18 to 22 weeks of gestational age
to term in the normal fetus.9 After birth, changes
in atrioventricular (AV) nodal conduction, pri-
marily influenced by autonomic factors, result
in a decrease in the average PR interval from
107 ms at birth to 98 ms at 1 month of age.1

From that age on, the duration of the PR interval
increases due to slowing of AV nodal conduction
related to intrinsic changes in the AV node, and
in part to an increase in atrial size. The lower
limit of normal for the PR interval of most chil-
dren is 90 ms, which is considerably shorter
than the accepted adult standard of 120 ms.
The short PR interval may cause difficulties in
the recognition of ventricular preexcitation.
Perry et al. have suggested that the absence of
Q waves in the left lateral precordial leads and
presence of left axis deviation of the QRS com-
plex in the frontal plane may suggest ventricular
preexcitation in children when the PR interval
is less than 100 ms.15 Ventricular preexcitation
in children is usually due to conduction over
an accessory AV connection but may also be
due to conduction over a fasciculoventricular
pathway.16

The upper limit of normal for the PR interval
is 140 ms in the young infant and increases to
180 ms in the adolescent. When first-degree AV
block is present, conduction slowing may be
present either in the atrium, AV node, or His-
Purkinje system.17 In children with heart dis-
ease, this slowing usually occurs at only one of
these sites.18

QRS Complex: Morphology,
Duration, and Axis

The sequence of ventricular depolarization in
children is the same as in adults. The amplitude
of the QRS complex is dependent upon the rela-
tive mass of the right and left ventricles, cardiac
position, body mass and habitus, and the imped-
ance of the tissues. In contrast to the dominance
of the left ventricle in the adult, the right ventri-
cle of a term infant at birth is larger than the
left.19 At 1 month of age in a term infant the left
ventricle is larger than the right, and the adult
ratio of left-to-right ventricular size is usually
reached by 6 months of age.20 Thus term new-
born infants usually demonstrate right ventricu-
lar preponderance with prominent R waves in
the right precordium and deep S waves in the
left lateral precordium. Notched R waves, which
are recognized as a sign of right ventricular con-
duction delay in adults, are rarely seen in neo-
nates, but notching of the R wave in lead V1 is
seen very frequently in normal infants after the
age of 2 months. Regression of right ventricular
dominance begins with a notch in the upstroke
of the R wave in young infants and progresses
to a notch in the downstroke of the R wave
and ultimately in the S wave in older infants.10

Despite an equal ratio of left-to-right ventric-
ular mass, the ECG of a 6-month-old infant dif-
fers from an adult-like pattern,10 possibly due
to a more vertical orientation of the heart in
the infant. This results in more prominent mid-
precordial voltage and less voltage in the left lat-
eral precordium.

During fetal life the left ventricular size
exceeds the right ventricular size prior to 31
weeks of gestation.19 Thus the right ventricular
preponderance is frequently less pronounced in
the preterm infant than in the term infant.21

Right ventricular hypertrophy, however, may
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develop in these preterm infants due to lung dis-
ease of prematurity, and the ECG may be a useful
tool in the follow-up of chronic residual lung
disease in these infants.22

The QRS duration in the fetus and preterm
infant is usually very short (Figure 28–1). Through-
out childhood, the QRS complex demonstrates
higher-frequency signals than in adult electro-
cardiograms, and higher bandwidth recording
(250 Hz) may be required to accurately measure
the QRS duration.23

The mean QRS duration increases from 47 ms
at 18 to 22 weeks of gestation to 53 ms at term.9

There is a subsequent continued increase in the
QRS duration from birth to adolescence, with an
increase from 50 ms at birth to 70 ms in the ado-
lescent.1,24 This increase parallels the increase in
ventricular mass, which is probably responsible
for it rather than a slower conduction.

As would be expected from the right ventric-
ular preponderance of the term infant, the fron-
tal plane QRS axis is usually directed rightward
and inferiorly (Figure 28–2). Healthy preterm
infants may have a more leftward and posteriorly
directed vector.21 In term infants, the rightward
QRS axis changes to a more adult pattern, usu-
ally within the first year of life (Figure 28–3).
I aVR

aVL

V1

II V2

III aVF V3

Figure 28–1 Normal ECG from an 8-day-old, 28-week-gest
degrees, there is a monophasic R wave in lead V1, and the R/S
ventricular preponderance without right ventricular hypertrophy
Q Waves

Q waves are normally seen in the inferior and
left lateral precordial leads in pediatric patients.
The duration of these Q waves is almost always
less than 20 ms. The amplitude can be rather
large (up to 14 mm)7, especially in infants. Q
waves are usually absent in leads I and aVL in
infants, and their presence is often suggestive
of cardiac pathology. A deep (�3 mm) and broad
(�30 ms) Q wave in leads I and aVL, especially
when accompanied by absence of Q waves in
the inferior leads, may suggest the diagnosis of
anomalous origin of the left coronary artery from
the pulmonary artery.25,26 Q waves in the right
precordium are always pathologic and are com-
monly associated with right ventricular hyper-
trophy. Deep Q waves in the left lateral
precordial leads are often seen with left ventricu-
lar hypertrophy of many etiologies. In the assess-
ment of children and adolescents for familial
hypertrophic cardiomyopathy, Q waves �3 mm
in depth or �40 ms in duration in �2 leads
other than lead V1, V2, or III have low sensitivity,
but high specificity in the affected genetically
tested children.27
V4

V5

V3R

V4R

V6

8 days

ation premature infant. The frontal plane QRS axis is 150
ratio is less than 1 in lead V6. This illustrates relative right
. The QRS duration is less than 40 ms.
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aVL

V1 V4

V5

V3R

II V2

V4R

III aVF V3 V6

5 days

Figure 28–2 Normal ECG from a 5-day-old, term-gestation infant. The frontal plane QRS axis is 150 degrees. There is
prominent voltage in the precordial leads and a suggestion of right ventricular preponderance but not right ventricular hyper-
trophy. The QRS duration is 60 ms.

65128 � Normal Electrocardiograms in the Fetus, Infants, and Children
R Waves

R waves are usually prominent in the right pre-
cordial leads in infants. An R wave in lead V1

of up to 26 mm may be normal in a term new-
born.1 Right precordial R wave amplitude rapidly
decreases in the first week of life28 and undergoes
further reduction later in life. Conversely the
R wave in lead V6 may be nearly absent in a term
newborn but increases gradually from birth to
adolescence (Figures 28–4 to 28–6). Substantial
differences have been seen between black and
white adolescents with higher voltage in the left
lateral precordial leads in blacks.4
S Waves

Despite right ventricular preponderance in the
term newborn, S waves are prominent in the right
precordium and may be as large as 22 mm. The
amplitude decreases to a minimum at 1 week to
1 month of age and then gradually increases with
age and increasing left ventricular mass. The
Swaves in the left lateral precordiumare frequently
quite prominent at birth andmaybe up to 10 mmin
lead V6. Their amplitude then gradually decreases
with age.1
ST Segment

Frequently in pediatric ECGs the true isoelectric
line cannot be determined, because with faster
heart rates the P wave falls on the preceding
T wave. The PR segment may not be isoelectric
due to the occurrence of atrial repolarization at
that time. Despite such inherent drawbacks the
PR segment is frequently used to assess the level
of the ST segment. The elevation or depression
of the ST segment >1 mm is rare in normal
pediatric patients. When seen in normal chil-
dren, ST elevation is most common in the pre-
cordial leads, especially those leads where the
T wave is in transition. ST segment elevation
related to “early repolarization” pattern has
been shown to be gender specific,29 with a high
prevalence among adolescent males showing
the “male pattern” with J point elevation
exceeding 1 mm and ST angle greater than 20
degrees.30
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Figure 28–4 Normal ECG from a healthy 3-year-old child. The frontal plane QRS axis is 60 degrees. The R/S ratio in lead
V1 is less than 1, and there is no appreciable S wave in lead V6. The R wave in lead V6 is more prominent than that of the
infant, suggesting more left ventricular preponderance but not left ventricular hypertrophy.
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Figure 28–3 Normal ECG from a healthy 8-month-old infant. The frontal plane QRS axis is 60 degrees. There is less evi-
dence of right ventricular preponderance than in the newborn tracing, with a smaller R wave in lead V1 and smaller S wave
in lead V6.

652 SECTION II � Pediatric Electrocardiography



I aVR

V1

V4 V3R

II aVL

V2

V5

III aVF V3 V6

10 years

V4R

Figure 28–6 Normal ECG from a healthy 10-year-old child. The T wave transition is at lead V1. It should be noted that
although positive T waves in lead V1 are normal, many individuals have negative T waves in the right precordium well into
adulthood.
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Figure 28–5 Normal ECG from a healthy 8-year-old child. The heart rate is 80 beats/min. The T wave transition is seen in
lead V2, farther to the right than in the younger child.
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T Waves

The Twaves of infants differ from those of adults
in the right precordial leads. The T wave in lead
V1 is frequently upright in term newborn infants
but becomes inverted by day 7 of life. These neg-
ative T waves generally persist until 7 years of
life but frequently may remain inverted into
adulthood, causing the so-called persistent juve-
nile Twave pattern. Upright Twaves in the right
precordium prior to age 7 years most commonly
indicates right ventricular hypertrophy.

QT Interval

Exact measurement of the QT interval may be
difficult for a number of reasons. The first is
selection of the lead for measurement. In the
era of single-channel ECG recording, lead II
was the most commonly used.31 With the ready
availability of simultaneous multichannel ECG
recordings, the QT interval can be measured
from the earliest onset of the QRS complex in
any lead to the end of the T wave where its ter-
minal limb joins the baseline in any lead,
excluding the measurement of distinct U
waves.32 When there is variation in the QT inter-
val from lead to lead, the longest QT interval
should be utilized.

A second problem in measuring the QT inter-
val in young children is that the P wave may be
superimposed on the preceding Twave. Extrapo-
lation of the downslope of the T wave to the
baseline is recommended in this case.

A third common problem in pediatric patients
is the wide variation in RR intervals due to sinus
arrhythmia and the slow adjustment of the QT
interval to change with abrupt changes in heart
rate.33 Thus the determination of the RR interval
to use for “correction” of the QT interval is diffi-
cult. It has been suggested that using the short-
est RR interval with a diagnostic “cut-point” of
0.46 would place 3.8 percent of control patients
in a “long QT” category, while 98.4 percent of
patients with long QT syndrome would be
included.34 It may be more appropriate to use
an RR interval that is averaged over several
beats.32 Sinus arrhythmia in children also affects
the dispersion of the QT interval when corrected
for heart rate, and as such it has been recom-
mended that QT dispersion values not be cor-
rected for heart rate in these patients.35 There
are no apparent differences in normal values for
QT dispersion between adults and adolescents,36

but data for younger children are lacking.
The formula used most commonly for “rate-
correction” of the QT interval is the method of
Bazett37 (dividing the QT interval in seconds by
the square root of the RR interval in seconds).
More complex cube-root formulas (Fridericia)
or tabular normal values for different heart rates
(Framingham)38 may be preferable but have not
been widely applied, probably due to difficulty
of use. However, as the “overcorrection” of the
Bazett square-root formula in children results
in a “corrected” QT interval that varies inversely
with age and directly with heart rate,39,40

whereas the “shorthand” rule that the rate-cor-
rected QT interval will be normal if it is less than
half of the RR interval has been validated, man-
ual measurement and correction are preferred.41

It has been recognized that adult women have
significantly longer corrected QT intervals than
men. This gender difference has been confirmed
in adolescents aged 14 to 18 years, but not in
children from 10 to 13 years of age.39 Also,
infants do not have demonstrable gender differ-
ences in “rate-corrected” QT intervals.42

Exact measurement of the QT interval in
pediatrics is critical in two situations. The first
is in the diagnosis of the congenital long QT syn-
drome. For this application, the measurement of
the QT interval with multi-lead recording and
correction for heart rate with an RR interval
averaged over a number of beats, using Bazett’s
formula with a normal range of <0.44, border-
line range of 0.44 to 0.46, and abnormal range
of >0.46, is reasonable.31 Computer measure-
ment of the QT interval has been shown to be
unreliable in this situation.43 The addition of
clinical parameters and genetic studies improve
diagnostic specificity.44 Screening of large pedi-
atric populations remains problematic given the
overlap in normal and abnormal populations.45

Assessment of QT interval response to exercise
and measurement of the QT interval 1 minute
into recovery from exercise has been proposed
to discriminate prolonged QT syndrome from
normal.46,47 Epinephrine infusion has been pro-
posed to unmask prolonged QT syndrome (espe-
cially LQT2) by development of a protuberance
above the apex of the T wave in these indivi-
duals48 and by substantially increasing the
rate-corrected QT interval in LQT1 patients.49

Beta-adrenergic blockers commonly used for
treatment of children with the congenital long
QT syndrome do not appear to affect the rate-
corrected QT interval or QT dispersion.50

The second situation in which the assessment
of QT interval is critical relates to changes in the
QT interval in drug-treated patients in whom
measurement of the QT interval at comparable
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heart rates is more reliable.51 Assessment of a
QT60 has also been proposed. This technique
involves measurement of QT intervals at numer-
ous heart rates from exercise testing or ambula-
tory ECG. The best mathematical relationship
of the QT interval to heart rate is determined
and the QT interval extrapolated to a heart rate
of 60 beats/min.52

Indications for Performance
of ECGs in Pediatrics

As the normal standards for pediatric ECGs dif-
fer from those of adults, indications for testing
also vary. Many pediatric ECGs are performed
to screen children for congenital heart disease,
especially when a heart murmur is present. This
practice is widespread, but one study found53 that
in a series of asymptomatic children presenting
for evaluation of a heart murmur, the ECG did
not affect the diagnosis assigned by a pediatric
cardiologist, questioning its utility in this setting.
Two other studies54,55 agreed that the ECG was
unlikely to disclose any unsuspected heart dis-
ease, but suggested that it may assist in reaching
a lesion-specific diagnosis in the patient with
underlying pathology. Yet another study56 sug-
gested that the ECG and chest x-ray were helpful
in diagnosing heart disease in patients thought to
have no disease by examination and in ruling out
lesions in patients with possible heart disease in a
population of pediatric patients referred for eval-
uation of heart murmurs or chest pain.

In diagnosed congenital heart disease, serial
ECGs may be helpful in following the progres-
sion of disease and determining the need for
intervention.

Another common use of the pediatric ECG is in
the screening of clinically suspected arrhythmias.
In this regard, the ECG may be helpful, both in
demonstrating the arrhythmia or showing asso-
ciated findings such as ventricular preexcitation
or QT interval prolongation. Use of the ECG in
screening pediatric patients with syncope has been
shown to be reasonably cost effective when com-
pared with other tests.57 Routine ECG prior to
noncardiac surgery has long been known to be
unnecessary in adults unless cardiac signs or symp-
toms are present or the patient has high risk for
occult heart disease.58 A study in pediatrics59 con-
firms that ECGs are unnecessary as a routine test in
children before noncardiac surgery unless heart
disease is suspected clinically.

The ECG is also indicated in the pediatric
patient treated with drugs that may alter cardiac
conduction or refractoriness, such as prokinetic
agents, antidepressants, atypical antipsychotic
drugs, stimulant medications used for attention
deficit-hyperactivity disorder, and antiarrhyth-
mic drugs.

ECGs are commonly performed in pediatric
emergency departments. One study60 showed
that the indication for a majority of these studies
was the evaluation of chest pain. Nearly half of
the ECGs performed for the evaluation of chest
pain in this study were performed on patients
with chest pain reproducible by chest palpation.
As expected all of these ECGs were normal. Of
the patients with nonreproducible chest pain,
approximately a third had abnormal findings
on ECG including ventricular ectopy, QT inter-
val prolongation, and ventricular hypertrophy.
Another study showed no utility of the ECG in
the emergency department when performed to
evaluate acute chest pain.61

Other indications for ECG in the pediatric
emergency department in this study included sus-
pected arrhythmia (confirmed by ECG in nearly
all patients tested) and seizure and syncope
(demonstrating ventricular ectopy or QT interval
prolongation in one fourth of patients tested). Less
frequently identified indications included expo-
sure to street drugs and patients with ingestion of
drugs. In these patients, half had heart rate, con-
duction, and/or repolarization abnormalities.

Interpretation of ECGs by pediatric residents
and emergency physicians has been shown to
be relatively inaccurate,62–64 suggesting that
either further education, overreading by pediat-
ric cardiologists,65 or both may be advisable.
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Atrial Abnormalities
Right Atrial Enlargement
Left Atrial Enlargement
Biatrial Enlargement

Ventricular Hypertrophy
Right Ventricular Hypertrophy
Left Ventricular Hypertrophy
Biventricular Hypertrophy

Ventricular Conduction Abnormalities

QT Interval Prolongation

Axis Deviation

Abnormal Q Waves

ST and T Abnormalities
The electrocardiographic (ECG) criteria for atrial
end ventricular enlargement in children vary in
some cases from those in adults, but in some cases
are similar. Most abnormalities of the scalar ECG
in pediatric patients must be determined based
upon differences from the normal criteria for
the patient’s age, a factor infrequently considered
in the ECG interpretation in adults. Changes in
ventricular mass (absolute and relative [i.e., right
versus left ventricle]) obtained from autopsy
studies1,2 and echocardiographic measurements3,4

have been correlated with ECG abnormalities, but
the correlations with the anatomic findings are less
extensive in children than in adults.

Interpretation of the pediatric ECG is based on
the combined knowledge fromECGand pathologic
correlates in adults and the electrocardiographic
measurement standards established for infants,
children, and adolescents without cardiac pathol-
ogy. Correlation of pediatric ECG findings with
the echocardiographic findings in children with
cardiac pathology also has been obtained.

The ECG criteria for atrial enlargement and
ventricular hypertrophy assume the presence of
sinus rhythm and normal ventricular conduction
pattern, respectively.
Atrial Abnormalities

Data on P wave amplitudes in lead II in pediatric
patients at various ages shows remarkable lack
of age-related variation. In Liebman’s study,5

P wave amplitudes from birth to 16 years of
age vary only from 1.5 to 1.8 mm at the 50th per-
centile and from 2.0 to 2.9 mm at the 95th percen-
tile. In the study of Davignon et al.6 in the same age
groups P wave amplitudes at the 50th percentile
varied only from 1.4 to 1.9 mmand at the 98th per-
centile from 2.4 to 2.9 mm. These values for the
98th percentile are similar to the 2.5 mm amplitude
that is accepted as normal maximum for adults. P
wave amplitudes in the right precordial leads in
pediatrics have not been scrutinized to the same
extent as those in lead II. In my experience it is rare
for pediatric patients with normal hearts to have a
positive deflection of the P wave in lead V1 exceed-
ing the adult normal amplitude of 1.5 mm.

The P wave duration, on the other hand,
shows a progressive increase from early fetal ges-
tation to adolescence.5,7,8 Liebman’s data5 show
a P wave duration of 51 ms at birth and 81 ms
at 12 to 16 years at the 50th percentile. The
95th percentile increases from 65 to 95 ms in
the same age groups.
RIGHT ATRIAL ENLARGEMENT
In the absence of appreciable age-related differ-
ences for P wave amplitude defining right atrial
enlargement in the pediatric age range, the avail-
able diagnostic criteria for right atrial enlarge-
ment in adults may be applied to all age
groups. In general, if the P wave exceeds
2.5 mm in lead II or the positive deflection of
the P wave is greater than 1.5 mm in leads V1

or V2 in any age group, right atrial enlargement
is suggested (Figure 29–1).
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Figure 29–1 Right atrial enlargement in a 12-year-old adolescent with tetralogy of Fallot and right ventricular hyperten-
sion. The P waves are peaked in leads II, V1, and V2; they are 3 mm in amplitude in lead II and 2 mm in leads V1 and V2.
Note also the presence of right axis deviation and right bundle branch block.
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LEFT ATRIAL ENLARGEMENT
For reasons mentioned previously, the adult
criteria for left atrial enlargement are applicable
to children, notwithstanding the fact that the P
wave duration in children gradually increases
with age. It has been generally accepted that
the product of the depth (in millimeters) and
duration (in seconds) of the negative portion
of the P wave in lead V1 exceeding �0.04 mm
� seconds suggests left atrial enlargement in all
ages (Figure 29–2).

Notched P waves in lead II with a duration
>95th percentile for age also suggest left atrial
enlargement. The sensitivity of these criteria
has been shown to be limited (44 percent), but
the positive predictive value is acceptable (85
percent).9

The Macruz Index (the ratio of the duration
of the P wave to the PR segment) is of little value
in pediatrics. The normal index in children is
higher than in adults,5 probably due to more
rapid conduction through the AV node in chil-
dren. The variation of normal is so great that
the index is not useful even if a higher cut-off
point were to be established.
BIATRIAL ENLARGEMENT
As the right and left atria depolarize sequentially
rather than simultaneously, ECG effects of
enlargement of one atrium on the other is
minimal. As in adults, the coexistence of ECG
diagnostic criteria for both the left and right
atrial enlargement suggest biatrial enlargement
(Figure 29–3).
Ventricular Hypertrophy

Unlike P wave amplitudes, the amplitudes of Q,
R, and S waves vary substantially in the age spec-
trum of normal pediatric patients. This is due to
changes in ventricular mass, both absolute and
relative to the patient’s size, and the relation
between the size of the right versus the left ven-
tricle. Because of this marked variability, patient
age must be considered in the assessment of
ventricular hypertrophy.
RIGHT VENTRICULAR HYPERTROPHY
Right ventricular preponderance is the rule in
the term newborn and young infants. Therefore
when an ECG is interpreted as showing right
ventricular hypertrophy (RVH) in this age group,
the message to be conveyed is that the hypertro-
phy pattern is abnormal in comparison to that in
normal patients of the same age, emphasizing to
the referring physician that this diagnosis applies
only to ECGs considered to be pathologic.

Traditional ECG criteria for RVH in pediatrics
have included voltage, conduction abnormality,
and Q wave and T wave criteria. Voltage criteria
(R wave amplitude in lead V1 or S wave ampli-
tude in lead V6 greater than the 98th percentile
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Figure 29–2 Left atrial enlargement in a 15-year-old adolescent with congenital aortic valve stenosis who had surgical
intervention during infancy. Resultant left ventricular diastolic dysfunction caused elevation of the left ventricular end-
diastolic and left atrial pressures. The P waves are notched in lead II and broad (P wave duration 160 ms). In lead V1, the
negative component is 2 mm deep and 100 ms in duration (�0.2 mm � seconds). Marked first-degree atrioventricular block
is the result of antiarrhythmic drug therapy for atrial fibrillation that was seen in relation to the marked left atrial enlargement.
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Figure 29–3 Biatrial enlargement in a 12-year-old adolescent with restrictive cardiomyopathy resulting in elevation of
both right and left ventricular end-diastolic and right and left atrial pressures. The early portion of the P wave is peaked
and 2.5 mm in amplitude in lead II, meeting criteria for right atrial enlargement. The P waves in lead V1 are deeply negative
and broad (3 mm � 50 ms ¼ �0.15 mm � seconds), meeting criteria for left atrial enlargement.
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for age and ratio of the R wave to the S wave in
lead V1 greater than the 98th percentile for age
or in lead V6 less than the 2nd percentile for
age) have been sensitive for detection of RVH
but seem to lack specificity (Figure 29–4). Right
ventricular conduction delay secondary to
hypertrophy, manifested as an rSR0 pattern in
lead V1 with normal QRS duration (Figure 29–5),
is also suggestive of RVH, especially if the
R0 wave is greater than the 98th percentile for
age. The latter finding is also reasonably sensi-
tive but less specific for the presence of RVH.

Enlargement of the right ventricle may occur
with an increase in the thickness of the right
ventricular wall, an increase in the ventricular
cavity size, or both. Classically, increases in right
ventricular wall thickness are related to an
increase in right ventricular pressure, as seen in
pulmonic stenosis or pulmonary hypertension.
This type of hypertrophy is associated more
commonly with increased voltage. An increase
in the right ventricular cavity size is usually
caused by higher than normal right ventricular
volume load and is associated with an atrial
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Figure 29–4 Right ventricular hypertrophy in a 6-month-old
pressure gradient across the stenosis measured at catheterization
for right ventricular pressure (three times the amplitude of the R
leads V1 and V3R. The S wave in lead V6 is deeply negative, an
septal defect, anomalous pulmonary venous
return, or tricuspid valve insufficiency. In these
conditions there is typically right ventricular
conduction delay. Despite the difference between
the two different “classic” ECG patterns, either
or both can be seen with both pathologic condi-
tions (i.e., pressure and volume overload).

A qR complex in lead V1 is abnormal in indi-
viduals of all ages and frequently suggests RVH.
The Q wave is usually of low amplitude and is
commonly associated with R wave amplitude of
greater than the 98th percentile for age. Deeper
Q waves and smaller R waves may suggest rever-
sal of the normal depolarization of the ventricu-
lar septum and thus ventricular inversion.
Although the finding of a qR complex in lead
V1 is highly specific for RVH, it is relatively
insensitive and is usually only seen with severe
RVH.

The T wave vector in the right precordial
leads may also be helpful in assessment of RVH
in pediatrics.10 In normal children in the study
of Davignon6 the T waves were positive in lead
V1 in approximately half of all infants less than
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infant with valvar and supravalvar pulmonic stenosis. The
was 52 mmHg. This correlates well with reported formulas
wave in lead V1 þ 47 mmHg). The T waves are positive in
d the R/S ratio is less than 1.
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Figure 29–5 Right ventricular hypertrophy in a 14-year-old adolescent with a secundum-type atrial septal defect. The QRS
duration is at the upper limits of normal, and the rSR0 pattern in lead V1 suggests right ventricular conduction delay. An echo-
cardiogram showed significant enlargement of the right ventricular cavity with no increase in right ventricular wall thickness.
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1 week of age. Between 1 week and 5 years of
age the Twave amplitude in lead V1 is distinctly
negative even at the 98th percentile. Between 5
and 16 years of age the Twave amplitude in lead
V1 for the 50th percentile of the normal popula-
tion becomes isoelectric and afterwards becomes
positive in adults. For purposes of remembering
the criteria, a T wave that is positive in lead V1

between the ages of 7 days and 7 years should
arouse suspicion of RVH. In my experience this
is occasionally the only ECG manifestation of
RVH. In older children, T wave inversion in the
right precordial leads may signify right ventricu-
lar dilation, as in the setting of acute cor
pulmonale.

The frontal plane QRS axis in pediatric
patients is normally directed more rightward
than in adults. This must be taken into consider-
ation when assessing axis deviation from nor-
mal. Right axis deviation in the pediatric ECG
is defined as a frontal plane QRS axis that is
more rightward than the 98th percentile for
age. The presence of a greater rightward axis
for age should be considered as supportive evi-
dence for RVH but is rarely the only criterion.
Abreu-Lima and colleagues,11 utilizing a Frank
lead system, reported that determination of the
frontal plane QRS axis was of little practical
value in the diagnosis of RVH when used alone
in adults but was useful for the prediction of
RVH in pediatric patients. However, the pro-
posed method of determining the area of QRS
deflections on the vectorcardiogram is tedious,
time consuming, and less accurate for the diag-
nosis than the more simple measurement of the
amplitude of rightward forces. An evaluation of
the S wave amplitude alone, or determination
of the R wave to S wave amplitude ratio in lead
I compared with normal, may be as helpful or
more helpful than calculation of the frontal
plane axis. As in adults, right axis deviation with
concomitant criteria for right atrial enlargement
is highly suspicious for RVH.

Fretz and Rosenberg12 reviewed the diagnos-
tic value of ECG criteria RVH in 1000 pediatric
patients. Of these, 434 had ECG criteria for
RVH and a diagnosis based on clinical, echocar-
diographic, or angiographic criteria. Two thirds
had a diagnosis consistent with RVH, but diag-
noses were not separated by pressure or volume
load. Upright T waves and the presence of
Q waves in lead V1 were found to be highly spe-
cific for RVH with specificities of 99 percent and
96 percent, respectively, and a sensitivity of
approximately 13 percent for each criterion. Volt-
age criteria and presence of an rsR0 pattern in lead
V1 were more sensitive (sensitivities of 63 percent
and 74 percent, respectively) but were much less
specific (specificities of 66 percent and 52 per-
cent, respectively). This study confirmed the rela-
tively poor predictive value of individual ECG
criteria for RVH in most pediatric patients.

Puchalski et al. examined the value of the
ECG in a pediatric population referred with sus-
picion of pulmonary hypertension.13 Although
there was a significant relationship between
ECG and echocardiographic evidence for RVH,
voltage, T wave, and Q wave criteria had a
sensitivity of only 69 percent and a specificity
of 82 percent for prediction of increased right
ventricular wall thickness. The positive and neg-
ative predictive values were 67 percent and 84
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percent, respectively. There was no relationship
between estimated right ventricular pressure by
tricuspid valve Doppler assessment and evidence
for RVH by ECG. There was a statistically signif-
icant relationship between estimated RV pres-
sure and echocardiographic assessment of right
ventricular wall thickness.
LEFT VENTRICULAR HYPERTROPHY
ECG criteria for left ventricular hypertrophy
(LVH) in pediatric patients have traditionally
considered the QRS amplitude, the amplitude
or absence of Q waves in the left precordial
leads, and the morphology and polarity of
T waves. Higher ECG voltage is seen in chil-
dren and young adults than in older indivi-
duals, commonly resulting in “over-reading”
of LVH when these criteria alone are used.14

Increased posteriorly directed forces (the
amplitude of S waves in lead V1) and increased
left lateral forces (the amplitude of R waves in
lead V6) or a sum of these amplitudes greater
than the 98th percentile of normal have been
considered as criteria for LVH.15 These “voltage
criteria” have been questioned for their lack of
specificity.16–18 The presence of Q waves in the
left lateral precordial leads or the inferior leads
greater than the 98th percentile of normal
amplitude suggest hypertrophy of the interven-
tricular septum, which usually accompanies
hypertrophy of the left ventricle.19 Absence of
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Figure 29–6 Left ventricular hypertrophy in a 10-year-old ch
the valve at catheterization was 40 mmHg. Prominent inferior,
for age. The ST segment and early portion of the T wave is dep
Q waves in lead V6 has been also considered as
a criterion for LVH because it accompanies the
incomplete left bundle branch block.15 The
absence of Q waves may also be related to dis-
placement of the heart position related to the
hypertrophy. These “Q wave criteria” are rather
insensitive and also suffer from low specificity.
The ST segment depression with upward convex-
ity and Twave inversion in the left lateral precor-
dial leads that is frequently accompanied by
reciprocal changes in the right precordial leads
manifested by ST segment elevation and a tall T
wave20 (Figure 29–6) represents a more specific
but a less sensitive indicator of LVH.

As in the right ventricle, enlargement of the
left ventricle may result from the increased
thickness of the interventricular septum and left
ventricular free wall, an increase in intracavitary
volume, or both. Increased wall thickness occurs
classically in situations of increased ventricular
pressure such as aortic stenosis, coarctation of
the aorta, or systemic hypertension. Increased
wall thickness manifested by increased precor-
dial lead voltage is also seen in storage disease
such as Pompe’s disease.21 Increased intracavi-
tary volume occurs in lesions such as ventricular
septal defect, patent ductus arteriosus, aortic
insufficiency, or mitral insufficiency.

Fogel and colleagues22 compared the sensitiv-
ity and specificity of ECG criteria in pediatric
populations with three conditions: aortic steno-
sis (increased pressure), ventricular septal defect
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ild with valvar aortic stenosis. The pressure gradient across
posterior, and left lateral precordial voltage is demonstrated
ressed, suggesting a left ventricular “strain” pattern.
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(increased volume), and normal patients. The
findings with the highest sensitivity in the first
two groups were voltage criteria (amplitude of
S wave in lead V1 plus R wave in lead V6) with
a sensitivity of 67 percent and 40 percent in the
“pressure” and “volume” loaded groups, respec-
tively. “Q wave criteria” (either an amplitude
greater than the 98th percentile for age or absence
in lead V6) also showed similar sensitivity of 67
percent and 60 percent, respectively, in these
groups. The specificity of “voltage criteria” in
the normal patients was 95 percent, but for
“Q wave criteria” it was only 71 percent. T wave
criteria had a sensitivity of 50 percent in the pres-
sure-loaded group, but only 10 percent in the vol-
ume-loaded group. The specificity of “T wave
criteria” was 100 percent. When voltage and
Q wave criteria were combined, the sensitivity
increased to 89 percent in the pressure-loaded
group and was unimproved over the individual
criteria in the volume-loaded group. The specific-
ity of the combined criteria was 71 percent. Fogel
et al.22 concluded that the sensitivity of ECG cri-
teria for left ventricular enlargement in both
pressure- and volume-loaded ventricles is at best
modest and inferior to the serial assessment of left
ventricular mass by echocardiography.

Another large study of children exposed to
the human immunodeficiency virus (some with
evidence for infection and others without)
showed that in this population, ECG criteria
were poor predictors of echocardiographic
increase of left ventricular mass. When new
age-adjusted predicted values were developed
from the noninfected subjects, the sensitivity of
voltage, Q wave, and Twave criteria was 17 per-
cent and the specificity was 94 percent.23

A study of a pediatric population with rheumatic
heart disease has shown a somewhat higher sen-
sitivity for height indexed left ventricular mass
(71 percent) but lower specificity (74 percent).24

Obesity has been shown to affect precordial
voltage in children,25 andwith the current epidemic
of pediatric obesity, updated criteria for ECG
voltage with consideration of the child’s weight in
different age groups may become necessary.
BIVENTRICULAR HYPERTROPHY
As evident from the previous sections on RVH
and LVH, ECG criteria for each individual cham-
ber must be applied with caution. Even among
experienced cardiologists there is significant
inter- and intraobserver variability in the inter-
pretation of both RVH and LVH.26 Computer
analysis of pediatric ECGs for the diagnosis
of RVH and LVH shows poor sensitivity but
reasonable specificity when compared with car-
diologist’s interpretation.27 Because right and left
ventricular depolarization occur simultaneously
rather than sequentially, the ECG effects from
hypertrophy of one ventricle may substantially
affect the recording from the other ventricle,
making diagnosis of biventricular hypertrophy
more difficult.

The ECG has a relatively low sensitivity for
diagnosis of biventricular hypertrophy but has
an acceptable specificity and positive predictive
value.28 A pattern of prominent mid-precordial
voltage with biventricular hypertrophy second-
ary to large ventricular septal defects, known as
the Katz-Wachtel pattern, was described in
1937.29 If the R wave amplitude plus the S wave
amplitude in the mid-precordial leads exceeds
the 98th percentile for age, biventricular hyper-
trophy is suspected (Figure 29–7). Also, if the
R and S wave amplitude in a relatively equipha-
sic mid precordial QRS complex is >6 mV or if
there are several leads with R þ S >5 mV, biven-
tricular hypertrophy is likely.
Ventricular Conduction
Abnormalities

Diagnostic criteria for bundle branch block, fas-
cicular block, and conduction delay in pediatric
patients are similar to those for adults. However,
the duration of the QRS required for diagnosis is
dependent upon the age of the patient. If the
QRS duration is greater than 20 percent longer
than the 98th percentile for age and other
criteria for diagnosis are met, the terms complete
right bundle branch block or complete left bundle
branch block can be employed (Figures 29–8
and 29–9). Right bundle branch block is seen
frequently in childrenwith congenital heart disease,
often as the result of surgical intervention, and may
be seen in response to intrauterine events.30 Left
bundle branch block is less common in children.
If the QRS duration is shorter but greater than the
98th percentile for age, the term incomplete bundle
branch block may be used. If the QRS duration is
greater than the 98th percentile for age and the cri-
teria for right or left bundle branch block are not
met, a nonspecific intraventricular conduction
delay is diagnosed (Figure 29–10).
QT Interval Prolongation

The QT interval in pediatric patients may be
prolonged in the presence of the congenital long
QT syndrome, as in adults (see Chapter 24).
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Figure 29–8 Right bundle branch block in a 2-year-old child following patch closure of a large infracristal ventricular
septal defect. Note that the QRS duration of 100 ms exceeds the 98th percentile of normal by more than 20 percent. An rSR0
pattern in the right precordial leads is seen with a broad R0. A broad S wave is seen in the lateral leads.
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Figure 29–7 Biventricular hypertrophy in a 5-month-old infant with a large patent ductus arteriosus prior to intervention.
Note that the precordial leads are recorded at a standard of 5 mm/mV. Prominent precordial voltage is seen in leads V2–V5

with R þ S >5 mV in all of these leads. Deep and narrow Q waves are seen in the inferior leads, suggesting hypertrophy of
the interventricular septum.
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Figure 29–9 Left bundle branch block in a 15-month-old child with d-transposition of the great vessels with subaortic
stenosis. It follows an arterial switch procedure and resection of the subaortic stenosis. The QRS duration of 120 ms is long
enough to meet the criteria for bundle branch block in an adult and is far in excess of the 98th percentile of normal for age
plus 20 percent. A broad, notched R wave is seen in the lateral leads, and Q waves are absent in these leads. The ST seg-
ments and T waves are displaced opposite the major QRS deflection.
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Specific situations involving QT interval prolon-
gation that are more commonly encountered in
children than in adults include individuals on
the ketogenic diet,31 those with acute weight
loss,32 metabolic dilated cardiomyopathy,33 and
treatment with psychotropic drugs.34–38 Chil-
dren with Ullrich-Turner syndrome and those
with sensory neural hearing loss have been
shown to have QT interval prolongation.39,40

Details on measurement and rate correction of
the QT interval are discussed in Chapter 28.
Axis Deviation

In pediatrics, right axis deviation is most com-
monly seen in combination with other criteria
for RVH (Figure 29–11). Left axis deviation is
seen in ostium primum type atrial septal defect
(Figure 29–12), AV canal, and inlet ventricular
septal defects due to posterior and inferior dis-
placement of the AV node and left bundle
branch.41,42 Left axis deviation is also commonly
seen in tricuspid atresia.43
Abnormal Q Waves

Physiologic Q waves are common, especially in
the inferior leads. They are usually less than
30 ms in duration. Q wave duration greater than
30 ms and amplitude greater than 0.4 mV may
suggest myocardial infarction, especially in the
context of Kawasaki syndrome44 or anomalous
left coronary artery arising from the pulmonary
artery.45 As previously discussed, Q waves in
lead V1 suggest RVH, and deep but narrow
Q waves in the inferior and left lateral precordial
leads may suggest LVH, especially that associated
with hypertrophic cardiomyopathy.
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Figure 29–10 Nonspecific intraventricular conduction delay in a 1-month-old infant treated with flecainide. The QRS
duration is 90 ms. The serum flecainide level was 0.89 mg/mL at the time of this ECG. Slowing of ventricular conduction
by the drug resulted in the ECG finding.
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Figure 29–11 Right axis deviation in a 3-year-old child with mild valvar pulmonic stenosis. Doppler echocardiography
estimated a gradient of 20 mmHg across the pulmonary valve. Right axis deviation may be the only ECG finding in pediatric
patients with mild right ventricular hypertrophy.

66729 � Abnormal Electrocardiograms in the Fetus, Infants, and Children



I

II

III

aVR

aVL

aVF

V1

V2

V3

7 yearsA

V4

V5

V6

7 years

I

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

B
Figure 29–12 Left axis deviation in a 7-year-old child with palpitations documented to be secondary to a wide QRS com-
plex tachycardia. A, Note that in the first ECG there is mild left axis deviation. The degree of left axis deviation appears to be
somewhat variable (especially in lead III). Electrophysiologic study demonstrated that the patient had a right free wall acces-
sory atrioventricular (AV) connection with decremental conduction properties that participated in an antidromic AV reentrant
tachycardia (Mahaim fiber). B, The second ECG was recorded after radiofrequency catheter ablation of the accessory
connection. The previously seen left axis deviation caused by subtle ventricular preexcitation has resolved.
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ST and T Abnormalities

ST segment elevation of greater than 0.2 mV in
several leads may be seen in myocarditis46 and
pericarditis.47 Myocardial infarction is rare in
pediatric patients but, if present, produces the
same ST segment changes as in adults. Wide
Q waves (longer than 35 ms) and prolonged
QT interval corrected for heart rate (>440 ms)
are reported to be highly specific for myocardial
infarction when combined with ST segment ele-
vation >2 mm.46 ST segment depression has
been reported in children with severe head
injury.48

A “coved type” ST segment elevation has been
reported in Brugada syndrome49 (see Chapter 7).
Presentation with arrhythmic syncope and cardiac
arrest is rare in the pediatric age group,50,51 and
ECG changes are absent in most individuals with
this sodium channel mutation before the age of 5
years.52

T wave inversion combined with ST segment
depression in the left lateral precordial leads
suggests LVH and is described as a “strain pat-
tern” (see Figure 29–6). As previously men-
tioned, upright T waves in the right precordial
leads between the ages of 7 days and 7 years sug-
gest RVH.
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 The Electrocardiogram
in Congenital Heart Disease

Acyanotic Lesions
Atrial Septal Defect and AV Septal
Defect

Ventricular Septal Defect
Patent Ductus Arteriosus and
Aortopulmonary Window

Pulmonic Stenosis
Aortic Stenosis
L-Transposition of the Great Vessels
Anomalous Origin of the Left Coronary
Artery

Left Ventricular Noncompaction

Cyanotic Lesions
d-Transposition of the Great Vessels
Tetralogy of Fallot
Truncus Arteriosus
Pulmonary Atresia with Intact
Ventricular Septum

Ebstein’s Anomaly of the Tricuspid Valve
Tricuspid Atresia
Hypoplastic Left Heart Syndrome
Single Ventricle
Fontan Palliation
Prior to the development of cardiac ultrasound,
the electrocardiogram (ECG) was a vital compo-
nent in the initial evaluation and follow-up of
patients with congenital heart disease. Even
now with widespread availability of echocardi-
ography and other imaging technologies, the
ECG remains a useful screening tool adjunct to
the physical examination in the diagnosis of con-
genital heart disease and acquired heart disease
in children. Evidence for atrial enlargement or
ventricular hypertrophy on the ECG may help
to confirm clinical suspicion of congenital heart
lesion. Abnormalities of atrioventricular (AV)
conduction might suggest ventricular inversion,
whereas ventricular preexcitation suggests the
possible association of Ebstein’s anomaly of the
tricuspid valve in the appropriate clinical cir-
cumstance. A leftward frontal plane QRS axis
in an infant might suggest the presence of an
ostium primum atrial septal defect, AV canal,
or tricuspid atresia, depending upon the clinical
correlates. A normal ECG, on the other hand, in
the presence of a normal physical examination
may be reassuring as to the absence of structural
heart disease.

In addition to serving as a readily available
screening tool for the diagnosis of congenital
heart disease, in some forms of congenital heart
disease the ECG may be used to monitor the
severity and progression of the disease. This is
the case in isolated valvar pulmonic stenosis,
for which several formulas have been proposed
to calculate right ventricular pressure based on
ECG parameters.1,2 In other diseases, the ECG
has less utility in following the progression of
disease. For example, in valvar aortic stenosis
the ECG may be normal in the face of extreme
stenosis and increased left ventricular pressure.3

Recent advances in technology have resulted
in miniaturization of cardiac ultrasound and
development of new imaging devices. The cur-
rently available “handheld” instruments4 may
replace the ECG for screening or establishing
the presence of structural heart disease.

This chapter will review ECG abnormalities
in congenital heart lesions and the reliability of
the ECG in the diagnosis and assessment of dis-
ease severity. The lesions are grouped as either
acyanotic or cyanotic at the time of initial
clinical presentation.
Acyanotic Lesions
ATRIAL SEPTAL DEFECT AND AV
SEPTAL DEFECT
The ECG in a child with a secundum-type atrial
septal defect usually shows normal sinus rhythm.
The preoperative abnormalities of sinus node
function in children with this defect5–8 are less
common than in adults. Adults with unrepaired
secundum-type atrial septal defect have an
increased incidence of atrial flutter, atrial fibrilla-
tion, and sinus bradycardiawith junctional escape
rhythm.9 Surgical closure of the atrial septal
defect in adults has been shown to reduce the inci-
dence of atrial flutter, but not atrial fibrillation.10
671
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The child with a secundum-type atrial septal
defect may have peaked P waves in lead II sug-
gesting right atrial enlargement, but in the
majority of patients the P wave amplitude and
duration are normal. The PR interval11 and (sur-
prisingly) the HV interval of children with
secundum-type atrial septal defects have been
shown to be significantly longer than in normal
children. These abnormalities are age related.12

When the left-to-right shunt is significant, there
is almost always right ventricular conduction
delay13 and right ventricular hypertrophy (RVH)
with an rsR0 pattern in lead V1 (Figure 30–1).
Zufelt and colleagues14 examined the ECGs of
pediatric patients with secundum-type atrial sep-
tal defects and defined criteria for RVH as a qR
pattern or upright T wave in the right precordial
leads, increased amplitude of R wave in lead V1,
S wave in lead V6 greater than the 95th percentile,
or abnormal R/S ratio in lead V1 or V6. They
found that rsR0 pattern in lead V1, with or with-
out other evidence of RVH, or other evidence
for RVH without rsR0 pattern in lead V1 were 87
percent sensitive and 96 percent specific for this
diagnosis when applied to a group with normal
hearts. Cohen et al. found a high specificity of a
notch near the apex of the R wave (crochetage
pattern) in the inferior leads in children with
secundum-type atrial septal defects,15 confirming
previous findings by Heller et al.16 The sensitivity
of this finding was only 32 percent, but the
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Figure 30–1 ECG of a 5-year-old child with an unrepaired sec
precordial leads and incomplete right bundle branch block sugg
cardiography confirmed a large right ventricular chamber witho
specificity was 86 percent when the pattern was
found in one inferior lead and 92 percent
when found in all three inferior leads. Christen-
sen and Vincent performed a review of patients
with secundum atrial septal defects and found
that 18 percent had normal ECGs and 7 percent
had normal ECGs and normal physical exam-
ination.17

Surgical closure of secundum-type atrial septal
defects has resulted in some studies18 in decreased
Pwave duration and dispersion that were increased
in children19 and adults20 prior to intervention, but
did not restore them to normal levels. Other studies
have not confirmed such improvement.21 This may
relate to a persistent risk of atrial fibrillation. Treat-
ment with transcatheter devices resulted in partial
or complete regression of ECG abnormalities in
the majority of pediatric patients.22–24 QT disper-
sion decreased significantly within 1 month after
closure by the device, but other ECG intervals were
not acutely changed.24 Postprocedural AV block
has been reported, but is typically transient.25

Arrhythmias after device closure of secundum-type
atrial septal defects are rare and benign, but long-
term follow-up data are lacking.26–28

The distinctive feature of the ECG in an infant or
child with an ostium primum atrial septal defect or
AV septal defect (AV canal) is left axis deviation in
the frontal plane. The QRS vector loop is inscribed
in a counterclockwise fashion (Figures 30–2
and 30–3) due to the posterior and inferior
5 years
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undum-type atrial septal defect. The rSR0 pattern in the right
est right ventricular enlargement from a volume load. Echo-
ut an increase in wall thickness.
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Figure 30–2 Vectorcardiogram of a 2-day-old infant with complete atrioventricular canal. The frontal plane QRS loop is
inscribed in a counterclockwise direction, and the QRS loop is superior in the frontal and right sagittal planes. The grid repre-
sents a scale of 10 mm/mV, and each mark represents 4 ms.

I

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V3R

V4R

5 days

V6

Figure 30–3 ECG of a 5-day-old infant with unbalanced, left ventricular dominant complete atrioventricular canal and
coarctation of the aorta. The frontal plane QRS axis is �75 degrees. The precordial leads show more posteriorly directed
voltage, consistent with a large left ventricle.
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displacement of the AV node and left bundle
branch. There is also a relative hypoplasia of the
anterior left bundle branch.29,30 P wave changes
consistent with left or right atrial enlargement
occur infrequently, but PR interval is prolonged in
amajority of patientswithAV septal defects second-
ary to prolonged intraatrial conduction.31 Sinus
node and AV node function are usually normal.31,32

The conduction system is exposed to the risk of
surgical repair, but modern surgical methods
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minimize the risk of postoperativeAVblock.33 As in
the children with secundum-type atrial septal
defect, right ventricular conduction delay and
hypertrophy are frequently seen in the presence of
significant mitral valve insufficiency associated
with cleft mitral valve. Evidence of left ventricular
hypertrophy (LVH) may also be present in this
setting.

In the less common sinus venosus type of
atrial septal defect, the P wave axis in frontal
plane in patients with sinus rhythm is either left
and superior34 or normal. Follow-up of patients
after surgical repair of sinus venosus–type
defects shows relatively high rates of sinus node
dysfunction (6 percent) and age-related atrial
fibrillation (14 percent).35 Alternative operative
techniques may reduce the frequency of sinus
node dysfunction and arrhythmia.36,37
VENTRICULAR SEPTAL DEFECT
Changes in the ECG in children with ventricular
septal defects reflect the degree of hemodynamic
abnormality. A small isolated ventricular septal
defect, with a small left-to-right shunt, will al-
most always be accompanied by a normal ECG
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Figure 30–4 ECG of a 3-year-old child with a small ventricul
for age. The frontal plane QRS axis is 60 degrees, and the
demonstrated a single small ventricular septal defect with an
echocardiography of 70 mmHg (normal right ventricular pressu
(Figure 30–4).38–41 Moderate or large defects
may result in RVH, especially if there is elevation
of right ventricular pressure, but because the
most predominant hemodynamic feature of the
ventricular septal defect with large left-to-right
shunt is left-sided volume overload from pulmo-
nary overcirculation, left atrial enlargement and
LVH are more frequently seen (Figure 30–5).
The presence of associated RVH should suggest
associated double-chamber right ventricle with
obstruction between the inflow and outflow por-
tions of the right ventricle.42 Left atrial enlarge-
ment is usually suggested by a prominent wide
terminal negative deflection in the P wave in lead
V1 and LVH by the presence of deep but narrow
Q waves and prominent R waves in the inferior
and left lateral precordial leads. Superior frontal
plane QRS axis is commonly associated with AV
septal defect and defects in the inlet portion of
the ventricular septum. Shaw and colleagues43

found superior frontal plane QRS axis in 6.2 per-
cent of 1031 patients with a ventricular septal
defect. In 59 percent of these patients, defects
were in the inlet portion of the ventricular
septum, but not in a ventricular septal defect of
the AV canal type. Thus 41 percent of these
V4
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V4R

V6
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ar septal defect. The ECG is essentially within normal limits
precordial voltage pattern is normal. Echocardiography
estimated pressure gradient across the defect by Doppler
re).
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Figure 30–5 ECG of a 2-week-old infant with a moderate-size ventricular septal defect. Q waves in leads V1 and V2 and
upright T wave in the right precordial leads suggest right ventricular hypertrophy. Prominent precordial voltage suggests
possible biventricular hypertrophy.
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patients had ventricular septal defects elsewhere,
and the mechanism for a superior axis is uncer-
tain. It is possible that defects in the inlet portion
of the septum were present in fetal life and spon-
taneously closed or that the axis deviation is the
remnant embryologic effect of faulty endocardial
cushion development.44 Aneurysm of the mem-
branous septum has also been shown to be asso-
ciated with left axis deviation in patients with
perimembranous ventricular septal defects.45,46

The child with a large ventricular septal
defect usually has ECG evidence of biventricular
hypertrophy with large equiphasic QRS com-
plexes in the mid-precordial leads, known as
the Katz-Wachtel pattern (Figure 30–6).40 One
study of the natural history of ventricular septal
defects demonstrated a higher than normal inci-
dence of serious arrhythmia and sudden death.
This risk was seen even in patients with small
ventricular septal defects.47 In a more recent
study of patients with defects deemed small
enough not to require intervention, follow-up
was benign with no deaths, but incomplete or
complete right bundle branch block (RBBB)
was present in approximately 10 percent of all
patients.48 No first-degree or higher AV block
was seen, and LVH was seen in approximately
1 percent, with most of these patients having
systemic arterial hypertension. Sinus node dys-
function requiring pacemaker placement was
present in 4 percent of patients.49

Closure of ventricular septal defects with
devices placed during cardiac catheterization has
been performed with increasing frequency.
Closure of perimembranous defects with devices
resulted in RBBB and left anterior fascicular block
in a minority of patients, and complete AV block
occurred in 1 percent of interventions.50
PATENT DUCTUS ARTERIOSUS AND
AORTOPULMONARY WINDOW
In patients with a small patent ductus arteriosus,
the ECG is usually normal.38 A larger patent
ductus arteriosus with significant left-to-right
shunt is usually associated with ECG evidence
of left atrial enlargement and LVH (Figure 30–7).
In low-birth-weight infants with patent ductus
arteriosus determined to be hemodynamically
significant by echocardiography, 22 percent of
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Figure 30–6 ECG of a 4-month-old infant with a large ventricular septal defect. Note that precordial leads are recorded at
a standard of 5 mm/mV. Prominent precordial voltage suggests biventricular hypertrophy and meets “Katz-Wachtel” criteria.
Cardiac catheterization demonstrated identical right and left ventricular pressure curves.
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Figure 30–7 ECG of a 2-month-old infant with a moderate-size patent ductus arteriosus. Note that the precordial leads are
recorded at a standard of 5 mm/mV. The precordial voltage is prominent with RþS >5mV in leads V2–V5.
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patients had evidence of left atrial enlargement
or LVH and 78 percent had normal ECGs, thus
revealing very low sensitivity of the ECG in this
diagnosis.51

An aortopulmonary window is usually asso-
ciated with a larger left-to-right shunt and may
show ECG evidence of biventricular hypertro-
phy similar to that in a large patent ductus arter-
iosus (Figure 30–8).
PULMONIC STENOSIS
The ECG is an excellent tool for evaluating the
severity of valvar pulmonic stenosis.1,2,52,53 In
mild pulmonic stenosis the ECG may be normal
or show mild right axis deviation in the frontal
plane. In moderate pulmonic stenosis the R wave
amplitude in lead V1 exceeds the normal limits,
and occasionally an rsR0 pattern may be present
(Figure 30–9).

In severe pulmonic stenosis, right axis devia-
tion is usually marked and associated with a
monophasic R wave in lead V1, usually of
>20 mm amplitude. Right atrial enlargement
evidenced by peaked and tall P waves in leads
V3
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V1

**Chest leads at half standard**

Figure 30–8 ECG of a 9-month-old infant with a large patent
systemic pulmonary artery pressure. Note that precordial leads a
the patient with a moderate-size patent ductus arteriosus, the
R/S ratio of <1 in lead V6.
II and V1 is also commonly seen in infants with
critical valvar pulmonic stenosis. With very
severe obstruction, Q waves are present in the
right precordial leads.

In children and adolescents with isolated
valvar pulmonic stenosis, there is good correla-
tion between the height of the R wave in lead
V1 and the right ventricular systolic pressure.54

The height of the R wave multiplied by 5 esti-
mates the right ventricular systolic pressure in
mmHg.53
AORTIC STENOSIS
Unlike in valvar pulmonic stenosis, the ECG may
be a poor predictor of severity in valvar aortic
stenosis. A completely normal or nearly normal
ECG does not exclude severe stenosis.3,55,56 The
ECG is probably a better predictor of severity in
valvar aortic stenosis in children younger than
age 10 years than in older individuals,55 but an
overreliance on the ECG is hazardous at any
age.57 When present, abnormalities usually con-
sist of increased R wave amplitude in lead V6,
increased S wave amplitude in lead V1, and ST
9 months
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ductus arteriosus and pulmonary arterial hypertension with
re recorded at a standard of 5 mm/mV. In comparison with
re is more marked right ventricular hypertrophy with an



I

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V3R

V4R

4 months

V6

Figure 30–9 ECG of a 4-month-old infant with valvar pulmonic stenosis. The gradient across the pulmonary valve at
catheterization was 46 mmHg. The R waves in leads V1–V3 are prominent.
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segment depression and T wave inversion in the
lateral precordial leads (i.e., the so-called left
ventricular strain pattern) (Figure 30–10). Assess-
ment of ECG parameters of LVH following aortic
valve replacement for severe stenosis showed that
no single ECG parameter performed well when
measured against magnetic resonance imaging.58

P wave dispersion was greater in patients with
aortic stenosis than in normal individuals, sug-
gesting increased risk for atrial fibrillation.59 QT
interval dispersion has also been shown to be
increased in individuals with aortic stenosis60,61

and may be associated with sudden death in a
small percentage of patients with this lesion.
Balloon valvuloplasty and relief of severe aortic
stenosis has been shown to reduce QT interval
dispersion.
L-TRANSPOSITION OF THE GREAT
VESSELS
Patients with ventricular inversion and l-transpo-
sition of the great vessels may have no symptoms.
Their most characteristic ECG abnormality is
the reversal of normal septal activation (Fig-
ure 30–11). Normally the intraventricular septum
is activated from left-to-right, producing Q waves
in the left precordial leads. The inversion of the
bundle branches associated with ventricular
inversion results in Q waves in the right precor-
dial leads.

Ventricular septal defect is present in as many
as 80 percent of cases associated with the ven-
tricular inversion.62 Due to the inversion of the
conduction system, closure of ventricular septal
defects in this situation are most safely per-
formed through the aorta to minimize the risk
of conduction system damage.

Approximately 10 to 25 percent of patients
with ventricular inversion have complete AV
block with an equal incidence of first- or second-
degree AV block.63,64 Complete AV block may
occur in these patients despite the absence of pre-
vious first- or second-degree AV block, sometimes
spontaneously and unpredictably. Ebstein-like
malformation of the systemic AV valve is also
associated with ventricular inversion, with a com-
mon occurrence of accessory AV connections on
the same side as the abnormal valve. Manifest
ventricular preexcitation with Wolff-Parkinson-
White syndrome, as well as concealed accessory
AV connections,65 may be present.
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B
Figure 30–10 ECGs in two young infants with critical valvar aortic stenosis. A, This 11-day-old infant had a 112 mmHg
gradient at catheterization prior to balloon valvuloplasty. The ECG is essentially within normal limits for age. The T waves in
the inferior leads are slightly flat. B, This 4-day-old infant had a 60 mmHg gradient across a dysplastic aortic valve. The gra-
dient was probably depressed by poor left ventricular function. Note that precordial leads are recorded at a standard of
5 mm/mV. Prominent precordial voltage suggests ventricular hypertrophy. ST segment depression and T wave inversion
are seen in the inferior and left lateral precordial leads, consistent with left ventricular strain.
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Figure 30–11 ECG of a 4-year-old child with l-transposition of the great vessels. Note the absence of Q waves in the left
lateral precordial leads. Deep Q waves are seen in the inferior leads.
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ANOMALOUS ORIGIN OF THE LEFT
CORONARY ARTERY
Anomalous origin of the left coronary artery
from the pulmonary artery results in coronary
insufficiency due to inadequate perfusion pressure.
Anterolateral infarction, manifested by deep and
broad Q waves in leads I, aVL, and left lateral
precordial leads (Figure 30–12), is usually present
at the time of diagnosis. This pattern may also be
seen in pediatric patients with nonischemic car-
diomyopathy andmaymake it difficult to establish
the diagnosis by ECG alone.66,67 Chang and
Allada68 proposed a scoring system using ECG
and echocardiographic parameters to differentiate
these diagnoses. They found that q waves wider
than 30 ms in lead I and deeper than 3 mm in lead
avL were more common in patients with anoma-
lous origin of the left coronary artery. A QR pattern
in lead aVL was the only ECG parameter con-
sidered in their scoring system derived by logistic
regression,68 but the typical patternmay be absent,
especially in very young patients.69

The left coronary artery may also arise from the
right sinus of Valsalva, and less commonly the
right coronary artery arises from the left sinus of
Valsalva. These abnormalities are associated with
sudden death, usually during physical exertion.
Unfortunately, prior to the occurrence of sudden
death, the ECGs are usually normal70 or show
only minor abnormalities, such as ventricular
ectopy and nonspecific Twave changes.71
LEFT VENTRICULAR NONCOMPACTION
Left ventricular noncompaction is an uncommon
disorder of endocardial development demonstrating
prominent ventricular trabeculations and deep
intertrabecular recesses. It is seen in isolated form
and also in combination with other forms of con-
genital heart disease. Thediagnosis is typicallymade
by echocardiography. The ventricular function is
usually depressed. TheECG is often abnormal,most
commonlywith evidence for biventricularhypertro-
phy.72 Abnormalities of sinus node and AV node
function and ventricular arrhythmias are common
in these patients.73
Cyanotic Lesions
d-TRANSPOSITION OF THE GREAT
VESSELS
The ECG of the newborn infant with d-transpo-
sition of the great vessels is generally normal
for age (Figure 30–13). Within the first weeks
of life the ECG of an unoperated patient shows
absence of expected regression of right ventricu-
lar predominance.74 Biventricular hypertrophy is
commonly seen when d-transposition of the
great vessels is associated with a large ventricu-
lar septal defect. Isolated LVH is rare and should
suggest associated right ventricular hypoplasia.

Without surgical intervention or with pallia-
tion, in cases in which atrial baffling retains the
morphologic right ventricle as the systemic
ventricle (Senning or Mustard procedure), the
ECG continues to show RVH and frequently
right axis deviation (Figure 30–14). Right atrial
enlargement is also seen following this type of
surgical palliation dependent upon the hemo-
dynamic results. Sinus node dysfunction and
atrial tachyarrhythmias are also common after
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Figure 30–12 ECG of a 5-month-old infant with anomalous origin of the left coronary artery from the pulmonary artery.
Note that precordial leads are recorded at a standard of 5 mm/mV. Deep and broad Q waves are seen in leads I, aVL, V5, and
V6. The usually prominent R waves in the right precordial leads are diminished, and there is prominent posteriorly directed
voltage. This pattern is consistent with anterior and lateral myocardial damage secondary to poor coronary perfusion. The
anomalous origin of the left coronary artery from the pulmonary artery and multiple anterior and lateral sites of myocardial
infarction were confirmed at autopsy.

68130 � The Electrocardiogram in Congenital Heart Disease
extensive atrial surgery. Sudden death is
reported with disturbing frequency, but ECG
findings do not appear to be predictive of sud-
den death.75

After arterial switch procedure, patients with
d-transposition of the great vessels show resolu-
tion of right ventricular predominance. Midterm
follow-up has shown normal ECGs at rest and
with exercise, with normal sinus node function
in some series76,77 and chronotropic incompe-
tence not affecting working capacity in as many
as one third of patients in other series.78 Right
or left ventricular preponderance after this type
of repair may suggest stenosis at the anastomotic
sites in the great vessels.
TETRALOGY OF FALLOT
RVH is the hallmark ECG finding in the patient
with tetralogy of Fallot and is of value in the dif-
ferential diagnosis from ventricular septal defect.
In the newborn, the ECG may be normal but
over the first weeks of life normal regression of
right ventricular preponderance is not seen.79
In those patients with tetralogy of Fallot who
may remain acyanotic in infancy, the ECG
(Figure 30–15) may offer a valuable diagnostic
clue. Right axis deviation may accompany
RVH, but left axis deviation suggests an associated
complete AV canal.79 Absence of left axis deviation
does not exclude the associated defect of AV canal
and is reportedly not seen in one third of patients.80

RBBB is common after surgical repair of
tetralogy of Fallot, even when the repair is per-
formed from a transatrial approach.81,82 This is
probably due to delayed activation of the right
ventricular outflow tract caused by disruption
of the right ventricular conduction system dur-
ing resection of infundibular stenosis. Left ante-
rior fascicular block is reported in 8 to 22
percent of patients after the repair of tetralogy
of Fallot.83,84

Duration of the QRS complex greater than
150 ms and/or the presence of a right superior
frontal plane QRS axis in pediatric patients with
repaired tetralogy of Fallot has been associated
with larger right ventricular volume and, when
seen with pulmonary valve insufficiency, may
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Figure 30–13 ECG of a 1-day-old infant with d-transposition of the great vessels. The prominent R waves in the right
precordial leads and the deep S wave in lead V6 suggest right ventricular preponderance.
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suggest the need for pulmonary valve replace-
ment.85 QRST time integral values in the precor-
dial leads have also been shown to correlate with
right ventricular volume and pressure overload.86

QRS duration has been directly correlated
with right ventricular volume and mass.87 Resid-
ual right ventricular outflow tract obstruction88

and pulmonary valve insufficiency89 have also
been associated with QRS prolongation. Pulmo-
nary valve replacement postoperative following
transannular patch repair has been shown to
slow the progression of QRS widening.90,91

Sudden death is a late postoperative complica-
tion that is probably due to ventricular tachyar-
rhythmia.92–94 Gatzoulis and colleagues95 reported
an association between QRS duration and ventricu-
lar tachycardia or sudden death in patients with
repaired tetralogy of Fallot. They showed that in
178 adult survivors of repaired tetralogy of Fallot,
9 patients had sustained ventricular tachycardia
(8 with near-miss sudden death). They also
reviewed the reports of four patients with sudden
postoperative death. All patients with ventricular
tachycardia or sudden death had QRS duration
�180 ms. This finding was confirmed by Balaji
and associates,96 showing a 100 percent sensitivity
and 96 percent specificity for QRS duration
�180 ms in detecting clinical ventricular tachycar-
dia late after tetralogy of Fallot repair. Other studies
of patients following repair of tetralogy of Fallot
suggested that narrow QRS complex on the resting
ECG is associated with lower risk for sudden
death.97,98 More recent studies suggest that signal-
averaged filtered QRS duration may be a better
predictor of ventricular arrhythmia in this popula-
tion than the standard ECG.99,100

Abnormal QT and JT dispersion have been
noted in patients with ventricular tachycar-
dia.101,102 The increased QT and JT dispersion
appears to be present in patients with tetralogy
of Fallot preoperatively and increases further
after surgical intervention, whereas ventricular
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Figure 30–14 ECG of an 11-year-old child with d-transposition of the great vessels who underwent a Senning atrial baffle
repair during infancy. A qR pattern is seen in the right precordial leads and a deep S wave in lead V6, suggestive of extreme
right ventricular hypertrophy. The T waves are diffusely flat in the precordial leads. Note that the rhythm is sinus in the first
and second lead group recordings but becomes junctional escape rhythm at the end of the recording.
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Figure 30–15 ECG of an 11-month-old infant with tetralogy of Fallot prior to surgical repair. Note that the precordial
leads are recorded at a standard of 5 mm/mV. Prominent R waves are seen in leads V1–V3, and the T waves are upright in
lead V2 and isoelectric in the right precordial leads, suggesting right ventricular hypertrophy.
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late potentials are not present prior to surgery
but develop progressively following surgery,
which suggests that they are the result of scar-
ring.103 Although these abnormalities have been
used for risk stratification for ventricular arrhyth-
mia,104 their utility for predicting sudden death
without consideration of other clinical factors
has been questioned.105

Heart rate variability may also be a predictor of
ventricular arrhythmia in those patients without
other ECG risk factors.106,107 Left ventricular size
and dysfunction have also been suggested as an
additional risk factor in these patients,94,108,109 and
microvolt Twave alternans is being investigated.110

Although not associated with life-threatening
arrhythmia, atrial tachycardia and sinus node
dysfunction are seen commonly following
tetralogy of Fallot repair, and dispersion of the
P wave duration has been shown to be a marker
for these atrial rhythm abnormalities.111
TRUNCUS ARTERIOSUS
The ECG in infants with persistent truncus arter-
iosus is highly variable and depends in large part
on the degree of pulmonary overcirculation.
In the newborn period the ECG may show evi-
dence of RVH (Figure 30–16). If pulmonary
overcirculation is substantial, LVH and left atrial
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aVF
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Figure 30–16 ECG of a 2-day-old infant with truncus arterio
nent R waves in leads V1–V3 and an R/S ratio of <1 in leads V5
enlargement may also be seen. In the first days of
life the ECG may be normal.112

Postsurgical anatomy and physiology of
truncus arteriosus are similar to those of tetral-
ogy of Fallot. It is unclear as to whether ventric-
ular arrhythmia and late sudden death will
afflict this population to the same extent, or
whether risk stratification as proposed for
tetralogy patients will be applicable to this
smaller population.113
PULMONARY ATRESIA WITH INTACT
VENTRICULAR SEPTUM
The ECG in patients with pulmonary atresia may
show peaked and tall P waves in lead II suggestive
of right atrial enlargement but at a much lower
incidence than in tricuspid atresia (Figure
30–17).114 The height of the P waves appears to
correlate with the degree of tricuspid valve insuf-
ficiency (Figure 30–18). The frontal plane axis is
usually leftward and inferior but may be right-
ward and inferior in the uncommon patient with
pulmonary atresia and a normal or enlarged right
ventricular cavity.114 Most frequently posterior
forces predominate, but prominent anterior for-
ces may also be present, more commonly in
the patient with a normal or enlarged right
ventricular cavity.
2 days

V4

V5

V3R

V4R

V6

sus. A right superior axis is seen in the frontal plane. Promi-
and V6 suggest right ventricular hypertrophy.
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Figure 30–17 ECG of a 1-day-old infant with pulmonary atresia and intact ventricular septum. The tricuspid valve annu-
lus was also small (Z score �3.5). The P waves are tall and peaked in leads V1–V4, suggesting right atrial enlargement. The
combination of high right ventricular pressure and small right ventricular cavity dimension results in the absence of ECG
evidence of right ventricular preponderance. The T waves are flat in the inferior and lateral leads, possibly secondary to
myocardial ischemia from coronary cameral fistulas to the right ventricle.

6 months
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Figure 30–18 ECG of a 6-month-old infant with pulmonary atresia and intact ventricular septum. This is the same patient
as in Figure 30–17 at an older age. A modified left Blalock-Taussig shunt was placed, but the patient did not have pulmonary
valvotomy. The P waves are larger and more peaked than those seen at a younger age, and there is more evidence of right
ventricular prominence.
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EBSTEIN’S ANOMALY OF THE
TRICUSPID VALVE
ECG evidence for right atrial enlargement is
almost always seen in patients with Ebstein’s
anomaly of the tricuspid valve (Figure 30–19).115
Wolff-Parkinson-White syndrome is seen in 20
percent of patients, with the accessory AV con-
nection being located on the right side. In those
without ventricular preexcitation there is usu-
ally a right ventricular conduction delay, with
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Figure 30–19 ECG of a 1-day-old infant with Ebstein’s anomaly of the tricuspid valve and severe tricuspid valve insuffi-
ciency. The P waves are extremely tall and peaked in leads V1–V4, suggesting substantial right atrial enlargement. Deep
Q waves are seen in the right precordial leads, suggesting right ventricular hypertrophy.
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a characteristic low-amplitude, wide R0 wave.116
Anterograde accessory pathway conduction may
be associated with a longer than typical PR inter-
val due to atrial conduction delay and, when
fused with right ventricular conduction delay,117

may not be readily identified as delta wave in
ventricular preexcitation.118 Tachyarrhythmia is
common in this population.119 Atrial arrhyth-
mias (atrial reentrant tachycardia, atrial flutter,
atrial fibrillation), AV reentrant tachycardia
(orthodromic, antidromic, and “two-pathway”),
and ventricular tachycardia120 are seen fre-
quently in patients with Ebstein’s anomaly, both
before and after surgical intervention.121,122

“Mahaim type” accessory AV connections are
also seen frequently.123–125
TRICUSPID ATRESIA
The ECG abnormalities in tricuspid atresia
include atrial enlargement, QRS axis deviation,
and ventricular hypertrophy. Tall P waves in lead
II, V4R, and V1 are seen in 61 to 82 percent of
patients with tricuspid atresia and are suggestive
of right atrial enlargement.126–129 Tricuspid atre-
sia requires the presence of an intraatrial com-
munication, which on rare occasion may be
restrictive to blood flow. The detection of the lat-
ter is not facilitated by the ECG because of poor
correlation between P wave amplitude and the
size of the intraatrial communication or right
atrial pressure.126,127 Prolongation of the PR
interval is reported in 12 to 14 percent of cases
and a short PR interval in 24 percent of cases.
The latter may cause “pseudo-preexcitation,”
suggested by a delta-like wave without actual
presence of an accessory pathway.130 True ven-
tricular preexcitation in the patient with tricus-
pid atresia is less common but has been
reported.131 It has been associated with right
septal accessory pathways and also with connec-
tions from the right atrial appendage to the right
ventricular outflow tract occurring as a compli-
cation of surgical intervention.132,133

A leftward and superior frontal plane QRS axis
in a child with cyanotic heart disease suggests the
presence of tricuspid atresia (Figure 30–20).
In one large series, 87 percent of patients with tri-
cuspid atresia and normally related great vessels
had a leftward and superior frontal plane QRS
axis.126 This has been confirmed in other series.134

Inferior frontal plane QRS axis was found in nearly
50 percent of patients with tricuspid atresia asso-
ciated with d-transposition of the great vessels
(Figure 30–21).135 Inferior rightward QRS axes
were rare but occurred in half of patients with the
relatively uncommon association of tricuspid atre-
sia with l-transposition of the great vessels.126
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Figure 30–20 ECG of a 3-month-old infant with tricuspid atresia and normally related great vessels. Note that the precor-
dial leads are recorded at a standard of 5 mm/mV. The tall P waves in lead II and tall and peaked P waves in leads V1 and V2

suggest right atrial enlargement. A right superior frontal plane QRS axis is seen.
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Figure 30–21 ECG of a 3-day-old infant with tricuspid atresia and d-transposition of the great vessels with coarctation of
the aorta. The P waves are notched in lead II and biphasic in lead V1 with a broad and deeply negative component, suggest-
ing left atrial enlargement. In contrast to Figure 30–20 with tricuspid atresia with normally related great vessels, the frontal
plane QRS axis here is normal.
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The occurrence of a leftward and superior frontal
plane QRS axis may be due to the early origin of
the left bundle branch from the common bundle
of His, possibly related to the absent diminution
of the membranous septum.127

The precordial QRS pattern most frequently
demonstrates left ventricular predominance with
prominent S waves in the right precordial leads
and tall R waves in the left precordial leads.136

More prominent anteriorly directed forces are
rarely seen but may correlate with more
developed right ventricular size. One study
demonstrated a poor correlation between the
amplitude of the QRS and the size of the
ventricular septal defect or thickness of the ven-
tricular wall.137

Arrhythmias in patients with tricuspid atresia
are common, especially atrial arrhythmias
following Fontan palliation,138 but AV reentrant
and AV nodal reentrant tachycardia are also
seen.133,139 Accelerated ventricular rhythm has
been reported in a fetus with tricuspid atresia.140
V3aVFIII

II

I aVR

aVL V2

V1

Figure 30–22 ECG of a 1-day-old infant with hypoplastic l
waves in lead V1 and V3R, V4R suggest right ventricular hype
well-developed R waves are seen from lead V4 through lead V6
HYPOPLASTIC LEFT HEART
SYNDROME
The newborn infant with hypoplastic left heart
syndrome may present with few obvious identi-
fying clinical features. The ECG almost always
demonstrates RVH, commonly with a qR pattern
in the right precordial leads (Figure 30–22). Left
precordial R waves are diminutive, and deep
S waves are usually seen in lead V6.

141,142 Right
atrial enlargement and right axis deviation are
reported but less frequently. ST segment abnorm-
alities may be observed and may reflect inade-
quate coronary perfusion from restriction of
retrograde flow through a hypoplastic ascending
aortic arch.
SINGLE VENTRICLE
Many types of single ventricle are seen with var-
iation in the number of AV valves and the
morphology of the ventricular chamber. The
1 day

V6

V4

V5

V3R

V4R

eft heart syndrome with mitral and aortic valve atresia. Q
rtrophy. Despite the near absence of left ventricular mass,
.
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Figure 30–23 ECG of a 5-month-old infant with a double-inlet single ventricle. Note that all leads are recorded at a stan-
dard of 5 mm/mV. There is striking inferior and mid-precordial voltage. The T waves are inverted in the inferior leads, sug-
gesting a ventricular strain pattern.
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arrangement of the great vessels is also impor-
tant to the physiologic and ECG appearance.
Biventricular hypertrophy pattern is common,
but depending on the chamber morphology
and orientation, LVH or RVH may predominate
(Figure 30–23). Atrial enlargement, when seen,
usually reflects AV valve stenosis or insufficiency
or the degree of ventricular dysfunction.
FONTAN PALLIATION
Modifications of the Fontan procedure (various
connections of systemic venous return to the
pulmonary arteries) have become common for
palliation of patients with one functional ventri-
cle (tricuspid atresia, hypoplastic left heart, and
other, more complex forms of single ventricle
anatomy). As described previously, the ECG
appearance is highly variable depending on the
specific physiology. Although the postoperative
incidence of sudden death is low, many success-
fully operated patients show significant ST
segment depression on ambulatory ECGs and dur-
ing exercise testing.143,144 These changes are likely
to be secondary to ventricular hypertrophy with
“ventricular strain” pattern, but ischemia can
be difficult to exclude. Sinus node dysfunction
was common after earlier-performed total cavo-
pulmonary connections145 but appears to be less
frequent with newer operative techniques. Atrial
tachyarrhythmias occur frequently in associa-
tion with increased duration of the P wave on
signal-averaged recording146 and increased P wave
dispersion.138
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Definitions

The normal range of heart rates is highly variable
throughout fetal development, infancy, and child-
hood. On pediatric electrocardiograms (ECGs),
bradycardia is defined as a heart rate less than
the second percentile of normal for age, and
tachycardia as a heart rate greater than the 98th
percentile for age each when awake, and at rest.
Typically there will be a substantial difference in
heart rate from rest to an ambulatory situation
or exercise state. Heart rates may be considerably
slower or faster on ambulatory recordings due to
changes in physiologic state.1,2 Heart rates that
may be “normal” for the physiologic state are
nevertheless referred to as bradycardia or tachy-
cardia if they are out of the normal heart rate
range for awake resting conditions.3

An accelerated rhythm is a rhythm that is
faster than anticipated for a given mechanism
at a given age, but slower than the rate that is
the 98th percentile for age. An escape rhythm
is a rhythm that is slower than the normal mech-
anism but not necessarily slower than the second
percentile for age.
Sinus Rhythms

The ECG appearance of sinus rhythm in infants
and children is similar to that in adults. The
P wave axis in the frontal plane is leftward and
inferior, and the P wave is usually upright or
diphasic in all precordial leads. Depending on
the origin and exit of the impulse from the sinus
node, there may be variation in the P wave mor-
phology and axis (but always remaining leftward
and inferior). This phenomenon is referred to as
a wandering atrial pacemaker.

If sinus arrhythmia is defined as any variation
in the sinus rate, it is nearly universal in patients
of all ages4 and is usually related to the respira-
tory pattern. Indeed, lack of rate variability is
pathologic, and heart rate variability has been
extensively evaluated for its ability to predict
prognosis in a number of different conditions.5

For purposes of assigning the diagnosis of sinus
arrhythmia to an ECG, stricter criteria are usu-
ally applied. In adults, sinus arrhythmia is com-
monly defined as a difference in the PP interval
of >0.16 second. Because the normal heart rate
in infants and children is faster than in adults,
a variation to this extent is less common, and
we define sinus arrhythmia as a change in the
PP interval of greater than 25 percent of the
shortest PP interval. “Marked” sinus arrhythmia
has been defined as a change in sinus cycle
length of greater than 100 percent on adjacent
beats.6 Sinus arrhythmia to this extent is rela-
tively rare in newborns but is not uncommon
in older infants and children and may result
in referral of children for ECG recording or
pediatric cardiology consultation. Sinus arrhyth-
mia independent of respiratory activity and
dependent on ventricular activity is commonly
seen in pediatric patients with atrioventricular
(AV) dissociation due to AV block. The term
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“ventriculophasic” sinus arrhythmia is used in the
presence of sinus cycle variability when the PP
interval containing the ventricular complex is
shorter than the PP interval without ventricular
complex.

Sinus bradycardia in transient form com-
monly occurs in the fetus, infants, and children,
especially the distressed fetus or the infant or
child with systemic illness. Bradycardia may be
secondary to hypoxia, acidosis, and intracranial
events. Chronic sinus bradycardia is seen in
patients with congenital heart disease as a mani-
festation of surgical trauma, but may also be due
to congenital abnormality of the sinus node or
cardiac ion channel abnormality.

Sinus node dysfunction from surgical trauma
includes the sequelae of the atrial baffling pro-
cedures for d-transposition of the great vessels
(Senning and Mustard) or the Fontan pro-
cedure.7–10 Arterial switch procedure for d-
transposition has been shown to result in less
sinus node dysfunction than atrial baffling
procedures,11 whereas the early results of the
modified Fontan procedure to minimize atrial
involvement and reduce the incidence of brady-
cardia has produced conflicting results requiring
a longer follow-up.12–15

Sinus node dysfunction from congenital
abnormality is common in patients with left
atrial isomerism16 and may be also related to
the destructive effects of maternal anti-SSA/Ro
antibodies.17 Sinus bradycardia or even atrial
standstill has been associated with cardiac
sodium ion channel abnormalities in chil-
dren.18,19 Ion channel abnormalities in patients
II
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Figure 31–1 ECG of a 1-day-old infant with a structurally n
pattern of bigeminy that are nonconducted. This results in a slow
with the congenital long QT syndrome have been
associated with sinus bradycardia, especially in
the fetus and newborn.20–23 Antiarrhythmic drug
therapy in pediatric patients, especially with
b-adrenergic blockers,24 frequently causes sinus
bradycardia.25 Fosphenytoin, a drug used as
first-line therapy for status epilepticus in chil-
dren, has been shown to cause sinus arrest.26

Mimickers of sinus bradycardia in children
include non-conducted premature atrial con-
tractions occurring in a pattern of bigeminy
(Figure 31–1), 2:1 AV block with P waves con-
cealed in the preceding T wave (Figure 31–2),
and 2:1 AV block associated with a prolonged
QT interval (Figure 31–3). Bigeminal atrial and
ventricular ectopy may mimic bradycardia in the
fetus. When fetal electrocardiography is not avail-
able in the obstetric clinic or delivery room, these
arrhythmias, when assessed by fetal heart tones,
may be mistaken for fetal distress and lead to pre-
mature cesarean section.

Sinus tachycardia is commonly seen in
response to stress and in the setting of systemic
illness, fever, and anemia. In the fetus and young
infants, reactive sinus tachycardia may occur at
rates as fast as 240 beats/min (a heart rate that
would suggest another rhythm mechanism in
adults). Drugs, especially some inotropic agents
and b-adrenergic agonist bronchodilators, may
also cause sinus tachycardia.

Automatic atrial tachycardia with a focus in
the right atrium may mimic sinus tachycardia.
When the ectopic atrial tachycardia causes car-
diomyopathy, it may be difficult to discern this
condition from sinus tachycardia in patients with
y

ormal heart and frequent premature atrial contractions in a
ventricular rate for age and may mimic sinus bradycardia.
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21 months

Figure 31–2 ECG of a 21-month-old child with sinus rhythm and 2:1 atrioventricular block. There is ventriculophasic
sinus arrhythmia, and the sinus P wave interval containing the QRS complex is shorter than that without a QRS complex.
This appears similar to Figure 31–1, but the morphology of conducted and nonconducted P waves are identical. Again,
this pattern may mimic sinus bradycardia, especially in leads II and V5, where the nonconducted P waves are not well seen.

2 days

V1

V5

II

Figure 31–3 ECG of a 2-day-old infant with congenital prolonged QT interval. Sinus rhythm is seen with 2:1 atrioventric-
ular block. Following the nonconducted P wave, a prominent T wave is seen, especially in lead V1. The conduction block
probably occurs with refractoriness at the level of the ventricular myocardium.
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primary cardiomyopathy. Gelb and Garson27

showed that in a comparison of patients with
cardiomyopathy induced by right atrial auto-
matic tachycardia and primary cardiomyopathy
with sinus tachycardia, the P wave axis in the
horizontal plane was more commonly less than
0 degrees (negative in lead V2) and second-degree
AV block was more common than in patients with
primary cardiomyopathy and sinus tachycardia.
The heart rates of patients with atrial tachycardia
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also tended to be higher than in those with pri-
mary cardiomyopathy, but there was significant
overlap.

Sinus node reentrant tachycardia (Figure 31–4)
is relatively uncommon and indistinguishable from
sinus tachycardia on a standard ECG.28,29 Abrupt
initiation, frequently after a premature atrial con-
traction with P wave of different morphology and
sudden termination, can establish the diagnosis.
Ludomirsky and Garson30 reported on 12 pediatric
patients with sinus node reentrant tachycardia who
were older than 2 years. The absence of younger
patients in this study may be due to difficulty of
diagnosing this arrhythmia at a young age rather
than absence of this rhythm mechanism in a youn-
ger age group. Five of the 12 patients had no asso-
ciated cardiac abnormality. One patient had
unoperated and four had operated congenital heart
disease, and two patients had congestive heart fail-
ure. The tachycardia-induced cardiomyopathy is
well recognized with this arrhythmia.31 Sinus node
reentrant tachycardia has been reported in
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Figure 31–4 ECGs of a 1-day-old infant with Ebstein’s anoma
neonates, and isolated case reports suggest a favor-
able pattern of spontaneous resolution.32
Atrial Arrhythmias

Isolated premature atrial contractions are
common in the fetus and in infants and chil-
dren.33 These ectopic beats, even when frequent,
are usually benign. In one study approximately
one in four term infants had more than five pre-
mature atrial contractions in 24 hours. The same
infants, when monitored at 1 month of age, had
no premature atrial contractions.34 Atrial ectopy
in the fetus and child may have two different
relationships with supraventricular tachycardia.
The first is that atrial ectopy not associated with
the tachycardia mechanism may initiate reen-
trant tachycardia.35 Several studies have con-
firmed that patients presenting with reentrant
mechanisms of supraventricular tachycardia in
y
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ly of the tricuspid valve. A, The heart rate is 210 beats/min.
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Figure 31–4 cont’d B, The infant was noted to have abrupt changes in heart rate from this rate to a slower rate,
165 beats/min. Note that the P waves in both recordings appear identical, and the P wave axis and morphology are consis-
tent with a sinus origin and marked right atrial enlargement. The abrupt change from a normal rate (B) to tachycardia (A)
with no change in P wave morphology strongly suggests sinoatrial nodal reentrant tachycardia.
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early infancy have a high likelihood of resolution
of episodes of clinical tachycardia at 1 year of
age, despite the persistent ability to induce the
tachycardia with provocative testing. This is
likely due to a decreased frequency of premature
atrial contractions that can initiate these arrhy-
thmias.36,37 The second association with supra-
ventricular tachycardia is present when the
atrial ectopy is a manifestation of nonconducted
accessory pathway echo beats.38 This pattern
will have a fixed interval from the preceding
ventricular beat to the atrial ectopy and may be
a harbinger for as yet unidentified supraventric-
ular tachycardia.

Primary atrial arrhythmias are a relatively
uncommon cause of narrow QRS complex tachy-
cardia in the fetus and in infants and children.
They represent 10 to 15 percent of all narrow
QRS complex tachycardias in children.39 The
common mechanisms include enhanced or
abnormal automaticity and reentry.

Automatic atrial tachycardia will typic-
ally resume immediately after atrial pacing or
electrical cardioversion. Rate variability with
“warm-up” at the initiation of tachycardia and
“cool-down” just prior to termination are com-
mon. As the tachycardia is often not accompa-
nied by an increase in sympathetic tone to
enhance AV nodal conduction, there is fre-
quently first-degree AV block and occasionally
second-degree AV block.27 The P wave morphol-
ogy on the surface ECG may be helpful in loca-
lizing the focus of the atrial tachycardia in
children and adults.40 Kistler et al.40 showed
that a P wave in lead V1 that was either negative
or biphasic positive-negative was 100 percent
specific for a right atrial focus, and P waves that
were biphasic negative-positive, isoelectric, or
positive were 100 percent specific for left atrial
foci. Amiodarone is the most effective drug in
treating automatic atrial tachycardia.41 Propafe-
none, flecainide, and occasionally b-adrenergic
blockade may also be successful.42,43 Automatic
atrial tachycardia in infancy is usually relatively
persistent rather than paroxysmal. Children with
ectopic atrial tachycardiamay presentwith a tachy-
cardia-induced cardiomyopathy, but this rhythm
frequently undergoes spontaneous resolution over
the course of years, both in pediatric and adult
patients.44 Spontaneous resolution in children
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diagnosed at less than 3 years of age is more com-
mon (78 percent) than that in children diagnosed
after 3 years of age (16 percent).45 The tachycardia
can be cured with catheter ablation.45–47

Reentrant atrial tachycardia as a mechanism
for primary atrial tachycardia in children is more
common in patients with diseased or surgically
damaged atria (see Figures 31–4 and 31–5).48

This mechanism can be terminated with pacing
or cardioversion. Electrocardiographically, other
than by its initiation and termination patterns,
it is indistinguishable from atrial automatic
tachycardia. This type of atrial tachycardia is
also amenable to catheter ablation49 but may
require placement of linear lesions, which result
in conduction block in the reentrant circuit.50,51

Antitachycardia pacemakers have also been
shown to be effective.52 Nonautomatic focal atrial
tachycardia (likely micro-reentry) is seen in the
pediatric and especially the adult congenital
heart disease patient, commonly after repair of
congenital heart disease.53 It is indistinguishable
from other forms of atrial reentrant tachycardia
clinically and on the ECG and is commonly
mistaken for atrial flutter prior to electrophysiol-
ogy study. It is often amenable to focal catheter
ablation.53

Atrial flutter is a form of reentrant atrial
tachycardia with rapid, regular undulations on
the ECG, giving rise to a sawtooth appearance
in some leads. The atrial rate during atrial flutter
in the fetus and in infants and children is faster
than the 250 to 350 beats/min seen in adults.
Atrial flutter occurs in the pediatric population
in two relatively distinct patterns. The first
type occurs in the fetus and newborn infant
(Figure 31-6).

In the fetus, atrial flutter accounts for
approximately one quarter of all documented
16 yea

II

V2

Figure 31–5 ECG of a 16-year-old adolescent with a double
atic palpitations. Atrial reentrant tachycardia is seen with 2:1
II mimics sinus rhythm with first-degree AV block, but the nonc
tachyarrhythmias and has a median atrial rate of
450 beats/min (range 370 to 500 beats/min).54

It is rarely seen before 27 weeks of gestation,55

probably because the atrial size required to main-
tain the tachycardia cycle length is not reacheduntil
that gestational age. There is typically 2:1 AV
conduction.

Hydrops fetalis occurs in about 40 percent of all
fetuses with atrial flutter, and the overall mortality
for affected gestations is 8 percent, an incidence
that is not significantly different from that of sup-
raventricular tachycardia.54 Hydropic fetuses with
atrial flutter have higher ventricular rates, but
atrial rates are not significantly different than in
fetuses with atrial flutter without hydrops.54

Texter et al. described a series of 50 infants
with atrial flutter56 not associated with structural
heart disease. Most were diagnosed within the
first 2 days of life. The average atrial and ventricu-
lar rates were 424 beats/min (range 340 to
580 beats/min) and 208 beats/min (range 125 to
280 beats/min), respectively. Twenty percent of
the infants had also either a supraventricular
tachycardia or an automatic atrial tachycardia.
An association with the Wolff-Parkinson-White
(WPW) syndrome and concealed accessory AV
connections has been described.57,58 In the
study of Texter et al.,56 atrial flutter recurred
after conversion in only 12 percent of infants,
in all cases within 5 days, and in most cases
within 24 hours after initial conversion. All
infants with recurrence had an associated
supraventricular arrhythmia mechanism. The
majority of patients in this series (88 percent)
received antiarrhythmic medication following
conversion (most commonly digoxin) as in
other series,59–61 although the reported risk
for recurrence without drug therapy has been
low.62,63 Conversion to sinus rhythm can either
rs

-inlet single ventricle. The patient presented with symptom-
atrioventricular (AV) conduction. The recording in lead

onducted P waves are easily seen in lead V2.
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Figure 31–6 ECG of a 1-day-old infant (30 weeks’ gestational age) with a structurally normal heart and atrial flutter. Note
the presence of a “sawtooth” pattern at baseline. The atrial rate is approximately 400 beats/min, and there is variable but pre-
dominantly 2:1 atrioventricular (AV) conduction. The infant underwent synchronized cardioversion for treatment of this
rhythm and developed orthodromic AV reentrant tachycardia (see Figures 31–10 and 31–11).
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be accomplished with esophageal pacing64 or
more reliably with synchronized cardiover-
sion.56 Biphasic waveform cardioversion has
been shown to be more effective at lower-deliv-
ered energy than monophasic waveform for the
conversion of atrial flutter in infants.65

The second group of pediatric patients with
atrial flutter includes the older infants, children,
or adolescents. In a review by Garson, only
8 percent of these patients had structurally nor-
mal hearts.66 The vast majority had congenital
heart disease,67 and some had cardiomyopathy.68

The ECG appearance and atrial rates during
atrial flutter in these patients were similar to
those in adults. In contrast to patients with atrial
flutter in the newborn period or early infancy,
recurrence of atrial flutter is common and as a
rule requires catheter or surgical ablation or
long-term drug therapy.

Chaotic atrial tachycardia is rarely seen in
children. Unlike adults, in whom chaotic atrial
tachycardia is usually seen with chronic obstruc-
tive pulmonary disease, most infants with this
arrhythmia have structurally normal hearts,69

although frequently there are contributing non-
cardiac conditions.70 Coexisting respiratory
infections were reported in one third of infants
with this rhythm in one series and structural
heart disease in a similar number in the same
series.71 The ECG diagnosis requires three or
more ectopic P wave morphologies, irregular
PP intervals, an isoelectric baseline between
p waves, and a rapid atrial rate.71 Chaotic atrial
tachycardia is usually a well-tolerated and self-
limited rhythm in most pediatric patients72 but
has been reported to result in a tachycardia-
induced cardiomyopathy in as many as one
fourth of affected infants.71 This rhythm in
infants frequently has an excellent outcome with
spontaneous resolution by 1 year of age.71 If the
ventricular rate can not be adequately controlled
with digoxin, beta-blockade, or calcium channel
blocker, conversion to sinus rhythm can usually
be accomplished with amiodarone, flecainide,
or propafenone. Electrical cardioversion is not
effective.

Atrial fibrillation is seen more commonly in
the adolescent or adult patient with congenital
heart disease or cardiomyopathy.73 It often coex-
ists with atrial reentrant tachycardia. Kirsh
et al.74 reviewed a series of 149 patients with
congenital heart disease undergoing cardiover-
sion for reentrant atrial tachycardia or atrial
fibrillation. They found that as many as one
third of patients in this population had atrial
fibrillation in addition to the more common
reentrant atrial tachycardia. They did not find a
tendency of progression of atrial tachycardia to
atrial fibrillation, but they did find that both
arrhythmias required intervention with increas-
ing frequency over time. Patients with unoperated
congenital heart disease or those with residual left
ventricular valvular lesions appeared to be more
prone to atrial fibrillation than those after a more
adequate surgical repair or palliation. Rheumatic
fever with severe mitral regurgitation was a more
common cause of atrial fibrillation in the distant
past but is now rarely seen.
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Atrial fibrillation in the infant or child with a
structurally normal heart is extremely rare.73 It
has been reported with abuse of alcohol, inha-
lants, and other illicit drugs in children and ado-
lescents75,76 and rarely in a familial form.77 In
the adolescent with a structurally normal heart,
atrial fibrillation is most commonly associated
with WPW syndrome but can also be seen in
patients with concealed accessory pathways
(Figure 31–7). Atrial fibrillation in patients with
accessory pathways with short refractory periods
for anterograde conduction may cause hemody-
namic collapse and cardiac arrest (see later dis-
cussion). In our experience, adolescents with
WPW syndrome and frequent episodes of atrial
fibrillation usually cease to have atrial fibrillation
after successful radiofrequency catheter ablation
of the accessory pathway.

Atrial fibrillation has been reported to result
from administration of adenosine for treatment of
supraventricular tachycardia.78,79 Adenosine is
used when resuscitative facilities are available to
abort hemodynamic collapse from rapid antero-
grade conduction over an accessory pathway
during atrial fibrillation.80
AV Junctional Arrhythmias

Junctional escape beats and junctional escape
rhythm are seen commonly in normal children,
especially on ambulatory recordings during
sleep,1,2,81 but are less common on routine ECG
II
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V5

15 yea

Figure 31–7 ECG of a 15-year-old adolescent with Wolff-Park
ular response over an accessory atrioventricular connection is
patient presented with syncope related to this rhythm and un
pathway.
in pediatric patients who are awake and at rest.
It is usually seen in two clinical situations in
pediatrics. The first is in the fetus, newborn
infant, or child with congenital complete AV
block. In this setting, there is usually sinus
rhythm and AV dissociation is present. The
junctional escape rate at rest is usually between
45 and 60 beats/min but may exceed 100 beats/
min with exercise. The QRS morphology is the
same as in atrial rhythm mechanisms.

The second group of pediatric patients with
junctional escape rhythm includes those with
sinus node dysfunction, especially following
atrial baffle procedures for d-transposition of
the great vessels (Figure 31–8), and after Fontan
palliation for single ventricle physiologies, as well
as patients with heterotaxy syndromes with con-
genital absence of the sinus node.16 There is fre-
quently retrograde conduction from the junction
to the atrium and simultaneous contraction of
the atrium and the ventricle. Depending upon
the junctional escape rate, ventricular function,
and clinical symptoms, these patients may bene-
fit from permanent pacing. Junctional escape
rhythm is also seen in individuals with atrial
standstill (Figure 31–9). Atrial activity on the sur-
face ECG may be difficult to discern when retro-
grade P waves are concealed within the QRS
complex. The uncommon atrial standstill has
been associated with muscular dystrophy,82 ven-
tricular noncompaction,83 and inherited condi-
tions with cardiac sodium channel mutations.18,19

Accelerated junctional rhythm or automatic
junctional tachycardia is most often seen in the
rs

inson-White syndrome. Atrial fibrillation with rapid ventric-
seen. The shortest preexcited RR interval was 160 ms. The
derwent radiofrequency catheter ablation of the accessory
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11 years

Figure 31–8 ECG of an 11-year-old child with d-transposition of the great vessels following Senning baffle palliation.
A junctional escape rhythm with retrograde conduction to the atrium is seen. This rhythm is common in older patients
following both Senning and Mustard-type atrial baffle palliations owing to sinus node damage from the surgical intervention.
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pediatric population following cardiac surgery.84

It is more common after procedures that involve
manipulation of the AV junction, such as ventric-
ular septal defect repair, but it can be caused by
other procedures. When it occurs following sur-
gical manipulations remote from the bundle of
His, pressure on the area from cardiopulmonary
I

II

III

II

aVR

aVL

aVF

A
Figure 31–9 ECG recordings of a 6-year-old with familial at
activity and a wide QRS complex escape rhythm at a rate of 40
bypass cannulae or coronary sinus cannulation
for retrograde cardioplegia usually can be impli-
cated. The mechanism is thought to be abnormal
automaticity, and the arrhrhythmia in this setting
is usually transient but can be potentially life
threatening if not adequately controlled. Reduc-
ing dose of inotropic agents if possible, atrial
V1

V2

V3

V4

V5

V6

rial standstill. A, Initial ECG showing no evidence for atrial
beats/min.
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Figure 31–9 cont’d B, Intracardiac recordings showing no evidence of atrial activity, even at high recording gain, and a
His bundle deflection preceding each QRS complex with a somewhat prolonged HV interval of 59 ms.
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pacing at a slightly faster rate to maintain AV syn-
chrony, sedation, systemic cooling,85 and many
antiarrhythmic drugs including intravenously
administered amioadorone have been reported
to be effective.86–88 Intravenous flecainide has
also been shown to be effective89 but is not cur-
rently available in the United States. Rarely,
aggressive support with extracorporeal circula-
tion90 or ventricular assist may be required.

Transient accelerated junctional rhythm is
also seen during radiofrequency catheter abla-
tion of the slow AV nodal pathway for treatment
of AV nodal reentrant tachycardia and can be a
helpful marker, indicating appropriate catheter
position for successful ablation.91

Congenital automatic junctional tachycardia
(Figure 31–10) in infancy is rare and frequently
familial.92,93 AV dissociation is most commonly
seen in these patients, but retrograde conduction
to the atrium can also be seen. Sudden death is
reported in infants and children with this arrhyth-
mia. This may be due to sudden complete
AV block as the result of degeneration of the
conduction system,94 extremely rapid ventri-
cular rates and hemodynamic instability, or pro-
arrhythmic effects of antiarrhythmic drugs.93,95

Amiodarone appears to be the most effective anti-
arrhythmic drug in treating this rhythm92 but can
be associated with proarrhythmia.93 Propafe-
none96 and flecanide93 have also been shown to
be effective in controlling the ventricular rate
and preventing tachycardia-induced cardiomyop-
athy. Frequent ECG monitoring for AV block,
proarrhythmia, and extreme junctional accelera-
tion and echocardiographic monitoring for ven-
tricular dysfunction are critical for prevention of
undesirable outcomes in these infants. Catheter
ablation of the automatic junctional focus has
been reported to preserve normal AV conduction,
even in neonates.97,98

AV nodal reentrant tachycardia has been pre-
viously considered to be rare in infants and was
thought to be more common later in childhood
and in adolescence.39,99 This perception of preva-
lence has been based on esophageal electrophysi-
ology studies in infants, aimed at differentiating
orthodromic AV reentrant tachycardia from AV
nodal reentrant tachycardia and primarily relying
on the VA interval >70 ms for the diagnosis of
orthodromic AV reentry. This perception has been
further supported by diagnostic concordance
between esophageal and subsequent invasive
electrophysiology studies in children.100 We have
seen numerous infants following cardiac surgery
with an unusual form of AV nodal reentrant tachy-
cardia and VA interval greater than 70 ms, and the
diagnosis was proven by electrophysiology study
using postoperative epicardial atrial and ventricu-
lar pacing wires. The tachycardia is often initiated
with atrial pacing with extrastimuli with or with-
out an abrupt increase in the AV interval, and is
not due to AV reentry even though the VA interval
is greater than 70 ms. The atrial activity is not
“preexcited” even with placement of very early
ventricular extrastimuli in small hearts, inconsis-
tent with orthodromic AV reentry (Figure 31–11).
The tachycardia can be terminated with very early
ventricular extrastimuli that do not conduct to the
atrium, ruling out atrial tachycardia. It is unclear
whether this tachycardia is more frequent in
infants with congenital heart disease or immedi-
ately following cardiac surgery. This tachycardia
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Figure 31–11 ECGs from an 11-day-old infant with double outlet right ventricle and atrioventricular (AV) nodal reentrant
tachycardia 6 days after arterial switch procedure. A, Initiation of the tachycardia with a premature atrial contraction (arrow)
conducted with a long PR interval (320 ms), probably indicating conduction over a slow AV nodal pathway. B, A premature
ventricular contraction, introduced using postoperative epicardial pacing wires preceding the next expected QRS complex
(preexcitation index) by 120 ms, results in a slight delay in atrial activity. Atrial activity is augmented by epicardial atrial
wires (electrograms marked with arrows).
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V5
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Figure 31–10 ECG of a 4-month-old child with a structurally normal heart and automatic junctional tachycardia. The
tachycardia is regular with a ventricular rate of 285 beats/min. There is atrioventricular dissociation with a slower atrial rate
of 170 beats/min. P waves are easily seen in leads II and V5.
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may be similar to “slow/slow” AV nodal reentrant
tachycardia, which has been described in adults
and is frequently confused with orthodromic AV
reentry.101 In the usual clinical setting, ventricular
stimulation, which is required for diagnosis, is not
readily available in infants with supraventicular
tachycardia, and because this rhythm tends to
resolve spontaneously after infancy, the affected
infants would not be included in comparative
studies performed in later childhood at the time
of invasive electrophysiology study for purposes
of catheter ablation.

As in adults, AV nodal reentrant tachycardia
in older children occurs in typical and atypical
forms. The ECG appearance is similar to that
in adults with sudden onset (usually from a
premature atrial contraction) and P waves that
are often concealed within the QRS complex in
the typical form (anterograde conduction using
the slow AV nodal pathway and retrograde con-
duction using the fast AV nodal pathway) or P
waves that occur midway between ventricular
contractions in the atypical form (anterograde
conduction using the fast or a second slow AV
nodal pathway and retrograde conduction using
the slow AV nodal pathway). The presence of
dual AV nodal physiology in children using pre-
viously defined adult criteria of a 50-ms increase
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in H1H2 interval is seen in only half of pediatric
patients,102 and decreasing the interval that
defines a “jump” in AV nodal conduction did
not reliably demonstrate the dual AV nodal path-
ways.103 This is probably due to overlapping
refractory period durations of the slow and fast
pathways in young patients. Kannankeril and
Fish noted in pediatric patients with AV nodal
reentrant tachycardia that “sustained slow path-
way conduction” (PR interval exceeding RR
interval during incremental atrial pacing) is seen
more commonly (75 percent) than dual AV
nodal physiology (52 percent).104 Sustained slow
pathway conduction was more frequently abol-
ished by catheter ablation of the slow AV nodal
pathway (persistent in 13 percent) than tradi-
tional markers of dual AV nodal physiology
(persistent in 31 percent).

The rate of AV nodal reentrant tachycardia in
children is somewhat faster than in adults, rang-
ing from 180 to 260 beats/min. Digoxin, b-adren-
ergic blockers, and calcium channel blockers are
effective in treatment of this rhythm. Radiofre-
quency catheter modification of the slow AV
nodal pathway has been effective in treatment of
this rhythm with a relatively low risk of AV
block.105 Cryothermal catheter ablation of the
slow AV nodal pathway has also been effective,
with a lower risk of AV block but a higher recur-
rence rate.106–109 Occasionally, suspected AV
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Figure 31–12 ECG of a 3-year-old with double inlet left ven
with two distinct QRS morphologies. The third and sixth beats in
over one atriventricular (AV) node and conduction system, and
second AV node and conduction system.
nodal reentrant tachycardia is not inducible at
electrophysiology study. Catheter modification
of the slow AV nodal pathway may be helpful in
this situation to eliminate recurrence of tachycar-
dia.110 The low risk of AV block from cryothermal
AV node modification allows for this approach
with minimal risk of complication.

A special form of reentrant tachycardia utiliz-
ing two distinctly separate AV nodes and His
bundles, termed “twin” AV nodes, has been
observed in patients with congenital heart
disease.111 This anatomic conduction system
arrangement has been seen most commonly in
patients with AV discordance and malaligned
complete AV canal. These patients often have
two distinct non-preexcited QRS morphologies
during sinus rhythm. (Figure 31–12). Catheter
ablation of one of the AV nodes prevented recur-
rence of tachycardia.111
AV Reentrant Arrhythmias

AV reentrant rhythms use accessory AV connec-
tions. Next to the AV nodal reentrant tachy-
cardia, orthodromic atrioventricular reentrant
tachycardia is the most common narrow QRS
complex tachycardia in childhood.39 This may
be seen in subjects with both manifest (ventricu-
lar preexcitation) and unidirectional (concealed)
V4

V5

V6

tricle and d-transposition of the great vessels. Sinus rhythm
lead II at the bottom are conducted with a normal QRS axis
the other beats are conducted with left axis deviation over a
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AV conduction. As in adults, the onset of tachy-
cardia is of sudden onset, usually with a prema-
ture ventricular or premature atrial contraction.
The P waves are usually inscribed within the
ST segment with an RP interval of >70 ms (see
Figure 31–12). Jaeggi et al.112 have proposed
an algorithm for differentiation of AV reentrant
tachycardia from AV nodal reentrant tachycardia
based on the 12-lead ECG in children. If a
pseudo r0 pattern in lead V1 or a pseudo S pat-
tern are present in the inferior leads, AV nodal
reentry is suggested. If the RP interval is greater
than 100 ms, AV reentry is suggested. When the
RP interval is less than 100 ms, or P waves are
not visible and ST segment depression is greater
than 2 mm, the algorithm suggests AV reentry,
but if the ST depression is less than 2 mm, then
AV nodal reentry is favored. Functional bundle
branch block on the same side as the accessory
pathway increases the VA interval and frequently
slows the rate of tachycardia (Figure 31–13).
This response confirms the participation of an
ipsilateral accessory pathway in the tachycardia.
Although most accessory AV connections are
congenital, surgically created accessory path-
ways have been reported with connection of
the right atrial appendage to the right ventricular
outflow tract.113

Antidromic AV reentrant tachycardia (Fig-
ure 31–14) is less common in children. It uses
the accessory pathway in anterograde direction
from the atrium to the ventricle and the AV node
V1

V5

II

1 day

Figure 31–13 ECG of a 1-day-old infant with a structurally n
sion for atrial flutter the infant developed this rhythm, a narrow
1:1 atrioventricular (AV) relation, and an RP interval of 100 ms.
This rhythm was shown to be orthodromic AV reentrant tachyca
Figure 31–11); it was confirmed at invasive electrophysiology stu
to conduct retrogradely from the ventricle to the
atrium. This results in a wide QRS complex
tachycardia with the early part of the QRS being
similar to the delta wave during sinus rhythm.
This rhythm or other preexcited tachycardias,
including atrial tachycardia conducted over
an accessory pathway or automaticity from
an accessory pathway, may easily be mistaken
for ventricular tachycardia (VT) on a surface
ECG.114

Similar to adults, pediatric patients with WPW
syndrome are prone to developing rapid rates
during atrial tachyarrhythmias with antero-
grade conduction over an accessory pathway.
This may be especially dangerous during atrial
fibrillation, which may result in the develop-
ment of ventricular fibrillation. In the pediat-
ric population this occurs most commonly in
adolescents, frequently during vigorous physical
activity. A prospective study in children and
adults with asymptomatic ventricular preexcita-
tion showed that cardiac arrest occurred in 3 of
212 patients during 5 years of follow-up.115 Each
of these 3 patients had multiple accessory path-
ways and the shortest preexcited RR interval dur-
ing atrial fibrillation <230 ms. Assessment of
anterograde conduction over an accessory path-
way during intermittent ventricular preexcittion
may be performed noninvasively with an exer-
cise or an ambulatory ECG. There should be
careful inspection for the cause of accessory
pathway block, as “phase 4 block” may not
ormal heart (see Figure 31–6). After synchronized cardiover-
QRS complex tachycardia at a rate of 250 beats/min with a
Atrial activity is seen best in lead V1 with positive P waves.
rdia with the development of left bundle branch block (see
dy and catheter ablation due to drug refractory tachycardia.
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Figure 31–14 ECG of a 1-day-old infant with a structurally normal heart (see Figure 31–10). A wide QRS complex tachy-
cardia is seen with a left bundle branch block (LBBB) pattern. A 1:1 atrioventricular (AV) relation is seen with an RP interval
of 140 ms. An increase in the ventriculoatrial (VA) interval suggests that this is orthodromic AV reentrant tachycardia with
LBBB aberrant conduction in a patient with a left-sided accessory AV connection. Note that the ventricular rate is slower
than in Figure 31–10.
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predict slow pathway conduction during atrial
fibrillation.116 When cycle length–dependent
accessory pathway block can not be demon-
strated by noninvasive means, minimally inva-
sive esophageal electrophysiology studies on
asymptomatic children with ventricular preexci-
tation can be performed to select appropriate
patients for catheter ablation.117–119

The permanent form of junctional reciprocat-
ing tachycardia (Figures 31–15 and 31–16) is
the most common type of incessant tachycardia
in children.120 The term is somewhat mislead-
ing, as the mechanism of the incessant tachycar-
dia is usually an AV reentry over the AV node in
the anterograde direction and a slowly and usu-
ally decrementally conducting unidirectional
accessory AV connection in the retrograde direc-
tion. The accessory pathways associated with
this rhythm have been localized at multiple
sites.121 The incessant nature of tachycardia fre-
quently results in a tachycardia-induced cardio-
myopathy. The tachycardia may be erroneously
diagnosed as atrial because of long RP interval.
For drug treatment for this condition, the reader
is referred to the study of Lindinger et al.,122

who found propafenon and flecainide to be most
effective, but catheter ablation is the preferred
treatment for older patients.123 Both radiofre-
quency and cryothermal catheter ablation have
been effective.124,125 Due to the possibility of
spontaneous resolution of tachycardia and higher
procedural risk in infants, Lindinger and
others126 recommended initial therapy with anti-
arrhythmic agents in this young population,
reserving catheter ablation for infants who failed
drug therapy or have left ventricular dysfunction.
Ventricular Arrhythmias

Ventricular escape beats or ventricular escape
rhythm may be seen in patients with sinus node
dysfunction or AV block with inadequate junc-
tional escape rhythm. Pediatric patients with
AV block and ventricular escape rhythm (Fig-
ure 31–17) are at higher risk for sudden death,
and permanent pacing is recommended.127

Premature ventricular contractions are seen
commonly in pediatric patients. One study
showed an incidence of 18 percent in term
infants on the first day of life.34 Similar to pre-
mature atrial contractions, they occur less fre-
quently in older infants, and as previously
mentioned, this may account for a decreased
occurrence of supraventricular arrhythmia due
to an absence of initiating factors.37,128 A crica-
dian pattern to the frequency of the premature
ventricular contractions has been shown in
children, similar to that in adults.129 Premature
ventricular contractions may occur with dis-
turbing frequency in some infants and children.
Frequent premature ventricular contractions,
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Figure 31–16 ECG of a 2-year-old child with paroxysms of a relatively slow, narrow QRS complex tachycardia. This
rhythm was nearly incessant and shows P waves that are negative in the inferior leads preceding the QRS complexes.
This is consistent with the permanent form of junctional reciprocating tachycardia.
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9 years

Figure 31–15 ECG of a 9-year-old child with Wolff-Parkinson-White syndrome. There is a wide QRS complex tachycar-
dia, and the morphology mimicked the patient’s delta wave morphology. Initially antidromic tachycardia was suspected, but
narrower “fused” complexes seen on the 10th and 23rd beats of the recording suggested that the atrioventricular (AV) node
was conducting anterogradely intermittently during the tachycardia. Either preexcited atrial tachycardia or “two-pathway”
AV reentrant tachycardia was suspected. Electrophysiologic study confirmed the tachycardia to be “two-pathway” AV
reentrant tachycardia with anterograde conduction occurring over a right free-wall accessory AV connection and retrograde
conduction over a posterior septal accessory AV connection. Both were successfully ablated with radiofrequency energy.
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especially ventricular couplets or nonsustained
VT in children, may be of concern but are usu-
ally benign when they occur in a structurally
normal heart.130,131 Suppression of premature
ventricular contractions with physical activity
and increasing sinus rate usually supports the
benign nature,132–134 although this has not been
proven. Several studies found that isolated pre-
mature ventricular contractions and even ventric-
ular couplets in young patients with structurally
normal hearts were benign.131,135–137 Iwamoto
et al. reported that even the presence of up to 5
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beats of nonsustained monomorphic ventricular
tachycardia in children with structurally normal
hearts does not require treatment and has good
long-term prognosis.138

Accelerated ventricular rhythm (ventricular
rhythm faster than sinus rhythm but slower than
the 98th percentile of normal) is not associated
with hemodynamic instability and, when seen
in association with a structurally normal heart,
is considered to be benign.139–141

Ventricular tachycardia (VT) is rare in the
pediatric population. The QRS duration may be
narrow when compared with VT in adults but
is usually longer than normal for the patient’s
age. As in adults, the onset and termination of
VT are usually abrupt. Less frequently than in
adults there is AV dissociation, and not uncom-
monly there is retrograde conduction to the
atrium. AV dissociation, if seen, is clearly helpful
in the diagnosis. Capture and fusion beats are
rarely seen in pediatric patients but are helpful
diagnostically when present. Supraventricular
tachycardia with preexisting or rate-dependent
aberrant conduction or conduction over an
accessory AV connection can mimic VT on the
electrocardiogram.114

Monomorphic VT is most commonly seen in
pediatric patients with repaired congenital heart
disease, especially tetralogy of Fallot (Fig-
ure 31–18), ventricular septal defect, and double-
outlet right ventricle. This tachycardia usually ori-
ginates from the right ventricular outflow tract or
the intraventricular septum.142 Most commonly it
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Figure 31–17 ECGs of a 7-month-old child with presumed m
132 beats/min with complete atrioventricular (AV) block and a
presents with a left bundle branch block (LBBB)
pattern, but it may have a right bundle branch
block (RBBB) pattern if it exits to the left side of
the septum.

Monomorphic VT may be seen in patients
with structurally normal hearts. Two clinical
forms are common. The first is idiopathic left
VT. This is frequently misdiagnosed as supraven-
tricular tachycardia due to the relatively narrow
QRS complexes that can be seen during tachy-
cardia (Figure 31–18). The QRS morphology is
an RBBB pattern with a superior frontal plane
QRS axis. It is frequently responsive to verapa-
mil and can be cured with radiofrequency cathe-
ter ablation. Ablation can be complicated by
inability to induce the tachycardia, and in such
cases a linear ablation lesion strategy has been
shown to be effective.143 The second common
form of monomorphic VT in children with struc-
turally normal hearts is right ventricular outflow
tract tachycardia. It has a QRS morphology of
LBBB pattern with an inferior frontal plane axis
(Figure 31–19). It is frequently responsive to
adenosine. Cure of this tachycardia has been
reported with radiofrequency catheter ablation.144

Origin of the tachycardia from the left aortic sinus
cusp has also been reported.145 Monomorphic VT
may also be related to ventricular hamartoma,
rhabdomyoma, cardiac fibroma,146 focal myocar-
ditis, or arrhythmogenic right ventricular dyspla-
sia.147 Treatment requires consideration of the
rate of tachycardia, resultant symptoms, patient
age, and concomitant heart disease.131 In some
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yocarditis. A, Presenting ECG with sinus rhythm at a rate of
wide QRS complex ventricular escape rhythm.
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Figure 31–17 cont’d B, ECG recorded the next day with sinus rhythm at a rate of 90 beats/min with normal AV
conduction.

A 17 years

** All leads at half standard **
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Figure 31–18 ECGs of a 17-year-old adolescent with tetralogy of Fallot. The patient sustained resuscitated sudden cardiac
death. A, This ECG was recorded after induction of ventricular tachycardia with ventricular extrastimuli. The tachycardia was
mapped to the right ventricular outflow tract and ablated.
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Figure 31–18 B, The ECG in sinus rhythm demonstrates a wide QRS complex due to right bundle branch block, with
morphology different from that during the tachycardia.
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6 weeks

Figure 31–19 ECG of a 6-week-old infant with ventricular tachycardia (VT). There is 1:1 retrograde conduction to the
atrium with an RP interval of 120 ms. The QRS complexes are somewhat narrow, and the tachycardia was thought to be
supraventricular in origin prior to cardiac electrophysiology consultation. The morphology is consistent with idiopathic
left VT.
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cases no therapy is required; in others, antiarrhyth-
mic drug therapy, catheter or surgical ablation, or
antitachycardia pacing and implanted defibrilla-
tors are options for treatment.

Polymorphic VT is seen in pediatric patients in
several different clinical situations. The congenital
long QT syndrome is associated with “torsades de
pointes” VT, in which the axis of the QRS complex
changes as though to twist around the baseline.
The pathophysiology is possibly related to trig-
gered early afterdepolarizations. The congenital
long QT syndrome has been shown to result from
a number of abnormalities of sodium and potas-
sium cardiac ion channels related to genetic
defects.148–150 Therapy of pediatric patients with
the congenital longQTsyndrome includes b block-
ade, left cervical sympathectomy, permanent pac-
ing, and more rarely antiarrhythmic drugs such as
mexiletine, flecainide, and a-adrenergic blockade.
Implantable defibrillators are another option for
treatment in patients with arrhythmia recalcitrant
to medical therapy or those presenting with resus-
citated cardiac arrest.

Polymorphic VT may also be seen in an entity
described as catecholaminergic polymorphic VT.
Leenhardt and colleagues151 reported a group
of children with stress- or emotion-induced
syncope secondary to polymorphic VT. They fre-
quently demonstrated multiform premature ven-
tricular contractions at rest and development of
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Figure 31–20 ECG of an 18-year-old with monomorphic ve
outflow tract as proven by intracardiac mapping and radiofreque
ular couplets of the same morphology as the tachycardia are se
polymorphic VTwith a high catecholamine state.
Thirty percent of their patients had a family history
of syncope or sudden death. b-adrenergic blockade
reduced the frequency of tachycardia, but 2 of 21
patients died suddenly in a follow-up period of 7
years. Other reports have confirmed the benefits
of b-blockade in this disorder.152 Estimated mor-
tality of untreated cases ranges from 30 to 50 per-
cent by the third decade of life.153 Diagnosis can
be difficult, and implanted loop recorders may
be helpful in documenting the arrhythmia.154

Recently genes on chromosome 1, with mutations
in the ryanodine receptor gene and calsequestrin
gene, have been identified in families that exhibit
catecholaminergic polymorphic VT.153,155,156 It is
hoped that this discovery will result in improved
therapies for this serious disorder.

Another genetic syndrome associatedwith poly-
morphic VT is the Andersen-Tawil syndrome.
Mutations in the KCNJ2 gene, which encodes a
potassium channel subunit, are seen in more than
half of all affected inidividuals and result in
a decrease in IK1 current.33,157,158 Affected
individuals have periodic paralysis and frequent
multiform premature ventricular contractions,
ventricular couplets, and nonsustained polymor-
phic VT (Figure 31–21). The QT intervals in these
individuals are normal or borderline prolonged.33

Despite extremely frequent ventricular ectopy,
these patients are often asymptomatic but are at
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ntricular tachycardia originating from the right ventricular
ncy catheter ablation (not shown). Sinus beats with ventric-
en.
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Figure 31–21 ECG of a 17-year-old adolescent with a structurally normal heart who sustained resuscitated sudden car-
diac death at age 14. This recording was obtained during a test of an implanted cardioverter defibrillator. Polymorphic ven-
tricular tachycardia is initiated with ventricular pacing from the defibrillator at a cycle length of 400 ms with three ventricular
extrastimuli. The device appropriately detects the tachycardia and converts it to sinus rhythm with a 5-joule endocardial
shock at the end of the recording.
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risk for degeneration to ventricular fibrillation
and sudden death. Therapy or risk stratifica-
tion for these individuals has not been well
defined. Anecdotally, we have found elevation of
serum potassium with supplemental potassium
and potassium-sparing diuretics to reduce the
frequency of ventricular ectopy and syncopal
events in symptomatic patients. The place of
implanted defibrillators has not been defined in
this syndrome.

Brugada syndrome, first described in 1992, is
now thought to account for as many as 20 per-
cent of all sudden deaths in adults with structur-
ally normal hearts.159 The disease is inherited in
an autosomal dominant fashion related to a
sodium channel mutation. The resting ECG
demonstrates a “coved type” ST segment eleva-
tion in the right precordial leads. The ECG pat-
tern is dynamic and often concealed. The ECG
findings can be unmasked with administration
of sodium channel–blocking drugs and also by
febrile state or vagotonic agents. The average
age of presentation is 40 years,160 and occur-
rence of symptomatic arrhythmia in children or
adolescents is rare but has been reported even
in infants.161,162

Ventricular fibrillation is a rare presenting
rhythm in cardiac arrest in young children and
becomes more common in older children.163

Samson et al.164 showed a better outcome from
resuscitation of children with in-hospital cardiac
arrest when ventricular fibrillation was the pre-
senting arrhythmia as opposed to those patients
who presented with other rhythms and devel-
oped ventricular fibrillation in the course of
resuscitation. Conversion of pediatric ventricu-
lar fibrillation often fails,165 and although spon-
taneous circulation returns in one third of
children, the chances for long-term survival in
patients resuscitated with ventricular fibrillation
are small.166
AV Block

AV block in children may be of first, second, or
third degree. First-degree AV block in pediatrics
is defined as a PR interval >98th percentile for
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age. This definition is necessary due to the natu-
ral increase in the PR interval with age and
development (see Chapter 28). Second-degree
AV block may be either Mobitz type I (Wencke-
bach pattern) or Mobitz type II. Mobitz type I
second-degree AV block is usually associated
with AV nodal conduction block and Mobitz
type II AV block with His-Purkinje block.
Mobitz type I AV block is rarely responsible for
symptoms, but pediatric patients with Mobitz
type II AV block may have syncope and are often
candidates for permanent pacing.

AV block is present in a mitochondrial disor-
der known as Kearns-Sayre syndrome, with exter-
nal opthalmoplegia and pigmentary retinopathy.

Progressive infranodal block with RBBB
and left anterior fascicular block may require
that prophylactic permanent pacing be perfor-
med prior to the development of complete AV
block.167,168

In rare cases, paroxysmal AV block is seen in
pediatric patients, often resulting in syncope and
requiring cardiac pacing.169

Acquired AV block in pediatric patients can
occur in Lyme disease170 and rheumatic heart
disease.171 In both conditions AV block fre-
quently resolves spontaneously and does not
require permanent pacing.

Complete AV block in pediatric patients (Fig-
ure 31–23) is usually congenital and most fre-
quently associated with maternal collagen
vascular disease or congenital structural heart
I
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II

Figure 31–22 ECG of an asymptomatic 12-year-old female
ducted sinus beats are seen with frequent multiform ventricular
disease. It can be also secondary to surgical dis-
ruption of the AV conduction system. In each
of the above conditions, the escape rhythm is
most commonly junctional.

The diagnosis of complete AV block in the
fetus with a structurally normal heart identifies
a high-risk pregnancy. Treatment with maternal
dexamethasone in cases of autoantibody mediated
AV block has been beneficial in case reports172

and small uncontrolled series. Sympathomimetic
agents administered to the mother may increase
the ventricular rate and forestall the development
of fetal hydrops.173 AV block in the fetus with
structural heart disease has poor prognosis,174

and hydrops fetalis in affected fetuses should
prompt delivery as soon as the biophysical profile
is favorable.175

Michaelsson et al.176 prospectively analyzed a
large group of adults with congenital AV block
and recommended prophylactic pacemaker treat-
ment in asymptomatic adults because of the
high incidence of Stokes-Adams attacks asso-
ciated with considerable mortality, but asymp-
tomatic children with congenital complete
AV block and an adequate junctional escape
rhythm may not require permanent pacing. The
junctional escape rhythm is considered to be
inadequate with ventricular rates of <55/min,
<45/min, and <40/min for infants, children,
and adolescents, respectively, and is an indica-
tion for pacing in asymptomatic subjects with
structurally normal hearts. These heart rates
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with Andersen-Tawil syndrome. Occasional normally con-
ectopy.
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Figure 31–23 ECG of a 3-year-old child who presented with a history of a seizure disorder. The ECG demonstrates the
atrial mechanism to be sinus and the ventricular mechanism to be a junctional escape rhythm secondary to complete atrio-
ventricular block. The patient was asymptomatic with no further “seizures” after placement of a permanent pacemaker.
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were selected to prevent congestive heart failure
and sudden death,127,177 but the benefit of the
suggested approach requires confirmation in stu-
dies of patients with implanted pacemakers.178

The presence of QT prolongation and signifi-
cant structural heart disease are factors sup-
porting early pacing. Presence of wide QRS
escape rhythm is currently considered to indi-
cate permanent pacing, but this approach is
not supported by data from Michaelsson’s
study.176 It is not known whether pacing can
prevent ventricular dysfunction and mitral valve
insufficiency in adults with congenital com-
plete AV block, but permanent pacing in asymp-
tomatic older children and adolescents with this
disorder is advisable.

Postoperative complete AV block carries a
much higher risk of mortality, and in all cases
where AV block persists more than 10 to 14 days
after surgery, permanent pacing is indicated. In
as many as one third of patients with postopera-
tive AV block receiving pacemakers, AV conduc-
tion is restored during long-term follow-up.
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with ST segment
elevation, 141–142

with superior axis deviation, 96f
syndrome of, 140–141
and T wave abnormalities, 97f
T wave vector and, 556
tetralogy of Fallot repair and, 681
ventricular hypertrophy
and, 102–103

transient, 415
trifascicular, 119–120
and ventricular tachycardia, 294–296

Bundle branch reentrant
tachycardia, 102

Butler-Legget criteria, for diagnosing
right ventricular hypertrophy, 59
C
Cabrera’s sign, 86, 87–88, 626–627
CAD. See Coronary artery disease

(CAD).
Calcium, 544–546

overload of, 435
Calcium channel–blocking agents, 461,

509, 519
Capture and fusion complexes, of QRS

duration, 446
Carcinoid heart disease, 284–285
Cardiac arrest, victims of, 642
Cardiac arrhythmias

with acute pericarditis, 260–261
with hypercalcemia, 544

Cardiac auscultation, 225
Cardiac catheterization, 101f
Cardiac electrical stimulation, types

of, 600
Cardiac enzymes, elevation of, 181f
Cardiac glycogenosis, 292
Cardiac impulses, propagation of, 4
Cardiac ionic channels, effects

on, 515–516
Cardiac nystagmus, 256–257
Cardiac pulsations, 594–595
Cardiac rupture, 189–190
Cardiac surgery, ECG changes

after, 265–270
Cardiac therapy, evaluation of, 221
Cardiac transplant, ECG leads V1-V3

from, 297f
Cardiac trauma, 298
Cardiomyopathy, 641

cause of, 294
idiopathic, 276–277
obstructive, 190–191

Carotid sinus massage, 468
CASS. See Coronary artery surgery

study (CASS).
Catecholamine-/exercise-sensitive

tachycardia, 430–431
Catecholaminergic polymorphic

ventricular tachycardia, 712
Cellular electrophysiology, 555
Central nervous system

abnormalities of, 291
diseases, 549–552

Cerebral thrombosis, 551f
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Cerebrovascular accident, 549
typical ECG pattern after, 550f

Chagas disease, 296
Chapman’s sign, 86, 87–88
Charcot-Marie-Tooth disease, 281
Chest pain, 637

interpretation of, 232
Chest wall, proximity of heart to, 46–47
Cheyne-Stokes respiration, bradycardia

during, 330f
Chronic obstructive pulmonary disease

(COPD), 32, 55, 299–301, 303,
641

Chronotropic incompetence, 225, 342
Coarctation of aorta, 314, 314f
Commotio cordis, 445
Concealed accessory pathway, 495
Concealed conduction, 473–475

in AV junction, 472–473
AV junctional parasystole with, 475f

Concertina effect, 481
Conduction abnormalities, 640–641
Conduction alternans, anatomic

structures involved in, 580t
Congenital aortic stenosis, 56
Congenital heart disease, 68, 471, 671

in adults, 309–319
Congenital heart lesions, 111–112
COPD. See Chronic obstructive

pulmonary disease (COPD).
Cor pulmonale, 101

chronic, 33, 66, 67f
Coronary artery disease (CAD),

206, 221, 468–469
aneurysms of, 283
and angina pectoris, 35
and atrioventral nodal

artery, 112–113
balloon occlusion of, 143, 155
diagnostic accuracy of exercise test

in, 226
hypertensive disease with or

without, 118
lower prevalence of, 230
suspected, 225

Coronary artery occlusion
left, 131–132
with ST vector, diagram of distal

anterior, 134f
Coronary artery surgery study

(CASS), 102
Coronary atherosclerosis, 301f
Coronary sinus, 496

rhythm, 384–385
Coronary spasm, 142
Crochetage pattern, 311–312
Cross talk, 625
Cube-root formulas, 654
Cushing’s disease and

hyperaldosteronism, 290
Cyanotic lesions

d-transposition of the great
vessels, 680–681

Ebstein’s anomaly of the tricuspid
valve, 685–686

Fontan palliation and, 689
hypoplastic left heart syndrome, 688
pulmonary atresia, 684
single ventricle, 688–689
Cyanotic lesions (Continued)
tetralogy of Fallot, 681–684
tricuspid atresia, 686–688
truncus arteriosus, 684

Cyclic adenosine monophosphate
(cAMP), 430

Cytosine-thymineguanine
(CTG), 282
D
Delayed after depolarizations, 435
Delta wave, 483
Depolarization

and abnormal position of heart,
sequence of, 193–195

decreased velocity of, 547
diastolic, 89–90
forces of, 114
in hypertrophied septum, 191
in Purkinje fibers, 418
and repolarization, 6–7
of RV free wall, 191–192

Dermatomyositis, 283
Dextrocardia, 318
Dextroposition, 318f
Diabetes mellitus, 293–294
Diabetic ketoacidosis, 291
Diaphragmatic periinfarction

block, 172
Digitalis, 526

administration of, 523
on AV node, 522
of bidirectional tachycardia, 525
to cause false-positive test, 240
common arrhythmias, 524–526
digoxin effect on, 523f
effects on ECG, 523
and hypercalcemia, 575
intoxication, 432, 467f, 524
proarrhythmia effects of, 522
toxicity with serum glycoside

levels, 526
Digoxin, effect of, 240
Diltiazem, 519
Diphtheria, 296
Dipole, electrical field generated by, 2f
Discrete subaortic stenosis, 314
Disopyramide phosphate, 514
Dome-and-dart P wave, 346
Dominant right coronary artery, 174
Dressler beats, 423
Drugs

categories of, 443
cause sinus bradycardia, 329
limit heart rate response to

exercise, 241
miscellaneous, 528–529

anesthetic and analgesic

agents, 527–528
antiparasitic drugs, 528
arsenic, 528–529
epinephrine, norepinephrine,

isoproterenol, 526
vagolytic drugs, 527

psychotropic, 520–522
specific actions of, 509–510

d-transposition of great
vessels, 680–681
Duchenne-type muscular
dystrophy, 281

Duke test score, 243–244
E
Early after depolarizations, 435
Early repolarization, 149–150
Ebstein-like malformation, 678
Ebstein’s anomaly
of tricuspid valve, 99, 316–318, 671,

685–686
with Wolff-Parkinson-White

syndrome, 317f, 504f
Echo beats, 400
Echocardiogram, for detecting right

ventricular hypertrophy, 59–60
Ectopic activity, 405
Ectopic atrial rhythm, 349, 384–385
Ectopic atrial tachycardia, 350f, 351,

354f, 634
and atrial flutter, 364–365
with block, 353
with dilated cardiomyopathy, 351f
with PR interval, 316f
with ventricular conduction, 348f

Ectopic complexes, 541, 634
Ectopic impulses, 385
Effective refractory period, 91
Einthoven’s triangle, of standard limb

leads, 4f
Eisenmenger syndrome, 62f, 313
Electrical alternans, 256–257, 582
AV accessory pathways and, 581
clinical significance of, 582
during orthodromic atrioventricular

reentrant tachycardia, 581f
total, 257

Electrical injury, 299, 304f
Electrical remodeling, 370–371
Electrocardiogram
abnormalities
with cardiomyopathies, 294
with diabetes, 291
incidence of, 306–307
magnitude of, 265
with metabolic disturbances, 291
severity of, 212–213, 262, 283

ambulatory, 626–628. See also
Ambulatory electrocardiogram.

artifacts on, 594–596
complexes, morphology of, 604–609
drug effects on, 509–529. See also

specific drugs.
injury pattern, 124
leads for, 4
normal, 8–23

baseline definition of, 17
limb leads in, 4–5, 4f, 12–15
of athlete, 24–25
P wave of, 8
poor R wave progression in, 24
PR interval of, 8–9, 9f
Q wave of, 12–14, 13t–14t
QRS amplitude on, 12, 13t–14t
QRS axis of, 5, 11–12, 15f
QRS complex of, 5, 9–23
QRS duration of, 10–11
QRS morphology of, 10, 10f
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Electrocardiogram (Continued)

QT interval of, 19–22, 21t
R wave of, 13t–14t, 14–16
RSR0 in lead V1 of, 23
S wave of, 13t–14t, 16
S1S2S3 pattern of, 23
ST segment of, 17, 24f, 25
T wave of, 13t–14t, 17–19, 18f, 19f
transitional zone in, 16
U wave of, 22–23
variants of, 23–25

origin of, 1–4
signal-averaged, 7, 7f
strips for, 469f
digital storage of, 633
of lead III, 246f
of lead II, 346f, 407f
of sinoatrial block, 338f

Electrocardiographic theory, 45
Electrodes

placement, accurate system of, 4–5
Electrolytes, 547

calcium, 544–546
magnesium, 546–547
pH, 547
potassium, 542
sodium, 546

Electromotive forces, 3–5
Emetine, 528
Emphysema. See Chronic obstructive

pulmonary disease (COPD).
Encainide, 515
Endocardial development, disorder

of, 680
Endocrine disorders, 285–291
Epinephrine intravenous, 526
Epinephrine test, 571
Epsilon wave, 102
Escape impulses, 385–386
Escape interval, 607
Escape rhythms, 387, 426
Esophageal electrograms, left atrial

origin of, 6
Esophageal leads, 6
Ethylenediaminetetraacetic acid

(EDTA), 544–546
Euthyroid, 287
Event recorders, 633
Excitation wave, of sources

and sinks, 3f
Exercise response, in individual, 228f
Exercise testing

abnormal, 240
with abnormal potassium

concentration, 240–241
with abnormal resting

ECGs, 241–242
after MI, 245
and arrhythmias, 246–248
results of, 225–226
F
F waves, 376
Fabry’s disease, 293–294
Fascicular block, 108

criteria for left, 111
pattern of left, 110–111
with RBBB, 112–113
Fascicular block (Continued)
simulation of left, 110f
uncomplicated cases of left, 110

Fasciculoventricular connections, 500
Fasciculoventricular fibers, 502–503
Fibrillatory waves, 369
Flecainide, 515
Fontan palliation, 689
Forced expiratory volume (FEV1), 303
Friedreich’s ataxia, 280–281
Functional refractory period, 91
Fusion complexes, 406–407
myocardial infarction simulatd

by, 609f
F waves, 376
G
Gallamine, 528
Gallavardin-type tachycardia, 397
Gap phenomenon, 475–477, 478f
Gender, left ventricular enlargement

and, 55
Glycogen storage disease, 292
Graded exercise test, 223
Graves’ disease with sinus tachycardia

and atrioventricular block, 287f
H
Head injury, 552f
Heart
conductivity of tissues

surrounding, 3–4
normal rotation of, 256–257
perforation of, by pacemaker

electrode, 605f
segmental subdivision of, 166f
trauma to, 298

Heart and lungs, diseases of, 273–328
cardiomyopathies, 280–282
arrhythmogenic right ventricular
dysplasia, 279–280

dilated, 274–275
hypertrophic, 276–279
neurologic and neuromuscular
disorders, 282

restrictive, 279
connective tissue diseases, 284–285
endocrine disorders, 290–291

adrenal disease, 290–291
diseases of hypothalamus and
pituitary, 289–290

hyperthyroidism, 286–288
parathyroid disorders, 289
thyroid diseases, 288

granulamatous and infectious
cardiomyopathies,
294–296

heart transplantation, 299
metabolic disturbances
miscellaneous conditions, 294
pulmonary diseases, 306–308

acute pulmonary
embolism, 307–308

chronic pulmonary disease,
obstructive, 305–306

pneumothorax, 306
scoliosis, 306
Heart and lungs, diseases of (Continued)
valvular heart disease, 273

Heart disease, 416–417
absence of, 239
presence of, 416, 559–560

Heart rate, 417, 633–634, 647–649
average resting, 647–649
changes in, 697f
and corrected SNRT, 341
effect of, on QRS duration, 91f
marked PR prolongation at

various, 458f
of trained athletes, 634
trend chart with Wolff-Parkinson-

White syndrome, 636f
turbulence of, 416
variability in, 342, 642–643, 684

Hemiblocks, 108
Hemochromatosis, 293
Hemodialysis, chronic, 641
Hemodynamics, improving, 598
Hepatic cytochrome, 443
High lateral infarction, 167
High-pass filtering, 7
His bundle electrogram, 476f
His-Purkinje system, 371
Holter monitoring, 631, 633

to examine unstable or vasospastic
angina, 639

Hypercalcemia, 543–544
with malignant lymphoma, 544f
with renal insufficiency, 542

Hyperkalemia, ECG pattern
of, 532–537, 536f, 537f, 538

Hyperparathyroidism, 289
Hypertension, severity of, 57
Hyperthermia, 549
Hypertrophic cardiomyopathy, 276
Hyperventilation, 240

effect of, 560
transient T wave inversion

during, 561
Hypocalcemia, 288–289, 544–546

and hypokalemia, with chronic renal
failure, 544f

by hypoparathyroidism, 289f
presence of, 544–546

Hypokalemia
with acute myocardial

infarction, 541–542
ECG diagnosis of, 538–541
and hypocalcemia, ECG pattern

for, 292f
with periodic paralysis, 541f

Hypomagnesemia and
hypermagnesemia, 546

Hypoparathyroidism, 288–289
Hypothermia, 547–549, 548f
Hypothyroidism, 288
Hysteresis, 607, 620f
I
ICD. See Implantable cardioverter

defibrillators (ICD).
Idiopathic orthostatic intolerance,

chronic, 332
Idiopathic ventricular tachycardia,

430–431
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Implantable cardioverter defibrillators
(ICD), 598

Inferior right atrial wall, 30
Infiltrative diseases, 470
Intraatrial reentry tachycardia,

differentiation of, 352
Intramyocardial reentry, 434
Intraventricular conduction defect,

178
Intraventricular conduction

disturbances (IVCD)
bilateral bundle branch

block, 116–117
fascicular blocks, 115
left anterior, 113–114
left posterior, 114–115
uncertain role of midseptal
fascicles, 115

with myocardial infarction and
periinfarction block, 120

nonspecific, 121
RBBB and left anterior fascicular

block, 118–119
RBBB and left posterior fascicular

block, 119
trifascicular block, 119–120
undetermined, 121f

Intrinsic deflections, 5
Intrinsicoid deflections, 5
Ionic contrast material, 562
Iron deposits, 293
Irreversible pulmonary

hypertension, 313
Ischemia, 181–182

acute, 124

depression and elevation of ST
segment, 126–127

localization of ST segment
elevation, 154–155

PQ segment elevation and
depression, 127

reciprocal ST segment
depression, 154–155

systolic and diastolic currents of
injury, 124–125

variable QTc values
during, 152f

acute injury pattern and, 126
during exercise, 237

Ischemic episodes, evaluation
of, 639–640

Ischemic heart disease, 241
Ischemic vs. nonischemic

cardiomyopathy, 273
IVCD. See Intraventricular conduction

disturbances (IVCD).
J
J depression, 213
Jervell and Lange-Nielsen

syndrome, 571
J point, 10–11, 17
JT interval, 512
Junctional origin, reciprocal impulses

of, 400–401
Junctional reciprocating tachycardia,

493
J wave, 547–549
K
Katz-Wachtel pattern, 68, 664, 675
Kawasaki syndrome, 666
Kearns–Sayre syndrome, 282, 283f, 714
Koch’s triangle, 384, 394–395
K salts, 538
Kugelberg Welander syndrome, 281
L
Lead axes of leads, directions of, 5f
Lead display, 6
Lead II, electrocardiograpic, 329f
Lead III axis, orientation of, 12
Lead misplacement, 587

recognition of, 593–594
Lead V2, female and male patterns in, 22f
Left anterior descending coronary

artery, 153f, 232
anterior wall MI and occlusion of, 131
area perfused by, 128
diagram of, 133f
first MI caused by, 177
level of obstruction of, 128–130
occlusion of, 125, 128, 130–131

Left anterior fascicular block
in absence of heart disease, 112
causes of, 113
with coronary artery disease and

hypertension, 112–113
LVH in presence of, 113–114
RBBB with, 118

Left arm and left leg cables, 587
recognition of, 588f
reversal of, 586–588

Left arm and right leg cables, reversal
of, 590

Left circumflex artery, 174–175, 180
Left circumflex coronary

artery, 133–135, 680
occlusion of 135–136

Left heart syndrome, hypoplastic, 688
Left leg and right leg cables, reversal

of, 590
Left main coronary artery disease, 234f
Left posterior fascicle, division of, 114
Left posterior fascicular block

incidence of, 114
pattern of, 114
RBBB with, 119
specificity of, 114

Left ventricle
enlargement of, 663
systolic and diastolic overloadof, 52–53

Left ventricular ejection fraction
(LVEF), 80, 177

Left ventricular hypertrophy (LVH), 45,
51f, 82, 239, 566, 663, 663f

criteria for diagnosing, 57, 82
evidence of, 672–674
with inverted U waves, 49f
presence of, 24
QRS criteria for, 56–57
repolarization for diagnosis of, 48–49
and systemic hypertension, 57

Left ventricular mass, 45–46
Left ventricular noncompaction, 680
Left ventricular strain, 47
Lenégre’s disease, 77, 470
Lepeschkin’s data, 18–19
Lev’s disease, 77, 118
Lidocaine, 514, 517f
Limb leads, 16
changes in, 588f, 591f, 592f
misplacement of, 592–593
standard, 4

Lipid infiltration, 293–294
Lipid storage disease, 293–294
Lithium, 520–522
toxicity, isolated cases of, 522

Lithium carbonate, 521–522
Long QT syndrome, 571, 712
with severe bradycardia, 573f

Low-birth-weight infants, with patent
ductus arteriosus, 675–677

Lown-Ganong-Levine syndrome, 394
Low voltage
due to obesity of trunk, 26f
effect of pericardial fluid, 256
extracardiac causes of, 256

l-transposition, of great vessels, 678–679
Lung disease
chronic, 66
ECG pattern of, 114
severity of, 65–66

diffuse, 33
severity of, 301–304

LVH. See Left ventricular hypertrophy
(LVH).

Lyme carditis, 296
M
Magnesium, 546–547
Magnesium sulfate solution, 546
Magnetic signals, during depolarization

and repolarization, 6–7
Mahaim-type preexcitation, 503
Main septal branch, occlusion of, 131
Malignant lymphoma, with pericardium

and myocardium, 286f
Marfan syndrome, 470
Maze procedure, 379
Median septal fascicular block, 115
Metabolic equivalents of task

(METs), 210, 224
Mexiletine, 514
Microvascular injury, 144
Midseptal tricuspid annulus, 496
Mitochondrial myopathy,

uncommon, 282
Mitral stenosis, 61f, 273
pulmonary hypertension in, 66–68

Mitral valve prolapse syndrome, 240,
559f, 641

Mobitz type II
AV block, 461f
second-degree AV block, 462f, 463f

Modulation, 418
Moe’s model, validity of, 378
Moricizine, 515
Multifocal atrial/chaotic

tachycardia, 356–357
Muscular dystrophy, 281
Myasthenia gravis, 282
Myocardial contusion, 215, 215f
Myocardial damage, with coronary

artery disease, 55–56
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Myocardial diseases, 470
Myocardial fibrosis, 118, 256

cause low QRS voltage, 282–283
Myocardial infarction, 180, 222, 262,

443, 669
with abnormal Q wave, 163–164
with abnormal QRS complex, 172
abnormal QRS deflection, origin

of, 162–163
absence of, 96f
angiographic correlations,

174–180
angioplasty and, 182–184
anterior, 166, 177f, 178f, 179f, 483
of anterior wall, 83f, 98f
anteroapical, 166
anterolateral, 167, 680
anteroseptal, 105, 110f, 166, 175,

176f, 177, 575
apical, 166, 169
cardiac catheterization and, 78
diagnosis of, 97, 184, 505f
ECG abnormalities simulating, 198
ECG changes with, 626f
ECG criteria for, 186
ECG diagnosis of, 89
ECG differentiation of, from

pulmonary, 307–308
ECG localization of, 165
effect of previous on, 171f
hyperacute phase of, 182
incidence of false-positive diagnosis

of, 186
of inferior wall, 84f, 133–135, 147
inferior, 168, 178, 179f
inferolateral, 137–138
inferoposterior, 105, 141f
lateral, 137–138
of left ventricle involving ventricular

papillary muscles, 169
LV Q wave infarction, diagnostic

criteria for, 168
multiple infarctions, 169–171
non-Q wave, 142, 164, 205, 210
non-ST elevation, 205, 206, 222
normal variant, and myocarditis,

differentiation from, 262
optimal leads, 171–172
patterns of, 169
periinfarction block, 172–174
persistent ST segment elevation

after, 145–147
positive test with, 236f
posterior, true, 138, 167
posterolateral, 137–138
presence of, 55–56, 423–424
Q wave, 147–148
Q wave vs. non-Q wave

infarction, 164–165
QRS scoring system for

estimating, 186–187
right ventricular, 168–169
ST changes with, 147
subendocardial, 126
T waves with, 181–182
thrombolytics and, 182–184
in WPW pattern, 505f

Myocardial ischemia
alternans associated with, 581–582
detecting, 243
Myocardial ischemia (Continued)
diagnosis of, 50
ECG diagnosis of, 89
exercise-induced, 232
and non-Q wave, differential

diagnosis between, 307–308
QRS changes during acute, 153
repolarization abnormalities

simulating, 215
silent, 217
ST segment elevation in absence

of, 214–215
substrate of NSTEMI, NQMI, and

UAP, 205
Myocardial mass, altered distribution

of, 190–193
Myocardial oxygen consumption,

cardiac output and, 223
Myocardial perforation, for pacing

failure, 622
Myocardial perfusion, patterns of

coronary artery systems, 174f
Myocardial sarcoidosis, 294, 295f
Myocardial tumors, 284–285
Myocarditis, 262
superficial, 260

Myocardium, 296f
loss of viable, 190
pressure on, 258

Myotonic dystrophy, 281–282
Myotonic muscular dystrophy and

cardiomegaly, ECG of, 282f
Myxedema heart disease, 288f

N
Neuro-circulatory asthenia, 560
Nonangina-type chest pain, 331f
Nonparoxysmal junctional

tachycardia, 390–391
Nonparoxysmal sinus

tachycardia, 331–332
Nonparoxysmal ventricular

tachycardia, 420, 428
Non-reentrant arrhythmia, 618
Nonrespiratory sinus arrhythmia, 328
Nonspecific intraventricular conuction,

alternans of, 581f
Non-ST elevation myocardial infarction

(NSTEMI), 205, 206, 222
Norepinephrine, 526
O
Obesity, 664
One-to-one conduction, 361
Organic heart disease, presence

of, 329–330
Osborne wave, 547–549
Overdrive suppression, 618
P
P pulmonale pattern, 33–34
with chronic obstructive airway

disease, 34f
with chronic obstructive lung

disease, 37f
mechanism for appearance of, 36f
and right atrial enlargement, 34
P wave, 31–32, 397, 649
abnormalities, of, 31–32, 256f, 316
abnormal notching of, 39f, 41–42
amplitude of, 8, 25, 30, 288, 658
from atrial depolarization, 1
atrial depolarization by, 29
with atrial enlargement, 672–674
changes in, 32
as diphasic, 8
dispersion, 678
dome-and-dart, 346
duration, 38–39, 40, 658
fusion, 386
inverted, 196
in leads II and III, 15f
morphology of, 398f
multicentric origin of, 29–30
notching and widening of, 513
premature, 415–416
prolonged, 38–39
proper assessment of, 29
resembling P pulmonale during

tachycardia, 34f
retrograde, 446
with sinus arrhythmias, 328
during tachycardia, 351
types of, 297f
unsensed, 615–616
during VT, 421–422
wide, 41–42

Pacemaker(s), 598–599, 606
ambulatory monitoring of, 626–628
antitachycardia, 699
atrial, 601–603
bipolar, 602f
demand mode, 602–603
rapid, 580
sensing, loss of, 622f
synchronous, 603f
ventricular, 602f

wandering, 328, 694
atrial fibrillation induced by, 372
atrioventricular

sequential, 610–611
universal, 612

adaptive AV delay in, 619–621
arrhythmias with, 616–618
autocapture in, 621
cross-talk in, 610f, 614
dual-chamber, 612–615
fallback response in, 619–621
magnet mode, 614–615, 615f
malfunction of, 621–622, 625
mode switching in, 621
myopotential interference

in, 623, 625
rate hysteresis in, 619–621
rate smoothing in, 619–621
rate-responsive AV delay

in, 619–621
reentry tachycardia with,

616–618, 617f
Wenckebach response to,

615–616, 617f

basal location of, 408
code for, 599, 599t
dual-chamber, 612, 614–615
ectopic location of, 385, 405
evaluation of, 641
failure of, 621–622, 621f
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Pacemaker(s) (Continued)
implanted, 598
impulse of, 599, 604
modes of, 602–603, 605
nomenclature, 599
permanent implantation, 601
rate-responsive, 615
refractory period, 606–608
stimulus artifact, 599–601
T wave changes with, 626
ventricular
asynchronous, 598, 605–606, 606f
demand, 605, 606
fusion complexes in, 608f
in magnet mode, 608, 611f
malfunction of, 622–624
myopotential inhibition in, 624f
oversensing in, 623
undersensing in, 622–623
unipolar, 600f
ventricular inhibited, 605, 606,

606f, 607f, 611f, 616f
ventricular triggered, 605,

609, 611f
myocardial infarction diagnosis
and, 626–627, 627f
Pacemaker cells, 327
Pacemaker syndrome, 625–626
Paget’s disease, 470
Pan-conduction disease, 292
Paraarrhythmia, 417–418
Paraplegia, 282
Parasystole, 417–418

fixed coupling interval of, 419
Parasystolic pacemaker, inherent rate

of, 418
Paroxysmal atrial tachycardia (PAT), 525

with 2:1 block, 527f
atrial rate in, 525
with block, 352
clinical importance of, 353

Paroxysmal supraventricular
tachycardia, 392–393, 485, 491f

Patent ductus arteriosus, 313–314, 313f
and aortopulmonary

window, 675–677
Percutaneous coronary angioplasty, ST

segment shift during, 143–145
Percutaneous transluminal coronary

angioplasty, 82–83, 143, 154f
Pericardial effusion, effects of, 256–257
Pericarditis, 216, 262–265

acute stage of, 262, 291
constrictive, 264–265
diagnosis of, in post-MI

syndrome, 263
ECG abnormalities caused by, 256
ECG diagnosis of, 263
idiopathic, acute, 261f
normal variant in acute, 148–150
PR segment depression in, 259f
ST segment deviation in, 262

Pericardium, congenital defect of, 265,
265f

Periinfarction block, 172, 173–174
pH, 291, 547
Phenothiazines, 520–522

overdose of, 520f
Phenytoin, 514
Pheochromocytoma, 290
Pickwickian syndrome, 307–308
P mitrale, 39
Polyarteritis, 283
Polymyositis, 283
Postatrial ventricular blanking

period, 614
Posterior fascicle, block in, 114
Posteroseptal mitral annulus, 496
Posteroseptal tricuspid annulus, 496
Postextrasystolic pause, 334, 347–348
Potassium, 538, 542
Potassium channel–blocking

drugs, 509, 515–516
Potassium channel–opening drugs, 509
PP intervals, contain QRS

complexes, 464
PQ interval

displacement of, 217
use of, 17

P/QRS ratio, 459
PQ segment

depression of, 127
elevation of, 127

PR interval, 649
duration of, 482
prolonged, 309–310

PR segment, 258–259
Precordial lead electrodes, 18f,

22–24, 592–593, 593f
Preexcitation syndrome, 641

classification of, 482f
variant form of, 500

Premature atrial complexes, 378
incidence of, 348–349
orthodromic AV reentrant tachycardia

initiated by, 493f
sequelae of, 347f

Premature atrial
depolarizations, 348–349

Premature atrial impulses, 348–349
Premature repolarization, 148–149
Premature ventricular complexes

(PVC), 198, 246, 406f, 410
in bigeminy, 409f
complexity of, 512
concealed, 407–408
in couplet, 409f
coupling, patterns of, 406
differentiation of, 379
with digitalis excess, 417
distribution of, 632f
grading system for, 410
with mitral valve prolapse

syndrome, 417
multifocal, 409f
with narrow QRS, example of, 81f
in normal individualsm, 416
QRS duration of, 408–409
with R-on-T phenomenon, 407f
in trigeminy, 409f

Premature ventricular
contractions, 155, 444

Primary heart block, 469–470
Proarrhythmia, 512
Procainamide

electrophysiologic effects of, 513–514
intoxication, 516f

Programmed electrical stimulation, 432
Propafenone, 515
Pseudo atrioventricular block, 474f
Pseudofusion complexes, 610f
Pseudohypertrophic muscle

dystrophy, 281
Pseudoinfarction, 194–195
Pseudopseudofusion, 608, 610f
Psychotropic drugs, 520–522
Pulmonary atresia, 684
Pulmonary embolism
and acute cor pulmonale,

195–196
ECG changes suggestive of, 306t
simulating acute inferior MI, 308f

Pulmonary stenosis, 314, 677
severe, 63f

Purkinje fibres, 8, 447–448
PVC. See Premature ventricular

complexes (PVC).
Q
Q waves, 16, 650
abnormalities of, 206, 277, 410,

666–668

with anterior MI, 162–163
cause of, 193
in inferior leads, 52
leads with, 189

absence of, 663
amplitude of, 12, 13t–14t, 14, 237
deep, 190
duration of, 12–14, 16
of inferior leads, 12–14
in myocardial infarction, 190–191
in premature ventricular

complexes, 198
presence of, 663
regression, 163–164, 183–184
with ST segment, during acute

ischemia, 153f
wide, 163

QR pattern, in lead, 62
QRS axis, 11–12
analogous to, 12
in frontal plane, 111–112
leftward shift of, 110
mean, 12
morphology and amplitude, 12
normal, 12

QRS complex, 406
abnormally wide, 627–628
of AV junctional origin, 387
as biphasic, 5
distortion of terminal portion of,

188
duration and configuration of, 9
duration of, 10–11, 681–682
in ectopic atrial tachycardia, 352
with ectopic ventricular complex,

409
longer duration of, 213–214
low-amplitude, 264
morphology, duration, and axis, 416,

447–448, 464–465, 649–650
notching and prolongation of, 52
polarity of, 586
in precordial leads, 16
respiratory variations, 15f, 186f



729Index
QRS complex (Continued)
reversible widening of, 628
and T wave, alternans of, 259f
wide, 534, 535

QRS duration, 10–11, 20
during anginal attack, 210
in fetus and preterm infant, 650
mean, 650
of paced ventricular

complex, 627–628
with right ventricular volume and

mass, 682
subtle changes in, 580

QRS forces
by posterior infarction, 170–171
principal, 108–109

QRS loop, anterior displacement of,
during interruption of midseptal
fibers, 115f

QRS tachycardia, 449
narrow, 365
simulating ventricular

tachycardia, 451f
QRS voltage

changes in LVH, 50
observed during AVNRT, 400

QS wave, disappearance of, 154f
QTc intervals, 260

average, 23f
difference between, 260
lengthening, rationale for, 573–574
prolongation of, 513, 574
shortening of, 569
values

basline, 574
distribution of, 569
in healthy persons, 570f

QT interval, 20–22, 151, 512, 575,
654–655

antiarrhythmic and psychotropic
drugs, 572

cerebrovascular accident, 572
congenital long QT

syndrome, 570–571
in heart disease, predictive value

of, 573–574
with heart rate, 20
lengthening of, 576
measurement of, 654
metabolic disturbances, 572
miscellaneous conditions, 574
mitral valve prolapse, 574
nonphysiologic types of, 576
obesity, weight loss, dieting, 572
poisoning with organophosphorus

compounds, 572
in presence of fusion of Twave and

U wave, 578f
prolongation, 514f, 569, 570t, 579,

664–666

caused by hypocalcemia, 546f
possible role of, 574
with torsade de pointes, 574f
with T wave and U wave
fusion, 576–577, 578

prolonged QTc and myocardial
damage, 573

short QT syndrome (SQTS), 575
sleep effects on, 20
QTc intervals (Continued)
QT lengthening
causes of marked, 570t
mechanism of, 572

Quadriplegia, 282
Quinidine, 513

intoxication, 515f
Q wave infarction, 162, 164
R
R amplitude, increased, 182
R wave, 14–16, 22f, 193–194
absence of, in leads, 194
amplitude, 12, 13t–14t
during acute phase of myocardial
infarction, 183f

with left ventricular volume, 46
loss of with RV infarction, 168
progression, 184, 185f
small, 62–63
tall, 60–61, 110, 167, 190

in right precordial leads, 62f
in RVH, 114

Radiofrequency ablation, 395
Rate hysteresis, 619
Reciprocal impulses
atrial origin, 401
ventricular origin, 401

Reciprocal junctional complexes, QRS-
PQRS pattern in, 400f

Reiter’s disease, 470
Reiter syndrome, 283
Reperfusion arrhythmias, 156, 184,

640
Repolarization
ECG differences in, 571
with myocardial ischemia, 50

Retrograde atrial capture, 390
Rheumatic fever, 283–284, 284f
Rheumatoid heart disease, 283
Rhythm disturbances, 550–552
Right arm and right leg cables, reversal

of, 588–590
Right atrium, anterior wall of, 29–30
Right coronary artery, 180
Right ventricular hypertrophy

(RVH), 45, 79–80, 114, 167,
241, 273, 659, 661, 661f, 662f,
672

ability to diagnose, 103
from chronic cor pulmonale, 64f
diagnosis of, 103
diagnosis of, in presence of

COPD, 305
ECG criteria for, 659–661
ECG diagnosis of, 66, 68
ECG manifestations of, 58
S1S2S3 pattern as a manifestation

of, 63
sensitivity, specificity, and correctness

of ECG criteria for diagnosis
of, 60t

ST segment and T wave changes in,
63

typical, 60–63
Right ventricular infarction, 168
Right ventricular overload, chronic, 99
Right ventricular pacing, 563–564
Romano-Ward syndrome, 571
Romhilt-Estes score, 48
RP interval

prolongation of, 401f
of retrograde conducted

beats, 422–423
RR cycle lengths, mean predicted QT

values on, 21t
RR interval

during typical Wenckebach
period, 460f

variation in, 642, 654
R/S ratio, 62–63

increased, 60–61
in standard limb leads, 24

RSR pattern, 106
differential diagnosis of, 24
incidence of, 104
in lead, 104f
and ST segment elevation, conditions

with, in precordinal leads,
140–141, 145t

RVH. See Right ventricular hypertrophy
(RVH).
S
S1S2S3 pattern, 24

causes superior axis, 112
with right ventricular hypertrophy, 24

S waves, 16
amplitude of, 12, 13t–14t, 663
deep, 62–63
in right precordium, 651
small, 60–61

Scleroderma heart disease, 282–283
Sclerosis, 470
SCN5A gene, mutations of, 140–141
Senning/Mustard procedure, 680–681
Septal atrial tachycardias, 350–351
Serum glycoside level, 526
Sick sinus syndrome, 336–337,

338–341, 640
and bradytachyarrhythmias, 640
causes of, 338
types of, 336–337

Sinoatrial block
chronic, 336
with escape rhythms, 334–336
type I, 334
type II, 334

Sinoatrial conduction time, 341
Sinoatrial node

cellular elements of, 327
depolarization of, 410
technique of recording, 336
underneath epicardium, 327

Sinus arrest, 334
Sinus arrhythmia, 332

postextrasystolic pause, 334, 347–348
types of, 328
ventriculophasic, 329f

Sinus bradycardia, 288, 292, 329–330,
518

asymptomatic, 330f
chronic, 695
combination of, 288
with heart rate, 24–25
mimickers of, 695
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Sinus bradycardia (Continued)
transient, 329

Sinus impulse, initiation of, 328
Sinus node, 31–32

and AV node function, abnormalities
of, 680

direct recording of, 327
dysfunction, 342, 601, 695
premature impulses originating

in, 332
recovery time, 341–342

Sinus node reentrant tachycardia,
332–334, 335f

criteria for, 333, 333t
Sinus pause, 334
Sinus rate, 328–336

calculation of, 338f
Sinus rhythms, 429f, 694–697. See Sinus

arrhthymias.
with 2:1 atrioventricular block, 472f
P wave during, 327

Sinus tachycardia, 286, 328, 330–331,
331–332, 695

Sleep apnea syndrome, 642
Sodium, 546
Sodium channel–blocking drugs,

80, 713
antiarrhythmic, 361
class IC, 366f

Sodium channel–blocking effect, 509
Sodium channel–enhancing effect,

509
Sodium-potassium pump, block of, 509
Sokolow-Lyon voltage criteria, 48
Solid angle theorem, 3
Sotalol, 519
STa segment, depression of, 217
ST segment, 17, 651–653

abnormalities, 230, 260, 669
depression, 214, 230
criteria for abnormal level of, 228
in patients with acute MI, 143
reciprocal, 137, 137f, 138f, 147,
149f

sensitivity of, 229
specificity of, 229
stress-induced, 216

deviation, 213–214, 228–229, 258
absence of expected
reciprocal, 147–148

in lead aVR, 132–133
effects of subepicardial and

subendocardial injury, 125f
effects of thrombolytic therapy

on, 142–143
elevation, 126–127, 153–154, 262,

550
acute injury pattern and, 124, 136f,
151f

Brugada and RSR patterns
with, 140–142

causes of, 126, 150, 151t, 214–215
characteristic, 262
degree of, 24, 307
localization of, 127–128, 138
normal variant of, 25
in patients with MI, 138–139,
168–169

on precordial leads, 17
ST segment (Continued)
epicardial and endocardial injury

effects on, 125
and T wave changes, 48–50
tombstoning pattern of, 139–140

Stress test
blood pressure, response to

exercise, 224
cardiac auscultation, 225
contraindications to, 223t
exercise testing, prognostic value

of, 242–245
exercise test, safety of, 222–223
false-negative, 241
false-positive, 231f
graded exercise test, 223–224
heart rate, response to exercise, 225
indications and

contraindications, 222
introduction, 221
negative, 226
pharmacologic, 242
positive exercise test, criteria for, 239

controversial, 235–239
conventional, 227–235
for extensive ischemia and three-

vessel disease, 239
predictive value, of test

result, 226–227
reasons for, 222t
recording techniques, 225–226
true positive and true negative, 221

Subaortic stenosis, discrete, 314
Subepicardial hemorrhage, 263
Succinylcholine, 528
Superior vena cava and atrium, 327
Supraventricular arrhythmias, 315–316
Supraventricular rhythm, 445
Supraventricular tachycardia, 316f,

394
Syncope, by ventricular

tachyarrhythmia, 288
Syndrome X, 216, 240
Systemic lupus erythematosus, 283
Systolic and diastolic overload, 52–53
Systolic pressure, failure of, 224
T
T wave, 17–19, 654

abnormalities of, 180–181, 182, 188,
209–210, 216, 217, 589f, 669
asynchronous repolarization, 556
classification of, 556t
differential diagnosis of, 206–207
diffuse inversion, 558–559
duration of ventricular APs, 556
floppy mitral valve and, 558
genesis of, 558
and heart rate, 565
hyperventilation and, 560–561
ischemic, 556–557
isolated inversion, 559–560
mitral valve prolapse syndrome

and, 558
from myocardial damage, 216
myocardial disease processes,

557–558
with myocardial ischemia, 556–557
T wave (Continued)

with nonischemic
cardiomyopathies, 557–558

nonspecific, 565
from non-Q wave MI, 209–210
normal variants, 565
orthostatic, 561–562
pericarditis and, 557
postextrasystolic, 562
postischemic, 556–557
postprandial, 562
posttachycardia, 352, 562–563
and QTc interval, 289–290
rate-independent, rapidly
reversible, 565

suppression, 565
transient, 564

alternans of, 579, 579f
amplitude, 12, 13t–14t, 18–19
atrial, 42–43
changes in, 151

postpacing, 626
in right precordial leads, 558
during ventricular
preexcitation, 488f

hyperacute, 150–151
inversion, 19, 208, 230, 264–265,

306
diffuse, 262
incomplete, 260f
normalization of, 241
with ST segment depression, 669

misinterpretation of, 555
morphology, 566–567
negative, 216, 279–280
notching, 576–577
oversensing of, 623f
in pericarditis, 262
polarity of, 544–546
precordial leads, 18–19
secondary, 50
spatial orientation of, 566–567
tall, 19f, 152f
types of, 483
with U wave, 577f
upright, 97f, 98f, 215–216
vector of, 210, 260, 661–662

with bundle branch block, 556
from ventricular action potential, 1

Ta wave, duration of, 42–43
Tachyarrhythmias, 495, 634
Tachycardias, 694
by accessory pathways, 397
atrial and intraatrial reentry, 397–398
bidirectional, 526f
causes of, 618
ectopic, 387
incessant, 397
intraatrial reentry, 353
nodoventricular, 501f
onset of, 445–446
pacemaker-induced (endless-

loop), 616–618
with precordial R wave

transition, 429–430
with sick sinus syndrome, 640f
with sinus rhythm, 287
as sustained, 420

Takotsubo cardiomyopathy, 278–279
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Tay-Sachs disease, 294
TDP. See Torsade de pointes (TDP).
Temperature, 547–549
Tetralogy of Fallot, 315–316,

681–684
Thrombolytic therapy

advent of, 206
ST segment changes, 142–143

Tocainide, 514
Torsade de pointes (TDP), 444

clinical correlation, 441–443
common causes of, 443
description of, 440
episode of, 440
mechanism of, 443
paroxysm, 440
polymorphic VTs, 444
with QT prolongation, 441–443
from quinidine administration,

442f
termination of, 638f

Torso maps, discriminant analysis
of, 171–172

Toxic agents, 294
TP interval, as baseline, 17
Transitional zone, 16
Treadmill exercise test

protocol used for, 223–224
with ST segment elevation, positive

graded, 235f
Tricuspid atresia, 318, 686–688

ECG abnormalities in, 686
Tricuspid valve. See Ebstein’s anomaly,

of tricuspid valve.
Tricyclic antidepressants, 520–522
Trifascicular block, 119–120, 464

definitive diagnosis of, 120
with history of syncope, 120f

Troponin, in blood, 206
Truncus arteriosus, 684
Tumor invasion of intraventricular

septum, 284–285
Turner syndrome, 290–291
U
U wave, 22–24, 52, 151–153

abnormalities of, 235, 578
amplitude, 23, 540, 575–576
ascent of, 22–23
with digitalis therapy, 523
inversion of, 210, 235, 575, 575f
negative, 575, 576f
origin of, 23–24
reports of, during ischemia stem, 153
in semidirect leads, 23

Ullrich-Turner syndrome, 664–666
Unipolar chest leads, 4–5
V
Vagal stimulation and drugs, 471
Vagolytic drugs, 527
Valvular heart diseases, 470
Vectorcardiogram, infant, with

atrioventricular canal, 673f
Vectors and electrical axis, 5
Ventricles

dissociated activation of, 386
Ventricles (Continued)
junctional pacemaker

activates, 388–389
reciprocal complex originating

from, 402f
types of, 688–689

Ventricular action potential, 1, 539f
Ventricular activation
abnormal sequence of, 637
early activation, 9
later activation, 9–10
latest activation, 10
morphology of, 10
spatial vectors of, 10f

Ventricular arrhythmias, 246–248,
707–713

aberrant intraventricular
conduction, 415–416

during acute ischemia, 155–156
during ambulatory

monitoring, 636f
clinical correlation, 417
clinical observations of, 570
complex, 641
as an escape phenomenon, 405
exercise-induced, 246, 246f
have LBBB configuration, 280
idiopathic VT, 431–432
incidence of, 416–417
mechanisms of, 435
abnormal automaticity, 434–435
ECG clues to, 435
normal automaticity, 434
reentry, 434
triggering by delayed after
depolarizations, 435

triggering by early
after depolarizations, 435

monomorphic VT, 425
AV dissociation, 421–423
ECG to localize site of origin
of, 423–424

fascicular tachycardia and narrow
QRS, 425

onset and termination, 421
pleomorphism of, 424–425
regularity, 420
ventricular capture and fusion
complexes, 423

ventricular rate, 420
premature ventricular

complexes, 412–413
couplets and triplets, 412–413
electrocardiographic
findings, 407–408

interpolated PVCs, 410–411
pattern of presentation, 410
postextrasystolic pause and
ventriculoatrial conduction, 410

rule of bigeminy, 410
site of origin, 408–410

surgical resection of, 189
ventricular escape complexes and

idioventricular rhythm, 429
accelerated ventricular
rhythms, 428

catecholaminergic polymorphic
VT, 429

incessant VT, 429
Ventricular arrhythmias (Continued)

parasystolic VT, 429

ventricular parasystole,
417–420

Ventricular asynergy, and ventricular
aneurysm, 189

Ventricular complex, variations in
amplitude of, 256–257

Ventricular conduction,
abnormalities, 664

Ventricular dilation, from akinesis or
dyskinesis, 237

Ventricular ectopic activity, frequency
of, 642

Ventricular ectopic complexes, 405, 524
prevalence of, 634

Ventricular enlargement, 45–76
combined ventricular

hypertrophy, 68–69

anatomic correlations, 68–69
clinical correlations, 68–69

left, 57
assessment of severity of valvular
lesions causing LVH, 57

ECG changes in LVH, 52–53
factors affecting reliability of
diagnostic criteria, 55

intrinsicoid deflection, 47
pathologic states affecting
diagnosis of LVH, 55–56

presence of LBBB, 57
repolarization
abnormalities, 47–50

voltage, 46–47
right, 66–68

clinical conditions, 68
types of, 65–66

Ventricular escape rhythm, 427f
Ventricular fibrillation, 155, 156, 440,

445f, 713
cases of, 444–445
defined, 444
developing during exercise, 247f
initiation of, 572f
recurrence rate of, 444

Ventricular flutter, 420, 444f
and fibrillation, 444–445

Ventricular hypertrophy, 503–504, 664
biventricular hypertrophy, 664
diagnose, 5
left ventricular hypertrophy, 69f,

663–664
with mitral and aortic stenosis, 70f
right ventricular hypertrophy, 69f,

659–663
Ventricular mass, changes in, 658
Ventricular myocardium, fibrosis

of, 76–77
Ventricular parasystole, 408f, 418–419,

419–420
Ventricular premature complexes,

quantitation of, 632–633
Ventricular rhythm, 425–426, 428
Ventricular septal defect (VSD), 313,

674–675, 678
Ventricular septal hypertrophy, 167
Ventricular tachycardia, 222, 518f, 709

adenosine-sensitive, 431
exercise-induced, idiopathic, 248
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Ventricular tachycardia (Continued)
with fascicular morphology, diagnosis

of, 425
idiopathic, 429
idioventricular, 428
incidence of, 431
monomorphic, 408f, 429–430, 709
nonsustained, 413f
parasystolic, 419f
polymorphic, 424–425, 432, 440,

571, 712
vs. preexcited tachycardia, 453
pseudo P wave during, 448f
P wave and, 421–422
with retrograde ventriculoatrial

conduction, 446f
spontaneous nonsustained, 420
and torsades de pointes, 547f

Ventriculophasic sinus
arrhythmia, 329

Verapamil, 519
Verapamil-sensitive tachycardia, 430
Viral myocarditis, 294–296
Visceral reflexes, 560
VSD. See Ventricular septal defect

(VSD).
W
Wandering atrial pacemaker,

328, 694
Wenckebach periodicity, 460f

of left bundle branch, 82f
mechanism of, 461
occurrence of, 467

Wenckebach phenomenon, 459
first- and second-degree AV blocks

with, 635
second-degree AV block with, 635f

Wide QRS tachycardia, 449f
approach to diagnosis of, 452f
types of, 447–448

Wilson’s window theory, 162
Wolff-Parkinson-White ECG

pattern, 61, 67, 483
clinical significance, 483–485
Wolff-Parkinson-White ECG pattern
(Continued)

delta wave, 483
PR interval, 482–483, 500f
QRS complex, 483
ST segment and T wave

changes, 483
Wolff-Parkinson-White syndrome, 29,

111–112, 241, 277, 373–375,
398–399, 481, 483f, 641, 678

aborted sudden death with, 494
with atrial septal defect, 490f
complete normalization of, 483
concealed, 495
effect of, 505f
Z
Zero potential electrode, 4–5
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