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Preface

The ECG in Emergency Medicine

Richard A. Harrigan, MD William J. Brady, MD Theodore C. Chan, MD
Guest Editors

The electrocardiogram (ECQG) is an ideal tool for the practice of emer-
gency medicine—it is non-invasive, inexpensive, easy to use, and it yields
a wealth of information. All emergency physicians interpret multiple ECGs
every day—and at times the most critical decisions of any given day are based
on ECG interpretation at the bedside, such as in the assessment of the pa-
tients with chest pain, dyspnea, or even shock. However, although the “high
profile” disease states—such as acute coronary syndrome—classically are
linked with this indispensable tool, we use the ECG for much more.

Although traditionally the ECG is thought of as a cardiologist’s tool, it is
really the domain of any medical practitioner making real-time assessments
of patients—the emergency physician, the internist, the family practitioner,
the intensivist, to name a few. As such, we all must become very comfortable
with the many facets and subtleties of ECG interpretation. We should be ex-
pert in the urgent and emergent interpretation of the ECG. It is our hope
that this issue of the Emergency Medicine Clinics of North America will help
the physician on the front lines of patient care understand the complex
wealth of information delivered by this relatively simple test.

In this issue, we examine the ECG in traditional and nontraditional
realms. Diagnosis of dysrhythmia and acute coronary syndromes is an ob-
vious focus of this text. Several articles take an in-depth look at other mor-
phologic issues we are often confronted with on the ECG; namely
intraventricular conduction delays, the manifestations of electronic cardiac
pacemakers, and the subtleties of ST segment/T wave changes as they per-
tain to the many syndromes that cause them. The issue also includes several
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articles on electrocardiographic manifestations of noncoronary disease,
both cardiac and systemic. The ECG is also examined in subpopulations im-
portant to the emergency medicine practitioner: the child and the poisoned
patient. Finally, more atypical topics of ECG interpretation are included;
we offer an article on the detection of electrode misconnection and artifact,
and look toward the horizon with a consideration of newer techniques and
technologies.

While working on this issue of the Emergency Medicine Clinics of North
America, we considered not only healthcare provider education, but the con-
straints of rendering patient care in the emergency setting. We would like to
recognize all emergency health care providers for their dedicated work for
individuals in need. This work is performed at times under extreme circum-
stances with minimal information and resource. And yet, the outcome is
most often positive. We should indeed all be proud of our profession.

We are happy to present a broad range of talented authors from across
the country, and we feel they have provided you with an excellent, in-depth
discussion of the ECG. It is our hope that you will enjoy this issue on The
ECG in Emergency Medicine, and that it will serve as informative reading to
you as well as a valued reference for the future.
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Bradydysrhythmias and Atrioventricular
Conduction Blocks
Jacob W. Ufberg, MD*, Jennifer S. Clark, MD

Department of Emergency Medicine, Temple University School of Medicine, 10th Floor,
Jones Hall, 3401 North Broad Street, Philadelphia, PA 19140, USA

Bradydysrhythmias

Bradycardia is defined as a ventricular rate less than 60 beats per minute
(bpm). Sinus bradycardia exists when a P wave precedes each QRS complex.
This QRS complex is usually narrow (less than 0.120 seconds) because the
impulse originates from a supraventricular focus (Fig. 1). On ECG, the P-
P interval in sinus bradycardia closely matches the R-R interval, because
the P wave is always preceding a QRS complex and the rate is regular.
Each P wave within a given lead has the same morphology and axis, because
the same atrial focus is generating the P wave.

There are specific incidences in which, despite the supraventricular focus,
the QRS is widened (greater than 0.12 seconds). An example of this is a bun-
dle branch block (right or left) in which the QRS complex is wide, but each
QRS complex is still preceded by a P wave, and thus the underlying rhythm
is still considered sinus bradycardia. Clues to differentiate this on ECG are
that the PR interval usually remains constant and the QRS morphology is
typical of a bundle branch block pattern.

Other ECG rhythms may seem like sinus bradycardia but in fact do not
meet the definition as mentioned (see section on sinoatrial block).

Junctional rhythm is another example of a supraventricular rhythm in
which the QRS complex morphology is usually narrow (less than 0.12
seconds) and regular. This is distinguished from sinus bradycardia on ECG
because it is not associated with preceding P waves or any preceding atrial
aberrant rhythms. On ECG, a junctional escape rate is usually 40—60 bpm,
because the impulse is generated below the SA node, at the atrioventricular
(AV) junction. A junctional rhythm with a rate slower than 40 bpm is termed

* Corresponding author.
E-mail address: ufbergjw@tuhs.temple.edu (J.W. Ufberg).
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Fig. 1. Sinus bradycardia. The rate is 40 bpm. There are P waves preceding each QRS complex,
and the QRS duration is less than 0.12 seconds.

junctional bradycardia, and a junctional rhythm with a rate faster than 60 bpm
is termed an accelerated junctional rhythm or a junctional tachycardia; this
reflects usurpation of pacemaker control from the sinus node (Fig. 2).

There are times when there are P waves evident on the ECG of patients
who have a junctional rhythm, but unlike normal sinus rhythm or sinus bra-
dycardia, these P waves are not conducted in an anterograde fashion. These
are termed P’ waves and may appear before, during (in which case they are
obscured), or after the QRS complex, depending on when the atrium is cap-
tured by the impulse emanating from the AV junction. Retrograde atrial
capture is affected by the origin of the AV junctional impulse (physical
location of the pacemaker, whether it is high, middle, or lower AV node)
and the speed of conduction. As in sinus bradycardia, there are also times
in which the QRS morphology is widened (greater than 0.12 seconds) be-
cause of a right or left bundle branch block.

Idioventricular rhythms are regular, but unlike sinus bradycardia or junc-
tional rhythms, they are always characterized by a wide QRS complex
(greater than 0.12 seconds), because their origin lies somewhere within the

Unconfirmed

Fig. 2. Accelerated junctional rhythm. There are no P waves preceding each QRS complex. The
QRS complex is narrow. This tracing is from a patient suffering from an acute inferior wall
myocardial infarction; note the ST segment elevation in leads II, III, and aVF.
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Fig. 3. Idioventricular rhythm. The rate is 40 bpm with a widened QRS complex (130 ms).
There is no evidence of P waves on this rhythm strip.

ventricles (Fig. 3). On ECG, the rate is usually 20-40 bpm except for accel-
erated idioventricular rhythms (rate greater than 40 bpm).

Sinoatrial (SA) blocks result when there is an abnormality between the
conduction of the impulse from the heart’s normal pacemaker (SA node)
to the surrounding atrium. Because there is a wide range of severity of dys-
function, there are many ECG findings associated with SA blocks (also
called SA exit blocks) (Fig. 4) [1]. As with AV block, SA block is character-
ized as first-, second-, and third-degree, with second-degree blocks subclas-
sified as type I and type II.

First-degree SA block represents an increased time for the SA node’s im-
pulse to reach and depolarize the rest of the atrium (ie, form a P wave). Be-
cause impulse origination from the SA node does not produce a deflection
on the 12-lead ECG, there are no abnormalities seen on the 12-lead tracing
with first-degree SA block.

Second-degree SA block is evident on the surface ECG. Second-degree
SA block type I occurs when there is a progressively increasing interval
for each SA nodal impulse to depolarize the atrial myocardium (ie, cause
a P wave), which continues to lengthen until the SA node’s impulse does
not depolarize the atrium at all. This is manifested by gradual shortening
of the P-P interval with an eventual “dropped” P-QRS-T complex. It can
be recognized by “grouped beatings” of the P-QRS-T complexes, or may
manifest as irregular sinus rhythm (a sinus rhythm with pauses) on the
ECG.

Second-degree SA block type IT occurs when there is a consistent interval
between the SA node impulse and the depolarization of the atrium with an
occasional SA nodal impulse that is not conducted at all. On the ECG, there
is a dropped P-QRS-T complex with a P-P interval surrounding the pause
that is two to four times the length of the baseline P-P interval [2].

Second-degree SA block with 2:1 conduction is seen on ECG when every
other impulse from the SA node causes atrial depolarization while the other
is dropped. The ECG findings associated with this block are difficult. It is
impossible to differentiate this from sinus bradycardia unless the beginning
or termination of the SA block is caught on ECG. This manifests on ECG as
a distinct halving (beginning) or doubling (termination) of the baseline rate.

Third-degree SA block occurs when none of the SA nodal impulses depo-
larize the atrium. This appears as a junctional rhythm with no P waves on
the 12 lead tracing, because the focus now responsible for depolarization
of the ventricles lies below the SA node. Sometimes there is a long pause
on the ECG until a normal sinus rhythm is resumed. This pause is difficult
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Fig. 4. Sinoatrial (SA) block. Normal sinus rhythms with various degrees of SA block. Sinus
impulses not seen on the body surface ECG are represented by the vertical lines. With first-de-
gree 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. (4) Persistent 2:1 SA block cannot be
distinguished from marked sinus bradycardia. (B) The diagnosis of second-degree SA block de-
pends on the presence of pause or pauses that are the multiple of the basic P-P interval. (C)
When there is a Wenckebach phenomenon, there is gradual shortening of the P-P interval be-
fore the pause. With third-degree SA block, the ECG records only the escape rhythm. Used with
permission from Suawicz B, Knilans TK. Chou’s electrocardiography in clinical practice. 5th
edition. Philadelphia: WB Saunders; 2001. p. 321.

+4

to distinguish from sinus pause or arrest. All pauses in SA blocks, however,
should be a multiple (two to four times the length) of the P-P intervals on
the ECG (see section on sinus pause/arrest for more details).

Sinus pause and sinus arrest are characterized by the failure of the SA
node to form an impulse. Although sinus pause refers to a brief failure
and a sinus arrest refers to a more prolonged failure of the SA node, there
are no universally accepted definitions to differentiate the two. Because of
this, they are often used interchangeably to describe the same cardiac event
(Fig. 5) [3].

On ECG there is an absence of the P-QRS-T complex, resulting in a pause
of undetermined length. Sinus pause may be preceded by any of these
rhythms, the origin of which is in the atrium: sinus beats, ectopic atrial
beats, and ectopic atrial tachycardia. Or it may appear on the ECG with
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Fig. 5. Sinus pause. This rhythm strip demonstrates P waves preceding each QRS complex until
a P-QRS-T complex is dropped. Notice the underlying rhythm is sinus bradycardia before and
after the sinus pause. The P-P interval during the sinus pause is not a multiple of the baseline P-
P interval on the ECG, which helps differentiate this rhythm from a second-degree SA block.

a junctional escape rhythm in which an AV nodal impulse has suppressed the
sinus node [4]. After the sinus pause/arrest is seen on the ECG, the rhythm that
follows also varies greatly. The sinus node most often resumes pacemaker ac-
tivity and a normal sinus rhythm is seen. In cases in which it fails, however, the
escape rhythm seen is usually from the AV node. If the AV node fails, the next
pacemaker to take would result in an idioventricular rhythm. If all of these fail
to generate an escape rhythm, the result is asystole.

The difficulty remains in distinguishing sinus pause/arrest from SA block.
The biggest apparent difference between the two rhythms is the P-P interval.
During sinus pause, the P-P interval is not a multiple of the baseline P-P in-
terval. In SA block, however, the P-P interval should be a multiple of the
baseline P-P interval.

Sinus arrhythmia is seen electrocardiographically as a gradual, cyclical
variation in the P-P interval (Fig. 6). The longest P-P interval exceeds the
shortest P-P interval by more than 0.16 seconds. Most commonly this occurs
as a normal variation caused by respiratory variability; the sinus rate in-
creases with inspiration and decreases during expiration [5]. In elderly indi-
viduals, it may be a manifestation of sick sinus syndrome.

Sick sinus syndrome is a collective term that includes a range of SA node
dysfunction that manifests in various different ways on the ECG, including
inappropriate sinus bradycardia, sinus arrhythmia, sinus pause/arrest, SA
exit block, AV junctional (escape) rhythm (all discussed earlier), and the
bradycardia-tachycardia syndrome. Bradycardia-tachycardia syndrome (or
tachy-brady syndrome) is defined by bradycardic rhythms alternating with
episodes of tachycardia. These tachycardic rhythms usually are supraven-
tricular in origin but at times may be accelerated junctional or ventricular
rhythms. A distinguishing finding of this syndrome on ECG, though difficult
to capture, is the transition from the termination of the tachydysrhythmia

Fig. 6. Sinus arrhythmia. Here demonstrated in an elderly patient, this sinus arrhythmia most
likely is caused by sick sinus syndrome.
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Fig. 7. Tachycardia-bradycardia syndrome. This ECG from a woman with sick sinus syndrome
demonstrates initial atrial fibrillation with a rapid ventricular response that alternates with sinus
bradycardia.

back to a sinus nodal rhythm. Often, severe sinus bradycardia, sinus pause/
arrest, SA block, or junctional rhythm occur first until the sinus mechanism
recovers (Fig. 7).

Atrioventricular block

Like SA block, AV block can be partial or complete and also is divided
into first-, second-, and third-degree varieties. Second-degree, again similar
to SA block, is divided into Mobitz type I (Wenckebach AV block) and Mo-
bitz type II. A clue to differentiating between SA blocks and AV blocks is
remembering where the conduction delay is occurring. In SA block, the dys-
function occurs between the SA node and the atrial myocardium; thus, there
is a dropped P-QRS-T complex. In AV block, conduction is altered between
the atrium and the ventricle, causing a prolonged PR interval and a dropped
QRS-T complex (eventually a P wave occurs without a QRS-T behind it).

First-degree AV block is defined as a prolonged PR interval (greater than
0.20 seconds) that remains constant. The P wave and QRS complex have
normal morphology, and a P wave precedes each QRS complex (Fig. 8).
The lengthening of the PR interval results from a conduction delay from
within the atrium, the AV node, or the His-Purkinje system. Most patients
have a narrow QRS complex (less than 0.12 seconds), which indicates
a block in the AV node, but occasionally there is a widened QRS complex
associated with a delay in lower cardiac conduction. And as with SA blocks,
patients may have a wide QRS complex caused by a coexisting bundle
branch block.

Second-degree AV block, Mobitz type I is characterized by normal P
wave and QRS complex morphology beginning with a PR interval that

HM Nu\,._fJL/\aw\L \.5.‘_,\_} R /\._NJILM

Fig. 8. First-degree AV block. This rhythm strip demonstrates sinus bradycardia. The rate is 54
bpm with every P wave followed by a QRS complex. The PR interval is constant and prolonged
(0.23 seconds) with normal QRS and P wave morphology, thus meeting the definition of first-
degree AV block.
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Fig. 9. Second-degree AV block, Mobitz type I. Note the PR intervals that lengthen gradually
until a QRS complex is dropped ([arrow] denotes P wave without QRS complex to follow). Be-
cause the QRS complex is narrow, the conduction delay occurs before or within the AV node.

lengthens progressively with each cycle until an impulse does not reach the
ventricles and a QRS complex is dropped (Fig. 9). This block is usually at or
above the AV node. On ECG, the PR interval lengthens as the R-R interval
shortens. The R-R interval that contains the dropped beat is less than two of
the shortest R-R intervals seen on the ECG. Also, on the ECG rhythm strip,
a grouping of beats typically is seen, especially with tachycardia; this is re-
ferred to as “grouped beating of Wenckebach™ [1,6]. All four of these ECG
findings are typical of Mobitz type I block but unfortunately have been ob-
served in less than 50% of all cases reported [1,7]. What has been reported
are variations on all of the above, from PR intervals not lengthening pro-
gressively to conducting all atrial impulses to the ventricles [6,7]. These var-
iations on second-degree Mobitz type I AV block seen on ECG do not
change the clinical importance of this AV block [8].

Second-degree AV block, Mobitz type 11 is defined by constant PR inter-
vals that may be normal or prolonged (>0.20 seconds). Unlike Mobitz type
I second-degree AV block, however, Mobitz type II blocks do not demon-
strate progressive lengthening of the PR interval on the ECG before
a QRS complex is dropped. Also, unlike type I second-degree AV block,
the QRS complex usually is widened, because the location of this block is
often infranodal. The QRS complex may be narrow, however, indicating
a more proximal location of block, usually in the AV node. The magnitude
of the AV block can be expressed as a ratio of P waves to QRS complexes.
For example, if there are four P waves to every three QRS complexes, it
would be a 4:3 block (Fig. 10) [9].

Because Mobitz type II second-degree AV block does not have progres-
sively lengthening PR intervals, differentiating type I from type II on ECG is
simple, except in the case of 2:1 block. In second-degree AV block with 2:1

Fig. 10. Second-degree AV block, Mobitz type II. There are constant PR intervals preceding
each QRS complex until a QRS complex is dropped in this rhythm strip. There are four P waves
to every three QRS complexes, thus a 4:3 block.
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Fig. 11. Third-degree AV block. Complete heart block is seen here with P waves (dots) that
“march” through the QRS-T complexes; at times the P waves are obscured by these other wave-
forms. The atrial rate (approximately 90 bpm) is faster than the escape ventricular rate (approx-
imately 60 bpm), which is driven by the junctional pacemaker; rephrased, the P-P interval is
shorter than the R-R interval, as it should be in complete heart block. Note this patient is hav-
ing an acute inferior myocardial infarction, with ST segment elevation (leads 11, III, and aVF)
and reciprocal ST segment depression (leads aVL and I). The right coronary artery is the culprit
vessel.

block, every other QRS-T is dropped (ie, two P waves for each QRS com-
plex), so there is no opportunity to determine if the PR interval lengthens
before the dropped QRS complex. If the ventricular beat is represented by
a widened QRS complex, this suggests a more concerning Mobitz type 11
block, but ultimately it may be impossible to differentiate between the
two. In that case, the physician should presume it is Mobitz type II, because
it is more likely to progress to third-degree (complete) heart block.
High-grade or advanced AV block is a more clinically concerning variant
of Mobitz type II block and is manifested by two or more P waves that are

Fig. 12. Complete heart block with periods of asystole. Note that several P waves occur at first
without associated QRS complexes, before an idioventricular escape rhythm ensues. P waves
are denoted by arrows. This patient survived and received an electronic pacemaker.
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not conducted. This most often implies advanced conduction disease seen in
anterior infarction and has high risk for progression to complete heart block
[9]. On the ECG there are usually widened QRS complexes with ventricular
rates between 20 and 40 bpm.

Third-degree AV block (complete heart block) occurs when no impulses
from the atria reach the ventricles. The atria and ventricles thus are func-
tioning independently (ie, there is AV dissociation), and the atrial rate is
faster than the ventricular rate because the latter is an escape rhythm
(Fig. 11). The escape rhythm controlling the ventricles is usually regular be-
cause of the increased autonomic control of the ventricle compared with the
sinus node [10]. The atrial impulses (P waves) “march” out on the ECG, as
do the ventricular depolarizations (QRS complexes), yet they are unrelated.
The ventricular rate is usually 40-60 bpm with a narrow QRS complex when
it is driven by a junctional pacemaker (within the AV node). If an infra-Hi-
sian ventricular pacemaker takes over, the QRS complexes are wide and the
rate is less than 40 bpm. Ventricular escape rhythms usually are associated
with a poorer prognosis and are caused more commonly by acquired (non-
congenital) conditions [6]. It is also possible that no escape rhythm is gener-
ated, resulting in asystolic arrest (Fig. 12).
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Tachydysrhythmias
Sarah A. Stahmer, MD*, Robert Cowan, MD
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One Cooper Plaza, Room 114, Camden, NJ 08103, USA

Mechanisms of tachydysrhythmia

Correct interpretation of the electrocardiogram (ECG) is pivotal to diag-
nosis and management of tachydysrhythmias, because treatment options are
often specific for a given dysrhythmia. Although one would like to be able to
simplify the classification of tachydysrhythmias into supraventricular tachy-
cardia (SVT) or ventricular tachycardia (VT), the growing number of treat-
ment options and potential for adverse outcomes associated with incorrect
interpretation forces one to further refine the diagnosis. It would also be im-
mensely convenient if every dysrhythmia had a classic ECG appearance and
every patient with a given dysrhythmia manifested a similar clinical presen-
tation. Unfortunately there is wide variation in ECG appearance and clini-
cal presentation of any dysrhythmia because of variability in the origin of
the rhythm, underlying cardiac anatomy, and pre-existing ECG abnor-
malities. For this reason, this article not only focuses on the classic pre-
sentations of each dysrhythmia but also provides insight into the
pathophysiology of the rhythm and anticipated response to maneuvers
that verify or refute the working diagnosis.

The basic mechanisms of all tachydysrhythmias fall into one of three cat-
egories: re-entrant dysrhythmias, abnormal automaticity, and triggered dys-
rhythmias. Re-entry is the most commonly encountered mechanism of
dysrhythmia. Re-entry, although typically associated with dysrhythmias
arising from the atrioventricular node (AVN) and perinodal tissues, can
occur essentially in any part of the heart. The primary requirement of a re-
entrant circuit is the presence of two functional or anatomic pathways that
differ in their speed of conduction and recovery (Fig. 1). They usually are
triggered by an early beat, such as a premature atrial contraction (PAC),
which finds one pathway blocked because of slow recovery and is conducted

* Corresponding author.
E-mail address: stahmer-sarah(@cooperhealth.edu (S.A. Stahmer).
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Fig. 1. Re-entry circuit. These figures depict a re-entrant circuit in the AVN with two tracts.
The beta tract is the fast-conducting, slow-recovery tract that typifies normal conduction
through the AVN. The alpha tract is the slow-conducting but fast-recovery pathway. (4) Nor-
mal conduction in which conduction comes from the atrium and splits into the two tracts. Be-
cause the beta tract is faster, it carries the signal to the ventricle before the alpha tract. (B) A re-
entrant circuit precipitated by a PAC. The PAC finds the beta tract refractory from the prior
beat (represented by the black rectangle). The signal therefore conducts down the alpha tract.
Because the alpha is slower, by the time it reaches the ventricle the beta tract is no longer re-
fractory and the signal is conducted antegrade to the ventricle and retrograde up the beta tract.
On reaching the atrial end, the alpha tract (because of its fast recovery) is ready to conduct. The
signal goes down the alpha tract again and the loop is completed.

down the alternate pathway, which has a faster recovery period. The wave
of conduction finds the other pathway, now no longer refractory, able to
conduct the beat in a retrograde fashion, and the re-entrant circuit now is
established. Examples of re-entrant rhythms include AVN re-entry, ortho-
dromic re-entrant tachycardia (ORT), and VT. The clinical response of
these dysrhythmias to pharmacologic and electrical interventions depends
on the characteristics of the tissue comprising the re-entrant circuit. For ex-
ample, rhythms that incorporate the AVN into the re-entrant circuit are sen-
sitive to vagal maneuvers and adenosine, whereas ventricular re-entrant
tachycardias are not. The goal of therapy is to disrupt the re-entrant circuit,
which can be accomplished through medications that block conduction in
one limb of the circuit. There is wide variation in the responsiveness of var-
ious cardiac tissue and conduction pathways to cardiac medications, and
some knowledge of the location of the pathway is important.
Dysrhythmias caused by automaticity can be particularly frustrating in
that they are often incessant and do not respond predictably to electrical
or pharmacologic interventions. They are caused by enhanced automaticity
in fibers that have pacemaker capability or by abnormal automaticity in dis-
eased tissue, which may arise from any portion of the heart. Enhanced nor-
mal automaticity is caused by steepening of phase 4 depolarization, resulting
in premature attainment of the threshold membrane potential (Fig. 2).
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Fig. 2. Action potential duration. This is a diagram of a typical action potential for a cardiac
cell that displays automaticity. At the far left the resting potential is approximately —90 to —100
mV set up by the sodium/potassium pump (circle with arrows to the right). Because there is slow
leak of sodium (phase 4; dashed arrows), the cell eventually reaches the threshold. Fast sodium
channels (phase 0) open, allowing sodium to enter the cell and cause depolarization. During the
overshoot, potassium leaves the cell and during the plateau phase calcium ions flow into the cell.
While potassium leaves the cell through potassium channels (phase 3), calcium channels close,
leading to repolarization and restoration of the resting membrane potential. It is the steepness
of phase 4 depolarization that determines the rate of firing of cardiac cells that act as
pacemakers.

Rhythms associated with this mechanism are atrial and junctional tachycar-
dias and often are caused by adrenergic stimulation. These rhythms are
likely to respond to overdrive pacing. Abnormal automaticity is spontane-
ous phase 4 depolarization in tissues that normally do not demonstrate au-
tomaticity. These usually are seen in patients who have myocardial ischemia
or recent cardiac surgery. Rhythms associated with this mechanism include
postmyocardial infarction (MI) VT, accelerated idioventricular rhythms,
and some atrial and junctional tachycardias. In general, these cannot be ter-
minated with overdrive pacing or electrical cardioversion and frequently are
resistant to pharmacologic therapy.

Triggered dysrhythmias are caused by after-depolarizations that are re-
ferred to as early and late, depending on when they arise in the action po-
tential. They are not automatic because of their dependency on a
preceding action potential. Early after-depolarizations occur during phase
3 of repolarization (Fig. 2). Conditions resulting in prolongation of the QT
interval increase the risk for triggering a dysrhythmia. These dysrhythmias
tend to occur in salvos and are more likely to occur when the sinus rate is
slow. A classic example is torsades de pointes. Delayed after-depolarizations
are caused by any condition that results in accumulation of intracellular
calcium that stimulates sodium—calcium exchange. The transient influx of
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sodium results in oscillations of the membrane potential following comple-
tion of phase 3 repolarization. Tachydysrhythmias associated with digoxin
toxicity are caused by this mechanism.

Approach to ECG interpretation of tachydysrhythmias

Differentiation among the various dysrhythmias requires an approach that
is based on an understanding of basic cardiac pathophysiology. The first step
is to decide whether the rhythm is a sinus tachycardia. This is usually a com-
pensatory rhythm and the work-up should focus on identification of the pre-
cipitating condition rather than on treating the rhythm itself. For this one has
to look at the patient and often a longer rhythm strip. Sinus tachycardia usu-
ally is seen in the context of a patient who is ill or in distress, reflecting inad-
equate cardiac stroke volume or the presence of a hyperadrenergic state from
pain, fear, anxiety, or exogenous catecholamines. Another clue to the pres-
ence of a sinus tachycardia is that sinus tachycardia has no fixed rate and
shows gradual variation in rate over time and in response to therapy.

A very rapid heart beat in a patient who has no other apparent problem
would lead one to suspect a non-sinus rhythm. Regular dysrhythmias have
a fixed unchanging rate despite changes in levels of pain and distress, where-
as irregular tachydysrhythmias (such as atrial fibrillation) demonstrate beat-
to-beat variability not seen in sinus tachycardia (Fig. 3).

The next decision is whether the QRS complexes are narrow or wide, with
wide being defined as greater than 0.12 seconds. A narrow QRS complex in-
dicates that there is a normal pattern of ventricular activation and the beat
must originate at or above the level of the AVN. These rhythms are referred
to loosely as SVTs. The presence of a wide QRS complex usually is first in-
terpreted as a sign that the rhythm originates from the ventricle, as in VT.
Alternatively, the rhythm may be supraventricular and the QRS complex
is wide because of a pre-existing bundle branch block (BBB), rate-related
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Fig. 3. Sinus tachycardia. This is a regular narrow complex tachycardia with a P wave before
every QRS complex with a fixed PR interval. Telemetry reveals gradual rate changes in response
to clinical condition or therapeutic interventions.
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conduction aberrancy, or a ventricular-paced rhythm. Finally, conduction
down a bypass tract can result in a wide QRS complex. The differential of
a wide complex tachycardia is discussed later in this article. Most SVTs
are narrow.

The next step in interpretation is to determine regularity. Irregular tachy-
dysrhythmias are nearly always supraventricular in origin because of the
presence of multiple atrial pacemakers or variable AV block. Irregular sup-
raventricular dysrhythmias are sinus tachycardia with frequent PACs, atrial
fibrillation, atrial flutter with variable AVN block, and multifocal atrial
tachycardia.

Regular SVTs include sinus tachycardia, atrial flutter with fixed AVN
block, non-sinus atrial tachycardias, re-entrant tachycardias, and junctional
tachycardias. Infranodal rhythms are nearly always caused by enhanced
automaticity or re-entry and usually are regular. VT is the prime example,
and it is usually regular.

Regular supraventricular tachydysrhythmias
Sinus tachycardia

The ECG demonstrates a uniform P wave morphology that is upright in
leads I, I, and aVF. There is a P wave before every QRS complex, with con-
stant PR intervals. The rate is not fixed and demonstrates gradual variations
in the rate in response to the etiology and interventions (Fig. 3). Rhythms
commonly misinterpreted as sinus tachycardia are atrial tachycardia and
atrial flutter with 2:1 AVN block. Atrial tachycardia can be distinguished
from sinus tachycardia by the P waves, which often have an abnormal
axis and generally do not respond to vagal maneuvers (Fig. 4). Atrial flutter
with 2:1 block has a fixed rate, usually approximately 150 bpm. Vagal ma-
neuvers may result in increased AV block and may unmask the characteris-
tic flutter waves.

Atrial tachycardia

Atrial tachycardia is the least common and often most challenging of the
regular SVTs [1-5]. It can result from various mechanisms, and the 12-lead
ECG rarely provides clues to the cause. In the setting of a normal atrial myo-
cardial tissue, the more likely mechanism is one of automaticity. Usually
seen in the setting of a catecholamine surge, a single focus in the atrium
has enhanced automaticity and takes over pacing from the sinoatrial (SA)
node. This type of rhythm tends to accelerate to its maximal rate and is
not initiated by a PAC. It typically demonstrates beat-to-beat variability
during its warm-up period and decelerates gradually [I-5]. In patients
who have diseased atrial tissue or who have undergone atrial surgeries, atrial
tachycardia more commonly is secondary to re-entrant loops. Surgery to
correct defects such as transposition of the great vessels, atrial septal defects,
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Fig. 4. Atrial tachycardia. This ECG shows a narrow complex tachycardia with deeply inverted
P waves most noticeable in the inferior leads. This may be confused with re-entrant tachycardia,
except that the PR interval is less than the R-P interval.

and other congenital heart defects leaves the presence of scar tissue in the
myocardium [1-5]. This scarred myocardium has rates of conduction and re-
fractoriness that differ from the surrounding myocardium, which allows for
a re-entrant loop to be possible. In this setting, a PAC precipitates the onset
of the tachycardia loop, which gives it a paroxysmal nature that initiates and
stops abruptly. Atrial tachycardias caused by triggered activity are usually
seen in the setting of a patient who has a known cardiomyopathy on digoxin.
These rhythms tend to be prolonged and are difficult to treat. They are also
characterized by a warm-up period at onset and a cool-down period at
termination rather than the abrupt nature of re-entrant loops. In digoxin-
toxic atrial tachycardias, there is usually an associated AV block (Fig. 5).

The atrial rate is typically 150-250 bpm. Atrial P waves must be seen and
should have a different morphology than the P waves in sinus rhythm (see
Fig. 4). The morphology of the P wave in leads aVL and V1 may provide
clues as to the site of origin. A positive P wave in lead V1 carries a 93% sen-
sitivity and 88% specificity for a left atrial focus. In contrast, a positive or
biphasic P wave in lead aVL predicts a right atrial focus with 88% sensitivity
and 79% specificity [5].

Junctional tachycardia

This is an uncommon dysrhythmia that usually originates from a discrete
focus within the AVN or His bundle. It is a regular, narrow-complex
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Fig. 5. Atrial tachycardia with AV block. There is evidence of atrial tachycardia at approxi-
mately 154 bpm with P waves most noticeable in lead V1 (arrows). There is a regular ventricular
activity at 77 bpm with a fixed PR interval that indicates this is atrial tachycardia with 2:1 block.
The presence of atrial tachycardia with AV block is classic for digoxin toxicity. This may be
confused with sinus tachycardia and AV block, yet the clinical setting should support the
need for sinus tachycardia, P wave morphology should be identical to baseline, and it is rarely
associated with 2:1 AV block.

tachycardia that is caused by enhanced automaticity or triggered activity [6].
As seen in most automatic rhythms, there is usually a warm-up and cool-
down phase at initiation and termination. Retrograde activation of the atria
does occur, and P’ waves may be seen before or following each QRS com-
plex, although they are usually buried within the QRS complex. The QRS
complex is usually narrow, except when there is a pre-existing BBB or
a rate-related aberrancy.

Junctional tachycardia is characterized by gradual onset and ventricular
rates ranging from 70-130 bpm. That ventricular rates are only slightly
faster than sinus rates in this rhythm leading to a common ECG finding
of AV dissociation. In this case the AVN is functional, but the junctional
pacemaker partially or fully depolarizes the AVN and infranodal tissues,
essentially blocking the AVN (Fig. 6).

This rhythm is usually associated with myocardial ischemia/infarction,
cardiomyopathy, and digoxin toxicity. In children, particularly infants,
this rhythm indicates serious underlying heart disease. It may be confused
with atrial fibrillation when retrograde P’ waves are not visible, although
the irregularity associated with this rhythm is minor when compared with
atrial fibrillation.

Atrial flutter

Atrial flutter is a supraventricular rhythm that is generated by a re-
entrant loop just above the AVN in the right atrium. The rate of atrial de-
polarization created by this circuit is rapid, ranging from 250-350 bpm. The
loop usually runs in a counterclockwise direction causing a negative flutter
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Fig. 6. Junctional tachycardia with interference dissociation. This ECG shows a regular ven-
tricular rhythm between 70 and 100 bpm. There are P waves visible at a rate of 110 bpm, yet
they have no clear relationship to the QRS complexes. This is an example of dissociation caused
by two competing rhythms—sinus tachycardia and junctional tachycardia—that keep the AVN
depolarized.

wave with a downward vector in leads II, 111, and aVF. Because the rhythm
is generated by a re-entrant loop, the untreated atrial rhythm is regular. The
AVN inherently cannot conduct at rates much greater than 200 bpm, and
thus not every atrial contraction can generate a ventricular contraction.
The ventricular rate therefore is some fraction of the atrial rate (ie, 2:1 or
3:1; atrial rate:ventricular rate). In the absence of AVN disease or medica-
tions that act at the AVN, the ventricular rate should be approximately
150 bpm (2:1) or 100 bpm (3:1). Additionally, because the rhythm is a re-
entrant one, the rate should be fixed, meaning that there should not be
any variation in the rate over time. Atrial flutter that starts at a rhythm
of 148 bpm should stay at 148 bpm as long as the patient remains in atrial
flutter and has received no medications. Seeing a narrow complex tachycar-
dia on the monitor at a rate of approximately 150 bpm that does not change
over time is an important clue to atrial flutter.

Because the circuit is rotating along the base of the atrium, the circuit is
always moving toward, then away from, lead II (clockwise or counterclock-
wise). On the ECG this produces a typical sawtooth pattern seen best in the
inferior leads (Fig. 7). The circuit is never running perpendicular to lead II;
therefore, on the ECG there is no area in that lead that is isoelectric. If it is
difficult to determine the isoelectric point in lead II (usually the T-P inter-
val), the underlying rhythm is suspicious for atrial flutter. When the ventric-
ular response rate is 150 bpm or greater, it can often be difficult to identify
the flutter waves. One way to determine the rhythm is to slow the ventricular
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Fig. 7. Atrial flutter. This ECG shows a regular tachycardia at 146 bpm. Inspection of the in-
ferior leads shows the distortion of the ST segment by the flutter waves (arrows).

response by way of vagal maneuvers or medications that slow AVN conduc-
tion and thus reveal the underlying atrial rhythm. Adenosine is a useful
medication in this regard in that it completely blocks the AVN briefly
(10-30 sec). When given to a patient in atrial flutter, this undeniably reveals
the classic flutter waves as the ventricular rate transiently slows. Because the
AVN is not involved in the flutter circuit, adenosine does not terminate the
rhythm or serve as long-term treatment.

Paroxysmal supraventricular tachycardial AVN re-entrant tachycardia

Paroxysmal supraventricular tachycardia/AVN re-entrant tachycardia
(AVNRT) comprises 50%—-60% of SVTs that are referred for electrophysi-
ologic studies, making it by far the most common type of SVT [1-5].
AVNRT is rhythm that occurs because of a re-entrant loop at the AVN
(see Fig. 1). In the AVN, there are usually multiple pathways that are not
precisely defined. Most often there are two tracts, one of which is posterior
(slow) and one of which is anterior (fast). The anterior tract, used in normal
AVN conduction, is characterized by fast transmission through the node
and a long refractory period. It is this long refractory period that limits
the rate at which the AVN can conduct signals. The posterior tract has
the opposite characteristic; it is inherently slower in conducting signals,
but has a short refractory period. These rhythms are usually precipitated
by a PAC that finds the anterior pathway refractory to antegrade conduc-
tion because of its longer refractory period. The posterior pathway is able
to conduct down the slow side of the loop because of its shorter refractory
period. On reaching the end of the AVN, the fast side is no longer refractory
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and the signal then travels quickly back up to the top of the AVN. At this
point the slow path is ready to conduct and the loop is completed.

The ECG in AVNRT shows a regular rhythm with a ventricular rate that
varies from 140-280 bpm (Fig. 8). In the absence of a pre-existing or rate-
related BBB, the QRS complex is narrow. Following the initial PAC that
is conducted through the slow pathway, the subsequent atrial depolariza-
tions are retrograde. Because retrograde activation is by way of the fast
pathway, the P wave is usually buried within the QRS complex. When the
P wave is seen, it suggests that the re-entry pathway conducting retrograde
is the slow pathway or a bypass tract.

The precipitating event in re-entrant tachycardias is usually a PAC, and
so any process that causes PACs puts the patient at risk for development of
the rhythm. These include processes that result in atrial stretch (acute coro-
nary syndromes, congestive heart failure), irritability (exogenous catechol-
amines), and irritation (pericarditis).

Paroxysmal supraventricular tachycardia/orthodromic reciprocating
tachycardia

Paroxysmal supraventricular tachycardia/orthodromic reciprocating
tachycardia (ORT) comprises approximately 30% of paroxysmal SVTs
[7-9]. It usually occurs in patients who are younger in comparison to those
with AVNRT. ORT, also known as atrioventricular re-entry tachycardia
(AVRT), is similar to AVNRT in that there is a re-entrant loop tachycardia
initiated by a PAC. This rhythm, however, is maintained by a different path-
way between the atrium and ventricle. In this rhythm, there is antegrade
conduction through the normal AVN-His-Purkinje system, as with normal
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Fig. 8. AVN re-entry tachycardia. This is a regular narrow complex tachycardia without
demonstrable P waves. This cannot be atrial flutter, because the rate on this tracing is too
slow for 1:1 conduction and too fast for 2:1 (which would be approximately 150 bpm). Admin-
istration of adenosine or vagal maneuvers breaks the rhythm and converts to normal sinus
rhythm.
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sinus rhythm. In contrast to AVNRT, retrograde conduction is by way of an
accessory pathway that most often has slow conduction but rapid recovery.
The P wave is likely to be visible on the ECG and displaced from the QRS
complex (long R-P interval), because the retrograde conduction is through
an accessory pathway that is inherently slow in its conduction. Atrial tissue
is activated retrograde from the periannular tissue; thus, the P waves are in-
verted in the inferior leads.

The ECG demonstrates a narrow complex tachycardia with a rate be-
tween 140 and 280 bpm (Fig. 9). In general, the rate of ORT tends to be
faster than AVNRT. Antegrade conduction occurs by way of the normal
AVN conduction system with retrograde conduction by way of a concealed
accessory pathway and the QRS complex is narrow. The presence of QRS
alternans (alternating amplitude of the QRS complex) has been described
in all atrial tachycardias, particularly those that are very fast, but is ob-
served significantly more often in ORT [7,8].

Irregular supraventricular tachydysrhythmias
Multifocal atrial tachycardia

This rhythm typically is seen in patients who have underlying pulmonary
disease; it is a narrow complex, irregular tachycardia that is caused by ab-
normal automaticity of multiple atrial foci. The P waves demonstrate at
least three different morphologies in one lead with variable PR intervals.
There is no dominant atrial pacemaker. The atrial rate varies from 100—
180 bpm. The QRS complexes are uniform in appearance [10] (Fig. 10).
This rhythm frequently is mistaken for sinus tachycardia with frequent
PACs or atrial fibrillation. The distinguishing feature of multifocal atrial
tachycardia is the presence of at least three distinct P wave morphologies
in the classic clinical setting of an elderly patient who has symptomatic car-
diopulmonary disease. The clinical importance of correctly identifying this
rhythm is that treatment should focus on reversing the underlying disease
process; rarely is the rhythm responsible for acute symptoms.

Atrial fibrillation

Atrial fibrillation is characterized by a lack of organized atrial activity.
The chaotic appearance of this dysrhythmia is caused by the presence of
multiple, shifting re-entrant atrial wavelets that result in an irregular base-
line that may appear flat or grossly irregular. The rate of atrial depolariza-
tion ranges from 400-700 bpm, all of which clearly are not conducted
through the AVN. The slow and irregular ventricular response is caused
by the requisite AVN recovery times following depolarization and partial
conduction of impulses by the AVN, thus rendering it refractory. The ven-
tricular response is irregularly irregular with a rate (untreated) that varies
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Fig. 9. Orthodromic tachycardia. (4) This is a rapid, narrow complex tachycardia that may be
virtually indistinguishable from AVNRT until the rhythm breaks, at which time the ECG
demonstrates the presence of an accessory pathway as seen in (B), with widened QRS complex,
delta wave, and shortened PR interval. The ECG in (4) reveals an extremely rapid rate, greater
than 200 bpm. The narrow QRS complex indicates there is normal antegrade activation of the
ventricle by way of the AVN, and AVN blocking agents can be used to break the re-entry
circuit.

from 100-200 bpm. Untreated ventricular response rates less than 100 bpm
suggest the presence of significant AVN disease, and therapies that increase
AVN refractoriness should be administered with caution.

The QRS complex is usually narrow unless there is aberrant conduction
or a pre-existing BBB. Aberrant conduction is common in atrial fibrillation
because of wide fluctuations in R-R intervals. The underlying mechanism is
based on the fact the ventricular recovery is determined by the R-R interval
immediately preceding it. When there is a very short R-R interval following
a long R-R interval, the ventricle may be refractory and the beat conducted
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Fig. 10. Multifocal atrial tachycardia. This ECG shows a narrow complex irregular tachydysr-
hythmia with at least three different P wave morphologies.

aberrantly, termed Ashmann phenomenon. This sometimes can lead to
a run of aberrantly conducted beats and may be mistaken for VT (Fig. 11).

Fibrillatory waves have been described as fine or coarse, depending on
the amplitude; coarse waves have been associated with atrial enlargement.
Atrial fibrillation may be confused with other irregular narrow complex dys-
rhythmias, such as multifocal atrial tachycardia, atrial tachycardias with
variable block, and atrial flutter. The distinguishing feature in atrial fibrilla-
tion is the absence of any clear atrial activity; the baseline ECG should be
inspected carefully for dominant or repetitive perturbations suggesting uni-
form atrial depolarizations. Atrial flutter is a macro re-entrant circuit within
the right atrium, and the circuitous path of atrial depolarization regularly
distorts the ECG baseline. The flutter waves are uniform and regular (see
Fig. 7), in contrast to the irregular chaotic activity seen in atrial fibrillation.

Wide complex tachydysrhythmias

The key to differentiating among the various causes of wide QRS com-
plex tachydysrhythmias (WCTs) is the determination of why the complex
is wide. Reasons for a wide QRS complex are as follows:

1. There is a pre-existing BBB. In this case the morphology of the QRS
complex should look like a typical BBB and review of a prior ECG
should demonstrate that the QRS complex morphology is the same. If
no prior ECG is available, then familiarity with the characteristic mor-
phology of BBB is crucial. Inspection of the QRS complex in lead V1 is
the first step; a principally positive QRS deflection in V1 suggests a right
BBB (RBBB) and a principally negative QRS deflection in lead V1 sug-
gests a left BBB (LBBB). In patients who have a positive QRS complex
in V1, an RSR’ morphology and an Rs wave in V6 with R wave height
greater than S wave depth are highly supportive of a pre-existing RBBB.
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Fig. 11. Atrial fibrillation. This ECG demonstrates an irregular, narrow complex tachycardia.
The arrows point to aberrantly conducted beats caused by a short coupling (R-R) interval (x)
following a long coupling interval (y). This is referred to as Ashmann aberrancy or Ashmann
phenomenon.

In patients who have suspected SVT with LBBB morphology, the pres-
ence of an rS or QS wave in leads V1 and V2, delay to S wave nadir of
<0.07 seconds, and R wave without preceding Q wave in lead V6 is di-
agnostic of LBBB (Fig. 12) [11-15].

. There is a rate-related bundle branch delay or block. Aberrancy occurs

when there is slow or absent conduction through the bundle branches.
This is observed most often in the setting of abrupt changes in heart
rate, most often in atrial fibrillation, but also can be seen in any SVT.
The refractory period of the His-Purkinje system depends on the cycle
length (the R-R interval) of the beat immediately preceding it. A beat
that occurs early or at a distinctly shorter R-R interval may find one
bundle partially or completely refractory. The resultant QRS complex
manifests a BBB pattern (Fig. 13A,B). The right bundle branch is
affected most often and the aberrantly conducted beats have an incom-
plete or complete RBBB pattern [16—-18]. The cause of the tachycardia is
supraventricular.

. The dysrhythmia is originating from the ventricle. The QRS complex is

typically wide because the source is distant from the normal activation
pathways and ventricular depolarization is prolonged. The QRS com-
plex is wide and has a morphology that is not consistent with a right
or left BBB. If the site of activation is near one of the bundles, as in
a right ventricular outflow tract tachycardia, the appearance of the
QRS complex may be similar to a BBB, but careful inspection of the
ECG usually reveals key discrepancies.

. There is an accessory pathway. In normal sinus rhythm, the usual man-

ifestation of an accessory pathway is premature ventricular activation
(the delta wave) with minimal widening of the QRS complex. Depending
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Fig. 12. AVNRT and LBBB. This is a wide complex tachycardia with a QRS complex mor-
phology typical for an LBBB.

on the underlying mechanism, preferential conduction down the acces-
sory pathway distorts and widens the QRS complex. Examples of this
include re-entrant dysrhythmias conducting antegrade down the acces-
sory pathway and atrial flutter/fibrillation, where there is preferential
conduction down the accessory pathway at faster atrial rates. The
rhythm is always supraventricular, and the presence of the accessory
pathway alters the pathway of ventricular activation and distorts the
QRS complex morphology.

Careful inspection of the ECG can often allow differentiation of these
various causes, but it must also be interpreted in the context of the patient
and clinical presentation. For example, a WCT presenting in a 55-year-old
man with a history of MI is likely to be VT and not the first clinical presen-
tation of an accessory pathway.

Ventricular tachycardia

VT is defined as a series of >3 consecutive wide complex beats with
a rate greater than 100 bpm. It is usually regular. Several decision rules
have been proposed attempting to identify features on the 12-lead ECG
to aid in the diagnosis of VT [19-21]. The criteria vary in their reliability
when applied individually and must be interpreted in conjunction with other
criteria, the patient’s clinical presentation, medical history, and prior ECGs
when available.

A frequently used diagnostic algorithm by Brugada incorporates many
previously published morphologic criteria in a stepwise algorithm and has
been demonstrated to be very sensitive and specific in the absence of pre-
existing intraventricular conduction abnormalities (Table 1) [22]. The first
step in analyzing the ECG is to determine whether there are any RS com-
plexes in the precordial leads. The presence of RS complexes indicates
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Fig. 13. Wide complex tachycardia: rate-related BBB. (4) This is a wide complex tachycardia
with a QRS complex that demonstrates a typical RBBB appearance. The differential diagnosis
includes atrial flutter, AVNRT, and VT. (B) Adenosine converted the rhythm to normal sinus
rhythm, and the QRS complex morphology was markedly different. Although there was base-
line evidence of an incomplete RBBB, the QRS complex is now significantly narrower.

that for the lead in which it was observed, ventricular activation is bidirec-
tional. RS complexes are present in BBB, rate-related aberrancy, and VT.
When they are not observed, which is infrequently, the rhythm is likely to
be VT (Fig. 14).

The next step is to determine whether the interval from the onset of the R
wave to the nadir of the S wave is greater than 0.10 seconds in any precor-
dial leads. This delay typically is not seen in BBB, in which the functioning
bundle initiates ventricular activation rapidly with a brisk downstroke (or
upstroke) and the electrocardiographic manifestation of the blocked bundle
is delays in the terminal portion of the ECG (Fig. 15).

The presence of AV dissociation, another rare finding, is virtually diag-
nostic of VT. It is useful to examine the ECG carefully for AV dissociation
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Table 1
Diagnosis of wide QRS complex tachycardia

Diagnosis of wide QRS complex tachycardia with a regular rhythm
Step 1. Is there absence of an RS complex in all precordial leads VI-V6?
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If yes, then the rhythm is VT.

Step 2. Is the interval from the onset of the R wave to the nadir
of the S wave greater than 100 msec (0.10 sec) in any precordial leads?

RS

If yes, then the rhythm is VT.

Step 3. Is there AV dissociation?
If yes, then the rhythm is VT.

Step 4. Are morphology criteria for VT present? See table 2.
If yes, then the rhythm is VT.

when the ventricular rate is slow—faster rates make identification of disso-
ciated P waves particularly difficult. In slower VT, the sinus pacemaker may
have the opportunity to send an impulse at a time when the ventricle is fully
or partially recovered. It may completely or partially depolarize the ventricle
in the normal pattern of activation, resulting in capture or fusion beats, re-
spectively. Capture beats have a morphology identical to that of the ECG in
normal sinus rhythm, whereas fusion beats have a morphologic appearance
that is a fusion of the supraventricular and ventricular pattern of activation
(Figs. 16 and 17).

A final step is to examine the QRS complex morphology and determine
whether the QRS complex most closely resembles a right or left BBB. If
the complex is upright in lead V1 of a standard 12-lead ECG, then it is de-
fined as a right bundle branch type. Although many lead V1-positive VTs
resemble an RBBB, findings indicative of VT include reversal of the normal
rSR’ pattern (to RSr’) and an R/S ratio <1 in V6 (Fig. 18) [21-24]. The lat-
ter makes sense if one considers that in RBBB the initial activation of the
ventricle is by way of the left bundle branch and should be manifest as an
initial positive deflection in V6.
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Table 2
Morphologic criteria for ventricular tachycardia

Right bundle type requires waveform from V1 and V6
Vi V6
Monophasic R wave Reversal of rsR’ R/S <1

Left bundle type requires any of the below morphologies
V1 or V2 A

- R wave> 30 msec qR or QS

/] /— Notched downstroke of S wave

Q

Greater than 100 msec (0.10 sec) nadir S wave

If the complex is negative in lead V1, then it is defined as a left bundle
branch type. LBBB morphologies are common in wide complex tachycar-
dias, and close inspection of the QRS morphology and frontal plane QRS
axis is helpful in identifying those patients who have VT. Morphologic cri-
teria that can be used to diagnose VT in patients who have lead V1-negative
VT are any R in leads V1 or V2 greater than 30 msec (0.03 seconds) in du-
ration, which normally is not seen in SVT with LBBB aberrancy. The pres-
ence of any Q wave in lead V6 is also inconsistent with an LBBB and makes
sense if one considers that lead V6 “looks” directly at the left ventricle, and
activation from a supraventricular site should depolarize the ventricle from
the base to the apex, hence toward lead V6. Finally, LBBB aberrancy in
SVT, the downstroke of the S wave in lead V1, is usually rapid and smooth.
In VT, the duration from the onset of the QRS complex to the nadir of the S
wave is often greater than 60 msec (0.06 seconds). The longer the measured
duration, the more likely the diagnosis is VT. Further inspection of the S
wave also may reveal notching of the downstroke in leads V1 or V2, which
is also highly suggestive of VT (see Figs. 14, 15, and 17) [20-24].

Rather than attempt to commit to memory the various morphology types
and combinations, inspection of the QRS complex often reveals that mor-
phologies that are inconsistent with a BBB are likely to be VT. Understanding
of the typical ECG manifestation of a BBB aids in determining whether the
wide complex is typical or not.
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Fig. 14. Wide complex tachycardia with precordial concordance. This is a wide complex tachy-
cardia with a QRS complex morphology that is lead V1-negative, but clearly has little resem-
blance to an LBBB. There is prolonged duration from onset of R-to-S wave and a QS
pattern in lead V6. Additional evidence supporting the diagnosis of VT is the presence of pre-
cordial concordance—the QRS complexes point in the same direction as they move across the
precordium, ie, there is no QRS complex transition zone. Furthermore, there is a right superior
QRS axis (indeterminate axis), which indicates that the site of activation can come only from
the ventricular apex.

Polymorphic ventricular tachycardia

Polymorphic VT usually is classified into those rhythms that are associ-
ated with prolongation of the QT interval and those with normal baseline
QT intervals. Torsades de pointes is a rapid polymorphic VT seen in patients

Fig. 15. Ventricular tachycardia. Note the QRS complex morphology; there is prolonged acti-
vation from the onset of the R wave to the S wave of more than 0.10 seconds.
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Fig. 16. Ventricular tachycardia with AV dissociation. Although the QRS complex morphology
is similar to an RBBB, the presence of AV dissociation indicates this is VT (arrows denote reg-
ular P waves, although some are lost in the intervening complexes).

who have prolongation of the QT interval; it is characterized by rapidly
changing variability in the amplitude and polarity of QRS complexes.
The resultant QRS complexes seem to twist around the isoelectric line. A
prerequisite for the rhythm is baseline prolongation of the QT interval,
which may be congenital or acquired. Torsades de pointes is believed to

Fig. 17. Wide complex tachycardia. This is a wide complex tachycardia in which the QRS mor-
phology resembles neither LBBB nor RBBB. A fusion beat (arrow) is seen in the rhythm strip;
its presence confirms VT.
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Fig. 18. Ventricular tachycardia. This is VT, showing a lead V1-positive QRS complex mor-

phology that does resemble an RBBB. Closer inspection shows that there is reversal of the
rSR’ in lead V2 and V3 and an R/S ratio <1 in lead V6, supporting the diagnosis of VT.

arise from early after-depolarizations initiated by a premature ventricular
beat or salvo of ventricular beats, followed by a pause and then a supraven-
tricular beat. Another premature ventricular beat arrives at a short coupling
interval and falls on the preceding T wave, precipitating the rhythm (Fig. 19)
[20-26].

Torsades de pointes is usually paroxysmal in nature and regular, and
there are typically 5-20 complexes in each cycle. The ventricular rate is usu-
ally 200-250 bpm, and the amplitude of the QRS complexes varies in a sinu-
soidal pattern. The baseline ECG usually provides important clues to the
cause of the dysrhythmia. The presence of a corrected QT interval (QTc)
of greater than 0.44-0.45 seconds should be considered abnormal. Patients
with QTc intervals greater than 0.50 seconds, and certainly longer than 0.60
seconds, have been shown to be at increased risk for torsades des pointes.
In addition to prolongation of the QTc, there may be changes in the ST
segment and T wave that would provide clues to an underlying metabolic
abnormality.

Polymorphic VT looks like torsades de pointes; the difference is the ab-
sence of QT interval prolongation in the baseline ECG. Patients who have
this rhythm often are found to have unstable coronary artery disease, and
acute myocardial ischemia is believed to be an important prerequisite for
this dysrhythmia. These patients are usually unstable, and defibrillation is
the treatment of choice.

Polymorphic VT is readily appreciated as a potentially life-threatening
rhythm. The only other dysrhythmia that may be easily mistaken for this
is atrial fibrillation with a bypass tract. The presence of a bypass tract
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Fig. 19. Torsades de pointes. This series of telemetry strips demonstrates the classic pattern of
initiation of this form of polymorphic VT, with a series of early ventricular beats (arrow) that
fall on the vulnerable period of the prolonged QT interval. These beats are caused by ventricular
after-depolarizations that trigger an extrasystole.

that contributes to ventricular depolarization causes the QRS to vary in
width and morphology, similar to polymorphic VT. The distinguishing fea-
ture of this particular dysrhythmia is that it is grossly irregular because of
the underlying rhythm (atrial fibrillation) and the morphology of the QRS
complex varies in width and not in amplitude.

Right ventricular outflow tract ventricular tachycardia

This form of VT is seen in patients who do not have underlying heart dis-
ease. It originates from or near the right ventricular outflow tract (RVOT) in
the interventricular septum and typically has an LBBB morphology and
right inferior axis. It is a narrow VT that may be difficult to differentiate
from an LBBB. Clues to the origin of the dysrhythmia are characteristic
notching in the downslope of the QRS in V1 and, often, breaks in the
rhythm that allow for inspection of the baseline ECG (Fig. 20). Patients
present with palpitations or syncope, and triggers are believed to be exercise
and other causes of increased adrenergic tone. It typically responds to beta-
adrenergic or calcium channel blockade. It has been reported to respond to
adenosine and as such can be misinterpreted as SVT with aberrancy.
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Fig. 20. Right ventricular outflow tract tachycardia. This ECG nicely demonstrates the pres-
ence of a wide complex tachycardia that stops abruptly and is followed by narrow complex
beats; the first is a sinus beat, whereas the second seems to be a premature supraventricular
beat. The typical features of RVOT include the notching in the downstroke of the QRS complex
in lead V1, and the QRS complex morphology similar to an LBBB supporting the RVOT ac-
tivation site.

Accelerated idioventricular rhythm

This rhythm typically is associated with reperfusion in acute MI. It orig-
inates in the ventricle and is referred to as accelerated because the ventric-
ular rate, 60-100 bpm, is faster than a ventricular escape rhythm (usually
20—40 bpm), but is not truly tachycardic (ie, > 100 bpm). The QRS complex
is regular and wide and the morphology reflects the site of origin, usually
having an appearance that is dissimilar to a right or left BBB. This rhythm
is usually paroxysmal in nature, lasting less than a minute and allowing for
inspection of the underlying ECG. The slow ventricular rate allows for
frequent capture or fusion beats (Fig. 21).

Pre-excitation syndromes ( Wolff Parkinson White syndrome)

Wolff Parkinson White syndrome (WPW) is a syndrome defined by the
presence of an accessory pathway and a predisposition to the development
of supraventricular tachydysrhythmias [27]. The presence of the pathway
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Fig. 21. Accelerated idioventricular rhythm. This is a rhythm that is caused by enhanced auto-
maticity of the Purkinje fibers. It is seen most often in patients who have received thrombolytic
therapy and is referred to as a reperfusion dysrhythmia.

not only alters the appearance of the QRS complex during many dysrhyth-
mias but also may affect treatment options with life-threatening implications.
Accessory pathways are small bands of tissue that failed to separate during
development, allowing continued electrical conduction between the atria
and ventricles at sites other than at the AVN. Accessory pathway conduction
circumvents the usual conduction delay between the atria and ventricles that
occurs within the AVN. This leads to early eccentric activation of the ven-
tricles with subsequent fusion with the usual AVN conduction. The location
of the pathway is highly variable and may be situated within free atrial wall
connecting to the respective ventricle or in the septum.

For the clinician faced with a patient who has a dysrhythmia involving
a bypass tract, the exact location of the tract is not of immediate impor-
tance. Of clinical relevance is the ability to recognize that a bypass tract
may be present and to appreciate its therapeutic implications. Accessory
pathways not only bypass the AVN but also have the capacity to conduct
impulses far more rapidly than the AVN. They may conduct antegrade, ret-
rograde, or bidirectionally. A predisposition to tachydysrhythmias is as-
sociated with this syndrome, with atrial flutter (5%), atrial fibrillation
(10%-20%), and paroxysmal SVT being the most common (40%-80%)
[28-30]. Standard treatment of all these dysrhythmias is to increase AVIN
refractoriness through maneuvers or medications. In the setting of an acces-
sory pathway, these interventions may be ineffective or even deadly, because
conduction down the accessory pathway usually is not affected. The role of
the accessory pathway in each of these dysrhythmias is discussed briefly in
this article.

In patients who have an accessory pathway, the baseline ECG in sinus
rhythm may be normal, particularly when the bypass tract is capable of
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only retrograde conduction. In this case, the presence of the pathway is
revealed only in the setting of re-entrant tachydysrhythmias in which the
pathway forms the retrograde portion of the re-entrant loop. In patients
who have pathways capable of antegrade conduction, the baseline ECG in
normal sinus rhythm may show a short PR interval and a delta wave—a slur-
ring of the initial portion of the R wave caused by pre-excitation of the ven-
tricle (Fig. 22). The PR interval is usually less than 0.12 seconds, and the P
wave is usually normal in morphology. The QRS complex duration is usu-
ally increased because of the presence of the delta wave, and there are sec-
ondary repolarization changes seen, manifested as deviation of the ST
segment/T wave complex in the direction opposite that of the delta wave
and QRS complex (Fig. 23).

The appearance of the QRS complex varies depending on the location of
the accessory pathway. WPW has been described by some investigators as
type A or type B, depending on the appearance of the delta wave. Type A
WPW features a positive, upright delta wave in all precordial leads, and
thus has R wave amplitude greater than S wave amplitude in lead V1. In
type B, the delta wave and QRS complex are negative in leads V1 and
V2 and become positive in the transition to the lateral leads. This pattern
closely resembles that of an LBBB. Of note is that even in sinus rhythm
there may be variation in the presence and appearance of the delta wave
in the same brief rhythm strip and related to the degree of ventricular
pre-excitation.

AV re-entrant tachycardia in the presence of an accessory pathway cre-
ates a pathway for re-entry dysrhythmias. These are the most common
form of tachydysrhythmias associated with WPW and usually are precipi-
tated by a premature atrial or ventricular beat. The re-entrant circuit usually

Referred by: ER 0141 Unconfirmed I

Fig. 22. Wolff Parkinson White syndrome. This ECG demonstrates the typical pattern of early
activation of the ventricle by the accessory pathway in normal sinus rhythm.
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Fig. 23. Wolff Parkinson White syndrome and atrial fibrillation. In atrial fibrillation, the pres-
ence of an accessory pathway distorts the QRS complex morphology. The QRS complexes vary
on a beat-to-beat basis, which distinguishes it from atrial fibrillation with a pre-existing BBB.
An alternative diagnosis would be an SVT with a rate-related BBB, but inspection of the
ECG shows that where the R-R interval is the shortest, the QRS complex is actually the nar-
rowest. This is opposite what one would expect from a rate-related BBB, in which faster con-
duction leads to the aberrancy.

conducts down the AVN and re-enters by way of the accessory pathway.
This is referred to as orthodromic tachycardia and appears as a narrow
complex, regular tachycardia. The heart rate varies from 140-250 bpm
and is generally faster than re-entrant tachycardias that only involve the
AVN (see Fig. 9A,B). In a small percentage of patients, the re-entrant circuit
conducts antegrade down the accessory pathway and re-enters by way of the
AVN. In this case the QRS complex is wide, because all ventricular depolar-
ization is by way of the bypass tract. In both forms of re-entrant tachycar-
dia, the AVN is an integral part of the re-entrant circuit and AVN blocking
agents are effective in disrupting the circuit.

Atrial fibrillation and atrial flutter are seen less commonly in association
with WPW, and yet are the most feared. In atrial fibrillation and flutter,
atrial depolarization rates are equal to or greater than 300 bpm. Atrial im-
pulses normally are blocked, to some extent, at the AVN because of its long
refractory period, and ventricular response rates are much slower. Accessory
pathways have significantly shorter refractory periods and faster conduction
times compared with the AVN, and in these rhythms, nearly all atrial depo-
larizations are conducted down the accessory pathway. The pattern of ven-
tricular activation varies depending on the relative proportion of electrical
activation conducted by way of the AVN and accessory pathway, resulting
in widened and bizarre appearing QRS complexes that vary in width on
a beat-to-beat basis (Fig. 23).
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Fig. 24. Wollff Parkinson White syndrome, varied presentation within one patient. This series of
ECGs nicely demonstrates the unmasking of an accessory pathway, seen first during sinus
tachycardia (A4). As the heart rate slows (B), the sinus beats are alternatively conducted
down the bypass tract (wide QRS complex) and the AVN (narrow QRS complex). The pre-
excited beats easily could be mistaken for ventricular bigeminy, but closer inspection of the
ECG shows that there is a fixed relationship between the P waves (seen best in lead V1) and
the wide QRS complexes. As the sinus rate slows still further (C), the sinus beats are now con-
ducting solely by way of the AVN, leading to narrow QRS complexes in all beats and a masking
of the underlying pre-excitation syndrome.
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The appearance of atrial fibrillation in the setting of a bypass tract can be
confused easily with polymorphic VT or atrial fibrillation with rate-related
aberrancy. The ventricular response in polymorphic VT is never as grossly
irregular as atrial fibrillation. Inspection of the ECG in atrial fibrillation
with WPW also shows that the QRS complex is usually narrow at the short-
est R-R intervals (fastest heart rates) because of sole conduction down the
bypass tract. This is because the AVN cannot conduct at ventricular re-
sponse rates approaching 300 bpm, whereas the bypass tract can. This is
in direct contrast to rate-related aberrancy in which the QRS should be
most aberrant at the shortest R-R intervals (Fig. 23).

Usual treatment in these rhythms consists of controlling the ventricular
rate with agents that block the AVN. In the setting of a bypass tract, block-
ing the AVN results in impulse conduction entirely down the accessory
pathway, which is essentially removing the brakes from the equation. The
pathway has the potential to conduct at rates in excess of 300 bpm, which
can precipitate degeneration into ventricular fibrillation. In the hemody-
namically stable patient, the treatment is to slow conduction through the
bypass tract, which traditionally is accomplished with procainamide.

The distortion of the QRS complex by the accessory pathway sometimes
can lead to confusion with other dysrhythmias, particularly ventricular
rhythms [30]. In the examples shown in Fig. 24A—C, the initial rhythm is a
sinus tachycardia with pre-excited beats. This initial rhythm (Fig. 24A)
was misinterpreted as accelerated idioventricular rhythm. Clues to the cor-
rect diagnosis are the presence of sinus P waves before each beat with a con-
stant, albeit shortened, PR interval. As the sinus rate slows (Fig. 24B), the
pre-excited beats occurred intermittently and were misinterpreted as ventri-
cular bigeminy. Further slowing of the sinus rate resulted in disappearance
of the pre-excited beats entirely (Fig. 24C).

Summary

Tachydysrhythmias arise from different mechanisms that can be charac-
terized as being caused by re-entrant circuits, enhanced or abnormal auto-
maticity, or triggered after-depolarizations. The approach to the
tachydysrhythmia should begin with distinguishing sinus from non-sinus
rhythms, then assessing QRS complex width and regularity. Consider the
following approach to the ECG demonstrating tachydysrhythmia:

1. Is it a sinus rhythm?
2. Is the QRS complex narrow or wide?
a. If the QRS complex is wide, is it regular or irregular?
b. If the QRS complex is irregular, it is likely not VT, but instead an
SVT with pre-existing BBB or rate-related aberrancy; obtain an
old ECG if available
c. If the QRS complex is regular and wide, go through the criteria
listed in Table 1
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3. If the QRS is narrow and regular, it is likely to be:
a. AVNT or AVRT
b. Atrial flutter with 2:1 block if the ventricular rate is 130—-150 bpm
or 1:1 if the rate is 280-340 bpm
c¢. Atrial tachycardia—must see P waves
4. If the QRS is narrow and irregular, it is likely to be one of the following
rhythms:
a. Atrial fibrillation
b. Sinus tachycardia with PACs
c. Multifocal atrial tachycardia
5. Final caveats
a. Old ECGs are invaluable
b. Breaks in the rhythms often provide keys to the diagnosis
¢. Response to therapies often confirms or reveals the diagnosis
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Intraventricular conduction abnormalities (IVCAs) comprise a group of
abnormalities seen on the electrocardiogram (ECG) that often confuse clini-
cians and may conceal potentially lethal disease entities, such as acute myo-
cardial infarction (MI). Cardiac impulses normally originate in the
sinoatrial (SA) node and then are conducted through atrial tissue to the
atrioventricular (AV) node and into the bundle of His. Impulses then travel
into the right and left bundle branches, which run along the interventricular
septum. The right bundle branch remains one fascicle and terminates in Pur-
kinje fibers and then myocardial fibers. The left bundle branches into the left
anterior and posterior fascicles. Certain disease processes, such as MI or in-
trinsic conduction system disease, may affect the conduction system at any
point and lead to the development of bundle branch blocks [1]. Bundle
branch blocks are just one type of conduction abnormality.

There are multiple types of IVCAs, each with its own unique clinical sig-
nificance. It is useful to categorize conduction abnormalities, or blocks, by
the number of fascicles involved. Unifascicular blocks, such as right bundle
branch block (RBBB), left anterior fascicular block (LAFB), and left poste-
rior fascicular block (LPFB), involve a conduction disturbance in one fasci-
cle. Bifascicular blocks, such as left bundle branch block (LBBB), the
combination of RBBB and LAFB, or RBBB and LPFB, occur when two
of the three fascicles are involved. Finally, trifascicular block denotes a block
in all three fascicles. The clinical presentation of IVCAs varies from the
asymptomatic patient to the patient in extremis from complete heart block
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in need of a pacemaker. Intraventricular conduction abnormalities mani-
fest on the ECG with the appearance of a widened QRS complex
(>0.10 seconds). The common causes of a wide QRS complex are (1) ab-
errant ventricular conduction (bundle branch block); (2) ventricular ec-
topy/ventricular tachycardia; (3) ventricular paced beats; (4) ventricular
pre-excitation syndromes (eg, Wolff Parkinson White syndrome); (5) left
ventricular hypertrophy; (6) nonspecific intraventricular conduction delay;
(7) hypothermia; (8) hyperkalemia; and (9) drug toxicity (primarily sodium
channel blockers, eg, cyclic antidepressants, cocaine).

Unifascicular blocks
Right bundle branch block

RBBB is a common IVCA and is found in patients with and without
structural heart disease (Fig. 1). Common causes include MI, hypertensive
heart disease, and pulmonary diseases, such as pulmonary embolism and
chronic obstructive lung disease. RBBB also can occur in normal individuals
without underlying heart disease (Box 1). By definition, the main ECG find-
ing in RBBB is a QRS complex duration of 0.12 seconds or greater. Classi-
cally, the morphology of the QRS complex in V1 is M-shaped with an rSr’
(“‘rabbit ear”) pattern, but it also can be a single R wave or qR pattern.
There is also usually a wide or deep S wave in leads I and V6. Right bundle
branch block ECG findings include: (1) widened QRS complex (>0.12 sec-
onds), (2) deep, wide S wave in left-sided leads (I, V5, and V6), and (3) sec-
ondary R wave in right precordial leads (rsr’, rSR’, or rsR’). With regard to

5

B

Fig. 1. Right bundle branch block. Note the rSR’ morphology of the QRS complex in lead V1
(circle) and the deep, wide S wave in V6 (arrow).
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Box 1. Differential diagnosis of right bundle branch block

Myocardial infarction

Pulmonary embolism

Chronic obstructive lung disease/cor pulmonale
Pulmonary hypertension (primary or secondary)
Hypertensive heart disease

Degenerative disease of the conduction system

Brugada syndrome

Cardiomyopathy

Chagas disease

Congenital heart disease (eg, Ebstein anomaly)

the ST segment/T wave, the ECG typically demonstrates discordance of this
complex in the right precordial leads with mild ST segment depression and T
wave inversion. ST segment elevation or upright T waves in leads VI-V3
thus suggests the presence of ischemia. If the ECG features of RBBB are
found with a QRS complex <0.12 seconds it is referred to as an incomplete
right bundle branch block (IRBBB), or a right-sided conduction delay [1].

RBBB can be seen in patients who have pulmonary embolism, with as
many as 67% showing evidence of a complete or incomplete right bundle
branch block [2]. Given this association, strong consideration for pulmonary
embolism should be given to any patient who presents with cardiopulmo-
nary symptoms with evidence of a new (or not known to be old) complete
or incomplete RBBB. In a study of 20 cases of centrally-located pulmonary
embolism documented by autopsy, 10 patients had RBBB and an additional
6 had IRBBB [2,3]. In the same study, patients with peripheral clots did not
manifest an RBBB pattern.

RBBB may occur in patients who have acute MI and is estimated to oc-
cur in 3%—7% of patients [4]. The Framingham study has shown that the
presence of a new RBBB after previously having had a normal ECG is sug-
gestive of organic heart disease [5]. Coronary artery disease is among many
causes of a new RBBB.

The Brugada syndrome is a unique and recently described clinical and
electrocardiographic disease entity characterized by an incomplete or com-
plete right bundle branch block pattern and ST segment elevation in the
right precordial leads (V1-V3). The underlying pathophysiology is believed
to be a defect in the cardiac sodium channel. Brugada and colleagues first
described the syndrome in the early 1990s [6]. Its significance lies in that
the main cause of death in individuals with the syndrome is sudden cardiac
death caused by ventricular tachycardia. Detection of the syndrome is essen-
tial in that placement of an automated implantable cardiac defibrillator
(AICD), the treatment of choice, is associated with a 100% survival rate.



44 ROGERS et al

Without the AICD, mortality is estimated at 10% per year. Emergency
physicians should consider this entity in all patients who have a new incom-
plete or complete RBBB, especially if ST elevation in leads V1-V3 is present.
These patients should be referred for electrophysiologic testing for confirma-
tion of the diagnosis. It should be noted that patients who have the Brugada
syndrome may be completely asymptomatic or may present after a syncopal
episode or in cardiac arrest.

Left anterior fascicular block

In the normal conducting system, cardiac impulses travel down into the
left and right bundle branches. The left bundle is further subdivided into an-
terior and posterior fascicles. Any disease process that interrupts conduction
through the anterior fascicle produces a left anterior fascicular block
(LAFB) pattern on the surface ECG. LAFB is found in patients with and
without structural heart disease and in isolation is of no prognostic signifi-
cance [1,7]. It is, however, one of the most common intraventricular conduc-
tion abnormalities in patients who have acute anterior MI and is found in
4% of cases [8]. When LAFB occurs newly in the presence of an anterior
MI, there is a slightly increased risk for progression to advanced heart
block. The most common vessel involved in this setting is typically the left
anterior descending artery [8].

The ECG findings of LAFB (Fig. 2) include a QRS complex generally
<0.12 seconds, a leftward axis shift (usually —45° to —90°), rS pattern in
the inferior leads (II, 111, and aVF), and qR pattern in leads I and aVL. There
is also a delayed intrinsicoid deflection in lead aVL (>0.045 seconds) [9].

Left posterior fascicular block

If disease processes interfere with conduction through the posterior fasci-
cle, a left posterior fascicular block (LPFB) becomes manifest on the ECG
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Fig. 2. Left anterior fascicular block. This ECG with sinus bradycardia and a first-degree atrio-
ventricular block also demonstrates left anterior fascicular block. Note the left QRS axis devi-
ation (—60° to —90°), the rS morphology in leads II, III, and aVF, and the small Q wave
preceding a larger R wave in leads I and aVL.
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(Fig. 3). This particular IVCA is much less common than LAFB [1]. The
posterior fascicle has a dual blood supply and is less vulnerable to ischemia
than the anterior fascicle. The finding of LPFB is nonspecific and rare [7]. It
is found most commonly in patients who have coronary artery disease but
can be found in patients who have hypertension and valvular disease. It is
reportedly the least common conduction block found in patients who
have acute MI [7].

Electrocardiographic findings in LPFB include a rightward axis shift, an
rS pattern in leads I and aVL, and a R pattern in lead III and often in lead
aVF. The QRS complex duration is usually normal [1,2].

Bifascicular blocks

Bifascicular block is the combination of an RBBB and an LAFB, or an
RBBB plus an LPFB. In addition, because the left bundle branch is com-
posed of an anterior and a posterior fascicle, LBBB can be thought of as
a bifascicular block. Bifascicular blocks are of particular importance in
the setting of an acute MI, because their presence may suggest impending
complete heart block.

The most common type of bifascicular block is the combination of an
RBBB and an LAFB (Fig. 4), which occurs in 1% of hospitalized patients
[9]. The ECG is characterized by features of an RBBB (QRS duration
>0.12 seconds, rsR’ or qR in leads V1 and V2, wide or deep S waves in
leads I and V6), in addition to a leftward QRS axis and the findings of
LAFB (see earlier discussion) in the limb leads. In contrast to the left ante-
rior fascicle, the left posterior fascicle is thicker in structure and has a dual

Fig. 3. Left posterior fascicular block. The hallmarks of this rare intraventricular conduction
delay are seen here: rightward deviation of the QRS axis (+120°), rS pattern in leads I and
aVL, and gR pattern in leads II, 111, and aVF. Were there not a small R wave preceding the
dominant negative QRS deflection in leads I and aVL (making that an S wave, rather than
a QS wave), this would be consistent with a high lateral Q wave myocardial infarction, age in-
determinate. Right ventricular hypertrophy should be considered when the ECG seems to show
left posterior fascicular block, as both can yield rightward QRS axis deviation. There is no other
evidence of right ventricular hypertrophy on this tracing, however (eg, no prominent R wave in
lead V1, no prominent S wave in lead V6, and no evidence of right atrial enlargement). At times,
echocardiography is needed to exclude definitively right ventricular hypertrophy.
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Fig. 4. Right bundle branch block/left anterior fascicular block. Significant leftward deviation
of the QRS axis in the presence of right bundle branch block (rsR’ pattern seen in lead V1 plus
the deep, wide S wave in lead V6) should lead to consideration of coexistent left anterior fascic-
ular block. Indeed, the rS pattern in the inferior leads together with the qR pattern in the lateral
limb leads clinches that diagnosis. There is also a first-degree atrioventricular block (PR inter-
val = 0.21 sec). The ninth and tenth ventricular complexes (arrows) following the premature
eighth beat (asterisk) are ventricular escape complexes.

blood supply; hence, a block of the left posterior fascicle rarely exists by it-
self. It appears more commonly in conjunction with an RBBB. The ECG
findings of an RBBB and an LPFB (Fig. 5) will demonstrate findings of
an RBBB, plus a right axis deviation and the other findings of LPFB (see

Fig. 5. Right bundle branch block/left posterior fascicular block. Note the rR’ pattern in lead
V1 and wide S wave in lead V6—consistent with right bundle branch block. The limb leads dem-
onstrate rightward QRS axis deviation, with an rS pattern in leads I and aVL and the gR pat-
tern in lead II1I—all consistent with left posterior fascicular block.
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earlier discussion). When LPFB does exist, coronary artery disease, hyper-
tensive disease, or aortic valvular disease are common etiologies [10].

Left bundle branch block

A delay in conduction of cardiac impulses through the anterior and pos-
terior fascicles leads to ECG manifestations of LBBB. In this situation, elec-
trical activation of the left ventricle occurs by impulses traveling through the
normal right bundle and through the interventricular septum. The most
common causes of LBBB include coronary artery disease, hypertension,
and cardiomyopathy. Other more rare causes include Lev disease (sclerosis
of the cardiac skeleton), Lenegere disease (primary degenerative disease of
the conduction system), advanced rheumatic heart disease, and calcific aor-
tic stenosis. An iatrogenic cause of LBBB is produced during cardiac pacing,
because the pacing wire usually abuts the right ventricle and induces an
LBBB-like morphology on the ECG. The differential diagnosis of left bun-
dle branch block includes: (1) coronary artery disease, (2) cardiomyopathy,
(3) hypertensive heart disease, and (4) degenerative disease of the conduc-
tion system. The presence of LBBB portends a poor long-term prognosis—
one study showed that 50% of patients who have an LBBB die of a cardiac
event within 10 years [11].

ECG criteria for LBBB include a QRS duration >0.12 seconds, a broad
monomorphic R wave in leads I, V5, and V6, a wide S wave following an
initial small (or absent) R wave in the right precordial leads, and absence
of septal Q waves in leads I, V5, and V6 (Fig. 6). The term incomplete
LBBB is used to describe these findings in patients who have a QRS complex
duration <0.12 seconds (usually 0.10-0.11 seconds) Left bundle branch
block ECG findings include (1) widened QRS complex (>0.12 seconds),
(2) QS or 1S complex in lead V1, (3) late intrinsicoid deflection and mono-
phasic R wave in lead V6, and (4) no Q wave in lead V6 [5].

Trifascicular blocks

Trifascicular conduction blocks occur when all three fascicles are in-
volved or if one is permanently blocked and the other two have intermittent
conduction delay. Complete trifascicular block can present as a bifascicular
block plus a third-degree AV block (Fig. 7). If the block in one of the fas-
cicles is incomplete, the ECG generally demonstrates a bifascicular block
and a first- or second-degree AV block. This ultimately can lead to complete
heart block. Patients who have multi-fascicular block have advanced con-
duction system disease that ultimately may progress to complete heart block
and sudden cardiac death. The cumulative 3-year rate of sudden death in pa-
tients who have bifascicular blocks has been estimated to be 35% in patients
who have LBBB, 11% in patients who have RBBB + LAFB, and 7% in
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Fig. 6. Left bundle branch block. The classic left bundle branch block findings of a wide (>0.12
sec) monophasic R wave in leads I and V6, rS pattern in leads V1-V3 (here extending to lead
V4), and absence of a q wave in lead V6 are all evident on this ECG. The discordant ST seg-
ment/T wave complex (ie, opposite to the major vector of the QRS complex [arrows]) across
the precordial leads (and in leads I and aVL also) is also typical of left bundle branch block.

patients who have RBBB + LPFB [12]. Based on the Framingham study
and several other studies performed in the early 1980s, it has been estimated

that approximately 1% of patients per year with bifascicular block may
progress to complete heart block [11,13].
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Fig. 7. Trifascicular block. This ECG features right bundle branch block, left anterior fascicu-
lar block, and third-degree atrioventricular block (complete heart block).
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Rate-dependent bundle branch blocks

Development of right or left bundle branch blocks may be in some cases
a rate-related phenomenon [1]. As tachycardia develops, the particular bun-
dle branch block thus becomes evident. Rate-dependent bundle branch
block also can occur at slow heart rates. Because tachycardic rate-dependent
bundle branch block can simulate ventricular tachycardia or pre-excitation,
caution should be exercised when interpreting these electrocardiograms.

Acute myocardial infarction and bundle branch block

In patients who have suspected myocardial ischemia or infarction, the
ECG is of paramount importance in helping to determine which patients
may need immediate coronary reperfusion. Some of the common ECG find-
ings of myocardial ischemia/infarction include T wave inversion, ST seg-
ment depression or elevation, and Q waves. What has been known for
many years is that typical ECG findings of a transmural acute MI may be
masked in the setting of an LBBB. Although bundle branch blocks are
not an independent predictor of mortality, the presence of transient or per-
sistent bundle branch block with acute MI is a recognized marker of in-
creased mortality. In one study, mortality rates for coexistent acute MI
and RBBB was shown to be 13.3%, 17% for acute MI and LBBB, and
9.1% for acute MI patients without evidence of a bundle branch block.
The Framingham study observed more than 5000 patients for 18 years
and found that 1% had new-onset LBBB and that 89% of these patients ul-
timately suffered a fatal cardiovascular event within several years [4]. Fortu-
nately there is evidence that early administration of fibrinolytic therapy in
this group of patients significantly lowers mortality rates if used in the ap-
propriate setting. In a study of more than 800 patients, Brilakis and col-
leagues [14] found that this population of patients was less likely to
receive primary reperfusion therapy, beta-adrenergic blockers, or heparin,
and thus was more likely to have higher postdischarge mortality compared
with those without an underlying bundle branch block. Survival rates at
1 and 3 years ranged from 56%-80% in patients who had bundle branch
block versus 85%-92% in patients without it. On further analysis, primary
reperfusion therapy was given to only 13.7% of patients who had bundle
branch block versus 31.8% of those without bundle branch blocks [14]. De-
spite the higher baseline mortality, this population of patients who have
bundle branch block and acute MI tend to receive the greatest survival ben-
efit when identified and treated appropriately with fibrinolytic therapy. In
1994, the Fibrinolytic Therapy Trialists reviewed nine major randomized
clinical trials of fibrinolytic therapy versus placebo to patients who had bun-
dle branch blocks or acute MI. The benefit of fibrinolytic therapy was ob-
served in patients regardless of age, sex, blood pressure, heart rate, or
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prior history of infarction or diabetes mellitus, and was greatest with earlier
treatment [15].

Right and left bundle branch blocks are seen in 3%—7% and 2%-4% of
cases of acute MI, respectively [4]. In general, the interpretation of an ST
segment elevation MI (STEMI) is not hindered by the presence of RBBB,
because RBBB does not interfere with the direction of septal depolarization
or the order of ventricular depolarization. ECG signs of acute MI (ST seg-
ment elevation) in the presence of an LBBB may be more obscure and even
concealed, contributing to its worse prognosis. In LBBB, conduction crosses
the septum in the opposite direction (right-to-left) and depolarizes the ven-
tricles in the reverse order, thus interfering with the initial vectors of ventric-
ular depolarization and obscuring the ECG findings typical of an acute
STEMI [16].

In 1996, criteria were developed by Sgarbossa and colleagues from data
in the GUSTO-1 database to help aid in diagnosing STEMI in the setting
of LBBB. The Sgarbossa criteria for acute ST segment myocardial infarc-
tion with coexisting left bundle branch block are (1) ST segment elevation
>1 mm concordant to QRS complex; (2) ST segment depression >1 mm
in leads V1, V2, or V3 (concordant to QRS complex); and (3) ST segment
elevation >5 mm discordant to QRS complex. The criteria include ST seg-
ment elevation >1 mm in the same direction (concordant) with the QRS
complex, ST segment depression >1 mm in leads V1, V2, or V3, or ST seg-
ment elevation >5 mm in the opposite direction (discordant) with the QRS
complex; these criteria performed best while maintaining a 90% specificity
[17]. A retrospective study by Kontos and colleagues, however, found the
Sgarbossa criteria were present in only 3% of 372 patients with LBBB
and ischemia [18]. Although the Sgarbossa criteria have been criticized for
being too insensitive to use as a screening tool for STEMI in the presence
of LBBB, they have been shown to be highly specific and can be used
with confidence to confirm acute MI in patients who have LBBB.
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Despite technologic advances in many diagnostic fields, the 12-lead ECG
remains the basis for early identification and management of an acute cor-
onary syndrome (ACS). Complete occlusion of coronary arteries (>90%)
alters the epicardial surface electrical potentials and usually manifests as
ST segment elevation (STE) in two or more adjacent leads. STE may range
from <1 mm in a single lead to massive STE as great as 10 mm in multiple
leads. This injury pattern represents a myocardial region at risk for (irrevers-
ible) myocardial infarction (MI). Such an injury pattern usually leads to at
least some myocardial cell death (measured by troponin elevation) and is
called ST elevation myocardial infarction (STEMI). STEMI indicates the
potential for a substantial irreversible infarction (large risk area) and is
the primary indication for emergent reperfusion therapy to salvage
myocardium.

In ACS, the elevation of biomarkers (eg, troponin) without recorded STE
indicates myocardial cell death, but not necessarily that which should be
treated with urgent reperfusion therapy. This acute MI (AMI) without
STE, though usually with ST segment depression (STD) or T-wave changes,
is referred to as non-STEMI (NSTEMI). Unstable angina (UA) implies fully
reversible ischemia without troponin release, and its initial clinical and ECG
presentation is frequently indistinguishable from NSTEMI. Symptoms of
UA are often brief, whereas symptoms of AMI are usually of at least
20 minutes duration; however, patients with 48 hours of symptoms may
have UA and those with 5 minutes of symptoms, or none at all, may suffer
from NSTEMI. UA and NSTEMI result from a nonocclusive thrombus,
small risk area, brief occlusion (spontaneously reperfused), or an occlusion
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that maintains good collateral circulation. In many such cases, there would
have been STE, or other ST segment or T-wave abnormalities, had an ECG
been recorded at the appropriate time. Similarly, the presence of troponin el-
evation does not necessarily imply ongoing injury or ischemia; this is one rea-
son that the recorded ECG may be normal in AMI. UA and NSTEMI do
not require emergent percutaneous coronary intervention (PCI), but PCI
within 48 hours reduces the morbidity and mortality of UA/NSTEMI [1].

Many patients who have STEMI who are eligible for emergent reperfu-
sion therapy still do not receive it; this is largely because of difficulties in
ECG interpretation, including subtle STE, STE in few leads, and left bundle
branch block (LBBB) [2-6]. Patients who have AMI with subtle or nondiag-
nostic ECGs and atypical symptoms are most likely to be overlooked for re-
perfusion therapy. Up to 4% are discharged mistakenly from the emergency
department, many because of misread ECGs, and they have a high mortality
[7-10]. One third of patients diagnosed with AMI, including STEMI, pres-
ent to emergency departments without chest pain [11]. It is important to re-
cord an ECG even in the presence of nonspecific or vague symptoms, and
when the ECG is unequivocally diagnostic for STEMI, to act on the ECG
despite even atypical symptoms.

Approximately half of AMI, as diagnosed by creatine kinase—MB (CK-
MB), manifest clearly diagnostic STE [12—-14]. This percentage is less in the
era of troponin-defined diagnosis. Much AMI with subtle STE, however,
goes unrecognized. Furthermore, most STE result from non-AMI etiologies
(eg, left ventricular hypertrophy, acute pericarditis, early repolarization,
LBBB, and so on) [15-17]. There are thus false positives and false negatives.
With such ECGs, the interpretation must be considered in the context of
pretest probability of AMI (ie, the clinical presentation) and by recognition
of ECG patterns that mimic AMI [18].

Normal or nondiagnostic ECG as manifestation of non-ST elevation
myocardial infarction

A normal initial ECG does not preclude the diagnosis of AMI. Combin-
ing two studies, approximately 3.5% of patients who had undifferentiated
chest pain and a normal ECG were later diagnosed with AMI by CK-
MB, and 9% of such patients who had a nonspecific ECG had an AMI
[14,19]. A normal ECG recorded during an episode of chest pain, however,
makes ACS a less likely etiology of chest pain, and when ACS is the etiology
a normal ECG is associated with a better prognosis [20]. Many additional
patients who have normal or nondiagnostic ECGs may have UA. Those
who have suspected ACS with a nondiagnostic ECG have fewer in-hospital
complications as long as subsequent ECGs remain negative [21,22]. Among
patients who have chest pain subsequently diagnosed with AMI by CK-MB,
6% [23] to 8% [14,24,25] have normal ECGs and 22% [26] to 35% [14,19,26]
have nonspecific ECGs. There is associated relative mortality risk for AMI
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even with a normal ECG (0.59) or a nonspecific ECG (0.70) when compared
with a diagnostic ECG [26]. These figures are not surprising, especially
considering that the coronary plaque is unstable and that many normal or
nondiagnostic ECGs are recorded at a temporary moment of adequate per-
fusion. Accordingly, the sensitivity of the ECG for AMI, including STEMI,
is greatly improved with the use of serial ECGs or ST segment monitoring
in patients at high clinical suspicion [27]. Furthermore, prehospital tracings
often reveal STE that is no longer present in the ED [28].

Evolution of ST elevation myocardial infarction

Within minutes of a coronary occlusion, if recorded on the ECG, hyper-
acute T waves may manifest, followed by STE (Fig. 1). If the occlusion per-
sists, Q wave formation may begin within 1 hour and be completed by 8—12
hours (representing completed MI) [29]. STE that has peaked rapidly begins
to fall slowly as irreversible infarction completes. Shallow T-wave inversion
develops within 72 hours; stabilization of the ST segment usually within 12
hours [30], with or without full ST segment resolution over the ensuing 72
hours [31]. T waves may normalize over days, weeks, or months [32]. STE
completely resolves within 2 weeks after 95% of inferior and 40% of ante-
rior MI; persistence for more than 2 weeks is associated with greater mor-
bidity [31]. Approximately 60% of patients who have MI with persistent
ST segment displacement have an anatomic ventricular aneurysm [31].

Hyperacute T waves

Prominent T waves associated with the earliest phase of STEMI are
termed hyperacute T waves (Figs. 2-4). Experimentally, these bulky and
wide T waves, often with a depressed ST takeoff (see Fig. 3B and 4)
[33,34], are localized to the area of injury and may form as early as 2 minutes
after coronary ligation but typically present within the first 30 minutes

Normal Hyperacute  ST-elevation  Q-wave ST-elevation T-wave
T-Wave 0-12 hours  developing With T-wave  recovery
minutes-hours over Inversion  weeks-months

1-12 hours 2-5 days

Fig. 1. Evolution of inferior STEMI, lead I11. Reprinted with permission from Wang K. Atlas of
electrocardiography.
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Fig. 2. Hyperacute T waves. Proximal LAD occlusion manifesting hyperacute T waves in ad-
dition to ST elevation.

following a clinical event [35—43]. This short-lived ECG feature rapidly pro-
gresses to STE and usually is bypassed in actual clinical situations. Even af-
ter STE develops, however, the T wave remains prominent (and often
hyperacute), and the height of the T wave correlates with the acuteness of
the injury. Even at this early phase, there is only subendocardial ischemia
without cellular injury. Hence, there may be no associated elevation of tro-
ponin [44]. As hyperacute T waves are a marker of early occlusion,
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Fig. 3. Four examples of hyperacute T waves. (4) Lead V4, T wave is very large compared with
QRS. (B) Lead V3, with depressed ST segment take-off and straightening of the ST segment. (C)
wide and bulky, much larger than QRS. (D) This less common form is very peaked and tented,
with an appearance of hyperkalemia. Reprinted with permission from Chan TC, Brady WIJ,
Harrigan RA, et al. ECG in emergency medicine and acute care. Elsevier; 2005.
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Fig. 4. Early left anterior descending (LAD) occlusion. The most obvious abnormality is diffuse
STD in inferior and lateral leads, though there is STE in V1. There is also straightening of ST

segments in leads V2 and V3, with slightly large T waves. The patient arrested moments later.
He survived after prolonged resuscitation and percutaneous coronary intervention.

reperfusion therapy begun while T waves are prominent correlates with bet-
ter outcomes [45—48]. The sequence is reversible: if occlusion is brief, hyper-
acute T waves may be the last abnormality seen on a normalizing ECG after
resolution of STE (Fig. 5).

ST segment elevation

STE should be measured from the upper edge of the PR segment (not the
TP segment) to the upper edge of the ST segment at the J point; similarly,
ST segment depression should be measured from the lower edge of the
PR segment to the lower edge of the ST segment, also at the J point. If
the ST segment is measured relative to the TP segment, atrial repolarization
with a prominent negative Ta wave representing repolarization of the atrium
results in an inaccurate measurement. Results are different between mea-
surement at the J point versus 60 ms after the J point [49-52]. On the other
hand, STE with a tall T wave, versus without, is much more suggestive of
AMI, and measurement at 80 ms after the J point, where the ST segment
is slurring up into a tall T wave, reflects the presence of a tall T wave better
than measurement at the J point. Measurements are more important for re-
search protocols, however, than for diagnosis of individual patients: a well-
informed subjective interpretation of the appearance of the ST segment is
more accurate than measured criteria [53,54].

To diagnose STEMI, STE must be new or presumed new. Various clin-
ical trials of thrombolytic therapy have required different STE criteria: for
voltage (1 or 2 mm [0.10 or 0.20 mV]) and for the number of leads required
(1 or 2 leads) [55-62]. To obtain consistency, a consensus statement defined
STEMI as ST segment elevation at the J point, relative to the PR segment,
in two or more contiguous leads, with the cut-off points >0.2 mV (2 mm) in
leads V1, V2, or V3 and >0.1 mV (1 mm) in other leads (contiguity in the
frontal plane is defined by the lead sequence aVL, I, inverted aVR, II, aVF,
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Fig. 5. Dynamic nature of ST segment elevation. (4) Prehospital tracing of a patient with left
hand weakness and numbness. There is high STE in V1-V4 with upwardly concave ST seg-
ments, but also STE in lead aVL with reciprocal depression in inferior leads. (B) First tracing
in the ED, leads V1-V6 only. STE has resolved spontanecously. The only abnormality is de-
pressed ST segment takeoff in V2 and V3 (limb leads were normal). Moments later, the ST seg-

ments re-elevated and the patient rapidly went into cardiogenic shock; he died before the LAD
occlusion could be opened.

IIT) [63]. One should always assess the ST segment deviation, however, with-
in the larger context of overall ECG morphology and clinical presentation.
Minimal STE may well be the result of coronary occlusion; conversely, STE
exceeding criteria may be the patient’s baseline.

With prolonged ischemia, the prominent T waves remain as STE devel-
ops. The ST segment evolves from an upwardly concave morphology to
one that is straight and then convex (Fig. 6; and see Fig. 4). A concave
ST morphology may persist but is more common in nonpathologic states.
In anterior AMI, an upwardly concave waveform in V2-V5 is common
(Fig. 7; and see Figs. 2 and 5) [64], but upwardly convex morphology is
more specific for STEMI and is associated with greater infarct size and mor-
bidity [65]. Coronary occlusion is often transient or dynamic with cyclic re-
perfusion and reocclusion (see Fig. 5) [66]. Indeed, transient STE caused by
spontaneous reperfusion occurs in approximately 20% of STEMI, especially
after aspirin therapy [67]. Occlusion may be associated with minimal STE,
and if morphology is concave upward, the diagnosis may be missed—but
should be suspected if the T wave towers over the R wave or over a Q
wave (Fig. 8).
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Fig. 6. Evolution of ST segment elevation. These single QRS complexes demonstrate the evo-
lution of the ST segment from normal concave upward (0713) to straight (0726) to convex
(0739) to still more ST segment elevation, confirming STEMI. Reprinted with permission from
Chan TC, Brady WJ, Harrigan RA, et al. ECG in emergency medicine and acute care. Elsevier;
2005.

Lead I

Because of cyclic reperfusion and reocclusion, symptoms may be pro-
longed in the absence of any significant irreversible infarction; the ECG it-
self is a better predictor of salvageable myocardium than is symptom
duration. In the presence of high STE and high upright T waves, prolonged
persistent occlusion with irreversible myocardial damage is unlikely, even
with prolonged symptoms [45,47,48].
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Fig. 7. Subtle ST segment elevation. (4) Leads V1-V6 only. Patient with chest pain; ECG
shows low voltage only. (B) Leads V1-V6 only. Fifty-two minutes later the ECG shows subtle

STE in V2-V4, but the STE is more than 50% the amplitude of the QRS complex. She under-
went immediate percutaneous coronary intervention for a LAD occlusion.
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Fig. 8. Unusually large T wave with subtle ST segment elevation. This tracing from a 91-year-
old patient with LAD occlusion manifesting as tall T waves that tower over a tiny R wave (V3)
and Q wave (V2). This was misinterpreted as early repolarization, which should have well de-
veloped R waves and is unusual in elderly patients. The computer did not detect this AMI.

Under the best of circumstances, the ECG has a sensitivity of 56% and
specificity of 94% for all AMI as diagnosed by CK-MB [68], but studies
vary [12-14]. Even STEMI often is not obvious, and ECG computer algo-
rithms are especially insensitive for this diagnosis (Figs. 8-13) [53,54,69].
Nevertheless, if such algorithms incorporate clinical data, they may increase
the percentage of patients who appropriately receive reperfusion therapy
[70].

The ECGs with the greatest ST deviation typically result in the shortest
time to treatment [71]. Factors such as myocardial mass, distance between
the electrodes and the ischemic zone, opposing reciprocal voltage, and espe-
cially QRS complex amplitude, may affect the magnitude of STE, so that
subtle STE (ie, elevation <2 mm in VI1-V3, or <1 mm in other leads)
may represent persistent coronary occlusion and may be missed easily.
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Fig. 9. Inferoposterior STEMI completely missed by the computer. There is a QR wave in lead
III very soon after occlusion. There is the obligatory reciprocal ST depression in aVL, and re-
ciprocal STD in V2 and V3 diagnostic of posterior STEMI. STE in lead III is >STE in lead II;
there is significant STD in lead I: thus it is an right coronary artery (RCA) occlusion (with pos-
terior branches). Reprinted with permission from: Chan TC, et al. (Eds.), ECG in Emergency
Medicine and Acute Care.
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Fig. 10. Inferoposterolateral STEMI completely missed by the computer. There is the obliga-
tory reciprocal ST segment depression in lead aVL, and also reciprocal depression in leads
V2 and V3 diagnostic posterior STEMI. Predictors of infarct-related artery are: STE in lead
III >STE in lead II (favoring RCA), STD in lead I is minimal (favoring the left circumflex
(LCX)), and STE in leads V5 and V6 (favoring LCX); angiography showed LCX occlusion.

Such cases may be difficult to recognize or difficult to differentiate from
other etiologies, or both. In the presence of a small QRS, STE may be min-
imal; amplitude ratios are more accurate than absolute amplitudes [72].
When deciding if any anterior ST elevation is due to left anterior descending
coronary artery occlusion vs. due to normal variant, the height of the
R wave appears to be most important, with a mean R wave <5 mm in
V2-V4 highly suggestive of STEMI [73]. STEMI is defined by STE of at least
1 mm; however, as expertise in ECG interpretation is improving in this era
of angiographic correlation, many coronary occlusions manifesting lesser
STE, or in only one lead, or simply hyperacute T waves, are being detected
and treated with emergent PCI (see Figs. 7 and 11-13). Change from previ-
ous ECGs, changes over minutes to hours (see Fig. 7), the presence or ab-
sence of reciprocal STD, or presence of upward convexity, may help
make the diagnosis. Circumflex or first diagonal occlusion may present
with minimal or no STE [74-76] despite large myocardial risk area
[77,78], because the lateral wall is more electrocardiographically silent.
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Fig. 11. RCA occlusion manifesting minimal ST deviation, also missed by the computer. There
is STE in leads II, 111, and aVF with reciprocal depression in leads I, aVL, and leads V2-V5, but
all <1 mm.
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Fig. 12. Obtuse marginal occlusion, also missed by the computer. Reciprocal STD in leads II,
II1, and aVF is the most visible sign of STEMI. STE is 0.5 mm in leads I and aVL, but in the
presence of a low voltage QRS complex. Also, there are nondiagnostic ST segment/T wave
changes in leads V4-V6.

Prognostic features of ST segment elevation

The following ECG features of STEMI, in decreasing order of impor-
tance, are associated with larger MI, higher mortality, and greater benefit
from reperfusion therapy, and may help in determining the benefit/risk ratio
of particularly risky (relatively contraindicated) therapies. Though the cor-
relations are real, there remains wide individual variation such that some pa-
tients without these features may have a large AMI [79]: (1) anterior
location, compared with inferior or lateral [80-84]; (2) total ST deviation
or the absolute sum of STE and STD [50,85]; (3) ST score (the sum of all
STE) greater than 1.2 mV (12 mm) (these last two features each take into
account the prognostic effects of greater height of ST segments and greater
number of leads involved) [83]; and (4) distortion of the terminal portion of
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Fig. 13. First diagonal occlusion, also missed by the computer. Reciprocal STD in leads II, III,
and aVF is the most visible sign of STEMI. There is left anterior fascicular block, but this does
not obscure the diagnosis. STE is 0.5 mm in leads I and aVL, but large compared with a low
voltage QRS complex. There is nondiagnostic T-wave inversion in leads V2-V6. Moments later
this patient suffered a cardiac arrest. PCI was successful after resuscitation.
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the QRS (loss of S-wave in leads with RS configuration, or J point >50%
the height of the R wave) [86] (see Fig. 1).

ST segment depression

Primary STD (Fig. 14)—if not caused by posterior STEMI or reciprocal
changes to STE—is an ECG sign of subendocardial ischemia, and in the
context of ACS, indicates UA/NSTEMI. STD of even 0.5 mm from baseline
is associated with increased mortality, but it is particularly significant when
>1 mm (0.10 mV) in two or more contiguous leads [87]. This adverse prog-
nostic association is independent of elevated troponin [88]. Although STD,
especially upsloping STD, may be baseline and stable, the STD associated
with UA/NSTEMI is transient and dynamic. Its morphology is usually
flat or downsloping. Concurrent T-wave inversion may or may not be pres-
ent. STD may be induced by exercise in the presence of stable coronary ste-
nosis. Just as with STE, the proportionality or lead strength of STD is
important: 1 mm of STD following a <10 mm R wave is more specific
for ischemia but less sensitive than is 1 mm of STD following a >20 mm
R wave [89-92].

STD >2 mm and present in three or more leads is associated with a high
probability of elevated CK-MB and near universal elevation of troponin. In
the absence of PCI, such STD is associated with a 30-day mortality of up to
35% and a 4-year mortality of 47% [93], whether or not there is complete
coronary occlusion. Lesser degrees of STD (in the absence of PCI) are asso-
ciated with 30-day mortality rates from 10%-26% [85,94] and also with
a high incidence of left main or three-vessel disease [95]. Primary STD,
with the exception of that which represents posterior STEMI or that which
is reciprocal to other STE, is not an indication for thrombolytic therapy [96—
98]. In the pre-interventional era, patients who had STD and AMI (by
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Fig. 14. ST segment depression. Leads V1-V6 only. Flat STD of LAD subendocardial ischemia
is likely when STD reaches from leads V2-V6 and is transient. Thrombolytic therapy thus is not
indicated. Furthermore, as in most UA/NSTEMI, the STD resolved quickly with medical
therapy.
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CK-MB) had a higher mortality than those with STE who were eligible for
thrombolytics (STEMI) and received them [94,99]. STD (even as little as 0.5
mm) [87,95], independently of and in addition to elevated troponin, is
a strong predictor of adverse outcome and is one of the best indicators of
benefit from early (within 48 hours) PCI, in addition to intensive medical
therapy [1,95]. Persistent STD in the setting of persistent angina despite
maximal medical therapy is an indication for urgent angiography with pos-
sible percutaneous coronary intervention, but not for thrombolytic therapy.

Reciprocal STD is the electrical mirroring phenomenon observed on the
ventricular wall opposite transmural injury (see Figs. 4, 5, 9, and 10). This
simultaneous STD improves the specificity for STEMI in the anatomic ter-
ritory of the STE, but true reciprocal STD does not reflect ischemia in the
territory of the STD. Hence, in the reciprocal territory, there will be no as-
sociated wall motion abnormality on echocardiogram or myocardial perfu-
sion defect with nuclear imaging. Because a significant number of STEMIs
do not develop reciprocal STD, absence of reciprocal ST depression does
not rule out STEMI [16,100-104]. In the presence of abnormal conduction
(eg, left ventricular hypertrophy [LVH], bundle branch block [BBB], or in-
traventricular conduction delay [[VCD]), STD may be secondary to this ab-
normal QRS complex, and, if so, it does not contribute substantially to the
diagnosis [104].

Three situations frequently are called reciprocal; only the first represents
true reciprocity or mirroring of STE present on the 12-lead: (1) true reci-
procity of the leads with STE (eg, in inferior AMI, reciprocal STD in lead
aVL, which is 150° opposite from lead III [see Fig. 9]); (2) posterior STEMI
(ie, ST depression in leads V1-V4, with or without STE in leads V5 and V6
or leads II, 11, and aVF), (Fig. 15; see Figs. 9 and 10). In this case, the STD
is truly reciprocal, but only to what would be STE on posterior leads, not to
inferior or lateral STE; (3) simultaneous UA/NSTEMI of another coronary
distribution (not in any way reciprocal).

Anterior AMI manifests reciprocal STD in at least one of leads II, III,
and aVF in 40%-70% of cases; this STD correlates strongly with a proximal
left anterior descending (LAD) occlusion (see Figs. 4 and 5) [105-108]. In
the presence of inferior AMI, reciprocal STD usually is present in leads I
and aVL, and often in the precordial leads, especially VI-V3 (56% of cases)
[109]. Reciprocal STD is associated with a higher mortality [85], but also
with greater benefit from thrombolytics [50]. This is especially true of pre-
cordial STD in inferior AMI [109]. In some cases, reciprocal STD is the
most visible sign of STEMI (see Figs. 4, 12, and 13) [34,110].

T-wave inversion

In the presence of normal conduction, the normal T-wave axis is toward
the apex of the heart and is close to the QRS axis: the T wave is usually up-
right in the left-sided leads I, II, and V3-V6; inverted in lead aVR; and
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Fig. 15. Acute posterior wall MI. There is no ST segment elevation on this ECG, yet this pa-
tient is a candidate for thrombolytics. The marked ST segment depression in leads V1-V4 was
a reciprocal view of a posterior wall STEMI. Angiography revealed an occluded second obtuse
marginal artery.

variable in leads III, aVL, aVF, and V1, with rare normal inversion in V2.
When abnormally inverted, if in the presence of symptoms suggesting ACS,
such T waves should be assumed to be a manifestation of ischemia, although
there are many nonischemic etiologies of T-wave inversion. Isolated or min-
imally inverted nondynamic T waves (<1 mm) may be caused by ACS but
have not been shown to be associated with adverse outcomes compared with
patients who have ACS and a normal ECG [95]; however, T-wave inversion
caused by ACS that is >1 mm or in >2 leads is associated a higher risk of
complications, especially if of Wellens pattern [111,112].

T-wave inversion caused by ACS may be transient (reversible) and may
be without significant ST segment shift, indicating transient ischemia. In
such a case there is usually no myocardial damage, as measured by troponin,
and it is diagnosed as UA.

In general, sustained and evolving regional T-wave inversion suggests ei-
ther (1) spontaneous reperfusion (of the infarct artery or through collater-
als) (Fig. 16), or (2), in the presence of QS waves, prolonged occlusion
(Fig. 17). After prolonged, non-reperfused coronary occlusion, as regional
ST segments resolve toward the isoelectric level, T waves invert in the
same region, but not deeply (up to 3 mm) [113]. Shallow T-wave inversions
in the presence of deep QS waves recorded at patient presentation usually
represent prolonged persistent occlusion, with (nearly) completed infarction
[113]. Even with ongoing STE, it may be too late for thrombolytic therapy.

With reperfusion, whether spontancous or as a result of therapy or
caused by collateral flow, there is often regional terminal T-wave inversion
[114,115]. This terminal inversion is identical to Wellens pattern A [34,111]
and the cove-plane T [114,115]. The ST segments may retain some elevation,
but the T waves invert, resulting in a biphasic appearance (Fig. 184).

As time progresses after reperfusion, the ST segments recover to near the
isoelectric level, are upwardly convex, and the inversion is more symmetric
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Fig. 16. Occlusion with reperfusion of a wraparound RCA, similar to a wraparound LAD (an-
terior and inferior AMI). Such widespread STE (inferior, anterior, lateral) with no reciprocal
STD (it is absent in lead aVL because of lateral AMI) if the T waves are still upright, frequently
is misdiagnosed as pericarditis. Inferior and lateral cove-plane (inverted) T waves clinch the di-
agnosis of AMI and signify reperfusion of these regions. Angiography confirmed inferior and
lateral reperfusion by way of collaterals, but persistent ischemia to the anterior wall.

and deep (>3 mm) [113]. This is identical to Wellens pattern B [34,111] or
the coronary T or Pardee T [116,117] (Fig. 18 B and 19).

In both types of Wellens T-wave inversions, the R wave is preserved be-
cause reperfusion occurs before irreversible necrosis; both are believed to be
a result of ischemia surrounding the infarct zone. If the T-wave inversion is
persistent, there is nearly always some minimal troponin elevation, and this
pattern frequently is termed non-Q wave MI. If no STE was recorded, this is
appropriately termed NSTEMI, though frequently transient STE would
have been present had an ECG been obtained at the appropriate moment.
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Fig. 17. Anterior STE with QS waves and terminal T-wave inversion. This is diagnostic of STE-
MI, but QS waves suggest prolonged occlusion and deep T-wave inversion suggests (late) spon-
taneous reperfusion. Indeed, this 37-year-old patient’s symptoms had been constant for 32
hours. CK was 5615 IU/L. The LAD, however, was persistently occluded at angiography. Re-
printed with permission from Smith SW, Zvosec DL, Sharkey SW, Henry TD. The ECG in acute
MI: an evidence-based manual of reperfusion therapy. Fig. 33-8. Ist edition. Philadelphia: Lip-
pincott, Williams, and Wilkins: 2002. p. 358.
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Fig. 18. Wellens syndrome. (4) Wellens syndrome, pattern A (leads V1-V3 only). This patient’s
chest pain had resolved recently and he now has subtle biphasic terminal T-wave inversion in lead
V2; although the QT interval is short, suggesting benign T-wave inversion, but this would be
unusual in lead V2 only. (B) Wellens syndrome, pattern A (leads VI-V6 only): the same patient
2 hours later. The ECG now has biphasic terminal T-wave inversion in V2-V5. The QTc interval
is 0.45 sec, more typical of Wellens syndrome. This also helps to differentiate from benign T-wave
inversion (QTc <0.40-0.425 sec). Troponin but not CK-MB was minimally elevated and there
was a very tight LAD stenosis at angiography. (C) Wellens pattern B (leads V1-V6 only). The
same patient 9 hours later. The T waves are now monophasic, inverted, and deep.

Terminal T-wave Later Terminal Later still Later: Symmetric

inversion T-wave inversion T-wave inversion
Pattern A Pattern A Pattern B

Fig. 19. Evolution of T-wave inversion (4—D) after coronary reperfusion in STEMI reperfusion
and in Wellens syndrome (NSTEMI). Reprinted with permission from Smith SW, Zvosec DL,
Sharkey SW, Henry TD. The ECG in acute MI: an evidence-based manual of reperfusion ther-
apy. Ist edition. Philadelphia: Lippincott, Williams, and Wilkins: 2002. p. 358.
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Wellens syndrome (see Fig. 184,B) refers to angina with T-wave inver-
sion in the LAD distribution, particularly V2-V4, in the presence of persis-
tent R waves [34,111,118,119] and critical stenosis of the LAD [111,112]. At
initial presentation, patients have normal or slightly elevated CK-MB and
elevated troponin. The ECG pattern is present in a pain-free state. Wellens’
group noted, however, that without angioplasty, 75% of these patients de-
veloped an anterior wall AMI, usually within a matter of days, despite relief
of symptoms with medical management. Identical T-wave morphology is re-
corded after approximately 60% of cases of successful reperfusion therapy
for anterior STEMI [114,115], suggesting that Wellens syndrome is a clinical
condition created by spontaneous reperfusion of a previously occluded crit-
ical stenosis. Similar patterns also occur in other coronary distributions, eg,
inferior, lateral, or both (see Fig. 16), but the syndrome was described orig-
inally in the LAD. Wellens syndrome is to be distinguished from benign
T-wave inversion by (1) longer QT interval (>425 ms as opposed to
<400-425 ms) and (2) location V2-V4 (as opposed to V3-V5).

In the presence of prior T-wave inversion, reocclusion of the coronary ar-
tery manifests as ST segment re-elevation and normalization of terminal
T-wave inversion, called T-wave pseudonormalization because the T wave
flips upright (Fig. 20). With upright T waves, pseudonormalization should
not be assumed if the previous ECG showing T-wave inversion was recorded
more than 1 month earlier.

T-wave inversions with no STE are never an indication for thrombolytics.
With symptoms of ACS, they represent UA/NSTEMI. Even in the presence

Reocclusion

Terminal T-
‘wave inversion

Fig. 20. Pseudonormalization of inverted T waves. Reprinted with permission from Smith SW,
Zvosec DL, Sharkey SW, Henry TD. The ECG in acute MI: an evidence-based manual of
reperfusion therapy. 1st edition. Philadelphia: Lippincott, Williams, and Wilkins: 2002. p. 358.
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of persistent STE, they usually indicate spontaneous reperfusion or collat-
eral flow, or, if new Q waves are present, a prolonged occlusion; thrombo-
Iytics should be given only if ongoing chest pain suggests persistent
occlusion and serial ECGs fail to show resolution of STE (see Fig. 16).

Q waves

Before the thrombolytic era, MI was classified based on its clinical pa-
thology: either as Q wave or non-Q wave MI, or as transmural versus sub-
endocardial MI [120]. These terms later were discovered to be clinically and
pathologically unrelated. Q waves correlate with the volume of infarcted
myocardium, rather than the transmural extent of MI [121]. The Q wave/
non-Q wave distinction remains useful, because Q waves are associated
with a lower ejection fraction and a larger MI [121-125]. Most patients
with non-reperfused STEMI ultimately develop Q waves, whereas a minority
do not [126]; in any case, they often appear after the important initial diag-
nostic and therapeutic interventions have occurred. Hence, AMI is now clas-
sified as STEMI or NSTEMI.

A normal Q wave representing the rapid depolarization of the thin septal
wall between the two ventricles may be found in most leads (Box 1). This
initial negative deflection of the QRS complex is of short duration and of
low amplitude. Pathologic Q waves, often a consequence of MI, are gener-
ally wider and deeper than normal Q waves. Following MI with significant

Box 1. Abnormal Q waves

e Lead V2: any Q wave

e Lead V3: almost any Q wave

e Lead V4: >1 mm deep or at least 0.02 sec or larger than the
Q wave in lead V5

e Any Q wave >0.03 sec (30 ms, 0.75 mm), except in leads I,
aVR, or V1 (see below)

e Lead aVL: Q wave >0.04 sec or >50% of the amplitude of the
QRS in the presence of an upright p-wave

e Lead lll: Q wave >0.04 sec. A Q wave of depth >25% of R wave
height is often quoted as diagnostic, but width is more
important than depth

e Leads lll, aVR, V1: normal subjects may have nonpathologic
wide and deep Q waves

Adapted with permission from Smith SW, Zvosec DL, Sharkey SW, Henry TD.
The ECG in acute MI: an evidence-based manual of reperfusion therapy. 1st edi-
tion. Philadelphia: Lippincott, Williams, and Wilkins: 2002. p. 358.




70 SMITH & WHITWAM

loss of myocardium, electrically inactive tissue fails to produce an R wave in
the overlying leads; depolarization of the opposite wall in the opposite direc-
tion then gets recorded negatively (Q wave). A QR wave denotes a Q wave
followed by a substantial R wave (see Fig. 16, inferior leads); a Qr wave de-
notes a Q wave followed by a very small R wave (see Fig. 9, lead I1I); a qR
wave denotes a small Q wave preceding a large R wave (see Fig. 16, lateral
leads); and a QS wave denotes a single negative deflection without any R
wave (see Fig. 17).

There are several Q wave equivalents seen in the precordial leads. These
include (1) R wave diminution—or poor R wave progression; (2) reverse R
wave progression, in which R waves increase then decrease in amplitude
across the precordial leads (although this must be distinguished from pre-
cordial electrode misconnection); and (3) tall R waves in leads V1 and V2,
representing “Q waves” of posterior infarction.

Because Q waves commonly are considered markers of irreversible infarc-
tion, reperfusion therapy often is denied to patients whose ECGs already
manifest Q waves. By 60 minutes after LAD occlusion, however, QR waves,
but usually not QS waves, occur in the right precordial leads in 50% of pa-
tients, and they frequently disappear after reperfusion [127]. These QR
waves are caused by ischemia of the conducting system and not irreversible
infarction [29]. Although patients who have high ST segments and absence
of Q waves have the greatest benefit from thrombolytic therapy, those who
have high ST segment elevation and QR waves also receive significant ben-
efit (see Figs. 9 and 16) [29,30]. Q waves signifying necrosis should be devel-
oped completely within 812 hours of onset of persistent occlusion [29,30],
although at least 10% of patients do not develop them for up to 2 weeks
[128]. In most patients, these Q waves persist indefinitely, but in up to
30% of AMI that receives no reperfusion therapy, the Q waves eventually
disappear [129]. In contrast, when patients who have Q waves receive early
thrombolytic therapy, the Q waves disappear within a few days to weeks
[30,130].

Significance of pathologic Q waves for reperfusion therapy in acute
coronary syndromes

When the significance of STE is uncertain, the presence of a pathologic
QR wave in that lead increases the probability that the STE is caused by
AMI (not pseudoinfarction) and is amenable to immediate reperfusion.
Pathologic QR waves with or without acute ST segment/T-wave changes in-
crease the likelihood of ACS, because it is strong evidence of the presence of
coronary artery disease (CAD). Because pathologic QR waves may be pres-
ent very early in AMI, and because they are associated with benefit from
thrombolytic therapy [29], they should not in any way dissuade from reper-
fusion therapy. A QS pattern caused by MI represents lack of any R wave
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depolarization of normal tissue, and thus usually indicates significant irre-
versible myocardial loss (see Fig. 17). QS waves in leads V1-V3, which
may occur with STE, also may be caused by LBBB, left ventricular hyper-
trophy (LVH), cor pulmonale, or cardiomyopathy. If STE without deep T-
wave inversion exists in the presence of a QS wave, LV aneurysm also
should be considered.

Reperfusion and reocclusion

Together with angiographic evidence of microvascular perfusion, resolu-
tion of STE is the best predictor of outcome from STEMI [34,131]. On con-
tinuous ST segment monitoring after reperfusion therapy, a recovery of the
ST segment to <50% of its maximal height by 60 minutes is associated
strongly with TIMI-3 reperfusion, and even more strongly associated with
good microvascular perfusion [132].

A less sensitive but highly specific predictor of reperfusion is terminal T-
wave inversion identical to that of Wellens T waves (see Figs. 16, 18, and 19)
[114,115]. In patients who have STEMI, the presence of negative T waves
very early after presentation or very soon after therapy is associated with
a good prognosis [48]. Negative T waves at discharge of patients who
have anterior STEMI is correlated strongly with ST recovery to baseline
and TIMI-3 flow [133]. Whether reperfusion is spontaneous or therapy-
induced, reocclusion can be detected by re-clevation of ST segments or by
pseudonormalization of inverted T waves within hours, days, or weeks of
the index AMI (Fig. 20). It may be confused with postinfarction regional
pericarditis. T-wave normalization beyond 1 month is expected without re-
occlusion and is not necessarily pseudonormalization.

Regional issues in acute coronary syndrome
Anterior myocardial infarction

Anatomy

See Table 1 for correlations between coronary occlusion and location of
STEMI, and Fig. 21 for coronary anatomy.

The left main coronary artery supplies the LAD artery and the left cir-
cumflex (LCX) artery. Persistent occlusion of the left main usually leads
to cardiogenic shock and death. The LAD supplies the anterior wall, with
branches supplying the anterolateral wall (diagonal arteries) and most of
the septum (septal arteries); it may extend distally around the apex to the
inferior wall (“‘wrap-around” LAD) (see Fig. 16). The first septal branch
(S1) usually originates from the LAD proximal to the first diagonal branch
(D1); but in some it originates distal to D1. The ramus intermedius may
arise at the division of the left main, producing a trifurcation, and is present
in one third of subjects [134]. It supplies the anterolateral wall.
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Table 1

SMITH & WHITWAM

ST elevation, location of STEMI, and corresponding coronary artery

ST elevation

Coronary artery
(see Fig. 21)

AMI location

II, 111, aVF (reciprocal ST
depression in aVL)

I1, III, aVF (reciprocal ST
depression in aVL) plus V1

Right-sided ECG: V4R

II, 111, aVF (reciprocal ST
depression in aVL) plus
ST depression in V1-V4

11, 111, aVF plus (I, aVL
and/or V5, V6)

11, III, aVF plus (VS, V6)
and/or (I, aVL) and ST
depression any of V1-V6

V2-V4

I, aVL, V5 and/or V6,
sometimes minimal; inferior
reciprocal STD very common,
may be most obvious feature

V1-V3, sometimes out to V5,
with VI1>V2>V3>V4>V5,
with or without inferior
STE or Qs

Also VIR-V6R, especially V4R

V1-V4, often without inferior
reciprocal STD

VI-V6, 1, aVL, 80% with 1 mm
STD in II, 111, and aVF
STD in V1-V4, with or

without lateral or inferior STE

RCA 80%
(I >II, STD in 1)
Dominant circumflex
(II>111, no STD in I)
RCA proximal to RV
marginal branch

Dominant RCA (70%)

Dominant
circumflex (30%)
Dominant circumflex
or
Dominant RCA with lateral
branches
Dominant RCA with lateral
branches or circumflex

Mid LAD, distal to diagonal
and septal perforator

First diagonal or circumflex
or obtuse marginal artery

Right ventricular marginal
(RVM), or by occlusion of
RCA proximal to RVM

LAD, possibly proximal to
first septal perforator
but distal to first diagonal
Proximal LAD

LCX (absence of STE

is possible, or lateral only)
RCA (inferior STE,

+/— lateral)

Inferior AMI

Inferior and RV AMI

Inferoposterior AMI

Inferolateral AMI

Inferoposterolateral AMI

Anterior AMI

Lateral AMI

Right ventricular AMI
(pseudoanteroseptal
AMI)

Anteroseptal AMI

Anteroseptallateral AMI

Posterior AMI

Adapted with permission from Smith SW, Zvosec DL, Sharkey SW, Henry TD. The ECG in
acute MI: an evidence-based manual of reperfusion therapy. 1° edition. Philadelphia: Lippin-
cott, Williams, and Wilkins; 2002. p. 358.

There is great variation among patients. Use this for guidelines only.
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Left Main
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Fig. 21. Coronary anatomy in a right dominant system. Reprinted with permission from Smith
SW, Zvosec DL, Sharkey SW, Henry TD. The ECG in acute MI: an evidence-based manual of
reperfusion therapy. Fig. 4-5. Ist edition. Philadelphia: Lippincott, Williams, and Wilkins:
2002. p. 358.

Mid left anterior descending occlusion (anterior acute
myocardial infarction)

STE in V2-V4, sometimes including V1, is the hallmark of occlusion dis-
tal to S1 and D1. There is frequently no inferior reciprocal STD (see Fig. 8).
In the presence of a wrap-around LAD, there also may be STE in leads II,
IIT and aVF (see Fig. 16).

Proximal left anterior descending occlusion (anterolateral, anteroseptal,
anteroseptolateral acute myocardial infarction)

Lateral component. LAD occlusion proximal to D1 manifests as anterolat-
eral AMI (with STE in leads V2-V4, maximal in V2-V3), and STE in lead
aVL and occasionally leads I and V5-V6. Inferior reciprocal STD is present
in approximately 80% of cases, depending largely on how STD is defined in
number of leads and depth of depression [106,107]. These ST depressions are
often reciprocal to STE in leads I and aVL, or to high anterobasal STE in
V1. Together with STE in V2-V4, STE in aVL > 0.5 mm is very sensitive,
and >1.0 mm very specific, for occlusion of the LAD proximal to DI
[104]. Echocardiographic studies comparing proximal and distal occlusions
show no difference in apical wall motion [135,136] (see Figs. 2 and 5).

Septal component. STE in V1 traditionally indicates occlusion proximal to
S1 with involvement of the septum (anteroseptal MI). Using echocardiogra-
phy, STE in V1, but not VZ, is associated with basal anterior, anteroseptal
and septal regional dysfunction [136]. STE in VI is not very specific,
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however, unless >2.5 mm [107]. Other predictors of occlusion proximal to
S1 are (1) STE in lead aVR, (2) STD in lead III >STE in lead aVL, (3) ST
segment depression in V5, and (4) right BBB (RBBB) [107,108].

Lateral and posterior acute myocardial infarction

Anatomy

The left main bifurcates into the LAD and LCX. The lateral wall of the
LV is supplied by the LCX and its obtuse marginal (OM) branches and oc-
casionally by D1 from the LAD. When the LCX wraps around to both the
posterobasal (posterior) and posteroapical (inferior) walls, giving off the
posterior descending artery (PDA), it is the dominant vessel, meaning occlu-
sion results in inferior AMI (STE in II, III, and aVF). Branches of a large
dominant right coronary artery (RCA) also may supply the posterolateral
wall [137]. Occlusion of a nondominant LCX or one of its obtuse marginal
branches accounts for most isolated posterior AMIs (lateral AMI may be
present, but rarely pronounced).

Lateral acute myocardial infarction

Lateral AMI is a result of occlusion of D1 off the LAD, or of the LCX or
its obtuse marginal branches. It may be simultaneous with anterior AMI if
the occlusion is in the LAD proximal to D1; it may be simultaneous with
posterior AMI in occlusion of the LCX, and with posterior and inferior
AMI in occlusion of a dominant LCX (see Fig. 10) or dominant RCA.
STE is often <1 mm (0.1 mV), especially in aVL, and especially with low
QRS voltage (see Figs. 12 and 13). The sensitivity of STE for detection of
lateral AMI is low: with LCX occlusion there is (1) STE in inferior or lateral
leads in only 36%, (2) STE >2 mm in only 5%, (3) Isolated STD in 30%,
(4) some STE or STD in two thirds of cases, and (5) neither STE nor STD in
33% [74-76,138-140]. This contrasts markedly with LAD or RCA occlu-
sion, which manifest STE in 70%-92% of cases [74,75]. Reciprocal STD
in inferior leads is often the most pronounced effect of occlusion of D1 or
an OM. STD in V5, V6, and aVL also corresponds with disrupted perfusion
of D1 or OM1. Lateral AMI caused by LCX or OM occlusion frequently is
accompanied by posterior AMI (see later discussion) (see Figs. 12 and 13).

Posterior acute myocardial infarction

From 3.3%-8.5% of all AMIs as diagnosed by CK-MB are posterior
AMIs that present without STE on the standard 12-lead ECG, and thus
the diagnosis often is missed (see Fig. 15) [34,78,141-144]. These isolated
posterior wall AMIs usually present with precordial reciprocal STD, how-
ever, often upsloping, in leads V1-V4. STD in V1-V4 may be caused by an-
terior subendocardial ischemia of the LAD, but this is usually downsloping
and transient and extends out to V6 (see Fig. 14). Most individuals have
some STE at baseline in V2 and V3 [17], and any amount of STD may
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represent a large change in ST amplitude (delta ST). As always, comparison
with a baseline tracing is helpful.

Posterior leads V7-V9 reveal posterior STE (Fig. 22). Leads V7-V9 are
more specific than precordial leads for posterior AMI (84% versus 57%),
with similar sensitivity for both (approximately 80%) [145]. If 0.5 mm is
used as a cutoff in leads V7-V9, sensitivity is greatly enhanced but with
an unknown change in specificity [144]. Placement of V7-V9 should be in
the fifth intercostal space (at the same level as V6), with V7 at the posterior
axillary line, V8 at the scapular tip, and V9 at the left paraspinal border.
Routine use of posterior leads for all patients who have chest pain is unwar-
ranted, because the vast majority are normal [146,147].

Inferior and right ventricular acute myocardial infarction

Anatomy

The RCA is the dominant vessel in 80% of individuals; that is, it gives off
the PDA to supply the inferior wall. The LCX is dominant in 20%, in which
case the RCA supplies little more than the right ventricle (RV). RCA occlu-
sion is the most common cause of inferior AMI. Occlusion proximal to the
RV marginal branch of the RCA results in concurrent RV AMI (Fig. 23).
Occlusion of the RCA with a large posterolateral branch leads to inferolat-
eral, inferoposterior (see Fig. 9), or inferoposterolateral AMI. Occlusion of
the LCX in a left-dominant heart manifests as an inferoposterolateral AMI
(see Fig. 10). Inferior AMI produces STE in II, 111, and aVF. There is al-
most always reciprocal STD in lead aVL. On occasion, lateral AMI hides

Right

5t intercostal space \}9 V8

Fig. 22. Placement of posterior electrodes (V7, V8, and V9) for detection of posterior MI. Re-
printed with permission from Smith SW, Zvosec DL, Sharkey SW, Henry TD. The ECG in acute
MI: an evidence-based manual of reperfusion therapy. Ist edition. Philadelphia: Lippincott,
Williams, and Wilkins: 2002. p. 358.
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Fig. 23. Acute inferior M1 with right-sided leads reflecting RV involvement. The limb leads
demonstrate STE in the inferior leads (lead III>lead II), together with reciprocal STD in
lead aVL>lead I—all suggesting RCA occlusion. The precordial leads are actually leads
V1R-V6R, or right-sided leads. The STE in leads V3R-V6R indicate RV infarction.

this, and there is usually STE in V5 or V6; however, if STD in aVL is not
present, the diagnosis of inferior AMI must be questioned (see Fig. 16).

Determining the culprit vessel may be important: RCA occlusion, if prox-
imal, leads to RV AMI and may result in hypotension, which responds well
to fluids and can be exacerbated greatly by nitrates.

LCX (versus RCA) occlusion is strongly predicted by (1) greater STE in
lead II than in lead III, and by (2) the absence of reciprocal STD in lead I
[148,149], but also by (3) isoelectric or elevated ST segment in lead I or aVL
[150], (4) an abnormally tall R wave in lead V1 [74], or (4) STE in lateral
precordial leads V5 and V6 [150]. Additionally, ECG findings of RV AMI
suggest RCA occlusion (see later discussion).

RCA occlusion is strongly predicted by (1) STE in lead IIT >1I [149], (2)
STD in lead I or aVL with deviation in lead aVL >lead I [150,151], (3) STE
in V1, V4R, or both, and (4) STE in V1-V4, a sign of concomitant RV in-
volvement (Fig. 24) [152].

In inferior AMI, simultaneous STD in leads V1-V4 reflects concurrent
posterior wall injury (it infrequently reflects anterior wall subendocardial is-
chemia) and a larger amount of myocardium at risk, higher mortality, and
greater benefit from reperfusion; however, this finding does not discriminate
between LCX or RCA occlusions [105,109,150,153,154] (see Figs. 9 and 10).

Inferior AMI is sometimes associated with conduction defects at the AV
node, including first degree AV block, Mobitz type I (but not type II) or
Wenkebach-type AV block, and complete heart block. With complete block,
there is usually a stable junctional rhythm with narrow QRS and pulse rate
greater than 40 beats per minute (BPM). It is typically transient, and does not
require permanent pacing. This type of AV block contrasts sharply to that
associated with an extensive anterior AMI. In this infrequent condition the
conduction block occurs distal to the AV node, and is associated with Mobitz
type II AV block, bifasicular block, or complete heart block. Here, the com-
plete block manifests as a wide junctional or ventricular escape rhythm less
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Fig. 24. Unusual presentation of proximal RCA occlusion. Inferior STE with reciprocal STD
in leads I and aVL is suspicious for RCA occlusion. STE in lead V1 is typical for RV AMI and
normally would confirm the RCA as the infarct artery. There is in addition, however, wide-
spread STE that is unusual for simultaneous LAD occlusion or for pseudo-anteroseptal (RV)
AMI; the latter usually have maximal STE in V1 and V2, not V3. The right-sided ECG (not
shown) had STE in leads V3R-V6R also.

than 40 BPM. These patients often present or soon develop cardiogenic
shock and have significant mortality regardless of temporary pacing.

Right ventricular acute myocardial infarction

Right ventricular acute myocardial infarction (RV AMI) should be sus-
pected when there is acute (or old) inferior MI caused by RCA occlusion
(see previous discussion), especially if there is STE in V1 or clinical hypoten-
sion. RV AMI is seen in practice exclusively with proximal RCA occlusion
or branch occlusion of an RV marginal artery. RV AMI has high short-term
morbidity and mortality, especially without reperfusion [155-157], but pa-
tients who survive beyond 10 days have a good prognosis [158]. RV AMI
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Fig. 25. RBBB with AMI from proximal LAD occlusion. In the presence of RBBB, STE (leads
V2-V6, I, and aVL) and reciprocal STD (leads II, III, and aVF) are seen clearly as long as the
end of the QRS complex is properly located. Note that in lead V1, although the T wave is ap-
propriately discordant for RBBB, the ST segment is inappropriately normal; it would be ex-
pected to be depressed in nonischemic RBBB.
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Box 2. Sgarbossa criteria for diagnosis of STEMI in the presence
of LBBB

Concordant ST segment elevation >1 mm in one or more leads,
which means ST segment elevation in leads in which the
QRS complex is predominantly positive (V5, V6, |, aVL, or 1)

Concordant ST segment depression >1 mm in one or more leads
(ie, ST segment depression in leads in which QRS complex
is predominantly negative [V1, V2, V3]); this is 90% specific
for AMI caused by posterior injury

Discordant ST segment elevation >5 mm that is excessive (out
of proportion) to the depth of the preceding S wave seems
to be approximately 90% specific for AMI

is often associated with conduction defects at the AV node, including com-
plete heart block.

Isolated RV AMI presents with STE in V1-V3, and it may mimic LAD
occlusion (pseudo-anteroseptal AMI), except that the STE usually peaks in
V1 or V2 and declines progressively as far as V5, whereas in LAD occlusion,
STE peaks in V2 and V3 [152]. Large RV AMI may seem to be an anterior
MI (of the LV) even in the presence of inferior STE (Fig. 24). Such extensive
and profound STE is especially true in the presence of RV hypertrophy
[34,159].

When RCA occlusion is suspected, record a right-sided ECG in which
lead V1 becomes lead V2R, lead V2 becomes lead VIR, and leads V3R-
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Fig. 26. STEMI in the presence of LBBB. The previous ECG (not shown) had LBBB with typ-
ical discordant ST segments and T waves. There is now concordant STE and upright T waves in
leads I, aVL, V5, and V6. There is concordant reciprocal STD in the inferior leads II, III, and
aVF. LAD occlusion was opened with percutaneous coronary intervention Reprinted with per-
mission from Chan TC, Brady WJ, Harrigan RA, et al. ECG in emergency medicine and acute
care. Fig. 26-B. Elsevier; 2005.



ACUTE CORONARY SYNDROMES 79

V6R are placed across the right chest in mirror image to their left precordial
counterparts (ie, V3-V6). Q waves across the right-sided ECG are normal.
Absence of STE in leads V2R—V7R nearly rules out RV AMI. One millime-
ter of STE in lead V4R alone has a sensitivity and predictive accuracy for
RV infarction of 93% [155,160]. STE up to 0.6 mm in V4R may be normal;
however, in the context of inferior AMI, STE >0.5 mm should be inter-
preted as RV AMI (see Fig. 23) [161,162].

Right and left bundle branch block

AMI with associated RBBB or LBBB is greatly under treated with reper-
fusion therapy [163]. BBB is associated with a high mortality (8.7%) com-
pared with normal conduction (3.5%), especially if persistent (20%)
versus transient (5.6%). Mortality with persistent LBBB was 36% versus
12% for RBBB; both were associated with LAD occlusion in approximately
50% of cases [164].

In RBBB, the ST segment is, by general consensus and by electrophysio-
logic theory, as reliable as it is in normal conduction. Assessment of ST seg-
ment amplitude (i, of STE), however, may be hindered by difficulty in
determining where the QRS complex ends and the ST segment begins. To
do so, examine other leads to find the true QRS complex duration, and
then compare that millisecond measurement within the lead in question.
The J point is then at the end of this measured QRS. The T wave in
RBBB usually is inverted in leads with an rSR’ (right precordial leads), of-
ten with up to I mm of STD, especially in lead V2. This should not be mis-
taken for primary STD. Because of this STD secondary to RBBB, minimal
STE may represent a large delta ST (Fig. 25); comparison with a previous
ECG may be invaluable. Finally, RBBB in the presence of LV aneurysm
may present with a QR wave and STE that mimics acute MI.

The ST segment/T-wave complex in uncomplicated LBBB is opposite in
direction (discordant) to most of the QRS complex. To the uninitiated, this
normal STE may mimic AMI. Furthermore, LBBB also has a reputation for
hiding AMI. There is some electrophysiologic rationale for this. The clinical
data, however, may have suffered at the hands of the following faulty logic
[165]: only 40%—-50% of AMI (by CK-MB) in the presence of LBBB have
diagnostic criteria as defined by Sgarbossa and colleagues (Box 2) [165-
170]. What may be forgotten is that this is also true of normal conduction:
approximately 45% of AMI (by CK-MB) in normal conduction manifests
diagnostic STE [12-14]. It seems that the Sgarbossa criteria have similar sen-
sitivity and specificity for AMI (as does STE in normal conduction) and are
as sensitive and specific for detection of ongoing epicardial coronary occlu-
sion that requires emergent reperfusion therapy (ie, STEMI). Nevertheless,
until there are more data, it is prudent to also treat patients who have high
suspicion of AMI and new LBBB with reperfusion therapy, even in the ab-
sence of Sgarbossa criteria. Additionally, comparison with a previous ECG
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and serial ECGs are useful for identifying coronary occlusion in the pres-
ence of LBBB [34,168,171,172] (Fig. 26).
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The evaluation of the chest pain patient suspected of acute coronary syn-
drome (ACS) represents the major indication for electrocardiograph (ECG)
performance in the emergency department (ED) and prehospital settings [1].
The ECG demonstrates significant abnormality in a minority of these pa-
tients, ranging from minimal nonspecific ST segment/T wave changes to
pronounced STE and T wave abnormalities, including the prominent T
wave, the inverted T wave, and the nonspecific T wave (Figs. 1 and 2).
The ECG syndromes responsible for these various abnormalities include po-
tentially malignant entities, such as ACS and cardiomyopathy, and less con-
cerning patterns, such as benign early repolarization (BER) or ventricular
paced rhythms (VPR) [2-4].

In a study considering all chest pain patients with electrocardiographic
ST segment depression (STD), the following clinical syndromes were re-
sponsible for the ECG abnormality: ACS, 26%; left ventricular hypertrophy
(LVH), 43%; bundle branch block (BBB), 21%; VPR, 5%:; left ventricular
aneurysm, 3%; and other patterns, 1% [5]. Similarly, STE is a fairly com-
mon finding on the ECG of the chest pain patient and frequently does
not indicate STE acute myocardial infarction (AMI). One prehospital study
of adult chest pain patients revealed that, of patients manifesting STE who
met criteria for fibrinolysis, most were not diagnosed with AMI; rather,
LVH and left BBB were found more frequently [6]. Furthermore, in two re-
views of adult ED chest pain patients with STE on ECG, the ST segment
abnormality resulted from AMI in only 15%-31% of these populations;
LVH, seen in 28%-30% of these patients, was a frequent cause of this
STE. Other findings responsible for this STE included BER, acute
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[flattened, biphasic]

¢ Metabolic

¢ Post-Electrical
Cardioversion

Bundle Branch Block
Pericarditis

Hyperkalemia
Benign Early
Repolarization Pulmonary Embolism
Acute Myopericarditis Left Ventricular

Bundle Branch Block Hypertrophy

Left Ventricular Digitalis Effect
Hypertrophy CNS injury

Ventricular Paced Rhythm
Intra-abdominal Disorders
Metabolic

Toxic

Pre-excitation Syndrome
Juvenile T Wave Pattern

Fig. 1. Electrocardiographic differential diagnosis of T wave abnormalities—prominent, in-
verted, and nonspecific in non-ACS syndromes.

myopericarditis, BBB, VPR, and ventricular aneurysm [7,8]. In a critical
care unit setting, Miller et al [9] showed that STE was noted frequently,
yet was responsible for AMI in only 50% of patients.

This article discusses the non-ACS causes of ST segment/T wave abnor-
malities, highlighting differentiation from STE associated with ACS.

Benign early repolarization

BER is a normal electrocardiographic variant with no known association
with cardiac dysfunction or disease. BER describes a pattern of STE with
prominent T waves most often seen in the precordial leads. A recent inves-
tigation demonstrated a BER prevalence of 29% among patients undergo-
ing a screening health examination. Patients who had early repolarization
were more likely to be male, were younger (less than age 40 years), and
tended to be more athletically active compared with those individuals with-
out the early repolarization pattern. The long-term health of these patients
who had BER was equivalent to the control population [10]. In another
large study of BER, the mean age of patients was 39 years (range, 16-80
years); although the pattern was seen across this rather broad age range,
it was encountered predominantly in patients less than age 50 years and
rarely seen in individuals older than age 70 years [11]. The BER pattern is
seen much more often in men than in women. BER is encountered most fre-
quently in younger black men (20—40 years of age) [12].

The electrocardiographic characterization of the BER pattern (Figs. 3-5)
includes the following features: STE [1]; concavity of the initial, upsloping
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ST Segment

Bundle Branch Block

Left Ventricular Hypertrophy
Ventricular Paced Rhythm
Digitalis Effect

Tachycardia / Rate-Related
Metabolic

Post-Electrical Cardioversion
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contusion)

Acute Pericarditis

Benign Early Repolarization
Left Ventricular Aneurysm
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Left Ventricular Hypertrophy
Ventricular Paced Rhythm
Cardimyopathy

Acute Myocarditis
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* Hyperkalemia
Post-Electrical Cardoversion
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Non-ACS Myocardial Injury (e.g.
contusion)

CNS Injury

Brugada Syndrome
Pre-excitation Syndromes

Fig. 2. Electrocardiographic differential diagnosis of ST segment elevation and depression in
non-ACS syndromes.

portion of the ST segment [2]; notching or slurring of the J point [3]; sym-
metric, concordant, prominent T waves [4]; widespread distribution of the
electrocardiographic abnormalities [5]; and temporal stability [6,13,14].

In the normal state, the ST segment is neither elevated nor depressed; it is
located at the isoelectric baseline as defined by the TP segment. The ST seg-
ment itself begins at the J or juncture point. The ST segment is elevated in
the BER pattern, usually less than 3.5 mm. The contour of the elevated ST
segment is an important characteristic of the pattern; the ST segment seems
to have been lifted off the baseline starting at the J point (Figs. 3-5). The
normal concavity of the initial, upsloping portion of the ST segment is pre-
served. Eighty percent to 90% of individuals demonstrate STE less than
2 mm in the precordial leads and less than 0.5 mm in the limb leads; only
2% of cases of BER manifest STE greater than 5 mm [13,14]. In the BER
pattern, the J point itself frequently is notched or irregular. This finding,
although not diagnostic of BER, is highly suggestive of the diagnosis
[11,13,15].

Prominent T waves also are encountered (see Figs. 3 and 4). These T
wave are often of large amplitude and slightly asymmetric morphology.
The T waves are concordant with the QRS complex (ie, oriented in the
same direction as the major portion of the QRS complex) and usually are
found in the precordial leads. The height of the T waves in BER ranges
from approximately 6 mm in the precordial leads to 4-6 mm in the limb
leads [11,13,16].
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[1] ST segment elevation

[2] upward concavity of initial portion
of ST segment

[3] notching or slurring of terminal
QRS complex

[4] slightly asymmetric, concordant T
waves of large amplitude

[5] widespread or diffuse distribution
of ST segment elevation

[6] relative temporal stability

Fig. 3. ECG criteria for benign early repolarization.

These abnormalities are greatest in the precordial leads, particularly the
precordial leads (leads V2-V5). STE in the limb leads, if present, is usually
less pronounced. In fact, this isolated STE in the limb leads is seen in less
than 10% of BER cases and should prompt consideration of another expla-
nation for the observed ST segment abnormality, such as AMI. The T waves
tend to follow the QRS complex in the BER pattern; essentially, pro-
nounced STE usually is associated with prominent T waves in the same
distribution.

Acute myopericarditis

Acute pericarditis is better termed acute myopericarditis in that both the
pericardium and the superficial epicardium are inflamed. This epicardial in-
flammation produces the ST segment and related electrocardiographic
changes; the pericardial membrane is electrically silent in a direct effect on
the ST segment and T wave.

Fig. 4. Benign early repolarization.
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Fig. 5. Benign early repolarization.

The electrocardiographic abnormalities evolve through four classic stages
(Fig. 6) [16]. Stage I (Figs. 6 and 7) is characterized by STE, prominent T
waves, and (in most cases) PR segment depression. Stage II is characterized
by a normalization of the initial abnormalities, namely a resolution of the
STE. Stage III involves T wave inversion, usually in the same distribution
where STE was encountered. Finally, stage IV is a normalization of all
changes with a return to the baseline ECG. Persistent STE and pathologic
Q waves are not encountered in patients who have myopericarditis—these
electrocardiographic findings suggest another etiology.

These electrocardiographic stages usually occur in an unpredictable man-
ner. In a general sense, stages I through III develop over hours to days. Con-
versely, changes related to stage IV myopericarditis may not develop for
many days to many weeks. Furthermore, patients may not manifest all char-
acteristic features. Finally, patients may present for medical care at a later
stage of the process; for instance, the patient may present after a delay of

[1] ECG stages
[a]l stage 1 — ST segment elevation &
PR segment changes
[b]lstage 2 — ST segment normalization
[c]stage 3 — T wave inversion
[d]stage 4 — normalization

[2] ST segment elevation (stage1)

[a] upward concavity of initial

ST segment < 5 mm

[b] widespread
[3] PR segment (stage 1)

[a] depressed in inferior & lateral leads

[b]“reciprocal” elevation in lead aVr
[4] T wave (stage 1)

[a] often prominent, particularly in precordial leads

Fig. 6. ECG criteria for myopericarditis.
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Fig. 7. Myopericarditis.

a week or more with chest discomfort and manifest electrocardiographic
T wave inversion—the clinician having “missed” the STE.

Stage I abnormality—that is, STE, prominent T wave, and PR segment
depression—is often electrocardiographically obvious with STE the most
prominent electrocardiographic feature (Figs. 6 and 7). The magnitude of
elevation usually ranges from 2-4 mm, with greater than 5 mm unusual
for myopericarditis. The morphology of the eclevated ST segment is most
frequently concave in shape. In other cases, STE can also be obliquely
flat or convex in contour; these morphologies, however, are suggestive of
AMI [7]. STE resulting from myopericarditis is usually widespread, noted
in the following electrocardiographic leads: I, II, III, aVL, aVF, and V2-
Vo6—essentially all leads except the more rightward-oriented leads aVR
and V1; reciprocal ST segment depression is seen in lead aVR and occa-
sionally in lead V1. The STE is seen most often in many leads simulta-
neously, though it may be limited to a specific anatomic segment if the
process is focal; if focal inflammation is present, the inferior wall most of-
ten is involved.

PR segment abnormality (Figs. 6 and 7) resulting from atrial inflamma-
tion and irritation is a highly suggestive feature of stage I myopericarditis.
PR segment depression is described as “‘almost diagnostic” [16] and is
best observed in the lateral precordial (V5 and V6) and inferior (II, III,
and aVF) leads. Reciprocal PR segment elevation is seen in lead aVR; in
many cases, this finding is in fact more obvious to the clinician compared
with PR segment depression [17,18].

T wave inversion, a stage III feature, is usually transient and most often
occurs in leads that had recently manifested stage I STE. The magnitude and
morphology of the inverted T wave are nonspecific. The inverted T waves
are usually of normal amplitude with symmetric initial (downsloping) and
final (upsloping) limbs, which can be confused with an ACS presentation.
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Additional electrocardiographic findings may be noted in the patient who
presents with diseases associated with pericarditis: myocarditis and pericar-
dial effusion. Myocarditis may manifest Q waves, bundle branch block, and
dysrhythmias (Figs. 8 and 9). Electrocardiographic changes suggestive of
pericardial effusion include widespread low voltage (resulting from in-
creased resistance to injury current flow with the accumulated fluid) and
electrical alternans (a beat-to-beat alteration in QRS complex size caused
by shifting of the heart within the fluid-filled pericardium).

Left ventricular hypertrophy

In patients who have the electrocardiographic LVH pattern, ST segment/
T wave changes are encountered in approximately 70% of cases; these
changes result from altered repolarization of the ventricular myocardium
caused by LVH [16,19] and are collectively and incorrectly referred to as
the strain pattern The electrocardiographic abnormalities seen in this sce-
nario most often involve the ST segment and T wave. ST segment abnor-
malities (depression and elevation) and T wave changes (prominence or
inversion) are encountered. These ST segment/T wave abnormalities are
the new norm in many patients who have the electrocardiographic LVH pat-
tern. In a prehospital setting, most chest pain patients manifesting electro-
cardiographic STE did not have AMI as a final hospital diagnosis; rather,
LVH accounted for a significant portion of these patients [6]. The ED pop-
ulation demonstrates a similar trend [7,8]. Furthermore, Larsen and col-
leagues have shown that the electrocardiographic pattern consistent with
LVH is encountered in approximately 10% of adult chest pain patients ini-
tially diagnosed in the ED with ACS, of whom only one quarter were found
to have ACS. In this study, clinicians frequently attributed the ST segment/
T wave changes seen to ACS, when in fact the observed changes resulted
from repolarization abnormality associated with LVH pattern [20].

LVH is associated with poor R wave progression and loss of the septal R
wave in the right to mid precordial leads, most commonly producing a QS
pattern. In general, these QS complexes are located in leads V1 and V2,
rarely extending beyond lead V3. STE is encountered in this distribution, to-
gether with prominent T waves. The STE seen in this distribution may be

[1] ST segment
[a] depression
[b] elevation
[2] other findings
[a] T wave inversion
[b] Q wave
[c] brady- & tachydysrhythmia
[d] intraventricular conduction
block

Fig. 8. ECG findings for acute myocarditis.
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Fig. 9. Acute myocarditis.

greater than 5 mm in height. The initial, upsloping portion of the ST seg-
ment/T wave complex is frequently concave in LVH compared with the flat-
tened or convex pattern observed with AMI. This morphologic feature is
imperfect; early AMI may reveal such a concave feature (Figs. 10 and 11) [7].

Leftward-oriented leads I, aVL, V5, and V6 frequently demonstrate
large, monophasic R waves; these leads typically reveal STD with inverted
T waves. This ST segment/T wave complex has been described in the follow-
ing manner: initially bowed upward (convex upward) followed by a gradual
downward sloping into an inverted, asymmetric T wave with an abrupt re-
turn to the baseline [21]. The T wave, however, may assume other morphol-
ogies, including minimally inverted or inversion greater than 5 mm. These T
wave abnormalities also may be encountered in patients lacking prominent

[1] voltage criteria for LVH *
[a] S (V1 orV2)+R (V5orV6)>35mm
[b] age > 35 years
[2] poor precordial R wave progression
[a] QS complex (V1 - V3)
[b] transition complex (V2 - V4)
[c] RS or R wave (V4 - V6)
[3] leads V1 - V3
[a] ST segment elevation

[b] upward concavity of initial
ST segment ~ 5 mm

[c] prominent upright T wave
[4] leads V4 — V6 (ST segment — T wave complex)
[a] initially convex upward

[b] followed by gradual downward sloping into inverted,
asymmetric T wave

[c] with abrupt return to baseline

Fig. 10. ECG criteria for left ventricular hypertrophy.
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QRS voltage (ie, large S and R waves) typical of LVH [16,19]. Other features
of this portion of the ST segment/T wave complex suggestive of LVH-
related change include the following: (1) J point depression, (2) T wave
asymmetry with rapid return to the baseline, (3) “‘overshoot” of the terminal
T wave at the baseline (terminal positivity), (4) T wave inversions in leads
V4, V5, and V6 with the inversion greatest in lead V6, and (5) prominent
T wave inversion in lead V6 (greater than 3 mm) (Figs. 10 and 11).

Bundle branch block

Unlike left bundle branch block (LBBB), right bundle branch block
(RBBB) does not obscure the electrocardiographic diagnosis of ACS. In
BBB, the QRS complex duration is prolonged—greater than 0.12 seconds.
Perhaps the most obvious and distinctive electrocardiographic feature in
RBBB is a prominent R wave in lead V1. This R wave is broad and may
assume any of several morphologies: monophasic R wave, biphasic rSR’,
or R formation. In lead V6, a wide RS wave is seen (Figs. 12 and 13).

Significant ST segment/T wave changes are encountered in the patient
who has uncomplicated BBB [16]. In general, the correct and appropriate
position of the ST segment/T wave complex is dictated by the major, termi-
nal portion of the QRS complex—the rule of appropriate discordance. Us-
ing this concept, the ST segment/T wave complex is located on the opposite
side of the isoelectric baseline from the major, terminal portion of the QRS
complex. As such, leads with predominantly positive QRS complex would
present with STD and T wave inversion—discordant STD and T wave in-
version. Conversely, a primarily negative QRS complex would be associated
with STE and prominent, upright T wave—discordant STE. This concept
holds true not only for right and left BBB, but also for VPR, and, to a lesser
extent, LVH.
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[1] RBBB criteria
[a] QRS complex >0.12 sec v
[b] R complex (V1 & V2) 3

[c] R, Rs, QS or Qr complex (V5, & V6)
[2] leads V1 — V2 (ST segment — T wave complex)

[a] depressed ST segment v2

[b] inverted T wave

[c] gradual downward sloping into inverted, f'l
asymmetric T wave with abrupt -
return to baseline \/

[3] leads V5, & V6

[a] variable dependent upon QRS complex configuration
[b] ST segment — T wave directed opposite of major, terminal portion
of QRS complex

Fig. 12. ECG criteria for right bundle branch block.

LBBB is found commonly among ED chest pain patients, which is unfor-
tunate for several reasons: (1) LBBB is a marker of significant heart disease
with extreme risk for acute cardiovascular complication and death in pa-
tients who have ACS, (2) LBBB, if new or presumably new and occurring
within an appropriate clinical context suggesting AMI, represents an indica-
tion for fibrinolysis, and (3) LBBB markedly reduces the diagnostic power
of the ECG in the evaluation of potential AMI.

As with RBBB, the rule of appropriate discordance predicts the normal
ST segment/T wave findings in LBBB. In the right precordial leads (leads
V1 and V2), broad, mainly negative QS or rS complexes are found (Figs.
14 and 15). In these leads, STE with a prominent T wave is seen. The
STE in these leads ranges from minimal (1-2 mm) to prominent (>5 mm),
although STE >5mm in these leads should spark consideration of AMI
[22]. Moving from the right to left precordial leads, poor R wave progres-
sion or QS complexes are noted, rarely extending beyond leads V4 or V5.
In leads V5 and V6, a positive, monophasic R wave is encountered; the ST
segment is depressed in these leads, whereas the T wave is inverted. Similar
morphologies are found in leads I and aVL (Figs. 14 and 15).
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Fig. 13. Right bundle branch block.
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[1] LBBB criteria

[a] QRS complex > 0.12 sec

[b] QS complex (V1 & V2)

[c] R or RS complex (I, aVl, V5, & V6)
[2] leads V1 -V2

[a] ST segment elevation

[b] upward concavity of initial

ST segment
[c] prominent upright T wave

[3] leads |, aVI, V5, & V6 (ST segment —
T wave complex)

[a] depressed ST segment

[b] inverted T wave

[c] gradual downward sloping into inverted, asymmetric T wave
with abrupt return to baseline

Fig. 14. ECG criteria for left bundle branch block.

Ventricular paced rhythm

As with the LVH and LBBB patterns, right-VPR confounds the ability of
the physician to detect ACS on the ECG. Right-VPR not only confounds the
electrocardiographic diagnosis of ACS but also imitates ECG findings of
acute coronary ischemic events. In right-VPR, the ECG displays a broad,
mainly negative QRS complex with a QS configuration in leads V1 to V6; if
an R wave is present, it is usually small and does not appear until the left pre-
cordial leads, resulting in poor R wave progression. A large monophasic R
wave 1s encountered in leads I and aVL and, on occasion, in leads V5 and
V6. QS complexes also may be encountered in the inferior leads (Figs. 16—18).

The anticipated or expected ST segment/T wave configurations are
discordant and directed opposite from the terminal portion of the
QRS complex—the rule of appropriate discordance—similar to the
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Fig. 15. Left bundle branch block.
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[1] right ventricular paced rhythm
[a] widened QRS complex
[b] pacer spike in some leads
[2] broad, mainly negative QS or rS complex (V1 to V6)
[a] ST segment elevation (< 5 mm)
[b] initial concave morphology
[c] prominent, upright T wave
[3] monophasic R wave (I & aVL)
[a] ST segment depression
[b] inverted T wave

Fig. 16. ECG criteria for right ventricular paced rhythm.

electrocardiographic principles applied to BBB [16,23]. Accordingly, leads
with QS complexes demonstrate STE with an upright T wave; this STE is
seen in leads II, 111, and aVF as well as leads V1 to V6, depending on the
positioning of the pacemaker electrode. Leads with a large monophasic R
wave demonstrate STD with T wave inversion (Figs. 16-18) [24].

Left ventricular aneurysm

One structural complication of extensive myocardial infarction is ventric-
ular aneurysm, most often arising from the left ventricle after a large trans-
mural infarction. The most frequent electrocardiographic manifestation of
ventricular aneurysm is STE (Figs. 19 and 20). Because of the frequent an-
terior location of ventricular aneurysm, STE is observed most often in leads
I, aVl, and V1 to V6. An inferior wall ventricular aneurysm would reveal
STE in the inferior leads, though usually less pronounced than that seen
with the anterior left ventricular aneurysm. The actual ST segment abnor-
mality may manifest varying morphologies, ranging from obvious, convex
STE to minimal, concave elevations.

Fig. 17. Right ventricular paced rhythm, with ventricular pacing spikes.
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Fig. 18. Right ventricular paced rhythm with atrial and ventricular pacing spikes.

In patients who have ventricular aneurysm, significant Q waves are ob-
served in the same distribution as the STE. The calculation of the ratio of
the amplitude of the T wave to that of the QRS complex may help distin-
guish anterior AMI from ventricular aneurysm. If the ratio of the amplitude
of the T wave/QRS complex exceeds 0.36 in any single lead, the ECG likely
reflects AMI. If this ratio is less than 0.36 in all leads, however, the findings
are likely caused by ventricular aneurysm (Fig. 20) [25].

Other non-ACS causes of ST segment/T wave abnormalities

Cardiomyopathy may produce electrocardiographic patterns that simu-
late findings associated with acute and chronic coronary syndromes [16].
These findings include significant Q waves, ST segment changes, T wave

V2
[1] past MI

[a] Q wave
[b] poor R wave progression

[2] persistent ST segment elevation

[a] varying magnitudes m
[b] varying morphologies

[3] variable T wave (normal to inverted)

[4] relationship of QRS complex to T wave
[a] predominant, prominent QRS complex relative to T wave
[b] T wave / QRS complex amplitude ratio < 0.36

Fig. 19. ECG findings for left ventricular aneurysm.
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Fig. 20. Left ventricular aneurysm.

abnormalities, and BBB patterns. Cardiomyopathy may produce significant
Q waves in the inferior and right precordial distributions; in certain cases,
such Q waves may be seen across the precordium, involving the entire ante-
rolateral region of ECG. These leads also can demonstrate STE with prom-
inent T waves. In most instances, the STE is usually less than 5 mm in height
with a concave, initial upsloping portion of the ST segment/T wave
complex.

In 1992, Pedro and Josep Brugada described a new syndrome that was
associated with sudden death in individuals who have a structurally normal
heart and no evidence of atherosclerotic coronary disease [26]. Patients who
have this syndrome were noted to have a distinct set of electrocardiographic
abnormalities, characterized by an RBBB pattern with STE in the right pre-
cordial leads. Patients who have this Brugada syndrome have a tendency for
sudden cardiac death resulting from polymorphic ventricular tachycardia
[27]. ECG abnormalities (Fig. 21) that suggest the diagnosis include
RBBB (complete or incomplete) and STE in leads V1, V2, or V3. Two types
of STE (Fig. 21) morphologies have been described: convex upwards (coved)
and concave upwards (saddle-type) [28-30]. The ECG morphologies may
transform from one type to the other or may normalize completely.

[1] RBBB criteria
[a] widened QRS complex
-- incomplete
-- complete (> 0.12 sec)
[b] R or RS complex (V1 & V2)
[c] QS or Qr complex (V5 & V6)
[2] ST segment elevation in leads V1, V2, & V3
[3] ST segment morphologies
[a] convex ("coved”)
[b] saddle-type

Fig. 21. ECG findings for Brugada syndrome-related ST segment/T wave abnormalities.
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Left ventricular apical ballooning syndrome, also known as Takastubo
syndrome, is a recently described disorder in which patients develop anginal
symptoms with acute congestive heart failure during times of stress. At
cardiac catheterization, these patients are found to have abnormal left ven-
tricular function but normal coronary arteries [31,32]. Classic electrocardio-
graphic findings (Fig. 22) encountered in this syndrome include STE, T wave
inversion, and abnormal Q waves [33]. These findings are most often tran-
sient, presenting only when the patient is symptomatic and resolving during
physiologically normal periods. The STE itself has a similar morphology to
that seen in the patient who has AMI [33].

At therapeutic levels, digitalis produces characteristic electrocardio-
graphic changes, referred to as the digitalis effect. The electrocardiographic
manifestations (Fig. 23) of digitalis are as follows: (1) “scooped” STD, most
prominent in the inferior and precordial leads (those with the largest R
wave) and usually absent in the rightward leads; (2) flattened T waves; (3)
increased U waves; and (4) shortening of the QT interval.

The earliest sign of hyperkalemia is the appearance of tall, symmetric T
waves, described as hyperacute, which may be confused with the hyperacute
T wave of early STE AMI. As the serum potassium level increases, the T
waves tend to become taller, peaked, and narrowed in a symmetric fashion
in the anterior distribution (Fig. 24). Hyperkalemic T waves tend to be tall,
narrow, and peaked with a prominent or sharp apex. Also, these T waves
tend to be symmetric in morphology (Fig. 24). Conversely, the hyperacute
T waves of early AMI are often asymmetric with a broad base. As the serum
level continues to increase, the QRS complex widens (Fig. 24), which can
make the ST segment seem elevated. This pseudo-STE associated with hy-
perkalemia is characterized by J point elevation and prominent T waves.

The Wolff Parkinson White syndrome (WPW) frequently presents with
evidence of ventricular pre-excitation or actual dysrhythmic events. Such ev-
idence of pre-excitation includes the classic electrocardiographic triad of PR
interval shortening, a delta wave, and QRS complex widening. The patient

[1] ST segment elevation

[2] T wave inversion erasa!

; J‘-
[3] pathologic Q waves Rﬁ

|

e
i

Fig. 22. ECG findings for Takastubo cardiomyopathy.
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[1] ST segment
[a] depression

[b] “scooped” ST segment
depression

[€] most prominent in inferior
& precordial leads

[2] flattened T wave
[3] shortening of QT interval

Fig. 23. ECG Findings for digoxin effect.

may present with paroxysmal supraventricular tachycardia that does not re-
flect the underlying WPW syndrome, rapid, bizarre atrial fibrillation, broad-
complex tachycardia, or sudden cardiac death. Various pseudoinfarction
findings may be observed that, if not recognized, may once again lead the
uninformed clinician to the wrong diagnostic conclusion. Q waves can be
seen in leads 11, I1I, and aVF, mimicking past inferior myocardial infarction,
and tall R waves in the right precordial leads are suggestive of a posterior
wall AMI. T wave inversions can be seen in leads with prominent R waves
(Fig. 25).

With the development of hypothermia, the ECG manifests numerous
ECG abnormalities, particularly an unusual form of STE (Fig. 26). This
hypothermia-related electrocardiographic change involves the juncture be-
tween the terminal portion of the QRS complex and the initial ST segment—
the J point. The J point itself and the immediately adjacent ST segment
seem to have lifted unevenly off the isoelectric baseline, producing the
J wave (also know as the Osborn J wave). In general, the amplitude of
the J wave is directly proportional to the degree of hypothermia. Other
electrocardiographic features associated with hypothermia include (1) bra-
dycardia, (2) tremor artifact, (3) prolongation of the PR and QT intervals,
(4) T wave inversions in leads with preeminent J waves, and (5) dysrhyth-
mias such as atrial fibrillation and ventricular fibrillation (Fig. 26).

[1] prominent T wave
[a] tall & narrow
[b] symmetric

[2] QRS complex widening

[a] minimal to maximal (sine wave
configuration)

[b] related ST segment abnormality

[c] depression if QRS complex
predominantly positive

[d] elevation if QRS complex predominantly .1

negative

Fig. 24. ECG findings for hyperkalemia-related ST segment/T wave abnormalities.
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[1] ventricular pre-excitation syndrome
[a] shortened PR interval
[b] delta wave
[c] widened QRS complex

[2] T wave inversion

[3] ST segment . i|
[a] depression
[b] elevation

[4] pathologic Q wave i

Fig. 25. ECG findings of Wolff-Parkinson-White syndrome-related ST segment/T wave
abnormalities.

Central nervous system events such as subarachnoid and intraparenchy-
mal hemorrhage can present with ST segment/T wave abnormalities. These
CNS disasters may manifest electrocardiographic abnormality, most often
significant T wave inversion in the precordial leads; other electrocardio-
graphic abnormalities such as STD and STE, however, also are seen.

ST segment/T wave abnormalities—electrocardiographic distinction from
acute coronary syndrome

If the ECG reveals ST segment or T wave changes (Fig. 27), the clinician
then is confronted with the challenge of identifying the source of the electro-
cardiographic abnormality. In addition to clinical correlation, specific at-
tributes of these ECG findings aid in reaching a diagnosis. QRS complex
magnitude (a criterion for LVH pattern diagnosis) and the width (a criterion
for BBB or VPR) should be considered first. If either of these abnormalities
is present, a confounding electrocardiographic pattern is present, complicat-
ing the analysis. Furthermore, the presence of one of these patterns serves to
forewarn that ST segment or T wave abnormalities will be encountered;

[1] J wave or Osborn wave

[a] positive deflection at
J point
[b] associated ST segment
elevation

[2] other findings
[a] bradydysrhythmia
[b] muscle tremor artifact

Fig. 26. ECG findings for hypothermia.
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NORMAL ACS Non-ACS

§

Fig. 27. Specific ECG findings (prominent T wave, T wave inversion, ST segment depression,
and ST segment elevation) in normal, ACS, and non-ACS presentations.

these abnormalities can represent the normal findings associated with these
patterns or, alternatively, ACS changes superimposed on the confounding
pattern.

If a confounding pattern is not seen, the ST segment should be scruti-
nized, considering the presence of either STE or STD. From the anatomic
perspective, the location of the elevation is suggestive of the electrocardio-
graphic diagnosis in two circumstances. First, widespread anterior STE
most often is caused by a non-AMI process, including LVH, BBB, and
BER [34]. These patterns, when considered as a whole, are encountered
much more frequently than AMI occurring in the anterior area [34].

Second and perhaps more important, inferior STE, particularly when iso-
lated, results from AMI in most instances [34]. Again, the most commonly
encountered non-infarction causes of STE usually have electrocardiograph-
ically widespread or diffuse STE [23,35,36]. Isolated STE is a rare finding in
BER [35], whereas isolated STE is not found in LVH and BBB presentations
[23,35]. Similarly, lateral wall STE is an electrocardiographic finding more
often the result of AMI [34].

The morphology of the elevated ST segment is a predictor of etiology.
The use of ST segment waveform analysis has been reported as a useful ad-
junct in establishing the electrocardiographic diagnosis of AMI [7]. Using
this analysis, a concave ST segment pattern is seen significantly more often
in the non-AMI patient, whereas the non-concave morphology is seen
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almost exclusively in the patient who has AMI. As with most guidelines, it is
not infallible; patients who have STE caused by AMI may demonstrate con-
cavity of this portion of the waveform.

STD can occur as the sole finding on the ECG or as a component of
a more complicated electrocardiographic presentation. If present as the ma-
jor electrocardiographic abnormality, the morphology of STD is an impor-
tant consideration. Horizontal (flat) or downsloping ST segment depression
is associated more often with ACS, although nonischemic causes of STD
also may present with similar morphologies [37]. Reciprocal STD is defined
as depression in leads anatomically opposite, or near-opposite, to those with
STE (eg, STD in lead aVL in inferior STE AMI). Its presence on the ECG
supports the diagnosis of AMI with high sensitivity, and positive predictive
values greater than 90%. The use of reciprocal change in prehospital and
ED chest pain patients retrospectively increased the diagnostic accuracy in
the electrocardiographic recognition of AMI [6]. It is perhaps most useful
in patients who have chest pain and STE of questionable cause. The STD
occurring in an LVH, BBB, or VPR does not meet criteria for reciprocal
ST segment depression.

Considering the magnitude of ST segment changes, the total amount of
STE is greater in the patient who has AMI compared with the non-infarc-
tion patient. Furthermore, the total quantity of ST segment deviation, ie,
the sum of STE and STD, is significantly greater in the patient who has
AMI [34].

Summary

The 12-lead ECG furnishes invaluable information in patients who pres-
ent with chest pain or other symptomatology suggestive of ACS. The ECG
can demonstrate abnormalities in a subset of these individuals, ranging from
minimal nonspecific ST segment/T wave changes to pronounced STE. The
electrocardiographic differential diagnosis of these abnormalities includes
not only AMI and ACS, but also BER, myopericarditis, LVH, BBB,
VPR, ventricular aneurysm, and other non-ACS entities. A sound review
of the 12-lead ECG, together with knowledge of the expected electrocardio-
graphic abnormalities associated with these common diseases, assists the cli-
nician in differentiating ACS and non-ACS ST segment and T wave
abnormalities on the 12-lead ECG.
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Pericarditis

Pericarditis, or inflammation of the pericardium, is the most common dis-
order of the pericardium [1]. The list of identified causes is vast. Infectious
etiologies include viruses, bacteria, fungi, rickettsia, and parasites, among
others [2]. Pericarditis also may manifest following embarrassment of the
pericardium (traumatic or iatrogenic), in association with connective tissue
disorders, metabolic abnormalities, contiguous structure disorders, neo-
plasms, metabolic abnormalities, and a myriad of other etiologies [2]. Fur-
thermore, pericarditis sometimes is associated with myocarditis or
pericardial effusions [1], which are discussed separately.

Acute pericarditis is probably the most commonly identified phase of
the disease process diagnosed in the emergency department. Patients often
describe acute onset of a pleuritic type of chest pain, located in the center
of the chest, with radiation to the back. Positional influences typically
affect the pain, with alleviation on sitting up and leaning forward. On phys-
ical examination, a pericardial friction rub may be present, usually detected
most readily during exhalation. Also, patients may demonstrate pulsus
paradoxus [1].

The ECG patterns in pericarditis follow a typical evolution as the disease
progresses from the acute inflammatory phase through resolution. The du-
ration of ECG abnormalities varies with the different etiologies and may
persist from 1 week to months [3].

Pericardial inflammation typically causes an associated superficial myo-
carditis, or epicarditis. This inflammation causes the typical ECG injury cur-
rent pattern during repolarization—ST segment elevation—seen in acute
pericarditis [4]. As the pericardium surrounds the heart, these inflammatory
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changes typically involve a large surface area of the heart, resulting in diffuse
ECG abnormalities, in contrast to those changes associated with localized
insults [4]. Surawicz and Lassiter described ST segment elevation in 90%
of patients in their series of 31 patients who had proven pericarditis [5].
The most common pattern involved ST segment elevation in leads I, II,
and V5-V6, which was present in 70% of patients. More extensive involve-
ment indicated by additional ST segment elevation in leads III, aVL, aVF,
and V3-V4 was not uncommon, however. In addition to ST segment eleva-
tion, ST segment depression may be present. Surawicz and Lassiter de-
scribed ST segment depression in leads aVR and V1 in 64% of patients
with pericarditis [5].

Repolarization abnormalities of the atria, reflected in the PR segment,
also are identified frequently on ECG in the presence of acute pericarditis.
First, a baseline must be identified to analyze the PR segment. The T-P seg-
ment should be used, although it may be challenging to identify in the pres-
ence of tachycardia or ST segment elevation [3]. The PR segment frequently
demonstrates depression in all leads except aVR, which actually may show
PR segment elevation. These PR segment changes are seen most readily in
leads II, aVR, aVF, and V4-V6 (Fig. 1) [6-8].

Pericarditis may demonstrate T-wave changes on the ECG as the disease
process moves beyond the acute phase [1]. Diffuse notched T waves, bi-
phasic T waves, and low-voltage T-wave inversions have been described with
evolving pericarditis [3]. Dysrhythmias are uncommon, but when present
are usually supraventricular in origin. Interval abnormalities are uncommon
in pericarditis [3]. In patients who have known pericarditis, any develop-
ment of conduction blocks (atrioventricular [AV] or intraventricular) or
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Fig. 1. Pericarditis. A 30-year-old man presenting with pleuritic chest pain. ECG demonstrates
many findings associated with acute pericarditis: ST segment elevation most clearly seen in leads
I, 11, aVF, V3-V6, diffuse PR segment depression, and PR segment elevation in lead aVR.
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ventricular arrhythmias is highly suggestive of extension of the disease to myo-
carditis [3]. Box 1 summarizes the changes seen in acute and evolving
pericarditis.

Myocarditis

Myocarditis indicates inflammation of the myocardium, or heart muscle.
Most commonly an infectious source is the etiology, with viruses the most
frequent causative agent in the United States [9,10]. Myocarditis also may
be associated with hypersensitivity reactions, radiation, chemicals, or med-
ications [9].

Clinically the presentation of myocarditis is highly variable, depending on
the degree of illness severity. Patients who have myocarditis may be com-
pletely asymptomatic, with only transient ECG abnormalities as a clue to
their illness [11]. They also may develop a rapid and fulminant disease course
leading to dysrhythmias, congestive heart failure, or sudden death [10].

Most commonly the ECG of patients who have myocarditis demon-
strates diffuse T-wave inversions without abnormality of the ST segment
[3]. When myocarditis and pericarditis occur simultaneously, ST segment
abnormalities also may be evident [3]. Rarely patients who have myocarditis
demonstrate Q waves, which indicate fulminant disease [3,10].

Myocarditis of any etiology also may affect the conduction system of the
heart. The ECG thus may demonstrate QT interval prolongation, incom-
plete AV block, or intraventricular blocks. Conduction abnormalities are
usually transient, and complete AV block is uncommon [3]. Box 2 summa-
rizes the ECG manifestations of myocarditis.

Pericardial effusion and tamponade

Pericardial effusion is defined as an abnormal collection of fluid within
the pericardial sac [4]. Pericardial effusion may progress to tamponade,

Box 1. ECG manifestations: pericarditis

Acute

Diffuse ST segment elevation, particularly leads |, Il, lll, aVF,
aVL, and V5-V6

Diffuse PR segment depression

PR segment elevation in lead aVR

Evolving
T-wave changes: notched, biphasic, or low-voltage inversions
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Box 2. ECG manifestations: myocarditis

Diffuse T-wave inversions without ST segment abnormality

Incomplete atrioventricular conduction blocks (usually
transient)

Intraventricular conduction blocks (usually transient)

wherein pericardial sac fluid volumes impair ventricular filling [1]. The diag-
nosis of pericardial effusion and tamponade typically is made by way of
echocardiography [1]. The ECG performs poorly as a diagnostic modality
for these entities [12]. Two ECG findings classically are associated with these
pathologies: low voltage and electrical alternans (Fig. 2). As pericardial ef-
fusion and tamponade frequently are associated with pericarditis [1], addi-
tional ECG findings consistent with pericarditis also may be evident (see
earlier discussion) [13].

The generally accepted ECG requirements for low voltage are: QRS am-
plitude <0.5 mV (5§ mm) in all limb leads and <1.0 mV (10 mm) in the pre-
cordial leads [3,12,13]. Kudo and colleagues found that low voltage on the
ECG was demonstrated in only 26% of patients who had asymptomatic
pericardial effusion [13]. Not surprisingly, the size of the effusion apparently
influences the voltage. Studies have shown a higher incidence of low voltage
on ECG in individuals who have moderate to large effusions compared with
those who have small effusions [12,13]. It is believed that the fluid causes
a short circuit effect, resulting in the diminished QRS amplitude [3]. Al-
though low voltage is suggestive of pericardial effusion or tamponade, it
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Fig. 2. Pericardial effusion. A 36-year-old man with large pericardial effusion demonstrating
evidence of low voltage-QRS voltage <0.5 mV (1l large box) in most limb leads (although
not in lead II) and <1.0 mV (2 large boxes) in all precordial leads. Additionally some degree
of electrical alternans (phasic morphologic change) is seen in leads II, V2, and V3 (circle).
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is not pathognomonic, and a large differential diagnosis does exist [3,12].
The P-wave amplitude typically is unaffected by the presence of effusion
and tamponade [3].

Electrical alternans occurs in the setting of large pericardial effusions or
tamponade [1]. Chou defines it as “cyclic variations in the amplitude of
ECG complexes,” typically referring to the ventricular complexes displayed
on the ECG [3]. Usually the complexes progress between electrical axes over
a few cardiac cycles, rather than that of true alternans, which varies from
beat to beat. The variability in the complexes occurs as the position of the
heart changes during its cycle in a swinging or rotational manner within
the fluid-filled pericardial sac (Fig. 3) [3].

Total electrical alternans, an infrequent ECG finding associated with
pericardial tamponade, demonstrates cyclic variations in the P, QRS, and
T-wave complexes [14,15]. See Box 3 for a summary of ECG findings asso-
ciated with pericardial effusion and tamponade.

Hypertensive heart disease

Hypertension is a common, typically asymptomatic disease that can be
detected and treated easily. The prevalence varies by the definition used
and the racial backgrounds of the studied population. The etiology remains
unclear in 90%-95% of cases. Left untreated, almost all patients develop in-
creasingly higher levels of blood pressure over time, leading to disease pro-
gression and potentially lethal complications [16].
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Fig. 3. Electrical alternans. A 36-year-old man with pericardial tamponade demonstrating elec-
trical alternans (best seen in leads V2-V3, but evident in multiple leads, including the lead II
rhythm strip).
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Box 3. ECG manifestations: pericardial effusion and tamponade

Low voltage
Electrical alternans

In response to the elevated afterload or systemic vascular resistance asso-
ciated with hypertension, the left ventricle develops an increase in muscle
mass, termed left ventricular hypertrophy (LVH). This response is protective
only to a certain degree and with time may progress to systolic or diastolic
left ventricular dysfunction [17]. Eventually the left ventricle may dilate and
function poorly, and the individual develops congestive heart failure [16].

Echocardiography seems superior to the ECG in assessing LVH. Patterns
of LVH can show variability by echocardiography. The ECG is unable to
discriminate accurately between eccentric hypertrophy, concentric hypertro-
phy, and left ventricular dilatation [18]. Concentric LVH is associated with
higher rates of cardiovascular events and all-cause mortality [17].

The ECG findings associated with LVH may be multiple and can include
abnormalities in the QRS complexes and ST segment/T-wave abnormalities
(Box 4) [18]. Regionally increased QRS voltage is a frequent finding in LVH.
Various LVH criteria exist in the literature, with most centering on the issue
of increased QRS voltage. Multiple factors may contribute to this, including
an overall increase in left ventricle muscle mass and surface area and a de-
creased distance between the chest wall and heart [18].

Chou suggests the following as the most commonly used recent voltage
criteria to diagnose LVH in patients 40 years or older; these reflect promi-
nent R-wave forces in left-sided leads or prominent S-wave forces in
right-sided leads [18]:

Sin V1 + Rin V6 >3.5 mV (35 mm)
Sin V2 + Rin V6 >4.3 mV (43 mm)
Sin V1 >24 mV (24 mm)

R in V6 >2.8 mV (28 mm)

R in aVL >1.3 mV (13 mm)

Box 4. ECG manifestations: hypertensive heart disease

Prominent QRS amplitude (left-sided R waves/right-sided
S waves)

Incomplete left bundle branch block

Intrinsicoid deflection >0.045 sec in leads V5-V6

Left QRS axis deviation

Poor R-wave progression

Q waves right precordial leads or inferiorly
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Repolarization abnormalities associated with LVH frequently are termed
left ventricular strain. Left ventricular strain represents abnormalities of re-
polarization (an electrical event), however, and it should not be used as a di-
agnostic term. In a strain pattern, the ST segment and T wave deviate in
a direction opposite that of the QRS complex. In particular, ST segment de-
pression and asymmetric T-wave inversion are evident in leads demonstrat-
ing the tallest R waves, typically the left precordial leads, and left-sided limb
leads I and aVL [18]. The right precordial leads may demonstrate reciprocal
changes, that is, ST segment elevation and prominent T waves [18]. A delay
in ventricular depolarization impulse propagation through the increased left
ventricular mass and conducting system is believed to contribute to this find-
ing [18]. Other ST segment/T-wave abnormalities, such as flat T waves or
slight ST segment depressions in the left precordial leads, also may be pres-
ent [18]. Presence of these findings in the setting of the increased voltage de-
scribed lends further support to a diagnosis of LVH (Fig. 4) [18].

An intraventricular conduction delay also may be apparent in LVH, al-
though the overall QRS duration typically remains less than 0.12 sec. In-
complete left bundle branch frequently is identified in the presence of
LVH [18]. More specifically, however, the intrinsicoid deflection of the
QRS complex may be delayed >0.045 sec in LVH. This may be most appar-
ent in leads V5-V6. Late activation of the increased muscle mass is believed
to contribute to this finding [18].

Other less specific findings are associated with LVH. Left axis deviation
beyond —30° may be present but is not sensitive [18]. The right and mid-
precordial leads may demonstrate poor R-wave progression, with the equi-
phasic precordial QRS complex shifting further leftward. Occasionally
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Fig. 4. Left ventricular hypertrophy. A 51-year-old man with ECG findings of LVH (S in V1
>24 mm, R in aVL >13 mm) with strain pattern (ST segment depression and asymmetric
T-wave inversions in leads I, aVL, V5, and V6 consistent with repolarization abnormality).
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abnormal Q waves inferiorly (most often in leads III and aVF) or QS
complexes in the right precordial leads may falsely suggest myocardial
infarction [18].

Dextrocardia

Dextrocardia refers to the abnormal positioning of the heart in the right
hemithorax. It may or may not occur in association with situs inversus [19],
which refers to a mirror image of the organs within the body while maintain-
ing normal anterior—posterior relationships. The atria and ventricles typically
are reversed in situs inversus also; thus the heart functions normally [19].
The physical examination may suggest situs inversus with right-sided heart
sounds and a left-sided liver [19]. When dextrocardia is not associated with
situs inversus, other congenital anomalies are virtually always present, and
the condition is apparent before adulthood [20].

The ECG appears somewhat reversed with dextrocardia (Box 5). Lead I
is frequently suggestive of the abnormality, with a largely negative QRS
complex and inverted P and T waves. Furthermore, the QRS complexes
in leads aVR and aVL appear reversed. In the precordial leads, the typical
QRS complex progression appears as a mirror image of the normal pattern
(Fig. 5) [19]. The precordial leads are helpful when differentiating dextrocar-
dia from right and left arm electrode reversal. When upper limb electrodes
are reversed, the ECG demonstrates a normal precordial pattern [20].

Brugada syndrome

In 1992 Brugada and Brugada first described a syndrome in eight patients
who experienced aborted sudden cardiac death with structurally normal
hearts and similar ECG abnormalities [21]. Patients seemed to have unpre-
dictable, unexplained episodes of polymorphic ventricular tachycardia.
Since this initial description, the frequency of syndrome recognition has in-
creased, and it is now believed that Brugada syndrome represents up to
40%—60% of cases of idiopathic ventricular fibrillation [22].

Demonstrated in adults and children, familial clusters were noted in the
original report, suggesting a genetic link [21]. A genetic mutation affecting
the cardiac sodium channels now has been identified and related to the syn-
drome [23]. Other factors, including body temperature, certain medications,

Box 5. ECG manifestations: dextrocardia

Negative P-QRS-T complex in lead |
Reversed appearance of leads aVR and aVL
Abnormal precordial QRS complex progression
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Fig. 5. Dextrocardia. ECG of a 24-year-old woman with dextrocardia associated with situs in-
versus. Lead I demonstrates negatively directed P-QRS-T complex. Leads aVL and aVR appear
reversed. Precordial QRS progression appears mirror image of normal—voltage diminishes as
the left precordial leads progress. Used with permission from Demangone DA. ECG findings as-
sociated with situs inversus. J Emerg Med 2004;27:179-81.

and neurogenic influences, also may affect the predilection for development of
ventricular fibrillation in patients who have Brugada syndrome [24].

Individuals may experience self-limited episodes of ventricular tachycar-
dia, resulting in a near-syncopal or syncopal event [24]. If the dysrhythmia
continues without intervention, degeneration to ventricular fibrillation can
occur, leading to sudden cardiac death [24]. Any patient suspected of having
Brugada syndrome must undergo electrophysiologic testing to confirm the
diagnosis. Once confirmed, patients are referred for internal cardioverter-
defibrillator (ICD) placement [24].

Brugada and Brugada first described the ECG abnormalities associated
with this syndrome as consisting of a right bundle branch (RBBB) pattern
and ST segment elevation of at least 0.1 mV in leads V1-V3 (Fig. 6) (Box 6)
[21]. The ST segment elevation has been described in two morphologies:
saddle back, which appears concave upward, and coved, which appears
convex upward (Fig. 7) [22,25]. The PR and QT intervals are normal
[21]. Although the ECG abnormalities are typically persistent, the ECG
may normalize transiently, making the diagnosis difficult [26]. Patients
may demonstrate an incomplete RBBB pattern rather than a true RBBB
and may have ST segment elevation limited to leads V1-V2 [24].

When Brugada syndrome is suspected, referral for electrophysiologic
testing is of the utmost importance, because the mortality rate may be as
high as 30% at 2 years without ICD placement [23].

Cardiac transplantation

The ECG following cardiac transplantation may demonstrate various
findings, including rhythm and conduction abnormalities; acute transplant
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Fig. 6. Brugada syndrome. Incomplete right bundle branch block with ST segment elevation in
V1-V2 in the coved pattern. Used with permission from Mattu A, Rogers RL, Kim H, et al. The
Brugada syndrome. Am J Emerg Med 2003;21:146-51.

rejection also may be reflected on the ECG. Inherent to the procedure is the
interesting finding of dual P waves. Retained recipient atrial tissue serves as
a site to secure the donor heart, and thus the native and the donor SA node
may produce P waves [20]. Typically, native P waves are of smaller ampli-
tude than those of the donor organ [20]. The two SA nodes fire indepen-
dently, with the donor P waves in synchrony with the QRS complexes
(Fig. 8) [27]. Furthermore, the transplanted heart usually contracts at
a more rapid rate than the atrial remnant because of surgical autonomic
denervation [20,28]. Commonly, native P waves are not detectable because
of their small amplitude, the presence of SA dysfunction, or atrial fibrillation
before transplant [20].

More than 80% of heart transplant patients demonstrate a complete or
incomplete RBBB (Fig. 9). Approximately 7%—-25% of patients also demon-
strate findings consistent with left anterior fascicular block [20]. Rhythm dis-
turbances following cardiac transplantation include sinus bradycardia,
junctional rhythms, atrial tachydysrhythmias, first-degree AV block, and
premature ventricular complexes [29-31]. Also, nonspecific ST segment/
T-wave abnormalities are fairly common in the postoperative period, likely
caused by some degree of pericarditis [20]. Box 7 summarizes the key
changes often seen in the ECG after cardiac transplantation.

Box 6. ECG manifestations: Brugada syndrome

Complete or incomplete right bundle branch block
ST segment elevation in leads V1-V3
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Fig. 7. Brugada syndrome. ST segment morphologies associated with Brugada syndrome. (A4)
Coved appearance with convex-upward morphology. (B) Saddle-back appearance with con-
cave-upward morphology. Used with permission from Mattu A, Rogers RL, Kim H, et al.
The Brugada syndrome. Am J Emerg Med 2003;21:146-51.

Rejection of the transplanted heart may be evidenced by the onset of
atrial fibrillation or flutter [32] or prolongation of the QT interval [33,34].

Valvular heart disease
Aortic stenosis

Aortic stenosis (AS) accounts for approximately one quarter of all pa-
tients who have chronic, valvular heart disease [35]. It may arise from con-
genital or acquired lesions, but typically presents as a long, slowly
progressive disease of the aortic valve, resulting in increasingly larger de-
grees of outflow obstruction [36]. The aortic outflow obstruction typically
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Fig. 8. Cardiac transplantation. ECG of a patient after cardiac transplantation. Dual P waves
are visible in the rhythm strip. Note the donor P waves are associated with the QRS complexes,
whereas the native P waves that precede them are not. Thus the P-P interval is changing; this is
best seen in the lead II rhythm strip.

leads to concentric LVH in women and eccentric LVH in men, few may be
able to compensate for the obstruction without symptoms for many years
[35,36]. Symptoms usually develop in the setting of severe AS, when the
valve orifice is only one third the original size [35]. The cardinal symptoms
of critical AS include angina pectoris, exertional dyspnea, syncope, and con-
gestive heart failure [36].
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Fig. 9. Cardiac transplantation. Note the right bundle branch block pattern in this patient,
a common occurrence (seen in greater than 80%) after transplantation.
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Box 7. ECG manifestations: cardiac transplantation

Dual P waves
Faster resting heart rate
Complete or incomplete right bundle branch block

As the normal cardiac response to aortic outflow obstruction is LVH, the
ECG typically demonstrates findings consistent with an LVH pattern, with
or without strain, (see hypertensive heart disease section) in 85% of patients
who have severe AS [36]. Left atrial enlargement also may be apparent in
patients who have isolated aortic valve disease, demonstrated by an in-
creased P-wave duration (>0.12 sec) in lead II, or more commonly by a bi-
phasic P wave in lead V1 with a negative terminal portion [36]. Additionally
a pseudo-infarction pattern of loss of R waves in the precordial leads is oc-
casionally evident [36].

Rhythm disturbances, such as atrial fibrillation, are not seen commonly.
AV and intraventricular conduction abnormalities may be apparent when
the conduction system also is affected by calcific changes [36].

Aortic regurgitation

Aortic regurgitation (AR) occurs when the aortic valve leaflets fail to jux-
tapose effectively during diastole, allowing for the backward flow of blood
from the aorta into the left ventricle [35]. Because of the increased volume,
the left ventricle typically dilates and hypertrophies. Associated left atrial
dilatation and hypertrophy also may occur. Abnormal aortic valve leaflets
or an abnormally dilated aortic root can lead to AR; these lesions may be
congenital or acquired. Valvular abnormalities most commonly are caused
by rheumatic fever [36]. Dilatation of the aortic root may occur with age-
related degeneration, cystic medial necrosis (as seen in Marfan syndrome),
or multiple other disease processes [36].

Patients who have chronic AR typically remain asymptomatic for several
years. By the time patients experience orthopnea, paroxysmal nocturnal
dyspnea, or exertional dyspnea, significant myocardial dysfunction has
developed. Angina pectoris frequently is experienced late in the disease
course [36].

Left axis deviation, or a QRS axis of greater than —30°, is typical of
chronic AR [36]. Left axis deviation may be recognized easily on ECG by
a prominent R wave in lead I, deep S wave in lead III, and a biphasic RS
complex in lead II with the amplitude of the S component greater than
the amplitude of the R component [37]. LVH with or without a strain pat-
tern is also frequently present [20,36]. Late in the disease course, intraven-
tricular conduction abnormalities may manifest [36].
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Mitral stenosis

Mitral stenosis most frequently is the result of rheumatic fever [35], with
two thirds of those patients being female [36]. A diminished mitral valve or-
ifice obstructs flow from the left atrium into the left ventricle. Pressures
within the left atrium become elevated, and it dilates. As disease progression
ensues, pulmonary venous and capillary pressures become elevated, pulmo-
nary compliance decreases, and the patient may develop pulmonary hyper-
tension, eventually leading to right-sided heart failure [35,36].

Typically symptomatic disease develops in the second decade following
the rheumatic illness, with functional impairment developing by the fourth
decade [35]. Initial symptoms may go unnoticed, because it frequently man-
ifests with exertional activities as dyspnea or cough caused by the acutely
elevated pulmonary capillary pressures [35]. As the disease continues, less
exertion is required to cause symptoms, and functional disability becomes
apparent [35]. Patients also may develop paroxysmal nocturnal dyspnea,
pulmonary edema, hemoptysis, pulmonary embolism, pulmonary infections,
or infective endocarditis [35].

With mild disease, few changes are apparent on the ECG [36]; character-
istic changes are evident in those patients who have moderate to severe dis-
ease. Because of the chronically elevated left atrial pressures, left atrial
enlargement is evidenced by P-wave duration greater than 0.12 seconds in
lead II, or shift of the P-wave axis to between +45° and —30° (Fig. 10)
[36]. Additionally the ECG may demonstrate evidence of right ventricular
hypertrophy caused by associated pulmonary hypertension. Chou summa-
rizes the principal ECG findings of right ventricular hypertrophy as right
axis deviation, tall R waves in the right precordium, deep S waves in the
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Fig. 10. Mitral stenosis. ECG from a patient who had mitral stenosis demonstrates marked left
atrial enlargement; note the broad, bifid P wave in lead II and the large negative deflection of
the terminal P wave in lead V1.
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left precordium, and a slightly prolonged QRS duration. The unusual elec-
trocardiographic combination of left atrial enlargement and right ventric-
ular hypertrophy thus should trigger consideration of advanced mitral
stenosis [18].

Longstanding mitral stenosis frequently is associated with atrial arrhyth-
mias, such as atrial fibrillation or flutter, premature atrial contractions, or
tachydysrhythmias, caused by dilatation, fibrosis, and disorganization of
muscular architecture of the left atrium [36]. Initial episodes of atrial fibril-
lation are usually transient, but once permanent atrial fibrillation develops,
the disease course progresses more rapidly [35].

Mitral regurgitation

Mitral regurgitation frequently occurs in the setting of congenital abnor-
malities or rheumatic heart disease [35]. The left ventricle initially attempts
to compensate for the increased workload with more complete emptying fol-
lowing systole. As the disease progresses, the left ventricular end diastolic
volumes increase and the left ventricle eventually fails. The left atrium
also dilates [35].

Most patients who have mitral regurgitation do not experience significant
symptomatology. Patients who have more severe disease are likely to de-
scribe dyspnea, fatigue, weakness, or orthopnea. And in those who have
lowered cardiac output, exhaustion, weight loss, and cachexia may be ap-
parent [35].

The ECG findings associated with mitral regurgitation frequently are
nonspecific [20]. With advanced disease, left atrial enlargement and atrial fi-
brillation are found most commonly [36].

Mitral valve prolapse

Mitral valve prolapse (MVP) may result from various pathologic mech-
anisms [36] and is present in approximately 2.4% of the general population
[38]. It is the most frequent cause of mitral regurgitation. The male to female
ratio is approximately 1:2 and it includes all age groups [36]. The syndrome
demonstrates significant clinical variability in patients, from the asymptom-
atic to various nonspecific symptoms to those symptoms associated with sig-
nificant mitral regurgitation [36].

The ECG in patients who have MVP most commonly is normal in
asymptomatic patients. Inverted or biphasic T waves and nonspecific ST
segment/T-wave abnormalities in leads II, III, and aVF may be identified
in those patients who have symptomatic disease or in a small number of
the asymptomatic patient population [36].

Numerous dysrhythmias have been associated with MVP. Premature
contractions of the atria or ventricles and supraventricular or ventricular
tachydysrhythmias have been reported [39,40]. Patients also may experience
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bradydysrhythmias or various degrees of AV block. Additionally patients
may demonstrate prolonged QT intervals [36]. Box 8 summarizes the elec-
trocardiographic highlights of valvular heart disease.

Long QT syndrome

Long QT syndrome may be of congenital etiology or associated with mul-
tiple other causes, such as electrolyte abnormalities, drug toxicities, acute
coronary syndrome, central nervous system syndromes, or idiopathic causes
[41]. It can be divided into marked or moderate categories. Marked QT pro-
longation is considered in patients who have corrected QT intervals (QTc)
>125% of the normal value; those with moderate prolongation demon-
strate QTc values ranging from 115%—125% of the normal values [41]. In
calculating the QTc, the generally accepted formula is QTc = QT interval
divided by the square root of R-R interval (in seconds). Generally speaking,
a QTc <0.44 seconds is considered normal [42].

Box 8. ECG manifestations: selected valvular heart disease

Aortic stenosis

LVH +/— strain pattern

Left atrial enlargement

Pseudoinfarction pattern in precordial leads

Atrial fibrillation (uncommon)

AV and/or intraventricular conduction abnormalities
(uncommon)

Aortic regurgitation

e Left axis deviation (QRS axis > —30 degrees)
e Left ventricular hypertrophy +/— strain pattern
e Intraventricular conduction abnormalities

Mitral stenosis

e Left atrial enlargement

e Right ventricular hypertrophy
e Atrial arrhythmias

Mitral Regurgitation
e Left atrial enlargement
e Atrial fibrillation

Mitral valve prolapse

e Non specific ST segment/T wave changes
e Tachydysrhythmias

e Bradydysrhythmias/AV block
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First described in 1957, congenital long QT syndrome has been geneti-
cally linked to abnormalities of the potassium or sodium channels, affecting
the ventricular action potential [41]. Congenital long QT syndrome has been as-
sociated with sudden death, which often can occur unpredictably or may be
precipitated by sudden sympathetic outflow associated with startling stimuli.
Patients develop premature ventricular contractions or ventricular tachycar-
dia following the stimuli, which may progress to ventricular fibrillation. The
typical pattern of ventricular tachycardia is that of torsades de pointes,
which results from a premature ventricular contraction firing during ventric-
ular repolarization or during the T wave. A polymorphic ventricular tachy-
cardia results, with an axis that continues to change direction throughout
the dysrhythmia [41].
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Selected extracardiac diseases

The electrocardiogram (ECG) can be altered by various conditions that
are external to the heart. Some of these ECG changes are caused by direct
cardiac involvement, whereas others result from undetermined mechanisms.
These external conditions include physical changes to the heart’s position in
the thoracic cavity, temperature effects on the heart, abnormal neurologic
input to the heart, hormonal abnormalities, increased pressure within the
cardiovascular system, or the interposition of fluid or tissues between the
heart and the electrodes of the ECG. These ECG findings are often of
low sensitivity and specificity in the diagnosis of the noncardiac disease
and they may add confusion to arriving at a correct diagnosis. Mimics of
acute myocardial infarction (AMI) could, for example, lead to unnecessary
thrombolytic therapy with serious consequences. Some ECG findings are
helpful in arriving at the correct noncardiac diagnosis. This article focuses
on selected extracardiac diseases that cause abnormalities on the ECG of
importance to the emergency physician (EP).

Acute pulmonary embolism

Emergency department (ED) diagnosis of acute pulmonary embolism
(PE) is difficult and often requires the use of several diagnostic modalities.
The patient who has suspected PE often has chest pain and dyspnea, and
an ECG invariably is obtained as part of the initial evaluation. The differ-

ential diagnosis in these cases often includes acute coronary syndrome
(ACS).
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Numerous ECG abnormalities have been reported in patients who have
PE. Most of these findings have low sensitivity and specificity and are of lim-
ited value alone in the diagnosis of PE [1]. The ECG is still useful to the EP,
however, when evaluating a patient who has suspected PE. Certain specific
ECG abnormalities can make an alternative diagnosis more likely or may be
used to assess the severity or prognosis of a PE.

The classic SIQ3T3 pattern first was described in 1935 in a report of
seven patients who had acute cor pulmonale secondary to PE [2]. These
patients likely had massive PE. Numerous studies over the past several
decades have refuted the usefulness of S1Q3T3 [3-5]. Despite having very
low sensitivity and specificity for PE, this ECG finding still is often linked
to PE. A wide range of additional ECG abnormalities have been described
in many published reports over the last 50 years [6]. The problem with many
of these published reports is selection bias; many of the study groups included
only patients who had massive or large PE.

The exact mechanism of the ECG changes caused by PE is unclear [6].
Large or massive PE causes elevation of pulmonary artery and right ventric-
ular pressures. ECG manifestations are more specific with massive PE [7].
This acute pressure overload on the right side of the heart, acute cor pulmo-
nale, most commonly is caused by PE. This causes right atrial enlargement
and right ventricular dilation. This leads to a right ventricular strain pattern
and acute right bundle branch block (RBBB) or incomplete RBBB (Fig. 1). In
addition, right atrial enlargement manifests as increased height and width of
the initial component of the P wave. This is best seen in leads IT and V1. Right
ventricular enlargement may cause a directional change of the QRS complex
waveform from positive to negative in lead I and from predominantly nega-
tive to positive in lead V6. Other ECG findings can mimic ACS, such as slight
ST segment elevation and shallow T-wave inversion in the inferior leads. In
a series of 80 patients who had confirmed PE, precordial T-wave inversion
was the most common ECG finding (68%), exceeding sinus tachycardia
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Fig. 1. A 49-year-old woman with acute pulmonary embolism. ECG demonstrates sinus
rhythm, RBBB, and ST segment/T-wave changes concerning for myocardial ischemia.
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(26%) and S1Q3T3 (50%). Furthermore, the investigators found it to vary
with clinical measures of the severity of the PE [8].

Studies have found that in non-massive PE the most common ECG man-
ifestation is normal sinus rhythm [9]. RBBB or incomplete RBBB is a highly
variable finding, with a range of 6%—67% [6], and is likely caused by the
size and hemodynamic impact of the PE. Other changes associated with
PE but lacking sufficient sensitivity or specificity to be helpful to the EP
are atrial fibrillation or flutter, sinus tachycardia, axis change, transition
zone shift, and ST segment and T-wave changes. A recent observational
study examining the usefulness of right-sided chest leads in acute PE found
an rS in lead V4R to be sensitive, but the specificity of this finding was not
determined [10].

The 12-lead ECG is of limited value in the diagnosis of PE, because there
are no ECG findings that are unequivocally diagnostic of PE. The usefulness
of the ECG in the patient who has suspected PE is in excluding the diagnosis
of other conditions, such as acute MI, cardiac ischemia, and pericarditis. Al-
though the ECG in patients who have massive PE is more specific, the clin-
ical presentation is likely more helpful in arriving at the correct diagnosis.

Pneumothorax

Pneumothorax is a collapse of the lung caused by air in the pleural space.
The clinical manifestations vary widely depending on which lung, the per-
cent of lung collapse, the presence of tension, the presence of pre-existing
lung disease, and associated injuries or disease. Right and left pneumotho-
rax can produce various changes on the ECG [11-13]. Because these patients
invariably present with chest pain, an ECG is usually rapidly available to the
EP. ECG findings include decreased QRS complex amplitude, ST segment
changes suggestive of cardiac ischemia or infarction, QRS axis deviation,
electrical alternans, reduced precordial R-wave voltage, and precordial
T-wave inversions. The exact mechanism of these changes is uncertain. Pro-
posed mechanisms include the interposition of air between the heart and the
ECG clectrodes, interposition of the collapsed lung between the heart and
the ECG electrodes, and alteration in cardiac position (especially in tension
pneumothorax). Most of these changes resolve with re-expansion of the af-
fected lung. It is important for the EP to realize that ST segment and other
changes often found are not necessarily caused by cardiac ischemia.

The extent of the ECG changes correlate with the size of the pneumotho-
rax, whether tension is present, and the side involved [14]. The findings in
left pneumothorax include decreased voltage in the precordial leads and
QRS axis shift. They comprise most of the cases reported in the medical lit-
erature. The ECG findings in right pneumothorax are more ambiguous, less
prominent, and less specific but often include reduced QRS voltage and
QRS axis changes [11,12].
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Pneumothorax cannot be diagnosed by ECG, but perhaps the finding of
reduced precordial lead voltage, especially when compared with a prior
ECG, prompts a closer look at the chest radiograph. It also is important
to remember that pneumothorax can cause ECG changes and that these
changes should not be ascribed automatically to cardiac pathology.

Pulmonary hypertension

Pulmonary hypertension (PH) is an elevation of the pressure in the right
side of the heart and the final hemodynamic abnormality resulting from
many different etiologies. Cases are classified as primary or the more com-
mon secondary PH and result in increased right ventricular workload.
The final endpoint of untreated pulmonary hypertension is right ventricular
failure. The ECG manifestations of the primary disorder causing the PH
also are present.

The criterion standard for diagnosis of PH is right-sided heart catheteri-
zation, although echocardiography is extremely useful. The diagnosis often
is suspected, however, by history and physical examination and careful eval-
uation of the ECG. In the early stages the disease is difficult to recognize,
but the ECG findings may offer a clue. Mild or even moderate PH can exist
for many years without becoming clinically evident.

The ECG has a high degree of sensitivity for the detection of abnormal-
ities in symptomatic patients who have PH [15]. Common findings include
those that reflect a significant increase over normal in the contribution of
the right-sided cardiac structures to the ECG (Fig. 2). As the left ventricular
mass normally is three times that of the right ventricle, a doubling or tripling
of right ventricular mass is required to pull the electrical forces anteriorly
and to the right to produce recognizable ECG changes. The ECG manifes-
tations of right ventricular hypertrophy or enlargement include right axis

Fig. 2. A 2l1-year-old woman with pulmonary hypertension. ECG demonstrates rightward de-
viation of the QRS axis, a qR pattern in lead V1, and S wave >R wave amplitude in lead V6—
all consistent with RVH. Echocardiography confirmed the diagnosis.
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deviation, incomplete RBBB, prominent R-wave amplitude in lead V1
(R- >S-wave amplitude), qR pattern in lead V1, and rS complexes in the
left precordial leads. False patterns of RV hypertrophy can occur in patients
who have posterior-wall MI, complete RBBB with LPFB, and Wolff-Par-
kinson-White syndrome.

Aortic dissection

Aortic dissection (AD) is the most common acute disease of the aorta and
it is a diagnosis that should be considered in all patients presenting to the
ED with chest pain or back pain. It is caused by blood dissecting into the
aortic media after a transverse tear of the aortic intima. Untreated dissection
involving the ascending aorta has a 75% 2-week mortality. Timely diagnosis
is the key to appropriate management of this condition. Up to 30% of pa-
tients who have AD initially are suspected of having other conditions, such
as angina, myocardial infarction, or pulmonary embolus. The most common
predisposing risk factor is hypertension. Aortic dissection is rare before age
40 years, except in association with Ehlers-Danlos or Marfan syndrome. An
ECG is useful in excluding MI but can be misleading in some cases. Tho-
racic aortic dissections are divided into Stanford types A and B. Type A
comprises 62% of patients, involves the ascending aorta, and requires
urgent surgical repair. The less common type B often can be managed med-
ically. The DeBakey classification is also widely used and assigns dissections
into three types. Type I dissections involve the ascending aorta, the aortic
arch, and the descending aorta; type II dissections are confined to the as-
cending aorta; and type III dissections are confined to the descending aorta
(distal to the left subclavian artery) [16,17].

A study from Japan of 89 patients who had acute aortic dissection dem-
onstrated that 55% of the type A dissections had acute ECG changes. These
included ST segment depression or elevation and T-wave changes. Only
22% of type B dissections had acute ECG changes, none with ST elevation.
The most common complication in type A patients was cardiac tamponade
(45%) [18].

The most important use of the ECG is to distinguish acute ST segment
elevation MI from AD. Both conditions can coexist, however, when an aor-
tic dissection proceeds retrograde and involves the coronary artery ostium,
most commonly the right coronary artery, causing acute proximal coronary
artery occlusion [19]. This can produce ST segment elevation in the territory
of the occluded coronary artery. Use of thrombolytic therapy in this situa-
tion could be associated with an undesirable outcome. Other data (findings
on the history and physical examination and the chest radiograph and more
advanced imaging of the chest) are critical to aid in the differentiation of
these two entities. Fortunately most patients who have AD and ACS have
nonspecific ST segment/T-wave changes rather than ST elevation [20].
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The incidence of acute aortic dissection erroneously treated with thrombol-
ysis in the European Myocardial Infarction Project was 0.33% (9 of 2750)
[21]. As hypertension is common in these patients, the ECG can show left
ventricular hypertrophy (Fig. 3). A small study of 43 patients who had aor-
tic dissection found left ventricular hypertrophy to be the most common
ECG abnormality (27%) [16]. Dissection also can extend proximally into
the atrial septum and atrioventricular (AV) conduction system and cause
heart block. In addition, blood can track into the pericardium, causing de-
creased voltage on the ECG and perhaps hemodynamic compromise.

The EP must be alert to the confounding ECG manifestations that are
found in this condition, because the ECG can be normal, show changes as-
sociated with longstanding hypertension, or rarely demonstrate changes of
acute coronary occlusion.

Central nervous system disease

Acute central nervous system (CNS) events, such as intracranial hemor-
rhage, trauma, increased intracranial pressure, and nonhemorrhagic strokes,
often produce various ECG abnormalities. Conversely, several cardiac con-
ditions can lead to acute CNS events. In some situations, the EP cannot de-
termine which is the primary event. The most common ECG abnormalities
are diffuse repolarization abnormalities, such as T-wave changes, ST seg-
ment alterations, QT interval prolongation and dispersion, and U-wave
changes.

Subarachnoid hemorrhage (SAH) produces ECG changes in up to 80%
of patients [22]. The physiologic basis of these abnormalities is controversial
but may involve increases in sympathetic and vagal tone that are CNS me-
diated or actual myocardial necrosis. The most common ECG findings
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Fig. 3. A 46-year-old man with thoracic aortic dissection. ECG demonstrates sinus rhythm,
voltage criteria for left ventricular hypertrophy, and diffuse ST segment/T-wave changes.
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include widening and inversion of T waves in the precordial leads, pro-
longed QT interval, and bradycardia. The EP may be led to suspect a pri-
mary cardiac diagnosis, such as acute myocardial infarction or ischemia
(Fig. 4). Rhythm disturbances are less common in SAH as shown in
a 2002 study of 100 patients who had SAH in whom 93% had a normal si-
nus rhythm. No significant association was found between mortality in SAH
and any single or aggregate ECG abnormalities [23].

Increased intracranial pressure, often associated with intracranial hemor-
rhage (ICH), produces morphologic ECG changes and rhythm disturbances.
Morphologic changes include prominent U waves, ST segment/T-wave
changes, notched T waves, and shortening or prolongation of QT intervals
[24]. Bradycardia commonly occurs in association with increased intracrani-
al pressure as first described by Cushing at the turn of the last century. A re-
cent study of 50 patients who had ICH demonstrated that increased QT
dispersion on the initial ECG is an important prognostic factor [25]. QT dis-
persion is the difference between the longest and shortest QT intervals on
a 12-lead ECG. Increased QT dispersion is associated with an increased
risk for arrhythmia [26]. Patients who had brainstem involvement had the
largest QT dispersion and the highest mortality but not necessarily from ar-
rhythmias [25]. A case has been published of a patient who had a brainstem
hemorrhage, prolonged QT interval, and torsades de pointes [27]. The pa-
tient developed T-wave alternans, which is related to ventricular electrical in-
stability and is a marker of vulnerability to ventricular arrhythmias. It is
believed that increased catecholamine release is implicated in this process.

Acute ischemic stroke at times is associated with ECG findings of acute
myocardial infarction or atrial fibrillation. Patients who have an acute ische-
mic stroke and an abnormal ECG have significantly higher 6-month mortal-
ity when compared with stroke patients who have a normal ECG [28].
Thromboembolic stroke patients often demonstrate prolonged QT intervals,
ST segment/T-wave abnormalities, and prominent U waves. In addition,
these stroke patients often experience ventricular ectopy.
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Fig. 4. A 73-year-old woman with intracerebral hemorrhage. ECG demonstrates atrial fibrilla-
tion, prolonged QT interval, and deep “‘roller coaster”” T-wave inversions.
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Acute CNS events are associated with various ECG abnormalities that
have low sensitivity and specificity. ICH is associated with deep T-wave in-
version and bradycardia. Findings of acute myocardial infarction or atrial
fibrillation are seen in acute nonhemorrhagic stroke; their occurrence may
be causative of, rather than resultant from, the stroke.

Pancreatitis, cholecystitis, and other gastrointestinal disorders

Pancreatitis is a serious inflammatory process that is often relapsing, pro-
gressive, and may be irreversible; inflammation of the pancreas can affect
surrounding tissues. In addition, release of inflammatory mediators can re-
sult in a systemic inflammatory response causing multiple organ failure. An-
other potential complication of pancreatitis is hypocalcemia (Fig. 5). There
is significant overlap in the presenting signs and symptoms of acute pancre-
atitis and ACS. The EP uses the ECG to help differentiate these two entities,
but abnormal ECG findings have been reported in patients who have acute
pancreatitis [29,30]. The exact mechanism of these changes is uncertain. Pos-
tulated causes include a vagally mediated reflex and a direct cardiac toxic
effect by pancreatic proteolytic enzymes. No scientific support exists, how-
ever, for either of these two proposed mechanisms. Several case reports of
patients who have acute pancreatitis demonstrate that findings consistent
with ACS, including ST segment elevation, T-wave inversions, and a new
left bundle branch block suggestive of acute myocardial infarction can occur
[31,32]. These patients had normal cardiac enzymes and normal coronary
angiograms. One patient reported on had increased troponins with a normal
angiogram, and the investigators suggest a direct toxic effect on the heart
by the proteolytic enzymes. A recent study of patients who had alcoholic
pancreatitis versus alcoholic and nonalcoholic control subjects demon-
strated increased QT dispersion among the pancreatitis patients [33]. The
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Fig. 5. An 87-year-old woman with acute pancreatitis and hypocalcemia. ECG demonstrates
sinus rhythm, prolonged QT interval typical of hypocalcemia, and T-wave abnormalities [8].
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investigators in this study, however, did not present sufficient electrolyte
data. Hypocalcemia and hypokalemia are associated with a prolonged QT
interval.

The ECG is not useful in the diagnosis of acute pancreatitis. The ECG,
however, can mislead the EP into an erroneous diagnosis of ACS. The EP
must recognize that acute pancreatitis is another cause of ST segment eleva-
tion and pancreatic enzymes should be obtained in the right clinical situa-
tion. In addition, alcoholic pancreatitis can be another cause of increased
QT dispersion. Electrolyte abnormalities associated with pancreatitis can
cause ECG abnormalities.

Acute cholecystitis and biliary colic have signs and symptoms similar to
those of coronary ischemia. The ECG can have ST segment changes and
T-wave inversions. A case series suggests a vagally mediated reflex as a cause
of the ECG changes in patients who have cholecystitis or biliary colic [34].
Proper surgical treatment could be delayed while a cardiac etiology is pur-
sued. Once again, this is a cause of a false-positive ECG.

Other acute abdominal disorders can cause nonspecific ECG changes and
symptoms suggestive of cardiac disease. A case has been reported of acute
gastric distention with retrosternal chest pain and precordial lead T-wave in-
versions that resolved after nasogastric tube decompression [35]. The mech-
anism of these reversible changes is unknown.

Sarcoidosis

Sarcoidosis is a systemic granulomatous disease resulting in diffuse fi-
brotic changes that cause end-organ damage. The etiology is unknown,
and virtually every organ can be involved, with pulmonary involvement in
90% of patients. Cardiac sarcoid is more common than previously recog-
nized and likely is present in 27% of sarcoid patients [36]. Patients who
have cardiac involvement have a higher mortality. In myocardial sarcoido-
sis, various portions of the heart wall are replaced by granulomas. Pericar-
dial involvement is much less likely. Because of varied involvement of the
myocardium the manifestations are diverse. ECG abnormalities include
varying degrees of AV block, bundle branch block, and ventricular arrhyth-
mias [37]. Sudden death has been known to occur, presumably of cardiac
origin. Only 20% of sarcoidosis patients manifest signs and symptoms of
cardiac involvement. Therapy with steroids may halt progression of left ven-
tricular dysfunction, whereas arrhythmias warrant implantation of a cardi-
overter-defibrillator device.

Moreover, ECG abnormalities develop in sarcoidosis patients as a result
of their pulmonary disease. Almost all patients who have pulmonary sar-
coidosis develop pulmonary fibrosis and ultimately cor pulmonale. ECG
findings include right heart strain, right ventricular hypertrophy, right bun-
dle branch block, and right atrial enlargement.
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The sarcoidosis patient who has pulmonary involvement displays a wide
range of ECG findings depending on whether there is coexisting cardiac in-
volvement and on the extent of the pulmonary disease.
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Hypercalcemia

Hypercalcemia shortens the plateau phase (phase 2) of the cardiac action
potential and decreases the effective refractory period, resulting in shorten-
ing of the ST segment [1-3]. Classically this is manifested on the ECG as
a shortened QT interval. The QT interval is the distance measured from
the beginning of the QRS complex to the end of the T wave [4]. This interval
approximates the duration of ventricular systole. The correlation between
the duration of the QT interval and the serum calcium level, however, is
not linear. It may be unpredictable because of the many factors that affect
the QT interval, including: patient age, heart rate, gender, antidysrhythmic
medication, and other electrolytes [3]. Because the QT interval varies with
cycle length, the rate corrected QT interval (QTc) often is measured to cor-
rect for heart rate. The QTc interval is determined by the formula: QT in-
terval/s/RR. The upper limit of the QTc is, conservatively, roughly 0.44
seconds for both genders, although the normal QTc range in women is
slightly longer than in men. Shortening of the QaT interval also is noted
in patients who have hypercalcemia. The QaT interval is measured from
the beginning of the QRS complex to the apex of the T wave. This occurs
because hypercalcemia commonly is associated with early peaking and
a gradual down slope of the descending limb of the T wave [4]. The QaT in-
terval correlates best with the serum calcium level [3].

In cases of severe hypercalcemia (serum calcium > 16 mg/dL), the dura-
tion of the T wave can increase. When this occurs, the QT interval may seem
normal even though the ST segment remains shortened [5-7]. Other ECG
abnormalities that may occur in patients who have severe hypercalcemia
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include an increased amplitude of the QRS complex, ST segment elevation,
diphasic T waves, prominent U waves, and J (Osborn) waves (Fig. 1) [3,4,8].

Hypocalcemia

Hypocalcemia prolongs the duration of the plateau phase (phase 2) of the
cardiac action potential [1,4]. Characteristic ECG manifestations of hypo-
calcemia are prolongation of the QT interval as a result of lengthening of
the ST segment (Fig. 2) [7]. Although variable, QT interval prolongation
is proportional to the degree of hypocalcemia. When prolonged, the QTc
rarely exceeds 140% of normal [9]. When the QTc seems to be prolonged
greater than 140% of normal, it suggests that the U wave has been incorpo-
rated into the T wave and that the QU interval is being measured.

T-wave changes are not common, because hypocalcemia does not affect
phase 3 of the action potential. Decreased T-wave voltage, T-wave flatten-
ing, terminal T-wave inversion, or deeply inverted T waves, however, have
been described in cases of severe hypocalcemia [4,9,10].

Although rarely reported, hypocalcemia also can be associated with ST
segment elevation, mimicking an acute myocardial infarction or T-wave ab-
normalities simulating myocardial ischemia [9,11]. Coronary artery spasm in
the presence of hypocalcemia may play a role in manifesting these ECG ab-
normalities. Concomitant hypomagnesemia can exacerbate the ECG mani-
festations of hypocalcemia.
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Fig. 1. (A4) Hypercalcemia. This ECG is from a patient with a serum calcium level of 14.7 mg/dL,
demonstrating a shortened QT interval. In addition, prominent U waves (arrows) are seen best
in the right precordial leads. (B) Normocalcemia. This is baseline ECG from the same patient as
in (4) when her serum calcium level was normalized (7.8 mg/dL). The QT interval is no longer
shortened and the U waves are much less prominent.
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Fig. 2. Hypocalcemia. This ECG is from a patient with a serum calcium level of 4.9 mg/dL. Of
note is the prolonged QT interval. The deeply inverted T waves were present on the baseline
ECG.

Hyperkalemia

Hyperkalemia initially causes an acceleration of the terminal phase of
ventricular repolarization [12,13]. This is responsible for the earliest ECG
manifestation of hyperkalemia. As the serum potassium concentration ex-
ceeds 5.5 mEq/L, the T waves often become tall, narrow, and peaked
(Fig. 3) [9,12—-14]. Inverted T waves in the lateral precordial leads usually as-
sociated with left ventricular hypertrophy (LVH) can become upright (pseu-
donormalize) in the presence of hyperkalemia [15]. T-wave changes are
usually evident before any change in the QRS complex occurs. Because of
variation between individuals and the numerous etiologies of T-wave

Fig. 3. (4) Hyperkalemia. This ECG is from a patient with chronic renal failure presenting with
a serum potassium level of 5.8 mEq/L. Tall, narrow, and peaked T waves are most evident in
the precordial leads. (B) Resolving hyperkalemia. This is the baseline ECG from the patient in
(A). The ECG was obtained when the patient had a serum potassium level of 4.2 mEq/L. The T-
wave abnormalities are no longer present.
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abnormalities (eg, bradycardia, cerebrovascular accident, left ventricular di-
astolic overload, subendocardial ischemia), the ECG diagnosis of hyperka-
lemia cannot always be made with certainty based on T-wave changes alone
[9]. A correct ECG diagnosis of hyperkalemia, however, usually can be
made when the serum potassium concentration exceeds 6.7 mEq/L [14].

Hyperkalemia causes a progressive decrease in the resting cardiac mem-
brane potential, which leads to a decrease in the maximum velocity of depo-
larization (Vmax). A reduction in the atrial and ventricular transmembrane
potentials causes a reduced influx of sodium, leading to a decrease in the cel-
lular action potential [13,16]. This results in shortening of the action poten-
tial and slowing of intraatrial and intraventricular conduction. Because
atrial myocardial tissue is more sensitive to the effects of elevated serum po-
tassium, P-wave flattening and PR interval prolongation may be seen before
widening of the QRS complex occurs [13]. When the serum potassium con-
centration exceeds 7.0 mEq/L, the P-wave amplitude often decreases and the
duration of the P wave increases [14]. As the serum potassium level contin-
ues to increase (usually greater than 8 mEq/L), the P waves eventually dis-
appear. Progressive hyperkalemia can lead to suppression of sinoatrial and
atrioventricular conduction, resulting in a sinoventricular rhythm. Sinoatrial
and atrioventricular conduction blocks that often are associated with escape
beats also may occur [13]. Accessory bypass tracts are also more sensitive to
the effects of hyperkalemia than normal conduction pathways. This can lead
to normalization of the ECG and loss of the delta wave in patients who have
Wolff Parkinson White syndrome [13].

QRS complex changes are usually evident when the serum potassium
concentration exceeds 6.5 mEq/L (Fig. 4). Hyperkalemia generally causes
uniform widening of the QRS complex. This widening associated with hy-
perkalemia affects the initial and terminal portions of the QRS complex.
The morphology of the QRS complex often differs from the ECG pattern
of a bundle branch block or ventricular pre-excitation. Typically the wide
S wave in the left precordial leads can help differentiate the pattern of hyper-
kalemia from that of a left bundle branch block, whereas the wide initial
portion of the QRS complex may help differentiate the pattern of hyperka-
lemia from that of a typical right bundle branch block [14]. In some cases,
however, the wide QRS complex may resemble a pattern of a typical right or
left bundle branch block. As the serum potassium concentration further in-
creases, the QRS complex widens progressively. These electrocardiographic
abnormalities can be further potentiated by hyponatremia and hypocalce-
mia [16].

Although uncommon, ST segment elevation simulating an acute current
of injury has been reported to occur in cases of advanced hyperkalemia [17—
20]. In these cases, a pseudoinfarction pattern may at times represent a diag-
nostic dilemma for the emergency physician faced with an ECG suggestive
of an acute coronary syndrome. These findings can occur in patients who
have renal failure and diabetic ketoacidosis. Although the true mechanism
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Fig. 4. (4) Hyperkalemia. This ECG is from a patient with chronic renal failure with a serum
potassium level of 7.7 mEq/L. Note the uniform widening of the QRS complex consistent with
an accelerated idioventricular rhythm. P waves cannot be definitely identified. (B) Hyperkale-
mia after treatment with calcium salts. This ECG is from the same patient as in (4) after admin-
istration of intravenous calcium gluconate. P waves are now barely visible (arrows) and the QRS
duration has become less wide. (C) Normokalemia. This is the baseline ECG from the patient
in (4) and (B). The ECG was obtained when the patient had a serum potassium level of
4.9 mEq/L.

is unknown, it is believed that the ST segment elevation may be caused by
nonhomogeneous depolarization in different portions of the myocardium
[14].

When the serum potassium concentration exceeds 10 mEq/L the ventric-
ular rhythm may become irregular as a result of activity of different escape
pacemaker sites in the depressed myocardium. Above this level, ventricular
depolarization is exceedingly slow, and portions of the ventricular myocar-
dium undergo repolarization before depolarization is completed. When this
occurs, it may be impossible to determine the end of the QRS complex [14].
As the QRS complex continues to widen, it may blend with the T wave,
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creating a sine wave appearance. This classically described rhythm is a pre-
terminal manifestation of hyperkalemia (Fig. 5). When the serum potassium
concentration is greater than 12-14 mEq/L, ventricular asystole or ventric-
ular fibrillation may be seen. Rarely, wide complex tachycardia may occur
in the presence of less severe cases of hyperkalemia [14].

The ECG has long been used as a surrogate marker for clinically signif-
icant hyperkalemia. Albeit rare, some patients may only exhibit minor ECG
abnormalities even in the face of severely elevated potassium [21]. Other
electrolyte abnormalities such as hypernatremia and hypercalcemia in addi-
tion to metabolic alkalosis may diminish some of the ECG manifestations of
hyperkalemia [13]. Although there is usually a predictable correlation be-
tween ECG manifestations and severe hyperkalemia, significant individual
variations exist (Fig. 6).

Hypokalemia

Hypokalemia increases the resting cardiac membrane potential and in-
creases the duration of the action potential and the duration of the refrac-
tory period [4,7]. The characteristic ECG abnormalities associated with
moderate to severe hypokalemia include the triad of decreased T-wave am-
plitude, depression of the ST segment (0.5 mm or greater), and the appear-
ance of U waves (amplitude greater than | mm and amplitude greater than
the T wave in the same lead) [3,4,7,9,12,22]. These typical ECG findings of
hypokalemia are present in approximately 80% of cases when the serum po-
tassium concentration is less than 2.7 mEq/L [9]. These findings, however,
are present in only approximately 10% of cases when the serum potassium
level is between 3.0 and 3.5 mEq/L. A decrease in the T-wave amplitude oc-
curs first, followed by ST segment depression as the serum potassium level
further decreases [13].

Fig. 5. Sine wave rhythm of hyperkalemia. This rhythm strip is from a patient presenting with
a serum potassium level of 8.7 mEq/L. The rhythm strip demonstrates the classic sine wave seen
in advanced hyperkalemia. The patient was administered intravenous calcium gluconate, caus-
ing an immediate narrowing of the QRS complex.



ECG MANIFESTATIONS: METABOLIC & ENDOCRINE DISORDERS 151

T 363 4 =i § 4 g g L : 1 So B Er b O e e )
g ? 5 7 3 i
L LR aE e R f ‘

Fig. 6. Hyperkalemia. This ECG is from a patient with a serum potassium level of 6.7 mEq/L.
The ECG demonstrates minimal narrowed peaking of the T waves. The QRS complex is normal
in duration.

Prominent U waves often are noted in moderate to severe hypokalemia
(Fig. 7). Although the origin of U waves is still uncertain, they usually ap-
pear as small positive deflections after the T wave and are best seen in the
right precordial leads, especially V2 and V3 [9,12]. As long as the T and
U waves are separated by a distinct notch, the QT interval can be measured
accurately and should remain normal. In severe cases, the T and U waves
can fuse to form a single upward deflection. When this occurs, the QT inter-
val may seem to be prolonged. As is often the case, the U wave is included in
the measurement of the QT interval, actually representing the QU interval
[7,12,23-26]. Because the height (voltage) of the U wave is usually the
lowest in lead aVL, this lead should be used to best determine the true
QT interval [9].

In severe hypokalemia (<2.5 mEq/L), giant U waves have been described
that can be mistaken for peaked T waves similar to those noted in patients
who have hyperkalemia [12]. Severe hypokalemia also has been associated
with the development of ventricular dysrhythmias, including ventricular
tachycardia, ventricular fibrillation, and torsades de pointes in patients
without underlying heart disease [14,22]. Concomitant hypomagnesemia
may further predispose a patient to developing ventricular dysrhythmias [7].
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Fig. 7. Hypokalemia. This ECG is from a patient with a serum potassium level of 1.9 mEq/L,
demonstrating T-wave flattening and prominent U waves (arrows) seen best in the right precor-
dial leads.
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Other ECG findings that have been described in patients who have hypo-
kalemia include an increased P-wave amplitude and duration and PR inter-
val prolongation [4,9]. In more severe cases, the QRS complex has been
noted to widen uniformly together with ST segment depression and T-
wave inversion [4]. In adults, the QRS duration rarely increases by more
than 0.02 seconds, but this may be more pronounced in children [9].

ECG manifestations of hypokalemia may be difficult to recognize in the
presence of sinus tachycardia. This occurs because ST segment depression
and decreased T- and U-wave amplitude are common ECG findings in
tachycardia [9]. In addition, as the heart rate increases the U wave usually
merges with the terminal portion of the preceding T wave and the takeoff
of the P wave. This can lead to the appearance of PR segment depression,
because the P wave takeoff is above the ECG baseline. This finding usually
resolves after correction of the hypokalemia [9]. In the presence of LVH,
hypokalemia and coronary ischemia may be suspected when ST segment
depression is noted in the right precordial leads. In the presence of uncom-
plicated LVH, the ST segment usually is elevated in these leads [9].

Hypokalemia also has been associated with various atrial dysrhythmias,
including paroxysmal atrial tachycardia, multifocal atrial tachycardia, atrial
fibrillation, and atrial flutter [7]. The occurrence of these dysrhythmias may
be attributed to an increase in the automaticity of ectopic pacemakers that
can occur with hypokalemia [14].

In patients who have an acute myocardial infarction, the presence of hy-
pokalemia has been independently associated with an increased incidence of
ventricular dysrhythmias [27-30]. It is for this reason that patients present-
ing with an acute coronary syndrome should have a prompt evaluation for
the presence of hypokalemia and proper correction if needed.

Hypothermia

Hypothermia is defined as a core body temperature less than 35°C (95°F).
When this condition occurs certain characteristic ECG findings may be seen.
These abnormalities include tremor artifact, slowing of the sinus rate lead-
ing to bradycardia, conduction disturbances leading to prolongation of the
PR and QT intervals, and the appearance of the classic Osborn or J wave
[2,7,31].

Tremor artifact is one of the earliest, although nonspecific, ECG findings
in patients who have hypothermia (Fig. 8). The body’s ability to shiver di-
minishes as the core temperature decreases, and is uncommon when the
body temperature falls to less than 32°C (90 F) [7]. Sinus rhythm predomi-
nates in cases of mild hypothermia.

The Osborn or J wave, also known as the camel-hump sign, is an extra
deflection noted on the ECG at the terminal junction of the QRS complex
and the beginning of the ST segment takeoff (Fig. 9) [31,32]. The Osborn
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Fig. 8. Hypothermia. These rhythm strips (leads II and V5) are from a patient presenting with
mild hypothermia. Sinus rhythm with an underlying tremor artifact is evident.

wave is usually present when the core body temperature falls to less than
32°C (90°F) and is consistently identified when the body temperature falls
to less than 25°C (77°F) [31,33]. In one series of 43 patients who were hypo-
thermic, 37 of 43 initial ECGs demonstrated Osborn waves. In this study,
Osborn waves were present on all ECGs in patients who had a core body
temperature of <30.5°C (87.0°F) [34]. The size of the Osborn wave has
been shown to correlate directly with the degree of hypothermia. Osborn
waves may persist in patients after they have been adequately rewarmed
[34]. Osborn waves also have been noted to occur, albeit rarely, in certain
normothermic conditions, such as hypercalcemia, massive head injury,
and subarachnoid hemorrhage [7].

Atrial fibrillation is another common ECG finding in patients who have
hypothermia, occurring in 50%-60% of cases and appearing at a mean
body temperature of 29°C (84°F) [33]. In severe hypothermia, marked bra-
dycardia, asystole, and ventricular fibrillation also can occur.

Hyperthyroidism

ECG manifestations of hyperthyroidism frequently are encountered, al-
though no abnormality is pathognomonic for this condition. Sinus tachycar-
dia is the most common cardiac arrhythmia observed in patients who have
hyperthyroid conditions and occurs in approximately 40% of cases [1,35].
Atrial fibrillation occurs in 10%-22% of hyperthyroid patients and usually
is associated with a rapid ventricular response [35,36]. Although rare in

T

Fig. 9. Osborn waves of hypothermia. This lead II rhythm strip is from a patient with a core
body temperature of 32°C (90°F). The rhythm strip demonstrates Osborn waves (arrow). These
Osborn waves can be huge or subtle; this case is less prominent than some.
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patients <40 years of age, atrial fibrillation seems to be more likely to occur
in thyrotoxic patients who are older than 60 years of age, male, and have
a history of hypertension or rheumatic heart disease [35,36]. The presence
of atrial fibrillation, however, should not be uniformly attributed to hyper-
thyroidism. Its occurrence should prompt an evaluation for the presence of
underlying structural heart disease.

Intraventricular conduction disturbances, most commonly a left anterior
fascicular block or right bundle branch block, occur in approximately 15%
of hyperthyroid patients without underlying heart disease [2]. Nonspecific
ST segment/T-wave abnormalities also are noted in 25% of patients [2].
Atrial flutter, supraventricular tachycardia, and ventricular tachycardia
are uncommon, however. In patients who have hyperthyroidism, there is
also an increased incidence of P wave and PR interval prolongation.

Hypothyroidism

The ECG manifestations of hypothyroidism include sinus bradycardia,
low voltage complexes (small P waves or QRS complexes), prolonged PR
and QT intervals, and flattened or inverted T waves (Fig. 10) [1,5,6,35]. Peri-
cardial effusions occur in up to 30% of hypothyroid patients and may be re-
sponsible for some of the ECG manifestations [5,6]. Atrial, intraventricular,
or ventricular conduction disturbances are three times more likely to occur
in patients who have myxedema than in the general population [2,6].

Maintenance hemodialysis

When patients who have endstage renal disease (ESRD) receiving hemo-
dialysis (HD) are assessed with a standard 12-lead ECG or 24-hour Holter
monitor, a wide range of abnormalities are identified [37,38]. In a study of
221 outpatients receiving maintenance HD, 143 patients (64.7%) had
ECG abnormalities, not including sinus tachycardia, sinus bradycardia, or
sinus arrhythmia [37]. Common ECG abnormalities that were identified
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Fig. 10. Myxedematous hypothyroidism. This ECG is from a patient presenting with myx-
edema coma. The ECG demonstrates sinus bradycardia, low voltage complexes, and T-wave
flattening. The thyroid stimulating hormone level was markedly elevated at 40 mIU/mL.
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by a standard 12-lead ECG included LVH, PVCs, myocardial ischemia, sup-
raventricular premature contractions (SVPCs), and nonspecific ST segment/
T-wave changes. The ESRD group receiving HD had a much higher rate of
ECG abnormalities as compared with non-HD patients who had chronic re-
nal failure and to normal control subjects.

Among the maintenance HD group, males had a higher rate of ECG ab-
normalities than females (68% vs 53%) and the frequency of abnormalities
increased with age. ECG abnormalities were also noted in 70% of patients
with hypertension and in 91% of patients with diabetes mellitus. These rates
are statistically higher than those HD patients without those diseases. Sur-
prisingly, the prevalence of ECG abnormalities correlated inversely with the
duration of time that a patient required HD.

Among the 221 patients receiving maintenance HD, 72 were selected for
24-hour Holter ECG monitoring. Commonly identified abnormalities in-
cluded SVPCs in 68 patients (94%), PVCs in 62 patients (86%) (of which
9% were multiform), and ST segment/T-wave changes in 43 patients
(60%). The physiologic and metabolic changes associated with HD may
contribute to the occurrence of ECG abnormalities, because 40% of patients
who had PVCs, 27% of patients who had SPVCs, and 26% of patients who
had ST segment/T-wave changes occurred during HD and resolved a few
hours after the completion of HD.

In another study of 20 patients undergoing maintenance HD as a result
of ESRD, ventricular arrhythmias were observed in 18 patients (90%) un-
dergoing 24-hour Holter ECG monitoring [39]. In 15 of these cases, the
dysrhythmias were sporadic or isolated, and in three cases they were fre-
quent (multiform, couplets, and salvos). In the study population, ventric-
ular dysrhythmias significantly increased during HD and for 4 hours
afterward.

HD also can be associated with an increase in the duration of the QTc
interval in patients with ESRD. In a study by Covic and colleagues, QTc
intervals were measured 10 minutes before and 10 minutes after HD in
68 nondiabetic ESRD patients without known underlying heart disease
[40]. QTc intervals increased post-HD in 47 (69%) patients. In this study
population, the major contributor to the increase in the QTc intervals
seemed to be changes between the pre-HD and post-HD calcium
concentration.

Summary

Alterations in serum calcium and potassium concentration may manifest
as detectable changes on the ECG and alert the emergency physician to the
presence of an underlying electrolyte disturbance. In addition, various endo-
crine abnormalities, metabolic disturbances, and environmental emergencies
may cause alterations in the ECG.
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Emergency physicians routinely evaluate and manage poisoned patients.
In 2003, more than 2 million human exposure cases were reported to poison
centers throughout the United States [1]. Of those cases, 22% were treated in
a health care facility with most of those cases evaluated in the emergency de-
partment. Cardiovascular drugs were listed as the fifteenth most frequently
encountered human exposure (66,401) and the fifth leading cause of poison-
ing deaths.

Drug-induced changes and abnormalities on the 12-lead electrocardio-
gram (ECG) are common. There are numerous drugs that can cause ECG
changes and lead to cardiac dysrhythmias. The diagnoses and subsequent
management of patients manifesting ECG changes following poisonings
can challenge even the most experienced physician. Drugs that are advocated
in Advanced Coronary Life Support protocols for cardiac dysrhythmias
may not apply or may even worsen the condition of overdose patients [2].

Despite that drugs have widely varying indications for therapeutic use,
many unrelated drugs share a common cardiac pharmacologic effect if taken
in overdose. The purpose of this article is to group together agents that
cause similar electrocardiographic effects, review their pharmacologic ac-
tions, and discuss the electrocardiographic findings reported in the medical
literature. The five main categories reviewed include potassium (K+) efflux
blockers, sodium (Na+) channel blockers, sodium-potassium adenosine-tri-
phosphatase (Na+/K+ ATPase) blockers, calcium channel blockers (CCB),
and beta-adrenergic blockers (BB). It is important to keep in mind, however,
that many medications have actions that involve more than one of these
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actions, and thus may result in a combination or myriad of electrocardio-
graphic changes.

Cardiac physiology

To understand the ECG changes associated with various drugs, physi-
cians must have a clear understanding of basic myocardial cell function.
The myocardial cell membrane in its resting state is impermeable to Na+
(Fig. 1). The Na+/K+ ATPase actively pumps three sodium ions out of
cardiac cells while pumping in two potassium ions to maintain a negative
electric potential of approximately 90 mV in the myocyte (phase 4). Depo-
larization of the cardiac cell membrane is caused by the rapid opening of
Na+ channels and subsequent massive Na+ influx (phase 0). This Na+ in-
flux causes the rapid upstroke of the cardiac action potential as it is con-
ducted through the ventricles and is directly responsible for the QRS
interval of the ECG. The peak of the action potential is marked by the clo-
sure of Na+ channels and the activation of K+ efflux channels (phase 1).
Calcium (Ca++) influx then occurs, allowing for a plateau in the action po-
tential (phase 2) and continued myocardial contraction. The cardiac cycle
ends with closure of the Ca++ channels and activation of K+ efflux chan-
nels, causing the potential to again approach —90 mV (phase 3). It is this
potassium efflux from the myocardial cell that is directly responsible for
the QT interval on the ECG [3].

Action Potential

-------- Na* Channel Blocker Toxicity

Measured Potential (mv)

K" Efflux Blocker Toxicity

-

ECG

Time (mS)

Fig. 1. Cardiac cycle action potential with corresponding electrocardiographic tracing. Dotted
line indicates the changes associated with Na+ channel blocker toxicity. Dashed line indicates
the changes associated with K+ efflux blocker toxicity.
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Potassium efflux blocker toxicity
Background

Medications in the K+ efflux blocker category are listed in Table 1. These
medications all block the outward flow of potassium from intracellular to
extracellular spaces. Myocardial repolarization is driven predominantly by
this outward movement of potassium ions [3]. Blockade of the outward po-
tassium currents by drugs may prolong the cardiac cycle action potential
(Fig. 1) [4]. As a result, the primary electrocardiographic manifestation of
potassium efflux blocker toxicity is QT interval prolongation. In fact, studies
suggest that approximately 3% of total noncardiac prescriptions are associ-
ated with the potential for QT interval prolongation [5].

These medications vary in their propensity to induce QT interval prolon-
gation or associated dysrhythmias at therapeutic and toxic levels. Some of
these drugs, such as sotalol, are marketed specifically for their ability to in-
hibit this delayed rectifier current [6]. Other medications possess this activity
as an unwelcome side effect at therapeutic doses. Several medications, such
as terfenadine and cisapride, have been removed from the market in various
countries because of reports of associated torsades de pointes and sudden
death in patients taking these drugs [7,8]. Other medications in this class
rarely have been reported to cause QT interval prolongation except when
taken in massive overdose.

In addition, many of these drugs have other effects that can result in sig-
nificant cardiovascular and electrocardiographic changes. For example,
antipsychotic agents can cause muscarinic acetylcholine receptor and
alpha-adrenergic receptor blockade and cardiac cell potassium, sodium,
and calcium channel blockade.

Electrocardiographic manifestations

As noted, the primary electrocardiographic manifestation of K+ efflux
blocker toxicity is QT interval prolongation (Fig. 2). When measuring the
QT interval, the ECG is best recorded at a paper speed of 50 mm/sec and
an amplitude of 0.5 mV/cm (the latter is equal to 20 mm/mV; the usual set-
tings are 25 mm/sec and 10 mm/mV). A tangent line then is drawn to the
steepest part of the descending portion of the T wave. The intercept between
that line and the isoelectric line is defined as the end of the T wave. The QT
interval then is measured from the beginning of the QRS complex to the end
of the T wave. Within any ECG tracing, there is lead-to-lead variation of the
QT interval. In general, the longest measurable QT interval on an ECG is
regarded as determining the overall QT interval for a given tracing [9].
The QT interval is influenced by the patient’s heart rate. The RR interval
should be measured to allow for rate correction. Several formulas have
been developed to correct the QT interval for the effect of heart rate
(QTc), with Bazett’s formula (QTc = QT/RR'/?) being the most commonly
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Table 1
K™ efflux channel blocking drugs

Antihistamines
Astemizole
Diphenhydramine
Loratidine
Terfenadine

Antipsychotics
Chlorpromazine
Droperidol
Haloperidol
Mesoridazine
Pimozide
Quetiapine
Risperidone
Thioridazine
Ziprasidone

Arsenic trioxide

Bepridil

Chloroquine

Cisapride

Citalopram

Class TA antidysrhythmics
Disopyramide
Quinidine
Procainamide

Class IC antidysrhythmics
Encainide
Flecainide
Moricizine
Propafenone

Class III antidysrhythmics
Amiodarone
Dofetilide
Ibutilide
Sotalol

Cyclic antidepressants
Amitriptyline
Amoxapine
Desipramine
Doxepin
Imipramine
Nortriptyline
Maprotiline

Fluoroquinolones
Ciprofloxacin
Gatifloxacin
Levofloxacin
Moxifloxacin
Sparfloxacin

Halofantrine

Hydroxychloroquine

Levomethadyl
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Table 1 (continued)

Macrolides
Clarithromycin
Erythromycin

Pentamidine

Quinine

Tacrolimus

Venlafaxine

used. QT interval prolongation is considered to occur when the QTc interval
is greater than 0.44 seconds in men and 0.46 seconds in women.

The potential risk for QT interval prolongation with this class of medica-
tions is not simply related to a drug dose or concentration. Other factors
also influence the QT interval, such as the patient’s sex and electrolyte con-
centrations. In addition to QT interval prolongation, there is also the poten-
tial emergence of T- or U-wave abnormalities on the ECG with this class of
medications [10].

Moreover, delay of repolarization causes the myocardial cell to have less
charge difference across its membrane. This change can result in activation
of the inward depolarization current (early after-depolarization), which may
in turn promote triggered activity. This triggered activity potentially can
progress to re-entry and subsequent polymorphic ventricular tachycardia,
or torsades de pointes [11]. These dysrhythmias are associated most com-
monly with QT intervals greater than 0.50 seconds, although the potential
for dysrhythmia for a given QT interval varies from drug to drug and pa-
tient to patient [3]. In addition, there is not a simple relationship between
the degree of drug-induced QT interval prolongation and the potential for
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Fig. 2. K+ efflux blocker toxicity. Note the marked QT interval prolongation on this 12-lead
ECG; hydroxychloroquine was the offending agent.
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the occurrence of torsades de pointes. Drug-induced torsades de pointes can
occur even without any substantial prolongation of the QT interval [3].
Similar to other members of this class, antipsychotic agents can cause sig-
nificant QT interval prolongation and associated dysrhythmias. Additionally,
other ECG abnormalities can be seen as a result of other actions of these
agents. QRS complex widening can occur as a result of Na+ channel
blockade (see later discussion). Sinus tachycardia can occur because of
the anticholinergic effect of these medications and from the reflex tachy-
cardia induced by alpha-adrenergic blockade in the peripheral vasculature.

Management

If a patient has drug-induced QT interval prolongation, therapy should
focus on immediate withdrawal of the potential cause and correction of
any coexisting medical problems, such as electrolyte abnormalities. Patients
who have newly diagnosed drug-induced prolongation of their QT interval
should be considered candidates for admission to a monitored setting. Intra-
venous magnesium sulfate is a highly effective and benign intervention to
suppress occurrence of dysrhythmias associated with QT interval prolonga-
tion, even though it typically does not result in shortening of the QT interval
itself [12]. In patients who have intermittent runs of torsades de pointes not
responsive to magnesium therapy, electrical overdrive pacing should be
considered. In the presence of a non-perfusing rhythm, such as ventricular
fibrillation, pulseless ventricular tachycardia, or torsades de pointes, unsyn-
chronized electrical defibrillation should be performed.

Sodium channel blocker toxicity
Background

The ability of drugs to induce cardiac sodium (Na+) channel blockade
has been well described in numerous literature reports [13]. This Na+ chan-
nel blockade activity has been described as a membrane stabilizing effect,
a local anesthetic effect, or a quinidine-like effect. Cardiac voltage-gated
sodium channels reside in the cell membrane and open in response to de-
polarization of the cell (Fig. 1). The Na+ channel blockers bind to the trans-
membrane Na+ channels and decrease the number available for
depolarization. This creates a delay of Na+ entry into the cardiac myocyte
during phase 0 of depolarization. As a result, the upslope of depolarization
is slowed and the QRS complex widens. Myocardial Na+ channel blocking
drugs comprise a diverse group of pharmaceutical agents (Table 2). Specific
drugs may affect not only the myocardial Na+ channels, but also other
myocardial ion channels, such as the calcium influx and potassium efflux.
This may result in ECG changes and rhythm disturbances not related en-
tirely to the drug’s Na+ channel blocking activity. For example, sodium
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Table 2
Na™ channel blocking drugs

Amantadine
Carbamazepine
Chloroquine
Class TA antidysrhythmics
Disopyramide
Quinidine
Procainamide
Class IC antidysrhythmics
Encainide
Flecainide
Propafenone
Citalopram
Cocaine
Cyclic antidepressants
Amitriptyline
Amoxapine
Desipramine
Doxepin
Imipramine
Nortriptyline
Maprotiline
Diltiazem
Diphenhydramine
Hydroxychloroquine
Loxapine
Orphenadrine
Phenothiazines
Mesoridazine
Thioridazine
Propranolol
Propoxyphene
Quinine
Verapamil

channel blocking medications such as diphenhydramine, propoxyphene, and
cocaine also may develop anticholinergic, opioid, and sympathomimetic
syndromes, respectively [14-16]. Similarly, cyclic antidepressant toxicity re-
sults not only from myocyte sodium channel blockade, but also from their
action with respect to alpha-adrenergic blockade, muscarinic anticholinergic
effects, and presynaptic neurotransmitter reuptake inhibition.

Electrocardiographic manifestations

As a result of its action in slowing the upslope of depolarization in the
cardiac cycle, Na+ channel blockers result in widening of the QRS complex
(Fig. 3) [17]. In some cases, the QRS complexes may take the pattern of rec-
ognized bundle branch blocks [18,19]. In the most severe cases, the QRS
prolongation becomes so profound that it is difficult to distinguish between
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Fig. 3. Na+ channel blocker poisoning. 12-lead ECG demonstrating QRS complex widening
and tachycardia as a result of tricyclic antidepressant overdose.

ventricular and supraventricular rhythms [20,21]. Continued prolongation
of the QRS complex may result in a sine wave pattern (Fig. 4) and eventual
asystole.

Sodium channel blockers also may induce ventricular tachycardia [22]. It
has been theorized that the Na+ channel blockers can cause slowed intra-
ventricular conduction, unidirectional block, the development of a re-
entrant circuit, and a resulting ventricular tachycardia (Fig. 5). These
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Fig. 4. Na+ channel blocking agent toxicity. 12-lead ECG demonstrating sine wave pattern fol-
lowing overdose; atrial and ventricular activity are difficult to distinguish.
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Fig. 5. Wide complex tachydysrhythmia caused by Na+ channel blocker poisoning. ECG
rhythm strip revealing a wide complex tachycardia following overdose of diphenhydramine.

rhythms then can degenerate into ventricular fibrillation. Because many of
the Na+ channel blocking agents are also anticholinergic or sympathomi-
metic agents, bradydysrhythmias are rare. The Na+ channel blocking
agents, however, can affect cardiac pacemaker cells. Bradycardia may occur
because of slowed depolarization of pacemaker cells that depend on entry of
sodium ions. In Na+ channel blocker poisoning by anticholinergic and sym-
pathomimetic drugs, the combination of a wide QRS complex and brady-
cardia is an ominous sign and may indicate that the Na+ channel
blockade is so profound that tachycardia does not occur, despite clinical
muscarinic antagonism or adrenergic agonism [13].

In this class of agents, cyclic antidepressants produce several ECG
changes related to Na+ channel blockade and their other actions on cardio-
vascular function (see Fig. 3). Sinus tachycardia occurs frequently from the
anticholinergic effects of cyclic antidepressant toxicity. QRS complex widen-
ing occurs as a result of Na+ blockade, and this delayed conduction may be
seen more commonly involving the right side of the heart, manifesting as
a right bundle branch block [23]. In addition, QT interval prolongation
can occur with these agents. Finally, rightward axis deviation of the terminal
40 msec (0.04 seconds) of the frontal plane QRS axis has been associated
with tricyclic antidepressant poisoning [24,25]. The occurrence of this find-
ing in other Na+ channel blocking agents is unknown.

Cocaine is a unique sympathomimetic agent in its ability to cause cardiac
Na+ channel blockade. Together with QRS complex widening, increased
catecholamine activity seen with cocaine toxicity can result in several
rhythm disturbances, including sinus tachycardia, premature ventricular
contractions, wide complex dysrhythmias, ventricular tachycardia, and ven-
tricular fibrillation. In addition, morphologic changes in the ST segment and
T waves consistent with ischemia can be seen in the setting of sympathomi-
metic and cocaine toxicity.

Management

The management of Na+ channel blocking agents consists of administra-
tion of sodium or creation of an alkalosis [26-30]. Infusion of sodium bicar-
bonate by intermittent bolus or by continuous infusion has been advocated.
Hypertonic sodium infusion and hyperventilation also have been advocated
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[31-34]. Reasonable, literature-supported indications for sodium bicarbon-
ate infusion include a QRS duration of >0.10 seconds, persistent hypoten-
sion despite adequate hydration, and ventricular dysrhythmias. Lidocaine
has been suggested in the treatment of ventricular dysrhythmias, though
clear evidence is lacking. Class IA and IC antidysrhythmics should be
avoided because of their ability to block cardiac sodium channels.

Sodium—potassium ATPase blocker toxicity
Background

Cardiac glycosides are agents that inhibit the sodium—potassium adeno-
sine triphosphatase (Na+/K+ ATPase) pump. Digoxin and other digitalis
derivatives are the cardiac glycosides encountered most widely, but numer-
ous other similar acting agents also exist (Box 1). Digoxin historically has
been administered to treat supraventricular tachydysrhythmias and conges-
tive heart failure, but its use has been decreasing as newer agents have been
developed. Nonprescription medication cardiac glycosides also have been
associated with human toxicity, such as after ingestion of specific plants
and contaminated herbal products [35-40].

The cardiac glycosides inhibit active transport of Na+ and K+ across cell
membranes by inhibiting the Na+/K+ ATPase. This results in an increase
in extracellular K+ and intracellular Na+. An increased intracellular
Na+ reduces the transmembrane Na+ gradient and subsequent increased
activity of the Na+—Ca®" exchanger. This activity, in turn, increases the in-
tracellular calcium concentration, which then augments myofibril activity in
cardiac myocytes and results in a positive inotropic effect. The cardiac gly-
cosides also increase vagal tone that may lead to a direct atrioventricular
(AV) nodal depression. Therapeutically, digitalis derivatives are used to in-
crease myocardial contractility or slow AV conduction. These actions, how-
ever, can result in significant cardiac disturbances and ECG abnormalities in
the setting of toxicity.

Box 1. Na+/K+ ATPase blocking agents and substances

Bufadienolides
Digoxin
Digitoxin
Foxglove

Lily of the valley
Oleander

Red squill
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Electrocardiographic manifestations

Digitalis derivatives at therapeutic doses have been associated with several
electrocardiographic changes. These findings include the so-called ““digitalis
effect” manifesting with abnormal inverted or flattened T waves coupled
with ST segment depression, frequently described as a sagging or scooped
ST segment/T wave complex. These findings are most pronounced in leads
with tall R waves. In addition, other findings include QT interval shorten-
ing as a result of decreased ventricular repolarization time, PR interval
lengthening as a result of increased vagal activity, and increased U-wave
amplitude. It is important to remember that these electrocardiographic
manifestations are seen with therapeutic digoxin levels and do not corre-
late with toxicity.

Electrocardiographic abnormalities with cardiac glycoside toxicity are
the result of the propensity for increased automaticity (from increased intra-
cellular calcium) accompanied by slowed conduction through the AV node.
As a result, cardiac glycoside toxicity may result in a wide array of dysrhyth-
mias [41,42]. Excitant activity (atrial, junctional, and ventricular premature
beats, tachydysrhythmias, and triggered dysrhythmias), suppressant activity
(sinus bradycardia, bundle branch blocks, first-, second-, and third-degree
AV blocks), and any combination of excitant and suppressant activity (atrial
tachycardia with AV block, second-degree AV block with junctional prema-
ture beats) have all been reported (Fig. 6) [43-45].

The most common dysrhythmia associated with toxicity induced by these
agents is frequent premature ventricular beats [42]. Paroxysmal atrial tachy-
cardia with variable block or accelerated junctional rhythm is highly sugges-
tive of digitalis toxicity. Marked slowing of the ventricular response in
a patient who has atrial fibrillation who is on digoxin should suggest the
possibility of toxicity (Fig. 6). Bidirectional ventricular tachycardia is stated
to be specific for digitalis toxicity, but rarely is seen [40].
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Fig. 6. Na+/K+ ATPase blocker toxicity. 12-lead ECG demonstrating an irregular bradydysr-
hythmia as a result of conduction block from chronic digoxin toxicity.
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The ECG may demonstrate findings associated not only with cardiac gly-
coside toxicity but also with hyperkalemia. Acute toxicity most closely cor-
relates with hyperkalemia as the Na+/K+ ATPase is inhibited and
extracellular K+ increases. In chronic toxicity, hyperkalemia may not be
seen because of the slower increase in K+, allowing for renal compensation.

Management

In cardiac glycoside toxicity, digoxin-specific antibody (Fab) fragments
are the first-line therapy in patients who have symptomatic cardiac dys-
rhythmias [41,47]. Because cardiac glycoside-enhanced vagal activity may
be reversed by atropine sulfate, this agent has been used successfully in pa-
tients exhibiting AV block on ECG [48]. Cardiac pacing has been advocated
for bradydysrhythmias unresponsive to atropine, but care should be exer-
cised as the pacing wire itself may induce ventricular fibrillation [49]. The
classic antidysrhythmic of choice for ventricular dysrhythmias is phenytoin,
because it increases the ventricular fibrillation threshold in the myocardium
and enhances conduction through the AV node [41]. Quinidine and procai-
namide are contraindicated because they depress AV nodal conduction and
may worsen cardiac toxicity [50].

Calcium channel blocker toxicity
Background

There are currently nine cardiac calcium channel blockers (CCBs) that
have been approved for clinical use in the United States. These nine are sub-
classified within four classes of compounds (Box 2). Over the past decade,

Box 2. Ca™ channel blocking drugs

Dihydropyridines
Nicardipine
Nifedipine
Isradipine
Amlodipine
Felodipine
Nimodipine

Phenylalkylamine
Verapamil

Benzothiazepine
Diltiazem

Diarylaminopropylamine ether
Bepridil
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the number of exposures to these agents has increased dramatically as they
have become available on the market. In 2001, CCBs accounted for 40% of
all the deaths caused by cardiovascular drugs reported to the AAPCC [51].

All cardiac CCBs inhibit the voltage sensitive L-type calcium channel
within the cell membrane [52]. This channel resides in heart and smooth
muscle cell membranes. The inhibition of this channel prevents movement
of calcium from extracellular sites through the cell membrane to intracellu-
lar sites. Decreased intracellular calcium within the myocardial cells results
in slowing of conduction, decreased contractility, and decreased cardiac
output.

Blockade of calcium influx within the vascular smooth muscle cells results
in vasodilation. Decreased cardiac output coupled with vasodilation can re-
sult in profound hypotension. The dihydropyridine class of drugs tends to
have a higher affinity for the peripheral vascular smooth muscle cells, less
effect on the cardiac calcium channels, and is associated more often with hy-
potension with a resulting reflex tachycardia. Verapamil and diltiazem, on
the other hand, have strong affinity for cardiac and vascular calcium chan-
nels and subsequently the combination of hypotension with bradycardia
may be seen. In animal models and human case series, CCBs also have
been associated with cardiac sodium channel blockade [53,54].

Electrocardiographic manifestations

The inhibition of calcium influx within the conduction system results in
slowing of cardiac conduction. CCB toxicity initially causes a sinus brady-
cardia that may or may not be symptomatic. Depending on the agent in-
gested, reflex tachycardia may not be seen. As levels of CCB increase, the
patient may develop various degrees of AV block (first-, second-, and
third-degree) and junctional and ventricular bradydysrhythmias on ECG
(Fig. 7). A widening of the QRS complex may be encountered. This may
be caused by ventricular escape rhythms or by CCB-induced sodium chan-
nel blockade causing a delay of phase 0 of depolarization. This delay and
subsequent QRS complex widening also increases the potential for dys-
rhythmias (see the previous section on Sodium channel blocker toxicity)
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Fig. 7. CCB toxicity. 12-lead ECG demonstrating a marked bradydysrhythmia with a heart
rate in the thirties.
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[53,54]. In the final stages, asystole may occur. Sudden shifts from brady-
dysrhythmias to cardiac arrest have been reported [53]. In addition, ECG
changes associated with cardiac ischemia may occur as a result of the hypo-
tension and changes in cardiovascular status, particularly in patients who
have pre-existing cardiac disease.

Management

A symptomatic acute CCB overdose can be one of the most challenging
poisonings encountered by a physician. CCB poisonings are prone to devel-
oping severe bradydysrhythmias and hypotension and other complications,
including pulmonary edema and heart failure [55]. Specific pharmacologic
therapy includes the use of atropine, calcium, glucagon, insulin, sodium bi-
carbonate, or various catecholamines [56,57].

Beta-adrenergic blocker toxicity
Background

BBs are used increasingly because of their efficacy in the treatment of hy-
pertension, ischemic heart disease, and dysrhythmias. BBs competitively in-
hibit various B-adrenergic receptors. Inhibition of B;-receptors results in
a decrease in the force and rate of myocardial contraction, a decrease in
AV nodal conduction velocity, and a decrease in renin secretion. Inhibition
of B,-receptors results in a decrease in glycogenolysis, decrease in gluconeo-
genesis, and decrease in relaxation of smooth muscles in blood vessels, bron-
chi, and the gastrointestinal tract. There are currently numerous BBs
available (Box 3). These agents share in common the mechanism of

Box 3. Beta-adrenergic blocking drugs

Acebutolol
Atenolol
Betaxolol
Bisoprolol
Carvedilol
Esmolol
Labetalol
Metoprolol
Nadolol
Pindolol
Propranolol
Sotalol
Timolol
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competitive B-adrenergic receptor antagonism. Some of these agents have
equal affinity for B; and B, receptors (eg, propranolol), whereas others are
selective and have greater B; than B, receptor blocking activity (eg, metopro-
lol). Some agents also block other receptors, such as a-adrenergic receptors
(eg, labetalol), cardiac sodium channels (eg, propranolol, acebutolol), and
cardiac potassium efflux channels (eg, sotalol) [58,59].

Electrocardiographic manifestations

In acute overdose, the most pronounced effects of BBs are on the cardio-
vascular system [60]. Bradycardia (from decreased sinoatrial node function),
varying degrees of AV block, and hypotension are generally the hallmarks
of significant beta-blocker toxicity. One prospective study attempted to
characterize electrocardiographic findings in symptomatic BB overdose
[61]. Only 3 of 13 symptomatic patients had bradycardia on their initial
ECG (performed while they were classified as symptomatic). First-degree
AV block was common, however. In fact, 10 of 12 symptomatic patients
with a measurable PR interval (the thirteenth patient had atrial fibrillation)
demonstrated a first-degree AV block and had a mean PR interval of 0.22
seconds. This finding was the most common abnormality to be found on
electrocardiograms in this symptomatic patient group.

Besides bradycardia and AV block, there are other specific findings that
can be seen with individual members within this group of medications. Pro-
pranolol is unique because of its Na+ channel blocking activity in overdose
that can result in a prolonged QRS interval (>0.10 seconds) [58,61-63].
Propranolol overdose has been associated with a higher mortality rate com-
pared with other BBs [66]. These same investigators also found that a QRS
interval >0.10 seconds in these patients was predictive of propranolol-
induced seizures. Sotalol is a unique BB in that it possesses the ability to
block delayed rectifier potassium channels in a dose-dependent fashion
[64]. Acebutolol preferentially blocks B receptors and possesses partial ag-
onist activity and membrane stabilizing activity similar to propranolol. QRS
interval widening on ECG and ventricular tachycardia have been reported
in several cases [59,65,66].

Management

Specific pharmacologic therapy for BB toxicity may include atropine, glu-
cagon, calcium, insulin, or various catecholamines [67]. Atropine may be
considered in an attempt to reverse bradycardia, but has been shown to
have poor effect and no impact on blood pressure. Glucagon infusion, which
increases intracellular cAAMP, should be considered in symptomatic BB toxic
patients [60]. Calcium has been shown to have efficacy at reversing the hy-
potensive effects of BB toxicity in animal models and human case reports
[60,68]. Insulin infusions have been advocated for BB toxicity based on an
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animal model [69]. Catecholamine infusions may be considered after the
therapies discussed previously fail to give adequate response. Pacemaker in-
sertion, balloon pump, and bypass all may be considered in cases not re-
sponding to pharmacologic therapy.

Summary

Toxicologic, medication- and drug-induced changes and abnormalities
on the 12-lead electrocardiogram (ECG) are common. A wide variety of
electrocardiographic changes can be seen with cardiac and noncardiac
agents and may occur at therapeutic or toxic drug levels. In many instances,
however, a common mechanism affecting the cardiac cycle action potential
underlies most of these electrocardiographic findings. Knowledge and un-
derstanding of these mechanisms and their related affect on the 12-lead
ECG can assist the physician in determining those ECG abnormalities asso-
ciated with specific toxidromes.
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The number of patients who have cardiac pacemakers has increased
markedly over the past few decades since the technology was first introduced
in the 1950s to prevent Stokes-Adams attacks. The American College of
Cardiology and the American Heart Association’s Guidelines for Perma-
nent Cardiac Pacemaker Implantation now lists atrioventricular (AV)
node dysfunction, sinus node dysfunction, hypersensitive carotid sinus syn-
drome, and neurally-mediated syncope (vasovagal syncope), the prevention
of tachycardia with long QT syndrome, and hypertrophic cardiomyopathy
as indications for permanent cardiac pacing [1]. Recent literature expands
the list to include select patients who have congestive heart failure and for
the prevention of atrial fibrillation. Advances in technology, expanding in-
dications, and the aging of the population ensure that clinicians will encoun-
ter patients with cardiac pacemakers on a regular basis. This article
summarizes the electrocardiographic manifestations of the normally func-
tioning permanent cardiac pacemaker, as well as abnormalities associated
with pacemaker malfunction.

Pacing modes

As pacemakers have evolved and assumed more functions and capabil-
ities, a five position code has been developed by the North American Society
of Pacing and Electrophysiology (NASPE) and the British Pacing and Elec-
trophysiology Group (BPEG) to describe pacemaker function [2] (Table 1).

Position I indicates the chambers being paced, atrium (A), ventricle (V),
both (D, dual), or none (O). Position II gives the location where the pace-
maker senses native cardiac electrical activity (A, V, D, or O). Position III

* Corresponding author.
E-mail address: tcchan@ucsd.edu (T.C. Chan).

0733-8627/06/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.emc.2005.08.011 emed.theclinics.com


mailto:tcchan@ucsd.edu

Table 1
The NASPE/BPEG Generic (NBG) pacemaker code
Position 1 I 111 v A%
Chamber(s) Chamber(s) Response to Programmability, Antitachy-dysrhythmia
paced sensed sensing rate modulation functions
O = none O = none O = none O = none O = none
A = atrium A = atrium T = triggered P = simple P = pacing
programmable (antidysrhythmia)
V = ventricle V = ventricle I = inhibited M = multiprogrammable S = shock
D = dual D = dual D = dual (inhibited C = communicating D = dual
(atrium and (atrium and and triggered) (pacing and shock)
ventricle) ventricle)

R = rate
modulation
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indicates the pacemaker’s response to sensing—triggering (T), inhibition (I),
both (D), or none (O). Older versions of the code only designated these three
positions, and pacemakers still are commonly referred to in terms of these
three codes. Position IV indicates two things: the programmability of the
pacemaker and the capability to adaptively control rate (R). The code in
this position is hierarchical. The C, which designates the ability to commu-
nicate with external equipment (ie, telemetry), thus is assumed to have mul-
tiprogrammable capability (M). Similarly, a pacemaker able to modulate
rate of pacing (R) is assumed to be able to communicate (C) and be multi-
programmable (M). Position V identifies the presence of antitachydysrhyth-
mia functions, including the antitachydysrhythmia pacing (P) or shocking
(S). The code does not designate how these functions are activated or if
they are activated automatically or manually by an external command.

For example, a VOOOO pacemaker is one capable of asynchronous ven-
tricular pacing, with no sensing functions, no adaptive rate control func-
tions, and no antitachydysrhythmia capability. A VVIPP pacemaker paces
the ventricle, is inhibited in response to sensed ventricular activity, has sim-
ple programmability, and has antitachydysrhythmia-pacing capability. Sim-
ilarly, a VVIMD pacemaker is a multiprogrammable VVI pacemaker with
the ability to pace and shock in the setting of a tachydysrhythmia. A
DDDCO pacemaker is a DDD pacemaker with telemetry capability but
no antitachydysrhythmia function. From a practical standpoint, most pace-
makers encountered in the emergency department or clinic setting are
AAIR, VVIR, DDD, DDDR, or back-up pacing modes for cardioverter-
defibrillator devices.

Electrocardiographic findings in a normally functioning pacemaker

When a pacemaker is active and pacing, small spikes that signify the elec-
trical signal emanating from the pacemaker leads are usually evident on the
electrocardiogram (ECGQG). These low-amplitude pacemaker artifacts may
not be visible in all leads. Pacing artifacts are much smaller with bipolar
electrode systems than with unipolar leads, and consequently may be diffi-
cult to visualize.

Typically, pacing leads used to pace the atrium are implanted in the ap-
pendage of the right atrium and leads to pace the ventricles toward the apex
of the right ventricle. Atrial pacing appears as a small pacemaker spike just
before the P wave. The P wave is usually of a normal morphology. In con-
trast, the ventricular paced rhythm (VPR) is abnormal (Fig. 1). Because the
ventricular pacing lead is placed in the right ventricle, the ventricles contract
from right to left, rather than by the regular conduction system. The overall
QRS morphology thus is similar to that of a left bundle branch block
(LBBB), with prolongation of the QRS interval. In leads V1-V6, the altered
ventricular conduction is manifested by wide, mainly negative QS or rS
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Fig. 1. DDD pacemaker with atrial and ventricular pacing. Low amplitude atrial and ventric-
ular pacing spikes are best seen in lead V1 and II rhythm strips. The tracing demonstrates the
widened QRS complexes typical in ventricular-paced rhythm with a left bundle branch block
pattern, left axis deviation and ST segment/T-wave discordance with the QRS complex.

complexes with poor R-wave progression. QS complexes are seen commonly
in leads II, III, and aVF, whereas a large R-wave typically is seen in leads I
and aVL. Leads V5 and V6 sometimes have deep S-waves because the depo-
larization may be traveling away from the plane of those leads. Usually the
ventricular lead is placed near the apex, causing the ventricles to contract
from apex to base, yielding leftward deviation of the QRS axis on the
ECG. If the lead is implanted toward the right ventricular outflow tract, de-
polarization forces travel from base to apex, resulting in a right axis devia-
tion. Occasionally patients have epicardial rather than intracardiac
pacemaker leads. If the ventricular epicardial lead is placed over the left ven-
tricle, the ventricular paced pattern is that of a right bundle branch block.

ST segments and T waves typically should be discordant with the QRS
complex, in contrast to the usual ECG pattern—meaning the major vector
of the QRS complex is in a direction opposite that of the ST segment/
T-wave complex. This is known as the rule of appropriate discordance or
QRS complex/T-wave axis discordance for ventricular pacing. This becomes
relevant when interpreting the electrocardiogram with VPR in the context of
possible cardiac ischemia [3.4].

AAI pacing

An AAI pacemaker is one that paces the atrium, senses the atrium, and
inhibits the pacing activity if it senses spontaneous atrial activity (Fig. 2).
This mode of pacing prevents the atrial rate from decreasing below a preset
level and is useful for patients who have sinus node dysfunction and intact
AV node conduction. The timing cycle of the pacemaker begins when it
paces the atrium or senses an atrial event. Following initiation of the timing
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Fig. 2. AAI pacing. The first two P waves are paced (p), whereas the following three P waves
are native and sensed, so atrial pacing is inhibited. The next three P waves are again paced.
From Chan TC, et al., eds. ECG in Emergency Medicine and Acute Care. Philadelphia: Mosby,
2004; with permission.

cycle, there is a refractory period in which the pacemaker is insensitive to
stimuli. This prevents the pacemaker from sensing the proximate QRS com-
plex and misinterpreting it as an atrial event. Once the preprogrammed re-
fractory period is over, the pacemaker resets to its baseline status and the
pacemaker remains silent for the duration of the programmed pacing inter-
val. If, at the end of the interval no atrial activity is sensed, it generates
a stimulus and the cycle begins anew. If, following the refractory period,
it senses atrial activity, it inhibits itself from stimulating the atrium, and
the sensed atrial activity initiates a new timing cycle.

VVI pacing

VVI pacing is useful in patients who have chronically ineffective atria,
such as chronic atrial fibrillation or atrial flutter (Fig. 3). This mode is sim-
ilar to the atrial demand (AAI) mode, except that the ventricle is sensed and
paced, rather than the atrium. The refractory period is set at a shorter

1.0 Second

Fig. 3. VVI pacing. The first, fourth, and seventh QRS complexes are native, whereas the others
are paced (p marks third and fifth beats). Note that in VVI pacing there is no AV synchrony.
From Chan TC, et al., eds. ECG in Emergency Medicine and Acute Care. Philadelphia: Mosby,
2004; with permission.
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interval than in AAI pacing. Because the atrium is not sensed with VVI pac-
ing, AV dissociation or dyssynchrony may occur in patients who have intact
atrial function who suffer from AV node blockade, which has disadvanta-
geous hemodynamic and clinical consequences.

DDD pacing

DDD pacing is a form of dual-chambered pacing in which the atria and
the ventricles are paced. In DDD pacing the atrium and the ventricle are
sensed and paced or inhibited, depending on the native cardiac activity

Fig. 4. DDD pacing. (4) Atrial pacing with native ventricular QRS activity without ventricular
pacing because of intact AV conduction. (B) There is atrial sensing of native P waves (a) that
triggers subsequent ventricular pacing. (C) Atrial and ventricular pacing occur. From Chan TC,
et al., eds. ECG in Emergency Medicine and Acute Care. Philadelphia: Mosby, 2004; with
permission.
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sensed (Fig. 4). Other forms of dual-chambered pacing are available, such as
DVI and VDD, but DDD is the most common. The principle advantage of
dual-chambered pacing is that it preserves AV synchrony. Because of this
advantage, dual-chambered pacing is increasingly common.

In DDD pacing, if the pacemaker does not sense any native atrial activity
after a preset interval, it generates an atrial stimulus (Fig. 44). An atrial
stimulus, whether native or paced, initiates a period known as the AV inter-
val. During the AV interval the atrial channel of the pacemaker is inactive,
or refractory. At the end of the present AV interval, if no native ventricular
activity is sensed by the ventricular channel, the pacemaker generates a ven-
tricular stimulus (Fig. 4B, C). Following the AV interval, the atrial channel
remains refractory during a short, post-ventricular atrial refractory period
(PVARP) so as to prevent sensing the ventricular stimulus or resulting ret-
rograde P waves as native atrial activity. The total atrial refractory period
(TARP) is the sum of the AV interval and the PVARP. In a simple DDD
pacemaker, the TARP determines the upper rate of the pacemaker (upper
rate [beats per minute] = 60/TARP).

Mode switching

As one might imagine, if a patient who has a DDD pacemaker were to
develop supraventricular tachycardia, the pacemaker might pace the ven-
tricles at the rapid rate based on the atrial stimulus (up to the preprog-
rammed upper rate limit). To prevent this, most DDD pacemakers now
use mode switching algorithms, whereby if a patient develops an atrial ta-
chydysrhythmia, the pacemaker switches to a pacing mode in which there
is no atrial tracking, such as VVI. On cessation of the dysrhythmia, the
pacemaker reverts to DDD mode, thus restoring AV synchrony without be-
ing complicit in the transmission of paroxysmal atrial tachydysrhythmias.

Electrocardiographic findings in the abnormally functioning pacemaker

Abnormal function of pacemakers can be life threatening to patients who
are pacemaker-dependent. The 12-lead ECG is an indispensable part of the
evaluation of pacemaker function. If there is no pacemaker activity on the
ECG, the clinician should attempt to obtain a paced ECG by applying
the magnet, which typically switches the pacemaker to asynchronous pacing
(a small minority exhibit a different preprogrammed effect or no effect)
(Fig. 5). This procedure is useful for assessing pacemaker capture (but not
sensing), evaluating battery life, treating pacemaker-mediated tachycardia,
and assessing pacemaker function when the native heart rate is greater
than the pacing threshold. In the latter case, cautious attempts to slow the
rate with maneuvers such as carotid massage, adenosine, or edrophonium
administration also can be useful [5]. These should be performed with ex-
treme caution in the pacemaker-dependent patient, however.
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Fig. 5. Effect of magnet application on pacemaker function. Placement of magnet inhibits sens-
ing and reverts the pacemaker to asynchronous pacing. The magnet allows for assessment of
capture (but not sensing). In this case, native atrial activity inhibits atrial pacing and triggers
ventricular pacing. When the magnet is placed (m), atrial sensing is halted and asynchronous
atrial and ventricular pacing occurs. The magnet pacing rate is determined by the battery life.

If routine evaluation yields no pacemaker abnormalities and pacemaker
malfunction is suspected, the pacemaker should be interrogated by a compa-
ny technician (this feature is available on most new pacemakers, those with
code C or above in position IV of the NASPE/BPEG Generic Pacemaker
Code). Many patients carry a card identifying the make and model of pace-
maker. If this is not available, inspection of the pacemaker generator on
chest radiographs may reveal useful information. Most manufacturers place
an identification number in the generator that is visible on chest radio-
graphs. Additionally, chest radiographs may reveal useful information,
such as lead dislodgement, migration, or fracture. Causes of abnormal pace-
maker function include failure to pace, failure to capture, undersensing,
pacemaker-mediated dysrhythmias, pscudomalfunction, and the pacemaker
syndrome.

Failure to pace

Pacemaker generator output failure, or failure to pace, occurs when the
pacemaker fails to deliver a stimulus in a situation in which pacing should
occur. Failure to pace has many causes, including oversensing, pacing
lead problems, battery or component failure, and electromagnetic interfer-
ence (such as from MRI scanning or cellular telephones). Failure to pace
manifests on the ECG by an absence of pacemaker spikes at a point at
which pacemaker spikes would be expected. In dual-chambered pacing
symptoms, isolated atrial or ventricular failure to pace may be evident.

The most common cause of failure to pace is oversensing [6,7]. Oversens-
ing refers to the inappropriate sensing of electrical signals by the pacemaker.
Oversensing leads to failure to pace when the inappropriate sensing of elec-
trical signals inhibits the pacemaker from pacing. These abnormal electrical
signals may or may not be seen on the ECG.
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The most common cause of oversensing is skeletal muscle myopotentials,
particularly from the pectoralis and rectus abdominis muscles and the dia-
phragm [8,9]. In these cases the clinician may be able to reproduce the over-
sensing by running a 12-lead rhythm strip while having the patient stimulate
the rectus and pectoralis muscles. Application of the magnet, which tempo-
rarily disables sensing functions, also may be useful. Oversensing caused by
skeletal myopotential is almost exclusively a problem encountered in unipo-
lar pacing systems, rather than bipolar pacing systems. Oversensing caused
by skeletal myopotentials can be corrected by reprogramming the pacemak-
er to lower sensitivity or increasing the refractory period.

Oversensing of native cardiac signals also can occur. AV crosstalk occurs,
for example, when an atrial sensing system inappropriately senses a QRS
complex as native atrial activity. Such oversensing also can be corrected
by reprogramming the pacemaker to lower sensitivity of the sensing system
or increasing the refractory period. Make-break signals, which are electrical
signals produced by intermittent metal-to-metal contact, also can lead to
oversensing. Such signals can be caused by lead fracture, dislodgement, or
loose connections within the pacemaker generator itself. These lead prob-
lems also may cause failure to pace by failing to deliver the pacing stimulus.
Battery failure can cause failure to pace, as can primary pacemaker genera-
tor failure, although the latter is exceedingly rare. Blunt trauma to the pac-
ing unit can cause failure to pace by damaging the pacemaker or its leads.

Failure to capture

Failure to capture refers to the condition in which a pacing stimulus is
generated but fails to trigger myocardial depolarization (Figs. 6-8). On
the ECG, failure to capture is identified by the presence of pacing spikes
without associated myocardial depolarization, or capture.

Although low current from a failing battery may cause failure to capture
as a result of insufficient voltage to trigger depolarization, the most common

1.0 Second

Fig. 6. Failure of atrial capture. Atrial and ventricular pacing spikes are visible, but only the
ventricular stimuli are capturing. There are no P waves following the atrial spikes (arrow).
From Chan TC, et al., eds. ECG in Emergency Medicine and Acute Care. Philadelphia: Mosby,
2004; with permission.



188 CHAN & CARDALL

1.0 Second

Fig. 7. Failure of ventricular capture. There is intermittent native atrial activity (a) and atrial
pacing and capture (p) when no native activity is present. There is failure of ventricular capture,
however, because no QRS complexes following the ventricular pacing spikes (arrow). The QRS
complexes on this tracing are slow ventricular escape beats (v). In the fourth QRS complex, the
pacemaker generates a stimulus at the same time a ventricular escape beat occurs, yielding
a type of fusion beat (f). From Chan TC, et al., eds. ECG in Emergency Medicine and Acute
Care. Philadelphia: Mosby, 2004; with permission.

cause of failure to capture is elevation in the threshold voltage required for
myocardial depolarization, also known as exit block. Exit block can be
caused by maturation of tissues at the electrode—-myocardium interface in
the weeks following implantation [10]. Tissue damage at the electrode-myo-
cardium interface caused by external cardiac defibrillation is another well-
known cause of exit block and failure to capture [11]. Some pacemakers
are programmed to provide safety pacing with increased pacing output in
the setting of abnormal pacemaker functioning or uncertain native activity

(Fig. 8).

Fig. 8. DDD pacing with intermittent loss of ventricular capture (arrow). After the third loss of
capture event there is a junctional escape beat (J). In the next to last beat, a junctional escape
beat is bracketed by two pacing spikes as a form of safety pacing. Rather than inhibiting ven-
tricular pacing (and risk having no ventricular output if the sensed event were not truly a native
ventricular depolarization), the AV interval is shortened and a paced output (S) occurs.



ELECTRONIC PACEMAKERS 189

Undersensing

Undersensing occurs when the pacemaker fails to sense or detect native
cardiac activity. At the time of implantation, the pacemaker is programmed
to sense cardiac signals of a certain amplitude and frequency given the con-
ditions particular to that individual lead. Anything that changes the ampli-
tude, vector, or frequency of intracardiac electrical signals can result in
undersensing. All of the causes for failure to capture also can cause under-
sensing, as can new bundle branch blocks, premature ventricular contrac-
tions (PVCs), or atrial or ventricular tachydysrhythmias. Most cases of
undersensing can be remedied by programming the pacing system to a higher
sensitivity.

Assessing for the presence of undersensing can be difficult (Figs. 9 and
10). Unlike failure to capture, there is often no obvious finding on ECG
to suggest undersensing, because pacing artifacts may or may not be easily
detectable. Instead the clinician must infer from the surface ECG whether
the pacemaker is sensing properly and responding with an appropriate out-
put based on its program. For example, in patients who have atrial under-
sensing, the ECG may reveal native P waves that are not being sensed, with
resulting atrial pacing spikes (see Fig. 9).

Pacemaker-mediated dysrhythmias

Pacemakers can be useful to treat or prevent dysrhythmias. The pacemaker
itself, however, can become a source of dysrhythmias. Examples include
pacemaker-mediated tachycardia (PMT), runaway pacemaker, dysrhythmias
caused by lead dislodgement, and sensor-induced tachycardias.

Pacemaker-mediated tachycardia

PMT, also known as endless-loop tachycardia, is a re-entry dysrhythmia
that can occur in dual-chamber pacemakers with atrial sensing. In contrast

1.0 Second

Fig. 9. Atrial undersensing. In this patient with a DDD pacemaker, the native atrial events (a)
are not sensed. If atrial sensing were occurring, atrial pacing (e) would be inhibited. From Chan
TC, et al., eds. ECG in Emergency Medicine and Acute Care. Philadelphia: Mosby, 2004; with
permission.
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Fig. 10. Ventricular undersensing. In this patient with a DDD pacemaker, intrinsic ventricular
events are not sensed. A native, upright, narrow QRS complex (narrow arrow) occurs soon after
each atrial stimulus, but these complexes are not sensed, and before ventricular repolarization
has a chance to get started, ventricular pacing occurs, triggering the wider QRS complexes (wide
arrow). From Chan TC, et al., eds. ECG in Emergency Medicine and Acute Care. Philadelphia:
Mosby, 2004; with permission.

to other re-entry dysrhythmias, in PMT the pacemaker itself acts as part of
the re-entry circuit.

The atrial channel is programmed with a refractory period (PVARP) imme-
diately after atrial depolarization to prevent sensing of the following ventric-
ular QRS complex or the retrograde P wave that may result from ventricular
depolarization. PMT occurs most commonly when a PVC occurs after the
PVARP and the atrial channel interprets the resultant retrograde P wave as
a native atrial stimulus, which in turn triggers ventricular pacing, which in
turn allows the resultant retrograde P wave to again be sensed, and so on.
The pacemaker itself acts as the antegrade conductor for the re-entrant
rhythm with retrograde VA conduction completing the re-entry circuit loop.
It is important to note that PMT cannot exceed the maximum programmed
rate of the pacemaker, usually 160—-180 bpm. Although a PVC is the most com-
mon initiating event, other factors, such as oversensing of skeletal myopoten-
tials or the removal of an applied magnet, also can trigger PMT [12].

On the ECG, PMT appears as a regular, ventricular paced tachycardia at
a rate at or less than the maximum upper rate of the pacemaker. Treatment
of PMT consists in the application of the magnet, which turns off all sensing
and returns the pacemaker to an asynchronous mode of pacing, thus break-
ing the re-entry circuit. If a magnet is unavailable, PMT can be terminated
by achieving VA conduction block with adenosine or vagal maneuvers,
which can prolong retrograde and antegrade conduction through the AV
node [13-15]. Many modern pacemakers also feature programming to auto-
matically terminate PMT by temporarily prolonging the PVARP or omit-
ting a single ventricular stimulus (Fig. 11).

Runaway pacemaker
The runaway pacemaker is an exceedingly rare phenomenon and repre-
sents true primary component failure. The runaway pacemaker consists of
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Fig. 11. Pacemaker-mediated tachycardia. The third QRS complex is a paced beat (narrow
arrow), and causes a retrograde P wave that triggers a run of PMT. In this case the pacemaker
detects the PMT and in the penultimate beat (wide arrow) temporarily lengthens the PVARP,
preventing atrial sensing of the retrograde P wave and breaking the re-entrant loop. From
Chan TC, et al., eds. ECG in Emergency Medicine and Acute Care. Philadelphia: Mosby,
2004; with permission.

inappropriately rapid discharges at rates of up to 400 pulses per minute, po-
tentially inducing ventricular tachycardia or fibrillation. This phenomenon
generally is limited to older generation pacemakers; modern pacemakers
have a preprogrammed upper rate limit, which the pacemaker cannot ex-
ceed. On the ECG the runaway pacemaker appears as a paced ventricular
tachycardia, with a rate often exceeding the expected maximum upper limit
of a pacemaker. The runaway pacemaker is a true medical emergency. Ap-
plication of a magnet may induce a slower pacing rate, and emergency inter-
rogation and reprogramming also may be successful. If this fails, emergent
surgical intervention to disconnect or cut the leads is necessary [16].

Dysrhythmias caused by lead dislodgement

A lead that has become dislodged may bounce against the ventricular
wall and provoke ventricular extrasystoles or dysrhythmias. Definitive treat-
ment of such cases involves removal or repositioning of the lead.

Sensor-induced tachycardias

Many modern pacemakers are equipped with rate-modulation features
that attempt to appropriately increase heart rate to meet physiological de-
mands. This capability is designated by an R in the fourth position of the
NASPE/BPEG generic pacemaker code. Examples of types of sensors in-
clude ones that respond to vibration, respiratory changes, hemodynamic pa-
rameters, and acid—base status. Pacemakers capable of rate-modulation may
pace inappropriately if the sensors that regulate the pacemaker are stimu-
lated by nonphysiologic parameters [17]. For example, pacemakers that
control rate according to vibration sensors may pace erroneously if they
are stimulated by loud noises, vibrations from the environment, or sleeping
on the side of the implant [18-21]. Temperature sensors may trigger tachy-
cardia in the febrile patient [22]. Sensors that control rate by monitoring
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minute ventilation can be triggered by hyperventilation, arm movement, or
electrocautery [23,24]. On the ECG, sensor-induced tachycardias appear as
paced tachycardias. They are typically benign and cannot exceed the pace-
maker’s upper rate limit. If needed, they can always be broken with applica-
tion of the magnet, which returns the system to asynchronous pacing.

Pseudomalfunction

Pseudomalfunction occurs when pacing is actually occurring, but the pac-
ing spikes are not seen. This may happen with bipolar pacing systems and
analog ECG recorders, because the voltage in bipolar pacing systems is
much smaller than unipolar systems. Pseudomalfunction also occurs when
the clinician mistakenly expects the pacemaker to be triggering when it is ap-
propriately inactive.

Rhythms that appear abnormal can occur even when the pacing system is
functioning properly. In a DDD pacemaker, AV block rhythms can arise as
the native sinus activity increases. As the sinus rate approaches the pro-
grammed upper rate limit, the duration of the cardiac cycle, or P-P interval,
shortens and becomes less than the TARP. As a result, some native P waves
fall within the TARP and go undetected, resulting most commonly in a 2:1
AV block (Fig. 124).

A
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Native P-P
Interval

TARP
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Upper rate limit interval

m

Native P-P Interval
TARP

Fig. 12. Pseudomalfunction. AV block schematic for a normally functioning DDD pacemaker.
(A) Sinus rate increases such that the native P-P interval is shorter than the TARP. Every other
P wave occurs within the TARP and the paced QRS complex is dropped, resulting in a 2:1 AV
block. (B) In this case, the native P-P interval is shorter than the preset upper rate limit interval
(minimum cardiac cycle duration for maximum pacemaker rate), but still longer than the
TARP. Atrial activity is detected by the pacemaker, but the pacemaker cannot release its ven-
tricular stimulus faster than the upper rate limit resulting in a progressive lengthening of the PR
interval until a paced ventricular beat is dropped (Wenckebach).
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If the upper rate interval (the cardiac cycle length at the fastest pacemaker
rate) is programmed to be longer than the TARP, increased sinus activity
actually can lead to a form of Wenckebach rhythm in DDD pacing. This
rhythm occurs when the native P-P interval shortens and is less than the up-
per rate interval but still longer than the TARP. This creates an AV delay as
the pacemaker cannot release its ventricular stimulus faster than the upper
rate limit allows despite occurring after the TARP. The AV delay increases
with successive cycles until a dropped beat occurs, creating a pacemaker-me-
diated Wenckebach AV block (Fig. 12B). If the atrial rate continues to in-
crease, the P-P interval becomes less than the TARP and a fixed block
like that described previously occurs (Fig. 124).

Pacemaker syndrome

Pacemaker syndrome is a constellation of signs and symptoms in patients
who have otherwise normally functioning pacemaker systems resulting from
suboptimal pacing modes or programming. The pathophysiology of pace-
maker syndrome is complex and multifactorial, but the major factor seems
to be suboptimal AV synchrony or AV dyssynchrony [25,26]. This leads to
unfavorable hemodynamics and decreased perfusion.

Although the diagnosis cannot be made solely from the ECG, the lack of
AV synchrony on an ECG in the appropriate clinical situation suggests the
diagnosis. Retrograde P waves suggest VA conduction that in the context of
AV dyssynchrony may cause atrial overload, part of the pacemaker syn-
drome. Additionally, the systolic blood pressure may decrease 20 mm Hg
or more when the patient goes from a spontaneous native rhythm to a paced
rhythm. Treatment consists in upgrading to dual-chambered pacing to re-
store AV synchrony.
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There are many nuances to the pediatric ECG that relate to age-specific
changes. These findings relate directly to changes in the myocardium and
circulatory system as the individual matures from infancy to adulthood.
For example, fetal circulation relies primarily on the right side of the heart
and at birth the right ventricle is larger and thicker than the left ventricle.
During infancy, increased physiologic stress and work of the left ventricle
leads to its enlargement, such that by 6 months it is twice the thickness of
the right. By adolescence, the left ventricle is at least 2.5 times as thick as
the right [1]. These changes over time lead to the variability of normal
ECGs in children, which can sometimes delay interpretation in the emergency
department (ED).

A recent review of pediatric ED use reveals that the most common reasons
for obtaining ECGs in children are chest pain, suspected dysrhythmia, sei-
zure, syncope, drug exposure, electrical burns, electrolyte abnormalities,
and abnormal physical examination findings. Of 71 pediatric ECGs reviewed
over a 15-month period, 14 (20%) had clinical significance, such as prolonged
QT syndrome, ventricular hypertrophy, or premature ventricular beats [2].
Although a complete review of ECG interpretation is beyond the scope of
this article, the authors suggest the use of a systematic approach to ECG in-
terpretation with special attention to rate, rhythm, axis, intervals, ventricular
and atrial hypertrophy, and the presence of any ischemia or repolarization
abnormalities. This article aids the reader in discerning what is truly essential
on the pediatric ECG and also discusses findings in patients with congenital
heart disease, hypertrophic cardiomyopathy, and myocarditis.
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The normal pediatric ECG

There are many systematic techniques for interpreting ECGs and no one
method is particularly better than another. A caveat to the electronic inter-
pretation that many ECG machines conduct is that they are manufactured
and calibrated with adult values in the software package; hence, the machine
interpretation is frequently inaccurate with children. On the other hand,
they are reasonably accurate in calculating intervals that are averaged
over the entire recording period. The settings of the ECG, however, must
be full standard, defined as 10 mm/mV with a standard paper speed of 25
mmy/sec. These settings can be changed on the machine to elucidate certain
features, but a standard ECG is the only one that should be referenced to
normal values. Frequently, additional right ventricular and posterior left
ventricular precordial leads (V3R, V4R, and V7) are included with pediatric
ECGs to provide additional information on patients who have complex con-
genital abnormalities. In most pediatric patients, these leads can be ignored.

Table 1 lists the normal pediatric ECG values seen in the newborn,
infant, child, and adolescent [3-5]. This table lists normal ranges for heart
rate, QRS axis, PR and QRS complex intervals, and R- and S-wave ampli-
tudes, all of which significantly change with age. Rapid changes occur over
the first year of life as a result of the dramatic changes in circulation and
cardiac physiology. After infancy, subsequent changes are more gradual
until late adolescence and adulthood.

Heart rate

In children, cardiac output is determined primarily by heart rate as
opposed to stroke volume. With age, the heart rate decreases as the ven-
tricles mature and stroke volume plays a larger role in cardiac output.
Age and activity-appropriate heart rates thus must be recognized. Average

Table 1
Pediatric ECG: normal values by age

HR QRS axis PR interval QRS interval Rin VI Sin VI Rin V6 Sin V6

Age (bpm)  (degrees) (sec) (sec) (mm) (mm)  (mm) (mm)
Ist wk 90-160  60-180 0.08-0.15  0.03-0.08 5-26 0-23 0-12 0-10
1-3 wk 100-180 45-160 0.08-0.15  0.03-0.08 3-21 0-16 2-16 0-10
1-2mo 120-180 30-135 0.08-0.15  0.03-0.08 3-18 0-15 5-21 0-10
3-5mo 105-185 0-135 0.08-0.15  0.03-0.08 3-20 0-15 6-22 0-10
6-11 mo 110-170  0-135 0.07-0.16  0.03-0.08 2-20  0.5-20 6-23 0-7
1-2 yr 90-165 0-110 0.08-0.16  0.03-0.08 2-18  0.5-21 6-23 0-7
34 yr 70-140  0-110 0.09-0.17  0.04-0.08 1-18 0.5-21 4-24 0-5
5-7 yr 65-140  0-110 0.09-0.17  0.04-0.08 0.5-14 0.5-24 4-26 0-4
8-11yr  60-130 —15-110 0.09-0.17  0.04-0.09 0-14 0.5-25 4-25 0-4
12-15yr  65-130 —15-110 0.09-0.18  0.04-0.09 0-14 0.5-21 4-25 0-4
>16yr  50-120 —15-110 0.12-0.20  0.05-0.10 0-14 0.5-23 4-21 04

Courtesy of Ra’id Abdullah, MD, University of Chicago, Illinois.
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resting heart rate varies with age; newborns can range from 90—-160 beats per
minute (bpm) and adolescents from 50-120 bpm. The average heart rate
peaks about the second month of life and thereafter gradually decreases un-
til adolescence (Fig. 1). Heart rates grossly outside the normal range for age
should be scrutinized closely for dysrhythmias.

ORS axis

In utero, blood is shunted away from the lungs by the patent ductus
arteriosus, and the right ventricle provides most of the systemic blood
flow. As a result, the right ventricle is the dominant chamber in the newborn
infant. In the neonate and young infant (up to 2 months), the ECG shows
right ventricular dominance and right QRS axis deviation (Fig. 1). Most
of the QRS complex is reflective of right ventricular mass. Across the pre-
cordium, the QRS complex demonstrates a large amplitude R wave (in-
creased R-/S-wave ratio) in leads V1 and V2, and small amplitude R wave
(decreased R-/S-wave ratio) in leads V5 and V6. As the cardiac and circula-
tory physiology matures, the left ventricle becomes increasingly dominant.
Over time, the QRS axis shifts from rightward to a more normal position,
and the R-wave amplitude decreases in leads V1 and V2 and increases in
leads V5 and V6 (Fig. 2; and see Fig. 1).

PR interval

Similarly, the PR interval also varies with age, gradually increasing with
cardiac maturity and increased muscle mass. In neonates, it ranges from
0.08-0.15 sec and in adolescents from 0.120—0.20 sec [3]. The normal shorter
PR interval in children must be taken into account when considering the
diagnosis of conduction and atrioventricular (AV) block.

H-

Fig. 1. Normal ECG of 4-week-old infant. The ECG demonstrates right axis deviation and
large R-wave amplitude and inverted T waves in the right precordial leads (V1 and V2) indicat-
ing right ventricular dominance normally seen in early infancy. Also note the fast heart rate,
which is also normal for this age group.
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Fig. 2. Persistent juvenile pattern. This ECG in an 11-year-old boy reveals inverted T waves in
leads V1 and V2 consistent with juvenile T-wave pattern. Such a finding can persist normally
into adolescence.

ORS complex duration

The QRS complex duration varies with age. In children, the QRS com-
plex duration is shorter, possibly because of decreased muscle mass, and
gradually increases with age. In neonates it measures 0.030-0.08 sec and
in adolescents 0.05-0.10 sec. A QRS complex duration exceeding 0.08 sec
in young children (younger than 8 years of age) or exceeding 0.10 sec in
older children may be pathologic. As a result, slight prolongation of what
may appear as a normal QRS complex can indicate a conduction abnormal-
ity or bundle branch block in children.

QT interval

Because the QT interval varies greatly with heart rate, it is usually cor-
rected (QTc), most commonly using Bazett’s formula: QTc = QT/4/RR in-
terval. During the first half of infancy, the normal QTc is longer than in
older children and adults. In the first 6 months of life, the QTc¢ is considered
normal at less than 0.49 sec. After infancy, this cutoff is generally 0.44 sec.

T waves

In pediatric patients, T-wave changes on the ECG tend to be nonspecific
and are often a source of controversy. What is agreed on is that flat or in-
verted T waves are normal in the newborn. In fact, the T waves in leads V1
through V3 usually are inverted after the first week of life through the age of
8 years as the so-called “juvenile” T-wave pattern (see Fig. 1). In addition,
this pattern can persist into early adolescence (Fig. 2). Upright T waves in
V1 after 3 days of age can be a sign of right ventricular hypertrophy (RVH).

Chamber size

An assessment of chamber size is important when analyzing the pediatric
ECG for underlying clues to congenital heart abnormalities. P waves greater
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than 2 mV (2 small boxes) in infants and greater than 3 mV (3 small boxes)
in adolescents may indicate right atrial enlargement (RAE). Because the
right atrium depolarizes before the left atrium, P-wave duration greater
than 0.08 sec (2 small boxes) in infants and 0.12 sec (3 small boxes) in ado-
lescents indicates left atrial enlargement (LAE).

RVH is best seen in leads V1 and V2 with an rSR’, QR (no S), or a pure R
(no Q or S) wave. RVH also may be suggested by the presence of a large S
wave in lead V6, upright T waves in leads V1-V3 after the first week of life,
or persistence of the right ventricular dominance pattern of the neonate.
Similarly, left ventricular hypertrophy (LVH) is suggested with the presence
of tall R waves in lead V6, large S wave in lead V1, left ventricular “‘strain”
pattern in leads V5 and V6, and a mature precordial R-wave progression in
the newborn period. Biventricular hypertrophy is seen when ECG criteria
for enlargement of both ventricles is seen (Table 2).

The abnormal pediatric ECG
Tachydysrhythmias

The tachydysrhythmias can be classified broadly into those that originate
from loci above the AV node (supraventricular), those that originate from
the AV node (AV node re-entrant tachycardias), and those that are

Table 2
ECG criteria for ventricular and atrial hypertrophy

Right ventricular hypertrophy
R wave greater than the 98™ percentile in lead V1 (see Table 1)*
S wave greater than the 98'" percentile in lead I or V6 (see Table 1)
RSR’ pattern in lead V1, with the R’ height being greater than 15 mm in infants younger
than 1 year of age or greater than 10 mm in children older than | year of age
Q wave in lead V1
Left ventricular hypertrophy
R-wave amplitude greater than 98 percentile in lead V5 or V6 (see Table 1)
R wave less than 5 percentile in lead V1 or V2 (see Table 1)
S-wave amplitude greater than 98™ percentile in lead V1 (see Table 1)
Q wave greater than 4 mm in lead V5 or V6
Inverted T wave in lead V6
Right atrial enlargement
Peaked P wave in leads II and V1 that is higher than 3 mm in infants younger than 6 months
of age and greater than 2.5 mm in infants older than 6 months of age
Left atrial enlargement
P-wave duration greater than 0.08 seconds in a child younger than 12 months of age
or greater than 10 ms in children 1 year and older
P wave minimal or plateau contour
Terminal or deeply inverted P wave in lead VI or V3R

The presence of any of these is suspicious for hypertrophy. It is not necessary for all of the
criteria to be met.
# R wave pattern in VI may be seen in 10% of normal newborns.
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ventricular in origin. Although AV node re-entrant tachycardias are more
common in adults, the vast majority of tachycardias in children are supra-
ventricular in origin. It is important to record continuous ECG or rhythm
strips with the child in tachycardia, while medication is being pushed, and
when converted to sinus rhythm. On recognition of a tachycardia, stepwise
questioning can help clarify the ECG tracing. Is it regular or irregular? Is
the QRS complex narrow or wide? Does every P wave result in a single
QRS complex?

Sinus tachycardia can be differentiated from other tachycardias by a nar-
row QRS complex and a P wave that precedes every QRS complex. Sinus
tachycardia is a normal rhythm with activity and exercise and can be a nor-
mal physiologic response to stresses, such as fever, dehydration, volume
loss, anxiety, or pain. Sinus tachycardia that occurs at rest may be a sign
of sinus node dysfunction. It is important to keep in mind, however, that
the normal range for heart rate is higher in children (see Table 1).

Supraventricular tachycardia (SVT) is the most common symptomatic
dysrhythmia in infants and children, with a frequency of 1 in 250-1000 pa-
tients [6]. The peak incidence of SVT is during the first 2 months of life.
Infants with SVT typically present with nonspecific complaints, such as fuss-
iness, poor feeding, pallor, or lethargy. Older children may complain of chest
pain, pounding in their chest, dizziness, shortness of breath, or may demon-
strate an altered level of consciousness. The diagnosis often begins in triage
with the nurse reporting that ““The heart rate is too fast to count.”

In newborns and infants with SVT, the heart rate is greater than 220 bpm
and can be as fast as 280 bpm, whereas in older children, SVT is defined as
a heart rate of more than 180 bpm [7]. On the ECG, supraventricular tachy-
cardia is evidenced by a narrow QRS complex tachycardia without discern-
ible P waves or beat-to-beat variability (Fig. 3). The initial ECG may be
normal, however, and a 24-hour rhythm recording (eg, Holter monitor) or
an event monitor may be necessary to document the dysrhythmia in cases
of intermittent episodes. In children younger than 12 years of age, the
most common cause of supraventricular tachycardia is an accessory atrio-
ventricular pathway, whereas in adolescents, AV node re-entry tachycardia
becomes more evident [5].

SVT can be associated with Wolff Parkinson White (WPW) syndrome.
SVT in WPW syndrome generally is initiated by a premature atrial depolar-
ization that travels to the ventricles by way of the normal atrioventricular
pathway, travels retrograde through the accessory pathway, and re-enters
the AV node to start a re-entrant type of tachycardia [7,8]. Antegrade con-
duction through the AV node followed by retrograde conduction through
the accessory pathway produces a narrow complex tachycardia (orthodromic
tachycardia) and is the most common form of SVT found in WPW syndrome
[7,8]. Less commonly re-entry occurs with antegrade conduction through the
accessory pathway and retrograde conduction through the AV node (anti-
dromic tachycardia) to produce a wide complex tachycardia [9]. Typical
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Fig. 3. Supraventricular tachycardia. This ECG demonstrates a supraventricular tachycardia in
a neonate. Note the remarkably fast heart rate (260 bpm) and narrow QRS complexes without
discernible P waves. It often can be difficult to interpret the ECG in this setting, because the
normal QRS complex width is shorter in infants and young children.

ECG findings of WPW are a short PR interval, wide QRS complex, and
a positive slurring in the upstroke of the QRS complex, known as a delta
wave (Fig. 4). The ECG in most WPW SVT does not show the delta wave,
because tachycardia is not conducted down through the accessory pathway.
Episodes of SVT in children who have WPW usually occur early in the first
year of life [9]. Episodes of SVT often resolve during infancy but may recur
later in life, usually from 6-8 years of age [9].

Atrial ectopic tachycardia may be differentiated from SVT by the pres-
ence of different P-wave morphologies. Each P wave is conducted to the

[

Fig. 4. Wolff Parkinson White syndrome. This ECG is of a 9-year-old boy who presented to the
ED with palpitations and minor neck trauma and was found to be in a supraventricular tachy-
cardia. This ECG was done shortly after adenosine was administered and the rhythm converted
to sinus. Note the abnormally short PR interval for age and the presence of a delta wave
(arrows) at the beginning of the QRS complex. The delta wave is not uniformly apparent in
all leads.
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ventricle, and because the ectopic atrial focus is faster than the SA node, the
ectopic determines the ventricular rate (Fig. 5).

Although supraventricular tachycardias are more common than those of
ventricular origin, it is important to remember that the normal QRS com-
plex is shorter in duration in children than adults. As a result, a QRS com-
plex width of 0.09 sec may seem normal on the ECG but actually represents
an abnormal wide QRS complex tachycardia in an infant. The differential
diagnosis of wide complex tachycardia includes sinus/supraventricular
tachycardia with bundle branch block or aberrancy, antidromic AV re-entry
tachycardia, ventricular tachycardia (VT), or coarse ventricular fibrillation
[10]. ECG findings that support the presence of VT include AV dissociation
with the ventricular rate exceeding the atrial rate, significantly prolonged
QRS complex intervals, and the presence of fusion or capture beats. If there
is a right bundle branch block, the presence of VT is supported by a qR
complex in V1 and a deep S wave in V6. If there is a left bundle branch block
present, then the presence of VT is supported by a notched S wave and an
R-wave duration of >0.03 sec in V1 and V2 and a Q wave in V6 [10].

Conduction abnormalities

All degrees of AV block may occur in pediatric patients. It is important
to remember that the normal PR interval in infants is shorter and lengthens
as cardiac tissue matures with age. A normal appearing PR interval of 0.20
sec may thus in fact represent a pathologic first-degree AV block in an infant
or young child.

L

Fig. 5. Atrial ectopic tachycardia. This ECG is of an 18-month-old infant who presented with
a several week history of poor feeding and vomiting. The ECG shows atrial ectopic tachycardia.
Notice the different P-wave morphologies (arrows). Each P wave is conducted to the ventricle,
and because the ectopic atrial focus is faster than the sinoatrial node, it determines the ventric-
ular rate.
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Complete heart block is a common cause of significant bradycardia in
pediatric patients and may be acquired or congenital (Fig. 6). Causes of con-
genital heart block include structural lesions like L-transposition of the
great arteries, or maternal connective tissue disorders. Acquired heart block
may result from disorders such as Lyme disease, systemic lupus erythemato-
sus, muscular dystrophies, Kawasaki disease, or rheumatic fever [11].

Bundle branch blocks (BBB) may be present when there is QRS complex
prolongation abnormal for a given age. Right BBB occurs with abnormal
rightward and anterior terminal forces, frequently manifesting on ECG as
an rSR’ pattern in leads V1 and V2. Right BBB is more common than left
BBB and can be seen after surgical repair of congenital heart defects, partic-
ularly ventricular septal defect repairs. Similarly, left BBB is seen with abnor-
mal leftward and posterior forces, best appreciated in leads V5 and V6. Left
BBB is rare in children, however, and the possibility of WPW should be con-
sidered, because this syndrome can mimic a left BBB pattern.

Congenital heart

With an incidence of 8/1000 live births, many of the structural congenital
heart diseases present in the neonatal period [12]. The signs and symptoms
of congenital heart disease may be nonspecific, however. Infants may pres-
ent with tachypnea, sudden onset of cyanosis or pallor that may worsen with
crying, sweating with feeds, lethargy, or failure to thrive [13].

Congenital heart disease lesions that present in the first 2-3 weeks of life
are typically the ductal-dependent cardiac lesions. During this period the
ductus arteriosus had been sustaining blood flow for these infants. When
the ductus closes anatomically at 2-3 weeks of life, these infants suddenly
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Fig. 6. Complete heart block. The QRS complexes are independent of the P waves (dots). This
ECG is from a 6-month-old infant who had undergone recent repair of a membranous VSD
that temporarily stunned the AV node.
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become ill. Depending on the underlying structural abnormality, these neo-
nates present with sudden cyanosis or signs of cardiovascular collapse.
These newborns have depended on the ductus arteriosus to supply blood
to the lungs—as with tetralogy of Fallot (ToF) or tricuspid atresia (TA)—
or to the systemic circulation—as in the case of coarctation of the aorta
(CoA) or hypoplastic left heart syndrome (HLHS). The main causes of
cyanotic congenital heart disease are ToF, TA, transposition of the great
arteries (TGA), truncus arteriosus, total anomalous pulmonary venous
return (TAPVR), and pulmonary atresia or stenosis. Time of onset and
the common associated ECG findings are listed in Table 3 [14-16].

The other class of congenital cardiac lesions that present in the first
month of life are the left-to-right intracardiac shunts, such as ventricular
septal or atrioventricular canal defects. As the normal pulmonary vascular
resistance falls over the first month of life, any pre-existing left-to-right
shunt sees a gradual increase in flow across the shunt, resulting in congestive
heart failure. The differential diagnosis of congenital heart diseases that
cause congestive heart failure include not only the left-to-right intracardiac

Table 3

Congenital heart abnormalities: time of onset and typical ECG findings

CHD Onset RVH LVH RAE LAE RAD LAD RBBB

PDA 2nd_3rd i + (older

child)

ASD Variable + + + +

VSD 2t wk 4 + + 4+

CoA 1* wk + + +

(newborn)  (older) (newborn)

ToF 12" wk o+ + +
(after
repair)

TGA 1% wk + + +

Truncus Variable, + +

arteriosis  infancy

Tricuspid 184" wk + + +

atresia

PA Variable +

HLHS 1°" wk +

AS Variable +

PS P4 wk 4 + +

AVC 223wk 4 + + o+ + o+

HCM Variable, + +

adulthood

AS, aortic stenosis; ASD, atrial septal defect; AVC, atrioventricular canal defects; CoA, co-
arctation of aorta; HCM, hypertrophic cardiomyopathy; HLHS, hypoplastic left heart syn-
drome; LAD, left axis deviation; LAE, left atrial enlargement; LVH, left ventricular
hypertrophy; PA, pulmonary atresia; PDA, patent ductus arteriosus; PS, pulmonic stenosis;
RAD, right axis deviation; RAE, right atrial enlargement; RBBB, right bundle branch block;
RVH, right ventricular hypertrophy; TGA, transposition of great vessels; ToF, tetralogy of Fal-
lot; VSD, ventricular septal defect.
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shunts, but also HLHS, CoA, TA, endocardial cushion defect, patent ductus
arteriosus (PDA), aortic stenosis, interrupted aortic arch, aortic atresia, and
mitral valve atresia [17,18].

An ECG should be obtained in all infants suspected of having congenital
heart disease. Although the ECG does not make the diagnosis, it can show
evidence of conduction abnormalities or chamber enlargement as a result of
the congenital defect. In addition, the ECG provides a means of assessing
the degree of cardiac flow obstruction, chamber hypertrophy, and the devel-
opment of dysrhythmias as a result of the congenital heart disease.

Several ECG findings can be associated with specific congenital heart dis-
eases (Table 3). The ECG can seem normal or age-appropriate for some
congenital heart diseases. These include cases of PDA, mild-moderate pul-
monary stenosis, TGA, ASD, VSD, and CoA, though the presence of ab-
normalities on the ECG is generally the rule.

RVH is the most common abnormality seen with congenital heart disease
and can be seen with pulmonary stenosis, ToF, TGA, and VSD with pulmo-
nary stenosis or pulmonary hypertension, CoA (newborn), pulmonary valve
atresia, HLHS, and ASD. RVH may be difficult to distinguish during the
early neonatal period because of the normal right ventricular predominance
on the ECG at this age. The abnormality becomes clear, however, with later
infancy and early childhood.

LVH is seen in lesions with small right ventricles, such as tricuspid atre-
sia, pulmonary atresia with intact ventricular septum, and lesions with left
ventricular outflow track obstruction (AS, CoA, hypertrophic cardiomyop-
athy [HCM]). LVH also can be seen in older children with PDA and larger
VSD or AV canal defects (Fig. 7).

In conjunction with ventricular changes, atrial abnormalities can be de-
tected on the ECG with congenital heart disease. RAE occurs with large

V1. vali
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Fig. 7. Atrioventricular canal defect. This ECG is of an 8-week-old boy who had an AVC. The
ECG reveals biventricular hypertrophy and left axis deviation not typical for this age group.
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left-to-right shunts, causing RA volume overload, and can be seen with ASD,
atrioventricular canal defects, tricuspid atresia, Ebstein anomaly, and severe
pulmonary stenosis. LAE can be seen with mitral stenosis or insufficiency, left
heart obstruction, and complete AV canal defects.

Abnormal QRS axis deviations are seen commonly with congenital heart
defects. Right axis deviation can occur with ASD, ToF, CoA, TGA, and
pulmonary stenosis. Left axis deviation can be seen with large VSD, tricus-
pid atresia, TGA, and complete AV canal defects (Fig. 7). Right BBB can be
seen with ASD, complete AV defects, small VSD, and after repair of ToF. It
is important to keep in mind, however, that incomplete right BBB can be
a normal part of the involution of right ventricular forces during infancy
and early childhood (Fig. 8).

Hypertrophic cardiomyopathy

Although most cases of HCM are diagnosed at 30-40 years of age, 2% of
cases occur in children younger than 5 years of age and 7% occur in children
younger than 10 years of age [19]. Clinical presentation varies, with patients
experiencing chest pain, palpitations, shortness of breath, syncopal or near
syncopal episodes, or sudden death. The hallmark anatomic finding in pa-
tients who have HCM is an asymmetric, hypertrophied, nondilated left ven-
tricle with greater involvement of the septum than the ventricular free wall.

ECG findings include LAE and LVH, ST-segment abnormalities, T-wave
inversions, Q waves, and diminished or absent R waves in the lateral leads.
Premature atrial and ventricular contractions, supraventricular tachycardia,
multifocal ventricular dysrhythmias, or new onset atrial fibrillation also may
be present.

Fig. 8. Incomplete right bundle branch block. This ECG is from a 4-year-old boy. Lead V1
demonstrates an rSR’ pattern, but a relatively narrow QRS complex. The amplitude of the
R’ wave approaches criteria for RVH, but this ECG also may be a normal variant.
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Myocarditis

An inflammatory condition of the myocardium, this disease has numerous
causes; the most common etiology in North America is viral (Coxsackie A
and B, ECHO viruses, and influenza viruses) [20,21]. The clinical presentation
varies depending on multiple factors, including etiology and patient age. Neo-
nates and infants may present with symptoms such as lethargy, poor feeding,
irritability, pallor, fever, and failure to thrive. Symptoms suggestive of heart
failure like diaphoresis with feeding, rapid breathing, tachycardia, or respira-
tory distress also may be present. Older children may complain of weakness
and fatigue, particularly on exertion. Signs of poor cardiac function, includ-
ing signs of congestive heart failure, may be present on examination.

Multiple ECG findings may be present. Sinus tachycardia is the most
common dysrhythmia. A tachycardia faster than expected for the degree
of fever (10 bpm for each degree of temperature elevation) may indicate
myocarditis. Many other dysrhythmias may be associated with myocarditis,
including junctional tachycardias, ventricular ectopy, ventricular tachycar-
dias, and even second- and third-degree AV blocks. Morphologically there
may be T-wave flattening or inversion and low QRS complex voltage, less
than 5 mm in all limb leads.

Summary

Knowledge of the basics of pediatric ECG interpretation is helpful in dif-
ferentiating normal from abnormal findings. These basics include familiarity
with the age-related normal findings in heart rate, intervals, axis and wave-
form morphologies; an understanding of cardiac physiologic changes asso-
ciated with age and maturation, particularly the adaptation from right to
left ventricular predominance; and a rudimentary understanding of common
pediatric dysrhythmias and findings associated with congenital heart
diseases.
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Technique of electrocardiographic recording

The electrocardiogram (ECG) continues to be a critical component of the
evaluation of patients who have signs and symptoms of emergency cardiac
conditions. This tool is now approximately 100 years old [1] and has been
a standard in clinical practice for more than half a century. Application
of new signal processing techniques and an expansion in the use of addi-
tional leads allows clinicians to extract more and more information from
the cardiac electrical activity. An understanding of the technology inherent
in the recording of ECGs allows one to more fully understand the benefits
and limitations of electrocardiography.

As the ECG is a recording of bioelectrical potentials made at the body
surface, the interface between the patient’s skin and the recording electrodes
of the ECG is critical. Much of the artifact introduced into ECG recordings
occurs at this junction and is caused by inadequate skin preparation or in-
adequate skin—electrode contact. Modern ECG electrodes contain a conduc-
tive gel that covers the electrode. Optimize the contact of this gel with clean,
dry skin. Clip hair and remove superficial dry skin with gentle abrasion be-
fore application of adhesive electrodes. Ensure that connections between the
electrodes and cables are tight and secure.

The clinical use of ECGs has evolved to include a standard set of 12
leads, providing an array of perspectives to the electrical activity of the
heart. Each lead reflects the electrical potential difference measured between
two electrodes. These leads are grouped into standard limb leads (I, II, and
I1T), augmented limb leads (aVR, aVL, and aVF), and precordial leads (V1
through V6). The standard bipolar limb leads measure the electrical poten-
tial difference (ie, voltage) between electrodes placed at the left arm (as the
positive pole) and right arm (as the negative pole) comprising lead I; the left
foot (positive) and right arm (negative) for lead II; and the left foot
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(positive) and left arm (negative), which form lead III. The electrode placed
at the right foot is a ground electrode. Unipolar precordial and limb leads
were developed in the 1930s and 1940s as supplements to the standard
limb leads. Leads applied to the precordium across the left chest became
known as V leads, and those supplemental unipolar electrodes with the ex-
ploring (positive) electrode applied to the extremities were termed VR, VL,
and VF. The negative pole of the unipolar V leads is termed Wilson’s central
terminal—an electrical combination of the electrodes applied to the right
and left arms and the left leg (Fig. 1). Modification of the central terminal
to enhance the amplitude of the unipolar limb leads has resulted in the mod-
ern augmented limb leads aVR, aVL, and aVF.

By convention, ECG electrodes are applied at standardized locations on
the body. This is required for uniformity in the resulting display of the re-
cordings and to allow comparison of ECGs between individuals and for
a single individual over time. It is essential that the ECG electrodes are
placed accurately, because malpositioning can reduce the sensitivity in de-
tecting abnormalities or may introduce artifact that may be confused with
pathology. Identification of anatomic landmarks by direct palpation is re-
quired for accurate and consistent electrode placement. Precordial V leads
are placed in the following locations: V1 at the fourth intercostal space
(ICS) just to the right of the sternum; V2 at the fourth ICS just to the left
of the sternum; V4 at the fifth ICS in the midclavicular line; V3 midway be-
tween V2 and V4; V5 and V6 are placed immediately lateral to V4 in the an-
terior axillary line and midaxillary lines, respectively. These electrodes
should be applied to the chest wall beneath the breast in women.

For standard diagnostic resting ECGs, limb lead electrodes are to be
placed distally on each extremity and recordings made with the patient

——

V1 | exploring electrode

—

Wilson’s central terminal

Fig. 1. Schematic for unipolar V lead recording. Wilson’s central terminal is (—) pole; exploring
(+) pole in this illustration is applied to anterior chest in the V1 position. Wavy lines represent
resistors in the connections between the recording electrodes on the three limbs that produce the
negative poles for each of the unipolar leads. From Wagner GS. Marriott’s Practical Electrocar-
diography, 10" edition. Philadelphia: Lippincott Williams and Wilkins, 2002, with permission.
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resting in a supine position. The electrodes should be placed at least distal to
the lateral tip of the clavicles and distal to the inguinal lines. Placement in
a position too proximal may artifactually distort the ECG, particularly the
QRS complex. Again by convention, the electrode wires have been color-
coded in a standard manner to help ensure accurate placement by clinical
personnel: left arm = black; right arm = white; left leg = red; right leg =
green; precordium = brown.

Because placement of electrodes in distal positions on the extremities is
impractical for ambulatory patients or those undergoing exercise testing, ap-
plication of the extremity electrodes more proximally (just inferior to the lat-
eral clavicle tips and midway between the costal margin and the anterior
superior iliac spines) helps ensure stability of the electrodes and reduces skel-
etal muscle artifact. This Mason-Likar [2] system also has been applied to
continuous ST segment trend monitoring. It should be noted, however,
that nonstandard electrode placement may affect the diagnostic quality of
the ECG, but important changes can be identified over the time of the mon-
itoring. Torso limb electrode placement has been noted to effect a rightward
shift of the QRS axis, reduction of R-wave amplitude in leads I and aVL,
and an increase in R-wave amplitude in leads II, III, and aVF [3].

Instrumentation for ECG recording includes electronic band-pass filters
that are designed to minimize artifact while preserving the integrity of the
signal. The filters of a typical bedside monitor are optimized for stability
of the waveforms and are used routinely for detection of abnormal rhythms.
The band-pass filters for such bedside devices in the monitor mode are 0.5—
40 Hz. That is, it only allows passage of signals in the range of 0.5 Hz
through 40 Hz. A diagnostic electrocardiograph has corresponding filters of
0.05-100 Hz. This band-pass filter is less restrictive and allows more
of the inherent signal through. The advantage of the more selective filter
of the monitor mode is a reduction in baseline wander caused by respira-
tion and patient movement and the filtering of line noise, typically of
50-60 Hz. Unfortunately the additional filtering of the monitor mode
may distort the ST segment by altering the transition at the J point [4].
This may result in the display of the ST segment as elevated or depressed
when the ECG recorded using the settings of the diagnostic instrument
filters would show the ST segment to be isoclectric, for example. This
can result in the over-diagnosis of myocardial ischemia when monitor
mode filtering is applied. Obtain a standard, diagnostic ECG using appro-
priate filtering when entertaining the diagnosis of myocardial ischemia.

ECGs routinely are displayed in columns, first the three limb leads, fol-
lowed by the three augmented limb leads, and then the precordial leads.
Most electrocardiographs record several channels of data concurrently,
and vertical alignment of several leads allows accurate identification of
the timing of specific components of the waveforms. An alternative display
option (the Cabrera sequence) shows leads in a progression corresponding
to the anatomic orientation in the six frontal plane leads followed by the
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six transverse plane or V leads (Fig. 24). The speed at which the paper
passes through the printer determines the width of the constituent ECG in-
tervals. Typically, standard paper speed is 25 mm/sec. If specific attention to
waveform onset or offset is required, increasing the paper speed to 50 mm/
sec displays the ECG in a wider format. Slower paper speeds allow a greater
number of cardiac cycles to be visualized on a single print out and are useful
in evaluation of rhythm disturbances. At the standard paper speed (25 mm/
sec), each 1 mm (small box) corresponds to 40 ms (0.04 sec), and each large
box (5 mm) corresponds to 200 ms (0.20 sec). A standard amplitude signal is
printed as a reference, with the typical default of 1 mV per cm (Fig. 2B). Be
sure to verify this when interpreting ECGs, because electrocardiographs au-
tomatically adjust the display of the gain to allow large amplitude signals to
be completely displayed within the allotted space. For example, large ampli-
tude QRS waveforms associated with left ventricular hypertrophy may

B 40 msec

'l
—_ 100 uVv
1mV
l I
200 msec

Fig. 2. ECG display formats. (4) Cabrera sequence of 12 leads in a single horizontal display.
(B) Standard ECG amplitude and timing. Square wave marker of voltage amplitude and time
notation. Typically ECGs are displayed at a paper speed of 25 mm/sec, corresponding to 40
msec/mm and at 1 mV/cm, corresponding to 100 uV/mm.
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cause the gain to be adjusted to 2 mV/cm and ST segment deviations of 0.5
mm would correspond to 100 uV. Alternatively, small amplitude waveforms
may be interpreted more easily if the gain is increased to 500 uV/cm.

Technologies enhancing ECGs

Continued advancement of the technology and instrumentation used in
recording ECGs has expanded the amount of clinically useful information
regarding the electrical activity of the heart that one can now access. Since
its development, the ECG has evolved as new technology has become avail-
able. With the current expansion of computing methods, processing speed,
and signal processing techniques, even more information will be extracted
from ECG recordings in the near future. The following discussion illustrates
the concept that there is more important information contained within the
ECG than is readily apparent by visual inspection of the standard 12-lead
ECG.

Atrial leads

Detection of atrial activity and its relationship to ventricular activity are
cornerstones of the interpretation of disturbances of cardiac rhythm and
conduction. P waves are typically low amplitude signals that may be ob-
scured by other components of the ECG in various pathologic states. P
waves are usually identifiable on the standard 12-lead ECG when there is
an isoelectric period between the end of one cardiac cycle and the beginning
of the next (ie, a T-P interval). If tachycardia or other rhythm disturbance is
present, the T-P interval may be obscured and the resulting waveform may
include a P wave “buried”” within the T wave or other components of the
waveform. If atrial activity is initiated after conduction of the impulse
from a lower location on the conducting system, an inverted P wave may
be inscribed within other parts of the waveform. In these situations, the P
waves may be difficult or impossible to identify on the standard 12-lead
ECG. Use alternative electrode placement methods when necessary to iden-
tify more reliably the presence or absence of such P waves. Noninvasive
methods to achieve this detection may include moving the V1 electrode to
a position one intercostal space superior (ie, third ICS adjacent to the right
sternal border) or reconfiguring recording electrodes to the MCLI1 lead or
the Lewis lead (Fig. 3). The MCLI1 lead is recorded by selecting lead III
on the cardiograph and positioning the positive left leg electrode in the
V1 position and the left arm electrode in a modified position beneath the
left clavicle. The Lewis lead is recorded as lead I of the ECG when modified
so that the right arm lead is placed to the right of the manubrium sternum,
and the left arm lead is positioned to the right of the sternum in the fifth in-
tercostal space [5]. These strategies orient the leads in positions that are
more likely to detect atrial electrical activity.
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MCL, Lewis lead

Fig. 3. Modified leads to identify atrial electrical activity. MCL1 lead placement is used to iden-
tify atrial activity. Display lead III and move left leg (LL) electrode to the V1 position and the
left arm (LA) electrode beneath the left clavicle tip. Lewis lead is recorded as lead I with right
arm electrode applied to the right of the manubrium and the left arm electrode applied to the
fifth ICS at the right border of the sternum. Adapted from Mark JB, Atlas of cardiovascular
monitoring. New York: Churchill Livingstone; 1998. p. 136; with permission.

More invasive methods of P-wave detection may be indicated as the clin-
ical situation warrants. Because the atria are anatomically in proximity to
the esophagus, placement of an electrode in this position can facilitate iden-
tification of atrial electrical activity. An esophageal lead may be constructed
using a temporary pacing wire as the exploring electrode. An alligator clip
may be required to connect the pacing wire to the V lead cable. When pa-
tients have central venous access, use of a saline-filled lumen of the catheter
that extends to the proximity of the atrium can facilitate recording of an
atrial electrogram (Fig. 4). These leads typically are connected to a V lead
cable also. In a direct comparison study, Madias [6] found P-wave ampli-
tude to be greater on recordings made from a saline-filled central catheter
than those from a Lewis lead or a lead V1 of the standard ECG.

ST segment monitoring and serial ECGs

In that most conditions requiring emergency cardiac care are dynamic
events, the tool used in such investigation should be dynamic also. The typ-
ical standard 12-lead ECG records information for a single episode approx-
imately 10 seconds in duration. Contrast this period to the timeframe in
which dynamic changes in myocardial oxygen supply and demand change
over the course of minutes to hours and the situation in which rhythm distur-
bances may be manifest literally beat to beat. Bedside monitoring for dys-
rhythmia detection has been a clinical standard since the 1960s when
technology for continuous display of electrocardiographic information be-
came available. Immediate identification and treatment of life-threatening
dysrhythmias revolutionized the care of cardiac patients and prompted the
development of coronary care units. Similar technologic advances now allow
minute-to-minute monitoring intended to detect acute coronary ischemia.
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Fig. 4. Invasive electrode detection of atrial activity. (Upper panel) Esophageal lead (ESO)
demonstrates prominent P waves compared with those recorded using lead II. (Lower panel)
Atrial activity is displayed prominently (white boxes) using a saline-filled central venous pres-
sure catheter (CVP lead) even when surface lead 11 shows no discernible P wave. From Mark
JB, Atlas of cardiovascular monitoring. New York: Churchill Livingstone; 1998. p. 136; with
permission.
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ST segment trend monitoring is the process of dynamic surveillance for
cardiac ischemia. ECGs are automatically and repetitively collected by
a hardware device [7-9]. Software algorithms analyze the amplitude of the
ST segment in each of the constituent standard 12 leads. The ST segment
amplitude is plotted over time and displayed. Limits can be set within the
device to detect changes automatically in the ST segment amplitude that
suggest acute ischemia. Monitors obtain a typical 10-second ECG as often
as one or two times per minute and compare the ST segment amplitudes
to the initial ECG. This transforms a static snapshot into a dynamic image.
Fig. 5 shows an example of an abnormal ST segment trend monitoring ses-
sion in an individual who presented to the emergency department (ED) with
chest pain. This graphical presentation provides a means by which the infor-
mation from several dozen to several hundred ECGs may be viewed at
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Fig. 5. ST segment trend monitoring. (4) Initial nondiagnostic ECG. (B) ST segment trending.
(C) Acute inferior myocardial infarction. (D) Coarse ventricular fibrillation. (E) Resolution of
the significant abnormalities seen above.
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Fig. 5 (continued)

a glance. In the case illustrated by Fig. 5, the dynamic changes in the ampli-
tude of the ST segments suggesting acute ischemia and injury precede the
initiation of a life-threatening dysrhythmia [7]. This illustrates the concept
of dynamic changes associated with acute coronary syndromes and implies
that intervention in the early stages (ischemia) would be preferable to detect-
ing only the later, possibly lethal manifestations (ventricular fibrillation).
This technique brings the time dimension to the electrocardiogram. The dy-
namic nature of myocardial ischemia pathophysiology is now matched by
real-time monitoring for dynamic electrocardiographic changes.

In a series of 1000 patients, Fesmire [9] showed that ST segment trend
monitoring is useful to clinicians in the ED. When compared with the
ECG obtained at the time of presentation, ST segment trend monitoring
during the ED evaluation improved the sensitivity (34.2 versus 27.5;
P <0.0001) and specificity (99.4 versus 97.1; P<0.01) in detecting acute cor-
onary syndromes. This technique also improved the sensitivity in detecting
acute myocardial infarction (68.1 versus 55.4; P<0.0001). Diagnostic
changes during continuous ST segment monitoring of acute chest pain
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patients identifies patients for ICU admission, revascularization procedures,
and long-term complications [9].

When the instrumentation for continuous ST segment trend monitoring
is not available, serial acquisition of standard 12-lead ECGs may be used
to monitor for dynamic changes in the ECG. Repeat ECG acquisition
should occur when a patient experiences a change in symptoms or if the pa-
tient is not responding adequately to therapy. Routinely scheduled repeat
ECGs typically are a component of evaluation of the chest pain patient
[10]. Access to a patient’s previous ECGs assists in the accuracy of interpre-
tation and detection of acute myocardial infarction [11].

Additional leads

Just as continuous ST segment trend monitoring expands the use of diag-
nostic electrocardiography by enhancing the time-domain, the use of addi-
tional electrocardiographic leads enhances the spatial domain addressed
by ECGs. The standard 12 leads were not selected or specifically designed
to comprehensively address the three-dimensional nature of cardiac electri-
cal activity measurable at the body surface. Consequently some areas of the
heart and thorax are suboptimally represented by the standard set of 12
leads. There is no intrinsic reason why the ECG should be limited to 12
leads, and investigators have evaluated the use of additional leads in an at-
tempt to maximize the acquisition of important ECG data. Simple expan-
sions of the standard ECG to include 15 or 18 leads may be done with
little or no modification of existing electrocardiographs (Fig. 6). More sub-
stantial increases in the array of leads used for electrocardiography and an
enhanced system of visual representation of areas of cardiac ischemia/injury
incorporate 24-192 leads of data [12-14].

The high lateral and posterior surfaces of the heart are under-represented
on the standard 12-lead ECG, making ischemia and injury to these areas
more difficult to identify using this tool. In an effort to augment

Fig. 6. Additional chest leads. Anatomic location of right chest leads VIR-V6R and posterior
chest leads V7-V9.
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identification of abnormalities in these geographic regions of the heart, ad-
dition of supplementary V leads extending to the posterior left chest have
been used [15-18]. These are termed leads V7, V8, and V9, and are posi-
tioned at the level of V4-V6 at the posterior axillary line (V7), the inferior
border of the scapula (V8), and just to the left of the spine (V9) (Fig. 6).
These leads may be used to identify an acute posterior myocardial infarction
more readily and to judge more accurately the true extent of the myocardial
damage [18].

A more complete description of myocardial injury and additional prog-
nostic and risk stratification information may be provided by the use of ad-
ditional ECG leads [19,20]. Detection of right ventricle (RV) infarction is
often difficult using only standard 12-lead ECGs. By incorporating precor-
dial leads deployed across the right chest, additional views oriented to the
right side of the heart are made available. These leads are termed VIR
through V6R and are positioned across the right chest in locations corre-
sponding to the V leads of the left chest (Fig. 7). Note that leads VIR
and V2R are in the positions of leads V2 and V1, respectively. RV infarction
is manifest on ECG when ST segment elevation extends to lead V4R or be-
yond. Inferior myocardial infarction (IMI) generally is considered to involve
less substantial areas of myocardium than anterior myocardial infarction
(AMI), and consequently exposes such patients to less risk for adverse out-
come than AMI. When RV infarction complicates an IMI, however, pa-
tients experience adverse outcomes at a rate comparable to AMI [21].
Zalenski [19] showed that this subgroup of IMI patients at high risk for ad-
verse outcome can be identified by attention to ST segment elevation in lead
V4R.

Although the anatomic location of the right ventricle beneath the ster-
num potentially exposes it to injury as a result of blunt trauma, findings
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Fig. 7. Inferior myocardial infarction complicated by right ventricular involvement. ST seg-
ment elevation in inferior leads (leads III and aVF, greater than lead II, suggesting right coro-
nary artery lesion) is accompanied by reciprocal ST segment depression in leads aVL and 1.
There is also evidence of an old anterior infarction. Note the subtle ST segment elevation in
leads V4R and V5R, indicating right ventricular involvement.
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in lead V4R was not found to add substantially to the evaluation of trauma
patients when compared with the standard ECG [22].

Because the standard 12-lead ECG has poor sensitivity in detecting acute
coronary syndromes at the time of presentation, more extensive arrays of
electrodes have been used in an attempt to enhance the detection of ischemia
and infarction [12,14,23]. Criteria for diagnosis of abnormalities using these
systems may be complicated or may involve subjective interpretation of the
results. To assist with this, an automated interpretation algorithm has been
incorporated into an 80-lead system for interpretation of the body surface
map of isopotentials [13]. In this system, an anterior harness containing
64 electrodes and a posterior harness containing 16 electrodes record unipo-
lar ECGs referenced to Wilson’s central terminal. Isopotential maps are
constructed using the potential at each electrode site at the J point or at
the J 4+ 60 msec point (Fig. 8). Abnormalities in the isopotential map may
indicate ischemia or infarction even when the standard 12-lead ECG is non-
diagnostic (Fig. 9).

QT dispersion

The QT interval encompasses ventricular depolarization and repolariza-
tion. Measurement of this interval is a standard component of ECG analy-
sis. It has been noted that the QT interval varies between the leads of the
standard ECG, and this dispersion has been interpreted to reflect an inho-
mogeneity of repolarization. The measurement of this QT dispersion inter-
val (QTd—the difference between the longest and shortest QT interval on
a 12-lead ECG) often is complicated by difficulty in determining the exact
end of the T wave, the endpoint for the QT interval. Abnormal dispersion
of repolarization is suggested to increase risk for dysrhythmia and may be
associated with acute myocardial ischemia [24,25]. This explanation for
QTd, however, has generated significant controversy [26-28]. A wide range
in QTd values has been reported in healthy subjects (range, 10-71 msec),
and even though most studies find prolonged QTd values for cardiac pa-
tients, the differentiation between normal and abnormal QTd is often

mVms.

'y

-34.01

Fig. 8. Body surface map. Electrode array of 64 anterior leads and 16 posterior leads and iso-
potential map. Diagnostic algorithm interpretation statements are included in this device’s
report.
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Fig. 9. Abnormal body surface maps diagnostic for acute myocardial infarctions. The corre-
sponding standard 12-lead ECGs were not diagnostic.

difficult [28]. Malik suggests that only grossly abnormal values for QTd (eg,
>100 msec) are outside the range of measurement error and may identify
grossly abnormal repolarization [28]. It is now believed that abnormal
QTd most likely represents abnormality of the T-wave loop [29-31]. This in-
terval ultimately may prove useful in assisting in the diagnosis of acute cor-
onary artery disease, as evidenced by its potential as an aid in the evaluation
of exercise stress testing [32].

High frequency ECGs

The standard ECG displays waveforms within the 0.05-100 Hz portion
of the spectrum. Signals that represent higher frequencies within the ECG
routinely are excluded from presentation and analysis. This exclusion was
decided on because such high frequency components (> 100 Hz) are typically
of low amplitude and are difficult to differentiate from electrical noise.
High frequency, low amplitude signals, however, have been identified
within the QRS complex and possibly are markers of abnormal conduc-
tion associated with cardiac pathology [33-35]. Recent advances in signal
acquisition and digital signal processing allow high frequency components
(HFECGs) to be recorded up to 250 Hz. To make reliable recordings of
these components, more rapid data sampling (1000 samples/sec) is re-
quired. Digital signal averaging is used in HFECGs to differentiate the
low amplitude HF signals from background noise. Signal averaging is
a technique of electronically averaging recordings from many cardiac
cycles and results in the generation of composite waveforms for the elec-
trocardiographic leads. Up to 100 or more cardiac cycles are averaged
in a process to enhance the signal-to-noise ratio. Fig. 10 shows HFECGs
recorded using standard lead placement. Abnormal HF components are
identified when a reduced amplitude zone (RAZ) is seen within the wave-
form recorded in the 150-250 Hz range. The definition of an abnormal
HFECG incorporates the spatial grouping and magnitude of the RAZs
[35]. Abnormal HFECGs may identify patients with heart disease [35,36]
(eg, congestive heart failure, coronary artery disease), though their resting
12-lead ECG seems normal [37]. The use of this technology in the clinical
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Fig. 10. High frequency ECGs. (4) Normal HFECG. Though a few leads have detectable re-
duced amplitude zones (RAZs, indicated by arrows) within the QRS complexes, they are not of
sufficient magnitude or spatial orientation to meet the definition for abnormal HFECG. (B) Ab-
normal HFECG with reduced amplitude zones (RAZs). Dark circles to the right of the leads

indicate abnormal RAZ. (C) Standard ECG was normal in the patient with an abnormal
HFECG (presented in B) who was experiencing myocardial ischemia.
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Fig. 10 (continued)

setting is now feasible because of real-time acquisition and interpretation
of data facilitated by modern computing methods.
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The emergency physician (EP) examines the electrocardiogram (ECG)
looking for evidence of normalcy and for signs of ischemia, dysrhythmia,
and many other variations of normal, such as are described in this issue.
An under appreciated cause of ECG abnormality is electrode misconnection
and misplacement. This occurs when the ECG electrode is mistakenly con-
nected to the wrong part of the body (electrode misconnection, as can occur
most commonly with the limb electrodes, I, II, III, aVR, aVL, and aVF) or
is placed improperly on the body (electrode misplacement, such as can occur
most easily with the precordial electrodes, VI-V6). Knowledge of the com-
mon patterns of electrode misconnection and misplacement lead to the
ready recognition of this phenomenon in everyday practice.

Using recordings from four limb electrodes (RA or right arm, LA or left
arm, RL or right leg, and LL or left leg), six frontal plane electrocardio-
graphic tracings, or leads, are generated. An understanding of limb elec-
trode misconnection begins with a review of the derivation of the three
limb leads (I, 11, and III) and the three augmented leads (aVR, aVL, and
aVF) (Fig. 1). In the horizontal plane, six precordial electrodes (V1-V6)
yield six electrocardiographic leads (V1-V6); although they too can be mis-
connected, the pitfalls of right/left and arm/leg reversal do not apply here.
Recording problems with the precordial electrodes more significantly are
caused by improper positioning of the individual electrodes on the body sur-
face because of anatomic variation. Common examples of limb electrode re-
versal and precordial electrode misconnection and misplacement are
described.
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Fig. 1. The standard limb and augmented leads on the 12-lead ECG. Solid arrows represent
leads I (RA—LA), I (RA—LL), and III (LA—LL), where RA = right arm, LA = left
arm, and LL = left leg. Dotted arrows depict leads aVR, aVL, and aVF. Arrowheads are located
at the positive pole of each of these vectors. The right leg serves as a ground electrode, and as
such is not directly reflected in any of the six standard and augmented lead tracings.

Limb electrode misconnection

There are myriad possible ways to misconnect the four limb electrodes
when recording the 12-lead ECG; commonly, such errors result from rever-
sal of right/left or arm/leg. Common limb electrode reversals therefore in-
clude the following: RA/LA, RL/LL, RA/RL, and LA/LL. More bizarre
reversals involving reversal of right/left and arm/leg also yield predictable
changes, but are intuitively less likely to occur, because they require, by def-
inition, two operator errors. Only the four common limb electrode reversals
thus are discussed in detail, followed by those less common misconnections
(RA/LL and LA/RL).

Arm electrode reversal (RA/LA)

Fortuitously, this is the most common limb electrode misconnection and
one of the easiest to detect [1-4]. Because the RA and LA electrodes are re-
versed, lead I is reversed, resulting in an upside-down representation of the
patient’s normal lead I tracing (Fig. 2; and see Fig. 1). Lead I thus features,
in most cases, an inverted P-QRS-T, yielding most saliently a rightward
QRS axis deviation (given the predominant QRS vector is negative in lead
I and positive in lead aVF) or an extreme QRS axis deviation (predominant
QRS vector is negative in leads I and aVF). Furthermore, an inverted P
wave in lead I is distinctly abnormal and should prompt the EP to consider
limb electrode misconnection, dextrocardia, congenital heart disease, junc-
tional rhythm, or ectopic atrial rhythm. Reversal of the arm electrodes
means reversal of the waveforms seen in leads aVR and aVL—thus the
EP may see a normal appearing, or upright, P-QRS-T in lead aVR. This
too is distinctly unusual, because the major vector of cardiac depolarization
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Fig. 2. Schematic of RA/LA electrode reversal. Reversal of the arm electrodes (shown in italics)
affects leads I, 11, and III, and leads aVR and aVL. Affected leads are shown in quotation marks
in this and subsequent schematic Figs. and are shown as they appear on the tracing, ie, in the
lead II position on the tracing, lead III actually appears (and vice versa).

usually is directed leftward and inferiorly, or away from, the positive pole of
lead aVR, which is oriented rightward and superiorly (see Fig. 1). One final
clue to arm electrode reversal is to compare the major QRS vector of leads I
and V6. Both are normally directed in roughly the same direction, because
both reflect vector activity toward the left side of the heart. Disparity be-
tween these two leads’ predominant QRS deflection should prompt the
EP to consider limb electrode reversal (Fig. 3).

Electrode reversals involving the right leg

The right leg electrode (see Fig. 1) serves as a ground and as such does
not contribute directly to any individual lead [5,6]. There is virtually no po-
tential difference between the two leg electrodes, thus inadvertent leg elec-
trode reversal (RL/LL) results in no distinguishable change in the 12-lead
ECG. Moving the right leg electrode to a location other than the left leg
causes a disturbance in the amplitude and the morphology of the complexes
seen in the limb leads [3]. Electrode reversals involving other misconnections
of the right leg electrode (RA/RL and LA/RL) can be considered together
because of a telltale change attributable to reversals involving the right
leg: the key to recognizing these misconnections is recalling that they result
in one of the standard leads (I, II, or III) displaying nearly a flat line [5,6].
The location of the flat line depends on the lead misconnection and hinges
on the fact that the ECG views the right leg electrode as a ground with no
potential difference between the right and left legs [3]. In RA/RL reversal,
the lead II vector, usually RA—LL, is now RL—LL, and thus a flat line
appears in lead II (Figs. 4 and 5). Similarly, LA/RL reversal results in
a flat line along the lead III vector, which is now bounded by RL and LL
electrodes, rather than the normal LA and LL electrodes (Fig. 6).
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Fig. 3. RA/LA electrode reversal. Note the characteristic changes in this most common lead
reversal. Lead I features an upside-down P-QRS-T, and the major vector of its QRS complex
is uncharacteristically opposite to that seen in lead V6. The waveforms in lead aVR appear nor-
mal and are actually those that appear in aVL when the electrodes are placed properly. Leads II
and III also are reversed, which in this tracing yields a principally negative vector in lead II; this
is also unusual.

Left arm/left leg electrode reversal

Misconnection of the left-sided electrodes (LA and LL) is the most diffi-
cult limb electrode reversal to detect [3,7]. An ECG with LA/LL electrode
misconnection usually appears normal and may not be suspected until com-
pared with an old ECG. Making matters worse, the variability between old
and new tracings may be ascribed to underlying patient disease, such as car-
diac ischemia, if LA/LL electrode reversal is not considered. What makes
LA/LL electrode reversal so difficult to detect is that the changes that ensue

/
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K
RA in RL position

Fig. 4. Schematic of RA/RL electrode reversal. Reversal of the right-sided electrodes (shown in
italics) allows lead II (linking the RA and LL normally, but now linking RL and LL because of
the misconnection) to demonstrate the lack of potential difference between the leg electrodes.
Lead II thus features a flat line.
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Fig. 5. RA/RL electrode reversal. The classic finding of an electrode misconnection involving
the right leg is seen in lead II, in which the tracing is nearly flat line, or isoelectric. Because
lead II normally depicts the RA— LL vector and a flat line results from the no potential differ-
ence between the leg electrodes, the RL electrode must be in the RA position (see Fig. 4). The
other limb leads feature morphologic and amplitude changes from the patient’s baseline, but
these need not be remembered; the key is recognition of the flat line in lead II.

occur somewhat in parallel; that is, two inferior leads (Il and aVF) become
lateral (I and aVL, respectively), and vice versa (Fig. 7). Lead 111 is inverted,
but the major QRS vector of lead III may be principally positive or princi-
pally negative in normal conditions, so this is not a red flag. Further obscur-
ing this lead misconnection, lead aVR remains unaffected (Fig. 8).
Attention to the P-wave amplitude in leads I and II and P-wave morphol-
ogy in lead I1I has been advanced as a means to detect LA/LL electrode mis-
connection. Normally the P wave in lead II is larger than that seen in lead I,
because the normal P axis vector is between +45° and +60°, similar to the

.

.

“II1”

LA in RL position LL

Fig. 6. Schematic of LA/RL electrode reversal. Reversal of the LA and RL electrodes (shown
in italics) allows lead III (linking the LA and LL normally, but now linking RL and LL because
of the misconnection) to demonstrate the lack of potential difference between the leg electrodes.
Lead III thus features a flat line.
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Fig. 7. Schematic of LA/LL electrode reversal. Reversal of the two left-sided electrodes (shown
in italics) leads to the appearance of an inverted lead III. Furthermore, leads I and II are re-
versed, as are leads aVL and aVF. This results in two lateral leads (I and aVL) reversing
with two inferior leads (IT and aVF, respectively). Lead aVR remains unaffected. These changes
result in an LA/LL reversal being the most difficult electrode reversal to detect.

vector of lead II (+60°). With LA/LL reversal, however, the P wave is usu-
ally larger in lead I than in lead II, and thus serves as a hint even before
looking at an old tracing. Furthermore, if a biphasic P wave appears in
lead III, the second portion normally is deflected negatively; thus, if the ter-
minal portion is positive, this too serves as a hint to LA/LL electrode rever-
sal. Using these two features, reversal of LA and LL electrodes was detected
in 90% of 70 cases in one report [7]. Tracings demonstrating atrial flutter
make LA/LL electrode misconnection easier to detect, because the flutter
waves—usually most salient in the inferior leads II, III, and aVF—would
now appear most prominently in leads I, aVL, and III. Atrial fibrillation
obviously would make LA/LL electrode reversal impossible to detect by
P-wave or flutter wave characteristics [3,7].

Other less common limb electrode reversals

Misconnection of other limb electrodes (eg, RA/LL and both arms/both
legs) involve multiple operator errors and thus are encountered less often.
RA/LL reversal is easy to recognize, because upside-down P-QRS-T com-
plexes appear in all leads except aVL, which is unaffected. Lead aVR thus
appears normal—another hallmark of lead misconnection. Placing both
leg electrodes on the arms but maintaining sidedness is best recognized by
the flat line that appears in lead I—again, misplacement of the RL electrode
to anywhere but the LL results in a near isoelectric appearance of the lead
that connects the misplaced RL and LL electrodes. This occurs because that
lead is showing no potential difference between the RL and LL electrodes,
which have been misplaced on the arms (lead I position) [3].
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Fig. 8. LA/LL electrode reversal. Limb leads only are shown here from the same patient at two
points in time. (4) LA/LL electrode reversal. (B) Tracing performed after the electrodes were
repositioned correctly in this patient undergoing an ED evaluation for chest pain. Comparing
(A) and (B), note that lead III is inverted, and the two other inferior leads (II and aVF) are ac-
tually the lateral leads (I and aVL, respectively), and vice versa. Scrutiny of the P wave in lead I
suggests LA/LL misconnection in (4), because the amplitude of the P wave is larger in lead I
than in lead II; this is abnormal. Note that the normally abnormal appearance of lead aVR,
which is unaffected by this left-sided electrode reversal, adds to the subtlety of detection of
this entity.

Precordial electrode misconnection and misplacement

If the limb leads are prone to misconnection, then the precordial electro-
des are also vulnerable to this error. Precordial electrode misconnection is
easy to decipher, however; what is more problematic is precordial electrode
misplacement.

Precordial electrode misconnection—usually the inadvertent swapping of
two precordial electrodes—results in an interruption of the normal graded
transition of R-wave growth and S-wave regression as one scans the precor-
dial leads from right (V1) to left (V6). Moreover, this normal transition is
reverted back to in the next electrode that is placed properly [3,5]. When the
ECG seems to have a new T-wave change or change in QRS amplitude/
morphology in just one or two precordial leads, it is thus wise to consider
precordial electrode reversal. It should be routine practice to survey the R- and
S-wave transitions across the precordial leads when first examining the
ECG to exclude precordial electrode misconnection.

Similarly, new T-wave changes or changes in the QRS complex may be
caused by precordial electrode misplacement—a common problem given
that each individual’s chest anatomy is unique, making correct anatomic
placement a challenge in some cases. When new Q waves, ST segment
changes, or T-wave changes are encountered on an ECG being compared
with a baseline tracing, one must examine ‘‘the company it keeps.” For ex-
ample, when comparing new and old tracings, if a new T-wave inversion oc-
curs in lead V3 with no change in those seen in V4-V6, the amplitude and
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morphology of the QRS complexes in lead V3 should be compared between
the two tracings. If the QRS complexes are dissimilar between the two trac-
ings, it is possible that the precordial electrodes—and here specifically the
V3 electrode—were placed differently on the two occasions. Placement of
the right precordial electrodes V1 and V2 an interspace too high or too
low may result in the appearance or masking, respectively, of an incomplete
right bundle branch block pattern [8].

Artifact

Electrocardiographic artifact is a commonly encountered phenomenon
and in most cases is recognized easily. Often caused by patient movement
(voluntary or involuntary), other sources should be considered, such as 60
cycle-per-second interference from nearby sources of alternating current
and electrode and cable problems. Electrode performance is enhanced by
connection to dry, non-hairy skin away from bony prominences [9,10].

More challenging and clinically significant is the differentiation of elec-
trocardiographic artifact from real disease, such as dysrhythmia (Fig. 9).
Several key features have been advanced that favor pseudodysrhythmia
over true dysrhythmia, including (1) absence of symptomatology or hemo-
dynamic variation during the event, (2) normal ventricular complexes ap-
pearing among dysrhythmic beats, (3) association with body movement,
(4) instability of baseline tracing during and immediately following the al-
leged dysrhythmia, and (5) synchronous, visible notching consistent with
the underlying ventricular rhythm marching through the pseudodysrhyth-
mia [8,11,12].
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Fig. 9. Patient movement artifact mimicking dysrhythmia. This tracing was recorded on an
asymptomatic patient who presented to the ED looking for a psychiatric medication refill. Sev-
eral leads (I, I, V1, aVF, and aVR) demonstrate what seems to be flutter waves at a rate of 300
bpm. Closer inspection of other leads (III and V3-V6) reveals normal sinus rhythm. The flutter
waves were secondary to the patient’s parkinsonian tremor, likely resulting from neuroleptic
use.
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Summary

The ECG can be affected by processes, such as operator error and en-
vironmental issues, that are not reflective of yet may mimic underlying
disease. As such, the emergency physician should be aware of the
manifestations of common limb electrode misconnections, electrode mis-
placement, and artifact.
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