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FOREWORD
I once wrote, paraphrasing Churchill’s description of
Stalin, that “The AV node is an enigma in an island of whimsy
surrounded by a sea of uncertainty.” I could easily substitute the
T wave for the AV node in that statement. Despite intense study
for 100 years, unanswered questions about the T wave abound.
Some of these important questions are relatively pedestrian and
include how to accurately measure the QT interval when the end of
the T wave is blurred or merged with the U wave, or the T wave
contour is distorted; how to correct for rate changes (Bazett’s formula is most commonly used despite its under correction at slow
Douglas P. Zipes, MD
rates and over correction at fast rates and the fact that Bazett applied
Indiana University
School of Medicine,
it only in normal, relatively young, drug-free individuals); the reIndianapolis, IN
lation of the T wave to the U wave, what causes the U wave, and
what the importance of the QU interval is; the meaning of T wave lability (for the
clinician: just what does “nonspecific T wave change” really mean?); the mechanism of
broad negative T waves in non-Q-wave myocardial infarction and CNS injury; how to
measure T wave dispersion accurately and what does it mean; the impact of autonomic
and hormonal alterations; and the true upper limit of normal for the QT and QTc intervals
for men and women.
Then, probing deeper, what is the relationship of the long QT syndrome (LQTS)
to the sudden infant death syndrome; do all patients who develop drug-induced LQTS
start with a congenital abnormality; do early after-depolarizations precipitate or maintain
torsades de pointes; can torsades de pointes occur in the atria; and do patients who
prolong ventricular repolarization after cardiac remodeling from heart failure or ventricular hypertrophy really die from torsades de pointes?
And then, at a basic level, how relevant are data from models such as the left
ventricular wedge, isolated myocytes and membrane patches, and computer simulations?
What is the role of M cells in repolarization, the U wave, and torsades de pointes? How
do the intracellular Ca2+/calmodulin-dependent processes regulate the development of
torsades de pointes?
While it seems we have more questions than answers—and indeed the questions
I have asked are only a partial list—Cardiac Repolarization: Bridging Basic and Clinical
Science attempts to answer some of those questions. From basic electrophysiology,
pharmacology, and molecular biology to clinical physiology and pathophysiology and a
consideration of specific electrocardiographic phenomena and syndromes, world-class
experts give their views on these and related topics.
The study of cardiac repolarization is an area of intense interest, but an evolving
field. As new knowledge accumulates, our concepts are certain to change, but that is the
challenge and fun of what we do. Hopefully, in several years, we will be reading a much
updated second edition.
Douglas P. Zipes, MD
Indianapolis, IN
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PREFACE
There are a number of excellent books on molecular biology, single-channel electrophysiology, animal experimentation, and clinical electrophysiology. However, the past
decade has seen an explosion of knowledge and radical changes in our understanding of
ventricular repolarization as an integral part of the cardiac electrophysiologic matrix; a
topic which, until now, has not been covered in depth. Cardiac Repolarization: Bridging
Basic and Clinical Science presents comprehensively the latest developments in the field
of cardiac electrophysiology with a focus on the clinical and experimental aspects of
ventricular repolarization, newly discovered clinical repolarization syndromes, electrocardiographic phenomena, and their correlation with the most recent advances in basic
science.
Repolarization has distinct adaptive mechanisms that are responsible for maintenance
of electrophysiological equilibrium and electrical stability of the heart under normal and
pathophysiological conditions. Both congenital and acquired abnormalities of ventricular repolarization have recently received significant recognition because these are major
contributors of life-threatening cardiac arrhythmias and are an important target for antiarrhythmic drugs and interventions. We have aimed to provide unique prospective views
on ventricular repolarization by emphasizing the clinical and basic aspects of physiology
and pathophysiology in conjunction with new clinical findings and research discoveries.
The authors have provided a thought-provoking and enlightening review of the latest
research and clinical accomplishments in their areas of expertise. Each chapter is outlined with objectives, key points, current perspectives, and recommendations for future
investigations. Each chapter includes established and evidence-based knowledge,
the authors’ personal opinions, areas of controversy, and future trends. We aimed to
provide a contemporary and succinct distillation of the current status of cardiac repolarization. Although some of the areas are highly subspecialized, this book has been
designed for a broad audience ranging from medical and graduate students to clinicians
and scientists.
Cardiac Repolarization: Bridging Basic and Clinical Science is organized so as to
make the large volume of rapidly evolving information understandable and easy to
assimilate, with each section focusing on a theme of cardiac repolarization. The spectrum
of ventricular repolarization, historical milestones of electrical signal recording, and
their relevance to clinical arrhythmias and sudden cardiac death syndromes are presented
as an introduction. Part II focuses on the theme of basic mechanisms underlying ventricular repolarization. In addition to an overview of electrophysiology, pharmacology, and
molecular biology underlying ventricular repolarization, basic mechanisms have been
integrated with specific disease conditions, including heart failure, ischemia, long QT
syndrome, and Brugada syndrome. The theme of Part III includes clinical physiology and
pathophysiology of ventricular repolarization; state-of-the-art information on human
cardiac repolarization with an emphasis on clinical application; challenges and clinical
relevance of the dynamic interactions of neurohumeral and pharmacological factors; and
ix

x

Preface

a peek into the future of antiarrhythmic drug development based on molecular and electrophysiological properties. Part IV of the book provides a comprehensive review of the
clinical presentation and management of specific cardiac repolarization conditions,
including early repolarization and short QT interval, Brugada syndrome, long QT syndrome, and sudden infant death syndrome.
The editors of Cardiac Repolarization: Bridging Basic and Clinical Science wish to
recognize the significant contribution made by all of the authors. The book is the result
of a collaboration that has brought together the skills and perspectives of researchers,
scientists, and clinicians. We also wish to thank all of our mentors, without whom the
work presented in the book would not have been realized. Finally, we are grateful to our
colleagues, trainees, and students for stimulating interactions that have served as the basis
for many innovative ideas and investigations.

Ihor Gussak, MD, PhD

Stephen C. Hammill, MD

Charles Antzelevitch, PhD

Win-Kuang Shen, MD

Preben Bjerregaard,
MD, DMSc
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Ventricular Repolarization
and the Identification
of the Sudden Death Candidate
Hype or Hope?

Hein J. Wellens, MD and Douglas P. Zipes, MD

In 1940 Wiggers described disparity in repolarization times across the ventricles as a
marker of susceptibility for ventricular arrhythmias (1). This observation was followed
by many attempts to quantify those differences and to determine their prognostic significance. Several techniques were used to measure duration and disparity of repolarization
such as body surface mapping (2,3), endocardial monophasic action potential recordings
(4), and epicardial (5–7) recordings. This was followed by endeavors to obtain that
information from the 12–lead electrocardiogram by measuring the QT interval. This
brought the suggestion and hope that measuring the QT interval in different ECG leads
looking for QT dispersion could be of help to identify cardiac patients at increased risk
of dying suddenly (8–14). However, the idea could not be confirmed in prospective
studies by Zabel et al. (15) in patients after a myocardial infarction and by Brendorp et
al. (16) in patients with heart failure.
What are the possible causes for the discrepancy between the initial and subsequent
studies? The ST segment and the T wave on the surface ECG represent an integrated
signal from multiple repolarization wave fronts (4,17). Ventricular repolarization is a
complex series of events occurring in a nonlinear and inhomogeneous fashion. Therefore,
as pointed out by Surawicz (18), of the different components of the 12-lead electrocardiogram, the ST segment and the T wave have the greatest potential for misinterpretation.
Willems et al. (19) showed that measurements of the QT interval using surface ECG
leads were frought with a large intra- and interobserver variability even when supported
by computer algorithms; the problem being the identification of the end of the T wave
(20,21).
Secondly, the QT interval does not represent ventricular repolarization only but is a
reflection of the entire ventricular depolarization and repolarization process. Especially
From: Contemporary Cardiology: Cardiac Repolarization: Bridging Basic and Clinical Science
Edited by: I. Gussak et al. © Humana Press Inc., Totowa, NJ
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the precordial leads present the local de- and repolarization process. Duration of repolarization may truly differ between precordial leads but may also seem to differ because of
isoelectric portions of the QRS complex, falsely suggesting QT disparity between the
precordial leads.
Thirdly, prolongation of the QT interval does not necessarily mean increased disparity
in ventricular repolarization and increased risk for an arrhythmic death. The prime
example is amiodarone which uniformly prolongs repolarization resulting in QT prolongation but with anti-arrhythmic and not pro-arrhythmic consequences (9). In the congenital and acquired long QT it was shown that the prolonged QT interval was accompanied
by arrhythmias based upon early after depolarizations (10). However as recently shown
by Van Opstal et al. (22) amiodarone induced QT prolongation is not accompanied by the
emergence of early after depolarizations.
Differences in QT interval may have an arrhythmogenic meaning favoring re-entry,
but only when these differences are present in ventricular areas located close to each
other. When areas with repolarization disparity are far apart they may not predispose to
ventricular arrhythmias. The widely spaced bipolar extremity leads give global information about de- and repolarization of the ventricles whereas the unipolar leads reflect more
local events occurring under the electrode. But unfortunately even the 6 precordial leads
of the 12-lead ECG give limited information of adjacent heterogeneity in repolarization
duration because those 6 leads reflect only small and relatively widely spaced precordial
areas.
This may be the reason why in the presence of global repolarization disparity in the
ventricular muscle wall, as in the long QT syndrome (10,23) the 12-lead ECG can correctly pick up the patients at risk for dying suddenly. However, in local disparity, such
as after a myocardial infarction, this may only be possible when many closely spaced
precordial leads as in precordial mapping reveal QT disparity of the underlying cardiac
area. Finally, the scalar ECG provides no information specifically about transmural
heterogeneity, shown by Antzelevitch and his group to be an important predictor in
animal studies (23). All these considerations should be taken into account when using QT
interval differences as a marker for increased risk of dying suddenly.
The differences in outcome of these studies on QT dispersion as a surface ECG marker
of vulnerability to ventricular arrhythmias and cardiovascular mortality, which took
place during the past two decades, prompted a search for other methods to document
repolarization abnormalities and their prognostic significance. Several of these methods
are discussed in the different chapters of this book. They include: QT dynamicity; T wave
alternans, both during rate increase or following premature beats; temporal complexity
of repolarization; 12–lead T wave morphology; T wave loop morphology; T wave projection; and Total Cosine between R and T (TCRT) which uses the concept of the ventricular gradient.
Many of these approaches are now being prospectively evaluated in patients with
cardiac disease such as after a myocardial infarction or with congestive heart failure.
Time will tell what their value is in the recognition of the patient at high risk of a life
threatening ventricular arrhythmia. It is likely that the absence of an abnormality in one
of these tests will have a high negative predictive accuracy.
The key question however will be how high is the positive predictive accuracy of the
test. Will it be better than a left ventricular ejection fraction, heart rate variability or
baroreflex sensitivity?
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What will be the best combination of tests? At this point in time only 10% of people
dying suddenly out of hospital can be recognized as being at high risk for such an event
(24). There can be no discussion that abnormalities in ventricular repolarization increase
the risk of dying suddenly. Let us hope that easily obtainable, reproducible markers of
ventricular repolarization will be developed with sufficiently high positive predictive
accuracy to better identify the high risk candidate to be able to start preventive measures
on time.
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HISTORY OF THE HUMAN ELECTROCARDIOGRAM
AND VENTRICULAR REPOLARIZATION
The Human Electrocardiogram
Aside from the discovery of the cardiac conduction system (Table 1) and advancements in the electrotherapy of cardiac arrhythmias (Table 2), the development of electrocardiography was the key issue for a more detailed understanding of arrhythmogenesis
as a cause and correlate of cardiac disorders (Table 3). After the first documentation of
a cardiac action potential by Rudolph von Koelliker and Heinrich Müller in 1856, two
decades later Augustus Desiré Waller (Fig. 1) recorded the first human electrocardiogram. After qualifying as a medical doctor Waller joined the department of physiology
at the University of London where he studied in John Burdon Sanderson’s laboratories
the electrical activity of the excised mammalian heart. In 1884 he was appointed lecturer
in physiology at St. Mary’s Hospital London where he used a capillary electrometer, an
instrument invented 15 yr earlier by the French scientist Gabriel Lippmann, to record
cardiac potentials in animals (Fig. 2). In 1887, he was able to obtain the first human
electrocardiogram from the body surface and published his findings in the Journal of
Physiology: “A demonstration on man of electromotive changes accompanying the hearts
beat (45).” Waller also proved that the electrical phenomenon preceded the muscle contraction, thus excluding the possibility that the recorded activity was only an artifact.
Furthermore, he recognized that it was not essential for the recording that the electrodes
From: Contemporary Cardiology: Cardiac Repolarization: Bridging Basic and Clinical Science
Edited by: I. Gussak et al. © Humana Press Inc., Totowa, NJ
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Table 1
Discovery of the Sinus Node and the Cardiac Conduction System
1845
1865/1893
1893
1906
1906/1907
1907
1916
1932
1961

Purkinje fibers
Bundle of Kent
Bundle of His
AV node
Wenckebach bundle
Sinus node
Bachmann bundle
Mahaim fibers
Bundle of James

J.E. Purkinje (1)
G. Paladino and A.F.S. Kent (2)
W. His, Jr. (3)
L. Aschoff and S. Tawara (4)
K.F. Wenckebach (5)
A.B. Keith and M.W. Flack (6)
J.G. Bachmann (7)
I. Mahaim (8)
T.N. James (9)

Table 2
Historical Perspectives on Electrotherapy of Cardiac Arrhythmias
1580
1717
1761
1791
1800
1804

1827/1846

1872

1882

1890
1932
1952

Mercuriale, G. (1530–1606): Ubi pulsus sit rarus semper expectanda est syncope (10)
Gerbezius, M. (1658–1718): Constitutio Anni 1717 a.A.D. Marco Gerbezio Labaco
10. Decem. descripta. Miscellanea Emphemerides Academiae Naturae (11)
Morgagni, G.B. (1682–1771): De sedibus et causis morborum per anatomen
indagatis (12)
Galvani L., (1737–1798): De viribus electricitatis in motu musculari commentarius (13)
Bichat, M.F.X. (1771–1802): Recherches physiologiques sur la vie et la mort (14)
(Physiologic study on life and death)
Aldini G. (1762–1834): Essai theorique et experimental sur le galvanisme, avec une
serie d’experiences faites en presence des commissaires de l’institut national de
France, et en divers amphitheatres de Londres (15) (Theoretical and experimental
essay on galvanism with a series of experiments conducted in the presence of
representatives of the National Institute of France at various amphitheatres in
London)
Adams R. (1791–1875); Stokes, W. (1804–1878): Cases of diseases of the heart
accompanied with pathological observations; Observations of some cases of
permanently slow pulse (16,17)
Duchenne de Bologne, G.B.A. (1806–1875): De l’ectrisation localisée et de son
application à la pathologie et à la thérapeutique par courants induits et par courants
galvaniques interrompus et continues (18) (On localized electrical stimulation
and its pathological and therapeutic application by induced and galvanized
current, both interrupted and continuous)
von Ziemssen, H. (1829–1902): Studien über die Bewegungsvorgänge am
menschlichen Herzen sowie über die mechanische und elektrische Erregbarkeit
des Herzens und des Nervus phrenicus, angestellt an dem freiliegenden Herzen
der Catharina Serafin (19) (Studies on the motions of the human heart as well as
the mechanical and electrical excitability of the heart and phrenic nerve, observed
in the case of the exposed heart of Catharina Serafin)
Huchard, H.: La maladie de Adams-Stokes (Adams-Stokes Syndrome)
Hyman, A.S.: Resuscitation of the stopped heart by intracardial therapy. II.
Experimental use of an artificial pacemaker (20)
Zoll, P.M.: Resuscitation of heart in ventricular standstill by external electrical
stimulation (21)
(Continued)
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Table 2 (Continued )
Historical Perspectives on Electrotherapy of Cardiac Arrhythmias
1958
1958
1961
1962
1969
1972
1975
1978
1980
1982

1982
1982
1985
1987
1988
1991
1991
1994

1994
1995
1997
1998
1999

Elmquist, R., Senning A.: An implantable pacemaker for the heart (22)
Furman S., Robinson G.: The use of an intracardiac pacemaker in the correction of
total heart block (23)
Bouvrain, Y., Zacouto, F.: L’entrainment électrosystolique du coeur (24) (Electrical
capture of the heart)
Lown, B. et al.: New method for terminating cardiac arrhythmias (25)
Berkovits, B.V. et al.: Bifocal demand pacing (26)
Wellens, H.J.J. et al.: Electrical stimulation of the heart in patients with ventricular
tachycardia (27)
Zipes, D.P. et al.: Termination of ventricular fibrillation in dogs by depolarizing a
critical amount of myocardium (28)
Josephson, M.E. et al.: Recurrent sustained ventricular tachycardia (29)
Mirowski, M. et al.: Termination of malignant ventricular arrhythmias with an
implanted automatic defibrillator in human beings (30)
Gallagher, J.J. et al.: Catheter technique for closed-chest ablation of the atrioventricular conduction system: A therapeutic alternative for the treatment of
refractory supraventricular tachycardia (31)
Scheinman, M.M. et al.: Transvenous catheter technique for induction of damage to
the atrioventricular conduction system (32)
Lüderitz, B. et al.: Therapeutic pacing in tachyarrhythmias by implanted pacemakers (33)
Manz, M. et al.: Antitachycardia pacemaker (Tachylog) and automatic implantable
defibrillator (AID): Combined use in ventricular tachyarrhythmias (34)
Borggrefe, M. et al.: High frequency alternating current ablation of an accessory
pathway in humans (35)
Saksena, S., Parsonnet, V.: Implantation of a cardioverter-defibrillator without
thoracotomy using a triple electrode system (36)
Jackman, W.M. et al.: Catheter ablation of accessory atrioventricular pathways
(Wolff-Parkinson-White syndrome) by radiofrequency current (37)
Kuck, K.H. et al.: Radiofrequency current catheter ablation of accessory pathways (38)
Daubert, C. et al.: Permanent atrial resynchronisation by syncronous bi-atrial pacing
in the preventive treatment of atrial flutter associated with high degree interatrial
block (39)
Cazeau, S. et al.: Four chamber pacing in dilated cardiomyopathy (40)
Camm, A.J. et al.: Implantable atrial defibrillator (41)
Jung, W. et al.: First worldwide implantation of an arrhythmia management system
(42)
Haissaguerre, M. et al.: Spontaneous initiation of atrial fibrillation by ectopic beats
originating in the pulmonary veins (43)
Josephson, M. et al: Hybrid pharmacologic and ablative therapy: a novel and effective
approach for the management of atrial fibrillation (44)

are applied to the subject’s chest, he wrote: “if the two hands or one hand and one foot
be plunged into two dishes of salt solution connected with the two sides of the electrometer, the column of though less than when the electrodes are strapped to the chest.” Waller
demonstrated his recording technique at the First International Congress of Physiologists
in Basel, Switzerland 1889 where young researchers like William Bayliss, Edward Star-
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Fig. 1. Augustus Desiré Waller (1856–1922) with his laboratory dog named Jimmie. Augustus
Desiré Waller was born in Paris as the son of the celebrated British physiologist Augustus Volney
Waller, discoverer of the Wallerian degeneration of nerves. After qualifying in medicine at
Aberdeen, Scotland and post-graduate studies under Carl Ludwig in Leipzig and John Burdon
Sanderson in London he became lecturer in physiology at St. Mary’s Hospital in London in 1884.
He was Fellow and Croonian lecturer of the Royal Society of London and Laureat of the Institute
of France and awarded the Montyon Medal of the French Academy of Science. A.D. Waller is
buried in Finchley cemetery, London.

Table 3
Chronology of Electrocardiography
1887
1902
1906
1933
1936
1938
1942
1956
1960
1969

First human ECG
Surface lead ECG
Esophageal ECG
Unipolar chest wall leads
Vector electrocardiography
Small triangle F” (RA, LA, RL)
Unipolar amplified extremity leads
Corrected orthogonal lead systems
Intracardial leads
His bundle ECG

A.D. Waller (45)
W. Einthoven (46)
M. Cremer (47)
F.N. Wilson (48)
F. Schellong (49)
W. Nehb (50)
E. Goldberger (51)
E. Frank (52)
G. Giraud and P. Puech (53)
B.J. Scherlag (54)
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Fig. 2. Dog “Jimmie” on the Waller table. Waller’s experiments and demonstrations were in part
done with his pet bulldog “Jimmie” who was trained to stand quietly with two legs in pots of normal
saline.

Fig. 3. Willem Einthoven (1860–1927) was born on May 21, 1860, the son of a military doctor in
Semarang on the island of Java. After the death of his father, the family returned to the Netherlands
in 1870, where Einthoven finished school and started medical school at the University of Utrecht
in 1879. There he earned his doctorate in 1885. The same year he became a professor of physiology
and histology at the University of Leiden. Einthoven held that position until his death on September 28, 1927.
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Fig. 4. Einthoven’s first ECG tracings. Recording of an ECG with A, B, C and D wave using a
capillary electrometer (upper registration). The lower ECG registration is Einthoven’s first published electrocardiographic tracing using a string galvanometer and a different nomenclature with
P, Q, R, S, and T wave.

ling, and Willem Einthoven were in the audience. Willem Einthoven (Fig. 3), a Dutch
physiologist was stimulated by the presentation of Waller to further investigate cardiac
electrical activity. Owing to the poor frequency response of the Lippmann capillary
electrometer, Einthoven tried to refine this method for the application in cardiac electrophysiology. Using complex mathematical and physical maneuvers he succeeded in
recording higher frequency curves and described the results in his first paper on the
subject in 1895 (55). Initially Einthoven identified four distinct waves on the electrocardiogram (Fig. 4, A–D). However, he finally turned to another technical approach and
modified the string galvanometer, an apparatus recently and independently invented by
the French physicist Arsène D’Arsonval and the engineer Clement Ader (56). Einthoven’s
string galvanometer and his first recording were described in 1902 in a “Festschrift” for
the Dutch physician Samuel Rosenstein (Fig. 4) (57). In the following years he published
several papers coming from his early experiences in recordings from 6 persons to a first
structured overview about normal and abnormal electrocardiograms in patients from the
University Hospital Leiden including atrial fibrillation, ventricular premature contractions, ventricular bigemini, and atrial flutter (58–60).
Even though Einthoven’s 600-pound apparatus was large and cumbersome, clinical
researchers like Thomas Lewis quickly started to use it for the study and characterization
of disorders in cardiac impulse formation and conduction including measurements of the
myocardial depolarization and repolarization (Fig. 5). Parameters like PQ-, QRS- or
QT-interval were investigated and in part identified as rate dependent (61). Bernhard
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Fig. 5. Willem Einthoven and Sir Thomas Lewis in 1921.

Fig. 6. Dirk Durrer (1918–1984).

Lüderitz for example analyzed in 1938 the QRS duration in relationship to the actual heart
rate in 500 electrocardiograms in control subjects (62).
A more detailed approach to arrhythmias became available with the introduction of
invasive electrophysiologic procedures which base as a heart catheter technique on the
historical maneuver performed by Werner Forssmann (63). Following this pioneer, Scherlag described the first intracardiac catheter recordings of the His-bundle in 1969 (64),
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Fig. 7. Antiarrhythmic drug effects on the ventricular action potential. Effects of various antiarrhythmic drugs on the ventricular action potential. The unbroken line (a) represents the control
state. The circles indicate the level of repolarization at which the fiber becomes reexcitable (ERP
= effective refractory period). Action potential duration and the QT-interval are prolonged in b
under the effect of Quinidine or Procainamide and shortened when exposed to Lidocain (c)
(73–75).

whereas Dirk Durrer and Henrick JJ Wellens were the first who executed programmed
stimulation in men (Fig. 6) (65,66). The programmed stimulation technique has in firstline been used to induce ventricular tachycardia and to elucidate the mechanisms of
tachycardias in the Wolff-Parkinson-White-Syndrome (67). Electrophysiologic testing
was then more and more used to guide pharmacological therapy and to delineate the
electrophysiologic effects of drugs on the normal and diseased myocardium (68). The
registration of the action potential in the experimental laboratory and in the intact human
heart via catheter technique did substantially change our mechanisms in cellular de- and
repolarization (69–71), antiarrhythmic drug effects (Fig. 7) (72–75), and arrhythmogenesis (76,77).

History of Repolarization
In the late 18th century the Italian scientist Felice Fontana described a phenomenon
later called the refractory period while he was investigating irregular impulses of the heart
(78). Subsequently, Moritz Schiff, a German physiologist (Fig. 8), reported in 1850 that
a strong electrical stimulus that has been delivered during the late refractory period of
cardiac muscle could induce a contraction. Confirmation of these findings was achieved
by Hugo Kronecker and the French physiologist Etienne Jules Marey, who performed a
first documentation of phenomenons like premature ventricular beats using a polygraph
recording of the radial and apical impulse simultaneously (79). Schiff’s, Kroneckers’s,
and Marey’s experiments have been completed by the work of Anton Carlson, an American physiologist, who established the still accepted concept of absolute and relative
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Fig. 8. Moritz Schiff (1823–1896).

refractory periods in cardiac tissue (80). In 1920 Bazett described the relationship between
rate and the duration of the QT-interval in 39 normal subjects (81). He summarized, that
the QT interval varies with the square root of the cycle length:

QT (s) = k ( constant ) × R-R (s)
The constant k has been fixed to 0.37 in men and 0.4 in women by Bazett. Later on
Shipley and coworkers changed these values to 0.397 and 0.415 respectively after investigating 200 normal subjects (82). Today, the Bazett calculation is generally used as QTc
= QT R-R . Thus the QTc-interval is corrected or normalized to the QT interval at a heart
rate of 60 beats/min. Several attempts have been made since to modify or substitute the
Bazett calculation to gain a still better expression of the cardiac physiology. Fridericia
for example proposed a cube root formula in 1920 after analyzing 50 normal subjects
where QT = k ( constant ) × 3 R-R (82). However, comparing the cube root formula to the
normal range of the QT interval, this calculation gives too short intervals at low rates and
too long intervals at high rates. Subsequently, Ashman proposed a logarithmic formula
in 1942 with QT = k1 × log (10 × [R-R + k2]) with the disadvantage of this type of
calculation again exhibiting too low intervals at low heart rates (83). A straight-line
formula has also been discussed by various investigators (84–88), however the Bazett
calculation is still the most widely accepted. It has also been Ashman who investigated
the relationship of heart rate and the refractory period; he described first that aberration
can be induced by prolongation of the preceding cycle, an observation which is commonly referred to as the Ashman phenomenon (89).
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Fig. 9. Jervell and Lange-Nielsen syndrome. A combination of deaf-mutism and a peculiar heart
disease has been observed in 4 children in a family of 6. The parents were not related, and were,
as the other 2 children, who otherwise seemed quite healthy and had normal hearing. The deafmute children, who otherwise seemed quite healthy, suffered from fainting attacks “occurring
from the age to 3 to years. By clinical and roentgen examination, which was performed in 3 of the
children, no signs of heart disease could be discovered. The electrocardiograms, however, revealed
a pronounced prolongation of the QT interval in all cases. Three of the deaf-mute children died
suddenly at the ages of 4, 5, and 9 years respectively.”
Reproduced from Jervell A, Lange-Nielsen F: Congenital deaf mutism, functional heart disease
with prolongation of the QT interval, and sudden death. Am Heart J 1957;54:59–68 with
permission.

Lepeschkin and Surawicz described in 1952 QT interval differences among the 12
leads of the surface ECG as a possible expression of spatial inhomogeneity of ventricular
repolarization (90). However, it lasted until the mid-80s until systematic investigations
of the spatial inhomogeneity of repolarization were performed: Mirvis and colleagues
studied the difference between the longest and shortest QT interval using body surface
mapping in normals and patients after myocardial infarction (91). The term “QT dispersion” as an expression of regional differences in myocardial repolarization has been
established in clinical cardiology by Ronald WF Campbell and coworkers (92). Even if
in our days the relevance of the QT dispersion for clinical decision making is very limited
owing to methodological problems and contradicting study results, it served as an important step for a better understanding of the spatial aspects of repolarization.

HISTORY OF THE “LONG QT SYNDROME”
AND “TORSADES DE POINTES” TACHYCARDIA
The long QT syndrome is characterized by QT interval prolongation and syncope or
sudden cardiac death owing to ventricular tachyarrhythmias. The congenital form can
either be familial or idiopathic (93,94). The familial type consists of two subgroups:
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Fig. 10. Torsades de pointes tachycardia. Dessertenne first described this form of polymorphic
tachycardia in 1966 when he observed this rhythm disorder in an 80-year old female patient with
complete AV block (46).

1. The Jervell and Lange-Nielsen which is associated with deafness.
2. The Romano-Ward syndrome with normal hearing. Two classical descriptions of these
functional, hereditary syncopal cardiac disorders exist (95–98).

Jervell and Lange-Nielsen Syndrome. In 1957 Anton Jervell and Fred Lange-Nielsen
described a case of syncopal arrhythmia and QT prolongation combined with a profound
congenital deafness in a Norwegian family with six children (95). Four of the children
were deaf-mutes, suffered from syncopal episodes with loss of consciousness and demonstrated a clear QT interval prolongation on their surface electrocardiograms (Fig. 9).
Three of the four children with the disease died suddenly. Interestingly the parents of
those children were healthy as an indicator for the recessive genetics in the Jervell and
Lange-Nielsen syndrome.
Romano-Ward Syndrome. Cesarino Romano was born in Voghera, Italy in 1924. After
his study of medicine at the University of Pavia, he worked in pediatrics at the University
of Genoa. In 1961 he became a professor for pediatrics and later he served as the director
of the First Pediatric Department and the Scientific Institute of the Pediatric Clinics at the
University of Genoa. Among numerous publications dealing with hereditary hypothyroidism, cystic fibrosis, and cardiac disorders, he described in 1963 an inherited functional syncopal heart disorder with prolonged QT interval in a 3-mo-old female patient
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(“Aritmie cardiache rare dell’eta’pediatrica”) (96). Two brothers of his patient had
exhibited the same symptoms and died suddenly at a young age. Independently of
Romano, Owen Conor Ward, professor for clinical pediatrics at the University of Dublin,
published one year later a work in Ireland entitled “A New Familial Cardiac Syndrome
in Children.” He also described syncopal attacks and a prolonged QT interval in both a
young female patient and her brother (97). Ward was born in Monaghan, Ireland on
August 27, 1923. After completing St. Macarten’s College in Monaghan, Ward studied
medicine at the University College of Dublin where he passed his examinations in 1947.
After his internship in various Irish hospitals, Ward specialized in pediatric medicine in
1949 and earned his doctorate in 1951 with a thesis on hypoglycemia in neonates. After
that, Ward worked for a few years in a Dublin pediatric clinic. In 1972, he was made a
professor of clinical pediatrics at the University of Dublin, where he has served as first
professor for pediatrics since 1983.
The typical arrhythmia of patients with congenital or acquired long QT syndrome is
the torsades de pointes tachycardia. This specific form of a dangerous polymorphic
ventricular tachyarrhythmia is characterized by a repetitive change of the main QRS
vector during tachycardia in the presence of a prolonged repolarization. Dessertenne first
described the torsades de pointes morphology in an 80-yr-old female patient with intermittent AV block (Fig. 10) (99). The cause of her recurring syncopal episodes was the
torsades de pointes tachycardia rather than the bradycardia, as it has primarily been
suspected. Dessertenne himself suggested in his description that two competing foci were
responsible for the typical torsades de pointes morphology. This hypothesis has been
tested in experimental animal studies, one using a porcine Langendorff heart technique
by Christoph Naumann d’Alnoncourt and Berndt Lüderitz and in a canine heart in situ
experiment from Gust H Bardy and Raymond E Idecker (100,101). In both studies pacing
from the left and right ventricular site at a similar but periodically changing rate resulted
in an electrocardiogram with torsades de pointes configuration.
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INTRODUCTION
Ventricular action potential waveforms reflect the coordinated activity of multiple ion
channels that open, close, and inactivate on different time scales (Fig. 1). The rapid
upstroke of the action potential (phase 0) is caused by a large inward current through
voltage-gated Na+ channels, and is followed by a transient repolarization (phase 1),
reflecting Na+ channel inactivation and the activation of voltage-gated outward K+ currents (Fig. 1). This transient repolarization or “notch” influences the height and duration
of the plateau phase (phase 2) of the action potential, which depends on the delicate
balance of inward (Ca2+ and Na+) currents and outward (K+) currents. Although Ca2+
influx through high threshold, L-type voltage-gated Ca2+ channels is the main contributor
of inward current during the plateau phase, this current declines during phase 2 as the
(L-type Ca2+) channels undergo Ca2+ and voltage-dependent inactivation. The driving
From: Contemporary Cardiology: Cardiac Repolarization: Bridging Basic and Clinical Science
Edited by: I. Gussak et al. © Humana Press Inc., Totowa, NJ
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Fig. 1. Schematic of the action potential and underlying ionic currents in adult human ventricular
myocytes. The contributions of some K+ currents, such as IK,slow and Iss, which are expressed in
other species, have not been defined in human ventricular cells.

force for K+ efflux through the voltage-gated (and other) K+ channels, however, is high
during the plateau and, as the Ca2+ channels inactivate, the outward K+ currents predominate resulting in a second, rapid phase (phase 3) of repolarization back to the resting
potential (Fig. 1). The height and the duration of the action potential plateau, as well as
the time- and voltage-dependent properties of the underlying voltage-gated Na+, Ca2+,
and K+ currents, therefore, also influence action potential durations. As a result, modifications in the properties or the densities of any of these channels could have dramatic
effects on ventricular action potential waveforms, refractory periods, and cardiac rhythms.
Electrophysiological studies have detailed the properties of the major voltage-gated
inward Na+ and Ca2+ and outward K+ currents (Table 1) that determine the heights and
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Table 1
Ionic Currents Contributing to Ventricular Action Potential Repolarization
Current

Activation

Inactivation

Recovery

Blocker*

Species

*TTX = tetrodotoxin; DHP = dihydropyridine; 4-AP = 4-aminopyridine; HATX = hanatoxin; HpTX =
heteropodatoxin; α-DTX = α-dendrotoxin; SUR = sulfonylurea; TEA = tetraethylammonium;

the durations of ventricular action potentials. In contrast to the Na+ and Ca2+ currents,
there are multiple types of K+ currents in ventricular myocytes, and, of the various K+
currents, the voltage-gated K+ currents are the most numerous and diverse. At least two
types of transient outward currents, Ito,f and Ito,s, and several components of delayed
rectification, including IKr (IK(rapid)) and IKs (IK(slow)), for example, have been distinguished in ventricular myocytes in a variety of different species (Table 1). In addition,
there are marked regional differences in the expression patterns of these (voltage-gated)
K+ currents, and these differences contribute to the observed variability in ventricular
action potential waveforms (1–4). Importantly, however, the time- and voltage-dependent
properties of the various repolarizing currents in myocytes isolated from different species
and/or from different regions of the ventricles in the same species are similar, suggesting
that the molecular correlates of the underlying channels are also the same (5). A rather
large number of pore forming (α) and accessory (β, δ, and γ) subunits encoding Na+, Ca2+,
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and K+ channels have been identified in mammalian ventricles, and considerable progress
has been made in defining the relationships between these subunits and functional ventricular Na+, Ca2+, and K+ channels. Importantly, these studies have revealed that distinct
molecular entities underlie the various ion channels contributing to ventricular action
potential repolarization.
The densities and the properties of voltage-gated Na+, Ca2+, and K+ currents change
during normal ventricular development, reshaping ventricular action potential waveforms (6) and modifying the sensitivity to antiarrhythmics. In addition, alterations in the
densities and properties of voltage-gated Na+, Ca2+, and K+ currents occur in a number
of myocardial disease states (7–16), changes that can lead to the generation of life threatening ventricular arrhythmias. As a result, there is considerable interest in defining the
molecular mechanisms controlling the regulation, modulation, and functional expression
of the channels underlying action potential repolarization in the ventricles.

INWARD NA+ AND CA2+ CURRENTS IN MAMMALIAN VENTRICLES
Voltage-Gated Ventricular Na+ Currents
Voltage-gated Na+ channels open rapidly on membrane depolarization and underlie
the rapid rising phases of the action potentials in mammalian ventricular myocytes (Fig.
1). The threshold for activation of these channels is quite negative (≈ –55 mV) and
activation is steeply voltage-dependent. The inward movement of Na+ through open
voltage-gated Na+ channels underlies impulse conduction in ventricular muscle, as well
as in the specialized conducting network of Purkinje fibers in the ventricle (17). Voltagegated Na+ channels also inactivate rapidly and, during the plateau phase of the ventricular
action potential, most of the Na+ channels are in an inactivated and nonconducting state
(17). There is, however, a finite probability of channel reopening at voltages corresponding to the action potential plateau (Fig. 1) and present estimates are that approx 99% of
the channels are inactivated and 1% of the channels are open during the plateau phase
(18–20). Although the magnitude of the Na+ current is small during the plateau phase
(particularly when compared with phase 0) of the action potential (Fig. 1), this inward
current contributes to maintaining the depolarized state and, therefore, also plays a role
in repolarization of the ventricular action potential.
The probability of Na+ channel reopening at depolarized voltages (i.e., during phase
2) is determined by the overlap of the curves describing the voltage-dependences of
channel activation (a measure of the probability of the channel transitioning from a
closed, but available, to an open state) and steady-state inactivation (a measure of the
availability of channels in the closed state). This overlap has been termed the “window”
current because it is conducted over a “window” of voltages where the two curves overlap
(21). At the molecular level, the fact that some channels can reopen over this voltage
range implies that there is a finite probability that inactivation is reversible even at
depolarized voltages. Although the Na+ channel “window” current has been recognized
as an important determinant of action potential duration in the heart for many years
(21,22), recent studies focused on exploring the mechanisms underlying inherited cardiac arrhythmias have shown that voltage-gated Na+ channels play an important role in
ventricular action potential repolarization. In addition, there are regional differences in
the expression of the persistent component of the voltage-gated Na+ current in the ventricles (23). Together with the marked differences in voltage-gated outward K+ current
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densities and properties, differences in Na+ current densities may contribute to observed
regional heterogeneities in ventricular action potential amplitudes and durations (4).

Voltage-Gated Ventricular Ca2+ Currents
A number of different subtypes of voltage-gated calcium (Ca2+) currents/channels
have been distinguished in neurons and in muscle cells based on differences in time- and
voltage-dependent properties and pharmacological profiles, and two (somewhat similar)
classification schemes have evolved to describe the voltage-gated Ca2+ currents/channels
in a variety of different cell types, including mammalian ventricular myocytes. In the first
system, voltage-gated Ca2+ channels are referred to as low-voltage-activated (LVA) and
high-voltage-activated (HVA) Ca2+ channels based primarily on differences in the (voltage) threshold of channel activation. Similar to voltage-gated Na+ channels, for example,
the LVA Ca2+ activate at relatively hyperpolarized membrane potentials, i.e., ≈–50 mV.
In addition, LVA Ca2+ channels activate and inactivate rapidly. HVA Ca2+ channels, in
contrast, open on depolarization to membrane potentials more positive than –20 mV, and
inactivate over a time course of several hundred milliseconds to seconds. Only HVA Ca2+
currents are evident in mammalian ventricular myocytes (Fig. 1).
There is considerable variability in the detailed kinetic and pharmacological properties of the HVA Ca2+ channels expressed in different cell types, and it is now clear that
HVA Ca2+ are considerably more heterogeneous than LVA Ca2+ channels. In the alternate
Ca2+ channel nomenclature the various HVA channels are referred to by a single letter
designation, i.e., L, N, P, Q, or R. In this scheme, LVA channels are referred to as T
(transient) type Ca2+ channels. Although all HVA Ca2+ channels exhibit relatively large
single channel conductances (13 to 25 pS) and have similar permeation properties, the
electrophysiological and pharmacological properties of L- (long lasting), N- (Neither
L- nor T-), P- (Purkinje), Q- and R- (Remaining) type channels are distinct.
In mammalian ventricular myocytes, the HVA current is through L-type voltage-gated
Ca2+ channels, and the densities of the L-type Ca2+ channel currents do not vary
appreciably in different species and/or in myocytes isolated from different region of the
ventricles of the same species. These channels require strong depolarization for activation, generate relative long lasting calcium currents, ICa(L), when Ba2+ is the charge carrier
and are selectively blocked by dihydropyridine Ca2+ channel antagonists, such as
nifedipine and nitrendipine (Table 1). The opening of L-type voltage-gated Ca2+ channels
in response to membrane depolarization in ventricular myocytes is delayed relative to the
voltage-gated Na+ channels (Fig. 1). As a result, the L-type Ca2+ channels contribute little
to the rapid rising phase (phase 0) of ventricular action potentials (Fig. 1). Ca2+ influx
through the L-type Ca2+ channels triggers Ca2+ release from intracellular Ca2+ stores and
contributes importantly, therefore, to excitation-contraction coupling. In addition, the
inward Ca2+ current through these channels counters outward K+ efflux and contributes
importantly, therefore, to the prominent plateau phase of the action potential in ventricular myocytes (Fig. 1). Nevertheless, at positive potentials, L-type Ca2+ channels do inactivate and the inactivation of these channels is voltage- and Ca2+-dependent. Under
normal physiological conditions with Ca2+ as the charge carrier, inactivation of ventricular L-type voltage-gated Ca2+ currents is rapid owing to Ca2-dependent channel inactivation. In addition to contributing to the termination of the action potential plateau and
action potential repolarization, the spontaneous closing (inactivation) of ventricular ICa(L)
channels functions as a negative feedback system that is critical in governing intracellular
Ca2+ concentration.
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DIVERSITY OF VOLTAGE-GATED, OUTWARD K+ CURRENTS
IN MAMMALIAN VENTRICLES
Voltage-gated K+ channel currents influence the amplitudes and durations of ventricular action potentials and, in most cells, two broad classes of voltage-gated K+ currents
have been distinguished: transient outward K+ currents, Ito; and delayed, outwardly rectifying K+ currents, IK (Table 1).
The transient currents (Ito) activate and inactivate rapidly and underlie the early phase
(phase 1) of repolarization, whereas the delayed rectifiers (IK) determine the latter phase
(phase 3) of action potential repolarization in the ventricular myocardium (Fig. 1). These
are broad classifications, however, and there are actually multiple types of Ito and of IK
(Table 1) expressed in ventricular cells. In addition, there are species and regional differences in the densities, as well as the detailed biophysical properties, of these currents, and
these are evident in the waveforms of ventricular action potentials recorded in different
cell types/species (1–4).
+

Transient Outward K Current Channels, Ito
Although two transient outward current components, referred to as Ito1 and Ito2, were
originally distinguished in cardiac Purkinje fibers and assumed to reflect distinct K+
conductance pathways (24–26) the Ca2+-dependent Ito2 appears to be a Cl– (not a K+)
current (24–27). The Ca++-independent, 4-aminopyridine (4-AP)-sensitive Ito1 in cardiac
Purkinje fibers, in contrast, is K+-selective (25,26). Numerous studies have described the
properties of Ca++-independent, 4-AP-sensitive transient outward K+ currents in ventricular cells (Table 1), although the currents have been variably referred to as Ito, Ito1, or
It (5,30,31). Electrophysiological and pharmacological studies, however, have now
clearly demonstrated that there are two distinct transient outward K+ currents, Ito,fast (Ito,f)
and Ito,slow (IIto,s), in ventricular cells and that these currents are differentially distributed
(2,3,32–35).
The rapidly activating and inactivating transient outward K+ currents that are also
characterized by rapid recovery from steady-state inactivation are referred to as Ito,fast
(Ito,f) and the rapidly activating and inactivating transient outward K+ currents that recover
slowly from inactivation are referred to as Ito,slow (IIto,s) (Table 1) following the nomenclature suggested by Xu and colleagues (33). Although prominent in ventricular myocytes
from most species including cat (36), dog (37,38), ferret (30), human (39–41), mouse
(33,42–44), and rat (39,45) (Table 1), Ito,f is recorded in guinea pig ventricular myocytes
only when extracellular Ca2+ is removed (46). The time- and voltage-dependent properties of ventricular Ito,f in different species (Table 1) are similar in that activation, inactivation, and recovery from steady-state inactivation are all rapid (30,33,37–41,45,47). In
addition, Ito,f is readily distinguished from other voltage-gated outward K+ currents including Ito,s using the spider K+ channel toxins Heteropoda toxin-2 or -3 (32–34,48). The
fact that the properties of ventricular Ito,f in different species are similar (Table 1) led to
the hypothesis that the molecular correlates of functional ventricular Ito,f channels in
different species are the same (5), and considerable experimental evidence in support of
this hypothesis has now been provided. Indeed, all available evidence suggests that
members of the Kv4 subfamily of α subunits encode functional ventricular Ito,f channels
(2,3). Nevertheless, there are differences in the biophysical properties of ventricular Ito,f
channels, suggesting that there are subtle, albeit important, differences in the molecular
correlates of these channels in different species.
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The transient outward K+ currents in rabbit ventricular myocytes (originally referred
to as It) inactivate slowly and recover from steady-state inactivation very slowly, with
complete recovery requiring seconds (49–51). The properties of rabbit ventricular It are
similar to the slow transient K+ current, referred to as Ito,slow or Ito,s, that was distinguished
(from Ito,f) in mouse ventricular myocytes by the slow rates of inactivation and recovery
from inactivation (33). In adult mouse ventricle, Ito,f and Ito,s are differentially distributed
(33–35). In all cells isolated from the wall of the right (RV) and left (LV) ventricles, for
example, Ito,f is expressed and Ito,s is undetectable (33–35). There are, however, differences in Ito,f densities in RV and LV cells (33–35). In the ventricular septum, the currents
are more heterogeneous: ≈ 80% of the cells express Ito,f and Ito,s and the remaining (≈ 20%)
express Ito,s alone. In addition, when present, Ito,f density is significantly (p < .001) lower
in septum, than in RV or LV, cells (33,34).
The rates of inactivation and recovery from inactivation of the transient outward K+
currents are significantly slower in ferret LV endocardial than epicardial cells (32).
Interestingly, the time- and voltage-dependent properties and the pharmacological sensitivities of the transient outward K+ current in these cells are similar to mouse ventricular
Ito,s and Ito,f, respectively. The properties of Ito (It) in rabbit ventricular myocytes, in
contrast, appear to be analogous to mouse ventricular Ito,s (Table 1).

Delayed Rectifier K+ Currents/Channels, IK
Delayed rectifier K+ currents, IK, have been characterized extensively in myocytes
isolated from canine (38,47,52,53), feline (54,55), guinea pig (56–62), human (63,64),
mouse (33,34,44,65,66), rabbit (67,68), and rat (45,69,70) hearts and, in most cells,
multiple components of IK (Table 1) are co-expressed. In guinea pig ventricular myocytes,
for example, two prominent components of IK, IKr (IK,rapid) and IKs (IK,slow), were distinguished based on differences in time- and voltage-dependent properties (59). IKr activates
rapidly, inactivates very rapidly, displays marked inward rectification and is selectively
blocked by several class III anti-arrhythmics, including dofetilide, E-4031 and sotalol
(59). No inward rectification is evident for IKs and this current is blocked by class III
compounds, including NE-10064 and NE-10133, which do not affect IKr (71). In human
(63,64,72,73), canine (47,52), and rabbit (68,74) ventricular cells, both IKr and IKs are
expressed and are prominent repolarizing currents. In feline (54) and rat (70) ventricular
myocytes, however, only IKr is detected. IKr and IKs are also readily distinguished at the
microscopic level (56,57,67,68), and molecular genetic studies suggest that the molecular correlates of these channels are distinct (2,3).
In rodent ventricles, there are additional components of IK with properties different
from IKs and IKr (Table 1). In rat ventricular myocytes, for example, there are novel
delayed rectifier K+ currents, referred to as IK and Iss (Table 1) (45,75). In mouse ventricular myocytes, two voltage-gated K+ currents, IK,slow and Iss, have also been identified
(33,44,65,66,76). IK,slow is rapidly activating and slowly inactivating K+ current with
kinetic and pharmacological properties distinct from Ito,f and Ito,s (and Iss); in addition,
IK,slow is blocked effectively and selectively by µM concentrations of 4-AP (65,66,76)
which do not affect Ito,f or Ito,s in the same cells (33,44). The current, Iss, remaining at the
end of long (up to 10 s) depolarizing voltage steps, in contrast, is slowly activating and
4-AP insensitive (33,44). In contrast to the differential distribution of Ito,f and Ito,s, however, IK,slow and Iss appear to be expressed in all mouse ventricular myocytes (33,34,44).
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Developmental Changes in Voltage-Gated K+ Channel Expression
During postnatal development, ventricular action potentials shorten, phase 1 repolarization (Fig. 1) becomes more pronounced, and functional Ito,f density is increased (75,77–
86). In neonatal canine ventricular myocytes, for example, the “notch” and the rapid
(phase 1) repolarization that are typical in adult cells are not clearly evident (78). Action
potentials in neonatal cells are insensitive to 4-AP, and voltage-clamp recordings reveal
that Ito,f is undetectable (78). In cells from two-mo-old animals, Ito,f is present and phase
1 repolarization is clearly evident (78).
The density of Ito,f density is also low in neonatal mouse (79,85) and rat (75,77,80,82–
84,86) ventricular myocytes and increases several (5–6) fold during early postnatal
development. In rat, the properties of the currents in 1–2 day ventricular myocytes (86)
are also distinct from those of Ito,f in postnatal day 5 to adult cells (75) in that inactivation
and recovery from inactivation are slower in postnatal day 1–2 cells. Indeed, the properties of the transient outward currents in postnatal day 1–2 rat ventricular cells (86) more
closely resemble Ito,s than Ito,f. Neither Ito,s nor Ito,f, however, is detectable in embryonic
ventricular myocytes (87).
In rabbit ventricular myocytes, transient outward K+ current density increases and the
kinetic properties of the currents also change during postnatal development (81). In
contrast to rat, however, the rate of recovery of the currents (mean recovery time ≈ 100
ms) is ten times faster in neonatal than in adult (mean recovery time ≈ 1300 ms) cells (81).
The slow recovery of the transient outward currents underlies the marked broadening of
action potentials at high stimulation frequencies in adult (but not in neonatal) rabbit
ventricular myocytes (81,88). In rabbit ventricular cells, therefore, it appears that the
change in the transient outward K+ currents is opposite to that seen in other species, i.e.,
Ito,f is expressed in the neonate, whereas Ito,s is prominent in the adult.
The expression patterns of delayed rectifier K+ currents also change during postnatal
development. Both IKr and IKs, for example, are readily detected in fetal/neonatal mouse
ventricular myocytes (79,89,90), whereas these currents are difficult to detect in adult
cells (33,34,44). Although IKr appears to be the predominant repolarizing K+ current in
fetal mouse ventricular cells, IKr density decreases with age (33,34,89,90). The density
of IKs increases during late embryonic development (89), and subsequently decreases
during postnatal development (79,85,89). Because IKr and IKs are prominent repolarizing
K+ currents in adult cardiac cells in several species, changes in the expression and/or the
properties of these conductance pathways must be distinct from those observed in the
mouse heart. In contrast to the marked changes in Ito,f, the density of IK does not change
significantly in rat ventricular cells after postnatal day 5 (75,84).

Regional Differences in K+ Current Expression
There are marked differences in Ito,f densities in different regions of the ventricles in
canine (37,91), cat (55), ferret (32), human (40; but, see also 41), mouse (33,34) and rat
(92). In canine left ventricle, for example, Ito,f density is 5–6-fold higher in epicardial and
midmyocardial, than in endocardial cells (91). Ito,s density is also variable in mouse and
ferret left ventricles (32–34), being detected only in (ferret) endocardial (32) and (mouse)
septum (33,34) ventricular cells.
The densities of ventricular IKs and IKr are also variable. In dog, for example, IKs
density is higher in epicardial and endocardial cells than in M cells (52). There are also
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regional differences IKr and IKs expression in guinea pig LV (93,94). In cells isolated from
the LV free wall, for example, the density of IKr is higher in subepicardial, than in
midmyocardial or subendocardial, myocytes (94). At the base of the LV, in contrast, IKr
and IKs densities are significantly lower in endocardial than in midmyocardial or epicardial cells. These differences in voltage-gated K+ current densities contribute to the variations in action potential waveforms recorded in different regions (right vs left; apex vs
base) and layers (epicardial, midmyocardial, and endocardial) of the ventricles
(1,2,4,30,37,52,93,94).

OTHER IONIC CURRENTS CONTRIBUTING TO REPOLARIZATION
IN MAMMALIAN VENTRICLES
In addition to the voltage-gated K+ channels, there are other K+ channels that play a role
in action potential repolarization in mammalian ventricles. These are the inwardly rectifying K+ channels which are readily distinguished biophysically from the voltagegated, outwardly rectifying K+ channels because these channels carry inward K+ current
better than outward K+ current. This biophysical property of these channels, however, is
of no functional importance because the membrane potential of cardiac myocytes never
reaches values more negative than the reversal potential for K+ (around –90 mV). It is the
outward K+ currents through these channels that are important physiologically, and these
currents also play a role in action potential repolarization. Two types of inwardly rectifying K+ channel currents have been described in the mammalian ventricular myocytes:
the cardiac inward rectifier current, IK1, and the ATP-dependent K+ current, IKATP.
Although the densities of these currents vary in different regions (atria, ventricles, and
conducting tissue) of the heart, in the ventricles, these currents appear to be uniformly
expressed.
In mammalian ventricular myocytes, IK1 plays a role in establishing the resting membrane potential, the plateau potential and contributes to phase 3 repolarization (Fig. 1).
The strong inward rectification evident in these channels is attributed to block by intracellular Mg2+ (95) and by polyamines (96–98). The fact that the conductance of these
channels is high at negative membrane potentials underlies the contribution of IK1 to
ventricular resting membrane potentials (98). The voltage dependent properties of IK1
channels, however, are such that the conductance is very low at potentials positive to
approx –40 mV (98). Nevertheless, because the driving force on K+ is markedly increased
at depolarized potentials, these channels do contribute outward K+ current during the
plateau phase of the action potential in ventricular cells, as well as during phase 3 repolarization (Fig. 1).
The weakly inwardly rectifying ATP-dependent K+ channels, first identified in cardiac
muscle, are inhibited by increased intracellular ATP and activated by nucleotide diphosphates (99). These channels are thought, therefore, to provide a link between cellular
metabolism and membrane potential. In ventricular myocytes, activation of IKATP channels has been suggested to play a role in the shortening of action potential durations and
the loss of K+ that occurs in various myocardial disease states, including ischemia and
hypoxia, which are associated with altered metabolism or metabolic stress (100). The
opening of IKATP channels has also been suggested to contribute to the cardioprotection
resulting from ischemic preconditioning (101,102). Unlike the voltage-gated K+ channels expressed in the ventricular myocardium, IKATP channels appear to be distributed
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uniformly through the right and left ventricles and through the thickness of the ventricular
wall. The IKATP channels, however, are expressed at much higher density than other
sarcolemmal K+ channels (102). Although these channels are inhibited under normal
physiological conditions, the high density suggests that action potentials will be shortened markedly when only a small number of IKATP channels is activated (103).

MOLECULAR CORRELATES OF VOLTAGE-GATED NA+
AND CA2+ CURRENTS IN MAMMALIAN VENTRICLE
Voltage-Gated Na+ Channel (Nav) Pore-Forming α Subunits
Voltage-gated Na+ (Nav) channel pore-forming (α) subunits (Fig. 2A) belong to the
“S4” superfamily of genes encoding voltage-gated ion channels. Although a number of
Nav α subunits (Fig. 2A) have been identified to date (Table 2), only one of these, Nav1.5
(SCN5A) appears to be expressed in mammalian ventricular myocardium (Table 2). Each
Nav α subunit, which forms the ion-conducting pore and contains channel gating components, consists of four homologous domains (I to IV) (Fig. 2). Each domain contains
six α-helical transmembrane repeats (S1–S6), for which mutagenesis studies have
revealed key functional roles. The cytoplasmic linker between domains III and IV, for
example, is an integral component underlying voltage-dependent inactivation (104), and
a critical isoleucine, phenylalanine, and methionine (IFM) motif within this linker (105–
107), has been identified as the inactivation gate (108–110). Na+ channel inactivation is
due to rapid block of the inner mouth of the channel pore by the cytoplasmic linker
between domains III and IV that occurs within milliseconds of membrane depolarization
(111). NMR analysis of this linker (gate) in solution has revealed a rigid helical structure
that is positioned such that it can block the pore, providing a structural interpretation of
the functional studies (112).
During the plateau phase of the ventricular action potential, more than 99% of the
voltage-gated Na+ channels are in an inactivated, nonconducting state in which the inactivation gate occludes the inner mouth of the conducting pore through specific interactions with sites on the S6 segment of domain IV (113) or the S4–S5 loop of domain IV
(114). Inherited mutations (i.e., ∆KPQ) in the linker between domains III and IV in
SCN5A disrupt inactivation and cause one form of Long QT syndrome, LQT3 (115). The
mutation-induced enhancement of sustained Na+ current activity measured during prolonged depolarization is caused by altering modes of channel gating. In a gating mode in
which sustained current is enhanced, single channel recordings revealed that channels do
not enter an absorbing inactivated state but instead reopen. Enhanced sustained current
caused by bursting is sufficient to prolong cellular action potentials in theoretical models
(116) and in genetically-modified mice (117). Subsequent analysis of additional SNC5A
mutations, linked both to LQT-3 and another inherited arrhythmia, the Brugada Syndrome, however, has revealed that this is not the only mechanism by which altered Na+
channel function can prolong the cardiac action potential.
Several studies have revealed a critical role for the carboxy (C)-terminal tail of the Nav
channel α subunit in the control of channel inactivation (118–122). Point mutations in the
C-terminus, for example, can shift the voltage-dependence of inactivation, promote sustained Na+ channel activity, change the kinetics of both the onset of and recovery from
inactivation, and alter drug-channel interactions (123–127). In an investigation into the
secondary structure of the Na+ channel C-terminus and the roles of possible tail structures
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Fig. 2. Pore-forming (α) subunits of cardiac ion channels. Comparisons of primary sequences and
the membrane topologies of the α subunits encoding voltage-gated Na+ (Nav) (A), voltage-gated
Ca2+ (Cav) (B), voltage-gated (Kv) K+ (C) and inwardly rectifying (Kir) K+ channels (D) are
illustrated. A schematic of a four transmembrane, two-pore domain K+ channel α subunit is also
presented.

in the control of inactivation, single channel data revealed that the C-terminus has pronounced effects on repetitive channel openings that occur in bursts during prolonged
depolarization (128). Homology modeling of the C-terminus, assuming similarity to the
N-terminal domain of calmodulin, predicted that the C-terminus would adopt a predominantly α-helical structure, a prediction verified by circular dichroism (CD) of a purified
C-terminus fusion protein. Only the proximal region of the C-terminus, which contains
all of the helical structure, markedly modulates channel inactivation, but not activation.
The distal C-terminal tail, which is largely unstructured, does not affect channel gating,
but affects the density of functional Na+ channels in the surface membrane. Taken
together, these experiments suggest that interactions occur between the structured region
of the C-terminus and other components of the channel protein and that these interactions
function to stabilize the channel in a pore-blocked inactivated state during membrane
depolarization.
The structural data also provide a framework to interpret the mechanistic basis of a
large number of mutations linked either to LQT-3 or Brugada Syndrome that occur within
the structured and charged proximal region of the C-terminus of the channel (129–132).
All inherited mutations linked to LQT-3, for example, alter Na+ channel activity in a
manner that prolongs the QT interval of the electrocardiogram (EKG) in mutation carriers, but at least three different mutations, discovered by linkage to LQT-3, have now
been reported that do not result in increased sustained inward Na+ current. The first
mutation, D1790G, was discovered in a large Israeli family (133). Initial expression
studies revealed that this mutation changed the voltage-dependence and kinetics of inactivation of mutant channels but did not promote sustained current (134), a finding questioned by subsequent investigations (135). Computer based simulations suggest that this
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+
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Diversity of Voltage-Gated Na and Ca α Subunits
Subfamily

Protein

Gene

Denotes ventricular expression

Location
Human
Mouse Cardiac Current
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Table 3
Diversity of Na+ and Ca2+ Channel Accessory Subunits
Subfamily

Protein

Gene

Human

Location
Mouse

Cardiac Current

Denotes ventricular expression

mutation may prolong action potential duration through an indirect effect on the control
of cytoplasmic calcium concentrations (136), a result that awaits testing in animal models.
Another LQT-3 mutation has also been reported that does not appear to result in
enhanced sustained current (137). In this case, the mutation (E1295K) alters both activation and inactivation gating by causing small but significant shifts in the voltagedependence of gating. As a result, although there is no enhanced sustained Na+ current,
the voltage-dependence of the “window” current is changed. The peak of the “window”
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current is shifted in the positive direction such that the background currents against which
it is expressed are different than in the case of wild type channels (137). As a result,
window current of the same amplitude will have a greater effect on net membrane currents and, because the currents flowing during the plateau phase are so small, the net result
will be increased inward current and action potential prolongation (103,138,139). More
recently, a similar mechanism has been proposed to explain the cellular consequences of
another Na+ channel mutation linked to sudden infant death syndrome (140).

Voltage-Gated Na+ Channel (Na) Accessory β Subunits
Functional voltage-gated Na+ channels appear to be multi-subunit complexes consisting of a central pore-forming α subunit (Fig. 2A) and one to two auxiliary β subunits
(141). There are at least three different β subunit genes, SCN1b (142,143), SCN2b
(144,145), and SCN3b (146) (Table 3). In the heart, the functional role of these subunits
remains controversial. Most studies have focused on the role of SCN1b, which has
relatively minor effects on channel gating in heart compared with its effects on gating in
skeletal muscle (147). Nevertheless, it has been shown that co-expression of SCN1b
affects inactivation kinetics and current densities (134,148). Although relatively few
functional effects have been reported for SCN2b (149), it has been reported that this
subunit plays a role in controlling the Ca2+ permeability of voltage-gated Na+ channels
(150). Recently, SCN3b has been reported to also be expressed in the heart with predominant expression in the Purkinje fibers and ventricles, but little expression in the atria
(148). In addition, like SCN1b, co-expression of SCN3b increases current density, and
may affect inactivation gating (148).

Voltage-Gated Ca2+ Channel (Cav) Pore-Forming α-Subunits
Voltage-gated Ca2+ (Cav) channel pore-forming (α) subunits (Fig. 2B) belong to the
“S4” superfamily of voltage-gated ion channel genes that also includes voltage-gated
Na+ (Fig. 2A) and K+ (Fig. 2C–E ) channel α subunits. Structurally, functional voltagegated Ca2+ (Cav) channels consist of a Cavα1 subunit, with a predicted mass of 212~273
kDa, and auxiliary, Cav β and Cav α2δ, subunits (Fig. 3). In most voltage-gated Ca2+
channels, the α1 subunit determines the properties of the resulting channels. The transmembrane topology of Cavα1 subunits is similar to the Navα1subunits in that Cavα1
subunits comprise four homologous domains (domain I–IV), each of which is composed
of six putative transmembrane segments (S1–S6), one of which is the “S4” voltage
sensing domain, and a region between S5 and S6 that contributes to the Ca2+ selective
pore (Fig. 2B). Also similar to voltage-gate Navα1 subunits (Fig. 2A), the N- and Ctermini of Cavα1 subunits are intracellular (Fig. 2B). Activation of voltage-gated Ca2+
channels by membrane depolarization is attributed to the movement of the positively
charged “S4” segment in each of the four domains.
To date, four distinct subfamilies of Cav channel pore-forming α1 subunits, Cav1,
Cav2, Cav3 and Cav4 (151), have been identified and in each case there are many subfamily members (Table 2). The various Cav α subunits are differentially expressed, and
heterologous expression studies have revealed that these genes encode voltage-gated
Ca2+ channels with distinct time- and voltage-dependent properties and pharmacological
sensitivities. Functional expression of any one of the four members of the Cav1 subfamily, Cav1.1, Cav1.2, Cav1.3 or Cav1.4 (Table 2), for example, reveals L-type Ca2+ channel
currents, which are long lasting when Ba2+ is the charge carrier. These channels activate
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Fig. 3. Molecular composition of cardiac Na+, Ca2+, and K+ channels. Upper panel: The four
domains of the Cav (or Nav) α subunit form monomeric Ca2+ (or Na+) channels, whereas four Kv
or Kir α subunits combine to form tetrameric K+ channels. Lower panel: Schematic illustrating
functional cardiac Na+, Ca2+, and K+ channels, composed of the pore-forming α subunits and a
variety of accessory subunits.

at relative high voltages (≥–20 mV) and are selectively blocked by dihydropyridine
(DHP) Ca2+ channel antagonists.
One member of this subfamily, Cav1.2, which encodes the widely expressed voltagegated Ca2+ channel α subunit, α1C (α11.2), is composed of 44 invariant and six alternative
exons (152), and three different isoforms of the α1C protein, α11.2a, α11.2b, and α11.2c
(153,154), have been identified. Although nearly identical (> 95%) in amino acid
sequences, these isoforms are differentially expressed, and the cardiac specific isoform
is α11.2a (153). This subunit encodes the voltage-gated L-type Ca2+ channel currents that
are prominent in adult mammalian ventricular myocytes.

Cav Channel Accessory Subunits
There are at least two distinct types of accessory subunits of voltage-gated Ca2+ (Cav)
channels, Cavβ and Cavα2 δ subunits (Table 3). The β subunits are cytosolic proteins that
are believed to form part of each functional voltage-gated L-type Ca2+ channel protein
complex (Fig. 3). Four different Cavβ subunit genes, Cavβ1 (155,156), Cavβ2 (157,158),
Cavβ3 (157–159), and Cavβ4 (159,160) have been identified to date (Table 3). There are
three variable regions flanking two highly conserved domains in each of the Cavβ subunits.
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Table 4
Voltage-Gated K+ α Subunits
Family Subfamily

Protein

Gene

Location
Human
Mouse

Denotes ventricular expression.

Cardiac Current
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The variable regions are the carboxyl terminus, the amino terminus and small
(~ 100 amino acids) region in the center of the linear protein sequence between the two
conserved domains. The conserved domains of the Cavβ subunits mediate interactions
with the pore-forming Cavα1 subunits, and the variable domains influence the functional
effects of Cavβ subunit co-expression on the properties of the resulting Ca2+ channels (161).
In heterologous expression systems, all four Cavβ subunits associate with Cavα1 subunits (Fig. 3) and modify the time- and voltage-dependent properties, as well as the
magnitude, of the expressed currents. It has been suggested that co-expression of Cavβ
subunits with Cavα1 subunits increases the number of functional cell surface membrane
channels, resulting in increases in Ca2+ current amplitudes and densities (162–165).
Alternatively, the association of Cavβ subunits and the resulting increases in current
amplitudes/densities could reflect increased expression of the Cavα1 subunit, an increase
the channel open probability (163) and/or the stabilization of channel complex in the cell
membrane (163,166–168). In addition to increasing current amplitudes, co-expression of
Cavβ subunits modifies the kinetics and the voltage-dependences of current activation
and inactivation (169–172).
Detailed analysis of different Cavα1 subunits has revealed that a highly conserved
sequence motif, called the alpha subunit interaction domain (or AID), mediates the
interaction(s) with Cavβ subunits (161). The AID sequence, QqxExxLxGYxxWIxxxE is
located 24 amino acids from the S6 transmembrane region of domain I (Fig. 2B) of the
Cavα1 subunit (154,173–175). Regions outside of AID, including low affinity binding
sites in the C-termini of the Cavα1 subunits, have also been suggested to participate in the
Cavβ - Cavα1 subunit-subunit interactions (176–178). Nevertheless, it appears that these
C-terminal regions in Cavα1 also interact specifically with the second (internal) highly
conserved domain of the Cavβ subunits to induce the observed modulatory effects
(179,180).
In addition to Cavβ subunits, a disulfide-linked, transmembrane accessory subunit,
referred to as Cavα2δ, is also found in the complex of functional Ca2+ channels (Fig. 3).
The first Cavα2δ subunit was cloned from skeletal muscle (181), and, to date, five different isoforms of Cavα2δ-1 have been identified (Table 3). In addition, two homologous
Cavα2δ genes, Cavα2δ-2 and Cavα2δ-3, have been identified in brain (182). Sequence
comparison revealed ≈ 55% amino acid identity between Cavα2δ-1 and Cavα2δ-2 and ≈
30% identity between Cavα2δ-1 and Cavα2δ-3 (182). The Cavα2δ α2δ subunits are heavily
glycosylated proteins that are cleaved posttranslationally to yield disulfide-linked α2 and
δ proteins (Fig. 3). The Cavα2 domain is located extracellularly, whereas the Cavδ domain
has a large hyrophobic region, which inserts into the membrane and serves as an anchor
to secure the Cavα2δ complex (183–185).
In contrast to the accessory Cavβ subunits, the functional roles of Cavα2δ are somewhat
variable and depend, at least in part, on the identities of the co-expressed Cavα1 and Cavβ
subunits and the expression environment. In general, co-expression of Cavα2δ-1 shifts
the voltage-dependence of channel activation, accelerates the rates of current activation
and inactivation, and increases current amplitudes, compared with the currents produced
on expression of Cavα1 and Cavβ subunits alone (182,183,185–188). The increase in
current density reflects improved targeting of Cavα1 subunits to the membrane (189).
This effect is attributed to α2, whereas the changes in channel kinetics reflect the expression of the δ protein (189).
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MOLECULAR BASIS OF VOLTAGE-GATED K+ CURRENT DIVERSITY
IN MAMMALIAN VENTRICLE
Voltage-Gated K+ (Kv) Channel Pore-Forming α Subunits
Voltage-gated K+ channel (Kv) pore-forming (α) subunits are six transmembrane
spanning domain proteins (Fig. 2C) with a region between the fifth and sixth transmembrane domains that contributes to the K+-selective pore (2). The positively charged fourth
transmembrane domain in the Kv α subunits (Fig. 2C) is homologous to the corresponding region in voltage-gated Na+ (Fig. 2A) and Ca++ (Fig. 2B) channel α subunits, placing
them in the “S4” superfamily of voltage-gated channels (190). In contrast to voltagegated Na+ and Ca2+ channels, however, functional voltage-gated K+ channels comprise
four α subunits (Fig. 3). In addition, in contrast to Na+ and Ca2+ α subunits (Table 2), but
similar to the diversity of functional voltage-gated K+ channels (Table 1), there are
multiple Kv α subunits (Table 4). Several homologous Kv α subunit subfamilies, Kv1.x,
Kv2.x, Kv3.x, Kv4.x, for example, have been identified and many of these are expressed
in mammalian ventricles (Table 4). In addition to the multiplicity of Kv α subunits (Table
4), further functional K+ channel diversity can arise through alternative splicing of transcripts, as well as through the formation of heteromultimeric channels (191) between two
or more Kv α subunit proteins in the same Kv subfamily (2).
In contrast to the Kv1.x – Kv4.x α subunit subfamilies, heterologous expression of
Kv5.x – Kv9.x (Table 4) α subunits alone does not reveal functional voltage-gated K+
channels (192–195). Interestingly, however, coinjection of any of these (Kv5.1, Kv6.1,
Kv8.1, or Kv9.1) subunits with Shab (Kv2.x) subfamily members attenuates the amplitudes of the Shab- (Kv2.x-) induced currents (195). These observations have been interpreted as suggesting that the Kv5.x – Kv9.x subunits are regulatory Kv α subunits of the
Kv2.x subfamily (194), although the roles of these “silent” subunits in the generation of
functional voltage-gated K+ channels in cardiac cells remain to be determined.
Another subfamily of voltage-gated K+ channel α subunit genes was revealed with the
cloning of the Drosophila ether-a-go-go (eag) locus (196). Homology screening led to the
identification of human eag, as well as the human eag-related gene, referred to as HERG
(197), which was subsequently identified as the locus of mutations leading to one form
of familial long QT-syndrome, LQT2 (198). Expression of HERG (human ERG1) in
Xenopus oocytes reveals inwardly rectifying voltage-gated, K+-selective currents
(199,200) with properties similar to cardiac IKr (Table 4). Related ERG genes, ERG2 and
ERG3, have also been identified (Table 4), although these appear to be nervous systemspecific and are not expressed in the mammalian heart (201). Alternatively processed
forms of ERG1, however, have been cloned from mouse and human heart cDNA libraries
and postulated to contribute to cardiac IKr (202–204).
Another subfamily of voltage-gated K+ channel α subunits was revealed with the
cloning of KvLQT1 (205), the loci of mutations in another inherited form of long-QT
syndrome (LQT1) (Table 4). Although expression of KvLQT1 (KCNQ1) alone reveals
rapidly activating and noninactivating K+ currents, co-expression with minK (IsK) produces slowly activating K+ currents that resemble the slow component of cardiac delayed
rectification, IKs (206,207). Additional KCNQ subfamily members, KCNQ2 and KCNQ3,
although not expressed in heart, have been identified (208–210). Interestingly, however,
KCNQ2 and KCNQ3 have been identified as loci of mutations leading to benign familial
neonatal convulsions (208,210). Heterologous expression of KCNQ2 or KCNQ3 pro-
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Auxiliary K+ Channel Subunits

Family

Subunit

Chromosome
Human
Mouse

Gene

Cardiac Current

Expressed in ventricle.

duces slowly activating, noninactivating K+-selective currents that deactivate very slowly
on membrane repolarization (210,211). The unique kinetic and pharmacological properties of the expressed currents suggest that functional neuronal M channels reflect the
heteromeric assembly KCNQ2 and KCNQ3 (211).
+

Voltage-Gated K (Kv) Channel Accessory Subunits
A number of voltage-gated K+ (Kv) channel accessory subunits have now been identified (Table 5). The first of these, minK (or IsK), encodes a small (130 amino acids)
protein with a single membrane spanning domain (212–214). As expected for an accessory Kv channel subunit, minK does not produce functional voltage-gated K+ channels
when expressed alone in heterologous systems (207). Rather, IsK appears to co-assemble
with KvLQT1 to form functional IKs channels (206,207). Additional minK homologues,
MiRP1 (KCNE2), MiRP2 (KCNE3), and MiRP3 (KCNE4) have also been identified
(Table 5), and it has been suggested that MiRP1 functions as an accessory subunit of
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ERG1 in the generation of (cardiac) IKr (215,216). Although it is unclear whether minK,
MiRP1 or other KCNE subfamily members (215) contribute to the formation of voltagegated K+ channels in addition to IKs and IKr in the myocardium, it has been reported that
that MiRP2 assembles with Kv3.4 in mammalian skeletal muscle (217) and with Kv4.x
α subunits in heterologous expression systems (218). These observations suggest the
interesting possibility that members of the KCNE subfamily of accessory subunits can
assemble with multiple Kv α subunits and contribute to the formation of multiple types
of voltage-gated myocardial K+ channels. Direct experimental support for this hypothesis, however, has not been provided to date, and the roles of the KCNE family of
accessory subunits in the generation of functional ventricular K+ channels need to be
defined.
Another type of Kv accessory subunit was revealed with the identification of low
molecular weight (≈ 45 kD) cytosolic β subunits in brain (219,220). Four homologous Kv
β subunits, Kv β1, Kv β2, Kv β3, and Kv β4 (Table 5), as well as alternatively spliced
transcripts, have been identified (221–226), and both Kv β1 and Kv β2 are expressed in
heart (226). The Kvβ subunits interact with the intracellular domains of the Kv α subunits
of the Kv1 subfamily in assembled voltage-gated K+ channels, and heterologous expression studies suggest that Kvβ subunit co-expression affects the functional properties and
the cell surface expression of Kv α subunit-encoded K+ currents (221–225,227–229).
Because Kv α and β subunits co-assemble in the endoplasmic reticulum (230), the increase
in functional channel expression suggests that the Kv β subunits affect channel assembly,
processing or stability or, function as chaperon proteins.
Heterologous co-expression studies suggest that the effects of the Kv β subunits are
subfamily specific, i.e., Kv β1, Kv β2, and Kv β3 interact only with the Kv 1 subfamily
of α subunits (231,232), whereas Kv β4 is specific for the Kv2 subfamily (233). Nevertheless, it is not known which Kv α subunit(s) the Kv β1 and Kv β2 subunits associate
with in the myocardium, and the roles of these (Kvβ) subunits in the generation of
functional cardiac K+ channels remain to be determined.
Using a yeast two-hybrid screen, Wible and colleagues (1998) identified a novel
voltage-gated K+ channel regulatory protein, KChAP (K+ channel accessory protein)
(Table 5) (234). Sequence analysis of KChAP revealed a 574 amino acid protein with no
transmembrane domains and no homology to Kv α or Kvβ subunits (234). Co-expression
of KChAP with Kv2.1 (or Kv2.2) in Xenopus oocytes, however, markedly increases
functional Kv2.x-induced current densities without measurably affecting the time- and/
or the voltage-dependent properties of the currents (234) suggesting that KChAP functions as a chaperon protein. Yeast two-hybrid assays also revealed that KChAP interacts
with the N-termini of Kv1.x α subunits and with the C-termini of Kv β1.x subunits (234).
Using the intracellular N-terminus (amino acids 1 – 180) of Kv4.2 as the “bait” in a
yeast two-hybrid screen, An and colleagues (2000) identified three novel Kv Channel
Interacting Proteins, KChIP1, KChIP2, and KChIP3 (Table 5) (235). Of these, only
KChIP2 appears to be in heart (235,236), although there are several splice variants of
KChIP2 expressed (236–238). Sequence analysis revealed that the KChIPs belong to the
recoverin family of neuronal Ca2+-sensing (NCS) proteins, particularly in the “core”
regions, which contain multiple EF-hand domains (239). Unlike other NCS-1 proteins,
however, KChIP2 and KChIP3 lack N-terminal myristoylation sites, and the N-termini
of the KChIP proteins are unique (235). Interestingly, KChIP3 is identical to the NCS
protein calsenilin, a Ca2+-binding protein that interacts with the presenilin proteins and
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regulates proteolytic processing (240). In addition, the nucleotide sequence of KChIP3
is 99% identical to the Ca2+-regulated transcriptional repressor, DREAM (241). The
expression of several genes has been shown to be regulated by downstream regulatory
elements (DRE) and, importantly, the DREAM protein binds to DRE elements in the
absence of Ca2+ and dissociates when Ca2+ is elevated (241). Thus, DREAM is thought
to act as an activity-dependent regulator of gene expression (241). It should be noted,
however, that DREAM is predicted to have an alternative start codon resulting in a twenty
amino acid N-terminal extension not present in KChIP3 (235,241). Nevertheless, these
findings suggest the interesting possibility that the KChIP proteins may be expressed in
different cellular compartments and may subserve multiple cellular functions.
When expressed in CHO cells with Kv4.2, the KChIPs increase the functional cell
surface expression of Kv4.2 encoded K+ currents, slow current inactivation, speed recovery from inactivation and shift the voltage-dependence of activation (235). Similar effects
are observed when Kv4.2 or Kv4.3 is expressed with the KChIPs in Xenopus oocytes
(235) or HEK-293 cells (242,243). In contrast, KChIP expression does not affect the
properties or the densities of Kv1.4- or Kv2.1-encoded K+ currents, suggesting that the
modulatory effects of the KChIP proteins are specific for α subunits of the Kv4 subfamily
(235). In addition, although the binding of the KChIP proteins to Kv4 α subunits is not
Ca2+-dependent, mutations in EF hand domains 2, 3, and 4 eliminate the modulatory
effects of KChIP1 on Kv4.2-induced K+ currents in CHO cells (235). It has recently been
shown that KChIP2 co-immunoprecipitates with Kv4.2 and Kv4.3 α subunits from adult
mouse ventricles, consistent with a role for this subunit in the generation of Kv4-encoded
mouse ventricular Ito,f channels (242). Interestingly, a gradient in KChIP2 message
expression is observed through the thickness of the ventricular wall in canine and human
heart, suggesting that KChIP2 underlies the observed differences in Ito,f densities in the
epicardium and endocardium in human and canine ventricles (236). In rat and mouse,
however, there is no gradient in KChIP2 expression (236,242), and it appears that differences in Kv4.2 underlie the regional variations in Ito,f densities in rodents (242,244).

Relation between Kv Subunits
and Ventricular Transient Outward K+ Channels
Considerable experimental evidence has accumulated documenting a role for Kv α
subunits of the Kv4 subfamily in the generation of ventricular Ito,f channels. In rat ventricular myocytes exposed to antisense oligodeoxynucleotides (AsODNs) targeted against
Kv4.2 or Kv4.3, for example, Ito,f density is reduced by ~ 50% (245). Similar results have
recently been obtained in studies on mouse ventricular Ito,f (242). Reductions in rat
ventricular Ito,f density are also seen in cells exposed to adenoviral constructs encoding
a truncated Kv4.2 subunit (Kv4.2ST) that functions as a dominant negative (246). In
ventricular myocytes isolated from transgenic mice expressing a dominant negative pore
mutant of Kv4.2 (Kv4.2W362F) in the myocardium, Ito,f is eliminated (247). Taken
together, these results demonstrate that members of the Kv4 subfamily underlie Ito,f in
mouse and rat ventricles. In addition, biochemical and electrophysiological studies suggest that Kv4.2 and Kv4.3 are associated in adult mouse ventricles and that functional
mouse ventricular Ito,f are heteromeric (242). Given the similarities in the properties of
Ito,f (Table 1), it seems reasonable to suggest that Kv 4 α subunits also underlie Ito,f in other
species. In dog and human, however, the candidate subunit is Kv4.3 because Kv4.2
appears not to be expressed (248). Two splice variants of Kv4.3 have been identified in

46

Ion Channels Underlying Repolarization

human (249) and rat (250,251) heart. Although the longer version of Kv4.3, which
contains a 19 amino acid insert in the carboxy tail, is the more abundant message (249–
251), the expression levels of the two Kv4.3 proteins, as well as the roles of these subunits
in the generation of functional cardiac Ito,f channels have been determined.
The kinetic and pharmacological properties of the slow transient outward K+ currents,
Ito,s, in ventricular myocytes are distinct from Ito,f (Table 1), suggesting that the molecular
correlates of ventricular Ito,s and Ito,f channels. Direct experimental support for this
hypothesis has now been provided in studies completed on ventricular myocytes isolated
from (C57BL6) mice with a targeted deletion in the Kv1.4 gene, Kv1.4–/– animals (252).
The waveforms of the outward K+ currents in cells isolated from the RV or from the LV
apex of Kv1.4–/– animals are indistinguishable from those recorded in wild-type (right
ventricle and left ventricular apex) cells which lack Ito,s (34). In cells isolated from the
septum of Kv1.4–/– animals, Ito,s is undetectable, demonstrating that Kv1.4 underlies Ito,s
(34).
Interestingly, Ito,s (and Kv1.4 protein) is upregulated in left ventricular apex and in
right ventricular cells in the Kv4.2W362F-expressing transgenics (35), suggesting that
electrical remodeling occurs when Ito,f is eliminated. When the dominant negative
Kv4.2W362F transgene is expressed in the Kv1.4–/– null background, both Ito,f and Ito,s
are eliminated, although no further electrical remodeling is evident (35). Indeed, electrophysiological recordings from Kv4.2W362F-expressing Kv1.4–/– cells revealed that the
waveforms of the outward K+ currents in all right and left ventricular cells are indistinguishable (35). Given the similarities in the time- and voltage-dependent properties of the
slow transient outward K+ currents in other species (32,51), it seems reasonable to suggest that Kv1.4 also encodes Ito,s in ferret rabbit and human left ventricular myocytes.
Direct experimental support for this hypothesis, however, has not been provided to date.

Relation between Kv Subunits
and Ventricular Delayed Rectifier K+ Channels
Human ERG1 was identified as the locus of one form of long QT-syndrome, LQT2
(198), and heterologous expression of ERG1 in Xenopus oocytes reveals voltage-gated,
inwardly rectifying K+-selective channels that are similar to cardiac IKr (199,200).
Although these observations suggest that ERG1 encodes functional cardiac IKr channels
(199), AsODNS targeted against minK attenuate IKr in AT-1 (an atrial tumor line) cells
(253) and heterologously expressed ERG1 and IsK co-immunoprecipitate (254). Although
these observations might be interpreted as suggesting that IKr channels are multimeric,
comprising the protein products of KCNH2 and KCNE1 (253,254), to date, it has not
been shown directly that ERG1 and minK are associated in mammalian cardiac cells.
Alternatively processed forms of HERG1 and MERG1 with unique N- and C-termini
have also been identified in mouse and human heart (202–204), and suggested to be
important in the generation of functional IKr channels (202,203). Western blot analysis
of ERG1 protein expression in the myocardium, however, revealed that only the fulllength ERG1 proteins are detected in rat, mouse, and human ventricles, suggesting that
alternatively spliced (ERG1) variants do not play a role in the generation of functional
IKr channels (70).
Although heterologous expression of KCNQ1, the locus of mutations leading to LQT1
(205), reveals rapidly activating, noninactivating voltage-gated K+ currents, co-expression with minK produces slowly activating K+ currents similar to IKs (206,207). These
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observations, together with biochemical data demonstrating that heterologously
expressed KvLQT1 and minK associate (206), have been interpreted as suggesting that
minK coassembles with KvLQT1 form functional cardiac IKs channels (206,207). In
addition, the finding that mutations in the transmembrane domain of minK alter the
properties of the resulting IKs channels suggests that the transmembrane segment of IsK
contributes to the IKs channel pore (255–258). Nevertheless, direct biochemical evidence
for co-assembly of KvLQT1 and minK in mammalian ventricles has yet to be provided,
and the stoichiometry of functional IKs channels has not been determined. In addition, the
functional role of N-terminal splice variants of KvLQT1, which exert a dominant negative effect when co-expressed with full-length KvLQT1 (259), in the generation of IKs
channels in vivo remains to be determined.
Alternative experimental strategies, primarily in mice, have been exploited in studies
focused on defining the molecular correlates of several of the other delayed rectifier K+
currents in mammalian ventricles (Table 1). A role for Kv1 α subunits in the generation
of mouse ventricular IK,slow, for example, was revealed with the demonstration that IK,slow
is selectively attenuated in ventricular myocytes isolated from transgenic mice expressing a truncated Kv1.1 α subunit, Kv1.1N206Tag, that functions as a dominant negative
(76). It was subsequently shown, however, that IK,slow is also reduced in ventricular
myocytes expressing a dominant negative mutant of Kv 2.1, Kv2.1N216 (260). Further
analyses revealed that there are actually two distinct components of wild-type mouse
ventricular IK,slow: one that is sensitive to µM concentrations of 4-aminopyridine and
encoded by Kv1 α subunits; and, another that is sensitive to TEA and encoded by Kv2
α subunits (260). Subsequent studies revealed that the µM 4-aminopyridine-sensitive
component of IK,slow is eliminated in ventricular myocytes isolated from mice in which
Kv1.5 has been deleted suggest that Kv1.5 encodes the µM 4-AP-sensitive component
of mouse ventricular IK,slow (261). In addition, however, these findings, together with the
previous results obtained on cells isolated from Kv1.4–/– animals, in which Ito,s is eliminated (34), suggesting that, in contrast to the Kv 4 α subunits (242), the Kv 1 α subunits,
Kv1.4 and Kv1.5 do not associate in adult mouse ventricles in situ. Rather, functional Kv1
α subunit-encoded K+ channels in mouse ventricular myocytes are homomeric, composed of Kv1.4 α subunits (Ito,s) or Kv1.5 α subunits (the µM 4-AP-sensitive component
of IK,slow).

MOLECULAR CORRELATES
OF OTHER VENTRICULAR K+ CURRENTS
+

Subunits Encoding Inwardly Rectifying Ventricular K Channels
In cardiac and other cells, the inwardly rectifying K+ channels are encoded by a large
and diverse subfamily of inward rectifier K+ (Kir) channel pore-forming α subunit genes
(Table 6), each of which encodes a protein with two transmembrane domains (Fig. 2D).
The Kir subunits assemble as tetramers to form K+ selective pores (Fig. 3). Based on the
properties of the currents produced in heterologous expression systems, Kir2 α subunits
have been suggested to encode the strong inwardly rectifying cardiac IK1 channels (262)
and, several members of the Kir 2 subfamily (Table 6) are expressed in the myocardium
(263). Direct insights into the role(s) of Kir 2 α subunits in the generation of ventricular
IK1 channels was provided in studies completed on myocytes isolated from mice with a
targeted deletion of the coding region of Kir2.1 (Kir2.1–/–) or Kir 2.2 (Kir2.2–/–) (264,265).

48

Ion Channels Underlying Repolarization
Table 6
Inward Rectifier and Two-Pore K+ Channel α Subunits
Family Subfamily

Protein

Gene

Expressed in ventricle.

Location
Human
Mouse

Cardiac Current
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The Kir2.1–/– mice have cleft palate and die shortly after birth, thereby precluding electrophysiological studies on adult animals (264). Nevertheless, voltage-clamp recordings
from isolated newborn Kir2.1–/– ventricular myocytes revealed that IK1 is absent (265).
Interestingly, a small, slowly activating inward rectifier current, distinct from IK1, is
evident in Kir2.1–/– myocytes (265). The phenotypic consequences of deletion of Kir 2.2
are less dramatic and voltage-clamp recordings from adult Kir2.2–/– ventricular myocytes
reveal a quantitative reduction in IK1 (265). Taken together, these results suggest that
both Kir2.1 and Kir2.2 contribute to (mouse) ventricular IK1 channels. The observation
that Kir2.2 does not generate IK1 channels in the absence of Kir2.1, however, further
suggests that functional cardiac IK1 channels are heteromeric.
In the heart, IKATP channels are involved in myocardial ischemia and preconditioning
(101,102). In heterologous systems, IKATP channels can be reconstituted by co-expression
of Kir6.x subunits with ATP-binding cassette proteins that encode sulfonylurea receptors,
SURx (266). Although pharmacological and (mRNA) expression data suggest that cardiac
sarcolemmal IKATP channels are likely encoded by Kir6.2 and SUR2A, Kir6.1 is also
expressed in heart (267) and antisense oligodeoxynucleotides against SUR1 reduce
ventricular IKATP channel densities (268). Nevertheless, the essential role of the Kir6.2
subunit in the generation of cardiac I KATP channels was documented with the
demon-stration that IKATP channel activity is absent in ventricular myocytes isolated from
Kir6.2–/– animals (269,270). The role of SUR2 in the generation of cardiac IKATP channels
is suggested by the finding that IKATP channel density is reduced in myocytes from
SUR2–/– animals (271), whereas there are no cardiac effects of deleting SUR1 (272).
Interestingly, the properties of the residual IKATP channels in SUR2–/– myocytes are
similar to those seen on co-expression of Kir6.2 and SUR1 (271), suggesting that SUR1
may also coassemble with Kir 6.2.
As might be expected, action potentials in Kir6.2–/– ventricular myocytes are indistinguishable from those seen in wild-type cells (270). Importantly, however, the action
potential shortening observed in wild-type cells during ischemia or metabolic blockade
is abolished in the Kir6.2–/– cells (270), consistent with the hypothesis that cardiac IKATP
channels play an important physiological role under pathophysiological conditions,
particularly those involving metabolic stress (101,102). It is also interesting to note,
however, that action potential durations are largely unaffected in transgenic animals
expressing mutant IKATP channels with markedly (40-fold) reduced ATP sensitivity (273).
This observation suggests that there likely are additional inhibitory mechanisms that
regulate cardiac IKATP channel activity in vivo (273).

Two Pore Domain K+ Channels
In addition to the many voltage-gated K+ (Table 4) and the inwardly rectifying K+
(Table 6) channel α subunits, a novel type of K+ α subunit with four transmembrane
spanning regions and two pore domains (Fig. 2E) was identified with the cloning of
TWIK-1 (274). Both pore-domains contribute to the formation of the K+ selective pore
and functional TWIK channels assemble as dimers, rather than tetramers as is the case
for other K+ channels (275). Subsequent to the identification of TWIK-1, a rather large
number of four transmembrane and two pore domain K+ channel α subunit genes have
been identified and a number of these have been shown to be expressed in the myocardium (Table 6). Heterologous expression studies reveal that the members of various two
pore domain subunit subfamilies give rise to currents that display distinct current-voltage-
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relations and differential sensitivities to a variety of modulators, including pH and fatty
acids (275).
The facts that there are so many of these subunits, that many of them appear to be
ubiquitously expressed and that the properties of the channels encoded by these subunits
are regulated by relevant physiological stimuli suggest that the two-pore domain K+
channels likely subserve a variety of important physiological functions. To date, however, the physiological roles of these subunits/channels in the myocardium, as well as in
other cell types, remain to be determined. Both TREK-1 and TASK-1, however, are
expressed in the heart and heterologous expression of either of these subunits gives rise
to instantaneous, noninactivating K+ currents that display little or no voltage-dependence
(275). These properties have led to suggestions that these subunits contribute to “background” or “leak” currents (276). To date, however, there has been no direct experimental
evidence to support this hypothesis. Nevertheless, it is interesting to note that the properties of the currents produced on expression of TREK-1 or TASK-1 are similar to those
of the current referred to as IKp identified in guinea pig ventricular myocytes (277,278).

SUMMARY AND CONCLUSIONS
Electrophysiological studies have clearly identified multiple types of voltage-gated
inward and outward currents that contribute to action potential repolarization in mammalian ventricular myocardium (Table 1). Interestingly, the outward currents are more
numerous and more diverse than the inward currents, and mammalian ventricular
myocytes express a repertoire of voltage-gated and inwardly rectifying K+ channels
(Table 1) that all contribute importantly to shaping the waveforms of action potentials,
as well as influencing automaticity and refractoriness. Nevertheless, the voltage-gated
inward Ca2+ channel currents and the Na+ channel “window” current (21,22,279) also
contribute to ventricular repolarization. The pivotal role played by the Na+ channel
“window” current has been elegantly demonstrated in studies characterizing mutations
in SCN5A that underlie Long QT-3. These studies have revealed novel mechanisms
whereby altered Na+ channel function impacts ventricular action potential durations.
Computer-based simulations of cellular electrical activity have also been helpful in linking altered Na+ (and other) channel functioning to possible/likely effects on action
potential waveforms (117,138,139,280). The results of these studies demonstrate that
subtle changes in Na+ channel gating can have profound effects on repolarization because
the plateau phase of the action potential is maintained by the balance of very small
currents, a lesson learned more than 50 yr ago from the elegant experiments of Silvio
Weidmann (281). The insights gleaned from the analysis of inherited Na+ (and other) channel
mutations also underscores the importance of the interplay of all of the ionic currents
contributing to repolarization in determining ventricular action potential waveforms.
Molecular cloning studies have revealed an unexpected diversity of voltage-gated ion
channel pore-forming α subunits (Tables 2, 4, and 6) and accessory subunits (Tables 3
and 5) that contribute to the formation of the various inward and outward current channels
(Table 1) identified electrophysiologically. Similar to the electrophysiological diversity
of ventricular K+ channels (Table 1), the molecular analyses has revealed that multiple
voltage-gated (Kv) (Table 4) and inwardly rectifying (Kir) (Table 6) K+ channel poreforming α subunits, as well as the accessory subunits of these channels (Table 5), are
expressed in the myocardium, and a variety of in vitro and in vivo experimental approaches
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have been exploited to probe the relationship(s) between these subunits and functional
ventricular K+ channels. Important insights into these relationships have been provided
through molecular genetics and the application of techniques that allow functional channel expression to be manipulated in vitro and in vivo, and the results of these efforts have
led to the identification of the pore-forming α subunits contributing to the formation of
most of the K+ channels expressed in mammalian ventricular myocytes (Tables 4–6).
In contrast to the progress made in defining the Kv and the Kir α subunits encoding
the functional voltage-gated and inwardly rectifying K+ currents expressed in mammalian ventricular myocytes, there is presently very little is known about the functional roles
of the two-pore domain K+ channel α subunits (Table 6). In addition, the roles of the
various accessory subunits (Table 5) in the generation of functional cardiac K+ channels
remain to be clarified.
It seems reasonable to suggest that defining the molecular correlates/compositions of
the channels underlying ventricular action potential repolarization will facilitate future
efforts focused on delineating the molecular mechanisms controlling the properties and
the functional expression of these channels. Numerous studies have documented changes
in functional ion channel expression during normal ventricular development, as well as
in damaged or diseased ventricular myocardium. Importantly, it has also been shown that
electrical remodeling occurs in the ventricles in response to changes in cardiac electrical
activity or cardiac output, and most of the effects observed can be attributed to changes
in the expression and/or the properties of the channels underlying ventricular repolarization. Although there are numerous possible (transcriptional, translational, and posttranslational) mechanisms that could be involved in regulating the expression and the
properties of the inward and outward current channels underlying repolarization, little is
presently known about the underlying molecular mechanisms that are important in
mediating the changes in channel expression evident during normal development, as well
as in conjunction with myocardial damage, disease and/or electrical remodeling. Clearly,
a major focus of future research will be on exploring these mechanisms in detail.
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INTRODUCTION
Repolarization of the ventricular action potential is responsible for the inscription of
the T wave and definition of the QT interval in the electrocardiogram (ECG). Repolarization forces play a determining role in the normal function of the myocardium and when
defective are often responsible for the development of life-threatening arrhythmias. Thus,
our understanding of the electrocardiographic representation of the electrical activity of
the heart and appreciation of the mechanisms of arrhythmogenesis requires a fundamental knowledge of the mechanisms of repolarization and the degree to which they differ
among the various cell types present within the ventricle of the heart.
The diversity of repolarization characteristics among the myocardial cells that comprise the ventricles of the heart has been highlighted in recent years (reviews 1–8).
Prominent among the heterogeneities uncovered are electrical and pharmacologic distinctions between endocardium and epicardium of the canine, feline, rabbit, rat, and
human heart (9–18), as well as differences in the electrophysiologic characteristics and
pharmacologic responsiveness of M cells located in the deep structures of the canine,
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Fig. 1. (A) Action potentials recorded from myocytes isolated from the epicardial (Epi), endocardial (Endo) and M regions of the canine LV. (B) I-V relations for IK1 in Epi, Endo and M region
myocytes. Values are mean ± S.D. (C) Transient outward current (Ito) recorded from the three cell
types (current traces recorded during depolarizing steps from a holding potential of –80 mV to test
potentials ranging between –20 and +70 mV). (D) The average peak current-voltage relationship
for Ito for each of the three cell types. Values are mean ± S.D. (E) Voltage-dependent activation
of the slowly activating component of the delayed rectifier K+ current (IKs) (currents were elicited
by the voltage pulse protocol shown in the inset; Na+-, K+- and Ca2+- free solution). (F) Voltage
dependence of IKs (current remaining after exposure to E-4031) and IKr (E-4031-sensitive current).
Values are mean ± S.E. * p<0.05 compared with Epi or Endo. From references (15,24,47) with
permission. (G) Reverse-mode sodium-calcium exchange currents recorded in potassium- and
chloride-free solutions at a voltage of –80 mV. INa-Ca was maximally activated by switching to Fig.
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rabbit, guinea pig, and human ventricles (2,15,19–33). Our principal aim in this chapter
is to review the extent to which repolarization characteristics differ in ventricular myocardium, to evaluate the ionic and molecular basis for this heterogeneity and to examine
the pharmacological implications.

TRANSMURAL AND INTERVENTRICULAR DIFFERENCES IN THE
CHARACTERISTICS OF ACTION POTENTIAL REPOLARIZATION
IN VENTRICULAR MYOCARDIUM
The ventricles of the heart are comprised of two principal cell types: Specialized
conducting cells forming the His-Purkinje system and ventricular working muscle cells
making up the ventricular myocardium. The ventricular myocardium, once believed to
be largely homogeneous with respect to electrical properties, is today recognized as being
comprised of at least three electrophysiologically and functionally distinct cell types:
Epicardial, M, and endocardial. These three ventricular myocardial cell types differ
principally with respect to phase 1 and phase 3 repolarization characteristics (Fig. 1A).
Ventricular epicardial and M, but not endocardial, cells typically display a conspicuous
phase 1, due to a prominent 4-aminopyridine (4-AP) sensitive transient outward current
(Ito), giving the action potential a spike and dome or notched configuration. These
regional differences in Ito, first suggested on the basis of action potential data (10), have
now been demonstrated using whole cell patch clamp techniques in canine (15), feline
(34), rabbit (12), rat (35), and human (36,37) ventricular myocytes. No information
is available about differences in Ito2, a calcium-activated component of the transient
outward current, among the three ventricular myocardial cell types (38). Ito2, initially
ascribed to a K+ current, is now thought to be primarily due to the calcium-activated
chloride current (ICl(Ca)) (38). Myocytes isolated from the epicardial region of the left
ventricular wall of the rabbit show a higher density of cAMP-activated chloride current
(24.9 +/– 12.1 uS/uF) when compared to endocardial myocytes (12.3 +/– 8.5 uS/uF) (39).
Major differences in the magnitude of the action potential notch and corresponding
differences in Ito have also been described between right and left ventricular epicardial
(40) and M cells (41).
The transmural and interventricular differences in the manifestation of Ito have a
number of interesting consequences (1,3,18,40,42–45) (Table 1).
M cells are distinguished by the ability of their action potentials to prolong more than
those of epicardial or endocardial in response to a slowing of rate and/or agents that
prolong action potential duration (APD)-(Fig. 2) (1,19,29). The ionic basis for these
features of the M cell include the presence of a smaller slowly activating delayed rectifier
current (IKs) (24), a larger late sodium (late INa) (46) and electrogenic sodium-calcium
exchange current (INa-Ca) currents (47) (Fig. 1). Some M cells are largely devoid of

(Fig. 1. Continued) sodium-free external solution at the time indicated by the arrow. (H)
Midmyocardial sodium-calcium exchanger density is 30% greater than endo density, calculated as
the peak outward INa-Ca normalized by cell capacitance. Endocardial and epi densities were not
significantly different. (I) TTX-sensitive late sodium current. Cells were held at –80 mV and
briefly pulsed to –45 mV to inactivate fast sodium current before stepping to –10 mV. (J) Normalized late sodium current measured 300 ms into the test pulse was plotted as a function of test pulse
potential. Modified from (47) with permission.
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Table 1
Consequences of a Prominent Ito-mediated Action Potential Notch
in Epicardium but not Endocardium




J wave (Osborne wave) (1,18,18)
Differential sensitivity to ischemia and components of ischemia (1,14,17,195)
Differential sensitivity to drugs (1,11,13,14,18,167,170,195)
• Neurohormones (Acetylcholine and Isoproterenol)
• Transient Outward Current Blockers
• Calcium Channel Blockers
• Sodium Channel Blockers
• Potassium Channel Openers

Fig. 2. Transmembrane activity recorded from PF and tissues isolated from the Epi, M and Endo
regions of the canine LV at basic cycle lengths (BCL) of 300 to 5000 ms (steady-state conditions).

IKs. The rapidly activating delayed rectifier (IKr) and inward rectifier (IK1) currents are
similar in the three transmural cell types. It is noteworthy that transmural and apico-basal
differences in the density of IKr channels have been described in the ferret heart; IKr and
channel protein were shown to be much larger in the epicardium (48).
Histologically, M cells are similar to epicardial and endocardial cells. Electrophysiologically and pharmacologically, they appear to be a hybrid between Purkinje and
ventricular cells (Table 2). The position of M cells within the ventricular wall has been
investigated in greatest detail in the left ventricle (LV) of the canine heart. Although
transitional cells are found throughout the wall in the canine LV, M cells displaying the
longest action potentials (at BCLs > 2000 ms) are often localized in the deep
subendocardium to midmyocardium in the anterior wall (49), deep subepicardium to
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Table 2
Electrophysiologic Distinctions among Epicardial, Endocardial, M Cells,
and Purkinje Fibers Isolated from the Canine Heart
Epicardial

Endocardial

Yes
Yes

Yes
Yes

No
No

No
No

Yes

Yes

No

No

Yes

Yes

No

No

No

Yes

Yes

Yes

High
Yes
Yes
No

Intermediate
No
No
Yes

No
No
Yes

Yes
Yes
No

←

Long APD, steep APD-rate
Develop EADs in response to
agents with class III actions
Develop DADs in response to
2+
digitalis, high Ca , catecholamines
Display marked increase in APD
in response to IKr blockers
Display marked increase in APD
in response to IKs blockers
α1 Agonist-induced change
in APD
Vmax
Phase 4 depolarization
Depolarize in [K+] < 2.5 mM
o
Acceleration-induced EADs and
APD, prolongation in presence of
IKr block
EADs sensitive to [Ca2+]
I
Develop DADs with Bay K 8644
Found in bundles

M

←

Purkinje

↔

↔

Low in surface tissues
No
No
No
No
No
No

–
No
No

–
No
No

APD = action potential duration; EAD = early afterdepolarization; DAD = delayed afterdepolarization

midmyocardium in the lateral wall (19) and throughout the wall in the region of the right
ventricular (RV) outflow tracts (6). M cells are also present in the deep layers of endocardial structures, including papillary muscles, trabeculae and the interventricular septum
(22). Unlike Purkinje fibers, they are not found in discrete bundles (21,22). The first
description of cells with an unusually long APD and rapid Vmax was made in a papillary
muscle preparation (50).
Figure 3 graphically illustrates the transmural distribution of APD90 and tissue resistivity in the canine LV. M cells with the longest action potentials are found in the deep
subendocardium and transitions in action potential duration are relatively gradual across
the ventricular wall, except in the deep subepicardial region (49). A sharp increase in
tissue resistivity measured in the deep subepicardium leads to reduced electrotonic interaction, thus permitting cells in this region to exhibit more of their intrinsic properties. The
extent to which electrical heterogeneity is manifest across the intact ventricular wall
depends on:
1. The magnitude of differences in intrinsic action potential characteristics of cells spanning the wall.
2. The extent to which the cells are electrically coupled in the syncytium (51). When coupling resistance is low, intrinsic differences in APD are highly damped, but are usually
perceptible over the full width of the left ventricular wall. As coupling resistance
increases, so does the ability to manifest differences of APD and other action potential
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Fig. 3. Transmural distribution of action potential duration and tissue resistivity in the intact
ventricular wall. (A) Schematic diagram of the arterially perfused canine LV wedge preparation.
The wedge is perfused with Tyrode’s solution via a small native branch of the left descending
coronary artery and stimulated from the endocardial surface. Transmembrane action potentials are
recorded simultaneously from epicardial (Epi), M region (M) and endocardial (Endo) sites using
three floating microelectrodes. A transmural ECG is recorded along the same transmural axis
across the bath, registering the entire field of the wedge. (B) Histology of a transmural slice of the
LV wall near the epicardial border. The region of sharp transition of cell orientation coincides with
the region of high tissue resistivity depicted in panel D and the region of sharp transition of action
potential duration illustrated in panel C. (C) Distribution of conduction time (CT), APD90 and
repolarization time (RT = APD90 + CT) in a canine LV wall wedge preparation paced at BCL of
2000 ms. A sharp transition of APD90 is present between epicardium and subepicardium. Epi:
epicardium; M: M Cell; Endo: endocardium. RT: repolarization time; CT: conduction time. (D)
Distribution of total tissue resistivity (Rt) across the canine left ventricular wall. Transmural
distances at 0% and 100% represent epicardium and endocardium, respectively. * p<0.01 compared with Rt at mid-wall. Tissue resistivity increases most dramatically between deep
subepicardium and epicardium. Error bars represent SEM (n=5). From (49) with permission.

parameters across the wall. In the canine ventricle, transmural heterogeneity is because
of differences in intrinsic action potential characteristics as well as differences in tissue
resistivity among the various transmural layers (49). A sharp increase in tissue resistivity
between the M region and epicardium is responsible for the sharp increase in APD in this
region of the wall. This resistive barrier may be still more important in the lateral free wall
of the LV where M cells with the longest APD are often found in the deep subepicardial
to midmyocardial layers (19). Despite the relatively large increase in tissue resistivity in
the deep subepicardium, conduction in this region slows only slightly, consistent with
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cable theory predictions. Although the basis for the abrupt rise in tissue resistivity is not
fully understood, a sudden shift in the orientation of the myocardial cells in this part of
the wall is thought to contribute importantly (Fig. 3B) (49). An abrupt shift in cell
orientation in the deep subepicardium has been documented throughout the canine heart.
A sharp transition in the orientation of cells is also observed in the deep subepicardium
of the human LV, where prolonged M cell action potentials are first encountered (23).

The shift in the location of the M cells from the deep subepicardium to the deep
subendocardium appears to follow the transmural shift in the muscular layers that
envelop the heart, as described by Streeter (52,53) and more recently by Lukenheimer and
coworkers (54).
Cells with the characteristics of M cells have been described in the canine, guinea pig,
rabbit, pig, and human ventricles (2,15,19–24,26–33,49,55–61). Several studies have
failed to discern M cells in the ventricles of the human, pig, guinea pig, and rat (30,
62–64). Other studies although clearly demonstrating the presence of M cells in the
ventricles of the canine heart in vitro, failed to delineate the unique cell type in vivo
(7,29). Methodological considerations thought to be responsible for these differences
have been discussed at great length (6,8,65,66). Chief among these is the anesthetic
employed. Most anesthetics are thought to importantly reduce transmural dispersion of
repolarization owing to their action to block late INa. Block of this current preferentially
abbreviates the action potential of the M cell and dramatically flattens its APD-rate
relationship (57). Agents such as pentobarbital are particularly effective in reducing
transmural heterogeneities because of the anesthetic’s potent effect to block the late
sodium current (late INa) as well as the slowly activating delayed rectifier current
(IKs)(unpublished observations). The effect of this dual ion channel inhibition is to prolong the epicardial and endocardial action potential, but abbreviate that of the M cell in
the canine heart. A relatively small transmural dispersion of repolarization is generally
reported in in vivo studies using pentobarbital or α chloralose for anesthesia (7,26,29) vs
studies that have used other agents including isoflurane (32,67,68) or halothane (26). A
recent study by Yamamoto et al. (69), demonstrates the effect of both pentobarbital and
isoflurane to suppress quinidine and astemizole-induced torsade de pointes (TdP), suggesting that both reduce transmural heterogeneities. It is noteworthy that Takei and
coworkers (70) were able to distinguish M cell activity in the midmyocardium of the in
vivo dog heart despite the use of pentobarbital anesthesia.

CHARACTERISTICS OF REPOLARIZATION
IN HIS-PURKINJE SYSTEM
Purkinje fibers isolated from dog, cow, sheep, and rabbit exhibit a rapid phase 1
repolarization caused by a transient outward current consisting of a large 4AP-sensitive
voltage-dependent potassium current Ito and a smaller ryanodine-sensitive calciumdependent chloride current ICl(Ca) (71–75). Inhibition of Ito and ICl(Ca) slows phase 1
repolarization and elevates the plateau, confirming the important role of these two outward currents during the earliest phases of the action potential. Low concentrations of
4-AP, which selectively inhibit Ito, abbreviate APD, whereas higher concentrations, which
also inhibit IK1, prolong APD (71,76).
IKs is undetectable (77) or very small (78) in voltage clamped Purkinje cells, and action
potentials in these cells show virtually no response to inhibition of IKs using chromanol
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293B under basal conditions (78,79). Interestingly, β-adrenergic agonists increase IKs
during the action potential by augmenting maximal conductance, accelerating activation,
and causing a negative shift of the activation-voltage toward plateau potentials (78). This
coupled with a more positive action potential plateau, secondary to an increase in ICa,
makes possible the activation of IKs during the Purkinje action potential. IKs in Purkinje
cells may function to prevent disproportionate APD prolongation in the face of β-adrenergic stimulation of ICa.
IKr and IK1 are the most important repolarizing currents during phase 3 in Purkinje
cells. IKr inhibitors almokalant and sotalol significantly prolong Purkinje APD (80,81),
and this prolongation is more pronounced at long cycle lengths (82). IKr is a small current
throughout the plateau, but its amplitude increases during phase 3 repolarization. IKr
density in Purkinje cells is similar to that found in ventricular myocytes (83). Because of
strong inward rectification, IK1 is undetectable during the plateau, but dramatically
increases during final repolarization. IK1 density in canine Purkinje cells is four times the
density of IKr (83). In rabbits, the density of Purkinje IK1 is half that of ventricular
myocytes (77). Concentrations of 4-AP shown to inhibit IK1 also slow final repolarization
and prolong Purkinje APD (76).
A late component of the sodium current (Late INa) contributes significantly to the
plateau phase of the action potential in both Purkinje and M cells. Late INa is comprised
of:
1. A window current representing the overlap of steady-state activation and inactivation
relations (84),
2. Slowly inactivating sodium channels (85),
3. Late re-openings of the sodium channel, and
4. A mode shift that results in bursting behavior of the channel (86–88).

Late INa maintains the action potential plateau and opposes potassium currents during
final repolarization. A majority of studies find that a single population of sodium channels underlies both the fast sodium conductance and Late INa (89,90). Patlak and Ortiz
(86) concluded that a single population of sodium channels can function in different
modes, each with a different inactivation rate. Low concentrations of sodium channel
blockers, which do not significantly affect phase zero upstroke velocity, dramatically
reduce both Purkinje and M cell APD, suggesting that the density of late sodium current
is similar in the two cell types (91–94).

DEVELOPMENTAL ASPECTS
Ventricular myocardium of the canine neonate is largely homogeneous with respect
to electrical properties. Action potential characteristics of midmyocardial cells are no
different from those of epicardial or endocardial cells. The spike and dome morphology
of the epicardial action potential is generally absent in neonates and appears over the first
few months of life, reaching a plateau or quasi-steady-state between 10- and 20-wk-ofage in the dog (1,95,96) (Fig. 4). The progressive development of the notch parallels the
appearance of Ito. Age-related changes in the manifestation of the spike and dome have
also been described in human atrial (97) and canine Purkinje (98) tissues and rat ventricular (99) cells. Preliminary studies indicate that distinct M cell behavior is not observed
until 2 to 3 mo-of-age in the dog (100) and possibly also in the pig (6,30,100). RodriguezSinova and coworkers have shown the absence of a distinct M cell in the LV of the young
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Fig. 4. Age-related spike and dome morphology and changes in Ito in canine ventricular epicardium. Each panel depicts transmembrane activity recorded from RV epicardial tissues (upper
trace) and transient outward current (lower trace) recorded from LV epicardial cells isolated from
a neonate (5 days of age; (A), a young dog (3 months old; (B), and an adult dog (C). BCL = 2000
ms; [K+]o = 4 mM. The spike and dome configuration of the epicardial action potential and Ito
density are absent in the neonate, relatively small in the young dog, and most prominent in the
adult.

pig (1 to 2 mo-of-age) (30). More recent studies have described the presence of M cells
in the heart of the 4–6-mo-old pig (6,55).
Thus in the neonate, there are no M cells, epicardial cells or endocardial cells. The
changes in ionic current density responsible for the transformation of neonatal cells into
distinct adult cell types occurs over the first few weeks and months of life in the dog.
Studies are underway to assess whether these developmental changes in ion channel
current play a role in sudden infant death syndrome (SIDS) in infants with the congenital
long QT or Brugada syndromes. Recent clinical data provide support for this hypothesis
(101,102).

MOLECULAR BASIS FOR TRANSMURAL AND INTERVENTRICULAR
DIFFERENCES IN REPOLARIZATION
Major breakthroughs in genetics, molecular biology, and immunology over the past
two decades have elevated our knowledge from the descriptive Mendelian laws of heredity and the Watson and Crick model of the DNA to practical applications involving
identification and engineering of genes. Knowledge of the human brain advanced first in
studies of the genome of Drosophila Melanogaster. It soon became evident that many of
the genes found in the human brain are also expressed in the heart. The identification and
heterologous expression of cardiac genes linked to ion channels, pumps, exchangers, and
gap junction proteins involved in the activation and propagation of the cardiac action
potential soon led to a better understanding of rhythm disturbances long considered
idiopathic in nature. In this section we review key findings dealing with heterogeneous
distribution of messenger RNA and/or gene products and assess the extent to which these
may be responsible for the electrophysiological heterogeneities discussed throughout the
remainder of the chapter. Our principal focus will be on the distribution of messenger
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ribonucleic acid (mRNA) and gene products in different regions of ventricular myocardium of the normal heart.

Potassium Channels
Potassium channels are the most numerous and diverse family of ion channels
expressed in the heart. Their propensity to pair with members of the same and/or different
phylogenic branch makes their genetic linkage to cardiac current a daunting task.
OVERVIEW OF SHAKER TYPE CHANNELS
The first voltage-gated potassium channel subunit was cloned from the Shaker locus
in Drosophila (103) and it was soon discovered that Shaker K+ channels are oligomeric
proteins comprised of four units (104). This family consists of four subfamily members
of voltage-gated K+ channel genes originally named Shaker, Shab, Shaw, Shal (105),
now referred to as Kv1.x, Kv2.x, Kv3.x, and Kv4.x respectively, based on the nomenclature proposed by Chandy (106). We will use this terminology in the remainder of the
chapter. Within the Shaker family, 11 genes have been identified at the transcriptional
level in the heart: Kv1.1, Kv1.2, Kv1.3, Kv1.4, Kv1.5, Kv1.6, Kv2.1, Kv2.2, Kv3.4,
Kv4.2, Kv4.3. Northern blot analysis of rat heart tissues initially revealed the presence
of Kv1.1, Kv1.2, Kv1.4, Kv1.5, Kv4.2, and Kv2.1 mRNA (107). Dixon and McKinnon
(108) subsequently reported the presence of only the Kv1.2, Kv1.4, Kv1.5, and Kv4.2
transcripts in the ventricles using a ribonuclease (RNase) protection assay (RPA). Kv1.2
and Kv4.2 proteins are strongly expressed in rat atrium and ventricles, with Kv4.2 being
more abundant in ventricular cells (109). The Kv1.4 proteins are poorly expressed in rat
hearts (109).
Kv2.1 is twice as abundant as Kv2.2 and both show a uniform distribution in all
regions of the heart. Kv3.4 is threefold more abundant in ventricles than in atria and all
members of the Kv4 family are expressed, with Kv4.2 being the most abundant. The link
of some members of the Kv1 and Kv2 family to ionic current in the heart remains unclear.
In the remainder of this section, we will limit our discussion to genes definitively linked
to known ion channels in the heart.
THE ELUSIVE ROLE OF KV1.5 IN THE VENTRICLES (IKUR)
Kv1.5 has been linked to IKur, the ultra rapid delayed rectifier current (110,111) found
in dog atria. A similar current has yet to be found in the ventricles of the dog. Brahmajothi
et al. (112) described an even distribution of the Kv1.5 mRNA in ferret atria and ventricles. Kv1.5 mRNA is also found in rat ventricles (108), where the protein product is
reportedly weakly expressed (109,113). In dog, Kv1.5 proteins are localized at the level
of the intercalated disk junctions (114,115). Interestingly, the protein diffuses from the
intercalated disk to the sarcolemma of ventricular myocytes during ischemia or in the
cells lining the border of an infarct (114,115). The migration of the channels is accompanied by a parallel downregulation of mRNA and proteins, suggesting transcriptional
regulation of expression (116).
THE TRANSIENT OUTWARD CURRENT (ITO)
The distribution of Ito across the ventricular wall is perhaps the most striking example
of electrical heterogeneity in the heart. Based on inactivation kinetics and sensitivity to
4-AP of members of the Kv1 and Kv4 families, several attempts have been made to
correlate the anatomical location of these genes with the distribution of Ito. Dixon and
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McKinnon (108) first showed that the distribution of Kv4.2 parallels the gradient for Ito
in the rat LV with eight times more mRNA in epicardium than endocardium. The same
group later reported that Kv4.3 is uniformly distributed between the epicardium and
endocardium of the LV in rat and electrophysiological studies on Kv4.3 strengthened the
link to Ito (117). Dixon et al. detected the message for Kv4.3 in canine and human LV,
but not for Kv4.2 (118). The distribution of Kv4.2 and Kv4.3 in rat preparations suggest
that a complex formed by Kv4.2 and Kv4.3 may be responsible for Ito. Barry et al. (109)
further confirmed the expression of Kv4.2 proteins in the sarcolemma of rat ventricular
myocytes. In dog and human however, their results suggested that KV4.3 co-assembles
with another member of the Shaker or other family to form Ito.
In a study conducted in the ferret heart, Brahmajothi et al. (119) combined electrophysiological and co-localization techniques to show that Kv4.2 and Kv4.3 are more
abundant in the epicardium than in the endocardium, whereas Kv1.4 is observed mostly
in endocardium and absent in epicardium. On the apico-basal axis, they found that the
Kv4.3 transcript was more abundant at the base of the heart in the RV and LV epicardium.
In the same study they report that Kv1.4 is more abundant in the apical LV and septum,
whereas Kv4.2 is more abundant in the epicardial region of the LV. Kv4.2 is more diffuse
throughout in the RV free wall and septum. The same group also reported the presence
of Kv3.x subfamily members in the ferret ventricles (120). The results support the
hypothesis that an heteromultimer composed of Kv4.3 and Kv4.2 forms part of Ito in the
ferret epicardium and that Kv1.4 may contribute to formation of Ito in the endocardium.
Interestingly, strong signal for Kv1.4 and Kv3.4 were also observed in canine hearts
(118) but their contribution to Ito considered unlikely on the basis of the lack of sensitivity
of the current inactivation to oxidizing agents (118) and to the channel blocker TEA.
Immunoprecipitation studies may help to resolve this issue. One must also be mindful of
the fact that co-assembly of different subunits can result in large fluctuations in drug
sensitivity, as seen with KCNQ1 and KCNE1 (121).
In a recent elegant study, Rosati et al. (122) showed that the transcript of the potassium
channel subunit KChIP2 was 25 times more abundant in the epicardium than in endocardium of dog and human heart ventricles. This steep gradient in the mRNA distribution
of KChIP2 paralleled the transmural distribution of Ito in the LV, leading the authors to
conclude that transcriptional regulation of this beta subunit, rather than Kv4.3, was
responsible for the expression of the transient outward current. Kuo et al. (123) have
shown that KChIP2 also plays a determining role in the expression of Ito in the mouse
heart. Mice deficient in KChIP2 lack Ito and as a consequence display prolonged repolarization and ventricular tachycardia. KChIP2 appears to modulate Ito levels both by
controlling the expression of the channel so as to affect channel density and regulating
the function of the channel once expressed (123–127).
THE SLOWLY ACTIVATING DELAYED RECTIFIER CURRENT (IKS )
IKs is formed by co-assembly of the KCNE1 and KCNQ1 gene products (128,129). In
acutely dissociated cells from the ferret ventricles, KCNQ1 and KCNE1 mRNA are 34%
and 70% more abundant, respectively, in RV vs LV. Our group recently reported a similar
interventricular distribution for KCNQ1 mRNA in the canine RV but a 50% more abundant KCNE1 transcript in the LV; protein expression paralleled the transcript distribution
(130) suggesting important regulation at the transcriptional level. Transmurally, KCNQ1
mRNA was found to be less abundant in the midmyocardium than in epicardium and
endocardium of the canine LV (131), consistent with the transmural distribution of IKs.
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The 70 and 50 kD bands seen in canine ventricular cells likely represent the
glycosylated protein expressed at the sarcolemmal surface and the unglycosylated protein trapped in the Golgi or ER, respectively. This suggests that the expression of KCNQ1
is regulated at the transcriptional and possibly posttranscriptional levels. Another likely
possibility is that the polyclonal antibody also recognizes an alternative splice variant of
KCNQ1 of smaller size. Such a splice variant has been identified in human (132) and
shown to result in an N-terminal truncated isoform which has a dominant negative effect
on the expression of normal KCNQ1 channels. Both interpretations of the results predict
smaller amplitude of IKs in the LV, consistent with the electrophysiological data (41).
Thus far, our group has been unable to detect the presence of mRNA or cDNA corresponding to truncated form of KCNQ1 in canine heart tissues using reverse transcriptasepolymerase chain reaction (RT-PCR) and 5’ RACE, respectively.
Unlike KCNQ1, the distribution of KCNE1 follows an uphill gradient from epicardium to endocardium. These results, suggest that KCNQ1 is the primary determinant of
the transmural distribution of IKs in the canine LV and that KCNE1 act as a modulator of
its kinetics and possibly its pharmacology. Because KCNE1 also increases the number
of functional channels encoded by the human ether-a-gogo-related gene (HERG), its
distribution in the canine ventricle may influence the distribution of HERG channels as
well.
THE RAPIDLY ACTIVATING DELAYED RECTIFIER CURRENT (IKR )
The ERG transcript encoding for the α-subunit of IKr channels (133–135) is 20% more
abundant in the RV vs LV in the ferret heart. ERG protein is found throughout the
myocardium but is more abundant in the epicardium, except near the base of the heart
where it is evenly distributed across the ventricular wall (48). Concordance between
protein and mRNA distribution indicate transcriptional regulation of the expression of
IKr. Recent data indicate that KCNE1 is a member of a multigene family including
KCNE2 (Mirp1) (136). Both genes are known to modulate the function and the gating
(48) of HERG. It remains to be determined if the distribution of these ancillary subunits
share a similar pattern of expression with HERG and to what extent they may modulate
the properties of IKr.

Sodium Channels
The SCN5A (hH1) gene encodes for the α-subunit of the sodium channel, which
conducts the tetrodotorin TTX-sensitive (137,138) fast sodium current responsible for
the upstroke of the cardiac action potential. The protein is homogeneously distributed on
the surface of rat atria and ventricular free wall; no transmural differences have been
reported in the rat (139). Although the transmural distribution of INa is not known in the
rat heart, in the canine heart INa is considerably greater in the midmyocardium vs epicardium or endocardium (21,46). Data relative to transmural distribution of channel protein
in the dog ventricle are not available. At the cellular level, sodium channel protein is
generally more strongly expressed at the level of the T tubules, along the Z bands, with
a major concentration at the intercalated disks. This distribution of the cardiac sodium
channel within the cell appears to be designed to facilitate conduction via an amplification process akin to neuronal saltatory conduction (139). Recent studies suggest that in
addition to Nav1.5 (SCN5A), the heart also contains the brain sodium channel Nav1.1
(140). The extent to which differential expression of these distinct sodium channel species may regulate the transmural expression of early and late INa is not known.
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Gap Junctions
Intercellular communication and impulse conduction depend on the presence of gap
junctions, which are comprised of proteins known as connexins (Cx). Each Cx family
displays a unique pharmacological and electrophysiological profile as well as anatomical
distribution, conferring specific properties to the conductive and muscle tissues of the
heart. In rabbits, Cx43 and Cx45 are abundant in atrium and ventricles. Cx40 is also
present in the atrium (141,142) and Cx37 and Cx40 are preferentially localized in rabbit
ventricular endocardial cells (141).
In dog, Cx40 is threefold more abundant in Purkinje fibers (PF) vs ventricular myocardium with mRNA levels proportional to protein expression (143). Similar levels of
Cx43 and Cx44 are found in the ventricles and PF (143) although Cx43 appears to be
absent from the AV bundle and possibly the bundle branch. Cx40 has a greater conductance than Cx43. The greater contribution of Cx40 in PF may account for the more rapid
impulse propagation of PF.

Chloride Conductances
An increasing endocardial to epicardial gradient of mRNA for an alternatively spliced
variant of CFTR has been demonstrated in rabbit and guinea pig ventricles (144,145).
This cAMP-activated chloride conductance is activated during adrenergic stimulation
(39) and is thought to contribute to the abbreviation of the ventricular action potential.
The transmural distribution of cAMP-activated ICl density in the rabbit is similar to the
distribution of the alternative splice variant. Myocytes isolated from the epicardial region
of the rabbit LV wall show a cAMP-activated chloride current density twice that of
endocardial myocytes (39).

Calcium Channels
Two types of calcium channels are found in the heart. A slowly inactivating, high
threshold, and “long lasting” current generated by L-type channels and a more rapid,
lower threshold current transient “T” type current. Six genes encode for the α1 subunit,
the principal subunit of the Ca+ channel (146,147). The L-type channel is believed to be
encoded by the α1C, α1D, and α1S genes owing to the sensitivity of their protein products to dihydropyridines (DHPs) (148,149). In contrast, the α1A, α1B, and α1E encode
for non-DHP sensitive channels (150,151). The α1C gene together with an α2, β, and δ
genes encode for the cardiac L-type channel (148). In isolated adult rabbit cardiac
myocytes both, the beta2 and the full-length α1C proteins co-localize along T-tubule
membranes (152). In guinea pig, the sarcolemmal L-type calcium channels have been
shown to be organized in clusters in the transverse tubules (153). In adult rabbit ventricular cells the L-type calcium channel, the Ryanodine receptor (RyR) and the SR triadin
overlap along the T-tubules. In atrial cells, the L-type channels are also found in clusters
overlapping with RyR and triadin (154). In rat, the α1D mRNA is found in lung, aorta
and atria, but not in the ventricles of the heart (155).
The calcium channels are generally found to localize adjacent to junctional sarcoplasmic reticulum, permitting a close coupling of calcium influx to triggers of release of
calcium from the intracellular stores. No studies to our knowledge have specifically
probed for transmural, apico-basal or interventricular differences in the distribution of
the calcium subunits.
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Exchangers
NA/CA EXCHANGER
Three primary isoforms, NCX1, NCX2, and NCX3, of the sodium-calcium exchanger
have been cloned (156–158). NCX1 protein predominates in the rat heart, with little
expression of NCX2 and NCX3. Despite several studies showing upregulation of sodiumcalcium exchanger expression in response to cardio pathologies that attend or result from
increases in intracellular calcium, it is surprising that little is known about the anatomical
localization of the three subunits in the normal heart. In all cell types studied, NCXs
appear more abundant in the T-tubules (159–164). During development, NCX proteins
are homogenously and maximally expressed during embryogenesis and decline to adult
levels after birth (165). Regulation is transcriptional and modulated by hormonal levels.
In human heart, Prestle et al. (162) found no transmural differences in the mRNA level
of NCX1 across the LV wall. As previously discussed, in the canine heart, reverse mode
INa-Ca is nearly 30% larger in midmyocardial cells than in epicardial or endocardial cells
(Fig. 1) (47). No data are as yet available relative to the transmural distribution of NCX
protein or message in the canine ventricles.

TRANSMURAL AND INTERVENTRICULAR
PHARMACOLOGICAL DISTINCTIONS
Epicardium vs Endocardium
One of the consequences of a prominent Ito-mediated spike and dome morphology in
epicardium but not endocardium is that the two tissues show different, in some cases
opposite, responses to a wide variety of pharmacological agents and neurohormones
(Table 1).
Epicardium and endocardium respond differently to agents that block Ito. In relatively
low concentrations (0.5–1.0 mM) 4-AP is a fairly selective blocker of Ito; higher concentrations also block IK and IK1 (76,166). Low concentrations of 4-AP are effective in
restoring electrical homogeneity and in abolishing arrhythmias induced by ischemia or
drugs and neurohormones that cause dispersion of repolarization and phase 2 reentry (i.e.,
sodium channel blockers and ACh) (1,14,16,17,167). Inhibition of Ito by quinidine may
contribute to the antiarrhythmic actions of the drug (168,169).
Epicardium and endocardium also show a differential response to both parasympathetic and sympathetic agonists. In the absence of catecholamines (accentuated antagonism), Acetylcholine (ACh, 10–5 M) exerts essentially no effect on the action potential
of canine ventricular endocardium. In contrast, ACh either prolongs or markedly abbreviates the epicardial action potential under these same conditions (170), providing support for claims of a direct effect of ACh in the feline and human heart in vivo (171,172).
Low concentrations (10–7–10–6 M) cause a slowing of the second upstroke giving rise to
a delay in the achievement of peak plateau. The attending accentuation of the notch of the
epicardial action potential results in a prolongation of action potential duration. Interestingly, higher concentrations cause all-or-none repolarization and marked abbreviation of
the action potential. These effects of ACh on epicardium are readily reversed with atropine, fail to appear when epicardium is pretreated with the transient outward current
blocker 4-AP, are accentuated in the presence of isoproterenol (10–7 to 5×10–6 M; accentuated antagonism), persist in the presence of propranolol and are likely due to inhibition
of ICa and/or activation of IK-ACh (170). ACh does not influence Ito (173).
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Isoproterenol also produces different effects on epicardium and endocardium. Catecholamines diminish the epicardial action potential notch secondary to their effects to
augment ICa. As a consequence, the epicardial action potential abbreviates more than that
of endocardium. β adrenergic agonists influence all of the major currents that contribute
to phase 1 and phase 3 repolarization, including Ito, ICa, IK, and calcium- and cAMPactivated ICl (38,39,174–179).
Calcium channel blockers also exert dissimilar effects on endocardium and epicardium. Organic Ca2+ channel blockers such as verapamil (180) and nifedipine (181) and
inorganic inhibitors such as MnCl2 (182) are capable of causing loss of the action potential dome in canine ventricular epicardium but not endocardium. Exposure to Ca2+-free
Tyrode’s solution yields similar results (182). In endocardium, calcium channel blockers
cause only a slight abbreviation of the action potential (9,183).
Sodium channel blockers exert different, and in some cases opposite, effects on canine
ventricular epicardium and endocardium (11,13). Concentrations of tetrodotoxin, propranolol, and flecainide sufficient to reduce the rate of rise of the action potential (Vmax)
by approx 40–50% abbreviate the action potential in endocardium but prolong it in
epicardium. More intense inhibition of INa leads to a marked abbreviation of the epicardial response secondary to loss of the action potential dome, although producing only a
slight abbreviation of the action potential in endocardium. The paradoxical prolongation
of the epicardial action potential is due largely to an accentuation and widening of the
action potential notch. With greater inhibition of INa, termination of phase 1 shifts to more
negative potentials at which the availability of ICa is diminished to a level at which the
outward currents overwhelm the inward currents active at the end of phase 1. This results
is an all-or-none repolarization at the end of phase 1, causing loss of the action potential
dome and marked abbreviation of the action potential. These actions of ACh and sodium
channel blockers, particularly on RV epicardium, facilitate the development of phase 2
reentry, which is thought to serve as the trigger for sudden death in patients with the
Brugada syndrome.
Chronic exposure to amiodarone produces very different electrophysiologic effects in
canine ventricular epicardium and endocardium (3,184). Endocardial tissues excised
from the ventricles of dogs receiving chronic amiodarone (20–25 mg\kg\day over a
5–6 wk period) show strong rate dependence of Vmax (30±5.2% decrease with acceleration from a BCL of 2000 to 300 ms) and an action potential duration 16% longer than
control. Unlike endocardium, epicardial tissues isolated from amiodarone treated dogs
are markedly depressed (inexcitable) immediately after isolation and recover over a
period of several hours. As discussed in the next subheading, chronic amiodarone treatment also leads to a reduction in transmural dispersion, because of its differential effects
on M cells vs epicardial/endocardial cells.

M Cells vs Epicardium and Endocardium
One of the hallmarks of the M cell is the ability of its action potential to prolong more
in response to agents with Class III actions or APD prolonging effects (Table 2). IKr
blockers, including d-sotalol, dofetilide, almokalant, E-4031, and erythromycin, produce
a much greater prolongation of APD in M cells than in epicardium or endocardium (Fig.
5, Table 3). In contrast, surface epicardial and endocardial tissues isolated from the
canine LV show little response. A similar preferential prolongation of the M cell APD is
seen with agents that increase calcium current, ICa, such as Bay K 8644 as well as with
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Fig. 5. Effect of the E-4031, a specific IKr blocker, on transmembrane activity recorded from
epicardial (Epi), endocardial (Endo) and deep subepicardial (M cell) sites in a transmural strip of
canine LV. (A) Each panel shows superimposed action potentials recorded at basic cycle lengths
(BCL) of 500 to 5000 ms, before and after E-4031 (2 µM).

Table 3
Early Afterdepolarization (EAD)-induced Triggered Activity
and/or Prominent Action Potential Prolongation

Quinidine (3.3 µM)
4-Aminopyridine (2.5–5 mM)
Amiloride (1–10 µM)
Clofilium (1 µM)
Bay K 8644 (1 µM)
Cesium (5–10 mM)
Sotalol (100 µM)
Erythromycin (10–100 µg/mL)
E-4031 (1–5 µM)
Chronic Amiodarone
ATX–II (10–20 nM)
Azimilide (5–20 µM)
Chromanol 293B (10–100 µM)

Epicardium

Endocardium

M cells

–
–
–
–
–
–
–
–
–
+
+
+
+++

–
–
–
–
–
–
–
–
–
–
++
++
+++

+++
+++
++
+++
++
++
+++
++++
+++
++
++++
+++
+++

+/– Little to no response; +++++ largest response.

agents that increase late INa such as ATX-II and anthopleurin-A. An exception to this rule
applies to agents that block IKs, including azimilide, quinidine, pentobarbital, amiodarone,
and chromanol 293B. Chromanol 293B is one of the most specific IKs blockers. In isolated
tissues, chromanol 293B produces a similar percentage prolongation of APD in the three
transmural cell types. The situation is more complex for drugs affecting two or more ion
channels, such as quinidine, pentobarbital, amiodarone, and azimilide. In the case of
quinidine, relatively low therapeutic levels of the drug (3–5 µM; 1.14–1.89 µg/mL),
produce a marked prolongation of the M cell APD but not of epicardium and endocar-
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Fig. 6. Effect of 5, 10, and 30 µM quinidine on action potential activity in tissue slices isolated
from the endocardial, M, and endocardial regions of the canine ventricular free wall. Preparations
were field stimulated at BCLs of 300, 500, 1000, 2000, 5000, and 8000 ms. (A) Control, (B)
Recorded 10 min after addition of 5 µM quinidine; the M cell APD is preferentially prolonged. (C)
After 40 min of 5 µM, Epi, M, and Endo APD further prolonged. (D) 30 min of 10 µM quinidine
caused an abbreviation of the M cell action potential but further prolongation of Epi and Endo. (E)
Recorded after 30 min of 30 µM. Reproduced from (6) with permission.

dium, consistent with a predominant effect of quinidine to block IKr at this concentration
(Fig. 6) (184,185). At higher concentrations (10–30 µM; 3.78–11.37 µg/mL), quinidine
produces a further prolongation of the epicardial and endocardial action potential, consistent with an effect of the drug to block IKs, and abbreviate the APD of the M cell, owing
to its action to suppress late INa (186). Voltage clamp studies have shown that low
concentration of quinidine (10 µM) potently block IKr, but not IKs (15.0±4.6%), whereas
higher concentration (25 µM) potently block both IKr and IKs (79.8±11%) (187). It is
noteworthy that the dose-response relationship in these voltage clamp experiments is
markedly shifted to higher concentrations owing to the short exposure (5 min) of the
myocytes to the drug. Quinidine exerts its actions to prolong APD with a bi-exponential
time-course comprised of two components with time constants of 25 and 435 min, reflecting the time-course of intracellular uptake of the drug (188–190). Thus, over a long
exposure period, low concentrations of quinidine produces a preferential prolongation of
the M cell APD leading to an increase in transmural dispersion of repolarization. At
higher concentrations, the IKs and INa blocking effects of the drug cause a greater prolongation of epicardial and endocardial APD, but limit the prolongation of the M cell action
potential, thus leading to a more homogeneous prolongation of repolarization across the
ventricular wall. These multiple actions of quinidine have been suggested to underlie the
ability of the drug to induce TdP at low therapeutic levels, but not at high therapeutic or
toxic levels (187).
Like high concentrations of quinidine, chronic amiodarone prolongs the QT interval
without increasing transmural dispersion of repolarization. Amiodarone is a potent
antiarrhythmic agent used in the management of both atrial and ventricular arrhythmias.
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Fig. 7. Effects of chronic amiodarone on the rate dependence of action potential characteristics in
Epi, M, and Endo tissues isolated from the hearts of untreated dogs (left) as well as those receiving
chronic amiodarone therapy (right). (A) Transmembrane activity recorded simultaneously from
Epi, M, and Endo preparations at basic cycle lengths (BCL) of 500, 800, 2000, and 5000 ms
(steady-state conditions). (B) Composite data from 12 untreated and 5 amiodarone treated dogs.
The graphs plot APD-rate relations for Epi (open circles), Endo (closed circles), and M (open
triangles) of untreated (left) and amiodarone treated animals (right). Each point represents mean
± S.D. * p<0.01 amiodarone vs control. [K+]o = 4 mM. Chronic amiodarone treatment leads to
much more uniform APD-rate relations in the three cell types.

In addition to its β-blocking properties, amiodarone is known to block the sodium,
potassium, and calcium channels in the heart. The high efficacy of the drug as well as its
low incidence of proarrhythmia relative to other agents with Class III actions are because
of this complex pharmacology. When administered chronically (30–40 mg/kg/day orally
for 30–45 d), amiodarone produces a greater prolongation of action potential duration in
epicardium and endocardium, but less of an increase, or even a decrease at slow rates, in
the M region, thereby reducing transmural dispersion of repolarization (Fig. 7) (184).
Chronic amiodarone therapy also suppresses the ability of the IKr blocker, d-sotalol, to
induce a marked dispersion of repolarization or early afterdepolarization activity. Thus,
chronic amiodarone treatment differentially alters the cellular electrophysiology of ventricular myocardium so as to produce an important decrease in transmural dispersion of
repolarization, especially under conditions in which dispersion is exaggerated. These
observations have advanced our understanding of the effectiveness of amiodarone for the
treatment of life-threatening arrhythmias as well as our understanding of the relatively
low incidence of proarrhythmia (191).
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M Cells vs Purkinje Cells
Several distinctions are observed between the response of Purkinje and M cells to
pharmacologic agents, and to interventions that elevate internal calcium or manipulate
external ion concentration. Purkinje and M cells react differently to α adrenergic agonists
resulting from predominance of α1a-adrenoceptors in the former and α1b adrenoceptors
in the latter (Table 2) (192). α Agonists, including methoxamine and phenylephrine,
produce a prolongation of Purkinje APD, but an abbreviation of the APD of the M cell.
Another distinction is the strikingly different mechanisms governing the development of
acceleration-induced early afterdepolarizations (EADs) in the two cell types. EADs
induced in the M cell are exquisitely sensitive to changes in intracellular calcium levels,
whereas EADs elicited in Purkinje are not (56). M cells develop delayed afterdepolarizations in response to the calcium channel agonist BAY K 8644 whereas Purkinje
cells do not, suggesting differences in calcium handling in the two cell types (193).
Both cell types display an increase in APD as external potassium is lowered, but the
response of resting membrane voltage to low external potassium is dissimilar. Possibly
owing to a smaller IK1 in Purkinje cells, a decline in potassium from 3 mM to 1 mM causes
depolarization in Purkinje cells whereas M cell resting potential continues to hyperpolarize (22). M cells do not exhibit phase 4 depolarization in response to low external
potassium or isoproterenol because they lack a hyperpolarizing-activated sodium current
found in Purkinje cells.
The response to isoproterenol is dependent upon recording conditions. Isoproterenol
(0.2 µM) abbreviates APD in both cell types. However, addition of the IKs inhibitor
chromanol 293B in the presence of isoproterenol causes dramatic APD prolongation in
the M cell that does not occur in Purkinje cells (79). Addition of a higher concentration
of chromanol (50 µM) in the presence of isoproterenol results in prolongation of Purkinje
APD (78).
Not all interventions cause dissimilar reactions in the two cell types. TTX inhibits late
INa and significantly shortens Purkinje and M cell APD (91,92,94). Rabbit ventricular
myocytes and Purkinje cells also show similar responses to activation of ATP-sensitive
potassium current. The ATP-sensitive potassium channel opener levcromakalim results
in significant reduction of APD in both cell types, and this response is reversed by the
ATP-sensitive potassium channel blocker glibenclamide (194). Both cell types respond
in parallel to inhibition of Ito, IKr, and ICa.
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INTRODUCTION
Cardiac repolarization can be measured using a variety of electrophysiologic methodologies. Most studies make use of intracellular, extracellular, or optical recording techniques to record action potentials, monophasic action potentials or activation recovery
intervals (ARI) from the epicardial or endocardial surfaces of the heart. Electrocardiographic techniques, including body surface mapping, delineate cardiac repolarization
characteristics noninvasively, but the extent to which these can be used to assess local
heterogeneities of repolarization remains an issue of debate. More recent studies have
endeavored to quantitate repolarization characteristics beyond the surfaces of the heart,
peering inside the walls of the heart. This chapter will focus on the latter. Our primary goal
is to catalog, evaluate, and illustrate the capabilities of methodologies available for the
quantitation of transmural heterogeneities of repolarization and probe the ionic basis for
these distinctions.
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Fig. 1. (A) Standard microelectrode used for recording action potentials, commonly filled with 3
M KCl solution. (B) Floating microelectrode; the tip of a standard microelectrode is broken off and
a Teflon coated silver wire is inserted into it; the wire is held in place with wax. Standard microelectrodes can be used to record transmembrane activity from isolated myocytes (C) and tissue
slices (D) while floating microelectrodes are used to record transmembrane activity from arterially
perfused ventricular wedge preparations (E).

METHODS FOR QUANTITATING REPOLARIZATION
AND ITS IONIC BASIS
Experimental Recording Techniques
INTRACELLULAR ACTION POTENTIAL
The gold standard for the measurement of local repolarization is via recording of
intracellular transmembrane action potentials using glass microelectrodes filled with 3M
KCl. This technique can be applied to enzymatically dissociated single myocytes, tissue
slices, or wedge preparations isolated from the heart, or from the intact heart in situ or in
vivo. In the case of vigorously contracting preparations, floating glass microelectrodes
are employed. These are formed by separating the tip of the standard microelectrode and
attaching it to a thin strand of silver wire (Fig. 1).
Transmembrane action potentials recorded from cells enzymatically dissociated from
different transmural regions of the ventricular myocardium exhibit the greatest range of
action potential duration (1–3). Myocytes isolated from the M region display action
potential durations (APDs) that are 170 ms longer than those recorded from endocardium
or epicardium (4). This transmural dispersion of action potential duration is reduced to
105 ms when recorded from tissue slices isolated from the respective regions of the wall,
and further reduced to an average of 64–67 ms when recorded from canine arterially-
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Fig. 2. Voltage/patch clamp techniques.

perfused wedge preparations, in which the three cell types are electrotonically well
coupled. In all cases the preparations were paced at a cycle length of 2000 ms.
When these same responses are recorded from transmural tissues or wedge preparations, electrotonic interactions among the three cell types can importantly abbreviate the
action potential of the M cell below its intrinsic duration and prolong the APD of epicardial and endocardial cells beyond their intrinsic values, thus reducing transmural dispersion of repolarization (5). The advantages and limitations of each type of preparation will
be discussed later in the chapter (6).
ION CHANNEL CURRENT
To elucidate the basis for the intrinsic differences in action potential duration, we can
turn to any one of several voltage clamp techniques to quantitate individual ion currents.
The use of voltage clamp techniques to study ion channels in acutely dissociated single
cardiac myocytes has advanced our understanding of transmural electrical heterogeneity.
Each voltage clamp technique has its strengths and limitations (Fig. 2).
Switch Clamp. Discontinuous single-microelectrode voltage clamp, also known as
switch clamp technique, is a method in which a high resistance microelectrode serves as
both the voltage recording and current passing electrode. Because the high resistance
electrode does not dialyze the cell interior, this technique has a minimal impact upon
internal calcium buffering and endogenous modulatory pathways. Thus, this technique
is preferred when recording ion currents modulated by intracellular calcium or when
recording conductances that are dependent upon cytosolic components that can be dialyzed away. Unfortunately, the inability to dialyze the cell is a distinct disadvantage when
attempting to separate the many ionic conductances that contribute to electrical activity
in the heart. When using this technique, one is left without the ability to make internal
ionic substitutions designed to isolate the current of interest. One must resort to measuring currents for which a selective and specific inhibitor is available. This is seldom the
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case. For example, 5 mM nickel chloride is often applied to characterize the sodiumcalcium exchange current. However, nickel also blocks calcium channels and calciuminduced calcium release from the sarcoplasmic reticulum. Inhibition of the calcium
transient also blocks the calcium-activated chloride current, and any conductance modulated by internal calcium.
Whole Cell Patch Clamp. The whole cell patch clamp technique uses low resistance
patch electrodes that permit substitution of internal ions and better separation of ionic
conductances. After sealing the patch electrode to the cell membrane, the membrane
beneath the electrode is ruptured by the application of negative pressure, thus permitting
rapid dialysis of the cell. This technique is most advantageous when there is an absolute
need to isolate a single current for which there is no specific blocker. The limitation of
the technique is that cell dialysis disrupts internal calcium levels and eliminates small,
soluble modulatory proteins that may be critical for normal channel function. Cell dialysis is known to cause “rundown” of ionic currents, in which the amplitude of the current
decreases with the length of the whole cell recording.
Whole Cell Perforated-Patch. Whole cell perforated-patch technique allows substitution of internal monovalent ions without dialysis of larger cellular constituents such as
divalent ions and modulatory proteins. Rather than disrupt the membrane beneath the
patch electrode, this method uses either amphotericin or nystatin. These antibiotics perforate the membrane and permeabilize it to small ions, thus establishing an electrical
connection with the cell interior. Endogenous calcium buffers are maintained, as are the
normal calcium transient and contractile function. This method permits the recording of
ion channel currents with minimal disturbance of the intracellular milieu. Use of this
technique is limited to relatively slow and small currents, since it is otherwise difficult
to maintain voltage control.
Cell Attached Patch. The cell attached patch technique is similar to the whole cell
patch clamp technique with the exception that the cell membrane is not ruptured. A tight
seal between the patch pipet and the cell membrane makes possible the recording of single
channel conductances, capable of providing important information about the gating of
the channel and the interaction of drugs with the channel.
These techniques may be applied to native cells isolated from the heart of animals or
from any one of a number of heterologous expression systems to which the channel of
interest is transfected. The pros and cons of these expression systems will be discussed
in the next section. Heterologous expression systems are particularly valuable in screening for specific ion channel blocking effects of drugs that may exaggerate dispersion of
repolarization within the heart.
Voltage clamp experiments conducted in canine ventricular myocytes have yielded
valuable information about the differential contribution of a variety of currents and
exchangers to the action potential of epicardial, M, and endocardial cells (Table 1) (see
Chapter 2 for further details).
MONOPHASIC ACTION POTENTIAL AND UNIPOLAR EXTRACELLULAR ELECTRODES
Unipolar monophasic action potential (MAP) and activation recovery interval (ARI)
measurements provide a reasonable approximation of action potential duration at local
transmural sites when microelectrode recordings are not possible (7,8). Both recording
techniques reasonably approximate local repolarization at transmural sites, thus providing a reasonable estimate of transmural dispersion of repolarization in wedge prepara-
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Table 1
Relative Density of Currents that Contribute to Repolarization Among the Four Ventricular
Cells Types Found in the Canine Heart

I , Late I
Na
Na
I
Ks
IKr
I
K1
INa-Ca
I
to1

Epicardial

M

Endocardial

Purkinje

++
++++
++++
++++
++
++++

++++
+
++++
++++
++++
+++

++
++++
++++
++++
++
+

++++
+/–
++++
++
++++
++++

++++, Largest current density; +, Smallest current density; –, No current

Table 2
Transmural Dispersion of APD , ARI, or MAP Values Measured in Enzymatically Dissociated
90
Myocytes, Tissue Slices, Arterially Perfused LV Wedge Preparations and In Vivo Studies
I

Myocytes
(BCL=2000 ms)
Tissues
(BCL=2000 ms)
Perfused Wedge
(BCL=2000 ms)
In vivo
(BCL=1400–1500 ms)

Kr

Block

ATX-II

Control

(d-Sotalol, 100 µM)

(10–30 nM)

170 ± 51

–

–

105 ± 45

286 ± 129

481 ± 155

67 ± 15

87 ± 16

178 ± 44

31 ± 5

88 ± 17

151 ± 29 (7,8)

Mean ± SD (in ms). APD90 = action potential duration measured at 90% repolarization measured using
floating microelectrodes in the wedge and regular microelectrodes in tissues and cells. MAP = monophasic
action potential. ARI = activation-recovery interval. BCL = basic cycle length. Dispersion of APD90:
difference between longest APD90 (usually M cells) and shortest APD90 (generally epicardium). In vivo data
were recorded under halothane or isoflurane anesthesia and in some cases from smaller (younger) dogs (7,8).

tions and in the heart in vivo. Drugs with QT prolonging actions, such as d-sotalol,
erythromycin, ATX-II, and anthopleurin A, increase transmural dispersion of repolarization to as much as 200 ms in the wedge and in vivo by preferentially prolonging the APD
of the M cell (Table 2) (5–7,9). Significant dispersion of repolarization is also observed
in the canine heart in vivo with transmural MAP recordings (9) or when unipolar electrodes are used to estimate the ARI (7).
BIPOLAR EXTRACELLULAR ELECTRODES VS UNIPOLAR
AND TRANSMEMBRANE RECORDINGS
Unipolar electrograms provide an ARI that can be interpreted on the basis of biophysical theory (10–13) and correlate well with APD under a variety of conditions. In contrast,
bipolar electrograms provide a repolarization complex that is not as readily interpretable
because it represents the difference in the activity of two sites. Consequently, it is difficult
to make a distinction between repolarization times at the two sites, and when differences
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exist, they are usually obscured. Irrespective of their placement within the wall, ARI
values of bipolar electrograms, measured as the interval between the negative peak of the
QRS and the latest peak of the T wave of the differentiated electrogram (14), can greatly
underestimate (by as much as 44%) transmural dispersion of repolarization (Fig. 3) (15).
MULTI-ELECTRODE NEEDLE ELECTRODES VS ULTRA-THIN INDIVIDUAL ELECTRODES
Other factors to consider when selecting a recording method for the measurement of
transmural heterogeneities is the degree to which a multiple extracellular electrode needle
injures the myocardium, shunts extracellular current, and prevents normal contraction in
the region. In previous in vivo and in vitro studies from our laboratory, healing over of
the 100–150 µM silver or tungsten electrodes once inserted intramurally is on the order
of several minutes (<5 min) (15,16). This is in contrast to the 20 min or more healing over
period required for the bulky needle electrodes (14,17,18).
The use of ultra-thin electrodes for the measurement of extracellular potentials is also
preferable because the electrodes are flexible, changing shape with the shape of the heart
and because they are individually insulated (except at the tip), thus avoiding transmural
shunting of extracellular current.
OPTICAL RECORDING TECHNIQUES
Activation and repolarization in the heart follow complex three dimensional pathways
that depend on fiber structure, intercellular coupling, and spatial distribution of action
potential heterogeneities. Optical recording techniques developed over the past twenty
years are capable of mapping these pathways in two dimensions and recent advances are
providing information in three dimensions. With the use of voltage dependent fluorescent
probes such as di-4-ANEPPS and di-8-ANEPPS, these techniques are used to record
action potentials from the surfaces of intact working hearts as well as from arterially
perfused wedge preparations. These potentiometric dyes respond to changes in voltage
by reducing their emitted fluorescence in the red portion of the light spectrum (above 600
nm) with depolarization. Despite the intrinsically small fractional change (8–15%) of
fluorescence during a cardiac action potential, optical recording techniques can provide
a high fidelity measurement of the time-course of cardiac action potential (19). Optical
mapping with potentiometric dyes provides high-fidelity multisite action potential
recordings, the interdependence of temporal, spatial, and voltage resolutions must be
considered carefully. For instance, voltage resolution is inversely related to the square of
spatial resolution, hence, there exists an inherent trade-off between increased spatial
resolution and diminished voltage resolution (20).
A typical recording system consists of a light source, and a lamp or a laser beam of
appropriate excitation wavelength for the dye (usually 520 ± 40 nm), that is delivered to
the tissue through optic fibers or a lens arrangement. The tissue, loaded with a potentiometric dye, is placed in a recording chamber and illuminated with the excitation light
source. Fluorescent light is collected with a high numerical aperture camera lens, long
wave-pass filtered (>600 nm), and focused on a detection system consisting of either a
CCD camera or a photodiode array, which converts the light signal into an electrical one.
The signals are collected and digitized for further analysis. Until recently, this type of
optical recording was used almost exclusively to map transmembrane activity from the
surface of the heart. Akar et al. (21,22), recently adapted this type of system to record
optical maps across the ventricular wall of the canine heart using an arterially perfused
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Fig. 3. Accuracy of unipolar vs bipolar extracellular electrode recording techniques. Traces show
the correspondence among transmembrane, unipolar, bipolar, and ECG recordings obtained from
a canine left ventricular wedge preparation pretreated with ATX-II (20 nmol/L). (A) Transmembrane action potentials recorded from M (M2) and epicardial sites together with a transmural ECG
at a BCL of 2000 ms; (B) Eight intramural unipolar electrograms recorded approx 1.2 mm apart
from endocardial (Endo), M (6 sites; M1–M6) and epicardial (Epi) regions (120 µM silver electrodes insulated except at the tip); and (C) Bipolar electrograms recorded by differential recording
of the unipolar electrodes. Numbers denote the transmural dispersion of repolarization. Dashed
vertical lines in the unipolar electrograms mark the time maximum of the first derivative (Vmax)
of the T wave (end of ARI). Dashed vertical lines in each bipolar electrogram show the time of the
latest peak of the T wave of the differentiated electrogram as defined by Anyukhovsky et al. (17).
The data validate unipolar, but invalidate bipolar recordings for the quantitation of repolarization
differences in a heterogeneous medium such as the canine left ventricular wall. Modified from
(46) with permission.
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Fig. 4. Schematic representation of the optical system used for transmural mapping of action
potentials from an arterially-perfused ventricular wedge preparation. The wedge is placed in a
temperature controlled recording chamber and pressed with a stabilization piston against a glass
window. The excitation light passes through an excitation filter (Ex filter 540 ± 10 nm) and is
directed to the tissue. The fluorescence coming from the di-4-ANEPPS in the preparation is
collected by lenses and filtered at 610 nm (Em filter). A 12 × 12 photodiode array (light detector)
can be used to record the changes in light intensity. The photocurrent produced by each of the 144
photodiodes is passed through low noise current to voltage converters (I-V) and then amplified and
filtered (gain and filtering). The signals from each photodiode are digitized (A/D) and stored in
a computer for further analysis.

wedge preparation. Figure 4 schematically illustrates a typical optical mapping system
used to record transmural maps of activation and repolarization.
A major limitation of optical recording techniques is that the preparation studied must,
in some cases, be immobilized in order to avoid contraction artifacts. This can impose
considerable constraints in the design of the experimental protocol. Contributing to
motion artifacts are changes in light transport properties (scattering, absorption, and so
on) as well as translational movement of the tissue with heterogeneous distribution of dye
among voltage sensing environments and nonspecifically stained regions of the tissue
that move with each contraction. Because of the latency of the onset of contraction,
motion artifacts do not affect the early phases of the action potential, but may severely
distort the repolarization phase. A number of different methods have been used to avoid
or compensate for these artifacts. These include mechanical restraints such as a transparent nylon mesh place around the entire heart (23) or the use of a vise to immobilize the
recording area by pressing the tissue against a glass window (Fig. 4) (21,24,25). However, the pressure applied to the tissue can importantly alter repolarization forces, and if
not homogeneously applied, may create artifactual gradients of repolarization. The
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application of pressure may also accentuate ischemia in preparations that are not well
perfused, thus introducing pathophysiological heterogeneities. Another method is to
employ agents that uncouple excitation-contraction, such as 2,3-butanedionemonoxime
(BDM), diacetyl monoxime (DAM) and cytochalacin D (Cyto D) (26,27). Unfortunately,
these agents impose their own electrophysiological effects; BDM and DAM have been
shown to affect transmembrane currents (ICa, Ito) (28,29) and alter the electrophysiology
of the heart (26). Although Cyto D has been reported to be less problematic (27), recent
preliminary reports suggest that it too exerts an effect on the action potential.
In recent years, investigators have taken advantage of the dual emission properties of
potentiometric dyes (30,31). As discussed previously, these dyes reduce fluorescence in
the red portion of the emission spectrum during depolarization. If the dye is excited at
shorter wavelengths (470–490 nm), it is possible to obtain dual emission properties in
which fluorescence in the green portion of the spectrum (510–576 nm) increases with
depolarization whereas fluorescence in the red portion continues to decrease. Assuming
that motion artifacts affect both emission wavelengths equally, these artifacts may be
cancelled by taking the ratio of the signal recorded in the green portion over that recorded
in the red portion of the spectrum. The emitted light is divided in two channels (i.e., green
and red) and simultaneously detected in two separate detectors. Rorh and Kucera (32)
developed a fiber optic detection system for cultured cardiac myocytes in which motion
artifacts are completely compensated by the ratiometric approach. Similarly, Knisley et
al. (33) were able to accurately obtain action potential recordings from epicardial surfaces
free of motion artifacts using this dual emission approach. However, the arrangement of
light detectors in this study precludes any mapping capabilities of this optical system, and
it can only detect changes at the surface of the heart.
A new methodology recently developed involves use of a bundle of fiber optics loaded
into a glass micropipet. This device, named an optrode, is inserted into the ventricular
wall of a beating heart to record action potentials intramurally (34). The optrode is used
to both deliver excitation light from a laser source, and collect emitted light at several
radially distributed points inside the heart wall. This system also uses a dual emission
ratio-metric technique to process the green and red signals coming from the di-4-ANEPPS
present dye. The optrode has brought us a step closer to measuring transmembrane
activity in three dimensions, however motion induced artifacts persist.
Other attempts to record intramural activity involve transillumination of a slab of
ventricular tissue (35). In this case, a slab of ventricular tissue loaded with di-4-ANEPPS
is illuminated from the opposite side of the recording CCD camera. This system also
combines recording of optical activity at the surface of the epi-illuminated side. Thus, in
transillumination recordings, both the excitation light and the emitted light have to travel
across the width of the tissue slab (~8 mm) which results in light scattering and blurring
and a reduction in the signal to noise ratio. Despite the light attenuation present in this
thick preparation, these investigators were still able to detect intramural reentrant activity
that could not be detected in the surface recordings of the same ventricular slab. Thus,
transillumination recordings when combined with endocardial and epicardial surface
recordings can provide information about three-dimensional propagation of the impulse
within the myocardium.
In conclusion, the relatively new optical recording techniques constitute a promising
approach for the study of fundamental questions in cardiac electrophysiology that cannot
be answered by conventional methods. With progressive improvement of three-
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dimensional mapping capabilities, this methodological approach should become increasingly more valuable.

Experimental Preparations
ISOLATED TISSUE SLICES
The most direct means to assess dispersion of repolarization in the heart is by recording
transmembrane action potentials from tissue slices isolated from different regions. These
slices must be kept at a thickness of under 1 mm (semitransparent) to ensure proper
oxygenation of the preparation during superfusion. Dissection of the slice is best achieved
using a dermatome. Thin slices of isolated tissue generally require two or more hours to
recover from the trauma of dissection. Because transmural and trans-septal heterogeneities vary as a function of apico-basal and posterior-anterior position (4,36–39) identification of regional heterogeneities requires that each group of experiments be conducted
on tissues from the same region of the heart.
ISOLATED MYOCYTES
Intrinsic differences in the characteristics of repolarization can also be studied in
myocytes enzymatically dissociated from different regions of the heart, although this
methodology must be applied with great caution. An important limitation of this method
is that successful separation of epicardial, M, and endocardial cells requires dissection of
very thin layers of the partially digested ventricle. Although it is reasonable that a 1–2 mm
thick segment of the ventricle can be acquired under these conditions, this thickness
represents an inordinately large fraction of the ventricular wall in species like the rat,
guinea pig, and rabbit. In the dog, the thickness of the epicardial layer in the left ventricle
is on the order of 500–800 uM (40); thus, when cells are enzymatically dissociated from
a 1 mm slice of epicardium, one can expect the fraction to be contaminated with transitional cells and possibly M cells to the extent of 20–50% (1,2). In species with smaller
hearts and correspondingly thinner ventricular walls, the problem is greatly compounded
in that transitional cells and M cells, if present, will vastly outnumber the epicardial or
endocardial cells. Thus, the predominant characteristics of cells in the three layers will
be those of the transitional and M cells. This limitation may help to explain why M cells
have been reported when guinea pig tissues are studied, but not in isolated ventricular
myocytes (41–43). The single cell studies employed myocytes enzymatically dissociated
from the epicardial, endocardial, and midmyocardial regions of the guinea pig left ventricular wall (42). Of note, both the electrophysiological and pharmacological profiles of
the three cell types isolated fit the profile of an M cell as previously described in guinea
pig ventricular tissues. However, the conclusion of the study was that there are no M cells
in the guinea pig heart because of the apparent lack of marked heterogeneity of repolarization. Rather than lacking M cells, the myocyte fractions appear to be deficient in
epicardial and endocardial cells. These studies highlight the difficulty of using dissociated cells to demonstrate or rule out the absence of M cells in the heart.
Whenever possible, single cell studies should be coupled with experiments designed
to examine the electrophysiologic and pharmacologic characteristics of tissues isolated
from the respective regions of the ventricular wall as well as with studies of transmural
slices of the wall. In dealing with dissociated myocytes, it is also very helpful to use
scattergrams or plots of individual experiments to visualize the full range of characteristics of cells isolated from the different transmural regions (1,2,44).
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It follows that differences in ionic currents and other parameters measured in isolated
epicardial, M, and endocardial myocytes are expected to be underestimated. One can
reduce the variability caused by a mixed population of cell types by correlating the ionic
current measurements (voltage clamp) with action potential characteristics typically
recorded from epicardial, M, and endocardial cells in the same cell (current clamp). These
action potential characteristics include spike and dome morphology (when present),
APD at a BCL of 2000 ms, and APD-rate relations. This approach was shown to yield a
much greater difference in the density of the delayed rectifier current among the three cell
types than did measurements made in randomly selected cells from the epicardial, M, and
endocardial fractions (2). However, such correlation is often difficult if not impossible
because the internal and external solutions needed to isolate the various ionic currents do
not permit the development of action potentials.
Studies designed to identify apico-basal and antero-postero differences in action
potential and ion channel characteristics using dissociated myocytes from these regions
are plagued with similar problems. Selection of a particular transmural population of cells
in different parts of the heart as a result of the dissociation and other procedures could
generate regional differences where none exist. By the same token, when important
intrinsic heterogeneities exist, cell selection may underestimate them. Tissue experiments are extremely helpful in establishing the extent to which action potential heterogeneities exist within these distinct regions.
Electrical heterogeneities of repolarization measured in isolated myocytes are best
studied using intracellular microelectrode, switch clamp, or perforated patch clamp techniques in which the intracellular milieu is minimally altered. Whole cell patch clamp
techniques are useful in the delineation of ion channel distinctions, but may be problematic for the assessment of APD differences because of the alteration of the intracellular
environment. Intracellular calcium is usually highly buffered with EGTA or other chelators under these conditions, resulting in a marked prolongation of the action potential in
current clamp mode. It is noteworthy that whole cell and perforated patch clamp techniques are amenable for use both in voltage clamp and current clamp experiments, the
latter providing a measurement of action potential activity.
HETEROLOGOUS EXPRESSION SYSTEMS
Heterologous expression systems have proven to be of particular value in studying the
individual characteristics of the α and β subunit of ion channel molecules that form the
channels that generate the currents responsible for repolarization. They have also proven
valuable in screening for specific ion channel blocking effects of drugs capable of
amplifying dispersion of repolarization in the heart. Voltage clamp techniques can be
applied to any one of a number of heterologous expression systems to which the channel
of interest is introduced by viral transfection or microinjected of cDNA (45).
In Xenopus oocytes, ionic currents generally appear 1 to 3 d after injection and can be
measured with conventional two-microelectrode voltage clamp recordings (Fig. 5).
Whereas this technique is relatively quick and economical, the large size and membrane
capacitance of the oocytes limit current measurement to slowly activating voltage-gated
channels. The relatively large volume of lipophylic material in the oocyte may influence
the response to many drugs. Another major limitation of oocytes is that they cannot be
studied at physiological temperatures of the mammal (37°C).
These limitations of Xenopus oocytes have resulted in increasing use of mammalian
systems. Most studies use human embryonic kidney cells (HEK293), mouse fibroblasts
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Fig. 5. Expression studies using Xenopus Oocytes.

(C cells), or Chinese hamster ovary (CHO) cells, since these cells have relatively little
endogenous voltage activated channel activity. It is noteworthy that differences in IC50
of 1–2 orders of magnitude have been reported for the effect of drugs to inhibit ion
channel current in different heterologous expressions systems and native cells. In addition to the limitations already discussed, it is important to keep in mind that α subunits
expressed in the absence of their β counterparts may exhibit a pharmacological response
very different from that of the native channel.
ARTERIALLY PERFUSED VENTRICULAR WEDGE PREPARATION
Data obtained from isolated tissues and cells provide a measure of intrinsic regional
differences of repolarization, but do not reveal the extent to which dispersion may be
present when these cells and tissues are electrotonically well coupled as they are in the
intact ventricular wall. This issue can be addressed by studying transmural repolarization
in the intact heart in situ or in vivo. In the arterially-perfused ventricular wedge preparation, the tissue surrounding a single branch of a coronary artery is isolated, allowing for
the recording of transmembrane actions potentials from the interior of the wall using
floating microelectrodes. The ability to record a pseudo-ECG across the bath along the
same axis permits correlation of transmembrane action potential activity with the electrocardiographic activity of the preparation. This technique has proved to be extremely
valuable in the elucidation of the cellular basis of the ECG as well as delineation of
mechanisms responsible for the development of cardiac arrhythmias under pathophysiologic conditions (46,47).
Dissection of the wedge is generally done in cardioplegic solution consisting of cold
(4°C) or room temperature Tyrode’s solution containing 8.5 mmol/L [K+]o. A native
arterial branch of the coronary vasculature is then cannulated and perfused with
cardioplegic solution. Unperfused tissue, readily identified by its maintained red appear-
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ance (erythrocytes not washed away) is removed using a razor blade. The preparation is
then placed in a small tissue bath and arterially perfused with Tyrode’s solution bubbled
with 95% O2 and 5% CO2 and warmed to 35–37°C. The perfusate is delivered to the
coronary artery by a roller pump (Cole Parmer Instrument Co., Niles, IL) and perfusion
pressure monitored with a pressure transducer (World Precision Instruments, Inc.,
Sarasota, FL) and maintained between 40 and 50 mm Hg by adjustment of the perfusion
flow rate. The preparations remain immersed in the arterial perfusate, which is allowed
to rise to a level 2 to 3 mm above the tissue surface when possible. To facilitate impalement with floating microelectrodes, the bath solution is lowered to a level just shy of the
top of the wedge and the chamber is covered with coverslips to the extent possible so as
to avoid a temperature gradient between the top and lower segments of the wedge.
Preparations displaying significant ST segment elevation or depression or in which temperature gradients are evident along the length of the preparation are excluded. There are
a number of advantages to using the perfused wedge preparation to define repolarization
heterogeneities and their contribution to the ECG and to arrhythmogenesis. Prominent
among these is:
1. The ability to record transmembrane action potentials from multiple transmural as well
as surface sites.
2. The ability to simultaneously record and correlate transmembrane and electrocardiographic activity.
3. The ability to induce arrhythmias under long QT and other conditions;
and most importantly.
4. The absence of anesthesia or other drugs which may be necessary in in vivo studies.

IN VIVO STUDIES
In vivo experiments permit recording of repolarization characteristics under more
physiological conditions, but the accuracy of the data is limited in part by the use of
anesthetics. Recent studies have shown that transmural dispersion of repolarization
observed in vivo can vary dramatically as a function of the anesthetic used. Dispersion
of repolarization measured across the anterior canine left ventricular wall (transmural
MAP recordings) is smaller with sodium pentobarbital anesthesia than with halothane.
The effect of pentobarbital to dissipate transmural heterogeneity under control conditions
is still more evident in the presence of agents that prolong the action potential (16,48).
d-sotalol produces a prominent increase in transmural dispersion of repolarization under
halothane, but a much smaller increase under sodium pentobarbital anesthesia (16). As
a consequence, d-sotalol-induced torsade de pointes (TdP) is not observed under sodium
pentobarbital anesthesia, but readily develops under halothane anesthesia.
Clinically relevant concentrations of sodium pentobarbital dramatically reduce transmural dispersion of repolarization in the arterially-perfused canine left ventricular wedge
preparation under control conditions (Fig. 6) and following exposure of the preparation
to d-sotalol and ATX-II (46,48). Pentobarbital totally suppresses d-sotalol- and ATX-IIinduced TdP. Pentobarbital-induced abbreviation or diminished prolongation of the M
cell APD (owing to block of late INa) but prominent prolongation of the APD of epicardium and endocardium (secondary to block of IKs) contribute to these effects of the
anesthetic (49). The data demonstrate the effect of sodium pentobarbital to differentially
alter the electrophysiology of the three principal ventricular cell types so as to importantly
diminish transmural dispersion of repolarization across the ventricular wall. As a
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Fig. 6. Effect of sodium pentobarbital (20 µg/mL) on transmembrane and ECG activity in an
arterially-perfused canine left ventricular wedge preparation. All traces depict action potentials
simultaneously recorded from M and epicardial (Epi) sites together with a transmural ECG. BCL
= 2000 ms. Pentobarbital slows phase 3 repolarization, flattens the T wave and reduces transmural
dispersion of repolarization from 51 to 37 ms. Reproduced from (48), with permission.

consequence, the development of TdP is under conditions mimicking the LQT2 and
LQT3 forms of the congenital LQTS (48). These findings indicate the need to exercise
caution in the interpretation of the results of in vivo studies performed under pentobarbital anesthesia.
The cellular and ionic basis for the effects of sodium pentobarbital have been studied
in great detail, however data regarding other anesthetics are just emerging. α Chloralose,
another commonly used anesthetic, has also been shown to importantly reduce transmural dispersion of repolarization via abbreviation of the APD of the M cell with little or no
change in the APD of epicardium and endocardium (46). This may be because of an effect
of the anesthetic to block late INa. Use of α chloralose may be especially problematic in
studies of drugs that block INa.
Use of pentobarbital or α chloralose can contribute to the failure of studies to discern
significant repolarization gradients across the canine left ventricular wall in vivo (14,
16–18,50). A relatively small transmural dispersion of repolarization has been reported
(at slow rates) in in vivo studies using pentobarbital or α chloralose for anesthesia
(9,14,18,50) vs studies using other agents including isoflurane (7,8) or halothane (16). It
is noteworthy that the development of in vivo models of TdP has met with failure when
sodium pentobarbital was used for anesthesia (9,51), whereas TdP readily develops when
halothane or isoflurane are employed (7–9,52) or when no anesthesia is used (53,54). In
the case of α chloralose anesthesia, TdP may develop when IKr block is combined with
α adrenergic agonists and/or hypokalemia (55,56). It is noteworthy that a recent study by
Yamamoto et al. (57) demonstrated the effect of pentobarbital and isoflurane to suppress
quinidine and astemizole-induced TdP, suggesting that both reduce transmural dispersion of repolarization (56).

ELECTROCARDIOGRAPHIC MEASURE OF DISPERSION
OF REPOLARIZATION
T

peak

-T

end

Differences in the time-course of repolarization of the predominant ventricular myocardial cell types are thought to be largely responsible for the inscription of the electro-
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Fig. 7. Voltage gradients on either side of the M region are responsible for inscription of the
electrocardiographic T wave. Top: Action potentials simultaneously recorded from endocardial
(Endo), epicardial (Epi) and M region sites of an arterially-perfused canine left ventricular wedge
preparation. Middle: ECG recorded across the wedge. Bottom: Computed voltage differences
between the epicardium and M region action potentials (∆VM-Epi) and between the M region and
endocardium responses (∆VEndo-M).

cardiographic T wave (58) (see Chapter 4 for further details). Currents flowing down
voltage gradients on either side of the M region contribute prominently to inscription of
the T wave (Fig. 7) (58). The interplay between these opposing transmural forces determines the height and width of the T wave and the extent to which the T wave may be
interrupted, resulting in a bifid or notched appearance.
The T wave starts when the plateau of the epicardial action potential diverges from that
of the M cell. As epicardium repolarizes, the voltage gradient between epicardium and
the M region continues to grow giving rise to the ascending limb of the T wave. The
voltage gradient between the M region and epicardium (∆VM-Epi) reaches a peak when the
epicardium is fully repolarized—this marks the peak of the T wave. On the other end of
the ventricular wall, the endocardial plateau deviates from that of the M cell, generating
an opposing voltage gradient (∆VEndo-M) and corresponding current that limits the
amplitude of the T wave and contributes to the initial part of the descending limb of the
T wave. The voltage gradient between endocardium and the M region reaches a peak
when the endocardium is fully repolarized. The gradient continues to decline as the M
cells repolarize. All voltage gradients are extinguished when the longest M cells are fully
repolarized.
When the T wave is upright, the epicardial response is the earliest to repolarize and the
M cell action potential is the latest. Full repolarization of the epicardial action potential
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Fig. 8. Tpeak-Tend as a measure of transmural dispersion of repolarization. The traces show the
correspondence between the peak of the T wave and repolarization of epicardium and between the
end of the T wave and repolarization of the M region in transmembrane, unipolar, and ECG traces
simultaneously recorded form a canine left ventricular wedge preparation in the absence (left) and
the presence (right) of ATX-II (20 nmol/L). Each panel shows: (A) Transmembrane action potentials recorded from M (M2) and epicardial (Epi) sites of a canine left ventricular wedge preparation
together with a transmural ECG recorded across the bath (BCL of 2000 ms); (B) Eight intramural
unipolar electrograms recorded approximately 1.2 mm apart from endocardial (Endo), M (6 sites;
M1–M6) and epicardial (Epi) regions (120 µM silver electrodes insulated except at the tip) inserted midway into the wedge preparation. Dashed vertical lines in the unipolar electrograms
denote the time maximum of the first derivative (Vmax) of the T wave (end of ARI). Note the
correspondence between the repolarization time of the cells deep within the wedge and those at
the cut surface, attesting to the uniformity of the electrical activity in the respective transmural
layers. Modified from (46), with permission.

coincides with the peak of the T wave and repolarization of the M cells is coincident with
the end of the T wave. Thus, the duration of the M cell action potential determines the QT
interval, whereas that of the epicardial action potential determines the QTpeak interval.
In addition, these studies suggested that the Tpeak–Tend interval may provide an index of
transmural dispersion of repolarization (46,58). Figure 8 illustrates these relationships
under baseline and long QT conditions. ATX-II, a sea anemone toxin, mimics the LQT3
form of the long QT syndrome by augmenting the late sodium current, which helps to
sustain the plateau of the action potential. ATX-II, like most agents that prolong the
action potential, causes a preferential prolongation of the M cell response, thus producing
a dramatic accentuation of the transmural dispersion of repolarization, which is reflected
on the ECG as a prolongation of the Tpeak-Tend interval. An increase in transmural dispersion of repolarization is a common feature of all LQTS models and has been shown to
provide the substrate for the development of TdP under long QT conditions (6,46,59).
The available data suggest that Tpeak-Tend measurements should be limited to precordial leads since these leads may more accurately reflect transmural dispersion of repolarization. Recent studies have also provided guidelines for the estimation of transmural
dispersion of repolarization in the case of more complex T waves, including negative,
biphasic, and triphasic T waves (60). In these cases, the interval from the nadir of the first
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component of the T wave to the end of the T wave provides an accurate electrocardiographic approximation of transmural dispersion of repolarization.
The Tpeak-Tend index remains to be fully validated in vivo, and the clinical applicability
of these concepts remains to be rigorously tested. An important initial step toward validation of the Tpeak-Tend interval as an index of transmural dispersion was provided in a
report by Lubinski et al. (61), which showed an increase of this interval in patients with
congenital long QT syndrome. Recent studies provide further validation, suggesting that
the Tpeak-Tend interval may be useful as an index of transmural dispersion and thus prognostic of arrhythmic risk under a variety of conditions (62,63).
Wolk and coworkers (64) recently reported that the results of a study designed to
investigate changes in Tpeak-Tend and other traditional indices of electrical dispersion in
patients with hypertensive left ventricular hypertrophy (LVH). The main effect of LVH
was to increase in QTpeak dispersion in the 12 lead ECG. QT dispersion was unaffected,
as was Tpeak-Tend, with the exception of lead V2, which showed a significant increase. The
authors suggest that these data point to a nonuniform prolongation of action potential
duration within ventricular epicardium, leading to a dispersion of transepicardial repolarization, which may underlie the higher level of arrhythmogenesis associated with
LVH. This is an interesting observation that merits further consideration.
It seems clear that a great deal of work remains to be done to establish the value of these
noninvasive indices of electrical heterogeneity and to assess their prognostic value in the
assignment of arrhythmic risk.
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INTRODUCTION
Willem Einthoven first recorded the electrocardiogram (ECG) near the turn of the last
century, initially using a capillary electrometer and then a string galvanometer (1,2).
Today, nearly a century later, physicians and scientists are still learning how to extract
valuable information from the ECG and still debating the cellular basis for the various
waves of the ECG. In this chapter, our focus will be on the cellular basis for the J, T, and
U waves of the ECG. These three waves represent repolarization forces within the ventricles of the heart. The J wave and T wave are thought to arise as a consequence of voltage
gradients that develop as a result of the electrical heterogeneity that exists within the
ventricular myocardium. The basis for the U wave has long been a matter of debate. One
theory attributes the U wave to mechano-electrical feedback. A second theory ascribes
it to voltage gradients within ventricular myocardium and a third to voltage gradients
between the ventricular myocardium and the His-Purkinje system. An understanding of
the ECG clearly requires that we have an understanding of the electrical heterogeneity
that exists within the heart, which we review briefly below and discuss in much more
detail in Chapter 2.

ELECTRICAL HETEROGENEITY
As early as 15 yr ago, ventricular myocardium was thought to be largely homogeneous
with respect to its electrical properties and responsiveness to drugs. Studies from a
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number of laboratories have demonstrated ventricular myocardium to be comprised of
three electrophysiologically distinct cell types: epicardial, M, and endocardial (3–5).
These three ventricular myocardial cell types differ principally with respect to phase 1
and phase 3 repolarization characteristics. Ventricular epicardial and M, but not endocardial, action potentials display a prominent phase 1, owing to a prominent 4-aminopyridine
(4-AP) sensitive transient outward current (Ito), giving rise to a spike and dome or notched
configuration. These regional differences in Ito have been demonstrated in canine (6,7),
feline (8), rabbit (9), rat (10), and human (11,12) ventricular myocytes. Important differences also exist in the magnitude of Ito and action potential notch between right and left
ventricular epicardial and M cells with right ventricular cells displaying a much greater
Ito (13,14). The transmural and interventricular differences in the manifestation of Ito
have a number of interesting consequences (13,15–21), including the creation of a transmural voltage gradient responsible for the inscription of the electrocardiographic J wave.
M cells are distinguished by the ability of their action potential to prolong more than
other ventricular myocardial cell types in response to a slowing of rate and/or in response
to agents with Class III actions (15,22,23). These features of the M cell are owing to the
presence of a smaller slowly activating delayed rectifier current (IKs) (24), a larger late
sodium current (late INa) (25), and a larger electrogenic sodium-calcium exchange current (INa-Ca) (26). Electrophysiologically and pharmacologically, M cells appear to be a
hybrid between Purkinje and ventricular cells (3–5). M cells displaying the longest action
potentials are often localized in the deep subendocardium to midmyocardium in the
anterior wall (27), deep subepicardium to midmyocardium in the lateral wall (22), and
throughout the wall in the region of the right ventricular (RV) outflow tracts (5). Unlike
Purkinje fibers, they are not found in discrete bundles (28). M cells are also present in the
deep layers of endocardial structures, including papillary muscles, trabeculae, and the
interventricular septum (29). Cells with the characteristics of M cells have been described
in the canine (7,22,23,30–33) guinea pig (34), rabbit (35), pig (36), and human (37,38)
ventricles.

CONTRIBUTION OF TRANSMURAL HETEROGENEITY TO THE ECG
Transmural Distribution of Ito as the Basis for the J Wave
The presence of a prominent action potential notch in epicardium but not endocardium
leads to the development of a transmural voltage gradient during ventricular activation
that manifests as a late delta wave following the QRS or what is more commonly referred
to as a J wave (18) or Osborn wave. The J wave and elevated J point have been described
in the ECG of animals and humans for over forty years (39), since Osborn’s observation
in the early 1950s (40). A distinct J wave is commonly observed in the ECG of some
animal species including dogs and baboons, under baseline conditions and is considerably amplified under hypothermic conditions (41–43). An elevated J point is commonly
encountered in humans and some animal species under normal conditions. In humans, a
prominent J wave in the ECG is considered pathognomonic of hypothermia (44–47) or
hypercalcemia (48,49).
A transmural gradient in the distribution of Ito is responsible for the transmural gradient in the magnitude of phase 1 and action potential notch, which gives rise to a voltage
gradient across the ventricular wall responsible for the inscription of the J wave or J point
elevation in the ECG (6,7,16,17). Direct evidence in support of the hypothesis that the J
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Fig. 1. Relationship between the spike-and-dome morphology of the epicardial action potential
and the appearance of the J wave. ECG2 is a lead V5 ECG recorded from the dog in vivo. ECG1
is a transmural ECG recorded across the arterially perfused left ventricular wedge isolated from
the heart of the same dog. Both display a prominent J wave at the R-ST junction (arrows). The two
upper traces are transmembrane action potentials simultaneously recorded from the epicardial
(Epi) and M regions with floating microelectrodes. The preparation was paced at a basic cycle
length of 4000 ms. The sinus cycle length at the time ECG2 was recorded was 500 ms. The J wave
is temporally coincident with the notch of the epicardial action potential. Although the M cell
action potential also exhibits a prominent notch, it occurs too early to exert an important influence
on the manifestation of the J wave. (From [18], with permission.)

wave is caused by a transmural gradient in the magnitude of the Ito-mediated action
potential notch derives from experiments conducted in the arterially-perfused right
ventricular wedge preparation (Fig. 1) (18). The data derived from the wedge preparations indicated a highly significant correlation between the amplitude of the epicardial
action potential notch and that of the J wave recorded during interventions that alter the
appearance of the electrocardiographic J wave, including hypothermia, premature stimulation (restitution), and block of Ito by 4-AP (Figs. 2–4).
Ventricular activation from endocardium to epicardium, with epicardium activated
last, is an important prerequisite for the appearance of the J wave. This sequence permits
the establishment of a voltage gradient of the early phases of the action potential after
activation of the preparation is completed (i.e., after the QRS). Stimulation of the preparation from an epicardial site does not produce a J wave despite the maintenance of
cellular differences in the morphology of the action potential; the J wave is buried in the
QRS.
Conduction time across the wall is another determining factor. Because the right ventricular wall is relatively thin, transmural activation may be so rapid as to bury the J wave
inside the QRS. Thus, although the action potential notch is most prominent in right
ventricular epicardium, right ventricular myocardium would be expected to contribute
very little to the manifestation of the J wave. These observations are consistent with the
manifestation of the J wave in ECG leads in which the mean vector axis is transmurally
oriented across the left ventricle and septum. Accordingly, the J wave in the dog is most
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Fig. 2. Relation between restitution of epicardial action potential notch amplitude and J wave
amplitude. (A) Simultaneous recording of a transmural ECG and transmembrane action potentials
from the epicardial (Epi) and endocardial (Endo) regions of an isolated arterially perfused right
ventricular wedge. A significant action potential notch in epicardium is associated with a prominent J wave (arrow) during basic stimulation (S1–S1: 4000 ms). Premature stimulation (S1–S2: 300
ms) causes a parallel decrease in the amplitude of the epicardial action potential notch and that of
the J wave (arrow). (B) Plot of the amplitudes of the epicardial action potential notch (■ ) and J
wave (Ο) as a function of the S1–S2 interval. The amplitude of the epicardial action potential notch
and that of the J wave are normalized to the value recorded at an S1–S2 interval of 900 ms. (From
[18], with permission.)

prominent in leads II, III, aVR, aVF, and mid to left precordial leads V3 through V6. A
similar picture is seen in the human ECG (44,47,49). In addition, vectorcardiography
indicates that the J wave forms an extra loop that occurs at the junction of the QRS and
T loops (50). It is directed leftward and anteriorly, which explains its prominence in leads
associated with the left ventricle.
The J wave was first noted in animal experiments involving hypercalcemia conducted
in the 1920s (48). The first extensive description and characterization appeared 30 yr later
in a study by Osborn involving experimental hypothermia in dogs (40). As a consequence, this wave, which appears at the R-ST junction, is often referred to as either a J
wave or an Osborn wave.
The spike-and-dome morphology of the epicardial action potential is absent in canine
neonates, gradually appearing over the first few months of life (16). The progressive
development of the notch is paralleled by the appearance of Ito (16,52,53). It is therefore
not surprising that a J wave is not observed in neonatal dogs (18,83).
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Fig. 3. Effect of hypothermia on action potential and ECG morphology. Each panel shows transmembrane recordings obtained from the epicardial (Epi) and endocardial (Endo) regions of an
isolated arterially perfused canine left ventricular wedge and a transmural ECG recorded simultaneously. (A) A small but distinct action potential notch in epicardium but not in endocardium
is associated with an elevated J-point at the R-ST junction (arrow) under normothermic conditions
(36°C). (B) A decrease in the temperature of the perfusate and bath to 29°C results in an increase
in the amplitude and width of the action potential notch in epicardium but not in endocardium,
leading to a prominent J wave on the transmural ECG (arrow). (C) Rewarming to a temperature
of 34°C is attended by a parallel reduction in the amplitude and width of the J wave and epicardial
action potential notch. (From [18], with permission.)

The appearance of a prominent J wave in the clinic is typically associated with pathophysiological conditions such as hypothermia (44,47) and hypercalcemia (48,49). A
modest J wave is observed in some patients who have completely recovered from hypothermia (54,55). The prominent J wave induced by hypothermia is the result of a marked
accentuation of the spike-and-dome morphology of the action potential of M and epicardial cells (i.e., an increase in both width and magnitude of the notch) as illustrated in
Fig. 3. This may be the result of slowing of the kinetics of activation of Ito less than the
kinetics of the calcium current, ICa. In addition to inducing a more prominent notch,
hypothermia produces a slowing of conduction which allow the epicardial notch to clear
the QRS so as to manifest a distinct J wave. Thus, the additional conduction delay from
endocardium to epicardium together with the widening of the epicardial action potential
notch serve to unmask a latent J wave by moving it out of the QRS complex (Fig. 3).
Association of hypercalcemia with the appearance of the J wave (48,49,56) may also
be explained on the basis of an accentuation of the epicardial action potential notch,
possibly as a result of an augmentation of the calcium-activated chloride current and a
decrease in ICa (57).
As discussed in Chapter 9, the presence of a prominent action potential notch predisposes canine ventricular epicardium to all-or-none repolarization and phase 2 reentry.
Under ischemic conditions and in response to sodium channel blockers, parasympathetic
agonists, potassium channel blockers and a variety of other drugs, canine ventricular
epicardium exhibits an all-or-none repolarization at the end of phase 1 of the action
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Fig. 4. Graph showing correlation between amplitude of J wave of transmural ECG and amplitude
of epicardial action potential notch recorded at different S1–S2 intervals (Ο) and temperatures
(29°C to 36.5°C, ∆) and in the absence and presence of 5 mmol/L 4-AP (■ ). Three separate
preparations. Basic cycle length was 4000 ms. In the case of the hypothermia and restitution plots,
the solid lines were obtained by linear regression (r2=.99 for both). (From [18], with permission.)

potential. Failure of the dome to develop results in a marked (40% to 70%) abbreviation
of the action potential. Under these conditions, the action potential dome is usually
abolished at some epicardial sites but not others, causing a marked dispersion of repolarization. Propagation of the action potential dome from sites at which it is maintained to
sites at which it is abolished can cause local reexcitation of the preparation. This mechanism, called phase 2 reentry, produces extrasystolic activity, which can then initiate one
or more cycles of circus movement reentry (3). Because the J wave provides an index of
the prominence of the spike-and-dome morphology of the epicardial response, it can be
of diagnostic and prognostic value in identifying subjects predisposed to phase 2 reentry
or individuals who may be inclined to develop life-threatening arrhythmias such as the
Brugada syndrome (58,59).

Transmural Dispersion of Repolarization as the Basis for the T Wave
M cells have been shown to play a determining role in the inscription of the electrocardiographic T wave. Data from the arterially-perfused wedge have provided new
insights into the cellular basis of the T wave showing that currents flowing down voltage
gradients on either side of the M region are in large part responsible for the T wave (Fig.
5) (60). The interplay between these opposing currents establishes the height and width
of the T wave as well as the degree to which either the ascending or descending limb of
the T wave is interrupted, leading to a bifurcated or notched appearance. The voltage
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Fig. 5. Voltage gradients on either side of the M region are responsible for inscription of the
electrocardiographic T wave. Top: Action potentials simultaneously recorded from endocardial,
epicardial and M region sites of an arterially-perfused canine left ventricular wedge preparation.
Middle: ECG recorded across the wedge. Bottom: Computed voltage differences between the
epicardium and M region action potentials (∆VM-Epi) and between the M region and endocardium
responses (∆VEndo-M). If these traces are representative of the opposing voltage gradients on either
side of the M region, responsible for inscription of the T wave, then the weighted sum of the two
traces should yield a trace (middle trace in bottom grouping) resembling the ECG, which it does.
The voltage gradients are weighted to account for differences in tissue resistivity between M and
Epi and Endo and M regions, thus yielding the opposing currents flowing on either side of the M
region. (A) Under control conditions the T wave begins when the plateau of epicardial action
potential separates from that of the M cell. As epicardium repolarizes, the voltage gradient between
epicardium and the M region continues to grow giving rise to the ascending limb of the T wave.
The voltage gradient between the M region and epicardium (∆VM-Epi) reaches a peak when the
epicardium is fully repolarized—this marks the peak of the T wave. On the other end of the
ventricular wall, the endocardial plateau deviates from that of the M cell, generating an opposing
voltage gradient (∆VEndo-M) and corresponding current that limits the amplitude of the T wave and
contributes to the initial part of the descending limb of the T wave. The voltage gradient between
the endocardium and the M region reaches a peak when the endocardium is fully repolarized. The
gradient continues to decline as the M cells repolarize. All gradients are extinguished when the
longest M cells are fully repolarized. (B) DL-sotalol (100 µM) prolongs the action potential of the
M cell more than those of the epicardial and endocardial cells, thus widening the T wave and
prolonging the QT interval. The greater separation of epicardial and endocardial repolarization
times also gives rise to a notch in the descending limb of the T wave. Once again, the T wave begins
when the plateau of epicardial action potential diverges from that of the M cell. The same relationships as described for panel A are observed during the remainder of the T wave. The sotalolinduced increase in dispersion of repolarization across the wall is accompanied by a corresponding
increase in the Tpeak-Tend interval in the pseudo-ECG. Modified from (60) with permission.

gradients result from more positive plateau potentials in the M region than in epicardium
or endocardium and from differences in the time-course of phase 3 of the action potential
of the three predominant ventricular cell types. Under baseline and long QT conditions,
the epicardial response is the earliest to repolarize and the M cell action potential is the
last. Full repolarization of the epicardial action potential is coincident with peak of the
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Fig. 6. Contribution of transmural vs apico-basal and anterior-posterior gradients to the registration of the T wave. The four ECG traces were simultaneously recorded at 0°, 45°, –45°, and 90°
(apico-basal) angles relative to the transmural axis of an arterially-perfused left ventricular wedge
preparation. Inscription of the T wave is largely the result of voltage gradients along the transmural
axis. Modified from (60) with permission.

T wave and repolarization of the M cells coincides with the end of the T wave. The
duration of the M cell action potential determines the duration of the QT interval under
a wide variety of conditions in which the QT interval can be altered, including changes
in pacing rate, prematurity, alterations in [K+]o and exposure to APD-prolonging drugs.
Under these conditions, the Tpeak–Tend interval provides an index of transmural dispersion of repolarization, which may prove to be a valuable prognostic tool (60,61), as
recently reported by Lubinski et al. (62).
Previous studies have suggested apico-basal repolarization gradients measured along
the epicardial surface may play a role in the registration of the T wave (63). In contrast,
more recent studies involving the perfused wedge suggest little or no contribution, owing
to the fact that the ECG recorded along the apico-basal axis fails to display a T wave (Fig.
6) (60,64). These findings suggest that in this part of the canine left ventricular wall
(anterior, mid apico-basal) the inscription of the T wave is largely the result of voltage
gradients along the transmural axis.

Role of Transmural Heterogeneity in Inscription of the U Wave
A number of interesting theories have been advanced to explain the cellular basis for
the U wave. Since the original description of this wave by Einthoven, who hypothesized
that the U wave is the representation of the late repolarization of certain regions of
myocardium (2), the following theories have been proposed to explain the physiologic
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mechanisms responsible for its genesis. Several myocardial sources of the U wave have
been considered:
1.
2.
3.
4.
5.
6.

Ventricular septum (65)
Papillary muscles (66)
Negative afterpotentials (67,68)
Purkinje system (69,70)
Early or delayed afterdepolarizations (68)
“Mechano-electrical feedback” (71,72)

The major idea behind these concepts was to find some electrical processes in myocardium that last far beyond repolarization of endocardial and epicardial surfaces of the
heart.
The most popular hypothesis ascribes the U wave to delayed repolarization of the HisPurkinje system (69,70). The small mass of the specialized conduction system is difficult
to reconcile with the sometimes very large U wave deflections reported in the literature,
especially in cases of acquired and congenital long QT syndrome. It has previously been
suggested that the M cells, more abundant in mass and possessing delayed repolarization
characteristics similar to those of Purkinje fibers, may be responsible for the inscription
of the pathophysiologic U wave (73). However, the original simulations (74) failed to
reproduce U waves of width comparable to those observed clinically (75) even when
myocardial resistivity was assumed much higher than normal. More recent findings
derived from the wedge clearly indicate that what many clinicians refer to as an accentuated or inverted U wave is not a U wave, but rather a component of the T wave whose
descending or ascending limb (especially during hypokalemia) is interrupted (Fig. 7)
(60,76). A transient reversal in current flow across the wall owing to shifting voltage
gradients between epicardium and the M region and endocardium and the M region
appear to underlie these phenomena. The data suggest that the “pathophysiologic U
wave” that develops under conditions of acquired or congenital LQTS is part of the T
wave and that the various hump morphologies represent different levels of interruption
of the ascending limb of the T wave, arguing for use of the term T2 in place of U to
describe these events, as previously suggested by Lehmann et al. (60,77).
What then is responsible for the normal U wave, the very small distinct deflection
following the T wave? The repolarization of the His–Purkinje system as previously
suggested by Hoffman, Crenfield and Lepeshkin (69) and by Watanabe and coworkers
(70) remains a most plausible hypothesis. Repolarization of the Purkinje system is temporally aligned with the expected appearance of the U wave in the perfused wedge
preparation (Fig. 8) (60). The lack of a U wave in the wedge is likely related to a low
density of the Purkinje system in the dog. A test of this hypothesis awaits the availability
of an experimental model displaying a prominent U wave.
Indirect support for the hypothesis derives from the recent finding that isoproterenolinduced changes in the repolarization of Purkinje fibers parallel those of the U wave (78).
In healthy humans, isoproterenol abbreviates both QT and QU intervals, whereas in
LQT1 patients (defective IKs) isoproterenol remarkably prolongs the QT interval but
apparently abbreviates the QU interval (79). Experimental studies involving canine left
ventricular M cell preparations and Purkinje fibers demonstrate that isoproterenol abbreviates the action potential of both cell types under normal conditions, but that under
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Fig. 7. Transient shift of voltage gradients on either side of the M region results in T wave
bifurcation. The format is the same as in Fig. 5. All traces were simultaneously recorded from an
arterially perfused left ventricular wedge preparation. (A) Control. (B) In the presence of
hypokalemia ([K+]o = 1.5 mM), the IKr blocker dl-sotalol (100 µM) prolongs the QT interval and
produces a bifurcation of the T wave, a morphology some authors refer to as T-U complex. The
rate of repolarization of phase 3 of the action potential is slowed giving rise to smaller opposing
transmural currents that cross-over producing a low amplitude bifid T wave. Initially the voltage
gradient between the epicardium and M regions (M-Epi) is greater than that between endocardium
and M region (Endo-M). When endocardium pulls away from the M cell, the opposing gradient
(Endo-M) increases, interrupting the ascending limb of the T wave. Predominance of the M-Epi
gradient is restored as the epicardial response continues to repolarize and the Epi-M gradients
increases, thus resuming the ascending limb of the T wave. Full repolarization of epicardium
marks the peak of the T wave. Repolarization of both endocardium and the M region contribute
importantly to the descending limb. BCL = 1000 ms. Modified from (60) with permission.

conditions mimicking LQT1 (use of chromanol 293B to block IKs) isoproterenol abbreviates the Purkinje fiber action potential, but markedly prolongs that of the M cell (78).
The isoproterenol-induced changes in the action potential duration (APD) of Purkinje
parallel those of the QU interval, thus providing indirect support for the hypothesis that
repolarization of the Purkinje system is responsible for the inscription of the U wave.
Another hypothesis that endures despite a lack of direct experimental and clinical
evidence is that the normal U wave is associated with the mechanical activity of the heart
(mechano-electrical feedback). This concept in essence combines the four remaining
hypotheses 1., 2., 5., and 6. listed previously into one. Lepeshkin (68) was the first to
propose that U wave may be associated with late afterdepolarizations. Around the same
time Furbetta et al. (66) reported that the U wave correlates temporally with the mechanical activity of papillary muscles, substantiating the well-known fact that the beginning
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Fig. 8. Correlation of transmembrane and electrocardiographic activity. Transmembrane potentials and a transmural ECG recorded from two different arterially-perfused canine left ventricular
wedge preparations. (A) Action potentials from epicardial (Epi), midmyocardial (M) and endocardial (Endo) sites were simultaneously recorded using floating glass microelectrodes. A transmural
ECG was recorded concurrently across the bath. (B) Action potentials from epicardium (Epi),
midmyocardium (M) and subendocardial Purkinje were recorded simultaneously together with a
transmural ECG. In both cases, repolarization of epicardium is coincident with the peak of the T
wave of the ECG, whereas repolarization of the M cells is coincident with the end of the T wave.
The endocardial APD is intermediate (panel A). Note that although repolarization of the Purkinje
fiber occurs after that of the M cell (panel B), it does not register on the ECG. BCL = 2000 ms.
Modified from (60) with permission.

of the U wave coincides with the second heart sound. A few years earlier, it was shown
that the tip of papillary muscles and the upper part of the ventricular septum have enhanced
sensitivity to the mechanical “injury” (pressure or touching by a catheter) giving rise to
ectopic beats (80,81). These observations contributed to the hypothesis put forth by
Lepeshkin (82) that the sudden release of tension on the papillary muscles secondary to
opening of the mitral and tricuspid valves in early diastole may generate a delayed
afterdepolarization in this mechano-sensitive area. This hypothesis received further support from data obtained in pig hearts in situ using monophasic action potentials (71). In
a series of elegant experiments, Max Lab (71) showed that sudden myocardial stretch (or
release) results in APD prolongation that can be ascribed to triggering of Ca efflux from
the sarcoplasmic reticulum which in turn is capable of generating an inward Na-Ca
exchange current-induced depolarization. A possible contribution from another “sensitive” area—the upper part of the intraventricular septum—could not be excluded. This
area at the base of the ventricles is thinner than the wall of the apex and it experiences
rapid distention during early diastole. The region of the outflow tracts have recently been
shown to have a disproportionately large fraction of M cells, which have been shown to
develop delayed afterdepolarization more readily than other ventricular myocytes under
a variety of conditions (51). Also of note is the fact that this region of the ventricular
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Fig. 9. Spectrum of T-U transitions in lead II recorded in the 71 year-old-male on amiodarone (for
atrial fibrillation). (A) The U wave (thick arrows) is completely separated from the T wave and
may be erroneously excluded in measurement of the QT interval. The QTc (without the U) is 400
ms, too short for a patient on amiodarone, whereas the QTc (with the U) is 600 ms, very long even
for a patient on amiodarone. In this case, the U wave is pathologic (T2) and the QT is abnormally
prolonged. (B) ECG recorded the next day in the same patient. The U waves are greatly diminished
(thin arrows) but appear to become much more prominent (thick arrows) following a postextrasystolic compensatory pause. The post-pause T2 augmentation suggests that, regardless of
their origin, these pathophysiologic waves reflect early afterdepolarizations (EADs), increased
dispersion of repolarization or both. Question marks indicate intermediate T-U configurations that
are very difficult to classify as either T2 or U.

myocardium is densely innervated with sympathetic nerves. M cells are also found in the
deep layers of papillary muscles.
Several well-established facts provide support, albeit indirect, for the mechanoelectrical hypothesis. For example, conditions that increase ventricular filling (slow heart
rate) produce a greater mechanical influence due to a greater ventricular and papillary
muscle extension. Delayed depolarizations are facilitated by cardiac hypertrophy, a condition known to be associated with larger U waves. Mild hypertrophy may also increase
mechanical stress due to the larger size of the heart. Hypokalemia, which potentiates the
appearance of U wave, reduces resting outward currents, thus facilitating the development of delayed afterdepolarizations (DADs). It is noteworthy that the differential effect
of isoproterenol on the T wave and U wave in LQT1 patients (79) could be explained by
this hypothesis if there is preferential shortening of mechanical systole relative to the
electrical systole in the presence of catecholamines.
The need to understand the U wave is not purely academic. High amplitude U waves
have been implicated in the generation of “triggered” extrasystoles capable of precipitating life-threatening arrhythmias, including torsade de pointes. The question however that
we must ask at this juncture is whether many of these examples in the literature represent
cases in which T2 is confused for a U wave. A continuous spectrum of TU transitions can
make distinction of the two difficult at times. Such distinction however becomes paramount when studying the effects of agents with Class III antiarrhythmic actions. QTc
may be grossly underestimated if a T2 is judged to be a U wave and excluded from the
measurement of the QT interval. Figure 9 shows a clinical example in a patient receiving
amiodarone, illustrating how such confusion can arise. The prominent apparent U waves
are actually T2 waves. If excluded from the measurement of QT, a value of 400 ms would
be obtained, far shorter than the actual QT interval of 600 ms.
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Table 1
Consequences of a Prominent Ito-mediated Action Potential Notch
in Epicardium but not Endocardium
J wave (Osborne wave) (15,18)
Differential sensitivity to ischemia & components of ischemia (15,57,84,85)
Differential sensitivity to drugs (15,18,84–89)
Neurohormones (Acetylcholine and Isoproterenol)
Transient Outward Current Blockers
Calcium Channel Blockers
Sodium Channel Blockers
Potassium Channel Openers
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INTRODUCTION
Abnormalities of ventricular repolarization are a reoccurring feature of structural heart
disease and likely contributors to the increased incidence of sudden death in patients with
cardiac hypertrophy and heart failure (HF). Several clinical observations support this
contention. Over two million Americans suffer from heart failure and more than 200,000
die annually. The incidence is estimated to be 400,000 per year with a prevalence of over
4.5 million, numbers that will increase with the aging of the US population (1). The
majority of patients with heart failure have coronary artery disease as the cause of heart
failure or concomitant with myocardial failure. Despite remarkable improvements in
medical therapy the prognosis of patients with myocardial failure remains poor with over
15% of patients dying within one year of initial diagnosis and up to an 80% six-year
mortality (2). Of the deaths in patients with heart failure, 50% are sudden and unexpected.
The distinction between true mechanisms and mere markers of disease has been particularly difficult in heart failure, because the cascade of physiological, neurohumoral,
From: Contemporary Cardiology: Cardiac Repolarization: Bridging Basic and Clinical Science
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and biochemical abnormalities observed in heart failure is the result of a complex interaction of a number of environmental and genetic factors. Yet making the distinction
between mechanisms and markers of disease may have far-reaching therapeutic implications.

ELECTRICAL AND STRUCTURAL REMODELING
OF THE DISEASED VENTRICLE
The hypertrophic and failing heart undergoes a complex series of changes in both
myocyte and nonmyocyte elements. In an attempt to compensate for the reduction in
cardiac function the sympathetic nervous (SNS), renin-angiotensin-aldosterone (RAAS)
systems and other neurohumoral mechanisms are activated but ultimately prove to be
maladaptive. Neurohumoral activation predisposes to myocyte loss, ventricular chamber
remodeling including interstitial fibrosis, resulting in a progressive reduction in force
development and impairment of ventricular relaxation. The precise pathways involved
in left ventricular (LV) remodeling are still unclear, however the following molecular
scenario has been proposed. As myocytes stretch, local norepinephrine, angiotensin, and
endothelin are increased. These changes induce qualitative and quantitive changes in
protein expression in the interstitium and myocyte hypertrophy. In addition, increased
activation of aldosterone and cytokines may also stimulate collagen synthesis, thus leading to fibrosis and remodeling of the extracellular matrix. The remodeling that is most
relevant to changes in repolarization is that occurring in active membrane properties of
the cardiac myocyte.
Intrinsic cardiac and neurohumoral responses to myocardial hypertrophy and failure
adversely alter the electrophysiology of the heart predisposing patients with heart failure
to an increased risk of arrhythmic death. With progression of heart failure there is an
increase in the frequency and complexity of ventricular ectopy (3,4). Total mortality in
heart failure patients correlates with LV function and the presence of complex ventricular
ectopy (5–7). However, there is no clear correlation between sudden cardiac death (SCD)
and ventricular function or ventricular ectopy. Moreover, death can be disproportionately
sudden in patients with hypertrophy or more modest myocardial dysfunction (8). A major
caveat is that the mechanism of sudden death is highly heterogeneous.
This chapter will review the major changes that have been observed in the electrophysiology of ventricular myocytes isolated from hypertrophic or failing hearts and
uninvolved regions of infarcted ventricles with an emphasis on altered ventricular repolarization.

CHANGES IN THE ACTION POTENTIAL PROFILE AND DURATION
An elementary and distinctive signature of any excitable tissue is its action potential
profile. Cardiac myocytes possess a characteristically long action potential (Fig. 1): After
an initial rapid upstroke, there is a plateau of maintained depolarization before repolarization. The duration of the action potential is primarily responsible for the time course
of repolarization of the heart; prolongation of the action potential produces delays in
cardiac repolarization.
Changes in action potential duration and profile result from alterations in the functional expression of depolarizing and repolarizing currents. Prolongation of the action
potential is characteristic of cells and tissues isolated from the ventricles of animals with
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Fig. 1. Schematic of the depolarizing and repolarizing currents that shape the action potential in
the mammalian ventricle. A schematic of the time course of each of the currents is shown as well
as the gene product that underlies the current. The dotted line represents the trajectory in the failing
heart.

hypertrophy or heart failure independent of the mechanism (Fig. 1), including pressure
and/or volume overload (9–24), genetic (25–27), metabolic (28), ischemia/infarction
(29–32), and chronic pacing tachycardia models (33–35). Similarly tissues (36–38) and
cells (39–41) from failing human ventricles exhibit action potential prolongation.
The pathophysiological significance of action potential prolongation in myocytes
isolated from hypertrophied and failing hearts has been debated on several grounds. First,
most action potential recordings from ventricular myocytes are made at unphysiologically
slow rates and indeed the difference in duration between cells from failing and control
ventricles converges at high stimulation frequency (38,42). However, slow heart rates
and pauses after premature contractions are common in heart failure, and the post-pause
prolongation of the action potential duration may be highly significant. Second, isolated
myocytes are no longer electrically coupled to other cells in the cardiac synctium; however, intact muscle preparations from failing hearts (37), monophasic action potential
recordings in whole hearts (43) and optical mapping from transmural sections of failing
hearts (44) also exhibit action potential prolongation. Finally, the duration of the action
potential is quite sensitive to mechanical load and increasing the load has been reported
to shorten action potential duration and refractoriness more in failing than in normal
hearts (45), however cellular studies suggest that mechanical stretch prolongs action
potential duration (APD) (46).
An important and understudied question is the effect of hypertrophy and failure on
regional differences in APD. APDs vary across the myocardial wall (47–50) and in
different regions (51) of the mammalian heart. Data from a limited number of experimental animal models of hypertrophy (13,16) and heart failure (44,52) suggest exaggerated
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regional inhomogeneity in APD. The finding of enhanced spatial and temporal dispersion
of monophasic APD, refractoriness, and electrocardiographic QT intervals in humans
(53,54), and animals with heart failure (43,44) is consistent with an exaggerated dispersion of APD that may predispose to ventricular arrhythmias.

ALTERATIONS IN CA2+ HOMEOSTASIS
Although altered myocyte calcium handling is characteristic of HF in both human
(55,56) and animal models, the basic mechanisms involved in myocardial remodeling of
excitation-contraction coupling remain controversial. Different forms of remodeling are
associated with distinct patterns of gene expression, and hence with different molecular
phenotypes (57).
The density of Ca current has been studied in a number of animal models of ventricular
hypertrophy and failure (58). The severity of hypertrophy or failure appears to be inversely
correlated with the density of the L-type current (12,14,21,59–63) or number of
diydropyridine (DHP) binding sites (64–69). The L-type current is generally increased
in mild-moderate hypertrophy and unchanged or decreased in severe hypertrophy and
heart failure.
The changes in L-type current in cells isolated from failing human hearts parallel those
obtained from animal models with severe hypertrophy or failure; human cells exhibit
either no change (39,70–72) or a decrease in the current density (73) or DHP binding sites
(35,74,75). A recent study showed a decrease of L-type current with increased stimulation frequency in failing human myocytes (76). In most studies of Ca currents in cells
isolated from failing hearts, there are no changes in either kinetics or voltage dependence.
However, a slowing of the decay of the whole-cell current has been observed in some
models, a change that could alter excitation-contraction coupling and would tend to
prolong the action potential duration (Fig. 2) (9,12,77–79). It should be noted that most
measurements of L-type currents have been performed under highly unphysiologic conditions; notably the conventional use of high affinity intracellular Ca2+ buffers, such as
EGTA, will suppress the Ca2+-mediated component of L-type channel inactivation and
thus may potentially lead to an underestimation of kinetic differences between normal
and failing myocytes (80).
The molecular basis of changes in the density of the L-type current is unknown. A
reduction in the number of DHP binding sites has been reported in various animal models
(66–69,81,82), whereas in failing human hearts the steady-state level of α1c mRNA has
been reported to be decreased by Northern blot (74,83), but was unchanged by ribonuclease protection assay (84). Two reports of changes in human Ca channel β subunit
mRNA are conflicting. Northern blots of samples from the left ventricle of failing hearts
revealed no change in β subunit mRNA (83). In contrast, samples from right ventricular
endomyocardial biopsies revealed an inverse relationship between β subunit mRNA
levels measured by PCR and LV end-diastolic pressure in explanted hearts (85). No data
are available yet on possible changes in the level of immunoreactive β subunit protein in
human cardiac hypertrophy or failure.
Measurements of intracellular Ca2+ have revealed a reduction in the amplitude of the
calcium transient and its rate of decay in intact muscles (37) and cells isolated from failing
ventricles compared with normal controls (39,42,71,86–91).
Despite agreement that Ca sequestration by the SR is defective in the failing myocardium (Fig. 2), there is controversy regarding the molecular mechanisms. SERCA2a
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Fig. 2. (Left) Action potential and Ca2+ transients recorded in canine ventricular myocytes isolated
from a normal heart and failing heart. The action potentials and transients are prolonged and the
transient amplitude is decreased. (Right) Action potential duration and Ca2+ handling are intimately linked by several mechanisms (see text for details).

mRNA is decreased in many studies (55,74,92–100), but fewer studies have shown a
reduction in the immunoreactive protein (42,99–103). In human heart failure, some
studies have shown a reduction in SERCA2a mRNA (Mercadier et al.) and protein levels
(91,92,94,95,104–106), although others have shown no change of the SERCA2a mRNA
and protein (94,107,108).
SERCA2a function may be indirectly altered in hypertrophy and heart failure, by
changes in the functional expression of the regulatory protein phospholamban (PLB).
PLB mRNA is generally reduced in failing human hearts (55,94–96,109), but changes in
the level of immunoreactive PLB protein have not been as consistent (94–96,108,110).
Data regarding the level of phosphorylation of PLB in the failing human heart are contradictory (108,111,112). The combination of a reduction in the level of phosphorylation
of PLB, and a decrease in the level of immunoreactive SERCA and PLB would be
expected to reduce the rate of uptake of Ca2+ by the SR. Indeed a decrease in the SERCA2a
to PLB ratio has been associated with defective Ca2+ handling and contraction (113–116).
The level of ryanodine receptor (RyR) mRNA in the left ventricle is decreased in some
studies of terminal human heart failure (117,118), but no change in RyR immunoreactive
protein has been demonstrated by others (106). Hyperphosphorylation of RyR by PKA
in the failing heart has been associated with dissociation of the macromolecular complex
FKBP12.6 from the RyR, which has been argued to reduce the EC coupling gain (119–
121). Nevertheless, a reported decrease in the EC coupling gain (90) has not been confirmed in large animal (122) or in human (123) heart failure studies. Furthermore, a
decrease in EC coupling gain would not adequately explain the fact that Ca2+ transients
are generally similar in normal and failing myocytes at slow pacing rates.
The sodium-calcium exchanger (NCX) importantly contributes to the control of intracellular [Ca2+], extruding Ca2+ from the cell by electrogenically exchanging it for extracellular [Na+]. Most studies from human and animal hypertrophied and failing hearts
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have demonstrated an increase in both NCX mRNA (93,124–127) and/or protein
(93,116,124, 125,127,128), suggesting that enhanced NCX function compensates for
defective SR removal of Ca2+ from the cytoplasm in the failing heart. A prominent
increase in NCX function has been demonstrated in both animal models and human heart
failure (9,124,128–130). Na+-dependent Ca2+ flux into the cell (reverse mode Na/Ca
exchange) has been shown to be increased in human sarcolemmal preparations (128).
Thus, in the context of a prolonged calcium transient, the NCX is likely to play a significant role in reshaping the action potential profile. Forward-mode exchanger function
(Na+ in and Ca2+ out) compensates for defective SR Ca2+ removal at the expense of
depletion of the releasable pool of Ca2+ (131–133), increasing depolarizing current.
Reverse mode exchange (Na+ out and Ca2+ in) has been suggested to provide inotropic
support to the failing heart (124,134) and contribute to the slow decay of the calcium
transient in failing human myocytes (41). Computer simulations based on the canine
pacing tachycardia model suggest that augmentation of reverse mode exchanger function
during the early plateau will tend to shorten the action potential duration. However, with
exaggerated forward mode function and changes in the decay rate of the L-type Ca current, the net effect is prolongation of the action potential (80).

DOWNREGULATION OF POTASSIUM CURRENTS
Functional downregulation of K currents is a recurring theme in hypertrophied and
failing ventricular myocardium. A reduction in the current density of Ito is the most
consistent ionic current change in cardiac hypertrophy and failure. Several notable exceptions are studies of compensated pressure overload hypertrophy which were associated
with either no change (12,135) or an increase in Ito density (18,136). Downregulation of
Ito, without a significant change in the voltage dependence or kinetics of the current has
also been observed in cells isolated from terminally failing human hearts (40,137,138).
The density of Ito and other K currents, notably the delayed rectrifiers (IKr and IKs) vary
regionally and transmurally in the heart, and there is some evidence that Ito may be
reduced differentially in heart failure (137,138). The regional differences in current
expression are further complicated by presence of inhomogenous structural heart disease
such as myocardial infarction. In the rabbit pacing-induced heart failure model, there has
been a reduction in the Ito density in myocytes isolated from the apex of the left ventricle
(35). The mechanisms underlying regional and transmural differences in Ito density in the
heart are not clear. Some data suggest that there are differences in the level of expression
of the gene encoding Kv4.x channel or its accessory subunit KChIP2 (139); alternatively,
distinct gene products may underlie Ito in different regions of the heart (e.g., Kv4.x vs
Kv1.4) and at various stages of development (140,141).
Changes in Ito density have been observed in different regions and cell types in the
infarcted heart. In the early postinfarction period in the canine heart Purkinje myocytes
in the infarcted region exhibit a 50% reduction in Ito density without changes in the
voltage dependence of gating but an alteration of kinetics consisting of a hastening of
current decay and slowing of recovery from inactivation (142). Thus the reduction in Ito
would be exaggerated at high heart rates. Ventricular myocytes isolated from the epicardial border zone five days after infarction in the dog expressed little or no Ito (29). Other
studies of remodeling after healed myocardial infarction have focused on regions remote
from the infarction that undergo hypertrophy in response to the loss of muscle mass in
the infarct region. These studies generally reveal a reduction in Ito density (29,30,143,144).
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In humans, it has been hypothesized that Kv1.4 is the predominant gene that encodes
endocardial Ito, whereas Kv4.3 underlies mid-myocardial and epicardial Ito (145). Interestingly, these two K channels (Kv1.4 and [Kv4.3 or Kv4.2]) exhibit distinct kinetic
behaviors when heterologously expressed, with Kv1.4 having much slower inactivation
recovery kinetics than Kv4.x (146–149). Preferential expression of Kv1.4 in the endocardium may underlie the different electrophysiological behavior of Ito in human cells isolated from the subendocardium and subepicardium (137,138).
The molecular mechanism of Ito downregulation in structural heart disease is likely to
be multifactorial. Ito is regulated by neurohumoral mechanisms, specifically α1adrenergic
stimulation which reduces the current size (150–152). In animal models (32) and human
heart failure (84), a reduction in the steady-state level of Kv4 mRNA has been associated
with downregulation of Ito. In the rat, reduction in the steady-state level of mRNA is
associated with a commensurate decrease in the level of immunoreactive Kv4 protein
(32). The reduction in mRNA level results from a change in the balance between transcription and mRNA degradation, but the precise molecular mechanism is unknown. It
is interesting to note that regulated expression of Ito and Kv4 mRNA and protein occurs
during development (140) and exposure to thyroid hormone (141,153).
Ito profoundly influences rapid early repolarization (phase 1) and the level of the
plateau thereby affecting all of the currents that are active later in the action potential.
Because Ito is brief, its role in setting the action potential duration in larger animals and
humans remains controversial. Most of the studies examining Ito in heart failure have used
Ca2+-buffered internal solutions, thus distorting any possible role of calcium-dependent
processes. Under these conditions, several lines of evidence suggest that reduced Ito
density prolongs the overall action potential duration (33,34,40,154). Nevertheless, it is
not clear whether this conclusion would also apply under more physiological conditions.
In fact, computer simulations of the canine ventricular AP suggest that reductions in Ito
decrease the APD when Ca2+ cycling is intact (155).
Changes in other K currents in hypertrophy and heart failure have been reported, but
not with the consistency of downregulation of Ito. In ventricular hypertrophy, IK1 has been
reported to be increased (17), decreased (12), or unchanged (9,12,14,21,135). Similar
inconsistencies have been observed in pacing tachycardia models: reduced IK1 density
has been seen in the dog (33), although unchanged current density was found in the rabbit
(34,35,156). In human heart failure, ventricular myocytes exhibit significantly reduced
current density at negative voltages. The underlying basis of the downregulation of IK1
in human heart failure is uncertain. Kääb et al. reported no change in the steady-state level
of Kir2.1 mRNA in failing compared to control hearts (84). In studies of human ventricular IK1, a differential reduction in the current was noted between cells isolated from
failing hearts with dilated vs ischemic cardiomyopathy. The whole-cell slope conductance near the reversal potential for K+ was significantly smaller in cells from hearts with
dilated cardiomyopathy; these cells also had longer action potentials with slower terminal (phase 3) repolarization (157). Ventricular myocytes isolated from controls and
hearts with ischemic cardiomyopathy exhibited voltage dependence of the open probability of IK1, a response that was absent in cells from hearts of patients with dilated
cardiomyopathy (157).
Studies of the delayed rectifier K currents in hypertrophic and failing hearts are more
limited. Myocytes isolated from hypertrophied right (17) and left ventricles (59,158) of
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the cat have reduced IK density with slowed activation and faster deactivation. The
reduction in the outward current over the plateau phase of the action potential, in cells
from the hypertrophied feline left ventricle, exhibit a greater predisposition to developing
potentially arrhythmogenic early afterdepolarizations (EADs) (158). In contrast, studies
of cells isolated from pressure-overload guinea pig (9,21) or spontaneously hypertensive
rat (12) ventricles demonstrate no change in IK. Recently, in the pacing-induced heart
failure model in the rabbit, both E-4031-sensitive and -resistant components were found
to be significantly smaller than those in control hearts, without a significant change in the
voltage dependence or kinetics of the currents (35). The chronic atrioventricular block
dog is a well-characterized model of arrhythmogenic cardiac hypertrophy (159). These
animals exhibit increased monophasic APD, exaggerated dispersion of the APD, and
enhanced susceptibility to pacing and class III antiarrhythmic drug induced torsades de
pointes (159,160). A significant downregulation of the slow component of the delayed
rectifier, IKs, has been identified (135) and preliminary data suggest a downregulation of
steady-state mRNA and protein levels of the transcripts and gene products of KCNQ1 and
KCNE1 (personal communication M. Vos). In the rabbit both E4031-sensitive and
resistant components of IK were decreased in the pacing tachycardia-induced heart
failure (35).
In experimental myocardial infarction reduction of sustained K currents has been
described. In a five–day canine myocardial infarction model, ventricular myocytes isolated from the ischemic zone (IZ, a thin layer of subepicardial tissue overlying the infarction) exhibited significantly reduced IKr and IKs densities compared with myocytes
isolated from the noninfarcted zone (NZ) (161). The changes in delayed rectifier current
density were associated with a reduction in KvLQT1, ERG, and minK mRNA levels two
days after coronary occlusion, at five days postinfarction the level of KvLQT1 mRNA
had normalized while the others remained depressed compared to the NZ (161). In a
chronic feline myocardial infarction model, ventricular myocytes from the border zone
of the infarct exhibited depressed IK with a shift in the voltage-dependence of activation
in the positive direction compared to cells isolated from noninfarcted hearts. When
quinidine was applied to ventricular myocytes isolated from the infarcted hearts, action
potential prolongation was blunted compared with cells isolated from normal ventricles
(162) consistent with reduced repolarizing reserve in cells isolated from the diseased
hearts. No change was found in the steady-state level of HERG mRNA in human HF (84),
although others have reported a decrease in failing compared to control hearts (163).
The ATP-gated potassium channel (IK-ATP) is the principal mediator of action potential
shortening in response to ischemia in the heart. Differences in the behavior of IK-ATP in
hypertrophied or failing hearts may have profound implications for susceptibility to
arrhythmias induced by myocardial ischemia. Human ventricular IK-ATP in cells isolated
from failing ventricles is functionally similar to that observed in myocytes from control
ventricles, but less sensitive to ATP inhibition (164). Action potential shortening that
occurs in response to ischemia or metabolic inhibition is exaggerated in cells from
hypertrophied compared to normal ventricles (59). The differential sensitivity of the
action potential duration to ischemic stress may be a result of altered IK-ATP sensitivity to
intracellular (ATP); however, the L-type Ca current in myocytes from hypertrophied
hearts is also more profoundly suppressed by metabolic inhibition than it is in cells from
control hearts (59).
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Na+-K+-ATPase
The Na+-K+ adenosine triphosphatase (ATPase), or Na pump, is responsible for the
establishment and maintenance of the major ionic gradients across the cardiac cell membrane. The Na pump belongs to the widely distributed class of P-type ATPases that are
responsible for transporting a number of cations. The P-type designation of this family
of enzymes refers to the formation of a phosphorylated aspartyl intermediate during the
catalytic cycle. The Na+-K+ ATPase hydrolyzes a molecule of ATP to transport K+ into
the cell and Na+ out with a stoichiometry of 2:3 therefore generating a time-independent
outward current.
The majority of experimental data suggests that the expression and function of the
Na+-K+-ATPase are reduced in failing compared with control hearts (165–169). The
density of the Na+-K+ ATPase decreases in heart failure as assessed by 3[H]-ouabain
binding. The decrease occurs without a significant impact on the inotropic effect of
digitalis glycosides in human ventricular myocardium (170). Decreased Na pump function in heart failure has several consequences that might be relevant to production of
arrhythmias. First, the reduction in the outward repolarizing current that would tend to
prolong action potential duration. Second, reduced pump function would lead to an
increase in intracellular [Na+] and enhanced reverse-mode NCX, increasing depolarizing
current. Finally, cells with less Na+-K+-ATPase activity have greater difficulty handling changes in extracellular [K+]. Low [K+]o itself tends to inhibit the ATPase, while
increases in [K+]o would tend to be cleared less rapidly in the setting of relative pump
inhibition.

Pacemaker Current, If
If is a current that contributes to diastolic depolarization in pacemaking cells in the
heart. The current is found in many cell types, but its features are variable; for example,
If is present in ventricular myocytes, but its activation voltage is so negative that it is not
likely to be of physiological significance in the ventricle (171). If activates slowly on
hyperpolarization and deactivates rapidly with depolarization, supporting a mixed
monovalent cation (Na+ and K+) current with a reversal potential of –20 to –30 mV;
β-adrenergic stimulation increases If and hastens diastolic depolarization. Support for If
as the pacemaker current in the heart comes from a genetic model of bradycardia in
zebrafish with a dramatically reduced If current (172); nevertheless, in other species the
linkage is not certain.
In the rat If density increases with the severity of cardiac hypertrophy (173). In contrast, although If is found in higher density in ventricular myocytes from failing human
hearts, the difference from controls did not reach statistical significance. Furthermore, no
differences in the voltage dependence, kinetics or isoproterenol-induced gating shift
were noted in cells from failing compared to control hearts (174). Nonetheless, the trend
toward an increase in If in the setting of reduced IK1 density may predispose ventricular
myocytes isolated from failing hearts to enhanced automaticity.

Gap Junctions
Although alteration in ionic currents represent a central feature of electrical remodeling, ultimately the way myocytes function in the cardiac synctium is the final arbitor of
the effect of remodeling on the electrical and contractile function of the heart. The most
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fundamental level of integration of myocytes is via their contact through gap junctions.
Gap junctions are specialized membrane structures that contain multiple intercellular ion
channels that facilitate electrical and chemical communication between cells. Mammalian gap junction channels or connexons are built by the oligomerization of a family of
closely related genes encoding connexins. Connexins are transmembrane proteins consisting of four highly conserved membrane-spanning α-helices, two extracellular and
one intracellular loop. Three different connexins have been detected in mammalian heart:
connexin-40, connexin-43 and connexin-45 named for their molecular masses.
In virtually all structural heart disease studied to date, there are changes in the number
and distribution of gap junctions. The changes in expression of gap junction channels are
associated with changes in cellular coupling and an increased risk of malignant arrhythmias.
Significant changes in the density and distribution of the major cardiac connexins have
been demonstrated in ischemic (175), hypertrophic (176), and dilated cardiomyopathies
(177) and acute cardiac rejection (178) in humans. Connexin-43, the major gap junction
protein in ventricular myocardium is uniformly decreased and exhibits major changes in
spatial localization including immunostaining extensively over the surface of the myocyte
(lateralization) compared with more restricted expression at intercalated disks in normal
tissue (see [179]). Total connexin-43 content is down-regulated in failing human LV
myocardium of both ischemic and nonischemic etiologies with a reduction in steady-state
mRNA levels (177). In a canine myocardial infarction model abnormally distributed
connexin-43 was spatially coincident with central common pathways of figure-of-eight
reentry circuits (180).
The regulation of expression of connexin-43 is remarkably dynamic with protein halflives as short as 1.3 h (181), such rapid turnover times suggests that one of many mechanisms for controlling cellular coupling in the heart is regulation of the number of gap
junction channels. Posttranslational modification of gap junction proteins also plays a
significant role in regulating cell-to-cell communication in normal and diseased hearts.
Acute ischemia is associated with a rise in intracellular [Ca2+] and [H+] that can reduce
gap junction channel activity, however dephosphorylation of Cx-43 also occurs with a
time course that mimics electrical uncoupling (182). In cardiomyopathic hamsters, progressive mechanical dysfunction is associated with reduced gap junctional communication via c-Src-mediated tyrosine phosphorylation of connexin-43 (183). Alterations in
beta-adrenergic and RAAS signaling in the failing heart is associated with depressed
junctional conductance (184,185). However, in vitro experiments in rat neonatal ventricular myocytes revealed a significant increase in connexin-43 expression upon exposure to angiotensin II, an effect which could be blocked by losartan (186).
Transgenic mouse models have further reinforced the role of abnormalities of gap
junctions in arrhythmia production. Cardiac restricted knock-out of connexin-43 is associated with sudden death due to ventricular arrhythmias at an early age in these animals
in the presence of significant decrements in both longitudinal and transverse epicardial
conduction velocities with augmented anisotropy (187). Although the mechanism of
initiation of lethal ventricular arrhythmias in this model is unknown, the absence of
connexin-43 is a key molecular feature of arrhythmia susceptibility.

Altered Autonomic Signaling
In the face of impaired LV pump function, the body attempts to maintain circulatory
homeostasis (cardiac output) through a complex series of neurohumoral changes. Promi-
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nently, the SNS and RAAS are activated. Activation of the SNS increases heart rate and
contractility and redistributes blood flow centrally by peripheral vasoconstriction. The
RAAS similarly causes vasoconstriction and increases circulatory volume, allowing
individuals to respond appropriately to physiological stress or exercise. However, these
powerful compensatory mechanisms are also utilized to deal with hemodynamic overload, and they are activated when myocardial contractile function is compromised for any
reason. Chronic β-adrenergic receptor stimulation by catecholamines can be cardiotoxic,
and multiple regulatory adjustments produce desensitization of downstream effector
responses in the failing heart. Although these neurohumoral changes are initially adaptive, maintaining systolic function and vital organ perfusion, ultimately progression of
the heart failure phenotype ensues. The combination of neurohumoral activation and
mechanical stress activates signal transduction cascades that produce myocyte hypertrophy and result in the elaboration of trophic factors that increase the interstitial content of
collagen. Activation of these cascades have profound effects on the electrophysiology of
the failing heart.
Since the initial observations of Bristow et al. (188), adrenergic signaling in human
heart failure has been the subject of extensive study (189,190). The β1-, β2-, and
α1-adrenergic receptors mediate the effects of increased catecholamines, both circulating
epinephrine and norepinephrine, released from cardiac nerve terminals in the heart (191).
These receptor subtypes are coupled to different signaling systems. The β1- and β2receptors are coupled by stimulatory G proteins to adenylyl cyclase; activation results in
increased cellular levels of cAMP, which may be quite local in the case of β2-receptors
(192). The α1-receptor is coupled through a G protein to phospholipase C (PLC) which
hydrolyzes inositol phospholipids increasing cellular inositol 1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG). Activation of the α-adrenergic pathway initiates a cascade of
events that trigger cell growth and alter the intracellular Ca2+ load. The possible adverse
consequences of increased Ca2+ load include activation of phospholipases, proteases, and
endonucleases, culminating in cell necrosis or apoptosis and perhaps progression of the
failing phenotype.
In human and animal models of chronic HF the cardiac response to β-adrenergic
stimulation is blunted and there is a positive correlation between increased plasma catecholamine levels and the degree of the diminution of the β-adrenergic response
(188,193–195). In most studies of end-stage human heart failure (188,193,196) and some
failing animal models (195), the β1–adrenergic receptor undergoes subtype-selective
downregulation such that the proportions of β1–:β2–adrenergic receptors are nearly equal
in abundance compared to the 70–80% dominance of the β1–subtype in normal hearts.
In addition, the remaining β-adrenergic receptors are significantly desensitized due to
uncoupling of the receptors from their respective signaling pathways (197,198).
The β-adrenergic receptor subtype signaling pathways may have markedly different
chronic effects on cardiac hypertrophic response, as manifested by the distinct phenotypes of transgenic mice overexpressing cardiac β1– vs β2–adrenergic receptors (199).
Recent evidence suggests that the β-adrenergic receptor subtypes even have opposing
effects on apoptosis in cultured rat cardiomyocytes: β1–stimulation induces apoptosis
whereas β2–stimulation inhibits apoptosis (200,201).
In chronic heart failure in both humans (202–204) and animal models (195), a marked
increase in Gi mRNA levels has been reported. Studies in rat and guinea pig have shown
that chronic infusion of catecholamines increases the expression of Gi (202,205), whereas,
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when the human β2–adrenergic receptor was overexpressed in transgenic mice, Gi protein
abundance was significantly enhanced (199).
Protein phosphorylation mediated by β-adrenergic activation is decreased in the failing human heart (206,207). The PKA signaling pathway appears to be downregulated at
several levels beyond the β-receptor, with the functional implication of limiting PKA
signaling in important subcellular locations such as the sarcolemma and the SR in the
failing cardiac myocytes (208). There is now increasing evidence for local regulation of
PKA activity by binding of PKA to A-kinase anchoring proteins (AKAP) (209,210).
Such compartmentalization of PKA in the human heart may be disrupted in heart failure
as yet another mechanism of abnormal autonomic signaling in the failing heart (211).
The β- and α-adrenergic signaling pathways affect the function of a number of ion
channels and transporters. The net effect of β-adrenergic stimulation is to shorten the
ventricular action potential duration owing to an increase of IK current density (212),
despite β1 receptor stimulation of depolarizing current through the L-type Ca channel.
α1-adrenergic receptor stimulation inhibits several K currents in the mammalian heart,
including Ito, IK1 and IK, with the net effect of prolonging action potential duration (213).
Alterations in β-receptor number and the increased of Gi will impact all down stream
effectors including ion channels and transporters. A well-documented example is the
blunted β-adrenergic agonist-mediated stimulation of ICa in the failing heart (39). The
depressed stimulatory (β-receptor downregulation and desensitization) and enhanced
inhibitory responses to beta adrenergic receptor stimulation are consistent with the overall electrical profile in failing ventricular myocardium.

STRUCTURAL REMODELING IN THE FAILING VENTRICLE
Myocytes and nonmyocytes in the heart are interconnected by connective tissue and
extracellular matrix. Nonmyocyte cardiac cells include fibroblasts responsible for turnover of the extracellular matrix that consists predominantly of fibrillar type I and III
collagens. The fibrillar collagen matrix contributes to the maintenance of ventricular
geometry, the structural alignment of adjoining myocytes and coordinated transmission
of contractile force to the ventricular chamber. Components of the extracellular matrix
include collagens, proteoglycans, glycoproteins, peptide growth factors, and proteases.
The extracellular matrix is an important determinant of the structural characteristics of
the myocardium.
Pathologic myocardial hypertrophy is associated with interstitial fibrosis, which may
alter the electrical and mechanical properties of the myocardium. On the other hand, a
reduction or alteration of certain structural proteins could compromise the integrity of the
extracellular matrix and lead to chamber dilation. Alterations in collagen structure and
composition have been reported to occur within the left ventricle in structural heart
disease, which in turn may influence ventricular geometry and result in discontinuity of
the fibrillar collagen network (214–217).
Following a myocardial infarction, a fraction of cardiac myocytes is replaced by scar
tissue. The scar tissue at the border zone of the infarction consists of type I and III
collagens and atrophied surrounding myocytes, whereas remaining viable myocytes may
hypertrophy. Another prominent feature of the structural remodeling of myocardium in
ischemic cardiomyopathy is an accumulation of fibrillar collagen that is not related to
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myocyte necrosis. This reactive interstitial fibrosis is generally remote from the infarct
site and involves both right and left ventricles, including the interventricular septum
(218–221).
Metalloproteinases (MMPs) are a family of enzymes with high affinity for extracellular matrix components. Recent evidence has shown an increased abundance and activity of MMPs in experimental models of HF and in end-stage human cardiomyopathy of
both ischemic and nonischemic etiologies (222–224). Enhanced MMP activity in the LV
may contribute to the remodeling processes. Although it is likely that different extracellular stimuli will induce different profiles of MMP expression, increased left ventricular
MMP activity almost certainly contributes to structural remodeling in both ischemic and
nonischemic cardiomyopathies.
In the infarcted heart collagen turnover at sites of tissue repair is governed by
myofibroblasts, a phenotypically transformed fibroblast that expresses α-smooth muscle
actin. Actin microfilaments confer myofibroblasts with contractile behavior that contributes to scar tissue remodeling and whose tonic contraction could alter myocardial stiffness. Fibroblast-like cells regulate matrix remodeling. Myofibroblast collagen turnover
is mediated by signaling molecules found in the interstitial space. Transforming growth
factor-β1 (TGF-β1), a cytokine derived from inflammatory cells, is released into the
tissue fluid where it serves to regulate myofibroblast collagen synthesis. TGF-β1 is
derived from cells entering the infarct zone and by resident myofibroblasts. Myofibroblast
TGF-β1 expression is regulated in an autocrine manner by angiotensin II (ATII) generated at sites of repair (225).
Chronic elevations of ATII are associated with myocardial fibrosis (226,227). The
same holds true for chronic elevations of aldosterone, the other effector hormone of the
circulating RAAS. The existence of other pathways for upregulation of the RAAS in heart
failure has been suggested. In a recent study activation of p53 with ventricular pacing
upregulates the myocyte RAAS with the generation and secretion of ATII that may
promote myocyte growth and death (228). In any case, chronic activation of the RAAS
in heart failure is pathological and contributes to the progressive structural remodeling
of cardiac tissue (217) with profound implications for electrical conduction in the heart.

MECHANISMS OF VENTRICULAR ARRHYTHMIAS SECONDARY
TO ELECTRICAL AND STRUCTURAL REMODELING
Ventricular arrhythmias are multifactorial in patients with heart failure. The variability in the reported electrophysiological changes are certainly in part methodological, but
also reflect a high degree of heterogeneity in the pathophysiology of hypertrophy and
heart failure in animal models and human disease. The stage of disease is crucial in
determining the degree and character of electrical remodeling and arrhythmic risk. The
changes in risk of sudden death with progression of heart disease are likely to be a
reflection of changes in electrophysiological substrate. The great challenge remains to
understand the mechanisms of ventricular arrhythmias in terms of cellular and tissue
electrophysiology and the molecular changes in hypertrophy and heart failure that alter
the electrophysiology of the cells, tissues and intact hearts of patients.
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Altered Automaticity
Abnormal automaticity may arise in hypertrophied and failing hearts in the setting of
a reduction in resting membrane potential or acceleration of phase 4 diastolic depolarization such that the threshold for activation of the Na current is rapidly achieved. A number
of changes in the failing heart that may alter automaticity in the ventricles including:
Reexpression of ICa-T; changes in the voltage dependence, β-adrenergic sensitivity, or an
increased density of If; and reduced IK1 density. Additionally, the augmentation of timeindependent depolarizing currents may hasten diastolic depolarization and/or reduce the
maximal diastolic potential.
Triggered automaticity arising from afterdepolarizations could be enhanced by several electrophysiological changes described in the failing and hypertrophied heart. Cells
isolated from failing animal and human hearts consistently reveal a significant prolongation of action potentials compared to those in normal hearts, independent of the mechanism of HF. The plateau phase of the action potential is known to be quite labile. The
longer the action potential, the more labile is the repolarization process (229). Action
potential lability may be manifested as variability in duration and/or secondary depolarizations that interrupt action potential repolarization, such as early afterdepolarizations
(EADs) that can initiate triggered arrhythmias including torsades de pointes ventricular
tachycardia. Indeed, enhanced susceptibility to afterdepolarization-mediated ventricular
arrhythmias has been demonstrated experimentally as summarized below.
Prolongation of repolarization (230–232), enhanced dispersion of repolarization and
susceptibility to cesium-induced action potential prolongation have been demonstrated
in the canine pacing-tachycardia heart failure model, an animal model with a high incidence of sudden death (43). Ventricular myocytes isolated from the failing canine heart
exhibit more spontaneous EADs than cells from control hearts and have an exaggerated
response (more frequent and complex EADs) to reduction of the bath K+ concentration
and the addition of the nonspecific K channel blocker CsCl (233). Complex afterdepolarizations and triggered arrhthythmias are more common in hypertrophied rat ventricular myocardium exposed to K channel blockers (234) and dogs with LVH exposed
to the Ca channel agonist BayK 8644 (235) or antiarrhythmic drugs with class III action
(159). Alterations in Ca current density or kinetics can predispose to EAD- or DADmediated arrhythmias (229). Changes in the cellular environment such as hypokalemia,
hypomagnesemia, and elevated levels of catecholamines may further increase the susceptibility to afterdepolarization-mediated triggered arrhythmias (38).
The changes in Ca2+ handling in the hypertrophic and failing heart may also contribute
to electrical instability. The characteristic slow decay of the calcium transients and
increased diastolic Ca2+ can predispose to oscillatory release of Ca2+ from the SR and
DAD-mediated triggered arrhythmias. The slow decay of the Ca2+ transient will influence ion flux through the NCX and may also predispose to late phase 3 EAD-mediated
triggered arrhythmias. Recently, NCX current has been implicated as the major underlying mechanism of delayed afterdepolarizations in hypertrophied and failing ventricular
myocardium (127,236,237).

Reentry in the Failing Heart
The vast majority of patients with heart failure because of coronary artery disease have
suffered a myocardial infarction. The resulting scar and its border zone contain surviving
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myocyte fiber bundles in which conduction is slowed, thus facilitating reentry and giving
rise to ventricular tachycardia. In addition to the presence of scar, reorganization of
intercellular connections in infarct border zones may contribute to conduction slowing
that is critical for maintenance of reentry.
Patients with idiopathic, nonischemic, dilated cardiomyopathy are likely to experience ventricular arrhythmias that are mechanistically distinct from those in patients with
prior myocardial infarction. Several electrophysiological abnormalities have been identified in the hypertrophied and failing noninfarcted heart that may predispose to reentry.
Altered conduction through the myocardium and exaggerated dispersion of recovery or
repolarization may predispose to functional or nonexcitable gap reentry in the hypertrophied or failing ventricle. Increased excitation threshold, decreased resting membrane
potential and resultant depression of the action potential upstroke may contribute to
slowing conduction velocity (230,238,239). Alterations in intracellular [Ca2+] (240,241),
redistribution of gap junctions (242,243) and changes in cell size will affect cell-to-cell
coupling (244). Modified cellular coupling and fibrosis will alter anisotropic conduction
leading to spatial nonuniformities of electrical loading resulting in conduction block and
reentry (245).
Defective repolarization the result of action potential prolongation is a prominent
feature of the hypertrophied and failing heart that has been also associated with lethal
ventricular arrhythmias (229,230,246,247). Prolonged and labile action potentials may
predispose to arrhythmic afterdepolarizations, as importantly exaggerated dispersion of
repolarization may predispose to conduction block and reentry.
Mechanical load is an important modulator of excitability in the heart. The effect of
altered hemodynamic load may be exaggerated in the failing compared with the normal
ventricle. Furthermore, the effect of load is not likely to be distributed uniformly across
the ventricular wall or throughout the myocardium, and thus has the potential to increase
dispersion in action potential duration with arrhythmogenic consequences.

Autonomic Nervous System and Cardiac Arrhythmias in Heart Failure
Heart failure is characterized by sympathetic activation and parasympathetic withdrawal (248,249). Resting plasma and whole body norepinephrine levels are increased
and heart rate variability is reduced, indicative of parasympathetic withdrawal. The
autonomic disturbances in heart failure may promote ventricular arrhythmias in many
ways. Increased sympathetic tone, reduced vagal tone, and diminished baroreceptor
responsiveness increase the likelihood of ventricular fibrillation during acute ischemia.
β-adrenergic stimulation increases intracellular calcium and promotes delayed
afterdepolarizations. α-adrenergic stimulation can prolong action potential duration,
promoting early afterdepolarizations. Sympathetic stimulation may increase heterogeneity of recovery times within the heart, facilitating reentry.

CONCLUSIONS
There is little doubt that myocardial remodeling in structural heart disease is multifactorial with changes in myocytes, intercellular coupling, and the interstitium. The alterations in the ventricular myocardium will vary depending upon the nature of the
underlying heart disease and exhibits regional heterogeneity that may be particularly
pronounced in the case of coronary artery disease and prior myocardial infarction. The
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changes that attend the remodeled ventricle include myocyte hypertrophy and apoptosis,
altered expression of ion channel genes and transporters that modify the electrical and
contractile phenotype and quantitative and qualitative changes in the extracellular matrix.
It is necessary that information garnered from cellular and molecular models together
with data obtained from clinical trials, be used to generate strategies designed to optimize
symptom control, prevent sudden death and disease progression.
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INTRODUCTION
Myocardial ischemia and infarction are among the most common disorders in the
western world and are, and will remain, the leading cause of mortality and morbidity (1).
A large part of mortality is related to the occurrence of ventricular arrhythmias leading
to sudden cardiac death (2). Acute myocardial ischemia caused by coronary thrombosis
results in changes of myocardial electrical function that occur within minutes after cessation or reduction of coronary flow. If the individual survives the acute phase of myocardial ischemia, further electrophysiological changes occur over a period of several days
in surviving myocardial layers and in Purkinje fibers. In the course of several months, the
electrophysiological properties of surviving cells return close to normal (3). In this stage
of a healed infarct, it is the architecture of the surviving myocardial strands that forms the
substrate for reentrant arrhythmias (4).
Over the past decades, a variety of experimental models have been used to define the
basic characteristics of ischemic arrhythmias (5). Although a large number of variables
may contribute to arrhythmogenesis in a patient with coronary artery disease (genetic
predisposition, extent of collateral circulation, activity of the sympathetic nervous system, antiarrhythmic or other drugs, remodeling by preexisting heart disease or general
disease [6]), a distinction of different stages of myocardial ischemia using classical
animal models has proven to be useful (3). In this chapter we will concentrate on the
From: Contemporary Cardiology: Cardiac Repolarization: Bridging Basic and Clinical Science
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Fig. 1. Transmembrane action potentials (top trace in each panel) and extracellular electrograms
(bottom trace) during the early phase of ischemia in an isolated perfused pig heart. The time in
minutes after coronary artery occlusion is indicated beneath each panel. Electrical activity virtually disappeared after 9 min (lower left), but improved after 33 min (unpublished observation).

changes in cellular electrophysiology and related mechanisms during the various phases
following acute coronary artery occlusion and discuss their relevance for arrhythmogenesis. In some pathologic settings, for example the long QT-syndromes or drug
related arrhythmias, specific ion channels involved in repolarization are affected.
Accordingly, a discussion about related mechanisms can be very specific (7,8). However,
in myocardial ischemia, changes in repolarization often arise indirectly from alterations
in resting potential, depolarization, cell-to-cell coupling, and tissue architecture. This
complexity implies that a comprehensive description of changes in repolarization has to
include a discussion of all these factors as well.
The first reports on the changes in the transmembrane action potential appeared in the
1970s when it became possible to directly record with microelectrodes from the intact
heart (9).

CHANGES IN THE TRANSMEMBRANE ACTION POTENTIAL
AND UNDERLYING MECHANISMS
Acute Ischemia
Description of action potential changes: Malignant ventricular arrhythmias are
observed within minutes after total occlusion of a coronary artery and divided in 2 phases,

Chapter 8 / Kléber and Janse

155

Fig. 2. Transmembrane potentials and local direct current electrograms before (top) and 5 min
after coronary occlusion. Note alteration in action potential amplitude and duration (modified
from ref 12).

the so-called type 1A (2–10 min after occlusion) and type 1B (15 to 30 min) arrhythmias
(10). It has been shown that the early phase type 1A arrhythmias are entirely due to changes
in the transmembrane action potential (11). Figures 1–3 depict the essential changes of
the transmembrane action potential after total arrest of coronary flow. A microelectrode
recording is shown together with a local DC (“direct-current”) extracellular electrogram
in Figs. 1–3. Within the first minute resting membrane potential decreases (i.e., it shifts
to more positive values) and the action potential amplitude, upstroke velocity and action
potential duration decrease (9,12). After approx 8–10 min the ischemic cells become
unexcitable at levels of resting membrane potentials of 55–60 mV (13). When the occlusion is maintained, a temporary recovery of the action potential is observed after 20 to 30
min (11). In ischemia, the action potential shortening occurs concomitantly to the changes
in resting potential and action potential amplitude. This is in contrast to hypoxia, where
a marked shortening of the action potential occurs with only a slight decrease in resting
potential and action potential upstroke (14).
As shown in Fig. 2, a period of electrical alternans frequently precedes the period of
inexcitability, especially at rapid heart rates (9,12). The electrical alternans in acute
ischemia does involve both action amplitude and duration. Several reports have shown
that it often precedes the onset of ventricular tachycardia and fibrillation (9,15–19). As
discussed below, the phenomenon of electrical alternans may be explained by several ion
current systems becoming unstable. Moreover, electrical alternans does not occur uniformly throughout the myocardium but is observed regionally, whereby the various
regions may be out of phase (15). Although the changes shown in Figs. 1 and 2 stand for
the prototype of the transmembrane potentials during ischemia, several factors affect
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Fig. 3. Transmembrane potentials and local DC current electrograms recorded from an in situ dog
heart. Potentials before and after 5 min of coronary artery occlusion are superimposed, using as
time reference the stimulus artifact on the atrium. Note the extreme delay in activation of the
ischemic subepicardial cell, which is depolarized at the time normoxic cells are already repolarized. The negative “T wave” in the local electrogram represents in fact the intrinsic deflection
caused by the delayed activity (modified from ref 11).

repolarization in addition. Already during normal cardiac propagation, the time of normal
repolarization is determined by both the conduction time and action potential duration.
The effect of conduction time on local repolarization can get extreme during acute
ischemia, as shown in Fig. 3. In this example local depolarization in an ischemic region
occurs at a time when the normal myocardium is already repolarized, because of conduction slowing in the ischemic myocardium. Thus even in presence of a relatively short
action potential, repolarization of the ischemic zone may outlast repolarization of
normoxic tissue. This delayed repolarization can produce marked T-wave negativity, and
has been associated with arrhythmogenesis (15). A further characteristic of regional
myocardial ischemia is electrical inhomogeneity. Although the alterations in action
potentials shown on Figs. 1–3 are typical for the ischemic center, ischemic cells close to
the border with normal myocardium have almost normal resting potentials, normal action
potential amplitude and upstroke but show marked action shortening. The mechanisms
underlying electrical inhomogeneity are complex and will be discussed below.
Mechanisms: Very important determinants of the cellular electrical changes in myocardial ischemia are anoxia, accumulation of extracellular K+, and acidification. Although
many of the observed changes can be qualitatively mimicked by elevation of extracellular
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K+ alone, addition on anoxia and acidification exert a marked potentiating effect (14,20).
As shown by measurements using K+-sensitive electrodes, extracellular K+ can rise up
15–20 mmoles/liter within 10 min of ischemia (21,22). This early cellular K+ loss is fully
reversible upon reperfusion, therefore it is not caused by injury of the cell membrane but
has been attributed to a regulatory change in cellular ion homeostasis. Although a large
number of studies on this subject have been carried out, there is still no unanimity on the
underlying mechanisms (23,24). The following mechanisms have been postulated: Partial inhibition of Na+/K+ pumping, opening of ATP-sensitive K+ channels, opening of
nonspecific cation channels with concomitant Na+ overload, compensatory K+ movement secondary to anion shifts. A major problem in analyzing this mechanism resides in
the fact that the overall loss of cellular K+ is very small in relation to the whole cellular
K+ pool. The large change of K+ concentration is then a consequence of the small volume
of extracellular compartment relative to intracellular space (25). This has made it exceedingly difficult to prove whether the cellular K+ loss is compensated by a movement of
other cations in the opposite direction or a movement of anions in the same direction.
However, the observation that the changes in resting membrane potential closely follow
the changes in the level of extracellular K+, speaks against the hypothesis that opening
of ATP-sensitive K+ channels or other K+ channels are responsible for net K+ loss. This
is because K+ ion distribution is expected always to be in electro-chemical equilibrium
if a large K+ electrical conductance, for example in presence of opened ATP-sensitive K
channels, largely dominates over the other ion conductances. Thus, from the mechanistic
point of view, the loss of cellular K+ in acute ischemia seems to be rather a consequence
than a cause of the change in resting potential. However, more accurate methods to
determine changes in intracellular ions, such as Na+, K+, and Ca2+, need to become
available to answer to this question in a fully conclusive way.
Relevant for the discussion of changes in repolarization and arrhythmogenesis is the
observation that extracellular K+ levels are not homogenous within the ischemic zone. In
general, they decrease from the center to the ischemic border and gradients in the order
of 8 mmoles/liter have been recorded over a distance in the order of 1 cm (see Fig. 4) (26).
Importantly, these differences occur in “fully ischemic tissue,” i.e., at sites were oxygen
supply is completely absent. Two mechanisms have been invoked: 1. Convective movement of extracellular K+ ions toward the normoxic myocardium owing to the mechanical
heart action (26). 2. Diffusion of CO2 trapped in the ischemic myocardium (27,28).
In an experimental system where CO2 accumulation in the ischemic tissue was completely prevented, no cellular K+ loss and extracellular accumulation occurred (27).
At the phenomenological level, most of the electrical changes in acute ischemia can
be described on the basis of inhomogeneity of extracellular K+. The shortening of the
transmembrane action potential in elevated K+ is a classical observation in cardiac electrophysiology, and it is mainly because of an increase in conductance of IK1 (29,30). In
normoxic cells, at normal resting potentials, the recovery of excitability is primarily
voltage dependent, and excitability is restored as the cell repolarizes. Consequently, the
period of relative refractoriness falls into the repolarization phase of the transmembrane
action potential. In partially depolarized fibers, recovery from inactivation of both the
fast Na and the slower Ca inward current is markedly delayed, until many milliseconds
after completion of repolarization (31). This so-called “postrepolarization refractoriness”
has been demonstrated in ischemic myocardium (9,32) and is considered as a key change
for explaining the electrical behavior of the tissue (see Fig. 5). Thus, in the center of the
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Fig. 4. Map of the distribution of the changes in potassium equilibrium potential (delta EK in mV),
as measured from multiple K+-sensitive electrodes in and around the ischemic zone, 10 min after
occlusion of the left coronary artery (inset depicts the area where the electrodes (black dots in left
panel) were inserted). Delta EK of 0–1 mV corresponds to an extracellular K+ concentration around
4 mmole/liter, delta EK of 28 mV corresponds to an extracellular K+ concentration around 12
mmole/liter (modified from ref 73).

ischemic zone, at high levels of extracellular K+ and low levels of resting membrane
potentials, refractory periods are actually longer than those in normal myocardium despite
action potential shortening (9). In contrast, refractory periods of ischemic cells close to
the border where action potentials are short but resting potentials are close to normal,
refractory periods are shorter than in normoxic myocardium (33).
If severe hypoxia or anoxia are produced in absence of elevation of extracellular K+,
the refractory period shortens along with the shortening of the action potential (14).
Action potential shortening in anoxia can be extreme, and action potential of 30 ms in
duration or shorter have been described (34). However, such short action potentials are
never observed in ischemic myocardium. Opening of ATP-sensitive K+ channels is the
main cause of action potential shortening in myocardial anoxia and can be reversed by
application of ATP-sensitive K channel inhibitors (35,36). Adding anoxia to elevated
extracellular K+ potentiates the changes in transmembrane action potentials observed in
presence of elevated K+ alone and closely mimic the changes observed in ischemia (14).
Thus, postrepolarization refractoriness is more marked in combined hypoxia/elevated K+
conditions vs elevated [K+]o alone. Comparison of action potentials recorded from the
ischemic border zone with those from the ischemic center suggests that the extracellular
K+ accumulation is the dominating change in the center, while anoxia mostly determines
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Fig. 5. Postrepolarization refractoriness. Stimuli were delivered within 1 mm from the cell recorded
from. In the control situation, recovery of excitability closely follows repolarization. After 11 min
of ischemia, the heart responds to a premature test stimulus with a coupling interval that is 100 ms
shorter than in the control situation. However the latency between stimulus and response is now
more than 100 ms, indicating that the strong stimulus must have excited tissue at a distance with
a shorter refractory period. At a coupling interval of 230 ms there is minimal latency but a very
small response. Action potential with a significant amplitude and minimal latency occurred only
when the coupling interval was increased to 380 ms, well after completion of repolarization
(modified from ref 9).

alterations close to the border. Both the fact that only a very few open ATP-sensitive K+
channels are necessary to produce marked action potentials shortening and the large
variability of ATP-levels reported from ischemic myocardium make it difficult to quantitatively predict the role of ATP-sensitive K+ channels in acute ischemia. However, it is
important to note that in the presence of marked extracellular K+ elevation, activation of
IK,ATP may not only affect action potential duration but exerts an additional depressing
effect on propagation spread (37). Activation of IK,ATP is likely to be one factor explaining
the observation that conduction block in ischemia occurs at lower levels of extracellular
K+ than during perfusion with elevated K+ alone (38).
Humoral factors released from arterial thrombi are among further important factors
modifying electrical changes and arrhythmogenesis in acute ischemia (39–41). Thus, a
thrombotic coronary artery occlusion is more arrhythmogenic than ischemia produced by
coronary artery ligation. This is owing to the fact that during the first three minutes of
ischemia, the electrophysiological changes occur more rapidly during a thrombotic
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occlusion than during coronary ligation (41). The precise factors mediating these changes
are as yet unknown. It has been suggested that phospholipoglycerides produced in the
vascular endothelium, as a consequence of the release of serin proteases from the thrombi,
are responsible (40,42). It is well-known that very small amounts of released
lysophophoglycerides are highly arrhythmogenic.

SUBACUTE AND CHRONIC INFARCTION
Although most of the myocardial cells subjected to persistent ischemia die within 40
to 60 min, some cells receive enough oxygen, either via collateral vessels (subepicardial
cells) or via the cavitary blood (subendocardial Purkinje fibers), and survive. These
surviving cells develop changes in ion channel function that alter their transmembrane
potentials. This process is referred to as electrical remodeling (for a recent review see 43).
Most experimental studies have been performed on infarcted canine hearts either 24 to
48 h or 4–5 d after the onset of ischemia. Only a few studies have been published on
human hearts with a chronic infarct. Changes after 24 to 48 h in Purkinje fibers differ from
those in subepicardial muscle: Purkinje fibers have a reduced resting potential and
upstroke velocity and a prolonged action potential duration, whereas subepicardial cells
show a shortening and a triangularization of the action potential. Figure 6 shows how the
changes of action potential configuration of subepicardial cells overlying the infarct
develop over time and return to normal within several months.
The increase in action potential duration of the subendocardial Purkinje fibers that are
in close proximity to the infarct is most likely owing to a decrease in the density of both
the transient outward current and the inward rectifier IK1 (44,45), as well as a reduced
density of the L-type Ca2+ current (46). In the surviving epicardial cells, maximum
upstroke velocity is reduced, because of a decrease in the density in the inward Na+
current, whereas recovery from inactivation of the Na+ current is prolonged, which
accounts for postrepolarization refractoriness (47). The density of the L-type Ca2+ current
is reduced to about 2/3 of the control values (48). The loss of the notch in the early
repolarization phase is caused by a reduction of the non-Ca-dependent transient outward
current (49). In addition, densities of IKr and IKs are significantly reduced (50). This alone
would retard repolarization, but apparently the reduction in the L-type Ca2+ current
overrules the changes in the delayed rectifier current accounting for the shortening and
the triangularization of the action potential in the epicardial border zone.
There are also changes in cell-to-cell electrical coupling, caused by both a redistribution and reduction of Cx43 proteins (51).
As shown in Fig. 6, the action potential of the epicardial border zone returns to normal
over a period of several months. Microelectrode recordings from surviving myocardial
bundles in human infarcts, many months after the acute event, have shown that transmembrane potential are close to normal (52). Conduction velocity parallel to fiber orientation in these bundles is normal as well (4,53). These findings suggest that the initial
downregulation of ion channels is followed by normalization of ion channel function, but
voltage clamp data from late phases of myocardial infarction are lacking.
In addition to the changes in fibers that survive within an infarct, the remote
noninfarcted myocardium also undergoes electrical remodeling, because of the development of hypertrophy. The action potential of hypertrophied myocardium is prolonged,
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Fig. 6. Changes in action potential duration (APD) measured at 90% repolarization of subepicardial muscle fibers overlying a canine infarct with increasing time after coronary artery occlusion.
At the right are shown representative transmembrane potentials: (A) is from a noninfarcted heart,
(B) from a 1-day-old infarct, (C) from a 5-day-old infarct, (D) from a 2-week-old infarct, and (E)
from a 2-month-old infarct (modified from ref 74).

especially at slow heart rates (54) and this is mainly caused by a reduction in the density
of the delayed rectifier IK (55).

REPERFUSION
It has been known for more than 150 yr that reperfusion following a relatively brief
ischemic episode of 10–20 min frequently results in ventricular fibrillation (56). Microelectrode recordings from the reperfused myocardium have shown that resting membrane potential, action potential amplitude, and upstroke velocity return to normal within
seconds following restoration of coronary flow. Resting membrane potentials even
hyperpolarize. In addition there is a very marked shortening of the action potential to
durations that are shorter than those in normal myocardium (57). The reperfused cells
take up K+ ions at a rapid rate so that extracellular K+ concentrations become even lower
than those in normally perfused myocardium (57). The reasons for the marked action
potential shortening have not been conclusively established, but enhanced activity of the
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sodium potassium pump, stimulated by intracellular Na+ overload, may be responsible.
This activity would also explain depletion of extracellular potassium. The arrhythmias
are initiated by a focal mechanism within the reperfused zone, most likely delayed
afterdepolarizations caused by intracellular Ca2+ overload. Since refractory periods of
the reperfused myocardium are shorter than those of the normal myocardium, unidirectional block develops at the border between reperfused and normal myocardium, setting
up reentrant excitation in the reperfused zone (57).

CONSEQUENCES OF CHANGED REPOLARIZATION
FOR IMPULSE CONDUCTION AND ARRHYTHMOGENESIS
Typically, arrhythmia mechanisms are subdivided in disturbances of impulse generation and impulse conduction. In most types of arrhythmias these mechanisms may coexist. In the setting of myocardial ischemia both circus movement with reentry and focal
mechanisms can initiate ventricular tachycardias, although the persistence of tachycardias
and the deterioration to ventricular fibrillation is mostly owing to reentry (58–60). A
further useful subdivision of arrhythmia mechanisms relates to the underlying anatomical substrate. Although reentry and circus movement in early ischemia are mostly because
of functional, reversible changes at the level of the transmembrane action potential and/
or to cell-to-cell uncoupling at the level of the gap junctions, the disappearance of the
dense myocardial architecture and the highly discontinuous tissue excitation in scars
form the arrhythmogenic substrate in chronic infarction (3,52).
Changes in repolarization of the cardiac action potential are known to be important for
both reentry and focal initiation. In reentrant arrhythmias during acute ischemia, which
occur in absence of major anatomical obstacles, changes in repolarization are relevant in
two respects. First, shortening of the transmembrane action potential in moderately
depolarized tissue, especially in the ischemic border zone, is expected to decrease the
wavelength of excitation. This decrease reduces the size of reentrant circuits and increases
the likelihood for reentry to occur (61). Second, changes in repolarization are
nonhomogenous in ischemic tissue. In regions with steep gradients in repolarization
propagating waves are deviated in the direction of the excitable sites. At such sites
rotating waves develop that may either initiate reentrant arrhythmias or form daughter
waves in the case of a transition from ventricular tachycardia to ventricular fibrillation.
As mentioned previously, the interpretation of changes in repolarization for
arrhythmogenesis in acute ischemia is not straightforward. This is because the recovery
of Na+ and Ca2+ channels from previous inactivation is markedly prolonged (31). It is this
prolongation of the recovery time constants rather than the level of membrane potential
during repolarization that determines excitability. In this situation, the previous “history”
of excitation of a given site in the myocardium determines whether or not and at what
velocity the impulse is conducted. Sites with a very long recovery interval, for instance
sites which showed conduction block during the previous passage of excitation, conduct
the impulse faster than sites with a short recovery interval (11,15). On the basis of
theoretical work, the slope of the recovery curve of action potential duration has been
postulated as a key parameter determining whether a reentrant tachycardia splits into
multiple waves and produces fibrillation (62,63). It needs to be emphasized that in depolarized tissue the recovery of the action potential upstroke (recovery from inactivation of
Na+ channels) and concomitant recovery of propagation rather than action potential
duration is the most important change.
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Changes in action potential duration reflecting changes in net repolarizing ion current
are also involved in the generation of early and late afterdepolarizations (EAD’s and
DAD’s). These oscillations of membrane potential that can initiate arrhythmias are the
result of an imbalance between repolarizing and depolarizing currents during the plateau
phase of the action potential (64) and after repolarization (65). As a consequence, changes
in repolarizing currents during ischemia may affect the generation of focal arrhythmias.
During acute ischemia, there is evidence that foci which are located in the ischemic
border zone do contribute to arrhythmia initiation. However, with exception of the
reperfusion arrhythmias, there is no direct evidence that either EAD’s or DAD’s play a
role in acute ischemia. The fact that the overall membrane conductance is increased in
depolarized ischemic tissue (probably owing to a substantial part to activation of ATPsensitive K+ channels) suggest that the membrane potential is stabilized by strong repolarizing forces which prevent formation of EAD’s and DAD’s. Accordingly it was not
possible to elicit DAD’s in simulated ischemia and hypoxia, when extracellular [K+]o was
elevated (66). This makes the formation of DAD’s unlikely in the center of the ischemic
zone but does not rule out their generation in the ischemic border zone.
A detailed discussion about the relation between changes in repolarization and
arrhythmogenesis in subacute and chronic infarction is difficult because of lack of
experimental data. In general, the arrhythmias in the four days healing infarct and in the
several months-old healed infarct are determined by structural changes, either involving
changes in distribution and number of gap junctions in the epicardial border zone, or the
separation of viable muscle bundles by connective tissue in chronic infarcts (51,67).
There are both arguments that speak against and in favor of structural changes modulating
the role of repolarization in arrhythmogenesis.
In the case of discontinuous conduction (or “zig-zag” conduction) in infarcts scars,
propagation along the surviving fiber bundles occurs at a normal rate, although large
delays are present if the wave encounters fiber branches or any site with a discontinuity
in tissue architecture (52,53). At such sites wavefronts are forced to turn around tissue
obstacles and lose speed because of curvature and current-to-load mismatch (68). The
result of the changing propagation velocity in reentrant circuits is the formation of a
so-called excitable gap between the head of the wavefront and the tail of the previous
wavefront (69,70). The more excitable gaps are formed, the less changes in repolarization
will affect the behavior of the circulating excitation.
Although one may postulate as a general rule that changes in repolarization are more
relevant for functionally than structurally-defined reentry, the degree of cell-to-cell coupling and tissue architecture is likely to affect repolarization per se, in addition to the
state, the type and the quantity of repolarizing ion channels. Intrinsic differences in
repolarization between different groups of cells may be unmasked by partial uncoupling.
In normal, well coupled myocardium, electrotonic current flow during repolarization will
attenuate the intrinsic differences by lengthening short action potentials and shortening
long ones. Thus, in general terms, it may be said that electrical uncoupling will increase
the dispersion in repolarization. In the setting of acute ischemia it was shown that the
so-called 1B type arrhythmias occur during the onset of cell-to-cell uncoupling (71). It
has been shown that a certain degree of coupling between the markedly depolarized, and
inexcitable midmyocardium and the less depolarized subepicardium is needed to depress
excitability in the surviving subepicardial layers and cause reentry. When uncoupling
between mid-myocardium and subepicardium is complete, electrical activity in the
subepicardium recovers and reentry no longer occurs (72).
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A further mechanism that involves the changes in repolarization in ischemia relates to
the excitatory role of injury current. Injury current flows across the border between
ischemic and nonischemic tissue consequently to local differences in membrane potential. Usually, injury currents are invoked to explain the changes in the QT- and
ST-segments of the electrocardiogram. If the ischemic repolarization is markedly delayed,
the currents of injury produce a deep negative T-wave in the ischemic region. The associated flow of injury current is large and exerts a depolarizing effect in the nonischemic
region, Thus it may facilitate excitation in the nonischemic border zone and contribute
to arrhythmogenesis (12,13).
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INTRODUCTION
The Long QT syndrome (LQTS) is an inherited arrhythmogenic disease occurring in
the structurally normal heart that may cause sudden death and that usually manifests in
children and teen-agers (1). The prevalence of this disorder is still undefined, however
it is estimated to be between 1:10000–1:5000.
Initially, two LQTS variants were described: An autosomal dominant form (RomanoWard [RW] syndrome) and an autosomal recessive form (Jervell Lange Nielsen [JLN]
syndrome). Both variants share the cardiac phenotype that includes QT interval prolongation and ventricular tachyarrythmias manifesting as syncope or sudden cardiac death
(SCD); the autosomal recessive JLN syndrome is also associated with sensineural deafness (2). Recently it has become evident that other diseases combine repolarization abnormalities and extracardiac phenotypes, namely Andersen Syndrome (AS) and LQTS with
syndactyly. These conditions will be reviewed here as they may be considered as novel
and rare variants of LQTS.
Since the autosomal dominant RW syndrome (3,4) is by far the most common variant,
most of the data reported in the following sections of this chapter pertain to this latter
group of patients.

MOLECULAR BASIS AND PATHOPHYSIOLOGY
An understanding of the pathophysiological substrate of LQTS dates back only a
decade to a period when Keating and coworkers discovered, within few years, five of the
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genes accounting for the disease. It became clear that the distinguishing cardiac phenotype of LQTS is caused by dysfunction of cardiac ion channels. Therefore, the typical
presentation is that of a “primary electrical disease” in which the development of cardiac
arrhythmias is not associated with structural abnormalities.

The Long QT Syndrome Genes
Five genes and six loci have been associated with the LQTS phenotype. Based on this
information 50–60% of the clinically affected patients may be successfully genotyped
(5,6): In the remaining patients a genetic defect of unknown gene(s) is postulated. The
application of molecular genetics to the study of LQTS started in 1991 with the linkage
analysis investigation that led to the identification of the first locus (LQT1) on chromosome 11p15.1 (7). Shortly after, three additional loci were identified on chromosome
7q35–36 (LQT2), 3p21–23 (LQT3) (8) and 4q25–27 (LQT4) (9). The gene on chromosome 11, KCNQ1 was identified using positional cloning (10) whereas candidate gene
approach led to the identification of the genes KCNH2 and SCN5A mapping on chromosome 7 and 3, respectively (11,12). The gene on chromosome 4 (LQT4) is still unknown.
More recently, mutations in two genes on chromosome 21p22.1 were also reported:
KCNE1 (LQT5) and KCNE2 (LQT6) (13,14). The five genes so far identified encode for
subunits of ion channels that play a critical role in controlling the excitability of cardiac
myocytes.
The application of molecular screening to LQTS patients has led to the identification
of large number of mutations thus providing data to define the molecular epidemiology of the disease. It is now clear that we should adopt the term “long QT Syndromes” to refer to a family of diseases that share common phenotypes (polymorphic
VT and prolonged repolarization) but that also present distinguishing features (triggers
precipitating cardiac events, morphology of QT interval, lethality of the disease, response
to therapy) (Table 1).
In the following paragraphs we will briefly outline some aspects of the functional
abnormalities of mutated ion channels and how they influence ventricular repolarization
and susceptibility to cardiac arrhythmias. We will then summarize current knowledge on
genotype-phenotype correlation trying to highlight their practical implications in the
management of LQTS patients.

In Vitro Characterization of LQTS Mutations
The proteins encoded by the LQTS genes constitute transmembrane channels conducting ionic currents that control myocardial cells excitability. Four of the five genes thus
far identified encode for subunits of ion channels conducting the delayed rectifier current.
The KCNQ1 and KCNE1 genes encode respectively the alpha and the beta subunits of the
slow component of the cardiac delayed rectifier current (IKs) (15,16). KCNH2 and KCNE2
encode respectively the alpha and for the beta subunits of IKr, the rapid component of the
delayed rectifier (14,17). The fifth gene related to the RW syndrome is SCN5A encoding
for the cardiac sodium channel protein conducting INa (18). Most of the probands affected
by any of the five genetic variants of LQTS present missense mutations leading to the
substitution of a single amino acid. At variance with other genetic diseases in which few
mutations account for most clinical cases, in LQTS nearly every family carries a different
mutation. As a consequence there are hundreds of DNA mutations that cause the phenotype of LQTS suggesting that almost any constitutive amino acid is critical to ensure the

Symbol

OMIM ID

Gene(s)

Cardiac Phenotype

LQT1

192500

KCNQ1

LQT2
LQT3
LQT4

152427
603830
600919

KCNH2
SCN5A
Unknown

LQT5

176261

KCNE1

LQT6

603796

KCNE2

QT interval prolongation – Polymophic
VT – VF – 2:1 AV block (rare)
“
“
+ Sinus node dysfunction and atrial
fibrillation
QT interval prolongation –
Polymophic VT – VF
“

JLN1
JLN2

220400*

KCNQ1
KCNE1

LQTS with
syndactyly

LQTsynd

601005

Unknown

Andersen Syndrome

LQTAnd

170390

KCNJ2

Romano-Ward

171

Jervell and
Lange-Nielsen

“
“
QT interval prolongation – Polymophic
VT – VF – 2:1 AV block
QT interval prolongation –
bidirectional VT – “giant” U waves

Associated Phenotype
None
None
None
None
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Table 1
Clinical and Genetic Variants of LQTS

None
None
Sensineural deafness

Syndactyly – congenital heart defect
– metabolic disturbances (?)
Periodic paralysis – dysmorphic
features

VT = Ventricular Tachycardia; VF = Ventricular Fibrillation; * = the OMIM database has only one entry for JLN1 and JLN2.
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appropriate function of a cardiac ion channel. So far little correlation has been found
between the position of a mutation and its functional consequence, and mutations localized in distant regions may cause very similar functional abnormalities. Even less evident
is the relationship between the severity of the dysfunction assessed in vitro and the
clinical phenotype as carriers of “severe” mutations may have a completely silent phenotype (Fig. 1). The only evidence of regional cluster of mutations that share a relatively
similar phenotype is represented by the defects in the carboxy-terminus of KCNQ1 that
are often associated with a milder phenotype (19).
In vitro expression studies have demonstrated that the prolongation of QT interval is
the counterpart of action potential prolongation caused by either a “reduction” of repolarizing (outward) currents or an increase of “depolarizing” (inward) currents. Accordingly, it has been shown that defects in the potassium channel subunits cause a “loss of
function” (13,20,21), whereas mutations in the cardiac sodium channel cause a “gain of
function” (22,23).
Functional studies have demonstrated that DNA mutations cause the LQTS phenotype
by different mechanisms. Genetic defects that truncate the protein (in heterozygous
individuals) lead to a 50% reduction in the number of functional channels (haploinsufficiency). Other mutations may lead to a similar effect by hampering intracellular
protein trafficking thus preventing incorporation of ion channels in the cellular membrane (24,25). However, most of the defects exert more subtle actions as they alter the
kinetic and the gating properties of the channels (26–29) or they alter the interaction with
the beta subunits (15): In these instances the functional consequence of a mutation is
therefore difficult to predict based on the type of DNA defect and therefore expression
of ion channels mutations identified in LQTS patients is a most important tool for the
understanding of the disease.

GENOTYPE-PHENOTYPE IN ROMANO-WARD
LONG QT SYNDROME
A reliable quantification of the relative prevalence of the LQTS genetic variants is now
available based on extensive genotyping experience worldwide. There is a general agreement that mutations in KCNQ1 and KCNH2 account for the majority of genotyped individuals. In the report by Splawsky et al. (5) LQT2 (KCNH2 related LQTS variant) was
more common than LQT1 (KCNQ1 related LQTS), although in our experience LQT1 is
the most prevalent variant (6). Overall, in any case the LQT1 and LQT2 subtypes account
for 70–80% of genotyped patients.
The LQTS variant associated with SCN5A mutations, LQT3, is less common, accounting for 10–15% of genotyped patients (6). Mutations in KCNE1 and KCNE2 accounting
for LQT5 and LQT6 respectively, are rare and include no more than 5% of the genotyped
cases (5,6). So far, no additional families have been linked to the chromosome 4 locus
(LQT4) after the first identification (9). Most of the genotype-phenotype studies in LQTS
have therefore targeted the LQT1, LQT2, and LQT3 forms of the disease.

Morphology of the QT-T Wave
The analysis of electrocardiographic parameters by genotype showed that T wave
morphology allows the distinction between LQT1, LQT2, and LQT3 subtypes with an
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Fig. 1. Incomplete penetrance in LQTS. Comparison between clinical diagnosis (upper left panel) and molecular diagnosis
(lower left panel) in a family with low penetrance. Filled symbols represent individuals identified as affected. The right panel
depicts two representative ECG tracings from individual II-7 (proband) with prolonged QT interval and II-6 with normal QT
interval despite being mutation carrier.
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acceptable degree of accuracy. Three distinguishing patterns were initially identified by
Moss and coworkers (30) and other variants have subsequently been identified by Zhang
et al. (31). Despite analysis of the ECG is not a substitute for genetic testing, it may be
very helpful in directing genetic screening allowing faster and cheaper genotyping of
affected individuals.

QT Interval Adaptation to Heart Rate
Following the initial identification of the LQTS genes we developed a cellular model
mimicking the electrophysiological consequences of the mutations at cellular level. The
results of this study pointed to a differential degree of adaptation of action potential
duration to changes in cycle length, thus suggesting possible differences in QT interval
behavior in the affected patients. This hypothesis was indeed confirmed by the clinical
observations showing that LQT3 patients may present faster and more pronounced
adaptation to fast rates than LQT1 patients (32). This distinguishing behavior of QT
interval may be used to differentiate among genetic variants of the disease (33,34).
Furthermore, an impaired adaptation may increase the diagnostic performance of QT
interval measurement in borderline cases (34) (Fig. 2).
The ability of LQT3 to shorten their QT interval during tachycardia supports the view
that LQT3 patients may benefit from receiving a pacemaker. However, there is no evidence demonstrating that the QT shortening at relatively faster rates is associated with
a reduction of the risk of arrhythmias.

Severity of Clinical Manifestations
Analysis of cardiac events by genotype showed that the event rate (number of syncope
and cardiac arrests) is higher in LQT1 patients than in other genetic variants. However,
although the number of events is lowest in LQT3, mortality is higher suggesting that
lethality of cardiac events in also higher in this variant (35).

Triggers for Cardiac Events
The evaluation of the events preceding syncope and or cardiac arrest (defined as
“triggers”) suggests that there are specific factors that precipitate arrhythmias in the
different phenotype. It is widely recognized that the majority of patients with LQTS
experience cardiac events during increased sympathetic activation induced either by
physical exercise or stress and emotion. However, some patients may experience cardiac
events at rest and even during sleep. It is now known that carriers of KCNQ1 mutations
gene have 68% of events during physical or emotional stress and only 9% at rest, whereas
LQT3 and LQT2 have a higher probability of developing events at rest or during sleep
(64% and 49%) (36). This observation fits the current understanding of the pathophysiology of the different genetic variants of LQTS. Since the defective protein in LQT1 is
the IKs component of IK, that causes action potential duration (APD) shortening at fast
rates and during adrenergic stimulation it is expected that in LQT1 patients repolarization
is more vulnerable during physical or emotional stress. Additional novel observations
have linked “triggering events” to a specific genetic variant of the disease. For example,
auditory stimuli are almost invariably observed in LQT2 patients (37) whereas swimming is mainly associated with cardiac events in LQT1 patients (38,39).
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Fig. 2. Diagnostic sensitivity of QT interval in LQT1 patients. Bars represent the percentage of
LQT1 showing QTc interval above the normal limits (440 ms in males and 460 ms in females) at
baseline ECG or during relative tachycardia obtained at exercise stress test (ExST) or hyperventilation (HYPER).

Clinical Implications of Genotype-Phenotype Correlations
Genotype-phenotype correlation have practical implications for diagnosis and for risk
stratification. For example when the genetic defect is known, gene-specific lifestyle
modifications may be recommended: Physical activity (especially swimming) is to be
more rigorously avoided in LQT1 patients, whereas, given the highest lethality of cardiac
events, a more aggressive therapeutic strategy might be considered in LQT3.
Although useful information having emerged from genotype-phenotype studies, several limitations have also been highlighted and should be taken into consideration when
managing patients from genotyped families.
Although individuals with a genetic defect on the same gene share some common
characteristics, they also present large variability in the severity of clinical manifestations. Data available from genotyped patients demonstrate that the presence of a genetic
defect in a gene that causes LQTS should be regarded as a risk factor that “increases the
probability of cardiac arrhythmias.” However, given the incomplete penetrance of the
disease (40) (Fig. 1) it is impossible to define the individual risk of events in each subject.
Even within the same family, mutation carriers may show large variability of clinical
manifestations ranging from being asymptomatic to developing ventricular fibrillation.
Extreme examples of low penetrance in LQTS are the demonstration of a recessively
inherited RW phenotype (41) and by the case of drug-induced torsades de pointes (42,43),
where the mutation only constitute a predisposing factor for cardiac events.
Similarly although LQT3 patients may have a more adverse prognosis than patients
with other genetic variants of the disease, it is impossible to rank mutations by the degree
of “malignancy.” Concepts such as “malignant” or “benign” mutations do not exist in
LQTS and each mutation may be associated to severe or benign manifestations.
In summary, genotype-phenotype correlation in LQTS provided valuable information
for diagnosis and clinical management of the patients. However, the decision making
process in each specific patient has to take into account that the variable penetrance may
significantly modify the outcome (44).
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LONG QT SYNDROME WITH EXTRACARDIAC MANIFESTATIONS
Although the RW syndrome is the most prevalent LQTS variant, in rare instances QT
interval prolongation may be associated with abnormal extra-cardiac phenotypes. This
occurs in the Jervell and Lange Nielsen (JLN) syndrome, in the LQTS associated with
syndactyly (LQT-Synd) and the Andersen Syndrome (LQT-And). Even if epidemiological data on these rare variants is still limited, it seems that the natural history of these
diseases significantly diverge from that of RW syndrome.

Jervell and Lange Nielsen Syndrome
Jervell and Lange Nielsen syndrome (JLN) is the autosomal recessive form of LQTS
presenting sensineural deafness associated with the cardiac phenotype. Most of the
patients present “severe-to-profound” hearing impairment (2), however, more recently,
the availability of genetic testing allowed the identification of recessively transmitted
mutations associated with mild or absent hearing impairment (25,41) (Fig. 3). Two JLN
causing genes have been identified so far: KCNQ1 (JLN1) on chromosome 1p15.5 and
KCNE1 (JLN2) on chromosome 21q22.1–22.2 (45–48). Both genes were previously
shown to be linked to the autosomal dominant form of LQTS (KCNQ1, LQT1 and
KCNE1, LQT5).
Although, the functional consequences of JLN mutations have been elucidated in vitro
by heterologous expression of the mutated channels and pathophysiologically linked to
the cardiac phenotype, the mechanisms leading to hearing impairment are less clearly
understood. KCNQ1 and KCNE2 are expressed in the inner ear (49) where the IKs current
appears to be a major player in endolymph homeostasis. Under normal conditions, the
[K+] of the endolymph, and the K+ fluxes into hair cells are essential to the transduction
of sound into neural signals. Recycling of K+ from the hair cells back to the endolymph,
possibly through IKs, by maintaining the appropriate high levels of K+ in that fluid is a
crucial step for normal hearing. This view is supported by the studies on KCNE1 and
KCNQ1 knock-out models (50,51) that demonstrated a progressive loss of endolymph in
the sensory epithelium and hair-cell degeneration. Interestingly, these animal models
also provided evidence of involvement of extra-cardiac structures as a consequence of
gene function disruption. KCNQ1 deficient mice present gastric hyperplasia where this
ion channel could be involved in the regulation of acid secretion (52). On the other hand,
KCNE1 knock-out mice show hypokalemia and higher plasma aldosterone concentrations (50). However, so far there is no evidence of such abnormalities in JLN patients.
The low prevalence of JLN syndrome curtails the achievement of detailed knowledge
concerning its natural history and clinical features. JLN appears to be more malignant
than RW-LQTS (53). We recently reported preliminary data on 136 JLN individuals
showing that 90% of them present cardiac events and that on average occur at a younger
age than those occurring in RW patients. Furthermore, it seems also that the response to
beta-blockers may be less satisfactory in JLN than in the heterozygous KCNQ1 carriers
(54). If confirmed these data would advocate a more aggressive therapeutic approach in
JLN patients (44).

LQTS with Syndactyly
In rare instances, QT interval prolongation presents with cutaneous syndactyly (LQTsynd). The prevalence of LQT-synd in the general population is unknown but its occur-
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Fig. 3. Examples of variable hearing impairment in recessive Long QT syndrome. Left and middle panels show audiograms and
representative ECGs of two genotyped patients (KCNQ1 and KCNE2, respectively), diagnosed as JLN and presenting with profound
and moderate hearing loss. The patient CE72 (right panels) presents with normal hearing despite being homozygous carrier of a
KCNQ1 mutation. The patient was clinically diagnosed as a Romano-Ward syndrome (see 41) and it may also be considered an
example of incomplete penetrance of auditory phenotype in JLN.
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Fig. 4. Pedigree and ECG tracings showing macroscopic T wave alternans (upper panel) and 2:1
functional AV block (lower panel) in a patient with LQTS associated with syndactyly.

rence in the clinical practice is low. Only a few such cases have been described (55–58)
in the literature and the available data depict a complex and distinctive phenotype.
We have recently reported five cases of LQT-synd, four sporadic and one with familial
occurrence (59) and we performed a literature search in order to delineate the most relevant clinical features of this disorder and identified seven additional cases. Based on the
12 patients it appears that LQT-synd is usually characterized by a markedly prolonged
QT interval with QTc exceeding 550 ms in 67% of cases. Functional 2:1 atrio-ventricular
(AV) block (reported in 75% of cases), and macroscopic T wave alternans are distinguishing electrocardiographic features of LQT-synd (Fig. 4) (55,56,59). Interestingly,
42% of patients showed severe bradycardia and AV block during anesthesia with halothane, suggesting an idiosyncratic response to volatile anesthetics of still unknown
origin. Moreover, congenital heart defects, consisting mainly in patent ductus arteriosus
and patent foramen ovalem that have been reported in 58% of cases.
Syndactyly, typically involving the 3rd to the 5th finger, is invariably cutaneous (i.e.,
not involving tendons and finger bones) and in the majority of cases it involves both hands
and feet. Peculiar extra-cardiac abnormal phenotypes are sometimes evident. Recurrent
infections have been reported in 33% of the patients and in our series two out of five cases
developed severe hypoglycemia during follow up (59).
Only scanty follow-up information are available to assess the “long-term” prognosis
of LQT-synd. Among the ten patients with reported follow-up information (in most cases
not exceeding 2.5 yr), six deaths occurred with a mean age of death of 22 mo despite the
use of beta blocker in all the reported cases. Therefore, a poor prognosis appears to
characterize LQT-synd. The available evidence suggests that sudden death may occur
either due to tachyarrhythmias or for bradyarrhythmias. Moreover, LQT-synd patients
could also present a predisposition to severe infections and altered glucose metabolism.
In this regard, we have recently described (59) a case of a 28-mo-old child who, given the
extreme QT interval prolongation, the frequent episodes of T wave alternans and 2:1 AV
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block (not responding to sodium channel blockers administration), received a prophylactic implantable cardioverter defibrillator (ICD) at age 13 mo. At age 24 mo he experienced
syncope and the review of ICD stored electrogram showed three appropriately delivered
therapies. Four months later another syncopal episode occurred. No arrhythmias were
documented but severe hypoglycemia was observed leading to coma. The patient died
shortly after because of the irreversible brain damage secondary to the hypoglycemia.
The genetic basis of LQT-synd is still unknown and its identification is complicated
by the infrequency of the disease. No chromosomal abnormalities have been demonstrated by standard karyiotyping (55,56). Based upon pedigree analysis de novo mutations and autosomal recessive transmission constitute the two most likely patterns.
However, the lack of parental consanguinity challenges the presence of autosomal recessive transmission, and may point to compound heterozygosity.
In summary LQT-synd appears as a rare but highly malignant condition. When recognized, it is of utmost importance that all the possible preventive measures are undertaken,
in order to avoid not only tachy- but also brady-arrhythmias.

Andersen Syndrome (LQT-And)
In 1971 Andersen et al. (60) reported the case of an 8-yr-old with short stature,
hypertelorism, broad nasal root, and defect of soft and hard palate. The definition of
Andersen syndrome (LQT-And) was used for the first time in 1994 by Tawil et al. (61)
to describe a clinical disorder consisting of three major features: Potassium-sensitive
periodic paralysis, ventricular arrhythmias, and dysmorphic features (similar to those
described by Andersen in 1971). The presence of a variable degree of QT interval prolongation was pointed out in the first systematic description of the disease (61) and
subsequently, Sansone et al. strengthened its crucial diagnostic significance (62). Besides
QT interval prolongation, LQT-And patients may also present repolarization abnormalities consisting in a late repolarization component resembling a “giant” U wave.
Bi-directional ventricular tachycardia has also been reported as a distinguishing pattern
of arrhythmias in LQT-And (Fig. 5).
Although sudden death being reported (63), arrhythmias do not appear to be a major
cause of death in LQT-And and the disease often has a benign outcome (62,64).
The genetic background of LQT-And has been recently elucidated by genome-wide
linkage analysis by Plaster et al. (61) who successfully linked this disorder to the locus
17q23in a large family. A candidate gene screening was carried out in the critical region
and a missense mutation was identified in the KCNJ2 gene. Additional mutations were
subsequently identified in eight unrelated individuals, thus providing the proof that
KCNJ2 is the cause of at least some of the LQT-And cases. KCNJ2 encodes an inwardly
rectifying potassium channel, Kir2.1, highly expressed in the heart where it appears to act
as a determinant factor of resting membrane potential. Interestingly, since dysmorphic
facial appearance constitutes a distinctive trait of LQT-And, the data provided by Plaster
et al. also strongly suggest that Kir2.1 plays a major role in developmental signaling.

CLINICAL MANAGEMENT
Risk Stratification
The central features of all variants of LQTS are an abnormally prolonged QT interval
and syncopal episodes owing to the onset of polymorphic, self-terminating ventricular
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Fig. 5. ECG in the Andersen syndrome. Upper panel: typical ECG with QT interval prolongation
and “giant” U waves in the precordial leads. Lower panel; example of ventricular tachycardia with
a bi-directional pattern.

tachycardia, generally referred to as torsades de pointes. Ventricular arrhythmias may
also degenerate into ventricular fibrillation leading to sudden death. Clinical manifestations of LQTS may be highly variable, ranging from fully blown disease with markedly
prolonged QT interval and recurrent syncope, to subclinical forms with borderline QT
interval prolongation.
The guidelines for risk stratification and prevention of life-threatening cardiac events
have recently been published in the Task Force on SCD of the European Society of
Cardiology (44) and have been based mainly on the data published over the years by the
International Long QT Syndrome Registry (Table 2).
LQTS patients are often not inducible (65), therefore, programmed electrically stimulation is not a valuable risk stratification tool. Despite in clinical practice a clinician will
always consider with more concern a patient with a family history of juvenile SCD,
quantitative data are not available to support the view that family history of unexplained
sudden death should be regarded as a risk factor and mandate aggressive treatment of
family members (44).
The amount of QT interval prolongation has been associated with increased risk (53)
such that the longer the QTc, the greater the risk for cardiac events. However, there have
also been observations that 5% of family members with a normal QT interval (QTc < 440
ms) had syncope or cardiac arrest. Thus, mild QT prolongation or even normal QT (in
gene carriers) does not always translate into a benign outcome. Increased QT interval
dispersion and macroscopic T wave alternans have also been associated with increased
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Table 2
Recommendations for Prevention of Sudden Death in Long QT Syndrome
(from ref. 44 with permission)
Recommendations
Primary Prevention
+
Avoidance of QT prolonging agents/K lowering agents
Symptomatic
Silent Gene Carriers
Asymptomatic
Avoidance of competitive sport/strenuous activity
Symptomatic
Silent Gene Carriers
Asymptomatic
Beta blockers
Symptomatic
Asymptomatic
Left Cardiac Sympathetic Denervation + Beta blockers
Symptomatic with recurrences on beta blockers
Pace makers (plus beta blockers)
Symptomatic with pause- or bradycardia-dependent
arrhythmias
ICD + Beta blockers
Symptomatic with recurrences on beta blockers
Secondary Prevention
ICD + Beta blockers
Avoidance of competitive sport/strenuous activity*
Avoidance of QT prolonging agents*

Level of evidence

Class IIa
Class IIa
Class IIa

C
C
C

Class I
Class IIa
Class IIa

C
C
C

Class I
Class IIa

B
C

Class IIb

B

Class IIb

C

Class IIa

C

Class I
Class I
Class I

C
C
C

*Lifestyle measures to be adopted in conjunction with ICD implant in CA survivors

risk of arrhythmias but no prospective trials quantifying their actual predictive value are
so far available (66).
Gender differences in cardiac event rate have been demonstrated in LQTS patients.
Events tend to occur earlier in males than in females, and males who are still asymptomatic
at age 20 can be considered at low risk for manifesting cardiac events. Females maintain
the same risk of becoming symptomatic in adulthood and they are at increased risk in the
first year after delivery (67,68).

Prevention of Sudden Death in LQTS
Pharmacological treatment of LQTS is largely based on the use of beta-blockers.
Propranolol (2–4 mg/kg/day) or Nadolol (1–2 mg/kg/day) are the most frequently prescribed compounds. No randomized controlled clinical trials have specifically addressed
the issue of the effectiveness of beta-blockers in this disease. Nonetheless, this therapeutic approach is generally accepted as the more effective available based on the retrospective analysis reported in the literature. Schwartz and Moss provided the first indication
of the effectiveness of antiadrenergic therapy in 1979 (69). Subsequently, a retrospective
survival analysis on 233 patients showed 9% mortality for the group treated with
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antiadrenergic therapy (β-blockers and/or left cardiac sympathetic denervation) and close
to 60% for the patients with nonantiadrenergic therapy or left without treatment (70).
More recently, a reappraisal of beta-blocker therapy in LQTS has been carried out by the
International LQTS Registry investigators (71). Cardiac event rate analysis in matched
periods (5 yr) before and after the beginning of therapy confirmed a highly statistically
significant reduction of events on therapy. The five-year incidence of cardiac arrest or
SCD was below 1% for those asymptomatic at treatment initiation, 3% for those who had
suffered syncope, and 13% for those who already had a cardiac arrest. Thus, when
considering only patients presenting with an aborted SCD, a significant residual risk a
second life threatening event (Hazard Ratio of 12.6) remains despite the use of betablockers (71). It is fair to observe that beta-blocker therapy may have differential effectiveness according to genotype being highly effective especially in LQT1 patients (46),
who present an impairment of IKs, a catecholamine-sensitive current.
Based on the previously mentioned findings, the use of ICD has been recommended
in survivors of cardiac arrest, in children with syndactyly, and in symptomatic JLN
patients (44) (Table 2). Finally, sympathetic denervation, may also be indicated for
patients who continue to have syncope despite full dose β-blocking therapy or who are
not compliant with medical therapy (44,72).
Gene specific therapy has been proposed for the management of patients with LQT3
and LQT2, i.e., those in which beta-blockers may be less effective.
The use of sodium channel blockers in LQT3 individuals has been suggested based on
experimental (73) and on preliminary clinical data (32). It has been confirmed by other
groups that sodium channel blockers shorten QT interval, however no data are available
to demonstrate their efficacy in preventing cardiac events. One of our LQT3 patients who
survived cardiac arrest and remained asymptomatic for five years, died suddenly while
being treated with beta-blockers and mexiletine. Another LQT3 patient who was prophylactically treated with beta-blockers and sodium channel blockers experienced cardiac
arrest that represented the first manifestation of the disease in this five-yr-old child. Based
on this experience we consider that extreme caution should be used when considering
novel treatment strategies in LQT3 patients.
Compton et al. (74) suggested that increase in extracellular potassium may represent
a gene specific strategy for individuals affected by LQT2. This approach is based on the
experimental evidence that in the presence of high extracellular K+, IKr current increases,
thus “compensating” for the reduced function of the KCNH2 defective protein. Preliminary clinical data demonstrated a reduction in QT interval duration but also in this case
data on large series of patients and data suggesting a reduction of cardiac events is not
available.
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INTRODUCTION
In recent years, research on the genetic basis of inherited cardiac channelopathies,
namely the Long QT syndrome, the Brugada syndrome, and more recently catecholamineinduced polymorphic ventricular tachycardia, has initiated an increased understanding of
the molecular blueprints of myocardial electrical function. The electrophysiological
analysis of naturally-occurring mutant ion channels associated with these disorders provides insight, not only into mechanisms of disease but also, for instance, into the biophysical properties of the native channel, its pharmacology, its association with other
subunits and its contribution to the myocardial action potential. This, in turn, should
ultimately enable more specific pharmacological intervention in the management of
these syndromes and other related and possibly more common arrhythmias.
The Brugada syndrome (1,2), first presented as a distinct clinical entity by Pedro and
Josep Brugada in 1992 (3), is characterized by ventricular fibrillation and sudden cardiac
death associated with the electrocardiographic (ECG) pattern of ST-segment elevation
in leads V1 through V3 (Fig. 1). This typical ECG pattern might not be consistently
present; day-to-day or hour-to-hour variability in the magnitude of the ST-segment
elevation has been recognized (4–9). The ST-segment abnormalities have been described
as “coved-,” originally described in the 1992 paper by Brugada and Brugada (3), and
From: Contemporary Cardiology: Cardiac Repolarization: Bridging Basic and Clinical Science
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Fig. 1. An electrocardiogram of a successfully resuscitated 41-yr-old male. Note the 5 mm elevated J point in lead V2 followed by
a down-sloping T wave terminated by a negative deflection. The axis is slightly deviated to the right, the PQ interval is lengthened
(280 ms), and the QRS width is 100 ms. During EPS, 2 extrasystoles (BCL 600) repeatedly induced ventricular fibrillation.
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“saddle back-” types. Other characteristic ECG-features include a terminal negative
T-wave in the right precordial leads and specific (i.e., left anterior hemiblock) or nonspecific (QRS widening) conduction disorders. The HV-interval was prolonged in the vast
majority of patients in whom it has been measured (1). The diagnosis “Brugada syndrome” should be reserved for those cases in which structural heart disease is excluded
by means of extensive clinical investigation with particular focus on right ventricular
structure and function. Important differential diagnostic considerations include any form
of right ventricular cardiomyopathy, ischemia, and intrathoracic pathology. Absence of
these abnormalities implies a primary electrical disease.
From a recent survey (1), dealing with 163 patients, several remarkable epidemiological features emerge. Firstly, there is a strong male preponderance (92%). Secondly, the
entity seems particularly common in South East-Asian people (10) and, thirdly, a suspect
familial history is present in 22% of cases (range in the different series 4–40%; ref 1). The
predominant occurrence of events during sleep, reported in 17 out of 21 Southeast-Asian
patients (1), was confirmed in a more recent study using ICD data (11). The mean age of
arrhythmic events varies between 2 and 77 yr (3), but the vast majority of individual
patients become symptomatic in their fourth decade. Extremes are symptomatic twins at
the age of 2 in the initial Brugada series, a recently described highly “malignant” family
with sudden cardiac death in very young children resembling sudden infant death syndrome (12), and an asymptomatic (for arrhythmias) individual with documented ECG
changes over 40 yr at the age of 85 (13).

ELECTROPHYSIOLOGICAL BASIS
Ever since the initial report of Brugada and Brugada (3), wherein it was suggested that
a functional cardiac disorder, rather than a subclinical cardiomyopathy underlies the
syndrome, electrical heterogeneity, particularly in the right ventricular outflow tract
(RVOT), has been postulated to underlie the different electrophysiological aspects of the
syndrome (1,2,14). Indeed, experimental data by Antzelevitch and coworkers (15) in
perfused canine right ventricle wedge preparations favor this explanation. In these studies, pharmacological modulation of currents, including the use of sodium channel
blockers, targeted at phase 1 of the action potential, modulate the ECG in a manner that
is in agreement with this hypothesis (15).
Sodium channel blockers aggravate the ECG abnormalities and may increase the
propensity for ventricular tachycardia/ventricular fibrillation in patients, although they
may precipitate the ECG abnormalities in asymptomatic family members. This, taken
together with the high prevalence of associated conduction disorders, indicated that
reduced sodium channel function could—at least in a subset of patients—underlie the
Brugada syndrome.
The postulated mechanism whereby reduced sodium channel function is thought to
result in the ECG features of Brugada syndrome involves an interaction of different ion
channels active during the upstroke of the cardiac action potential: phase 0, caused by the
sodium current, INa; the early repolarization phase 1, involving the transient outward
potassium current, Ito; and the phase 2 plateau, involving the L-type calcium current ICa-L
(1,2,15). All of the channels involved are voltage-gated, that is they are activated only at
particular voltages. Reduced INa, secondary to pharmacological sodium channel blockade or mutation in SCN5A, the gene encoding the α-subunit of the cardiac sodium channel
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Fig. 2. Putative epicardial and endocardial action potential morphology and surface ECG in
normal subjects (A) and patients with the Brugada syndrome (B). Note the abbreviated epicardial
action potential as proposed by Charles Antzelevitch (14) as the basis of ST-segment elevation in
Brugada syndrome. (C and D) Alternative hypotheses proposed for the secondary negative
T-wave observed in the right precordial leads in Brugada syndrome: (C) prolongation of the action
potential of the epicardial layer outlasts that of the midmural layer leading to transmural membrane
current flow from epicardium to midmyocardium ensuing in a terminal negative T-wave; or (D)
a secondary upstroke in the epicardial layer, elicited by local current flow from the plateau-phase
of the midmural layer to the (partly) repolarized epicardial cells, will lead to prolonged repolarization in the epicardial layer with the same result.

(see below), leads to a depressed phase 0, thereby lowering conduction velocity and
leading to the conduction disturbances often manifested in the Brugada syndrome. More
significantly, in Brugada syndrome, reduced INa would result in a less depolarized voltage at the start of phase 1. Although this reduced voltage may be expected to reduce Ito,
resulting in less early repolarization during phase 1, computer simulations have shown
that Ito is only a little depressed (16). The net effect of reduced INa and (near) normal Ito
is that phase 1 ends at a more repolarized voltage. This voltage may be so repolarized that
ICa-L may fail to be activated. This could lead to a loss of phase 2 (the action potential goes
from phase 1 straight to the final repolarization phase 3) and a marked shortening of
action potential duration.
Importantly, this scenario is played out in the epicardium, but not in the endocardium
(refer to Fig. 2A, B), since Ito density is much larger in epicardium than in endocardium
in man (similar to other species), both in the left (17,18) and right ventricle (19). Thus,
while action potential duration in epicardium is greatly shortened, it is normal in endocardium, resulting in strongly increased dispersion of refractoriness and setting the stage for
reentry. The electrotonic current flow during phase 2 from endocardium to epicardium
underlies the ST elevation of Brugada syndrome (Fig. 2B) and forms the basis for reentrant tachyarrhythmias during this phase (phase 2 reentry) with the reentry circuit incorporating the different transmural layers (1,15,20). Why the ST elevations are only apparent
in the right precordial leads, is not clear. Ito may be more abundant in right ventricular

Chapter 10 / Bezzina and Wilde

191

epicardium than in left ventricular epicardium in man (17,19), as it is in dog (21). Alternatively, it has been proposed that the contribution of the epicardium to the ECG is larger
in the right ventricle than in the left ventricle, because it has a larger relative contribution
to the right ventricular mass than to the left ventricular mass (1,22). Finally, regional
differences may follow from differences in autonomic innervation as shown with MIBG
imaging by some (23,24), but not all (6), since the manifestations of Brugada syndrome
are strongly dependent on autonomic tone, as discussed previously. In any case, the
hypothesis that (phase 2) reentry is responsible for the tachyarrhythmias of Brugada
syndrome is corroborated by a number of clinical and experimental findings.
However, one should realize that clinical data, i.e., monophasic action potential
recordings from the epicardial surface, to prove this reasoning are as yet lacking. One
study (22) demonstrated changes in endocardial monophasic action potentials in the
RVOT, but not the right ventricular apex, in a patient with recurrent syncope and transient
right precordial ST elevation in whom these ST elevations were precipitated by ajmaline
administration. In light of the great number of patients with earlier generation ICDs (with
epicardial patches) and their returning need for replacement, it does not seem impossible
to obtain epicardial recordings.
An aspect of the repolarization abnormality in the right precordial leads that has not
received much attention is the secondary negative T-wave. It has been shown that the
action potential initially lengthens upon exposure to flecainide before the action potential
dome is lost (25). Whenever the action potential duration of the epicardial layer outlasts
those of the midmural layer, transmural membrane current will flow from epicardium to
midmyocardium and a terminal negative T-wave will ensue (Fig. 2C). Alternatively, a
secondary upstroke in the epicardial layer, elicited by local current flow from the plateauphase of the midmural layer to the (partly) repolarized epicardial cells, will lead to
prolonged repolarization in the epicardial layer with the same result (Fig. 2D). Intuitively, the latter sequence of events seems highly arrhythmogenic to us and because a
terminal negative T-wave has not been reported to precede the onset of arrhythmias, less
likely.

GENETIC BASIS
The Brugada syndrome displays an autosomal dominant inheritance (26) with incomplete penetrance (27,28). Based on the postulated involvement of reduced sodium current, the SCN5A gene became an obvious candidate for the disorder, leading to the
identification of aberrations in SCN5A in several small affected families and in individual
cases (Fig. 3; 26,28–33). In strict terms these findings do not prove causal involvement
of SCN5A in Brugada syndrome, but compelling evidence, including functional aberrations of identified mutants, continues to emerge (34).
Absence of linkage to SCN5A in a large family with the disorder indicates genetic
heterogeneity (35). This family linkage was identified to the chromosomal region 3p22–
25. Thus, at least one other gene—close to the SCN5A locus on 3p21—is involved.
Moreover, in three studies, mutation in SCN5A was identified only in a relatively small
proportion of Brugada syndrome patients: SCN5A mutation was found in only 8 (15%)
of 52 probands investigated by Priori and coworkers (36); out of 18 Japanese patients
studied by Akai et al. (32), SCN5A mutation was only found in 1 patient with the disorder;
and Schulze-Bahr et al. (37) identified SCN5A mutation in only 2 out of 20 unrelated
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Fig. 3. Diagrammatic representation of the human cardiac sodium channel including mutations
reported to date in this channel. Identity of Brugada syndrome mutations is indicated, while in the
case of Long QT type 3 and conduction defect mutations, only locations of the mutations are
shown.

individuals with Brugada syndrome upon mutation analysis of the SCN5A gene (90% of
the coding region checked in this latter study).
When other genes are also implicated, mutations affecting the genes encoding the
channels for Ito are immediate candidates; however, as yet no mutations have been found
in the KCND3 (Kv4.3) gene, the gene thought to encode (or part of) Ito in man (37,38).

THE CARDIAC SODIUM CHANNEL
The cardiac Na+ channel (Fig. 3; 39) is a member of the voltage-dependent family of
Na+ channels (40) that are composed of heteromeric assemblies of an α-subunit, the poreforming component, the function of which is modulated by association with one or two
ancillary β-subunits. The cardiac Na+ channel α-subunit is a heavily glycosylated protein
of ~260 kDa consisting of 2016 amino acid residues (41). It is encoded by the SCN5A gene
(42) located on chromosome 3p21 (43). This channel displays the typical modular architecture (Fig. 3) and the hallmarks of structure-function relation of this family of channels.
It consists of four internally homologous domains (DI-DIV) linked by transmembrane
segments residing on the cytoplasmic side of the channel. In turn, each domain is made
up of six linked transmembrane segments (S1–S6). Ion selectivity and conductance
properties (44) are determined by the S5–S6 linkers from each domain which line the ionconducting pore (45). Structures important for gating include the S4 segment from each
domain, which act as a voltage sensor bringing about activation gating in response to
voltage changes across the membrane (46). The DIII-DIV linker mediates at least in part
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(fast) inactivation (46,47) through occlusion of the pore at the cytoplasmic end. Other
structural determinants of (slow) inactivation probably reside within P-loops (48–50) and
the C-terminal domain of the protein (31).
A role for an interaction between the cardiac sodium channel and the β1–subunit
(encoded by the SCN1B gene), a 218-amino-acid protein with a single transmembrane
segment highly expressed in heart, has been suggested (reviewed in 51). Though a rather
consistent finding appears to be an increase in level of expression of the α-subunit,
expression studies have produced conflicting results on the effect of this subunit on the
kinetics of the cardiac Na-channel α-subunit.

GENOTYPE-PHENOTYPE RELATIONSHIP
IN THE BRUGADA SYNDROME
Theoretically, reduction of whole-cell Na-channel current may result from reduced
numbers of functional Na-channels incorporated in the cell membrane or reduction of
current through Na-channels (unitary current). Reduced incorporation into the cell membrane may result from defective protein trafficking possibly secondary to protein
misfolding. Reduced unitary current may result from mutations that reduce channel pore
permeability or those which modulate gating behavior. In general, shifts of the steadystate inactivation curve to more negative voltages (leftward shift) or of the steady-state
activation curve to more positive voltages (rightward shift) reduce Na-channel availability. The Na-channel inactivation process seems particularly important, as both the time
required for development of inactivation and recovery from it may be affected by mutations. In addition, it must be taken into account that Na-channel inactivation comprises
different components (fast inactivation and slow inactivation, which are mediated by
different structural features and which can be distinguished by the time required for the
development and recovery from inactivation) (40) that may be affected in distinct manners. Here, we briefly outline the ways in which the SCN5A mutations identified thus far
in Brugada syndrome have been shown to reduce Na-current. Notwithstanding, we
emphasize caution in attempting to translate the functional changes of the mutations into
the clinical phenotype, as the experimental conditions may play a profound role.
One of the initially described mutations (Fig. 3, 26) putatively results in truncation of
the protein: A single nucleotide (A) deletion at codon 1397 leading to the creation of an
in-frame stop codon at 1398, resulting in truncation of the protein at the level of the pore
region of transmembrane domain III (i.e., elimination of DIIIS6, DIV, and the C-terminal
tail). Another mutation reported in the same study was an insertion of two nucleotides
(AA) which disrupts the donor splice site of intron 7; the functional consequences of the
latter mutation are harder to predict, but the authors speculated that it may also result in
truncation of the protein.
Although it is intuitively not hard to envisage that truncated proteins may result in
reduced whole-cell Na-current, the exact mechanism has not been elucidated. A reduction, or rather in this case abolishment, of Na-current also applies to the mutation R1432G
(30,33), located the extracellular loop between the pore region and the sixth transmembrane segment of domain III. This mutation was reported to result in no measurable
current (30,33) when expressed in mammalian cells. Localization studies demonstrated
that this was owing to a disruption in the localization of the channel to the plasma
membrane (33), thereby demonstrating that trafficking defects may indeed play a role in
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the reduced expression of mutant SCN5A channels in Brugada syndrome, as has been
demonstrated for Long QT syndrome associated mutant human ether a go-go related gene
(HERG)-channels (52). Moreover, for some mutants that do lead to membrane expression of channels (with altered biophysical properties, discussed below), a decreased peak
current density was observed (Y1795H, [31]; 1795insD, [53]).
The biophysical properties of the S1710L Na+ channel (Table 1) include enhanced
inactivation, a hyperpolarizing shift of steady-state inactivation, a depolarizing shift of
steady-state activation and a delayed recovery from inactivation, all consistent with a
decrease in net inward Na+ current (32), expected of SCN5A mutations associated with
this disorder.
Functional characterization (54; Table 1) of the 1795insD mutation (located in the
C-terminal tail), responsible for the mixed phenotype of Brugada syndrome and Long QT
Syndrome (LQTS3) in a large kindred (53), has provided a satisfactory explanation for
the seemingly paradoxical coexistence of the Brugada phenotype (putatively associated
with reduced Na-channel function) and LQTS3 phenotype (increased Na-channel function) in the same patients. This explanation revolves around differential effects on the
distinct components of inactivation. Although this mutation yields increased slow inactivation, leading to more ST-elevations at fast heart rates (short diastolic intervals do not
allow sufficient time for recovery from slow inactivation, thereby reducing the number
of Na-channels which are available for activation), it reduces fast inactivation, thereby
resulting in the noninactivating Na-current which causes QT prolongation at slow heart
rates (at long diastolic intervals, recovery from slow inactivation is complete and the
effects of reduced fast inactivation now predominate).
Not unexpectedly, the biophysical properties of two other mutations at the same Tyr1795 residue, Y1795H (31) associated with a Brugada syndrome presentation, and
Y1795C (31) associated with a LQTS presentation, bear resemblance to those of
1795insD. Like the 1795insD channel, the Y1795C and Y1795H channels display an
enhanced entry into a slow (intermediate) inactivation phase compared to wild-type. For
the Y1795H mutation, this enhanced development of slow inactivation, together with a
negative shift in channel availability and the speeding of the onset of inactivation, is
consistent with the loss of channel activity. The Y1795C mutation, on the other hand,
prolongs action potential duration and consequently QT interval as a result of a slowed
onset of (fast) inactivation and the occurrence of sustained late sodium current. This is
most pronounced at slow heart rates since at faster rates sustained Na+ current through
this channel is reduced and inactivation becomes faster, which, together with the enhanced
entrance into the slowly developing inactivation phase of this channel (which as explained
above reduces INa at faster rates), is expected to reduce peak current (and decrease QT
interval) at faster rates. This ties up with observations that LQTS3 patients have prolonged QT-intervals at slower rates and suggestions of a bradycardia-dependent trigger
for arrhythmias and mode of death in these patients (51). Taken together this data not only
points at the involvement of the C-terminal domain, and possibly the Tyr-1795 residue,
in slow (intermediate) inactivation (31), but also provides further evidence of the overlap
in pathophysiology of these disorders at the level of the biophysical behavior of the
mutant channels (discussed further below).
Patch-clamp studies of the other Brugada syndrome SCN5A mutations reported so far
have been less consistent in providing evidence for reduced Na-channel function (Table
1). For instance, voltage clamp studies of one of the first reported SCN5A mutations

Mutation

Domain

Shift in V1/2
of activation

Shift in V1/2
inactivation

Recovery from
inactivation

Time-course of
inactivation

Persistent
INa

R1512W

DIII-DIV linker

–5.1 mV

–3.8 mV

(29)

n.s.*
1.4x at–100 mV
+10 mV or
+4.8 mV
n.s.*
1.3x at –110 mV or
slower

slower
1.3x
slower*

n.d.

n.s.*

slower
1.2x at –100 mV
slower*
1.7x
faster
1.3 to 1.6x at –80 mV
faster*

n.s.*

(30)*

n.d.

n.s.

n.s.*

n.s.*

(16)*

n.s.

n.s.

(55)*
(61)

n.s.*

n.s.*

(55)*

faster
2x at 37°C

n.d.

(16)*

faster*
faster onset*
n.s.

n.d.
small increase*
n.s.

(32)*
(31)*
(53)

faster*
τfast 2.3x

1.4%*

(54)*

n.s.

n.d.

(29)

T1620M

DIV
S3–S4 loop

n.s.
n.s.*

195

+β1

n.s.

+10.5 mV

+β1*

n.s.*

32–37°C

+10.7 mV*
at 32°C

n.s.*
1.4x at –100 mV
n.s.*

S1710L +β1
DIV Pore
Y1795H +β1*
C-terminal
1795InsD
C-terminal
(Brugada + LQTS3)
+β1*

A1924T

C-terminal

+18 mV*
n.s.*
+8.1 mV

–25 mV*
–10.5 mV*
–7.3 mV

n.s.*

–9.7 mV*

–9 mV

n.s.

1.2x at –100 mV
faster
3x at –80 mV
slower*
slower
32°C*, –110 mV
τfast 2.8x
τslow 10x
slower*
n.s.*
slower
1.2x at –100 mV
slower*
at –120 mV
τfast 2.0x
τslow 1.3x
n.s.

Ref.

(26,55,61)
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Table 1
Electrophysiological Characteristics of Mutant Cardiac Sodium Channels Associated with the Brugada Syndrome.
Changes and/or shifts are relative to the wild-type channel.
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n.s. = no statistically significant change; n.d. = not done. * values found in mammalian cell line expression systems; all other data are from the Xenopus oocyte
expression system.
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(T1620M, located in the extracellular linker between S3 and S4 of transmembrane domain
IV) (26) showed a rightward shift of the steady-state inactivation curve and increased rate
of recovery from inactivation; both effects should increase, rather than reduce,
Na-channel availability. However, it is now increasingly appreciated that the experimental conditions may play a profound role (39). For instance, temperature-dependence must
be considered. Although at 20°C T1620M mutant channels have largely the same electrophysiological properties as wild-type sodium channels (the temperature at which the
original studies were performed) (26), they exhibit changes resulting in reduced current
when studied at 32°C (a rightward shift of the steady-state activation curve and a reduced
rate of recovery from inactivation; Table 1) (16). Another factor to be taken into account
is the expression system used. When expressed in Xenopus oocytes, SCN5A channels
with the T1620M mutation have opposite electrophysiological properties compared to
those expressed in the mammalian cell line tsA201 (55). Although they have rightward
shift of the steady-state inactivation curve and a faster recovery from inactivation (both
effects yielding increased sodium channel availability) in Xenopus oocytes, the steadystate inactivation curve is unaltered and recovery from inactivation is slower (reducing
sodium channel availability) in tsA201 cells. Similarly, for the 1795insD mutation, the
steady-state activation is shifted to the right (compared with wild-type) when expressed
in Xenopus oocytes (53), but is not different from wild-type when expressed in the
mammalian cell line HEK-293 (54). And finally, in the case of the R1432G substitution,
while expression in Xenopus oocytes resulted in a Na+ current with normal gating properties, this substitution was associated with abolishment of membrane expression of the
channel in tsA201 cells (33). Taken together, these findings underline that caution must
be exercised when attempting to account for the phenotype utilizing experimental studies.
Two other mutations (R1512W and A1924T) have yielded results in patch-clamp
studies that are not apparently reconcilable with reduced Na-current. R1512W (located
in the cytoplasmic linker between transmembrane domains III and IV) caused a leftward
shift of the steady-state activation curve (29) and a delayed development of inactivation
(both effects should increase Na-current), but, on the other hand, a delayed recovery from
inactivation, both in Xenopus oocytes and in mammalian cells (29,30) (theoretically
reduction in Na-current). A1924T (located in the C-terminal tail) caused a leftward shift
of the steady-state activation curve. For both mutants, again, some temperature dependence appeared to be present (29). It has been argued that the substantial negative voltage
shift of the steady-state activation of mutant channels may lower the action potential
threshold thereby increasing excitability, and that the increase in window current of these
mutants may increase the depolarizing force early in the course of the action potential
(29,51). As a highly speculative hypothesis it has also been suggested that a sufficient
increase in window current, as a result of the negative shift of the activation curve of the
mutant channels, may lead to depolarizing forces at resting membrane potential. Such
depolarizations would lead to a larger fraction of inactivated channels, consequently
decreasing the magnitude of the Na+ current during the action potential upstroke (29,51).

MUTATION IN SCN5A AND OTHER PRIMARY
ELECTRICAL DISORDERS
Besides the Brugada syndrome, mutations in the cardiac Na-channel have been implicated in other forms of primary electrophysiological disorders, namely the Long QT
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syndrome and cardiac conduction defects (Fig. 3; 51). Although Brugada syndrome
mutations hasten epicardial repolarization by reducing Na-current, Long QT syndromecausing SCN5A mutations are associated with a “gain-of-function” mechanism either
through persistent inward sodium current during the action potential plateau (described
for 8 LQTS3 mutations for which expression studies have been carried out) (51), or by
an increase in Na+ current during the plateau of the action potential caused by a combination of slowing in rate of inactivation and an increase in the window Na+ current during
the final phase of repolarization (caused by a positive shift in voltage dependence of
steady-state inactivation), as demonstrated recently for the A1330P mutation associated
with a case of Sudden Infant Death Syndrome (56). Both mechanisms delay repolarization thereby prolonging the QT-interval. For the D1790G, the mechanism for QT prolongation is debated. Besides a persistent inward current (57) this mutation leads to a negative
shift in voltage dependence of inactivation (58) and it has been proposed that it may
prolong the action potential through a calcium-dependent mechanism (58).
Only 3 mutations causing isolated conduction defects have been reported in SCN5A
(59,60). One of these mutations, G514C in the DI-DII linker, was associated with diverse
gating defects (59). On the other hand, two other mutations (5280delG and IVS22+2T>C; 60) are expected to produce entirely nonfunctional channels. One would expect that
the (clinical) effect of such mutations would mimic that of Brugada syndrome mutations
of the same sort, namely IVS7+4insAA and 4196delA, and perhaps also that of R1432G.
The fact that they are associated with different clinical manifestations suggests that other
factors such as “modifier genes,” allele penetrance and developmental factors may also
influence the relationship between the phenotype and Na-channel function (59).
Moreover, the three SCN5A-related disorders share various clinical features, including
conduction defect (conduction defects by definition, Long QT syndrome and Brugada
syndrome), nocturnal sudden cardiac death (Brugada syndrome and Long QT syndrome)
that in part seems related to bradyarrhythmias, and repolarization disorder (Brugada
syndrome and Long QT syndrome). This leads one to view the different clinical presentations of SCN5A-related disorders as actually being the outcome of a spectrum of manifestations of cardiac sodium channelopathy resulting from the highly diverse functional
behavior of the sodium channel (51).
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INTRODUCTION
The past decade has witnessed remarkable progress in our understanding of the
molecular and electrophysiologic mechanisms underlying the development of a variety
of cardiac arrhythmias (Table 1). These advances notwithstanding, our appreciation of
the basis for many rhythm disturbances is incomplete. This chapter examines the stateof-the-art of our understanding of cellular mechanisms responsible for cardiac
arrhythmias, placing them in historical perspective whenever possible.
The mechanisms responsible for active cardiac arrhythmias are generally divided into
two major categories:
Enhanced or abnormal impulse formation and Reentry (Fig. 1). Reentry occurs when
a propagating impulse fails to die out after normal activation of the heart and persists to
reexcite the heart after expiration of the refractory period. Evidence implicating reentry
as a mechanism of cardiac arrhythmias stems back to the turn of the previous century
(1–16). The mechanisms responsible for abnormal impulse formation include enhanced
automaticity and triggered activity. Automaticity can be further subdivided into normal
and abnormal and triggered activity, consisting of: Early afterdepolarizations (EADs)
and Delayed afterdepolarizations (DADs).

ABNORMAL IMPULSE FORMATION
Normal Automaticity
Automaticity is the property of cardiac cells to generate spontaneous action potentials.
Spontaneous activity is the result of diastolic depolarization caused by a net inward
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Table 1
Mechanisms of Atrial and Ventricular Tachyarrhythmias

Tachyarrhythmia

Mechanism

Rate Range (bpm)

Sinus tachycardia
Sinus node reentry
Atrial tachycardia

Automatic (normal)
Reentry
Reentry, Automatic or
Triggered (DADs –
secondary to digitalis
toxicity)
Reentry

≥100
110–180
150–240

Atrial flutter
Atrial fibrillation

Supraventricular tachycardia—
AV nodal reentry
Supraventricular tachycardia—
accessory pathway (WPW)
Accelerated idioventricular
rhythm
Ventricular tachycardia
Right ventricular outflow
tract tachycardia
Bundle branch reentry
Torsade de pointes

Reentry
Fibrillatory conduction of
triggered impulses from
pulmonary veins or SVC
Reentry

240–350
more commonly 300 ± 20
260–450

Abnormal automaticity

120–250
more commonly 150–220
140–250
more commonly 150–220
>60 –

Reentry
Automatic (rare)
? Triggered (DADs)

120–300
more commonly 140–240
120–220

Reentry

160–250
more commonly 190–240
>200

Reentry

Precipitated by an EADinduced triggered beat.
Maintained by reentry

bpm=beats per minute; DAD=delayed afterdepolarization; EAD=early afterdepolarization; SVC=
superior vena cava; WPW=Wolff-Parkinson-White syndrome.

current flowing during phase 4 of the action potential, which progressively brings the
membrane potential to threshold. The sino-atrial (SA) node normally displays the highest
intrinsic rate. All other pacemakers are referred to as subsidiary or latent pacemakers,
since they take over the function of initiating excitation of the heart only when the SA
node is compromised or when impulses of SA nodal-origin fail to propagate.
The ionic mechanism underlying normal SA and atrioventricular (AV) nodes and
Purkinje system automaticity include
1. A hyperpolarization-activated inward current (If) (17,18) and/or
2. decay of outward potassium current (IK) (19,20).

The contribution of If and IK differs in SA/AV nodes and Purkinje fiber because of the
different potential ranges of these two pacemaker types (i.e., –70 to –35 mV and –90 to
–65 mV, respectively). The contribution of other voltage-dependent currents may also
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Fig. 1. Classification of active cardiac arrhythmias.

differ among the different cardiac cell types. For example, L-type calcium current (ICa)
participates in the late phase of diastolic depolarization in SA and AV nodes, but not in
Purkinje fibers. In atrial pacemaker cells, low voltage-activated T-type ICa, has been
shown to contribute by sarcoplasmic reticulum (SR) calcium release, which, in turn,
stimulates the inward sodium calcium exchange current (INa-Ca) (21). The action potential
upstroke is provided largely by the fast sodium current in His-Purkinje system and predominantly by the slow calcium current in SA and AV nodes.
Sympathetic and parasympathetic influences as well as extracellular potassium levels
modulate the rate of diastolic depolarization. In general, β adrenergic receptor stimulation increases, whereas muscarinic receptor stimulation reduces, the rate of phase 4
depolarization. In the His-Purkinje system, parasympathetic effects are less apparent
than those of the sympathetic system. Although acetylcholine produces little in the way
of a direct effect, it can significantly reduce Purkinje automaticity via inhibition of the
sympathetic influence, a phenomenon termed accentuated antagonism (22). In all pacemaker cells, an increase of extracellular potassium concentration reduces the rate of
diastolic depolarization, while a decrease of extracellular potassium has the opposite
effect.

Abnormal Automaticity
Abnormal automaticity or depolarization-induced automaticity is observed under
conditions of reduced resting membrane potential, such as ischemia, infarction, or other
depolarizing influences (i.e., current injection) (Fig. 2). Abnormal automaticity is experimentally observed in tissues that normally develop diastolic depolarization (i.e., Purkinje
fiber), as well as those that normally do not display this feature (e.g., ventricular or atrial
working myocardium). Compared to normal automaticity, abnormal automaticity in
Purkinje fibers or ventricular and atrial myocardium is more readily suppressed by calcium channel blockers and shows little to no overdrive suppression (23,24). The ionic
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Fig. 2. Transition of normal to abnormal automaticity (depolarization-induced low voltage activity)
in a Purkinje fiber.

basis for diastolic depolarization in abnormal automaticity may be similar to that of
normal automaticity in SA and AV nodes, consisting of a time-dependent decay of IK with
progressive activation of ICa (25,26).
The rate of abnormal automaticity is substantially higher than that of normal automaticity and is a sensitive function of resting membrane potential (i.e., the more depolarized
resting potential the faster rate). Similar to normal automaticity, abnormal automaticity
is enhanced by β-adrenergic agonists and by reduction of external potassium (23,25).

Automaticity as a Mechanism of Cardiac Arrhythmias
Enhanced normal automaticity can be the cause of some, usually benign, cardiac
arrhythmias, including sinus tachycardia. Accelerated idioventricular rhythms have been
attributed to enhanced normal automaticity in the His-Purkinje system (27). Although
automaticity is not responsible for most rapid tachyarrhythmias, it can precipitate or
trigger reentrant arrhythmias. The rate of automatic discharge recorded in isolated tissue
under artificial experimental conditions may not be representative of the discharge rate
to be expected in vivo, where endogenous factors such as catecholamines, histamine,
endothelin-1, and other factors, such as stretch, may accelerate automaticity.
Overall, the role of automaticity in experimental and clinical arrhythmias in vivo is not
well defined. Although experimental and clinical three-dimensional mapping studies
have shown that ventricular arrhythmias arising under conditions of acute ischemia,
infarction, heart failure, and other cardiomyopathies can be ascribed to focal mechanisms
(28–32), it is often difficult to discern between automatic and focal reentrant (reflection,
phase 2 reentry and micro-reentry) mechanisms.
Several recent experimental studies suggest a role for automaticity in cardiac
arrhythmias. Haissaguerre and coworkers have shown that atrial fibrillation can be triggered by rapid automaticity arising in the pulmonary veins (33). In addition, myocytes
isolated from failing and hypertrophied animal and human hearts have been shown to
manifest diastolic depolarization (34,35) and to possess enhanced If pacemaker current
(36,37) suggesting that these mechanism contribute to extrasystolic and tachyarrhythmias
arising with these pathologies. It is also noteworthy that atrial tissues isolated from
patients with atrial fibrillation exhibit increased If mRNA levels (38).

Parasystole and Modulated Parasystole
Latent pacemakers throughout the heart are generally reset by the propagating
wavefront initiated by the dominant pacemaker and are therefore unable to activate the
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Fig. 3. Classical Parasystole. The ectopic pacemaker is protected from invasion by activity outside
the focus (entrance block), but when the pacemaker fires, the impulse generated is able to propagate out of the focus to excite the rest of the myocardium (exit conduction).

heart. An exception to this rule occurs when the pacemaking tissue is somehow protected
from the impulse of sinus origin. A region of entrance block arises when cells exhibiting
automaticity are surrounded by ischemic, infarcted, or otherwise compromised cardiac
tissues that prevent the propagating wave from invading the focus, but which permit the
spontaneous beat generated within the automatic focus to exit and activate the rest of the
myocardium. A pacemaker region exhibiting entrance block, and exit conduction defines
a parasystolic focus (Fig. 3) (39).
The ectopic activity generated by a parasystolic focus is characterized by premature
ventricular complexes with variable coupling intervals, fusion beats and inter-ectopic
intervals that are multiples of a common denominator. This rhythm is fairly rare. Although
it is usually considered benign, any premature ventricular activation can induce malignant ventricular rhythms in the ischemic myocardium or in the presence of a suitable
myocardial substrate.
In the late 1970s and early 1980s Moe and coworkers described a variant of classical
parasystole, which they termed modulated parasystole (40–42). This variant of the
arrhythmia was suggested to result from incomplete entrance block of the parasystolic
focus. Electrotonic influences arriving early in the pacemaker cycle delayed, and those
arriving late in the cycle, accelerated the firing of the parasystolic pacemaker, so that
ventricular activity could entrain the partially protected pacemaker (Fig. 4). As a consequence, at select heart rate, extrasystolic activity generated by the entrained parasystolic
pacemaker would mimic reentry, generating extrasystolic activity with fixed coupling
(Figs. 5, 6) (40–52).

Afterdepolarizations and Triggered Activity
Oscillations that attend or follow the cardiac action potential and depend on preceding
transmembrane activity for their manifestation are referred to as afterdepolarizations
(53). They are traditionally divided into two subclasses: Early and delayed. Early
afterdepolarizations (EAD) interrupt or retard repolarization during phase 2 and/or phase
3 of the cardiac action potential, whereas delayed afterdepolarizations (DAD) arise after
full repolarization. When EAD or DAD amplitude suffices to bring the membrane to its
threshold potential, a spontaneous action potential referred to as a triggered response is
the result (54). These triggered events may be responsible for extrasystoles and
tachyarrhythmias that develop under conditions predisposing to the development of
afterdepolarizations.
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Fig. 4. Electrotonic modulation of a parasystolic pacemaker. Traces were recorded from an experimental model consisting of a sucrose gap preparation in vitro coupled to the heart of an open chest
dog. Traces (top to bottom): transmembrane potentials recorded from a distal segment of a Purkinje
fiber-sucrose gap preparation, and a right ventricular electrogram and lead II ECG from the in vivo
preparation. (A) The Purkinje pacemaker was allowed to beat free of any influence from ventricular activation. (B, C) Pacemaker activity of the Purkinje is electrotonically influenced by ventricular activation. An electrotonic influence arriving early in the pacemaker cycle delays the next
discharge, whereas that arriving late, accelerates the next discharge. (D) The electrotonic modulation of pacemaker discharge is described in the form of a phase-response curve. The percentage
change in ectopic pacemaker cycle length (EPCL) is plotted as a function of the temporal position
of the electrotonic influence in the pacemaker cycle. From (47), with permission.

Early Afterdepolarizations and Triggered Activity
CHARACTERISTICS OF EADS, AND EAD-INDUCED TRIGGERED BEATS
EADs are observed in isolated cardiac tissues exposed to injury (55), altered electrolytes, hypoxia, acidosis (56,57), catecholamines (58,59), pharmacologic agents (60),
including antiarrhythmic drugs (61–65). Ventricular hypertrophy and heart failure also
predispose to the development of EADs (35,66,67).
EAD characteristics vary as a function of animal species, tissue or cell type and the
method by which it is elicited. Although specific mechanisms of EAD induction may
differ, a critical prolongation of repolarization accompanies most, but not all, EADs.
Figure 7 illustrates the two types of EAD generally encountered in Purkinje fiber. Oscillatory events appearing at potentials positive to –30 mV, are generally referred to as phase
2 EADs. Those occurring at more negative potentials are termed phase 3 EADs. Phase
2 and phase 3 EADs sometimes appear in the same preparation. The right panels show
that triggered responses develop when the preparations are paced at slower rates (64). In
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Fig. 5. Patterns of classical Parasystole generated by the experimental model described in Fig. 4
in the absence (A) and presence (B) of modulating influence from the ventricles. The lowest trace
is a stimulus marker. Numbers denote the coupling intervals of the ectopic responses to the
preceding normal beats (in ms). Asterisks denote fusion beats. Classical parasystolic features are
apparent in both cases. From (47), with permission.

contrast to Purkinje fibers, EAD activity recorded in ventricular preparations are always
phase 2 EADs (68).
EAD-induced triggered activity is a sensitive function of stimulation rate. Agents with
Class III action generally induce EAD activity at slow stimulation rates and totally
suppress EADs at rapid rates (64,69). In contrast, β-adrenergic agonist-induced EADs
are fast rate-dependent (58,59). Recent studies have shown that in the presence of IKr
block, β adrenergic agonists and/or acceleration from an initially slow rate transiently
facilitate the induction of EAD activity in ventricular M cells, but not in epicardium or
endocardium and rarely in Purkinje fibers (70). This biphasic effect is thought to be
because of an initial priming of INa-Ca, which provides electrogenic inward current to
sustain the action potential plateau, followed by recruitment of cyclic adenosine monophosphate (cAMP) and Ca2+-activated slowly activating delayed rectifier current (IKs)
which abbreviates action potential duration (APD).
Origin of EADs. Until about a decade ago, our understanding of the EAD was based
largely on data obtained from studies involving Purkinje fiber preparations. With few
exceptions (71,72) EADs were not observed in early experiments involving tissues isolated from the surface of the mammalian ventricle (73–76). More recent studies have
demonstrated that although canine epicardial and endocardial tissues generally fail to
develop EADs when exposed to APD-prolonging agents, midmyocardial M cells readily
develop EAD activity under these conditions (77). Failure of epicardial and endocardial
tissues to develop EADs has been ascribed to the presence of a strong IKs in these cells
(78). M cells have a weak IKs (78), predisposing them to the development of EADs in the
presence of IKr block.
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Fig. 6. Records were obtained from the same preparation as in Fig. 5 but at different cycle lengths.
At the basic cycle lengths (BCL) shown, the activity generated was characteristic of reentry (fixed
coupling of the premature beats to the basic beats). (A) Bigeminy; (B) Trigeminy; and (C)
Quadrigeminy. From (47), with permission.

IKs block with chromanol 293B does not induce EAD in any of the four ventricular cell
types (79). However, a combination of IKs and IKr block (chromanol 293B + E-4031 or
sotalol) induces EAD activity in canine isolated epicardial and endocardial tissues (80)
as well as in perfused left ventricular wedge preparations (81). The predisposition of
cardiac cells to the development of EADs depends principally on the reduced availability
of IKr and IKs as occurs in many forms of cardiomyopathy. Under these conditions, EADs
can appear in any part of the ventricular myocardium.
Three dimensional mapping of torsade de pointes (TdP) arrhythmias in canine experimental models suggest that the extrasystole that initiates TdP can originate from subendocardial, midmyocardium, or subepicardial regions of the left ventricle (82,83). These
data point to Purkinje fibers and M cells as the principal sources of EAD-induced triggered activity in vivo. In the presence of combined IKr and IKs block, epicardium is often
the first to develop an EAD (80,81).
Ionic Mechanisms Responsible for the EAD. EADs are usually associated with a
prolongation of the repolarization phase owing to a reduction of net outward current
secondary to an increase in inward currents and/or a decrease of outward currents. Most
pharmacological interventions associated with EADs can be grouped as acting predominantly through one of four different mechanisms:
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Fig. 7. EAD and triggered activity. Each panel shows intracellular activity simultaneously recorded
from a the two ends of a Purkinje preparation pretreated with quinidine. Left panels depict responses
displaying only EADs; right panels show responses manifesting triggered activity. (A) EAD and
triggered activity occurring at the plateau level (phase 2). (B) EAD and triggered activity occurring
during phase 3. Modified from (64), with permission.

1. A reduction of repolarizing potassium currents (IKr, class IA and III antiarrhythmic
agents; IKs, chromanol 293B).
2. An increase in the availability of calcium current (ICa).
3. An increase in the sodium-calcium exchange current because of augmentation of intracellular calcium activity or upregulation of the exchanger (Bay K 8644, catecholamines).
4. An increase in late sodium current (late INa) (aconitine, anthopleurin-A, and ATX-II).

Combinations of these interventions (i.e., calcium loading and IKr reduction) may act
synergistically to facilitate the development of EADs (70,76,84,85).
The upstroke of the EAD is generally carried by calcium current. There is less agreement on the ionic basis for the critically important conditional phase of the EAD, defined
as the period just before the EAD upstroke. Intracellular calcium levels and Na/Ca
exchange current play pivotal roles in the conditional phase of isoproterenol-induced
EADs (58,59,86). Data from several groups of investigators suggest that intracellular
calcium levels do not influence the formation of this phase 2 EADs (72,87–89), whereas
other groups have presented strong evidence in support of the influence of intracellular
calcium levels in the formation of at least the conditional phase of the EAD (70,90). This
discrepancy is in part owing to the type of tissues or cells studied.
There are important differences in the ionic mechanisms of EAD generation in canine
Purkinje fibers and ventricular M cells. EADs induced in the canine M cells are exquisitely sensitive to change in intracellular calcium levels, whereas EADs elicited in Purkinje
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Fig. 8. Digitalis-induced delayed afterdepolarizations in M cells but not epicardium or endocardium. Effects of acetylstrophanthidin (AcS) on transmembrane activity of an epicardial (Epi),
endocardial (Endo) and M cell preparation. [K+]o=4 mM. (A) Control. (B) Recorded after 90 min
of exposure to 10–7 g/ml AcS. Each panel shows the last 3 beats of a train of 10 basic beats elicited
at a BCL of 250 ms. Each train is followed by a 3 sec pause. AcS induced prominent DADs in the
M cell preparation but not in epicardium or endocardium. (C) Rate-dependence of coupling
interval and amplitude of the AcS-induced DADs. Measured is the first DAD recorded from the
M cell. From (77) with permission.

are largely insensitive (70,91). Ryanodine, an agent known to block calcium release from
the SR, abolishes EAD activity in canine M cells, but not in Purkinje fibers (91). These
distinctions may reflect differences in intracellular calcium handling in M cells, where
the SR is well developed, vs Purkinje fibers where the SR is poorly developed.
The Role of EADs in the Development of Cardiac Arrhythmias. As previously
discussed, EAD-induced triggered activity is thought to be involved in precipitating TdP
under condition of congenital and acquired long QT syndromes (LQTS) (92,93). EADlike deflections have been observed in ventricular Monophasic Action Potential (MAP)
recordings immediately preceding TdP arrhythmias in the clinic as well as in experimental models of LQTS (74,94–97).
EAD activity may also be involved in the genesis of cardiac arrhythmias in cases of
hypertrophy and heart failure. These syndromes are commonly associated with prolongation of the ventricular action potential, which predisposes to the development of EADs
(34,35,66,67,98–100).
DELAYED AFTERDEPOLARIZATION-INDUCED TRIGGERED ACTIVITY
Delayed afterdepolarizations (DAD) are oscillations of transmembrane activity that
occur after full repolarization of the action potential and depend on previous activation
of the cell for their manifestation. DADs that reach the threshold potential give rise to
spontaneous responses also referred to as triggered activity (54).
Causes and Origin of DAD-Induced Triggered Activity. DADs and DAD-induced
triggered activity are observed under conditions that cause large increases in intracellular
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calcium, [Ca2+]i, such as after exposure to toxic levels of cardiac glycosides (digitalis)
(101–103) or catecholamines (58,104–106). This activity is also manifest in hypertrophied and failing hearts (34,66) as well as in Purkinje fibers surviving myocardial infarction (107). In contrast to EADs, DADs are always induced at relatively rapid rates.
Digitalis-induced DADs and triggered activity have been well characterized in isolated Purkinje fibers (54). In the ventricular myocardium, they are rarely observed in
epicardial or endocardial tissues, but readily induced in cells and tissues from the M
region. However, DADs are frequently observed in myocytes enzymatically dissociated
from ventricular myocardium (108–110). Digitalis, isoproterenol, high [Ca2+]0, or Bay
K 8644, a calcium agonist, have been shown to cause DADs and triggered activity in
tissues isolated from the M region but not in epicardial or endocardial tissues (Fig. 8)
(77,79,111,112). The failure of epicardial and endocardial cells to develop DADs has
been ascribed to a high density of IKs in these tissues (78) as compared to M cells where
IKs is small (78). Indeed, reduction of IKs was recently shown to promote isoproterenolinduced DAD activity in canine and guinea pig endocardium and epicardium (79,113).
Any intervention capable of altering intracellular calcium, either by modifying
transsarcolemmal calcium current or by inhibiting SR storage or release of calcium can
affect the manifestation of the DAD. DADs can also be modified by interventions capable
of directly inhibiting or enhancing Iti. DADs are modified by extracellular K+, Ca2+,
lisophosphoglycerides, and the metabolic factors such as ATP, hypoxia, and pH. Lowering extracellular K+ (<4 mM) promote DADs, while increasing K+ attenuates or totally
suppresses DADs (54,114). Lisophosphatidylcholine, in concentrations similar to those
that accumulate in ischemic myocardium, have been shown to induce DAD activity
(115). Elevating extracellular Ca2+ promotes DADs (54) and an increase of extracellular
ATP potentiates isoproterenol-induced DAD (116).
Agents that prolong repolarization such as quinidine and clofilium facilitate the induction of DAD activity by augmenting calcium entry. Recent work indicates that calcium
calmodulin (CaM) kinase can facilitate the induction of DADs by augmenting ICa (117).
Pharmacological agents that affect the release and reuptake of calcium by the SR,
including caffeine and ryanodine, can also influence the manifestation of DADs and
triggered activity. Low concentrations of caffeine facilitate Ca release from the SR and
thus contribute to augmentation of DAD and triggered activity. High concentration of
caffeine prevent Ca uptake by the SR and thus abolish Iti, DADs, aftercontractions and
triggered activity. Doxorubicin, an anthracycline antibiotic, has been shown to be effective in suppressing digitalis induced DADs, possibly through inhibition of the Na-Ca
exchange mechanism (118). Potassium channel activators, like pinacidil, can also suppress DAD and triggered activity by activating ATP-regulated potassium current (IK-ATP)
(109,112).
Ionic Mechanisms Responsible for the Development of DADs. DADs and accompanying aftercontractions are caused by oscillatory release of calcium from the SR under
calcium overload conditions. The afterdepolarization is believed to be induced by a
transient inward current (Iti) generated either by:
1. A nonselective cationic current, Ins (119,120).
2. The activation of an electrogenic Na/Ca exchanger (119,121–123).
3. Calcium-activated Cl– current (122,123).

All are secondary to the release of Ca from the overloaded SR.
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The Role of DAD-Induced Triggered Activity in the Development of Cardiac
Arrhythmias. Although a wide variety of studies performed in isolated tissues and cells
suggest an important role for DAD-induced triggered activity in the genesis of cardiac
arrhythmias, especially bigeminal rhythms and tachyarrhythmias observed in the setting
of digitalis toxicity (54), little direct evidence of DAD-induced triggered activity is
available in vivo. Consequently, even when triggered activity appears a likely mechanism, it is often impossible to completely rule out other mechanisms (e.g., reentry,
enhanced automaticity, and so on).
Clinical arrhythmias suggested to be caused by DAD-induced triggered activity
include:
1. Idiopathic ventricular tachyarrhythmias (124–127).
2. Idioventricular rhythms - accelerated AV junctional escape rhythms that occur as a result
of digitalis toxicity or in a setting of myocardial infarction.

Other possible “DAD-mediated” arrhythmias include exercise-induced adenosinesensitive ventricular tachycardia (VT) as described by Lerman and Belardinelli (128);
repetitive monomorphic VT caused presumably cAMP-mediated triggered activity (129);
supraventricular tachycardias, including arrhythmias originating in the coronary sinus
(130); some heart failure-related arrhythmias (32,34,100).

REENTRANT ARRHYTHMIAS
Circus Movement Reentry
The circuitous propagation of an impulse around an anatomical or functional obstacle
leading to reexcitation of the heart describes a circus movement reentry. Four distinct
models of this form of reentry have been described:
1.
2.
3.
4.

The ring model.
The leading circle model.
The figure of 8 model.
The spiral wave model.

The ring model of reentry differs from the other three in that an anatomical obstacle
is required. The leading circle, figure of 8 and spiral wave models of reentry require only
a functional obstacle.
RING MODEL
The ring model, the simplest form of reentry, first emerged as a concept shortly after
the turn of the century when A.G. Mayer reported the results of experiments involving
the subumbrella tissue of a jellyfish (Sychomedusa Cassiopea) (1,2). The muscular disk
did not contract until ring-like cuts were made and pressure and a stimulus applied. This
caused the disk to “spring into rapid rhythmical pulsation so regular and sustained as to
recall the movement of clockwork” (1). Mayer demonstrated similar circus movement
excitation in rings cut from the ventricles of turtle hearts, but he did not consider this to
be a plausible mechanism for the development of cardiac arrhythmias. His experiments
proved valuable in identifying two fundamental conditions necessary for the initiation
and maintenance of circus movement excitation:
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1. Unidirectional block—the impulse initiating the circulating wave must travel in one
direction only.
2. In order for the circus movement to continue, the circuit must be long enough to allow
each site in the circuit to recover before the return of the circulating wave.

In 1913, Mines (3) developed the concept of circus movement reentry as a mechanism
responsible for cardiac arrhythmias (4). Mines confirmed Mayer’s observations and
suggested that the recirculating wave could be responsible for clinical cases of tachycardia (3). This concept was reinforced (4) with Kent’s discovery of an extra accessory
pathway connecting the atrium and ventricle of a human heart (131). The criteria developed by Mines for identification of circus movement reentry remains in use today:
1. An area of unidirectional block must exist.
2. The excitatory wave progresses along a distinct pathway, returning to its point of origin
and then following the same path again.
3. Interruption of the reentrant circuit at any point along its path should terminate the circus
movement.

In 1928, Schmitt and Erlanger (132) suggested that coupled ventricular extrasystoles
in mammalian hearts could arise as a consequence of circus movement reentry within
loops composed of terminal Purkinje fibers and ventricular muscle. Using a theoretical
model consisting of a Purkinje bundle that divides into two branches which insert distally
into ventricular muscle (Fig. 9), they suggested that a region of depression within one of
the terminal Purkinje branches could provide for unidirectional block and conduction
slow enough to permit successful reexcitation within a loop of limited size (i.e., 10–30
mm). The early investigators recognized that successful reentry could occur only when
the impulse was sufficiently delayed in an alternate pathway to allow for expiration of the
refractory period in the tissue proximal to the site of unidirectional block. Both conduction velocity and refractoriness determine the success or failure of reentry and the general
rule is that the length of the circuit (pathlength) must exceed or equal to that of the
wavelength, the wavelength being defined as the product of the conduction velocity and
the refractory period or that part of the pathlength occupied by the impulse and refractory
to reexcitation. The theoretical minimum pathlength required for development of reentry
was initially thought to be quite long. In the early 1970s, micro-reentry within narrowly
circumscribed loops was suggested to be within the realm of possibility. Cranefield,
Hoffman and coworkers (133,134) demonstrated that segments of canine Purkinje fibers
which normally display impulse conduction velocities of 2–4 m/sec, can conduct impulses
with apparent velocities of 0.01–0.1 m/sec when encased in high K+ agar. This finding
and the demonstration by Sasyniuk and Mendez in 1971 (135) of a marked abbreviation
of action potential duration and refractoriness in terminal Purkinje fibers just proximal
to the site of block, greatly reduced the theoretical limit of the pathlength required for the
development of reentry.
Soon after, single and repetitive reentry was reported by Wit and coworkers (136) in
small loops of canine and bovine conducting tissues bathed in a high K+ solution containing catecholamines, thus demonstrating reentry over a relatively small path. In some
experiments, they used linear unbranched bundles of Purkinje tissue to demonstrate a
phenomenon similar to that observed by Schmitt and Erlanger in which slow anterograde
conduction of the impulse was at times followed by a retrograde wavefront that produced
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Fig. 9. Ring models of reentry. (A) Schematic of a ring model of reentry. (B) Mechanism of reentry
in the Wolf-Parkinson-White syndrome involving the AV node and an atrioventricular accessory
pathway (AP). (C) A mechanism for reentry in a Purkinje-muscle loop proposed by Schmitt and
Erlanger. The diagram shows a Purkinje bundle (D) that divides into two branches, both connected
distally to ventricular muscle. Circus movement was considered possible if the stippled segment,
A → B, showed unidirectional block. An impulse advancing from D would be blocked at A, but
would reach and stimulate the ventricular muscle at C by way of the other terminal branch. The
wavefront would then reenter the Purkinje system at B traversing the depressed region slowly so
as to arrive at A following expiration of refractoriness. (D) Schematic representation of circus
movement reentry in a linear bundle of tissue as proposed by Schmitt and Erlanger. The upper
pathway contains a depressed zone (shaded) serves as a site of unidirectional block and slow
conduction. Anterograde conduction of the impulse is blocked in the upper pathway but succeeds
along the lower pathway. Once beyond the zone of depression, the impulse crosses over through
lateral connections and reenters through the upper pathway. Panels C and D are from Schmitt and
Erlanger (132).

a “return extrasystole” (137). They proposed that the nonstimulated impulse was caused
by a circus movement reentry made possible by longitudinal dissociation of the bundle,
as in the Schmitt and Erlanger model (Fig. 9). Noting that in many of their experiments
“the rapid upstroke within the depressed segment arises after the rapid upstroke of the
normal fiber,” Wit and coworkers also considered the possibility (137,138) that “the
reflected impulse that travels slowly backward through the depressed segment is evoked
by retrograde depolarization of the cells within the depressed segment by the rapid
upstrokes of the cells beyond” (138). Thus arose the suggestion that reexcitation could
occur in a single fiber through a mechanism other than circus movement, namely reflection. While both explanations appeared plausible, proof for either was lacking at the time.
Direct evidence in support of reflection as a mechanism of reentrant activity did not
emerge until the early 1980s, as discussed later.
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These pioneering studies led to our understanding of how anatomical obstacles such
as the openings of the Venae Cava in the right atrium, an aneurysm in the ventricles, or
the presence bypass tract between atria and ventricles (Kent bundle) can form a ring-like
path for the development of extrasystoles, tachycardia, and flutter.
LEADING CIRCLE MODEL
The possibility that reentry could be initiated without the involvement of anatomical
obstacles and that “natural rings are not essential for the maintenance of circus contractions” was first suggested by Garrey in 1924 (139). Nearly 50 years later, Allessie and
coworkers (140–142) were the first to provide direct evidence in support of this hypothesis in experiments in which they induced a tachycardia in isolated preparations of rabbit
left atria by applying properly timed premature extrastimuli. Using multiple intracellular
electrodes, they showed that although the basic beats elicited by stimuli applied near the
center of the tissue spread normally throughout the preparation, premature impulses
propagate only in the direction of shorter refractory periods. An arc of block thus develops around which the impulse is able to circulate and re-excite the tissue. Recordings near
the center of the circus movement showed only subthreshold responses. Thus arose the
concept of the leading circle (142), a form of circus movement reentry occurring in
structurally uniform myocardium, requiring no anatomic obstacle (Fig. 10). The functionally refractory region that develops at the vortex of the circulating wavefront prevents
the centripetal waves from short circuiting the circus movement and thus serves to maintain the reentry. Since the head of the circulating wavefront usually travels on relatively
refractory tissue, a fully excitable gap of tissue may not be present; unlike other forms of
reentry the leading circle model may not be readily influenced by extraneous impulses
initiated in areas outside the reentrant circuit and thus may not be easily entrained.
Kamiyama and coworkers (143) later showed that the leading circle mechanism could
mediate tachycardia induced in isolated ventricular tissues. Allessie and coworkers (144)
also described the development of circus movement reentry without the involvement of
an anatomic obstacle in a 2 dimensional model of ventricular epicardium created by
freezing the endocardial layers of a Langendorf perfused rabbit heart.
Functional arcs or lines of block attending the development of a circus movement
reentry were shown to develop in vivo models of canine infarction in which a thin
surviving epicardial rim overlies the infarcted ventricle (9,145–150). The lines of block
observed during tachycardia are usually oriented parallel to the direction of the myocardial fibers, suggesting that anisotropic conduction properties (faster conduction in the
direction parallel to the long axis of the myocardial cells) (151–153) also play an important role in defining the functionally refractory zone. Dillon and coworkers (150) subsequently showed that the long lines of functional block that sustain reentry in the epicardial
rim overlying canine infarction may represent zones of very slow conduction, implying
that the dimensions of the area of functional block may in fact be relatively small and may
even approach that of the vortex of functional block described by Allessie and coworkers.
FIGURE OF EIGHT MODEL
El-Sherif and coworkers first described the figure of eight model of reentry in the
surviving epicardial layer overlying infarction produced by occlusion of the left anterior
descending artery in canine hearts in the late 1980s (14,145–147,154). In the figure of
eight model, the reentrant beat produces a wavefront that circulates in both directions
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Fig. 10. Leading circle model of reentry. Activation maps during steady-state tachycardia induced
by a premature stimulus in an isolated rabbit atrium (upper right). On the left are transmembrane
potentials recorded from seven fibers located on a straight line through the center of the circus
movement. Note that the central area is activated by centripetal wavelets and that the fibers in the
central area show double responses of subnormal amplitude. Both responses are unable to propagate beyond the center, thus preventing the impulse from short-cutting the circuit. The activation
pattern is schematically represented, showing the leading circuit and the converging centripetal
wavelets. Block is indicated by double bars. From Allessie et al. (142), with permission.

around a long line of functional conduction block (Fig. 11) rejoining on the distal side of
the block. The wavefront then breaks through the arc of block to reexcite the tissue
proximal to the block. The single arc of block is thus divided into two and the reentrant
activation continues as two circulating wavefronts that travel in clockwise and counterclockwise directions around the two arcs in a pretzel-like configuration. The diameter of
the reentrant circuit in the ventricle may be as small as a few millimeters or as large as
several centimeters. In 1999, Lin and coworkers (155) described a novel quatrefoilshaped reentry induced by delivering long stimuli during the vulnerable phase in rabbit
ventricular myocardium. This pattern, a variant of figure of 8 reentry, consists of two
pairs of opposing rotors with all four circuits converging in the center.
SPIRAL WAVES AND ROTORS
The concept of spiral waves, first introduced by Rosenblueth and Weiner in 1946
(156), has attracted a great deal of interest over the past decade. Originally used to
describe reentry around an anatomical obstacle (156), the term spiral wave reentry was
later adopted to describe circulating waves in the absence of an anatomical obstacle
(157,158), similar to the circulating waves of the leading circle mechanism described by
Allessie and colleagues (140,142). Spiral wave theory has advanced our understanding
of the mechanisms responsible for the functional form of reentry. Although leading circle
and spiral wave reentry are considered by some to be similar, a number of distinctions
have been suggested (142,159–161). The curvature of the spiral wave is the key to the
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Fig. 11. Figure of eight model of reentry. Isochronal activation map during monomorphic reentrant ventricular tachycardia occurring in the surviving epicardial layer overlying an infarction.
Recordings were obtained from the epicardial surface of a canine heart four days after ligation of
the left anterior descending coronary artery. Activation isochrones are drawn at 20 ms intervals.
The reentrant circuit has a characteristic figure eight activation pattern. Two circulating wavefronts
advance in clockwise and counterclockwise directions, respectively, around two zones (arcs) of
conduction block (represented by heavy solid lines). The epicardial surface is depicted as if the
ventricles were unfolded following a cut from the crux to the apex. A three-dimensional diagrammatic illustration of the ventricular activation pattern during the reentrant tachycardia is shown in
the lower panel. RV = right ventricle, LV = left ventricle, EPI = epicardium, END = endocardium.
From (14), with permission.

formation of the core (161). The curvature of the wave forms a region of high impedance
mismatch (sink-source mismatch), where the current provided by the reentering
wavefront (source) is insufficient to charge the capacity and thus excite larger volume of
tissue ahead (sink). A prominent curvature of the spiral wave is generally encountered
following a wave break, a situation in which a planar wave encounters an obstacle and
breaks up into two or more daughter waves. Because it has the greatest curvature, the
broken end of the wave moves most slowly. As curvature decreases along the more distal
parts of the spiral, propagation speed increases.
The term spiral wave is usually used to describe reentrant activity in two dimensions.
The center of the spiral wave is called the core and the distribution of the core in three
dimensions is referred to as the filament (Fig. 12). The three-dimensional form of the

218

Cellular and Ionic Mechanisms

spiral wave forms a scroll wave (162). In its simplest form, the scroll wave has a straight
filament spanning the ventricular wall (i.e., from epicardium to endocardium). Theoretical studies have described three major scroll wave configurations with curved filaments
(L-, U-, and O-shaped) (162), although numerous variations of these three-dimensional
filaments in space and time are assumed to exist during cardiac arrhythmias (162).
Anisotropy and anatomical obstacles can substantially modify the characteristics and
spatio-temporal behavior of the vortex-like reentries. As anatomical obstacles are introduced approaching a ring model of reentry, the curvature of the wave becomes less of a
determinant of the characteristics of the arrhythmia.
Spiral wave activity has been used to explain the electrocardiographic patterns
observed during monomorphic and polymorphic cardiac arrhythmias as well as during
fibrillation (158,163,164). Monomorphic VT results when the spiral wave is anchored
and not able to drift within the ventricular myocardium. In contrast, a polymorphic VT
such as that encountered with LQTS-induced TdP is because of a meandering or drifting
spiral wave. Ventricular fibrillation (VF) seems to be the most complex representation
of rotating spiral waves in the heart. VF is often preceded by VT. VF is thought to develop
when a single spiral wave responsible for VT breaks up, leading to the development of
multiple spirals that are continuously extinguished and recreated.
There are two basic hypotheses to explain wavebreaks and the formation of multiple
wavelets. The classical one is that originally proposed by Moe and colleagues (165) and
which has been the dominating concept of atrial fibrillation (AF) and VF for four decades.
Moe’s multiple-wavelet concept is fundamentally based on spatially inhomogeneous
recovery of refractoriness present during fibrillation, which provides the substrate for
conduction block and wavefront fragmentation (wave breaks), leading to continuous
appearance and disappearance of multiple wandering reentrant wavelets. The other concept of the spiral break-up, called the “Restitution Hypothesis,” was formulated less than
a decade ago (166). It invokes electrical restitution properties of the myocardium to
explain spiral wave instability and breakup during VF. It stipulates that the wavebreak
occurs when the slope of the APD restitution curve (determined as the change in APD as
a function the preceding diastolic interval) exceed a value of one.
The past two years have witnessed the development of another hypothesis for the
maintenance of VF. It suggests that VF can be caused by a single high frequency source,
which propagates with variable conduction block to the rest of ventricle (i.e., fibrillatory
conduction), leading to VF pattern on the electrocardiogram (ECG) (167–169) (Fig. 13).
There may be some variations on these themes. For example, it has been suggested that
a single meandering spiral wave could underlie the mechanism of VF (170,171) as in the
case of the Brugada syndrome (172). All these concepts of VF maintenance are not
mutually exclusive. There are experimental and theoretical data supporting each (166–
169,173–177). It is possible that different mechanisms and manifestations of VF may be
operative depending on prevailing conditions (species, size of the heart, ischemia, time
after the start of VF, and so on).
The ionic basis for the spatio-temporal behavior of reentrant rotor during VF is poorly
understood. It was recently shown by Samie et al. (169) that the anterior left ventricular
region of the guinea pig heart displays earlier repolarization than right ventricular (RV)
free wall during VF and that this region is the usual location of a stable rotor underlying
VF in isolated guinea pig heart. Based on measurement of a higher density of background
outward current, IK1, in left ventricular (LV) vs RV isolated myocytes, Samie et al. (169)
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Fig. 12. Schematic representation of basic scroll-type reentry in 3-D and spiral wave phenotypes
with their possible clinical manifestations. Upper panel: Basic configurations of vortex-like reentry in three dimensions. A and A', L-shaped scroll wave and filament, respectively. The scroll
rotates in a clockwise direction (on the top) about the L-shaped filament (f,f') shown in A'. B and
B', U-shaped scroll wave and filament, respectively. C and C', O-shaped wave and filament,
respectively. From Pertsov and Jalife, 1995 (162) with permission. Bottom panel: Four types of
spiral wave phenotypes and associated clinical manifestations. A stable spiral wave mechanism
gives rise to monomorphic VT on the ECG. A quasi-periodic meandering spiral wave is responsible for TdP, whereas a chaotically meandering spiral wave is revealed as polymorphic VT. A VF
pattern is caused by spiral wave breakup. Second column, spiral wave are shown in gray; the path
of their tip are shown as solid lines. From (164) with permission.
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Fig. 13. Schematic representation of a stable high-frequency spiral wave, inducing irregular
unstable multiple wavelets (i.e., fibrillatory conduction) in the rest of the ventricle. From Samie
et al. 2001 (169) with permission.

proposed that the mechanism underlying the primary rotor and wavefront fragmentation
may be related to gradients of refractoriness imposed by gradients in IK1. Another recent
paper suggests a dominant role of IKr in wavebreak dynamics during VF (177).
Fibrillatory patterns in the atria have likewise been attributed to multiple wandering
reentrant wavelets (165,178), a single stable reentry (179), as well as a focal automatic
mechanism firing at a high rate (33).

Reflection
Direct evidence in support of reflection as a mechanism of arrhythmogenesis was first
provided by Antzelevitch and coworkers (43,180). The concept of reflection was first
suggested by studies of the propagation characteristics of slow action potential responses
in K+-depolarized Purkinje fibers (133,134,136,138). Using strands of Purkinje fiber,
Wit and coworkers demonstrated a phenomenon similar to that observed by Schmitt and
Erlanger in which slow anterograde conduction of the impulse was at times followed by
a retrograde wavefront that produced a “return extrasystole” (137). They proposed that
the nonstimulated impulse was caused by circuitous reentry at the level of the syncytial
interconnections, made possible by longitudinal dissociation of the bundle, as the most
likely explanation for the phenomenon but also suggested the possibility of reflection.
Evidence in support of reflection as a mechanism of arrhythmogenesis was provided in
the early 1980s (43,180).
Several models of reflection have been developed (43,47,180,181). The first of these
involved use of “ion-free” isotonic sucrose solution to create a narrow (1.5–2 mm)
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Fig. 14. Delayed transmission and reflection across an inexcitable gap created by superfusion of
the central segment of a Purkinje fiber with an “ion-free” isotonic sucrose solution. The two traces
were recorded from proximal (P) and distal (D) active segments. P-D conduction time (indicated
in the upper portion of the figure, in ms) increased progressively with a 4:3 Wenckebach periodicity. The third stimulated proximal response was followed by a reflection. From Antzelevitch
(45), with permission.

central inexcitable zone (gap) in unbranched Purkinje fibers mounted in a three-chamber
tissue bath (Fig. 14) (43). In this model, stimulation of the proximal (P) segment elicits
an action potential that propagates to the proximal border of the sucrose gap. Active
propagation across the sucrose gap is not possible because of the ion-depleted extracellular milieu, but local circuit current continues to flow through the intercellular low
resistance pathways (a Ag/AgCl extracellular shunt pathway is provided). This local
circuit or electrotonic current, much reduced upon emerging from the gap, slowly discharges the capacity of the distal (D) tissue thus giving rise to a depolarization that
manifests as a either subthreshold response (last distal response) or a foot-potential that
brings the distal excitable element to its threshold potential (Fig. 15). Active impulse
propagation stops and then resumes after a delay that can be as long as several hundred
milliseconds. When anterograde (P -> D) transmission time is sufficiently delayed to
permit recovery of refractoriness at the proximal end, electrotonic transmission of the
impulse in the retrograde direction is able to reexcite the proximal tissue, thus generating
a closely coupled reflected reentry. Reflection therefore results from the back and forth
electrotonically-mediated transmission of the impulse across the same inexcitable segment; neither longitudinal dissociation nor circus movement need be invoked to explain
the phenomenon.
A second model of reflection involves the creation of an inexcitable region permitting
delayed conduction by superfusion of a central segment of a Purkinje bundle with a
solution designed to mimic the extracellular milieu at a site of ischemia (180). When the
K+ concentration was increased to between 15 and 20 mM, the “ischemic” solution
induced major delays in conduction, as long as 500 ms across the 1.5 mm wide “ischemic”
central gap. The gap was shown to be largely comprised of an inexcitable cable across
which conduction of impulses was electrotonically mediated. The long delays of impulse
conduction across the “ischemic” gap permits the development of reflection. When propagation across the gap was mediated by “slow responses,” transmission was relatively
prompt and reflection did not occur (180).
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Fig. 15. Discontinuous conduction (B) and conduction block (A) in a Purkinje strand with a central
inexcitable zone (C). The schematic illustration is based on transmembrane recordings obtained
from canine Purkinje fiber-sucrose gap preparations. An action potential elicited by stimulation
of the proximal (P) side of the preparation conducts normally up to the border of the inexcitable
zone. Active propagation of the impulse stops at this point, but local circuit current generated by
the proximal segment continues to flow through the preparation encountering a cumulative resistance (successive gap junctions). Transmembrane recordings from the first few inexcitable cells
show a response not very different from the action potentials recorded in the neighboring excitable
cells, in spite of the fact that no ions may be moving across the membrane of these cells. The
responses recorded in the inexcitable region are the electrotonic images of activity generated in
the proximal excitable segment. The resistive-capacitive properties of the tissue lead to an exponential decline in the amplitude of the transmembrane potential recorded along the length of the
inexcitable segment and to a slowing of the rate of change of voltage as a function of time. If, as
in panel B, the electrotonic current is sufficient to bring the distal excitable tissue to its threshold
potential, an action potential is generated after a step delay imposed by the slow discharge of the
capacity of the distal (D) membrane by the electrotonic current (foot-potential). Active conduction
of the impulse therefore stops at the proximal border of the inexcitable zone and resumes at the
distal border after a step delay that may range from a few to tens or hundreds of milliseconds.
Modified from (297), with permission.

Reflected reentry has been demonstrated in isolated atrial and ventricular myocardial
tissues as well (181–183). Reflection has also been demonstrated in Purkinje fibers in
which a functionally inexcitable zone is created by focal depolarization of the preparation
with long duration constant current pulses (184). This phenomenon is also observed in
isolated canine Purkinje fibers homogeneously depressed with high K+ solution as well
as in branched preparations of “normal” Purkinje fibers (185).
Success or failure of reflection depends critically on the degree to which conduction
is delayed in both directions across the functionally inexcitable zone. These transit delays
in turn depend on the width of the blocked segment, the intracellular and extracellular
resistance to the flow of local circuit current across the inexcitable zone, and the excitability of the distal active site (sink). Because the excitability of cardiac tissues continues
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to recover for hundreds of milliseconds after an action potential, impulse transmission
across the inexcitable zone is a sensitive function of frequency (43,186–188). Consequently, the incidence and patterns of manifest ectopic activity encountered in models of
reflection are highly rate-dependent (45,47,183,187,189). Similar rate-dependent
changes in extrasystolic activity have been reported in patients with frequent extrasystoles evaluated with Holter recordings (190) and in patients evaluated by atrial pacing
(45,191). Because reflection can occur within areas of tissue of limited size (as small as
1–2 mm2), it is likely to appear as focal in origin. Its identification as a mechanism of
arrhythmia may be difficult even with very high spatial resolution mapping of the electrical activity of discrete sites. The delineation of delayed impulse conduction mechanisms at discrete sites requires the use of intracellular microelectrode techniques in
conjunction with high resolution extracellular mapping techniques. These limitations
considered, reflection has been suggested as the mechanism underlying reentrant
extrasystolic activity in ventricular tissues excised from a one-day-old infarcted canine
heart (192) and in a clinical case of incessant ventricular bigeminy in a young patient with
no evidence of organic heart disease (193).

Phase 2 Reentry
Phase 2 reentry is another example of a reentrant mechanism that can appear to be of
focal origin. Phase 2 reentry occurs when the dome of the epicardial action potential
propagates from sites at which it is maintained to sites at which it is abolished, causing
local reexcitation of the epicardium and the generation of a closely coupled extrasystole.
A more rigorous discussion of phase 2 reentry and its role in the precipitation of VT/VF
will follow in the next section.

The Role of Heterogeneity
It is now well established that ventricular myocardium is not homogeneous, as previously thought, but is comprised of at least three electrophysiologically and functionally
distinct cell types: Epicardial, M, and endocardial cells. These three ventricular myocardial cell types differ principally with respect to phase 1 and phase 3 repolarization characteristics (Fig. 16). Ventricular epicardial and M, but not endocardial, cells generally
display a conspicuous phase 1, due to a prominent 4-aminopyridine (4-AP) sensitive
transient outward current (Ito), giving the action potential a spike and dome or notched
configuration. These regional differences in Ito, first suggested on the basis of action
potential data (194), have now been directly demonstrated in canine (195), feline (196),
rabbit (197), rat (198), and human (199,200) ventricular myocytes.
It is not known whether Ito2, a calcium-activated component of the transient outward
current, differs among the three ventricular myocardial cell types (201). Ito2, initially
ascribed to a K+ current, is now thought to be primarily due to the calcium-activated
chloride current (ICl(Ca)) (201). Myocytes isolated from the epicardial region of the LV
wall of the rabbit show a higher density of cAMP-activated chloride current when compared to endocardial myocytes (202).
Dramatic differences in the magnitude of the action potential notch and corresponding
differences in Ito have also been described between RV and LV epicardium (203). Similar
interventricular differences in Ito have also been described for canine ventricular M cells
(204). As will be discussed later, this distinction is thought to form the basis for why the
Brugada syndrome, a channelopathy-mediated form of sudden death, is a RV disease.
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Fig. 16. Ionic distinctions among epicardial, M, and endocardial cells. Action potentials recorded
from myocytes isolated from the epicardial, endocardial and M regions of the canine left ventricle.
(B) I-V relations for IK1 in epicardial, endocardial and M region myocytes. Values are mean ± S.D.
(C) Transient outward current (Ito) recorded from the three cell types (current traces recorded
during depolarizing steps from a holding potential of –80 mV to test potentials ranging between
–20 and +70 mV (D) The average peak current-voltage relationship for Ito for each of the three cell
types. Values are mean ± S.D. (E) Voltage-dependent activation of the slowly activating component of the delayed rectifier K+ current (IKs) (currents were elicited by the voltage pulse protocol
shown in the inset; Na+-, K+- and Ca2+- free solution). (F) Voltage dependence of IKs (current
remaining after exposure to E-4031) and IKr (E-4031-sensitive current). Values are mean ± S.E.
* p<0.05 compared with Epi or Endo. From references (78,195,208) with permission. (G) Reversemode sodium-calcium exchange currents recorded in potassium- and chloride-free solutions at a
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Sandwiched between the surface epicardial and endocardial layers are transitional and
M cells. M cells are distinguished by the ability of their action potential to prolong
disproportionately relative to the action potential of other ventricular myocardial cells in
response to a slowing of rate and/or in response to APD-prolonging agents (Fig. 17)
(111,205,206). In the dog, the ionic basis for these features of the M cell include the
presence of a smaller slowly activating delayed rectifier current (IKs) (78), a larger late
sodium current (late INa) (207) and a larger Na-Ca exchange current (INa-Ca) (208). In the
canine heart, the rapidly activating delayed rectifier (IKr) and inward rectifier (IK1) currents are similar in the three transmural cell types. Transmural and apico-basal differences in the density of IKr channels have been described in the ferret heart (209). IKr
message and channel protein are much larger in the ferret epicardium. IKs is larger in M
cells isolated from the RV vs LV of the dog (204).
M cells are histologically similar to epicardial and endocardial cells. Electrophysiologically and pharmacologically, they appear to be a hybrid between Purkinje and
ventricular cells. Like Purkinje fibers, M cells show a prominent APD prolongation and
develop EAD in response to IKr blockers, whereas epicardium and endocardium do not.
Like Purkinje fibers, M cells develop DAD in response to agents that calcium load or
overload the cardiac cell; epicardium and endocardium do not. Unlike Purkinje fibers, M
cells display an APD prolongation in response to IKs blockers (79); epicardium and
endocardium also show an increase in APD in response to IKs blockers (79). Purkinje and
M cells also respond differently to α adrenergic agonists. α1 Adrenoceptor stimulation
produces APD prolongation in Purkinje fibers, but abbreviation in M cells, and little or
no change in endocardium and epicardium (210).
The distribution of M cells within the ventricular wall has been investigated in greatest
detail in the LV of the canine heart. Although transitional cells are found throughout the
wall in the canine left ventricle, M cells displaying the longest action potentials (at basic
cycle length [BCLs] ≥ 2000 ms) are often localized in the deep subendocardium to
midmyocardium in the anterior wall, (211) deep subepicardium to midmyocardium in the
lateral wall (205) and throughout the wall in the region of the RV outflow tracts (212).
M cells are also present in the deep cell layers of endocardial structures, including papillary muscles, trabeculae, and the interventricular septum (213). Unlike Purkinje fibers,
M cells are not found in discrete bundles or islets (213,214), although there is evidence
that they may be localized in discrete muscle layers. Cells with the characteristics of M
cells have been described in the canine, guinea pig, rabbit, pig, and human ventricles
(68,70,78,82,112,195,205,206,211,213–227).

Fig. 16. (Continued) voltage of –80 mV. INa-Ca was maximally activated by switching to sodiumfree external solution at the time indicated by the arrow. (H) Midmyocardial sodium-calcium
exchanger density is 30% greater than endocardial density, calculated as the peak outward INa-Ca
normalized by cell capacitance. Endocardial and epicardial densities were not significantly different. (I) TTX-sensitive late sodium current. Cells were held at –80 mV and briefly pulsed to –45
mV to inactivate fast sodium current before stepping to –10 mV. (J) Normalized late sodium
current measured 300 ms into the test pulse was plotted as a function of test pulse potential.
Modified from (208) with permission.
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Fig. 17. Transmembrane activity recorded from cells isolated from the epicardial (Epi), M and
endocardial (Endo) regions of the canine left ventricle at BCL of 300 to 5000 ms (steady-state
conditions). The M and transitional cells were enzymatically dissociated from the midmyocardial
region. Deceleration-induced prolongation of APD in M cells is much greater than in epicardial
and endocardial cells. The spike and dome morphology is also more accentuated in the epicardial
cell.

Amplification of transmural heterogeneities normally present in the early and late
phases of the action potential can lead to the development of a variety of arrhythmias,
including the Brugada and long QT syndromes and ischemia-induced tachyarrhythmias.
BRUGADA SYNDROME
Sudden cardiac death occurring in individuals with structurally normal hearts accounts
for an estimated 3 to 9% of out-of-hospital cases of VF (228). Many of these cases are
thought to be due to a primary electrical disease. Prominent among these is the Brugada
syndrome, a syndrome characterized by an ST segment elevation in right precordial leads
(V1 to V3) unrelated to ischemia, electrolyte disturbances or obvious structural heart
disease, displaying a RBBB QRS morphology. This electrocardiographic signature was
reported as early as 1953, but first described as a distinct clinical entity associated with
a high risk of sudden cardiac death by Pedro and Josep Brugada in 1992 (229–233). These
characteristics of the Brugada Syndrome are similar, in many cases nearly identical, to
those reported by Nademanee and coworkers (234) for patients with Sudden Unexpected
Death Syndrome (SUDS). Tragically, sudden death from Brugada syndrome is often the
first symptom of the disease.
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The Brugada syndrome is more commonly diagnosed in males (8:1 ratio of
males:females) of Southeast Asian origin. The syndrome is familial, displaying an autosomal dominant mode of transmission with incomplete penetrance. Arrhythmic events
are observed at an average age of approx 40, but have been reported in infants over a very
wide range of ages, from infants to those in their late 70s (1 to 77 yr). Although structural
heart disease must be ruled out by echocardiography and/or magnetic resonance imaging
in order to make the diagnosis of Brugada syndrome, postmortem examination has
revealed some fatty infiltration into the deep subepicardium in isolated cases. It is noteworthy that a typical ECG pattern and a high risk of sudden arrhythmic death have been
reported for a segment of the patient population with structural heart disease in the setting
of arrhythmogenic right ventricular cardiomyopathy (ARVC) endemic to the Veneto
region of Italy (235). However, the clinical presentation in the vast majority of ARVC
patients bears little resemblance to that of the Brugada syndrome. Moreover, ARVC does
not appear to be linked to the same chromosomal loci as the Brugada syndrome.
The electrocardiographic signature of the Brugada syndrome is dynamic and often
concealed, but can be unmasked by potent sodium channel blockers such as flecainide,
ajmaline, procainamide, and psilicainide (236). Although intravenous administration of
these agents is most effective in unmasking the syndrome, oral formulations of flecainide
have been reported to be effective as well. The specificity of these effects of sodium
channel blockers to uncover the syndrome and the prognostic significance of this finding
remain to be fully elucidated.
Because of ambiguities concerning the diagnostic criteria for the Brugada syndrome,
the incidence remains poorly defined. For these same reasons, it has been difficult to
establish what fraction of idiopathic VF cases may be attributable to the Brugada syndrome. Estimates have ranged between 21 and 50% (237–239).
What are the proper diagnostic criteria to be used in identifying the Brugada syndrome? A definitive answer to this question is currently out of reach but will no doubt
evolve with time as clinical data become available and as our understanding of the
underlying mechanisms advances. The priority that we assign current diagnostics parameters is predicated on our limited clinical knowledge and understanding of the cellular
mechanisms responsible for the unique ECG features and arrhythmogenicity of the
Brugada syndrome.
The cellular basis for the Brugada syndrome is thought to be because of an outward
shift in the ionic current active during phase 1 of the RV epicardial action potential
(230,240). A rebalancing of the currents contributing to the early phases of the action
potential can accentuate the action potential notch or lead to all-or-none repolarization
at the end of phase 1, causing loss of the epicardial action potential dome and marked
abbreviation of the action potential at that site. A variety of pathophysiologic conditions
(e.g., ischemia, metabolic inhibition, hypothermia, pressure) and some pharmacologic
interventions are known to effect these changes in cells in which Ito is prominent. Under
these pathophysiologic conditions or in response to agents that reduce INa or ICa or agents
that activate ATP sensitive potassium current (IK-ATP) or augment IKr, ICl(Ca), or Ito, canine
ventricular epicardial cells exhibit an accentuation of the spike and dome morphology of
the action potential, resulting in a delay in the development of the dome, secondary
to widening of the action potential notch. A further shift in the balance of current leads
to loss of the action potential dome and marked abbreviation of the epicardial response.
The dome fails to develop because the outward currents flowing at the end of phase 1

228

Cellular and Ionic Mechanisms

overwhelm the inward currents that normally give rise to the secondary upstroke and
action potential plateau.
Genetic mutations that affect these same currents are capable of producing the Brugada
syndrome. The only gene thus far linked to the syndrome is the α subunit of the cardiac
sodium channel gene, SCN5A (239,241–245), the same gene implicated in the LQT3
form of the LQTS. In fact, Bezzina and coworkers (245) recently reported a mutation in
SCN5A (1795InsD) capable of producing both the Brugada and LQT3 phenotypes. Three
types of mutations in SCN5A have been uncovered thus far, and shown to result in:
1. Failure of the sodium channel to express.
2 Reduced current owing to a shift in the voltage- and time-dependence of INa activation,
inactivation or reactivation.
3. Reduced contribution of INa during the early phases of the action potential due to accelerated inactivation of the sodium channel.

Insertion of two nucleotides (AA) at the 5’ end, deletion of a single nucleotide (A) at
codon 1397 leading to an in-frame stop codon (239) and some missense mutations
(R1432G) (243) result in disruption of protein formation and failure of channel expression. Other insertion mutations (1795InsD) cause a positive shift of activation and negative shift of inactivation curves resulting in a reduction of INa (245). In the case of the
T1620M missense mutation, inactivation of INa is accelerated such that Ito is left unopposed during phase 1 of the action potential, resulting in a strong predominance of the
outward repolarizing current at the end of phase 1, thus providing the substrate for the
Brugada syndrome (242). This change in the function of the sodium channel is observed
at physiological temperatures, but not at room temperature, typically used in studies of
function involving heterologous expression systems. It is interesting that this characteristic of the mutant channel is exaggerated at temperatures above the physiological range,
suggesting the possibility that patients with the Brugada syndrome may be at more risk
during a febrile state. Several Brugada patients displaying fever-induced polymorphic
VT have been identified since the publication of this report. Other mutations such as
L567Q, reported by Priori et al. (244) to be responsible for the Brugada syndrome in
children, also act by importantly accelerating inactivation of INa. In comparison with
T1620M, the dysfunction of the sodium channel with this missense mutation located in
the DI-DII linker of SCN5A is less temperature sensitive (Dumaine, Priori, and
Antzelevitch, unpublished data). The temperature dependence of most mutations thus far
described for the Brugada syndrome is not known because most are expressed in Xenopus
Oocytes and studied at room temperature.
In addition to SCN5A, gene mutations that alter the intensity or kinetics of either Ito,
IKr, IKs, IK-ATP, ICa, or ICl(Ca) so as to increase the activity of the outward currents and/or
diminish that of the inward currents are candidates for the Brugada syndrome. Other
candidate genes include those encoding for autonomic receptors that directly modulate
ion current density and/or alter the expression of channels in the membrane (e.g., sympathetic control of Ito).
The cellular changes believed to underlie the Brugada phenotype are shown in Fig. 18.
The presence of an Ito-mediated spike and dome morphology or notch in ventricular
epicardium, but not endocardium, of larger mammals creates a transmural voltage gradient responsible for the inscription of the electrocardiographic J wave (Osborn wave)
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(246). Under normal conditions, the J wave is relatively small, in large part reflecting the
LV action potential notch, since that of RV epicardium is usually buried in the QRS. The
ST segment is isoelectric because of the absence of transmural voltage gradients at the
level of the action potential plateau (Fig. 18A). Accentuation of the RV notch under
pathophysiologic conditions is attended by exaggeration of transmural voltage gradients
and thus exaggeration of the J wave or J point elevation and/or the appearance of a
saddleback configuration of the repolarization waves (Fig. 18B). The development of a
prominent J wave can also be construed as an ST segment elevation. Under these conditions, the T wave remains positive because epicardial repolarization precedes repolarization of the cells in the M and endocardial regions. Further accentuation of the notch may
be accompanied by a prolongation of the epicardial action potential such that the direction
of repolarization across the RV wall and transmural voltage gradients are reversed, thus
leading to the development of a coved-type of ST segment elevation and inversion of the
T wave (Fig. 18C), typically observed in the ECG of Brugada patients. A delay in epicardial activation may also contribute to inversion of the T wave.
The down-sloping ST segment elevation or accentuated J wave observed in the experimental wedge models often appears as an R’, suggesting that the right bundle branch
block (RBBB) morphology often encountered in the Brugada ECG may be because of
early repolarization of RV epicardium and not to conduction block in the right bundle.
Indeed a rigorous application of RBBB criteria reveals that a large majority of RBBBlike morphologies encountered in cases of Brugada syndrome do not fit the criteria (247).
Moreover, attempts by Miyazaki and coworkers to record delayed activation of the RV
in Brugada patients met with failure (248).
It is interesting to note that although the typical Brugada morphology is present in Fig.
18B,C, the substrate for reentry is not. A further shift in the balance of current leads to
loss of the action potential dome at some epicardial sites, which would manifest in the
ECG as a further ST segment elevation (Fig. 18D). The loss of the action potential dome
in epicardium but not endocardium results in the development of a marked transmural
dispersion of repolarization and refractoriness, responsible for the development of a
vulnerable window during which a premature impulse or extrasystole can induce a reentrant arrhythmia. Because loss of the action potential dome is epicardium is generally not
spatially uniform, we see the development of a striking epicardial dispersion of repolarization (Fig. 18D). Support for these hypotheses derives from experiments involving the
arterially perfused RV wedge preparation (240).
Conduction of the action potential dome from sites at which it is maintained to sites
at which it is lost causes local reexcitation via a phase 2 reentry mechanism, leading to
the development of a closely-coupled extrasystole, capable of triggering a circus movement reentry (Figs. 18E, 19) (240,249). The phase 2 reentrant beat fuses with the negative
T wave of the basic response. Because the extrasystole originates in epicardium the QRS
is largely comprised of a Q wave, which serves to accentuate the negative deflection of
the inverted T wave, thus giving the ECG a more symmetrical appearance. This morphology is often observed in the clinic preceding the onset of polymorphic VT.
Phase 2 reentry is observed in canine epicardium exposed to:
1. K+ channel openers.
2. Sodium channel blockers.
3. Increased [Ca2+]o.
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Fig. 18. Schematic representation of right ventricular epicardial action potential changes proposed to underlie the electrocardiographic manifestation of Early Repolarization and Brugada syndromes. From (232), with permission.
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Fig. 19. Cellular mechanisms proposed to underlie arrhythmogenesis in the Brugada syndrome.
Modified from (233), with permission.

4. Metabolic inhibition.
5. Simulated ischemia.
6. Local pressure applied to RV epicardium (250).

Phase 2 reentry has been shown to trigger circus movement reentry in isolated sheets
of RV epicardium (249) as well as in the intact wall of the canine right ventricle (172,246).
The arrhythmia commonly takes the form of a polymorphic VT, resembling a rapid TdP,
often indistinguishable from VF. In other cases, the experimental model displays monomorphic VT. Both are observed in patients with the Brugada syndrome, although the
polymorphic form is much more common.
Local pressure alone applied to a discrete RV site can also produce loss of the action
potential, ST segment elevation, phase 2 reentry and VT/VF in the arterially-perfused RV
wedge preparation (240). This mechanism may be responsible for the Brugada-like syndrome caused by a mediastinal tumor compressing the RV outflow tract (251).
The mechanism proposed to underlie the Brugada syndrome is one that provides the
substrate for the development of circus movement reentry in the form of epicardial and
transmural dispersion of repolarization, as well as the trigger for VT/VF in the form of
a phase 2 reentrant extrasystole.
The experimental findings suggest a depressed RV epicardial action potential dome
as the basis for the accentuated J wave or ST segment elevation and to phase 2 reentry
as a trigger for episodes of circus movement reentry responsible for VT and VF in
Brugada patients. There are a number of similarities between the conditions that give rise
to ST segment elevation and phase 2 reentry in the experimental models and those that
attend the appearance of the Brugada syndrome. Accentuation of the action potential
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notch or loss of the action potential dome in epicardium but not endocardium leads to
elevation of the ST segment with either a saddleback or coved appearance, similar to
those recorded in patients with the Brugada syndrome (246–248). In Brugada patients,
as in the wedge preparation, VT/VF is inducible in the majority of cases. In the wedge
preparation, VT/VF is most easily induced by the application of an extrastimulus to the
site of briefest refractoriness, always located on the epicardial side. In the clinic, programmed stimulation is most commonly applied to RV endocardium. An epicardial
approach is possible via the coronary sinus and it is of interest that in a recent case report
VT/VF was shown to be noninducible with endocardial extrastimualtion, but readily
inducible using an electrode placed deep within the coronary sinus (252).
In isolated epicardial tissues as well as in wedge preparations, loss of the action
potential dome and phase 2 reentry are readily induced in RV preparations, but are more
difficult to induce in the left ventricle. These findings are owing to the presence of a much
more prominent Ito in RV vs LV epicardium and are consistent with the appearance of the
ST segment elevation only in right precordial leads in patients with the Brugada syndrome. Normalization of the ST segment in response to an increase in rate is observed in
the wedge model as well as in some Brugada patients (248), and is consistent with a
decreased availability of Ito (because of relatively slow recovery from inactivation) which
diminishes the notched configuration of the epicardial action potential. Not all Brugada
patients display rate-dependent changes in ST. With some mutations, such as those
involving a slowing of reactivation of the sodium channel, or in the presence of sodium
channel blockers with strong use-dependence, acceleration may be attended by an ST
segment elevation.
Because accentuation of the notch and/or loss of the dome are caused by an outward
shift in the balance of currents active at the end of phase 1 (principally Ito and ICa),
autonomic neurotransmitters like acetylcholine facilitate these changes in the action
potential (253) by suppressing ICa and/or augmenting potassium current, whereas β adrenergic agonists restore the dome by augmenting ICa. As a consequence, in the arterially
perfused wedge, vagal and sympathetic influences exaggerate and reduce ST segment
elevation, respectively (246). Accentuation of the ST segment elevation in patients with
the Brugada syndrome following vagal maneuvers and normalization of the ST segment
following β adrenergic agents are consistent with these findings (248).
The effect of sodium channel blockers to facilitate loss of the RV epicardial action
potential dome in the wedge and in isolated tissues (254) is consistent with their ability
to (246) unmask the Brugada syndrome in the clinic (236). Moreover, the linkage of the
Brugada syndrome to mutations in SCN5A is consistent with the conduction disturbances
that sometimes accompany the Brugada syndrome (255).
Although augmentation of Ito may precipitate phase 2 reentry and the Brugada syndrome, it is not a prerequisite. However, the presence of a prominent Ito is essential.
Because of the pivotal role of Ito, agents that inhibit Ito, including 4-aminopyridine and
quinidine, restore the action potential dome and electrical homogeneity, thus suppressing
all arrhythmic activity (172,240). Agents that potently block INa, but not Ito (flecainide,
ajmaline, and procainamide), exacerbate or unmask the Brugada syndrome, whereas
those with actions to block both INa and Ito (e.g., quinidine and disopyramide) may exert
an ameliorative effect (240). The anticholinergic effects of quinidine and disopyramide
may also contribute to their effectiveness. An experimental drug that may be useful in the
treatment of the Brugada syndrome and other syndromes associated with an ST segment
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elevation is tedisamil, an agent that blocks a variety of outward potassium currents,
including Ito.
ISCHEMIA-INDUCED TACHYARRHYTHMIAS
Acute myocardial ischemia is associated with high incidence of malignant ventricular
arrhythmias within a few minutes of onset. In large part, heterogeneity in the recovery of
excitability within the ischemic myocardium is believed to be the underlying electrophysiologic substrate of the large unstable circus movements that cause reentrant excitation. This mechanism has been anticipated to sustain rapid ventricular rhythms during
VT and to break into numerous wavelets characteristics of VF. The initial beat of VT or
VF is believed to emerge from either small reentrant circuits and/or to be secondary to
focal sources (256). The flow of current across the border zone (the boundary between
the ischemic and normal myocardium) has been proposed as one of the sites of origin of
extrasystolic activity. Injury current is most prominent at the border zone in that this is
the site at which voltage gradients between depolarized ischemic cells and adjacent
normal myocardial cells is greatest (173,256,257).
Another mechanism suggested to be responsible for the generation of premature beats
is phase 2-reentry, discussed above in relation to the Brugada syndrome. Ischemiainduced heterogeneous loss of the epicardial action potential dome in isolated ventricular
preparations has been shown to generate extrasystoles that can precipitate monomorphic
and polymorphic VT (249,258–260).
At the cellular level, complex ischemia-induced disturbances of ionic homeostasis,
depolarization of membrane potential, depression of action potential amplitude, and
perturbation of intercellular communication contribute to the changes of impulse propagation and dispersion of repolarization, which underlie the increased vulnerability to lifethreatening arrhythmias. Increased dispersion of repolarization is owing to differences
in repolarization between ischemic and normal zones as well to accentuation of intrinsic
transmural heterogeneities of repolarization.
Despite similar changes in resting membrane potential in endocardium and epicardium, ischemia decreases action potential amplitude and abbreviates APD more in epicardium than in endocardium (258,261,262). Factors believed to contribute to this
differential action potential response include differences in membrane responsiveness
(261), a greater sensitivity of IK-ATP to ATP depletion in epicardium (263), a greater
epicardial depression of the calcium current (264), and the presence of a prominent
transient outward current-mediated spike and dome configuration in epicardium but not
in endocardium leading to loss of the epicardial action potential dome and marked abbreviation of epicardial action potential duration (258).
The ECG has long been recognized as an important tool for the diagnosis and localization of acute myocardial ischemia and infarction. Under these conditions, changes in
the surface ECG are thought to be related to changes in the resting potential, action
potential morphology, action potential duration, and/or altered conduction characteristics (265–267). Current thinking regarding the pathophysiological mechanisms of
myocardial ischemia-induced changes in the ECG derive principally from theoretical
models because attempts to simultaneously record transmembrane action potentials from
the ischemic myocardium in vivo are limited to the epicardial surface (268–270).
ST-segment elevation is a characteristic ECG manifestation of transmural myocardial
ischemia in leads facing the injury (271). Although the mechanisms responsible for such
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changes have not been experimentally identified, several theoretical models have predicted their correlation with action potential morphology changes (265,267).
The canine ventricular wedge preparation has contributed importantly to our understanding of the cellular basis for ischemia-induced electrocardiographic changes. Transmembrane action potentials recordings in the wedge can be simultaneously recorded
from several intramural sites between the endocardium and the epicardium together with
a pseudo-ECG, permitting correlation of transmembrane and electrocardiographic activity. Interruption of coronary flow to the wedge leads to electrocardiographic alterations
that reproduce the patterns of acute transmural myocardial ischemia observed clinically.
The results of these studies indicate that two distinctly different mechanisms involving:
1) a greater depression of the epicardial plateau and/or loss of the epicardial action
potential dome (all-or-non repolarization) and 2) a markedly delayed in transmural conduction, underlie, the apparent ST segment elevation encountered during acute ischemia
(Di Diego and Antzelevitch, unpublished observations).
THE LONG QT SYNDROME (LQTS)
Exaggeration of intrinsic heterogeneities of ventricular repolarization also contribute
to the development of the LQTS. In this case, amplification of differences in final repolarization of the action potential of cells spanning the ventricular wall provide the
arrhythmogenic substrate. The congenital and acquired (drug-induced) LQTS are characterized by the development of long QT intervals in the ECG, abnormal T waves and an
atypical polymorphic tachycardia known as TdP (92,272–275). Genetic linkage studies
have identified several forms of the congenital LQTS caused by mutations in ion channel
genes located on chromosomes 3, 7, 11, and 21. Mutations in KvLQT1 and minK
(KCNE1) are responsible for defects in the IKs which underlies the LQT1 and LQT5
forms of LQTS, whereas mutations in HERG and SCN5A are responsible for defects in
IKr and sodium current (INa) which underlie the LQT2 and LQT3 syndromes. Mutations
in a minK-related protein MiRP1 (KCNE2), which associates with HERG to form the IKr
channel, are responsible for the LQT6 form of LQTS (276).
The electrophysiologic, electrocardiographic, and pharmacologic characteristics of
the LQT1, LQT2, and LQT3 syndromes were recently studied in the arterially-perfused
canine LV wedge preparation. Simultaneous recording of transmembrane activity from
epicardial, M, and endocardial or Purkinje sites together with a transmural ECG along the
same axis permits correlation of transmembrane and electrocardiographic activity
(211,221,223–225,277). The wedge preparation is capable of developing and sustaining
a variety of arrhythmias, including TdP. Pharmacologic models that mimic the clinical
congenital syndromes with respect to prolongation of the QT interval, T wave morphology, rate dependence of repolarization and response to antiarrhythmic drugs have been
developed (Fig. 20) (211,221,223–225).
The IKs blocker, chromanol 293B, was used to mimic LQT1 and the β adrenergic
agonist, isoproterenol, was used to assess β adrenergic influence. IKs block alone produces a homogeneous prolongation of repolarization and refractoriness across the ventricular wall and does not induce arrhythmias. The addition of isoproterenol causes
abbreviation of epicardial and endocardial APD but a prolongation or no change in the
APD of the M cell, resulting in a marked augmentation of transmural dispersion of
repolarization (TDR) and the development of spontaneous and stimulation-induced TdP
(223). These changes give rise to a broad based T wave and the long QT interval char-
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Fig. 20. Transmembrane action potentials and transmural electrocardiograms (ECG) in the LQT1
(A and B), LQT2 (C and D), and LQT3 (E and F) models (arterially-perfused canine left ventricular wedge preparations), and clinical ECG lead V5 of patients with LQT1 (KvLQT1 defect) (G),
LQT2 (HERG defect) (H) and LQT3 (SCN5A defect) (I) syndromes. Isoproterenol + chromanol
293B—an IKs blocker, d-sotalol + low [K+]o, and ATX-II—an agent that slows inactivation of late
INa are used to mimic the LQT1, LQT2 and LQT3 syndromes, respectively. Panels (A–F) depict
action potentials simultaneously recorded from endocardial (Endo), M and epicardial (Epi) sites
together with a transmural ECG. BCL = 2000 ms. In all cases, the peak of the T wave in the ECG
is coincident with the repolarization of the epicardial action potential, whereas the end of the T
wave is coincident with the repolarization of the M cell action potential. Repolarization of the
endocardial cell is intermediate between that of the M cell and epicardial cell. Transmural dispersion of repolarization across the ventricular wall, defined as the difference in the repolarization
time between M and epicardial cells, is denoted below the ECG traces. (B) Isoproterenol (100 nM)
in the presence of chromanol 293B (30 µM) produced a preferential prolongation of the APD of
the M, resulting in an accentuated transmural dispersion of repolarization and broad-based T
waves as commonly seen in LQT1 patients (G). (D) d-Sotalol (100 µM) in the presence of low
potassium (2 mM) gives rise to low-amplitude T waves with a notched or bifurcated appearance
due to a very significant slowing of repolarization as commonly seen in LQT2 patients (H). (F)
ATX-II (20 nM) markedly prolongs the QT interval, widens the T wave, and causes a sharp rise
in the dispersion of repolarization. ATX-II also produces a marked delay in onset of the T wave
due to relatively large effects of the drug on the APD of epicardium and endocardium, consistent
with the late-appearing T wave pattern observed in LQT3 patients (I). Modified from references
(221,223) with permission.

acteristics of LQT1. The development of TdP in the model requires β adrenergic stimulation, consistent with a high sensitivity of congenital LQTS, LQT1 in particular, to
sympathetic stimulation (274,278–281).
The IKr blocker, d-Sotalol, was used to mimic LQT2 and the most common form of
acquired (drug-induced) LQTS. A greater prolongation of the M cell action potential
and slowing of phase 3 of the action potential of all three cell types results in a low
amplitude T wave, long QT interval, large transmural dispersion of repolarization and the
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development of spontaneous as well as stimulation-induced TdP. The addition of
hypokalemia gives rise to low-amplitude T waves with a deeply notched or bifurcated
appearance, similar to those commonly seen in patients with the LQT2 syndrome
(221,225). Isoproterenol further exaggerates transmural dispersion of repolarization,
thus increasing the incidence of TdP (86).
ATX-II, an agent that increases late INa, was used to mimic LQT3 (221). ATX-II
markedly prolongs the QT interval, delays the onset of the T wave, in some cases also
widening it, and produces a sharp rise in transmural dispersion of repolarization as a result
of a greater prolongation of the APD of the M cell. The differential effect of ATX-II to
prolong the M cell action potential is likely owing to the presence of a larger late sodium
current in the M cell (207). ATX-II produces a marked delay in onset of the T wave
because of a relatively large effect of the drug on epicardial and endocardial APD. This
feature is consistent with the late-appearing T wave (long isoelectric ST segment)
observed in patients with the LQT3 syndrome. Also in agreement with the clinical presentation of LQT3, the model displays a steep rate dependence of the QT interval and
develops TdP at slow rates. Interestingly, β adrenergic influence in the form of isoproterenol, reduces transmural dispersion of repolarization by abbreviating the APD of the
M cell more than that of epicardium or endocardium, and thus reducing the incidence of
TdP. Although the β adrenergic blocker propranolol is protective in LQT1 and LQT2
wedge models, it has the opposite effects in LQT3, acting to amplify transmural dispersion and promoting TdP (86).
Torsade de pointes is a life-threatening atypical polymorphic VT commonly associated with LQTS. TdP has been reported in patients receiving potassium channel blockers
like d-sotalol and quinidine, usually at slow heart rates or after long pauses. These conditions are similar to those under which these agents induce EADs and triggered activity
in isolated Purkinje fibers and M cells, suggesting a role for EAD-induced triggered
activity in the genesis of TdP. While EADs may underlie the premature beat that initiates
TdP, recent studies provide evidence in support of circus movement reentry as the mechanism responsible for the maintenance of the arrhythmia (68,82,212,221,223,225,
275,277,282,283). In the wedge, TdP develops spontaneously in all three models and can
be readily induced by introduction of a single premature beat to the epicardial surface (the
site of earliest repolarization) (Fig. 21).
The mechanism responsible for TdP is outlined in Fig. 22. The hypothesis presumes
the presence of electrical heterogeneity, principally in the form of transmural dispersion
of repolarization, under baseline conditions. The intrinsic heterogeneity is amplified by
agents that decrease net repolarizing current by reducing IKr or IKs or augmenting late ICa
or late INa or by ion channel mutations that affect these currents and are responsible for
the various forms of LQTS. IKr blockers and LQT2 mutations or late INa promoters and
LQT3 mutations produce a preferential prolongation of the M cell action potential. As a
consequence, the QT interval prolongs and is accompanied by a dramatic increase in
transmural dispersion of repolarization. The dispersion of repolarization and refractoriness across the ventricular wall gives rise to a vulnerable window for the development
of reentry. The decrease in net repolarizing current can also give rise to EAD-induced
triggered activity in M and Purkinje cells, and in some cases in epicardial and endocardial
cells, which are responsible for the extrasystole that triggers TdP.
β adrenergic agonists further amplify transmural heterogeneity (transiently) in the
case of IKr and LQT2, but reduce it in the case of late INa enhancers or LQT3 (86). IKs
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Fig. 21. Polymorphic ventricular tachycardia displaying features of TdP in the LQT1 (A), LQT2
(B), and LQT3 (C) models (arterially-perfused canine left ventricular wedge preparations). Isoproterenol + chromanol 293B, d-sotalol, and ATX-II are used to mimic the 3 LQTS syndromes,
respectively. Each trace shows action potentials simultaneously recorded from M and epicardial
(Epi) cells together with a transmural ECG. The preparation was paced from the endocardial
surface at a BCL of 2000 ms (S1). (A and B) Spontaneous TdP induced in the LQT1 and LQT2
models, respectively. In both models, the first groupings show spontaneous ventricular premature
beat (or couplets) that fail to induce TdP, and a second grouping that show spontaneous premature
beats that succeed. The premature response appears to originate in the deep subendocardium (M
or Purkinje). (C) Programmed electrical stimulation-induces TdP in the LQT3 model. ATX-II
produced very significant dispersion of repolarization (first grouping). A single extrastimulus (S2)
applied to the epicardial surface at an S1–S2 interval of 320 ms initiates TdP (second grouping).
Modified from references (221,223) with permission.
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Fig. 22. Proposed cellular and ionic mechanisms for the LQTS.

blockers or LQT1 mutations cause a homogeneous prolongation of APD throughout the
ventricular wall, leading to a prolongation of the QT interval but with no increase in
transmural dispersion of repolarization. Under these conditions, TdP does not occur
spontaneously nor can it be induced by programmed stimulation until a β adrenergic
agonist is introduced. The sympathetic agonists dramatically increase transmural dispersion under these conditions by abbreviating the APD of epicardium and endocardium,
thus creating a vulnerable window that an EAD-, or DAD-induced triggered response can
capture to generate TdP, a circus movement arrhythmia. Recent data suggest that DADinduced triggered beats may be involved in the initiation of TdP in LQT1 (79). IKs block
alone or in combination with β adrenergic stimulation does not induce EADs in epicardium, M cell, endocardium, or Purkinje fibers. However, the combination readily produces DAD and DAD induced triggered activity in ventricular working myocardium
(79).

Slow Conduction and Reentry
Slow or delayed conduction of the impulse can facilitate the development of reentrant
arrhythmias by reducing the wavelength of the reentering wavefront so that it can be
accommodated by the available pathlength. Several factors determine the velocity at
which an action potential propagates through cardiac tissue. Among these is the intensity
of the fast inward sodium current that flows during the upstroke of the action potential
and the axial resistance to the flow of local circuit current.
Discontinuities in conduction can give rise to apparently very slow conduction and
reentry in cardiac tissues by allowing for the development of prominent step delays in the
transmission of impulses at discrete sites. Any agent or agency capable of suppressing the
active generator properties of cardiac tissues may diminish excitability to the point of
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rendering a localized region functionally inexcitable and thus creating a discontinuity in
the propagation of the advancing wavefront. Examples include an ion-free, ischemic, or
high K+ environment (43,180,181,186,187) as discussed earlier, as well as electrical
blocking current (184,284,285), localized pressure (186,286) and localized cooling (286).
Inhibition of the inward sodium and calcium currents using blockers of these currents can
also create discontinuities in conduction when applied to localized segments (180).
Very slow conduction encountered under these conditions is generally the result of
major step delays caused by electrotonically-mediated (saltatory) transmission of
impulses across a functionally inexcitable zone (i.e., across a large cumulative axial
resistance imposed between two excitable regions) rather than to a uniform or homogeneous slowing of impulse propagation (Fig. 15) (287). The functionally inexcitable zone
effectively serves to diminish the electrical coupling between the excitable regions participating in the conduction of the impulse. The decay of the wavefront as it travels across
the inexcitable or refractory zone leads to slow activation of the tissue beyond and thus
to a step delay in the conduction of the impulse. The resistive barriers created are similar
to those encountered with anisotropy (288). With either condition, small changes in the
effective impedance to the flow of local circuit current from one excitable element to the
next can give rise to major delays in conduction. Conduction delays on the order of tens
or hundreds of milliseconds occur when the electrotonic communication between the
region already activated (source) and the region awaiting activation (sink) is weak. With
progressive electrical uncoupling of source and sink, conduction characteristics become
progressively more sensitive to changes in the active and passive membrane properties
of both the source and sink (188). Although the importance of the intensity of the source
current, as reflected by the action potential amplitude, duration or maximum rate of rise,
(dV/dt)max, is well appreciated (107,188,289,290), a number of studies suggest that under
a variety of conditions the threshold current requirement of the sink (i.e., changes in
excitability) (186,188,290) may be a more critical determinant of conduction delay (or
block).
Discrete step delays of impulse conduction, associated with electrotonic pre-potentials, have been observed in intracellular recordings obtained from human and animal
infarcted myocardium (10,192,291,292). Extracellular mapping experiments also have
uncovered step delays in the propagation of impulses in canine hearts subjected to acute
regional myocardial ischemia (257). These studies lend support to an electrotonic interaction across a high impedance barrier as a mechanism responsible for apparently slow
conduction. Nonuniform recovery of refractoriness and geometrical factors also play an
important role in determining impulse conduction velocity as well as the success or
failure of conduction. Disparity in the recovery of refractoriness has already been discussed as the basis for unidirectional block or the lines of block that develop in response
to premature extrasystoles. Disparity of local refractoriness can also contribute to a major
slowing of impulse propagation and thus to reentry (212,230,287,293).
Geometry also plays a critically important role. Regions at which the cross-sectional
area of interconnected cells increases abruptly are known to be potential sites for the
development of unidirectional block or delayed conduction due to an impedance mismatch. Slowing or block of conduction occurs when the impulse propagates in the direction of increasing diameter because the local circuit current provided by the advancing
wavefront is insufficient or barely sufficient to charge the capacity of the larger volume
of tissue ahead and thus bring the larger mass to its threshold potential. The Purkinje-
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muscle junction is an example of a site at which unidirectional block and conduction
delays are observed (294–296). The pre-excitation (Wolff-Parkinson-White) syndrome
is another example, where a thin bundle of tissue (Kent bundle) inserts into a larger
ventricular mass.
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INTRODUCTION
The aim of this chapter is to review the methods used to study cardiac repolarization
impairment in the clinical setting. The bewildering variety of available techniques testifies to the complexity of ventricular repolarization and to the fact that no fully satisfactory method is currently available. Compared to depolarization, repolarization of cardiac
tissue is a more gradual, low-frequency process; even in animal experiments, it has been
relatively difficult to study, though the development of optical mapping with voltage dyes
and the technique of perfused myocardial wedges have considerably advanced our
understanding.
The focus of this chapter will be on the evidence for clinical usefulness of various
noninvasive methods to assess repolarization. It is likely that there will be overlaps with
other chapters and omissions due to space constraints. For example, although
microvoltage T wave alternans (µV-TWA) is reviewed in Chapter 23, it has become
such a prominent method of risk stratification that it is difficult to omit in the review on
clinical assessment of repolarization. On the other hand, other clinically important topics
(such as drug-induced repolarization changes) are discussed very briefly and are treated
in more detail elsewhere in the book.
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NONINVASIVE METHODS TO ASSESS REPOLARIZATION
QT Interval Duration
The measurement of QT interval is undoubtedly the simplest and the most widely used
method for repolarization assessment. Although QT interval changes associated with
electrolyte derangement and myocarditis have been recognized since the first half of the
20th century, reports on the association between QT prolongation and sudden death date
back to the initial description of the autosomal recessive (1) and autosomal dominant
(2,3) forms of congenital long QT syndrome (LQTS). Since then, several papers have
been published on the possible significance of QT interval prolongation as a risk marker
for sudden death in many other cardiac conditions, ranging from acute coronary syndromes to hypertrophic cardiomyopathy (HCM). However, with the exception of the
congenital LQTS and monitoring the effect of class Ia and III antiarrhythmic drugs, there
is little consensus regarding its clinical value.
The mechanistic explanation for the link between QT interval prolongation, impaired
repolarization of the ventricular myocardium and propensity to ventricular arrhythmias
is explained in detail in other chapters of this book. In essence, the QT interval duration
approximates the period between the start of depolarization and the end of repolarization
of the ventricular myocardium (Fig. 1). Prolonged ventricular repolarization may be
associated with increased dispersion of refractoriness and, by implication, increased
propensity to reentrant arrhythmias.
EPIDEMIOLOGICAL STUDIES
The relationship between the QT interval duration and mortality has been evaluated
in several population-based studies (4–10). While no association between mortality and
QT duration was found in the Framingham study (4) (5125 patients), most other studies
of similar size did report slightly but significantly increased mortality in the groups with
the longest QT (QTc) intervals (ranging from QTc>420 to QTc>440 in different studies).
At least in some of these studies (9), the increased mortality seemed to result from longer
QT duration in subjects with cardiac disease or risk factors for coronary artery disease (CAD)
and the association disappeared when subjects with cardiovascular disease were excluded.
CONGENITAL LQTS
Prolongation of the QT interval on surface ECG is the cardinal feature of congenital
LQTS. It is accepted that the degree of QT prolongation correlates with the risk of sudden
cardiac death (SCD), reflecting a greater degree of repolarization impairment. In a pediatric study performed before the genotyping of LQTS patients became available (11),
38% of patients with QTc ≥ 600 ms had cardiac arrest, seizure or syncope during an
average follow-up of five years, compared to 7% of those with QTc < 600 ms (p<0.001).
The data from The International LQTS Registry point in the same direction (12). However, the correlation between the degree of QT prolongation and clinical risk does not
appear to be tight. In the same pediatric study, 17 of the 287 patients (6%) had “normal”
QT duration (QTc < 440 ms). Six of these 17 subjects presented with serious symptoms.
Similar overlap in QT intervals between affected and unaffected subjects was found in
a study of three large LQT1 kindreds (13). A particularly high percentage of normal or
borderline QT duration may be associated with certain KCNQ1 or HERG mutations—
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Fig. 1. The relationship between the ventricular action potential and surface ECG is illustrated in
this figure. While the QRS complex corresponds to rapid depolarization of ventricular myocytes
owing to opening of the cardiac sodium channels (phase 0), isoelectric ST segments roughly
reflects the plateau (phase 2) of ventricular action potential. The T wave deflection is generated
by different degrees of repolarization among adjacent layers of ventricular myocardium (phase 3).
These differences are caused, among else, by variation in densities of certain potassium channels
between different layers of the ventricular myocardium. Thus, the QT interval approximates the
action potential duration of a ventricular cardiomyocyte.

well over 50% of confirmed gene carriers in certain kindreds (14). The affected members
of these families still appear to be at substantial risk of SCD. Although certain therapeutic
interventions have been shown to decrease the QT interval duration in LQTS, their
clinical feasibility and efficacy remains to be proven (15–17). In summary, prolongation
of the QT interval remains the diagnostic gold standard for LQTS, and an excessively
prolonged QT interval has been associated with increased risk of SCD. However, its
diagnostic and prognostic values are less than optimal.
DRUG-RELATED QT PROLONGATION
The issue of drug-induced repolarization impairment and proarrhythmia has been a
focus of considerable interest, especially regarding the “idiosyncratic” reactions to noncardiac drugs like terfenadine. It is now known that a host of widely used noncardiac
drugs act as weak blockers of the potassium channel IKr (18). In a situation of preexisting
subclinical repolarization delay, their administration can result in dramatic QT prolongation, but most healthy people are not affected. In contrast, class III antiarrhythmic
drugs exhibit a more or less predictable relationship between plasma levels, QT prolongation and risk of proarrhythmia. Both relationships have been best demonstrated for
sotalol (19,20), but similar data exist for ibutilide (21). For example, the incidence of
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serious ventricular arrhythmias was reported to be 0.5% in patients taking sotalol at dose
80–160 mg/d, but 6.8% in patients taking more than 640 mg/d. Maximum QTc was
significantly longer in patients on sotalol who eventually developed torsade de pointes
(TdP) than in the remaining patients (521 vs 462 ms, p<0.0001) (19). On the other hand,
certain patients can develop serious ventricular arrhythmias related to sotalol with little
QTc prolongation (22). In a study of ibutilide, another antiarrhythmic agent prolonging
repolarization, the development of polymorphic ventricular tachycardia (VT) was associated with a significantly more pronounced increase in QT interval compared to the
group as a whole (QTc of 529 vs 477 ms; p<0.02 for increase from baseline)(23). In
clinical practice, increased awareness should be exercised when noncardiac drugs known
to prolong the QT interval (Table 1) are used. Concomitant administration of more than
one of these drugs should be avoided. When a class Ia or class III antiarrhythmic drug is
used for rhythm control, response of the QT interval after initiation of drug therapy should
be closely followed. In general, QTc should not exceed 500 ms after the drug has reached
a steady-state condition.
CORONARY ARTERY DISEASE
On the cellular level, acute ischemia shortens action potential durations by several
mechanisms, with the activation of the potassium current IKATP probably playing the most
prominent role; knockout mice lacking this ion channel fail to develop the typical electrocardiogram (ECG) changes during ischemia (24). On the other hand, although QT
shortening has been found in the early acute phase (< 12 h) of myocardial infarction (MI)
(25), most clinical reports describe QT interval prolongation during acute MI (26,27).
This phenomenon has been linked to the increased propensity for arrhythmias in the acute
phase of MI. For example, patients who developed VT during the acute phase of MI had
significantly longer QTc (434 vs 421 ms) than the other MI patients (28). During acute
ischemia due to proximal left anterior descending coronary artery stenosis without MI,
QTc prolongation was found in 16 out of 76 patients (29), but no QT prolongation was
detected in another study of similar size of patients with unstable angina (30). In a large
retrospective study of patients with chronic stable angina, prolonged QTc was associated
with sudden death but not with total mortality (31).
Several groups have studied the QT interval and its possible prognostic role in patients
after MI; both positive and negative results have been reported. A small (55 post-MI
patients) early study found that MI survivors had shorter QTc than patients who died, but
longer than normal controls (32). A larger study (865 patients) also found longer QTc in
patients who succumbed to cardiac death compared to survivors (471 vs 413 ms, p<0.001)
(26). In the BHAT trial, 3387 patients within three weeks of MI were randomized to
propranolol and placebo. In this study, QTc > 450 ms on baseline ECG conferred approx
55% relative increase in SCD risk compared to the patients with shorter QTc with the
relative risk being similar in the propranolol and placebo groups (33).
Although some trials addressing the same issue failed to detect any increased risk of
either sudden (34) or cardiac (35) death associated with QTc prolongation in patients after
MI, the meta-analysis of the available data suggests a modest increase in SCD, cardiac
mortality, and total mortality related to prolonged QTc (36). However, QTc correlates
with other established adverse prognostic factors (left ventricular [LV] dysfunction

Chapter 12 / Nĕmec, Hammill, and Shen

259

Table 1
Examples of Medications Known to Prolong Cardiac Repolarization
Medication Class
ANTIARRHYTHMICS

Examples
Ia
III

quinidine, procainamide, disopyramide,
sotalol, dofetilide, ibutilide, amiodarone,
azimilide, N-acetyl procainamide
IV
bepridil, terodiline
ANTICANCER DRUGS
amsacrine, doxorubicine, zorubicine
ANTIDEPRESSANTS
tricyclics
amitriptiline, nortriptiline, desipramine,
clomipramine, imipramine
other
citalopram, doxepine, maprotiline, zimelidine
ANTIHISTAMINES
sedating
diphenhydramine, hydroxyzine
nonsedating
astemizole, loratidine, terfenadine
ANTIMICROBIALS
virostatic
amantadine
macrolides
erythromycine, clarithromycine, spiramycine,
troleandomycine
quinolones
sparfloxacine, grepafloxacine
other
clindamycine, trimethoprim/
antibiotics
sulfamethoxazole
antifungals
amphotericine, fluconazole, itraconazole,
ketoconazole, miconazole
antiparasitics
pentamidine, quinine, chloroquine, halofantrine
PSYCHOTROPICS AND phenothiazines chlorpromazine, fluphenazine, mesoridazine,
RELATED AGENTS
prochlorperazine, thioridazine, trifluoperazine
butyrophenones haloperidol, droperidol
other
pimozide, sultopride, sertindole, risperidone,
lithium
MISCELLANEOUS
cisapride, probucol, ketanserine, potassiumwasting diuretics (indirectly through
hypokalemia)
a

In most cases, the prolongation is related to IKr block. A comprehensive list of such medications
is available on the Web address www.torsades.org

[37,38], extent of coronary artery disease [39]) and it is unclear whether it provides any
additional prognostic information.
MISCELLANEOUS CONDITIONS
Regarding other cardiac disorders associated with SCD, prolonged QT interval has
been consistently reported in HCM (40–43). In one study, the QT interval duration was
significantly longer in HCM patients than in subjects with LV hypertrophy of a different
etiology (44). Although QTc prolongation correlates with LV wall thickness (45), a
known SCD risk factor in HCM (46), QTc did not predict SCD in a group of 277 unselected
HCM patients (47). Prolonged QT interval has also been noted in patients with aortic
stenosis (48).
An interesting prospective study alleges that prolonged QT interval in infants
increases the risk of the sudden infant death syndrome (SIDS), raising the possibility that
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at least some instances of SIDS might actually represent a form of LQTS (49)—12 out
of 24 SIDS victims had QTc > 440 ms. This possibility has been supported by a case report
of a child with LQTS presenting as aborted SIDS (50).
Apart from the situations mentioned above, many other acquired conditions are associated with prolonged QT interval. These include electrolyte derangements, hypothermia, intracranial bleeding, and electrical remodeling related to tachycardia. Most of these
are reviewed elsewhere in the book. In contrast, a shortened QT interval is much less
common, although several conditions including ischemia shorten action potential duration. The best described situation associated with a shortened QTc interval is hypercalcemia, with opinions differing on the consistency of this association and on the question
whether the shortening affects mainly the isoelectric ST segment (51,52). In addition, a
possible hereditary syndrome consisting of short QT interval and propensity to cardiac
arrhythmias has been described recently (53).
METHODOLOGY
Despite the relative simplicity of QT interval measurement, some aspects of this
method have never been standardized. Whereas some of the studies referenced above
have used the limb lead II for QT measurement (54,55), the longest QT interval in any
of the standard 12 leads has been used by others (37). Yet different papers have measured
mean QT interval of all the leads (35), the lead with largest T wave (34), the lead with the
sharpest T wave offset (56), QT interval in lead I (33) or V2 (57). The study by Cowan
et al. (58) reported that the QT interval is usually longest when measured in the
anteroseptal precordial leads V2 or V3.
There is little doubt that the major source of error in QT interval measurements is the
difficulty of the exact determination of T wave offset. This has been recognized for nearly
half a century when a complex algorithm for exact separation of the T wave from the U
wave was proposed by Lepeshkin and Surawicz (59). While most papers dealing with QT
duration still rely on simple manual measurement with real or electronic calipers, several
of the more recent articles have used a digitizing board or computer-assisted algorithms.
With the proliferation of literature on QT dispersion, the methodology of QT determination seems to have developed into a separate discipline of science (60). It has been shown
that the results of QT measurement are affected by the paper speed and ECG gain (longer
with 50 mm/s than 25 mm/s, longer with 10 mm/mV than 5 mm/mV) (61). The relative
interobserver and intraobserver QT measurement error is close to 5% (62). Surprisingly,
the hopes that automatic QT measurement would markedly improve reproducibility have
not been realized yet, primarily owing to the availability of different algorithms (63,64).
The algorithms most commonly used to determine the T wave offset include the threshold
algorithm, where the T wave offset is defined as the instant when the T wave falls under
a given threshold which is typically determined based on the T wave peak amplitude.
Similarly, the slope (or differential) threshold algorithms define the T wave end as the
time when the (negative) T wave slope falls under a threshold level based on the maximal
slope (64). The slope intercept algorithms determine the T wave end as the intersection
of the baseline with the tangent of the T wave with the maximum negative slope. In
addition, different approaches, e.g., one based on T wave curvature (65) have been
proposed. The variability between QT duration determined by different automatic algorithms is substantial. The correlation between the QT interval determined manually and
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Table 2
Examples of Formulas Proposed for Rate Correction of QT Interval.
Reference

Formula

Comment

Bazett (68)

QTc = QT

RR

most common; overcorrects for
tachycardia

QT
RR

another early formula; uses cubic root
instead of square root of HR

Fridericia (69)

QTc =

Sagie (70)
Hodges (256)
Sarma (71)

QTc = QT + 0.154(1 – RR)
QTc = QT + 0.00175(HR – 60)
QTc = QT – 0.0446(1 – e2.7(1–RR))

3

used in the Framingham Study
another example of linear formula
an example of exponential formula

a
QTc is the predicted QT duration at HR 60 bpm. QT, QTc, and RR are given in seconds, HR is given
as beats per minute.

automatically is poor (66), which is likely attributable to the error of manual measurements. For both manual and computerized QT interval measurements, low T wave
amplitude appears to decrease the precision (61,67).
It has been known for decades that the heart rate (HR) is the major determinant of QT
interval duration, which shortens in parallel with cycle length. On the molecular level,
this appears to be caused primarily by an incomplete deactivation of the IKs current during
tachycardia, although other factors, such as inhibition of the slow Ca current by an
increased cytoplasmic calcium concentration, may also play a role. Because of its HR
dependence, some sort of rate correction is needed to label a QT interval “prolonged.”
The Bazett’s formula (68) proposed more than 80 years ago is by far the most common,
but many other formulas have been suggested. Among them, the “cubic root” Fridericia’s
formula (69) and the linear correction used in the Framingham study (70) are the best
known, but exponential correction (71) and other more complex techniques have claimed
superiority over the Bazett’s formula (Table 2). It is appreciated that overall, Bazett’s
formula overcorrects the QT duration during tachycardia, i.e., the QTc obtained is too
long when the RR interval (i.e., the interval between two subsequent R waves) is short
(72). The Fridericia formula may provide better correction, but it seems that the optimal
form of QT correction differs among normal subjects (73). Moreover, the issue is complicated by the fact that the QT interval response to HR change is not instantaneous but
can take several seconds before a new steady-state is reached, so that the optimal rate
correction may be different depending on whether the QT interval is recorded when the
heart rate is relatively steady or rapidly changing (74). The phenomenon of QT interval
hysteresis (75,76) (i.e., QT duration may be different at a given heart rate depending on
whether the heart rate is increasing or decreasing) and the case reports of paradoxical QT
shortening after a long pause (77,78) indicate that satisfactory QT correction by a formula
based on instantaneous HR only may be impossible under certain circumstances.
In addition to HR, several other factors affect the QT duration. Many of them are not
associated with disease. This includes genetic variability and changes in autonomic tone.
Also, any factor which prolongs ventricular depolarization, such as bundle branch block,
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prolongs QT duration. It is uncertain how to best handle the latter situation, but measuring
JT interval (from the end of QRS complex to the T wave end) instead appears reasonable
(79). The fact that QTc is longer in women than in men is well known and is probably
caused by the effect of gonadal steroids on ventricular myocardium (68,80,81). There are
no differences in QT duration between males and females in childhood, but QT shortens
in males during sexual maturation. The exact mechanism of this phenomenon remains to
be elucidated; in Xenopus oocytes, estradiol suppresses the IKs current but not other
voltage-dependent potassium currents (82). However, the data obtained from castrated
males suggest that androgens rather than estrogens are responsible for the gender difference in repolarization duration (and shape) (83). The gender differences in repolarization
are likely related to the higher propensity to TdP in females, which has been observed by
several authors in congenital (84,85) or acquired LQTS (86,87).
For a long time, it was believed that while transmural gradients at the end of the action
potential are responsible for the T wave deflection, the U wave is created by a different
mechanism, possibly related to the prolonged action potential duration of the Purkinje
fibers (88). A more recent theory links U wave to the repolarization of M cells (89). It is
generally accepted that the presence of the U wave does not usually signify propensity
to arrhythmias and it should not be included in the QT interval measurement, but the
differentiation of the U wave from the second component of a morphologically abnormal
T wave in the LQTS can be problematic (90). Although hard data are lacking, it seems
reasonable to try to separate a “normal,” small-amplitude U wave from the end of the
T wave, but high-amplitude, abnormal-appearing U waves may be best included in the
QT interval measurement (91).
CLINICAL UTILITY
The QT measurement should be routine part of a standard ECG evaluation; many
commercial ECGs provide an automatic QT measurement with rate correction. In spite
of the reports linking QT interval prolongation to increased risk of arrhythmic, cardiac
or total mortality, the correlation appears to be loose and the clinical utility limited in most
circumstances. The QT interval determination is most useful in the diagnosis of LQTS,
either congenital or acquired, and specifically during initiation of treatment by class III
agents. In these settings, the link between the QTc duration is and the arrhythmic risk is
well established, although borderline or normal QTc does not indicate negligible risk. In
summary, although QT duration without doubt reflects ventricular repolarization, it is a
relatively crude measure of this complex process. The major advantage of QT interval
determination is its wide availability and ease of measurement.

QT Interval Dispersion, T Wave Morphology, and Related Techniques
INTERLEAD DISPERSION OF QT INTERVALS
The QT dispersion is usually defined as the difference between the longest and the
shortest QT interval among the 12 standard ECG leads. It is another conceptually simple
technique used frequently for repolarization assessment in a wide range of conditions.
Although the observation of different QT interval duration in different leads is nearly as
old as the clinical application of ECG (92), the intense interest it has enjoyed recently was
sparked by the influential paper by Campbell and associates (93) who suggested that QT
dispersion measured from the standard ECG might reflect different action potential
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durations (and, by implication, dispersion of refractoriness) among different regions of
ventricular myocardium. It has been appreciated since the 1960s that increased dispersion of refractoriness represents an important mechanism for initiation of reentrant
arrhythmias (94). This theoretical concept was supported by animal studies (95,96) and,
more recently, by the data from perfused myocardial wedges (97). The concept underlying the hope for clinical utility of QT dispersion is the hypothesis that different ECG leads
preferentially reflect the electrical activity of the subjacent myocardial tissue. If this was
the case, then QT dispersion in surface ECG might approximate refractoriness dispersion
measured by more direct methods, e.g., monophasic action potentials (MAPs). This
proposition did indeed receive some support from experiments comparing the electrical
activity of an animal heart recorded by epicardial electrodes and by electrodes from the
surface of a water-filled tank, in which the organ was immersed (98). The MAP data also
showed a correlation between MAP dispersion and QT dispersion (99).
The relative simplicity of QT dispersion measurement and its wide availability probably contributed to the copious number of papers analyzing this variable in a wide range
of cardiac (and noncardiac) disorders. Although many of the studies showed a value of
QT dispersion for risk stratification, several doubts concerning the validity of the underlying concept have appeared (100). The most serious argument against this technique is
the contention that QT dispersion does not, in fact, represent regional differences in local
repolarization duration, but instead results from a combination of a measurement error
and abnormal morphology of the T wave vector loop. This explanation is supported by
the reports of poor interobserver and intraobserver reproducibility of QT dispersion
determination (62) (though acceptable reproducibility was found by others) (61,101).
More importantly, simulated ECGs generated by a projection of a single dipole T wave
loop into different spatial directions representing ECG leads, were found to have a “QT
dispersion” comparable to real ECGs, despite the fact that their underlying “refractoriness dispersion” was by definition zero (102,103). This phenomenon was studied in more
detail by Kors et al. (104), who concluded convincingly that QT dispersion is related to
different projections of the terminal portion of the T wave vector loop into different ECG
leads: A nearly perpendicular lead would appear to have a shorter T wave inscription due
to a finite noise level and limited precision of measurement. Thus, increased QT dispersion would reflect, at best, a nonspecific abnormality of T wave loop morphology, and
no regional repolarization dispersion needs to be invoked to explain its existence.
Some critics of the method have suggested that the underlying concept was flawed
from the beginning, since the 12 ECG leads are not truly independent, but contain redundant information (e.g., lead III can be obtained by subtracting lead I from lead II) and
since it is physically impossible for a dipole T wave loop to exhibit any true dispersion
in duration. However, there is no a priori reason why the electrical field generated by
ventricular myocardium should be fully described by the dipole model, and we believe
that the initial concept should not have been rejected on the first principles. Nevertheless,
the limited data quantifying the deviation from the dipole model indicate that although
these deviations do exist and are more pronounced in certain pathological states, they are
very small indeed (105). At the current state of knowledge, it appears that the T wave loop
can indeed be described by the dipole model with a high degree of precision and that the
hypothesis of the relationship between QT dispersion and regional differences in
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repolarization duration was incorrect. However, that is not the same as stating that QT
dispersion contains no useful information at all.
EPIDEMIOLOGICAL STUDIES
The Rotterdam study of more than 5000 subjects showed that in addition to QT duration (6), increased QT dispersion was also a risk marker in the older general population
(106). The data derived from the WOSCOPS trial (>6500 middle aged men with elevated
cholesterol) also suggest a significant association between increased QT dispersion and
risk of death or MI (107), but the reported sensitivity and specificity were quite low. QT
dispersion corrected by the Bazett’s formula was an independent predictor of cardiovascular mortality in the Strong Heart study of American Indians (108), but since most
authors now agree that the rate-dependence of QT interval dispersion is minimal and that
it should not be rate-corrected, it is conceivable that prolonged corrected QT dispersion
might simply reflect increased HR, a well-established risk for cardiovascular mortality.
The mortality increase related to increased QT dispersion in these studies is significant
but not dramatic: e.g., in the Rotterdam study, mortality increased by 30% in the patients
within the highest tercile of QT dispersion. The most likely explanation is an underlying
cardiovascular disease leading to nonspecific T wave abnormalities in these subjects.
CORONARY ARTERY DISEASE
Increased dispersion of QT interval has been reported by several authors both during
acute MI and in patients with remote past MI. During acute MI, QT dispersion appears
to be highest in the first 1–3 d (109,110). The degree of its prolongation is affected by the
location of MI (it is higher in anterior MI) (111–113) and the success of thrombolytic
treatment (higher with thrombolysis failure) (113). In some (101,110) but not all studies
(114,115), higher QT dispersion was found in patients who developed serious rhythm
disturbances in the acute phase of MI.
Several studies have reported that QT dispersion is higher in patients with remote MI
than in healthy subjects, but whether QT dispersion predicts mortality after MI is still
controversial. For example, a Finnish study which included 30 subjects with remote MI,
history of ventricular fibrillation (VF) and positive electrophysiological (EP) study
found that their QT dispersion was significantly higher than in either normal subjects or
in CAD patients without documented arrhythmias and negative EP study (p<0.001)
(116). Several relatively small studies have reached a similar conclusion (117,118), but
increased QT dispersion tends to correlate with other established risk markers, including
left ventricular ejection fraction (LVEF) (111,119) and absence of β-blocker treatment
(33), and may not therefore provide independent information.
On the other hand, no relationship between QTc dispersion at the time of hospital
discharge and total mortality was detected in the large LIMIT-II study (over 2000 patients)
(109). The subsequent decrease in QTc dispersion was less pronounced in the patients
who died compared to survivors, though this could again be influenced by differences in
HR. Finally, a prospective study enrolling 280 patients with MI (120) found that none of
the several indices of repolarization dispersion predicted the composite endpoint of
death, resuscitated VF or VT, while the traditional risk markers (e.g., decreased LVEF,
decreased HR variability) predicted outcome. Methodologically, this is probably the best
study available and its negative result casts a serious doubt on the prognostic role of QT
dispersion after MI.
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Regarding other forms of coronary ischemia, QTc dispersion was found to be prolonged in patients with vasospastic angina compared to subjects with atypical chest pain
(121) and, among vasospastic angina patients, in those who had experienced cardiac
arrest or syncope (122). Most reports on other forms of stable or unstable angina did not
find a marked increase in QT dispersion, although successful percutaneous transluminal
coronary antioplasty (PTCA) led to a decrease in this quantity in some studies (123,124).
LEFT VENTRICULAR DYSFUNCTION AND HYPERTROPHY
The usefulness of QT dispersion measurement in patients with heart failure or LV
dysfunction is also disputed. For example, Barr et al. (125) have reported that QT dispersion was higher in the seven heart failure patients who died suddenly (98.6 ms) than in
the 21 survivors (53.1 ms) or the 12 patients who died of pump failure (66.7 ms; p<0.05).
Others have proposed that in a pediatric population, QT dispersion is such a strong
mortality predictor that it should be used to prioritize patients on heart transplant waiting
list (126). Similar conclusion was reached by other authors (127,128).
In contrast, the bigger UK-HEART study (129) (554 patients) found that while corrected QT interval dispersion was a univariate predictor of SCD and total mortality in
heart failure population, this relationship disappeared when other variables (cardiomegaly, HR and so on) were taken into account. Also, no prognostic information of QT
dispersion could be found in the large substudy of the prospective DIAMOND-CHF trial
(130) which included over 700 patients with advanced chronic heart failure (CHF).
Similarly, increased QT dispersion has been described in HCM (41,42,105,131) and
higher QT dispersion values have been reported in HCM patients with serious arrhythmic
events than in other HCM subjects (131–133). However, the latter finding has not been
confirmed in bigger studies (41,47). Increased QT dispersion was also found in patients
with LV hypertrophy (LVH) because of hypertension (134–136) or aortic stenosis (137),
but not in healthy athletes with LVH (138). The QT dispersion in LVH can be decreased
by treatment with angiotensin-converting enzyme inhibitors (139,140).
CONGENITAL AND ACQUIRED LQTS
There is little doubt that QT dispersion is prolonged in LQTS (141). The original paper
by Day et al. (93) measured QT dispersion in patients with congenital or drug-induced
LQTS and found that it was longer in patients with ventricular arrhythmias than in the
other subjects. Priori et al. reported that QT dispersion was higher in 28 patients with
congenital LQTS than in 15 healthy volunteers (142). In addition, QT dispersion was
longer in LQTS patients who responded to β-blockade than in those who continued to
experience syncope despite the treatment. Finally, the increased QT dispersion in pediatric LQTS patients can be decreased with β-blocker treatment (143). Conversely, epinephrine (but not phenylephrine, a pure α-agonist) was found to increase QT dispersion
in LQTS patients (141).
Several authors have attempted to correlate effect of antiarrhythmic drugs with QT
dispersion changes. QT dispersion was higher in CAD patients who developed TdP on
quinidine treatment than in patients without proarrhythmia (144). Increased QT dispersion was also found to precede serious proarrhythmia in patients treated with sotalol or
amiodarone. Correlation between changes in QT dispersion and the efficacy of antiarrhythmic treatment has also been proposed, because shorter QT dispersion was associated with VT noninducibility in patients with prior MI (145).
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METHODOLOGY
Some of the methodological issues concerning QT dispersion measurements have
been mentioned above. Apart from questions about the ability of this method to actually
estimate the dispersion of ventricular refractoriness, several studies have reported poor
reproducibility and a wide range of normal values (91). The reproducibility of QT dispersion measurement negatively correlates with T wave amplitude (61). In addition, the
measured QT dispersion is affected by posture (146) and respiratory phase (147), and by
the number of ECG leads analyzed (reasonable correction is possible when some of the
12 leads cannot be analyzed) (148). The fact that the QT dispersion reported in some
studies was not obtained from simultaneous 12-lead recordings may have increased the
reported values due temporal variability of QT intervals.
Another controversial issue concerns the need for HR correction of QT dispersion.
Although many authors have applied Bazett’s correction to QT dispersion measurement,
nearly all data suggest that this value is relatively heart rate-independent (149). The
correction can be confusing since prolonged corrected QT dispersion may result from
tachycardia in addition to increased QT dispersion.
CLINICAL UTILITY
Despite the plethora of reports suggesting increased QT dispersion in most cardiac
diseases as well as the possible correlation between increased QT dispersion and propensity to SCD, the clinical utility appears very limited for several reasons. First, the available information indicates that QT dispersion is a projection effect reflecting nonspecific
changes in the T wave vector loop morphology (e.g., small and rounded vs narrow and
elongated) rather than true dispersion in repolarization duration. This does not necessarily mean that QT dispersion does not contain any clinically useful information. However,
the initial reports purporting a prognostic value in several conditions have not been
confirmed in large prospective studies. The correlation between QT dispersion and prognosis appears to be loose and the prognostic information may not be independent of
established risk factors. Finally, the concerns about poor reproducibility and the wide
range of normal values reported make routine clinical application of this technique
difficult.
These concerns have led several investigators to seek new ways to analyze repolarization abnormalities in a single beat (as opposed to temporal repolarization instability).
These range from techniques attempting to assess spatial dispersion of refractoriness to
methods that simply claim to quantify what would be labeled “nonspecific repolarization
changes” clinically. These include variants of body surface potential mapping (150),
measurement of time from T wave peak to T wave end (Tp-Te) (151,152), principal
component analysis and its variants (105,153), and certain indices describing T wave
morphology, such as “total cosine R-to-T,” which reflects the angle between the R wave
and T wave vectors (154). The space constraints do not allow detailed discussion of
these methods—none has reached a stage of routine clinical application so far,
although convincing abnormalities of repolarization using some of these novel methods
have been detected in patients with HCM (155), LQTS (153) or prior MI (154).
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QT Adaptation to HR and Beat-to-Beat QT Variability
GENERAL CONSIDERATIONS
Although the techniques described previously concentrated on aspects of repolarization abnormalities which can be detected in a single heartbeat, it has been increasingly
recognized that abnormal repolarization can manifest as an abnormal response of QT
interval to changing HR in response to pacing, exercise, catecholamine administration or
physiological HR changes detectable on ambulatory ECG. The issue of QT interval
correction has been briefly discussed before. Most of the reported abnormalities concern
increase in QT response to change in HR (slope of QT/RR curve) or increased beatto-beat variability of the QT interval, which cannot be explained by HR changes.
CHANGES IN QT INTERVAL ADAPTATION TO HEART RATE
Most of the reports dealing with abnormal QT response to HR changes studied patients
with congenital or drug-induced repolarization delay. Merri et al. (156) analyzed 24-h
Holter recordings in congenital LQTS patients and discovered that the RTm interval
(measured from R wave peak to T wave peak) depended more steeply on HR than in
normal controls (slope of 0.21 vs 0.14, p<0.003), so that the repolarization duration
changed more for a given HR change (Fig. 2). The difference in RTm duration between
LQTS patients and control subjects was more pronounced during bradycardia. They also
concluded that β-blockers decreased the slope in normal subjects. Similar result was
reached by Emori et al. and by Neyroud et al. (157,158), who also found that the QT/RR
slope in normal subjects was higher during daytime than at night, presumably reflecting
lower sympathetic tone at night, but that this difference was absent in LQTS patients.
During treadmill exercise, Shimizu et al. described a marked increase in corrected QT
interval in LQTS but not in controls (159). Abnormal repolarization response to exercise
was also found in LQTS patients by Krahn et al. (75), who describe exaggerated RT
interval hysteresis: In the LQTS group, repolarization was markedly longer during exercise than at the same HR during recovery, again indicating an abnormal response to
changes in sympathetic tone. Different repolarization response to HR during recovery
and exercise in LQTS patients has been confirmed by Swan et al. (160). In the latter study,
which in contrast to the other reports included genetic data, QT interval duration during
recovery at HR 100/min provided better discrimination between LQTS and control subjects than QTc at rest.
On the other hand, in a group of six patients with idiopathic ventricular fibrillation,
decreased slope of QT/RR dependence in Holter recordings has been found by Tavernier
et al. (161); as a group, these patients had slight QTc prolongation on 12-lead ECG, but
did not meet classical LQTS criteria.
Gilmour et al. (162) studied changes in QT interval prior to TdP in Holter recordings
of seven patients with acquired LQTS owing to hypokalemia and/or antiarrhythmic
drugs. Decreased slope of QT/RR intervals, indicating diminished QT adaptation, was
described prior to TdP onset in four of five patients with multiple TdP episodes.
In HCM, Fei et al. (163) have manually measured QT and RR intervals at regular
intervals from Holter recordings. They found slightly increased slope of QT/RR dependence in HCM patients, but this parameter did not discriminate the high-risk and low-risk
subjects. Treatment with low-dose amiodarone prolonged QT interval but did not affect
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Fig. 2. Scatter plot of RR (X-axis) and RTm (the time interval between the peaks of the R and T
waves; y-axis) intervals from a normal subject (A) and a long QT patient (B). Each dot represents
a single heartbeat. The RTm intervals in the long QT patients are not only longer, but the slope of
the regression line is steeper, indicating higher degree of RTm prolongation for a given degree of
RR prolongation. From (156) with permission of the American Heart Association (AHA).
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Fig. 3. Increased variability of QT interval in LV dysfunction. Values of HR and QT interval are
plotted against time for a normal subject (A) and a patient with dilated cardiomyopathy (B). In the
latter, the beat-to-beat QT variability is increased. This cannot be explained by HR changes, since
the HR variability is decreased. From (167) with permission of AHA.

the QT/RR slope in these patients. Similarly, exaggerated QT response to HR changes has
been reported in patients with LVH because of hypertension, with hypertensive patients
without LVH serving as controls (164). In contrast, decreased slope of QT/RR dependence was found prior to episodes of nonsustained VT in HCM patients (165).
Another area of study concerns the beat-to-beat variability of QT interval. Under
normal circumstances, this is determined to a large degree by HR variability, since the
changes in QT interval in healthy subjects correspond to changes in the preceding RR
intervals (166). However, Berger et al. (167) have recently reported that in 83 patients
with LV dysfunction, QT variability determined from Holter recordings was markedly
increased compared to normal subjects, although their HR variability was decreased as
expected (Fig. 3). Analogous results have been reported by the same group for patients
with HCM (168) and patients undergoing EP study because of prior cardiac arrest or
sustained VT (169), and by a different group in CAD patients (using 5 min ECG recordings instead of Holter monitoring) (170).
METHODOLOGY
Most of the clinical studies dealing with QT adaptation and variability have used
computer-assisted measurements of repolarization. Because of the problems with precise
and reproducible detection of T wave end, especially during rapid HR, some authors have
decided to use instead the time from Q (or R) wave to the T wave peak, which is easier
to detect and seems to contain most of the rate-dependent changes of the QT interval. The
issue of different QT duration in steady-state changing HR has been dealt with in several
ways, e.g., by selecting and analyzing only steady-state segments. Some form of signal
averaging is used in many papers in order to improve signal-to-noise ratio and reliability
of T wave detection in ambulatory ECG recordings; this of course precludes true beatto-beat analysis.
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CLINICAL UTILITY
Although both approaches appear promising and high QT variability in HCM may
associate with high-risk genotype, there is little data proving they would be useful in
prognostic stratification in any cardiac disease. In a retrospective study, QT variability
was a better discriminator of high-risk vs low-risk patients referred for EP study (169)
than many other techniques including microvoltage T wave alternans—confirmation in
a prospective study will be necessary before QT variability becomes widely accepted as
a risk-stratification tool.

Microvoltage T Wave Alternans
GENERAL CONSIDERATIONS
T wave alternans (TWA) is a form of repolarization segment instability manifested by
its alternating morphology between the odd and even beats. In the cases relevant to this
discussion, it is caused by an oscillation in action potential duration in a subpopulation
of ventricular cardiomyocytes. This phenomenon can be explained on a cellular level by
a steep dependence of action potential duration on the preceding diastolic interval (cycle
length minus action potential duration) (171) and has been occasionally observed on
surface ECG in a wide range of conditions (172–181), often related to prolonged repolarization. After the discovery of low-amplitude repolarization oscillations in hypothermia in open chest dogs (182) and the relationship of this phenomenon to the ease of VF
induction, spectral techniques were applied in humans to detect TWA of an amplitude too
low to be appreciated on a regular ECG (183,184). Following the validation of this
technique in a prospective study using atrial pacing, attempts to develop a noninvasive
technique for microvoltage TWA (µV-TWA) provocation resulted in commercially available treadmill equipment which includes low-noise electrodes and software for TWA
analysis (185).
At the same time, further experimental work helped to elucidate the relationship
between µV-TWA and VT/VF. When rapid pacing is used to provoke µV-TWA, different myocyte populations initially exhibit “in-phase” oscillations in action potential shape,
but with increasing HR, different myocyte populations start to oscillate “out-of-phase”
(so called discordant alternans), dramatically enhancing intraventricular dispersion of
refractoriness and vulnerability to reentrant arrhythmias (186). The appearance of discordant alternans can be facilitated by the presence of a barrier to conduction (e.g., a scar)
(187).
CLINICAL STUDIES
In their classical paper (183), Rosenbaum et al. prospectively studied 83 patients
referred for EP study (CAD was the most frequent diagnosis) and found that µV-TWA
provoked by atrial pacing was highly predictive of ventricular arrhythmia inducibility
and the predictive value of µV-TWA for subsequent event-free survival was similar to
EP study. A similar result has been obtained in a study where µV-TWA was induced by
means of bicycle exercise (188). The presence of µV-TWA was a better predictor of VT/
VF inducibility than signal-averaged ECG in this population, where 10/27 patients had
CAD. On the other hand, in a large study of MI patients, none of the 56 patients with
exercise-induced µV-TWA died during two year follow-up period (189). Inability to
exercise or reach HR>105 bpm was the best predictor of poor outcome in the last study.
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In a prospective study of 107 patients with LV dysfunction but no recent MI, arrhythmic events occurred in 11/52 patients with µV-TWA, none of 33 with negative test and
in 2/22 with indeterminate result (p<0.005) (190). In this population, presence of exercise-induced µV-TWA stratified patients better than any other noninvasive method. In
a retrospective study of 60 patients with heart failure owing to nonischemic cardiomyopathy or hypertension, presence of µV-TWA was closely related to history of prior
arrhythmic events and to result of EP study (191). Among hypertensive patients,
µV-TWA was more common in subjects with LVH (192). A recent paper found that µVTWA was more common in patients with HCM than in hypertensive patients with similar
degree of LVH and that its presence was associated with a high degree of myocardial fiber
disarray in biopsy sample (193). An older report found an association between µV-TWA
and high-risk clinical features in HCM (194). In dilated cardiomyopathy, µV-TWA
predicts occurrence of sustained VT (195). Among the noninvasive markers studied, µVTWA was the only predictor of appropriate discharge in a group of 95 patients undergoing
ICD implantation (196). Finally, in a large prospective study of 313 patients referred for
EP study, presence of exercise-induced µV-TWA predicted future arrhythmic event as
well as EP study (relative risk 10.9, p<0.002) (197).
Interestingly, preliminary data indicate that µV-TWA may be less useful in patients
with primary electrical disease: In a large LQT2 kindred, exercise-induced µV-TWA was
infrequent and its incidence was not significantly higher in the mutation carriers than in
their unaffected relatives (198). Using catecholamine provocation, we have recently
found that although µV-TWA was more prevalent in LQTS patients than in controls, its
presence failed to identify high-risk subjects (199). Similarly, exercise-induced µVTWA failed to differentiate patients with Brugada syndrome from healthy controls (200).
METHODOLOGY
It is generally accepted that µV-TWA is usually a rate-dependent phenomenon, which
can be detected even in normal hearts during sufficiently short cycle lengths (201,202).
The initial technique used clinically for µV-TWA provocation was atrial pacing, but it
is rarely used today because of its invasive nature. Measurement of µV-TWA during
exercise-induced tachycardia has become the most common technique; split electrodes
of special design are used to minimize the noise associated with exercise. Still, some
patients are unable to exercise or to comply with the prescribed frequency of pedaling
(which may change during the test to avoid interference with the alternans frequency).
In others, analysis is precluded by ectopic beats or atrial fibrillation. Some of these issues
may be addressed by using dobutamine instead of exercise to induce tachycardia (203),
but what is the prognostic impact of “indeterminate” µV-TWA test is unclear. Whether
the attempts to induce µV-TWA by ventricular pacing and assessment of other phenomena related to µV-TWA (rate-hysteresis) (204) will lead to a test as useful as the other
methods remains to be seen.
CLINICAL UTILITY
There is now reasonable evidence that µV-TWA at HR<110 has a similar adverse
prognostic significance as inducible VT in patients referred for syncope evaluation and
is a good risk stratifier in patients with LV dysfunction or heart failure. More data are
needed on patients with recent MI or on subjects with HCM. Although macrovoltage
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TWA has been repeatedly detected in LQTS patients, no data support the stratification
value of µV-TWA in LQTS or Brugada syndrome at this time.
At this time, the evidence for clinical usefulness of µV-TWA appears to be stronger
than for the other methods for repolarization assessment. The fact that the predictive
value of µV-TWA may be higher in structural heart disease (where the repolarization
abnormality in an isolated cell would likely be relatively mild) than in patients with
structurally normal hearts but marked cellular repolarization impairment may mean that
µV-TWA elicited by the current methods reflects the presence of obstacles to conduction
more than anything else and may thus be a close surrogate of programmed ventricular
stimulation.

Related Techniques Detecting Temporal Repolarization Lability
In addition to QT variability, which describes changes in QT duration, and to TWA,
which denotes a specific form of T wave shape fluctuation, beat-to-beat changes in T
wave morphology not following a TWA pattern have been reported from a LQT3 kindred
(205). We have observed a similar phenomenon in LQT patients of different subtypes
during catecholamine administration (199).
In this study, 23 LQTS patients (including LQT1, LQT2, and LQT3) and 16 control
subjects underwent a protocol involving administration of phenylephrine and increasing
rates dobutamine infusion. Ten LQTS patients but none of the controls developed a
marked beat-to-beat fluctuation of the ST-T segment (Fig. 4). In one case, this phenomenon preceded an episode of polymorphic VT which required electrical cardioversion.
Interestingly, we observed this phenomenon in all three LQTS patients with a history of
documented cardiac arrest and in all six patients with history of cardiac arrest or syncope.
These data suggest that a periodic T wave lability may be helpful in risk stratification of
LQTS patients. The related phenomenon of postextrasystolic U wave augmentation was
found to correlate with ventricular arrhythmias in patients without LQTS (206).

Pharmacological Provocation of Repolarization Changes
SODIUM CHANNEL BLOCKADE IN BRUGADA SYNDROME
Diagnostic use of pharmacologic agents to induce repolarization changes is best established in Brugada syndrome. In this condition, the characteristic ECG changes of right
bundle branch block (RBBB) morphology and downsloping ST elevation in right precordial leads are often transient; their augmentation by high vagal tone and attenuation
during β-adrenergic stimulation has been repeatedly described (207,208). The magnitude of the ECG changes appears to correlate with propensity to VF. Brugada et al. have
reported that intravenous administration of sodium channel blockers (procainamide,
ajmaline, or flecainide) was highly sensitive and specific for induction of typical ECG
changes (209) and can occasionally induce episodes of polymorphic VT. Shimizu et al.
(210) confirmed that administration of IV flecainide (but not mexiletine) augments the
ECG changes in symptomatic Brugada syndrome patients; 0.15 mV increase in ST displacement measured 20 ms after the end of QRS complex completely separated the 12
patients from normal controls. Interestingly, macrovoltage TWA has also been found in
an occasional patient with Brugada syndrome after β-blocker (179) or sodium channel
blocker administration (211)—this corresponds to experimental findings during highgrade sodium channel blockade (212). On the other hand, Priori et al. have recently
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Fig. 4. An example of catecholamine-induced T wave lability in a LQTS patient, a 28-yr-old male
with LQT2 whose mother died suddenly. During dobutamine infusion (10 µg/kg/min), beat-tobeat fluctuation of the T wave downslope appears. On this figure, 4 consecutive QRST complexes
from V4 lead are aligned along the R wave and labeled with different line styles.

reported low sensitivity of flecainide challenge in detection of subclinical mutations
carriers in Brugada syndrome kindreds (213) as well as positive response in some LQT3
patients (214).
CATECHOLAMINES IN CONGENITAL LQTS
In contrast, although paradoxical QT prolongation and other repolarization changes
induced by β-adrenergic stimulation have been frequently reported in LQTS patients,
catecholamine challenge has not become standardized and it is not used routinely to
establish the diagnosis (215,216). The changes reported include marked QTc prolongation (216) (although a degree of QTc prolongation during isoproterenol has also been
found in normal subjects) (159,217), changes in T wave morphology (218), temporal
lability of T wave shape (199), T wave alternans (219), changes in MAP contour
(218,220,221) and polymorphic VT (222). It is likely that the response to β-adrenergic
stimulation differs between different LQTS subtypes; this is supported by data from
animal models of LQTS (223,224).
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METHODOLOGY
Both class Ia and Ic agents can be used for ST changes induction in Brugada syndrome.
The doses reported are 1 mg/kg for ajmaline, 10 mg/kg for procainamide and 2 mg/kg for
disopyramide and flecainide. These drugs can be administered IV over 10 min while ECG
is continuously monitored until 30 min after the administration. In the United States,
where IV flecainide is not available, procainamide is the usual drug of choice. Defibrillator should be available during the test. Increase in ST segment displacement of 0.15 mV
(1.5 mm with the usual ECG gain) has been suggested as the cutoff for positive test.
CLINICAL UTILITY
Flecainide, ajmaline, or procainamide testing seems to be quite useful in uncovering
the ECG features of Brugada syndrome and this test may be indicated in most patients in
whom idiopathic VT is a diagnostic possibility. The study showing that the test fails to
detect some subclinical sodium channel mutation carriers also suggested that the prognosis of these patients is good. Some of the LQT3 patients with ST elevation after
flecainide may represent a true overlap between LQTS and Brugada syndrome (225,226).
However, it is likely that the specificity of the test is not perfect either, since positive
results have been reported in patients with vasospastic angina (227) or supraventricular
arrhythmias without clinical signs of Brugada syndrome (228). Therefore, the sensitivity
and specificity of this useful test should be determined in a larger study.

INVASIVE METHODS OF REPOLARIZATION ASSESSMENT
In essence, two invasive methods are currently available for repolarization assessment: Direct measurement of ventricular refractoriness by serial ventricular stimulation
with diastolic interval scanning, and monophasic action potentials (MAPs) recording.
Compared to the noninvasive methods, they have the theoretical advantage of higher
precision and of measuring local myocardial properties. The former method is technically straightforward but time-consuming. It does not allow detection of rapid changes
in refractoriness or simultaneous measurements in different regions of the ventricles.

Programmed Ventricular Stimulation
Programmed ventricular stimulation (PVS) is an important part of an invasive EP
study. The technique has become reasonably well standardized (229). The protocol
involves direct determination of effective refractory period (ERP) of the ventricular
myocardium at the stimulation site (usually the apex and the outflow tract of the right
ventricle), typically at the pacing cycle lengths of 600 and 400 ms. However, the clinical
endpoint of PVS is usually an induction of sustained monomorphic VT and the information on ERP is rarely used clinically.
ERP correlates well with the APD determined from monophasic action potential
recording: As a rule, ERP is a few miliseconds shorter than APD90 (the time from action
potential upstroke to the instant in the repolarization phase when the potential differs
from baseline by 10% of the maximal action potential amplitude (230, 231). In certain
situations, this relationship is altered: Pharmacological sodium channel blockade or
decreased sodium channel availability related to ischemia or prior MI can lead to
so-called postrepolarization refractoriness (i.e., the refractory period is prolonged
beyond full repolarization (230, 232, 233). On the other hand, the ratio between ERP and
APD90 appears to decrease in repetitive, short-coupled extrastimuli (231).
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Changes in ventricular refractoriness related to drug effects (230, 234–236) or autonomic changes, such as diurnal variation (237, 238) or prolongation related to β-blockade
(239), can be readily detected using PVS, but the clinical usefulness of these data is
unclear. The same statement applies to repolarization changes attributable to ventricular
hypertrophy (240–242) or aging (243).
Classically, the induction reentry VT requires the presence of unidirectional conduction block and spatial heterogeneity of refractoriness could facilitate this. Although it is
difficult to measure spatial dispersion of refractoriness directly with this technique, the
available data do suggest that it increases when multiple extrastimuli (which are typically
required for VT induction) are delivered (244–246). Also, it appears that spatial dispersion of refractoriness is increased in the subjects in whom sustained VT (monomorphic
or polymorphic) can be induced (246–248). However, other phenomena (stimulus
latency, conduction slowing, anatomic obstacles, and so on) can play a role in VT induction; consequently, this phenomenon is not believed to be useful in repolarization
assessment.

Monophasic Action Potentials
MAP recording can be more demanding technically, but suffers from neither of those
problems (249,250). The technique has been used in animal experiments for decades.
When the low-frequency components of the signal are not removed, its shape (though not
its amplitude) closely approximates the local action potential, which has been confirmed
in isolated heart studies.
MAP recordings have provided important information on several aspects of ventricular repolarization in humans—for example, they have enabled determination of APD
dependence on the preceding diastolic interval (251). Important insight has also been
gained using MAPs on several aspects of congenital and acquired LQTS. This includes
prolonged MAP duration in LQTS subjects and the observation that MAPs prolong in
LQTS patients though not in control subjects during β-adrenergic stimulation (220).
Enhancement of dispersion in MAP duration recorded from different ventricular regions
(220,252,253) and presence of “humps,” i.e., upstrokes interrupting the terminal phase
of MAP (254,255), which presumably correspond to early afterdepolarizations, has also
been consistently found in LQTS patients only.
Despite the fact that MAPs recording is indispensible for research purposes, it has not
so far developed into a clinically useful method. Owing in part to the invasive nature of
this method, there are insufficient data to conclude that the unique information provided
by MAPs recordings is useful for diagnosis or risk-stratification of repolarization
disorders.

CLINICAL CONTEXT
As follows from the review provided in the preceding subsections, there are currently
three broad clinical settings where systematic evaluation of repolarization abnormalities
may have a substantial impact on management.
First, presence of µV-TWA induced by exercise seems to correlate quite well with
future arrhythmic risk in several cardiac disorders (prior MI, DCM). In most studies, its
value was similar to an invasive EP study. Despite definite technical limitations (e.g.,
the need for exercise capability and regular heart rate) and knowledge gaps (e.g., role of
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µV-TWA in HCM), it is conceivable that this noninvasive method may replace the
traditional programmed ventricular stimulation in some situations.
The second situation is evaluation of patients with a possible primary electrical disease. This is certainly a complex problem; in some patients, no abnormality is present on
standard ECG and no provocation test is available. In the disorders where characteristic
ECG changes are typically present, i.e., congenital LQTS and Brugada syndrome, they
may be transient or of borderline magnitude. The ECG changes may also not be fully
specific—the differentiation between Brugada syndrome and arrhythmogenic right ventricular dysplasia purely by ECG may not be easy (256). In patients without specific
resting ECG changes, challenge with iv procainamide may uncover the diagnosis of
Brugada syndrome.
The exact role of catecholamine challenge in aiding the diagnosis of congenital LQTS
remains uncertain. It is well-known that some mutation carriers are at risk despite normal
or near-normal QTc. In some cases, marked paradoxical QT prolongation and/or changes
in T wave morphology can be elicited by catecholamine infusion. However, this test has
not been standardized and its sensitivity and specificity has not been established. It is
likely though unproven that it may be more useful in LQT1 than in LQT3.
Third, the link between drug-induced proarrhythmia and QTc prolongation is undisputed and its monitoring is advisable during initiation of treatment with most class III
agents (dofetilide, sotalol). This subject is dealt with in detail in Chapter 14.
The finding that patients differ substantially in their susceptibility to rhythm disturbances in response to an apparently uniform challenge such as a given dose of a class III
agent has led to the concept of “repolarization reserve,“ which could be qualitatively
defined as the degree of additional repolarization impairment needed to elicit TdP. Conceptually, perhaps the cleanest examples of decreased repolarization reserve are the
subclinical mutations in cardiac potassium channel genes, which do not manifest with
syncope or QT prolongation unless the carrier is challenged with a drug which acts as a
weak potassium channel blocker. Although such a drug produces mild QT prolongation
at most in the majority of normal subjects, it can cause “idiosyncratic“ proarrhythmia in
the mutation carrier (257). It is likely that a continuous spectrum exists between this
situation, overt congenital LQTS (14,258) on one side and common polymorphisms in
ion channel genes (259) on the other.
In addition, other components of genetic background affect repolarization (260). The
acquired factors which can affect “repolarization reserve“ are numerous and include
hormonal influences (85,261,262), electrolyte abnormalities, hypothermia, CNS disturbances, drug effects and interactions, along with cardiac conditions such as myocardial
ischemia, myocarditis (180), LV dysfunction, and LV hypertrophy.
Most of these situations are discussed in more detail elsewhere in this book. One
relatively common condition, which will be mentioned here, is the electrical remodeling
of ventricular myocardium caused by longstanding tachycardia.
Clinically, this phenomenon is best described in patients undergoing radiofrequency
ablation of the AV node (RFA-AVN) owing to atrial fibrillation with rapid ventricular
response. The initial ablations of the AV node were performed in 1980s using a direct
current discharge, a method associated with myocardial barotrauma and relatively extensive necrosis. The initial case reports of SCD following AV node ablation were attributed
to formation of an arrhythmogenic substrate with this technique. However, since the
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Fig. 5. (A) A 12-lead ECG, prior to AV nodal ablation, showing sinus rhythm of a 52-yr-old
woman with a history of asthma, dilated cardiomyopathy, and paroxysmal atrial fibrillation refractory to medical therapy. The heart rate was 118 beats/min. The QT and QTc intervals measured
312 and 437 ms, respectively. (B) A single lead rhythm strip showed polymorphic VT (TdP) eight
hours after AV nodal ablation and pacemaker implantation. During paced rhythm at 70 beats/min,
the QT interval measured 440 ms (not shown). Preceding the episode of polymorphic VT, frequent
premature ventricular complexes developed. The tachycardia was initiated during the T wave of
a markedly prolonged QT interval (600 ms) of a paced beat following a relative long cycle
produced by a postextrasystolic beat. The sensing and pacing functions of the pacemaker were
normal (243) with permission of Furura Publishing Co.

introduction of RFA-AVN, which allows for creation of small and well delineated lesions,
more cases of SCD or resuscitated cardiac arrest have been reported (263–268). TdP or
VF was the arrhythmia recorded in documented cases of cardiac arrest (Fig. 5).
It now appears that chronic tachycardia leads to electrical remodeling of ventricular
myocardium, which can manifest by QT prolongation or TdP once ventricular rate decreases. The published report of dramatic QT prolongation and TdP after RFA of accessory pathway in paroxysmal junctional reciprocating tachycardia (269) strongly suggests
that injury of the AV node is not necessary for postablation QT prolongation. The remodeling seems to be reversible and in most instances, rhythm disturbances after RFA-AVN
can be prevented by appropriate pacemaker programming (263,270), allowing for gradual
decrease in ventricular rate.
Two relatively small studies investigated QT interval duration in patients post RFAAVN, using patients with primary bradycardia as controls (271,272): Both of them found
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QT interval prolongation in patients post RFA-AVN, especially during slow heart rates.
This phenomenon resolved within days. These results are corroborated by data from
animal experiments (273) and human studies (274), which showed that rapid ventricular
pacing induces repolarization impairment. On the ion channel level, the limited data
available suggest decreased expression of the potassium current Ito as a possible explanation. Large retrospective reports on the risk of SCD or cardiac arrest after AV node
ablation using direct current discharge (275) or RFA (270) support the view that the event
is associated with other factors known to decrease the repolarization reserve.

CONCLUSION
The last decade has been a period of major advances in our understanding of ventricular repolarization on molecular, cellular, and tissue levels. The plethora of methods used
and developed for clinical assessment of ventricular repolarization is a testimony to the
lack of simple and universally useful technique. It is certain that the next decade will bring
further refinement of these methods. Although steady progress has been made in the
clinical assessment of ventricular repolarization, significant effort should be considered
in developing clinical tools to assess atrial repolarization as atrial fibrillation has been
recognized to be “epidemic” at the turn of the 21st century.

REFERENCES
1. Jervell A, Lange-Nielsen F. Congenital deaf-mutism, functional heart disease with prolongation of the
QT interval and sudden death. Am Heart J 1957;54:59–68.
2. Romano C, Gemme G, Pongiglione R. Aritmie cardiache rare dell’eta pediatrica. Clin Pediatr
1963;45:656–683.
3. Ward OC. A new familial cardiac syndrome in children. J Irish Med Assoc 1964;54:103–106.
4. Goldberg RJ, Bengtson J, Chen ZY, Anderson KM, Locati E, Levy D. Duration of the QT interval and
total and cardiovascular mortality in healthy persons (The Framingham Heart Study experience). Am
J Cardiol 1991;67:55–58.
5. Algra A, Tijssen JG, Roelandt JR, Pool J, Lubsen J. Contribution of the 24 hour electrocardiogram to
the prediction of sudden coronary death. Br Heart J 1993;70:421–427.
6. de Bruyne MC, Hoes AW, Kors JA, Hofman A, van Bemmel JH, Grobbee DE. Prolonged QT
interval predicts cardiac and all-cause mortality in the elderly. The Rotterdam Study. Eur Heart
J 1999;20:278–284.
7. Dekker JM, Schouten EG, Klootwijk P, Pool J, Kromhout D. Association between QT interval
and coronary heart disease in middle-aged and elderly men. The Zutphen Study. Circulation
1994;90:779–785.
8. Elming H, Holm E, Jun L, et al. The prognostic value of the QT interval and QT interval dispersion in
all-cause and cardiac mortality and morbidity in a population of Danish citizens. Eur Heart J
1998;19:1391–1400.
9. Karjalainen J, Reunanen A, Ristola P, Viitasalo M. QT interval as a cardiac risk factor in a middle aged
population. Heart 1997;77:543–548.
10. Schouten EG, Dekker JM, Meppelink P, Kok FJ, Vandenbroucke JP, Pool J. QT interval prolongation predicts cardiovascular mortality in an apparently healthy population. Circulation 1991;84:
1516–1523.
11. Garson AJ, Dick M, Fournier A, Gillette PC, Hamilton R, Kugler JD, Van Hare GF, Vetter V, Vick GW.
The long QT syndrome in children. An international study of 287 patients. Circulation 1993;87:
1866–1872.
12. Moss AJ. Measurement of the QT interval and the risk associated with QTc interval prolongation: a
review. Am J Cardiol 1993;72:23B–25B.
13. Vincent GM, Timothy KW, Lepert M, Keating M. The spectrum of symptoms and QT intervals in
carriers of the gene for the long-QT syndrome. N Engl J Med 1992;327:846–852.
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INTRODUCTION
Modulation of cardiac repolarization is thought to play an important role in the clinical
development of many cardiac arrhythmias. In addition, the primary mechanism by which
most antiarrhythmic agents exert their beneficial effects appears to be through druginduced prolongation of repolarization. The evaluation of cardiac repolarization in
humans has relied on measurements of the QT interval on the surface EKG or, more
recently, tracings of monophasic action potentials (MAP) (1–3) recorded from the
endocardial surface of the atrium and ventricle during invasive cardiac procedures. These
recordings accurately reproduce the temporal sequence of repolarization (4,5). The
recording of MAPs has permitted the exploration of physiological perturbations in vivo
in humans, the relationship between repolarization and refractoriness, and the effects of
antiarrhythmic drugs, and sympathetic stimulation on the human action potential duration. These issues and recording of MAPs will be discussed in this chapter.

MONOPHASIC ACTION POTENTIAL (MAP) RECORDINGS
In order to accurately determine repolarization, it is necessary to obtain high quality
MAP recordings that are free of artifacts. This requires a special catheter, expertise in
proper positioning of the catheter, an appreciation of the techniques for minimizing
artifacts, and adequate recording equipment. The MAP catheter permits recordings of
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Fig. 1. The left side of the figure shows the MAP catheter recording a local electrogram. Following
advancement of the catheter, a partially formed MAP tracing is recorded which quickly matures
into a high fidelity action potential recording. Reproduced from (14) with permission.

repolarization by exerting pressure at the catheter tip against the endocardium. As the
catheter tip is firmly placed against the endocardium, a MAP is displayed (Fig. 1). This
results in local depolarization of cells at the catheter tip, thus causing an electrical gradient with the adjacent, nondepolarized cells and a “current of injury.” It has been postulated (5) that during diastole a sink current is formed from the adjacent normal cells to
the depolarized cells at the MAP tip. This gradient presumably reflects the relative
changes in the potential of the adjacent cells during periodic cardiac repolarization and
repolarization. As the MAP tracings are highly dependent on the interface between
mechanically depolarized cells and the catheter tip, recording high-quality tracings
requires excellent, stable tissue catheter contact. Most commonly, these recorders are
made using the specially designed Franz catheter which has a silver-silver chloride
(Ag-AgCl2) electrode pair that permits the hemispherical electrode at the catheter tip to
maintain constant pressure against the endocardium during the cardiac cycle, despite
movement of the cardiac chambers during systole and diastole (6–9). This is facilitated
by the technical innovation of placing a metal spring intraluminal component in the distal
aspect of the catheter, helping assure consistent catheter tissue contact.
Monophasic action potential-derived measurements of repolarization have been shown
to closely follow the time course of similar determinations made using transmembrane
action potential (TAP) recordings (10). In contrast to repolarization, other action potential measurements using MAPs may not be reliable. Specifically, the maximum deflection of phase 0 is not routinely analyzed since the deflection typically overshoots the
plateau, a recording artifact. Measurements of dV/dT are slower than those recorded with
transmembrane potentials and thus do not accurately reflect this parameter. The slower
velocity of the MAP upstroke likely reflects the fact that the MAP recording represents
a summation of electrical activity from adjacent cells, and thus depolarization occurs
sequentially over time, in contrast to the TAP recording of membrane changes at a single
point in a single cell. Several studies, however, have examined the relative changes in the
upstroke of Phase 0 during ischemia or following the administration of antiarrhythmic
drugs and observed that serial changes in this parameter may be of physiologic significance (8,11,12). Thus, whereas the absolute rate of change of phase 0 does not accurately
reflect TAP measurements, relative changes owing to physiologic perturbations may be
meaningful. Lastly, the amplitude of phase 2 can be easily modified by changing the
pressure at the catheter tip and thus is not clinically useful. The ability to record highquality MAP tracings permits the careful physiologic evaluation of alterations in cardiac
physiology, assessment of drug effects, and perturbations in the autonomic nervous
system on human repolarization.
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Fig. 2. This figure shows deterioration of the MAP tracing secondary to loss of good MAPendocardium tissue contact. Reproduced from (14) with permission.

It is of paramount importance for the operator to pay special attention to the recording
of high-quality MAP tracings, so that cardiac repolarization is accurately represented.
Ventricular recordings should be at least 10 mV in amplitude, and those in the atrium
should be at least 3 mV in amplitude (5,13). The action potential (AP) should have the
typical contour of an AP, with a convex phase 2, a smooth phase 3, and a rapid initial
upstroke. In general, extra bumps or apparent depolarizations during phase 3 should not
be observed and positive deflections during phase 3 or phase 4 may be separated from
artifacts by changing the pressure on the MAP catheter tip. It is easy to misconstrue
repolarization artifacts as representing after-depolarizations. Fluctuations in the MAP
amplitude beat to beat suggest that catheter contact may be unstable (Fig. 2). The action
potential duration (APD) is usually measured at 90% repolarization (APD90), since the
end of the MAP may be difficult to discern. Further discussion of techniques to record
high-quality MAP tracings may be found in ref. (14).

EFFECT OF HEART RATE ON HUMAN REPOLARIZATION
In the normal human myocardium, in the absence of antiarrhythmic agents, there is a
close relationship between ventricular repolarization and the effective refractory period.
Both of these determinations decrease in a relatively linear fashion over a range of pacing
cycle lengths between about 800 ms and 250 ms. At long diastolic intervals there tends
to be a plateauing of the APD and effective refractory period (ERP). Measurements of the
ERP/APD ratio over this range of cycle lengths are relatively constant with values of
approx 0.75 to 0.90. As discussed below, this relationship can be significantly modified
by antiarrhythmic drugs or sympathetic stimulation. In fact, being able to determine
repolarization and refractoriness at the same cardiac location permits separation of these
two parameters during changes in the physiologic milieu.
Measurements of the surface QT interval and the RV monophasic action potential
duration have been compared over a range of pacing cycle lengths of 300 ms to 600 ms
and found to correlate closely (15,16). In contrast to the situation with the surface QT
interval where efforts to create a rate-independent measure of the QT interval have been
utilized (17), methodologies to “correct” the APD90 for changes in heart rate are not
generally utilized and “corrected” values for the human APD90 have not been validated.
This is a complex issue, as at long diastolic intervals there is a plateauing of the APD90
and the QT interval. There are problems with all of the formulas utilized for correcting
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the QT interval and these fail to take into account many factors. These deficiencies
include the fact that the effect of heart rate on repolarization varies significantly from
individual to individual (18); That it is difficult to accurately model the effect of heart rate
on repolarization during bradycardia; That the formulas do not account for the significant
time delay for the QT interval to accommodate to a new value after a significant rate
change; That antiarrhythmic drugs can have different effects on repolarization at different heart rates and (19–21); That the cause of the change in heart rate (e.g., sympathetic
stimulation) might have direct, rate-independent effects on repolarization. The latter two
issues are discussed in detail below and issues regarding surface QT interval correction
are discussed in more detail in Chapter 14).

EFFECT OF ISCHEMIA ON REPOLARIZATION
Cardiac ischemia has been closely associated with the development of clinical
arrhythmias and the use of MAP recordings has permitted insights into the effects of
ischemia on human repolarization. In a cohort of patients undergoing coronary angiography (n=26), changes in the MAP duration were evaluated between zones of normal
myocardium and zones that became acutely ischemic during rapid atrial pacing (22).
Ischemic areas were associated with significant MAP shortening, as compared to the
nonischemic areas. These findings confirmed what have been observed on the cellular
level during acute ischemia in which the APD shortens. In a second study, Taggart et al.
(22) examined MAPs during percutaneous coronary angioplasty. Areas of myocardia
were subjected to acute ischemia during angioplasty and MAPs recorded from these sites
and the APD was compared to nonischemic, nonangioplastied areas. Again, acute shortening of the APD in the ischemic areas was shown, confirming the above findings and
demonstrating that acute ischemia increases dispersion of repolarization. Placement of
multiple MAP catheters during experiments in which physiologic stimuli are applied can
permit determinations of dispersion on repolarization. Lastly, when the effects of
dobutamine on repolarization were examined, dispersion of APDs was accentuated during catecholamine administration in humans between normal myocardium and presumably ischemic areas (23).

FREQUENCY-DEPENDENT EFFECTS OF ANTIARRYTHMIC
DRUGS ON REPOLARIZATION
Over the last 15 yr, there has been a major shift from the use of Class 1 antiarrhythmic
agents to Class 3 drugs that exert their effects primarily by prolonging cardiac repolarization. Such Class 3 drug-induced prolongation of repolarization may terminate a reentrant tachycardia by prolonging the wavelength (24) or by altering the dynamics of pivot
points (25), preventing tachycardia initiation or the ability of a tachycardia to sustain.
However, it has been appreciated that antiarrhythmic drugs may have a decreased ability
to prolong repolarization during the rapid heart rates typically associated with many
clinical tachycardias and to cause enhanced APD prolongation during relative bradycardia (26,27). This has been termed reverse frequency-dependence. In addition to reverse
frequency-dependence possibly limiting a drug’s efficacy during tachycardia, this characteristic may also cause excessive QT prolongation and increase the proclivity for
torsade de pointes during bradycardia. In addition, the clinical picture is complicated by
the fact that autonomic influences, ischemia, acid base alterations, and other factors may
alter drug effects on repolarization (28).
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Fig. 3. Graph shows the frequency-dependent effects of dofetilide on the action potential duration
(APD90). Dofetilide significantly increased the APD90 in a reverse-frequency-dependent manner
(p<.05). Modified from (33) with permission from the American Heart Association and the authors.

The frequency-dependence of antiarrhythmic agents was initially described during
single cell recordings of action potentials. Clearly there are major differences between
isolated cell preparations and the human in vivo setting (differing ionic currents in different species, loss of cellular coupling (29) nonphysiologic temperatures, and so on).
Thus, it is important to determine the actions of antiarrhythmic agents in humans and not
simply extrapolate the results of single cell or animal studies. As discussed previously,
MAP recordings lend themselves to the study of these complex interactions during a
variety of pharmacologic and physiologic perturbations. The subheadings below will
discuss the frequency-dependent effects on different antiarrhythmic agents.

Dofetilide
Dofetilide is a methanesulfonanilide Class 3 agent (30–32) that is a pure blocker of the
rapid activating component of the delayed rectifier current (IKr) and has not been demonstrated to have other significant pharmacologic or adrenergic actions (24). The effects
of oral dofetilide on repolarization were examined during serial electrophysiologic studies by Sager et al. (33) Right ventricular MAPs were recorded from the RV apex during
the patient’s baseline drug-free electrophysiologic study during steady-state pacing (cycle
lengths of 600 ms, 500 ms, 400 ms, 350 ms, and 300 ms) for at least 150 beats and after
steady-state oral dofetilide dosing (0.25 to 0.75 micrograms administered orally every
eight hours) for at least five half lives. The APD90 was determined along with the right
ventricular effective refractory period (RVERP) at the same ventricular site. The QRS
duration was determined during steady-state ventricular pacing, as a measure of ventricular conduction (34). The catheter position was determined during the first electrophysiologic study and placed in the same position during the follow-up test.
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Dofetilide exerted significant reverse frequency-dependence on the APD90, extending
this parameter to a greater degree at longer as compared to shorter paced cycle lengths
(Fig. 3). Changes in repolarization were followed by similar changes in the effective
refractory period, whereas no effects on ventricular conduction or the RVERP/APD90
ratio were observed. These findings are consistent with the demonstration of reverse
frequency-dependence observed in experimental isolated cell preparations (35,36).
Although the mechanisms of reverse frequency-dependence of dofetilide were not examined in this study, Jurkiewicz and Sanguinetti (32), utilizing voltage clamp studies in
isolated guinea pig ventricular myocytes, have examined this issue during rapid pacing.
These studies demonstrated that at short diastolic intervals, the slowly activating component of the delayed rectifier potassium current (IKs) does not have sufficient time to
completely deactivate, and that buildup of IKs offsets the rate-independent block of IKr by
dofetilide, causing enhanced shortening of repolarization during rapid pacing. Other
possible mechanisms for dofetilide-induced reverse frequency-dependence include
modulation of inward calcium currents (35,37) and extracellular potassium accumulation
at short cycle lengths in the intracellular clefts, causing subsequent augmentation of
repolarizing potassium current conductance. Interestingly, it may be possible to modify
the rate-dependency of pure IKr blockade. Gjini et al. (28) examined in guinea pig papillary muscle the effects of adding the calcium channel antagonist diltiazem to dofetilide
and the frequency-dependency response on repolarization (Fig. 4). Although the addition
of diltiazem had little effect during rapid heart rates, it did block excessive prolongation
of the APD during relative bradycardia and thus might help prevent torsade de pointes.
Thus, the abolition of reverse rate dependent response by adding diltiazem was achieved
by decreasing APD prolongation during relative bradycardia, as opposed to prolonging
repolarization, during rapid pacing.
The effect of dofetilide on repolarization has also been examined in two other studies.
Sedwick et al. (38) examine the effects of intravenous dofetilide over a fairly narrow
range of paced cycle lengths (500 to 800 ms) and Yuan et al. (39) examine the effects of
intravenous dofetilide at paced cycle lengths of 500 ms and 600 ms. It is not surprising
that frequency-dependence was not observed in these studies, since pacing at short cycle
lengths was not examined.

Sematilide
The frequency-dependence of sematilide (19), an experimental Class 3 agent that
appears to exert its effects by blocking IKr without other channel or adrenergic effects
(19,40,41) was examined in patients undergoing serial electrophysiologic studies utilizing similar methodologies as those described above for dofetilide. As shown in Fig. 5,
sematilide significantly prolonged the APD90 and these effects were greater during slower
pacing (cycle of 600 ms) compared to more rapid pacing (cycle length 300 ms), demonstrating reverse frequency-dependent effects. When the data was analyzed utilizing the
diastolic interval, a significant correlation was demonstrated between the diastolic interval for both the percent increase in drug-induced APD90 prolongation and the magnitude
of the APD90 increase, indicating less prolongation of repolarization during shorter as
compared to longer diastolic intervals. Changes in refractoriness paralleled changes in
repolarization. Effects on conduction and RVERP/APD ratio were not observed, indicating that drug-induced increases in refractoriness were solely secondary to changes in the
ventricular repolarization.
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Fig. 4. Shown here is the frequency dependent effect of dofetilide (10 nM), a pure Class 3 agent,
with or without the presence of a calcium antagonist (diltiazem 10 mM) on APD90 in isolated
guinea pig papillary muscles (n=11). Transmembrane APD90 was measured using intercellular
microelectrode techniques before drug application (control), 30 min after equilibration with
dofetilide, and 30 min after exposure to diltiazem, in the continuous presence of dofetilide.
Data is expressed as mean ± SEM; # p <. 01, dofetilide versus control; *p < .05, dofetilide
vs dofetilide plus diltiazem. Modified from (35) with permission of the Journal of Cardiovascular Pharmacology.

Fig. 5. Graphs show the frequency-dependent effects of sematilide on the action potential duration
(APD90) and the right ventricular refractory period (RVERP). Sematilide significantly increased
the APD90 and the RVERP to a greater extent and longer as compared to shorter paced cycle
lengths (p<.05, repeated measures ANOVA). Modified from (19) with permission from the
American Heart Association and the authors.
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Fig. 6. Plot shows the frequency-dependent effects of d,l-sotalol on the percent increase in repolarization (APD90). D,l-sotalol prolonged the APD90 without frequency-dependent effects. Modified with permission of the Journal of Cardiovascular Electrophysiology and the authors from
(42).

D,l-Sotalol
Sager et al. (42) examined the frequency-dependence of d,l-sotalol in 17 patients
during chronic oral therapy (mean dose: 362 ± 21 mg/d). Compared to baseline drug-free
values, d,l-sotalol significantly prolonged the APD90 by 14–15% at paced cycle lengths
of 300 ms to 600 ms (p < .01). Thus, in contrast to sematilide and dofetilide, the effects
of d,l-sotalol on repolarization were not influenced by the pacing rate (Fig. 6). Interestingly, significant, albeit mild, reverse frequency-dependence was observed on the
RVERP, though this parameter remained significantly prolonged by 8% at the shortest
paced cycle of 300 ms. Effects on conduction or the RVERP/APD90 ratio were not
observed. The reasons for the lack of frequency-dependence effects on repolarization are
unclear. Possible explanations include the fact that d,l-sotalol blocks multiple potassium
channels (IKr, Ito, IK1) and/or that the agent’s beta-blocking effects may have modulated
the frequency-dependent response.
Schmitt et al. (43) have reported divergent findings when the effects of intravenous d,lsotalol on the APD90 was examined in humans, demonstrating reverse frequency-dependence on repolarization. The apparent discrepancy in the results of these two studies may
stem from the fact that the above study examined MAPs after steady-state pacing for 200
beats while Schmitt et al. (43) examined MAPs after only 20 beats, a time interval which
might not have permitted full APD accommodation to the more rapid pacing rate. In
addition, different effects between intravenous and oral drug administration may exist
and the type of underlying structural heart disease may also affect the frequency-dependent relationship. Schmitt et al. (28) have demonstrated in another series of experiments
in dogs that d,l-sotalol exerted reverse frequency-dependent effects in normal myocar-
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dium, but this phenomenon was not observed in chronically infarcted tissue. Differences
in the frequency-dependent effects of quinidine between normal and infarcted dogs on
Purkinje fiber APD have also been reported (44).

D-Sotalol
There are limited data examining the frequency-dependent effects of the d-isomer,
which is devoid of beta-blocker activity. In six patients, over the paced cycle length of
350–700 ms, the effects of sotalol on the APD appeared to be attenuated during rapid
pacing (45).

Amiodarone
Amiodarone is a unique pharmacologic agent that has a relatively high efficacy and
a low incidence of torsade de pointes. Experimental studies have demonstrated the relatively unique ability of the agent to prolong repolarization and refractoriness independent
of heart rate (46). The effects of an 11 d oral loading regimen of amiodarone on repolarization have been examined (20). In these studies, 19 patients with malignant ventricular
arrhythmias underwent an experimental protocol utilizing similar methodologies as those
described previously. After amiodarone loading (mean doses 1621±162 mg per day) the
APD90 increased by 10–13% compared to baseline drug-free values and these increases
were independent of the paced cycle length (Fig. 7). While the RVERP did demonstrate
mild reverse frequency-dependence (p=.04 by ANOVA), the RVERP remained significantly prolonged at the shortest paced cycle length of 300 ms. Importantly, the percent
change in the RVERP remained relatively constant. In contrast to the above findings with
d,-l sotalol, sematilide, and dofetilide, pacing significantly prolonged the QRS interval
in a frequency-dependent manner with greater QRS prolongation during rapid, as compared to slower, pacing. This is consistent with significant sodium channel blockade
during rapid pacing. In addition, the RVERP/APD90 ratio was significantly increased by
amiodarone, indicating that prolongation of the RVERP was secondary to prolongation
of repolarization, in addition to other processes (most likely delayed recovery of sodium
channels during phase 3 of the action potential). Similar findings have been reported by
Hiukuri and Yli-Mayri (45). The finding that amiodarone does not exert frequencydependent effects on repolarization is most likely multifactorial and may be related to
nonselective blockade of potassium repolarizing currents. The absence of reverse frequency-dependence may explain, in part, some of the beneficial effects of amiodarone
in preventing reentrant arrhythmias, as well as the low incidence of torsade de pointes,
since bradycardia in not associated with exaggerated increases in the APD. The prolongation of the refractoriness, to a greater extent than APD, prolongation may also facilitate
the prevention of afterdepolarizations propagating or “triggering,” since they may fall
within the extended refractory period and thus fail to evoke a response.

Other Class 3 Agents
Ambasilide is an experimental agent that blocks both IKs and IKr. As discussed earlier,
one explanation for the frequency-dependent effects of Class 3 agents is that at rapid rates
IKs does not have sufficient time to deactivate, and build-up of this current negates the IKr
blocking effects of an antiarrhythmic agent at rapid rates (32). If this hypophysis is true,
then it would be expected that ambasilide would not have significant frequency-dependent effects. Indeed, Schmitt et al. (47) examined MAP recordings in seven patients
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Fig. 7. Graphs show the frequency-dependent effects of amiodarone on electrophysiologic parameters. (A) Plot shows the frequency-dependent effect on the APD90 demonstrating prolongation
of this parameter without frequency-dependent effects. (B) Plot shows the frequency-dependent
effects of amiodarone on the RVERP demonstrating a mild reverse frequency-dependent effect
(there was no significant percent increase in the RVERP as a function of paced cycle length). (C)
Plot shows the effects of amiodarone on the QRS duration demonstrating significant frequencydependent prolongation of this parameter during rapid pacing. (D) Plot shows the significant
increase in the RVERP/APD90 ratio during amiodarone therapy (p<.05). Reproduced with permission of the American Heart Association and the authors from (20).

receiving ambasilide and demonstrated frequency-independent increases in the APD.
Transmembrane recordings from isolated human myocardial tissue have also demonstrated similar findings (48). Thus, blockade of IKs may result in a more desirable frequency-dependent effect on repolarization as compared to pure IKr blockade.
Tedisamil is also an experimental Class 3 agent that blocks the transient outward
current as well as IKr. MAP recordings have been assessed in one study and the agents
appeared to exert reverse frequency-dependent effects in humans (49).
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SYMPATHETIC STIMULATION: EFFECTS ON CLASS 3
DRUG-INDUCED PROLONGATION OF REPOLARIZATION
It is believed that the autonomic nervous system plays an important role in the clinical
development of cardiac arrhythmias. Beta-adrenergic blockade following myocardial
infarction has been shown to reduce cardiac mortality and arrhythmias (50,51), and
increases in sympathetic activity have been associated with clinical arrhythmia development and reduction in the ventricular fibrillation threshold in dogs (52). In addition,
sympathetic stimulation, via the administration of epinephrine or isoproterenol, has been
shown to significantly attenuate the electrophysiologic actions of Class 1 agents on
refractoriness (38,53–55). With the shift from Class 1 to Class 3 agents, determination
of the effects of sympathetic stimulation on Class 3 agent-induced changes on repolarization and refractoriness warrant careful attention.
Since it is believed that the clinical benefits of these antiarrhythmic agents are primarily derived from APD prolongation, modulation of this effect by sympathetic stimulation may be of significant clinical importance. Beta-adrenergic catecholamines modulate
numerous ionic currents within myocytes and may shorten repolarization by increasing
IKs (56), the chloride current (57), and the sodium-potassium pump current (58). In
addition, ventricular conduction may be improved by increasing the fast inward sodium
current (INa). Since many Class 3 agents prolong repolarization by blocking IKr, catecholamine-induced increases in IKs and the chloride current might significantly attenuate drug-induced prolongation of repolarization. Pertinent to this issue, in a pivotal study
by Sanguinetti et al. (56), E-4031 (a pure IKr blocker) caused a 50% increase in guinea
pig papillary muscle ERP (Fig. 8). However, pretreatment with isoproterenol significantly reduced the refractory period to values significantly below baseline, despite
E-4031 administration. The reversal of E-4031’s effects on repolarization were shown to
be secondary to increases in IKs and the chloride current, despite the fact that IKr remained
significantly inhibited. In another series of experiments, when left stellate ganglion stimulation was performed in dogs receiving d-sotalol (a blocker of IKr), drug-induced APD
prolongation was markedly attenuated (59).
In a series of experiments, Sager et al. (42,60) examined the effects of isoproterenol
infusion on drug-induced prolongation of repolarization by sematilide, amiodarone, and
d,l-sotalol in humans. In these experiments, patients underwent a drug-free electrophysiologic study with measurements of repolarization as described earlier, a second
measurement of repolarization following oral drug administration, and a third measurement during concomitant isoproterenol administration (35 ng/kg per minute after a 12
min equilibration period). All electrophysiologic determinations were made after steadystate pacing (200 beats) at cycle lengths of 300 ms to at least 500 ms. The monophasic
action potential recordings were performed at the right ventricular outflow tract and
ventricular refractoriness was measured at the same ventricular site. Subjects with recent
unstable cardiac syndromes, or those receiving beta-blockers were excluded. All analyses were performed using analysis of variance.

Sematilide
Isoproterenol administration to patients receiving sematilide (60) significantly reduced
the sinus cycle length from 811±39 ms to 545±36 ms (p<.001, n=11) and isoproterenol
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Fig. 8. Graphs show the effects of E-4031 alone, isoproterenol (Iso) plus E-4031, and isoproterenol
plus timolol plus E-4031 on the refractory period of isolated guinea pig papillary muscles as a
function of E-4031 concentration. E-4031 significantly increased the refractory period and these
effects of E-4031 were totally abolished during concomitant isoproterenol administration (p<.05).
The effects of isoproterenol on E-4031-induced refractory period prolongation were fully reversed
after timolol administration (p<.05). Published with permission of the American Heart Association from (56).

infusion fully reversed sematilide-induced APD90 prolongation to values similar to those
obtained at baseline (Fig. 9). More remarkably, isoproterenol fully reversed RVERP to
values significantly (p < .05) below those obtained at baseline. Thus, isoproterenolinduced effects were greater on refractoriness than on repolarization (confirmed by
examining the RVERP/APD90 ratio, which was significantly shortened). When the effect
of sematilide and sematilide plus isoproterenol on the sustained ventricular tachycardial
(VT) cycle was examined in morphologically similar VTs, there was a nonsignificant
trend for sematilide to increase the sustained VT cycle length. Isoproterenol significantly
shortened the VT cycle length in subjects receiving sematilide and tended to shorten the
VT cycle length to values below those obtained at baseline (p < .06). In conclusion,
isoproterenol fully reversed the effects of sematilide-induced prolongation of APD90 and
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Fig. 9. Graphs show the frequency-dependent effects of sematilide and sematilide plus isoproterenol on electrophysiologic parameters. (A) Effects on the APD90. Sematilide-induced APD90
prolongation was fully reversed by isoproterenol. (B) Effects on the Right Ventricular Refractory
Period. Sematilide-Induced RVERP prolongation was reversed by isoproterenol to values significantly below baseline (p<.05). (C) Plot shows the effects on the ratio of the right ventricular
refractory period and action potential duration (RVERP/APD90). During isoproterenol administration to patients receiving sematilide the RVERP/APD90 ratio was significantly reduced (p=.02),
secondary to reductions in repolarization as well as to reductions in other factors. (D) The effects
of sematilide and sematilide plus isoproterenol on the sustained ventricular tachycardia (VT) cycle
length. Sematilide mildly increased the sustained VT cycle length (p=0.06). Isoproterenol administration to patients receiving sematilide resulted in a significant reduction in the sustained VT
cycle length (p=0.006) to values that tended to be lower than baseline drug-free values (p=0.06).
Reproduced with permission from the American Heart Association and the authors from (60).

further reduced the RVERP to values below those obtained in the drug-free state. In
addition, isoproterenol reduced the RVERP/APD90 ratio, suggesting that the reductions
in refractoriness were due, in part, to mechanisms beyond simply shortening the APD90.
The reduction in the sustained VT cycle length by isoproterenol might permit transformation of a hemodynamically stable arrhythmia to an unstable tachycardia. Thus, it appears
that the electrophysiologic actions of a pure IKr blocker may be fully reversed during
sympathetic stimulation.
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Amiodarone
The ability of isoproterenol to modulate amiodarone-induced effects on electrophysiologic parameters was examined in 22 patients (60). Amiodarone significantly increased
the sinus cycle length of baseline values (768±26 ms to 871±33 ms) and isoproterenol
significantly decreased the sinus cycle by 28% during amiodarone therapy. Thus at the
level of the sinus node, the overall reduction in the sinus cycle by isoproterenol was
similar to that observed in patients receiving sematilide (266 ms vs 246 ms). However,
in contrast to the data with sematilide, amiodarone-induced prolongation of repolarization was attenuated, but not reversed, during isoproterenol administration. In fact, the
APD90 remained significantly prolonged during isoproterenol administration (Fig. 10) by
4–8 ms at each paced cycle compared to baseline drug-free values (p=.005). In contrast
to sematilide, the effects of isoproterenol on refractoriness were similar to those observed
on repolarization and changes in the RVERP/APD90 ratio were not observed. Interesting,
when effects on the paced QRS duration were examined, isoproterenol significantly
reduced the QRS duration compared to amiodarone alone by a relatively fixed amount
at each cycle length (4–6% reduction, p=005), suggesting that isoproterenol increased the
rapid inward sodium current (61,62) by a relatively fixed amount. When the effects on
morphologically similar VTs were examined, amiodarone significantly prolonged the
induced sustained VT cycle length (257±12 ms to 363±19 ms [p < .001] and isoproterenol
significantly reduced the sustained VT cycle length to a mean of 329 milliseconds, a value
significantly longer than those obtained at baseline [p < .001]). Thus, while some shortening of the VT cycling was observed during isoproterenol administration, the sustained
VT cycle length remained significantly prolonged during catecholamine infusion and
thus amiodarone might still protect a patient from developing hemodynamically unstable
VT during sympathetic stimulation.
Amiodarone’s resistance to reversal of the electrophysiologic effects of catecholamine administration are likely multifactorial. Amiodarone nonselectively blocks multiple potassium currents and partial blockade of IKs (which is increased by catecholamines)
may account for some of this resistance. Amiodarone’s noncompetitive antiadrenergic
effects may also play an important role, though at the level of the sinus node sympathetic
stimulation resulted in a significant decrease in heart rate. It has been suggested that
adding a beta-blocker to amiodarone may result in a more beneficial patient outcome, and
would be expected to further attenuate the effects of catecholamines. The CAMIAT (63)
and EMIAT (64) post-Ml trials provided post hoc analyses demonstrating that the greatest benefit on reducing post-MI mortality was observed in patients who received both a
beta-blocker and amiodarone.

D,l-Sotalol
In a separate series of experiments, isoproterenol was administered to a cohort of 17
patients receiving d,l-sotalol (65). Isoproterenol only mildly attenuated the drug’s effects
on repolarization and failed to have an effect on d,l-sotalol induced increases on the
RVERP or the RVERP/APD90 ratio (Fig. 11). Isoproterenol also had no significant effect
on the modest increases in sustained VT cycle length observed during d,l-sotalol administration, compared to the baseline drug-free state. Thus d,l-sotalol was more resistant to
amiodarone and sematilide during isoproterenol administration, presumably demonstrating the beneficial effects of more potent beta blockade. Pertinent to the study, Groh
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Fig. 10. Graphs show the frequency-dependent effects of amiodarone and amiodarone plus isoproterenol on electrophysiologic parameters. (A) Amiodarone induced prolongation of the APD90
was attenuated by isoproterenol but remained significantly prolonged compared to baseline values. (B) Amiodarone-induced prolongation of the RVERP was attenuated by isoproterenol but
remained significantly prolonged compared to baseline values. (C) Plot shows the effects on the
conduction as determined by the QRS duration. Isoproterenol administration during amiodarone
significantly decreased the QRS duration by a fixed amount of 4–6% independent of the paced
cycle length. (D) The effects on the sustained ventricular tachycardia (VT) cycle length. The
sustained VT cycle length was increased by amiodarone by 107 ms (42%) and decreased by
isoproterenol by 34 ms (9%). However, during isoproterenol administration, the sustained VT
cycle length still remained markedly prolonged compared with baseline drug-free values (70 ms,
27%). Modified by permission of the American Heart Association and the authors from (60).

et al. (66) examined the effects of high dose isoproterenol on myocytes exposed to
d,l-sotalol or d-sotalol. D,l-sotalol was significantly more resistant to reversal in this
experimental protocol than was d-sotalol. D,l-sotalol demonstrated significantly greater
block of repolarizing currents, as compared to d-sotalol, during catecholamine challenge.
Studies of whole cell current recordings demonstrated that significant increases in ICL and
IKs overcame blockade of IKr in the d-sotalol treated myocytes. It appeared that the beta
blocking activity associated with the racemic sotalol preparation prevented these increases
in repolarizing currents.
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Fig. 11. Graphs show that frequency-dependent effects of d,L-sotalol and d,l-sotalol plus isoproterenol (ISOP) on repolarization (APD90, A), the right ventricular refractory period (RVERP, B),
and the sustained VT cycle length (C). D,l-sotalol prolonged the APD90 without frequencydependent effects and the drug’s effects on repolarization were only mildly attenuated by isoproterenol. D,l-sotalol’s effects on the RVERP demonstrated reverse frequency-dependence and
overall, isoproterenol’s effects on the d,l-sotalol-induced RVERP prolongation were not significant. Sotalol modestly increased the sustained VT cycle length by 32 ms (12%, p<0.05). During
concomitant administration of isoproterenol the VT cycle length remained unchanged and it
remained significantly prolonged compared with baseline drug-free values. Modified with permission of the authors from (42).

CONCLUSIONS
The use of monophasic action potential recordings has permitted the accurate assessment of repolarization in humans and allowed determination of how repolarization is
altered by heart rate, ischemia, antiarrhythmic drugs, and sympathetic stimulation. Specifically, ischemia has been shown to shorten repolarization and to increase dispersion
within the human ventricle. Different antiarrhythmic agents have varying frequency-
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dependent effects on repolarization and conduction, which may affect their efficacy and
tendency to cause proarrhythmia. Sympathetic stimulation can significantly modify the
effects of antiarrhythmic agents on the action potential duration and reverse the beneficial
effects of some antiarrhythmic agents. The autonomic nervous system’s modulation of
Class 3 drug effects is likely to be clinically important.
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INTRODUCTION
QT interval prolongation may result from an inherited channelopathy, the long QT
syndrome (LQTS), or can be induced by drugs, abnormal electrolyte/metabolic disorders, or other conditions affecting myocardial repolarization (1–5). The LQTS is characterized by prolongation of the QT interval on the electrocardiogram and is associated
with an increased propensity to ventricular tachyarrhythmias, that can lead to cardiac
events such as syncope, cardiac arrest, or sudden death (1,2). Over the last few decades,
clinical observations in LQTS patients as well as clinical and basic science research have
led to a better understanding of the role of repolarization in cardiac arrhythmias and
cardiac electrophysiology.
Torsades de pointes (TdP) ventricular tachycardia has been recognized as the pathognomonic arrhythmia in congenital forms of LQTS (1). In LQTS patients, the risk of TdP
increases significantly with increasing QT interval duration indicating that more advanced
repolarization abnormalities lead to more frequent arrhythmias. TdP may also occur with
drug-induced delayed repolarization where QT prolongation is considered as a marker
or harbinger of proarrhythmic effects of medication (4). Both cardiac and non-cardiac
drugs may cause TdP, that may degenerate into ventricular fibrillation and lead to cardiac
death (5).
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Drug-induced QT Prolongation

In this chapter we aim to provide an overview of current concepts on ventricular
repolarization and its pathophysiology especially pertinent to effects of drugs on repolarization, describe clinical and electrocardiographic aspects of QT interval analysis, and
clinical and regulatory issues related to drug-induced repolarization abnormalities.

VENTRICULAR REPOLARIZATION
Long QT Syndrome and Identification of Ion Channels
that Regulate Ventricular Repolarization
During the last few years, mutations in specific genes encoding cardiac ion channels
have been identified in patients with congenital form of LQTS (3,6). These mutations
cause alterations in the ion channel proteins leading to abnormalities in ion channel
function that prolong ventricular repolarization (Fig. 1). The KVLQT1 (LQT1) gene
encodes a potassium channel protein (α-subunit) that when coexpressed with a protein
(β-subunit) from the minK (KCNE1; LQT5) gene produces a reduction in the slowly
activating, delayed rectifier (repolarizing) potassium current (lKs). The reduction in IKr
(rapidly activating delayed rectifier) current is caused by mutations in HERG (LQT2)
gene regulating the major pore-forming subunit or by mutations in the MiRP1 (LQT6)
gene coding putative regulatory subunit of IKr channel. The SCN5A (LQT3) sodium
channel gene mutations cause abnormal inactivation of sodium channel with an inward
leakage of sodium ions during repolarization phase contributing to QT prolongation.
Only about half of genetically tested patients have mutations found on one of those genes.
It is estimated that among patients with known genotype, LQT1 and LQT2 account for
the majority (87%) of cases of congenital LQTS, LQT3 accounts for 8%, whereas LQT5
and LQT6 are extremely rare accounting for less than 5% of LQTS cases (6).

Ion Channel Function and Arrhythmogenesis
Identification of specific gene mutations and functional studies of kinetics of ion
channels, with their expression in Xenopus oocytes or transfected human kidney cells,
have provided better understanding of physiology of ion channels and repolarization
processes. The physiology of ion channels and associated arrhythmogenic mechanisms
are described in other chapters of this book. Here we emphasize the importance of these
findings for drug-mediated repolarization abnormalities and arrhythmias.
Although dysfunctions of different ion channels were found to cause inherited forms
of LQTS, the HERG channel conducting IKr, the rapid delayed rectifier current, seems to
play a critical role in drug-induced QT prolongation and TdP (7,8). Numerous drugs
including some antiarrhythmics, antihistamine, antibiotics, psychotropic, and gastrointestinal prokinetic drugs have been found to block IKr. The reason for so many different drugs
blocking the same channel is found in a different molecular structure and dysfunction of
the channel caused by prolonged entrapment of drug molecules in the channel cavity
leading to enhanced binding affinity of the drug to the sites in the channel (7). The other
potassium channels have protective mechanism (a proline-X-proline sequence in S6
domain) that reduces volume of the channel cavity precluding drug molecules to be
trapped there. The HERG channel does not have proline residues in S6 location and
therefore this channel is more prone to bind drug molecules inside the channel with
subsequent blocking of the channel and reduction in IKr current. Since not all drugs that
block IKr produce TdP, other mechanisms might be involved in proarrhythmic response
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Fig. 1. LQTS genes coding cardiac ion channel genes responsible for conduction of potassium
and sodium currents.

including other actions of the drugs. Amiodarone and verapamil are examples of IKr
blockers that are not associated with increased risk of TdP possibly owing to concomitant
blocking calcium channels or homogenous prolongation of repolarization in various
layers of myocardium.
Transmural dispersion of repolarization seems to play the most important role in
arrhythmogenesis in both drug-mediated and congenital forms of LQTS (9,10). There is
a physiologic transmural dispersion of repolarization with M cells showing the longest
action potential duration, epicardial cells the shortest, and endocardial cells intermediate
action potential duration. The magnitude of this physiologic transmural dispersion of
repolarization is not sufficient to cause conditions leading to TdP, unless there is selective
prolongation of action potential in one of the layers (M cells) owing to action of drugs or
to specific genetic mutation. This excessive prolongation increases magnitude of transmural gradient of repolarization, which may cause functional block and reentry in
response to a premature beat (9,10).

QT INTERVAL
QT Interval Measurement
The QT interval measured on the ECG is used in clinical medicine to assess global
repolarization duration. Although QT interval includes QRS complex (representing ventricular depolarization), the entire QT interval is considered as a measure of repolarization since repolarization process already takes place during QRS complex for early
activated regions of myocardium. The QT interval is measured from the onset of QRS
complex to the offset of T wave, defined as a deflection point terminating the descending
arm of the T wave, usually at the level (or slightly above) isoelectric line. In the presence
of separate U wave, QT is measured till the nadir between T and U waves. More difficult
situation occurs when T and U waves are merged or when the T wave has a bifid appearance with two components of the T wave. Figure 2 shows different repolarization patterns
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Fig. 2. Examples of complex repolarization patterns with identification of QT intervals.

with respective QT interval identification. In the complex repolarization morphologies
some investigators consider the second component of T wave as an enhanced U wave.
However, there is no evidence that U waves could reach such proportions. Rather heterogeneous repolarization patterns can contribute to repolarization abnormalities resulting
in complex ECG morphologies. The issue of standardization of QT interval measurements has not been solved since a landmark 1952 paper of Lepeschkin and Surawicz (11).

Lead Selection and Interlead Differences in QT Duration
A pertinent question is what lead is the most suitable for QT interval measurement in
a 12-lead ECG. The optimal approach should take into account the earliest onset of QRS

Chapter 14 / Zareba and Moss

315

Fig. 3. Superimposition of T waves from precordial leads in normal subject and in a LQTS patient
illustrates dispersion of repolarization morphology. Reprinted with permission from (13).

complex in any of 12 leads and the latest offset of T wave in any of the 12 leads, reflecting
global duration of repolarization process. This approach is rarely exercised in manual
measurements since it is time consuming and in most cases does not provide major benefit
on top of routine measurements done in lead II. However, in some cases with borderline
QT prolongation careful investigation of repolarization duration and morphology in all
leads might help identify QT prolongation and repolarization abnormalities.
Because QT duration varies among recorded leads, the concept of QT dispersion has
been applied during the last decade in many research studies with some studies confirming its prognostic value for predicting cardiac events and other studies negating such an
association (12). Because of conceptual and methodological limitations of the QT dispersion, this method has not been approved as a standard tool in clinical practice or in drug
studies. QT dispersion does provide supportive information about repolarization abnormalities related to nonhomogenous spread of repolarization throughout myocardium.
However, manual methods of quantification of QT dispersion show poor reproducibility.
Interlead differences in repolarization morphology rather than just QT duration seem to
better reflect complexity of repolarization process (13–15). They could be presented in
a graphical form showing a superimposition of several leads (Fig. 3) allowing for visualization of heterogeneity of repolarization morphology (13). Interlead differences in
repolarization morphology could be quantified utilizing various methods including principal component analysis, area-based analysis of repolarization segment, and other
methods. Principal component analysis of the repolarization segment allows quantifying
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the length (λ1) and width (λ2) of T-wave loop (14,15). The roundness of the T-loop in
its preferential plane (λ2/λ1) has been considered as an index of increased T-wave
complexity.

Heart Rate Correction of QT Duration
QT duration depends on heart rate and heart rate correction of QT interval is routinely
used in clinical practice. In 1920, Bazett described curvilinear association between QT
and RR interval and the formula based on his observation (QTc=QT/[RR1/2]) is the most
frequently used (16). This formula aims to adjust QT interval to the conditions seen for
heart rate of 60 bpm. Bazett’s QTc formula has limitations of overestimating repolarization duration at fast heart rates and underestimating it at slow heart rates. Subsequently
numerous different QTc formulae were proposed and exercised including:
— Fridericia (17) [QT and RR in seconds]: QTc = QT/RR1/3
— Framingham (18) [QT and RR in seconds]: QTc = QT + 0.154(1 – RR)
— Hodges (19) [QT in seconds]: QTc = QT + 1.75 (heart rate – 60)
— Rautaharju (20) [QT in milliseconds]:
for all females and males <15 and >50 years:
QTI = QT(HR + 100)/656 ms
for males 15–50 years:
100 × QT
QTI =
(656 / (1 + 0.01HR)) + 0.4 age − 25
— Karjalainen (21) [QT and RR in milliseconds]
for HR<60
QTNc = (QT × 392)/(0.116RR + 277)
for HR 60–99 QTNc = (QT × 392)/(0.156RR + 236)
for HR ≥100
QTNc = (QT × 392)/(0.384RR + 99)

All of these formulas tend to adjust well for QT-RR association, however, each has
some limitations. Generally speaking, QTc formulae provide good estimation of QT
duration at heart rates close to the normal resting range of 55–75 beats per minute (bpm)
as observed in the vast majority of ECGs. However, below and above those limits there
could be room for misclassification of QTc value. ECGs with heart rates below 55 bpm
or above 75–80 bpm are usually recorded using Holter recordings, exercise testing,
bedside or event monitors; for those heart rates, QTc correction could be replaced by the
analysis of repolarization duration using formulae other than the Bazett correction.
Fridericia (cubic) formula is of preference owing to its simplicity of application, although
other more complex formulae including Rautaharju’s or Karjalajnen’s could be used. The
problem is that there is insufficient amount of data to determine normal values of QTc
utilizing those approaches, including Fridericia.
When comparing ECGs recorded off and on drug, one could utilize other approaches
including the analysis of QT for matched RR intervals, QT-RR regression analysis represented by the slope of this relationship, and subject-specific QT-RR relationship plots.
When dealing with 24-Holter recordings, identification of matched RR intervals for
recordings off and on drugs is frequently possible, and this approach seems to be preferable since it eliminates the need for mathematical correction of QT duration (22).
Rarely the drug has major effect on heart rate and makes such a comparison impossible.
When performing the analysis of matched RR intervals, ECG data should be analyzed
while accounting for circadian rhythm of heart rate and QT duration, (i.e., matched RR
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intervals off and on drugs should come from separate day or night periods but not mixed
together).
The slope of QT-RR relationship has been found to distinguish patients with and
without long QT syndrome and therefore this approach could be used to evaluate the
effect of the drug on repolarization across various heart rates (23,24). The slope of
QT-RR regression line reflects QT dynamicity of repolarization, which could be altered
by a disease process or by action of a drug. Therefore the use of this approach is worth
considering especially for drugs substantially changing the heart rate.
Since the pattern of RR and QT varies between subjects, French investigators proposed the concept of individual subject-specific QT-RR relationship to study changes in
repolarization (25). Recently, Malik et al. (26) promoted the concept of using subjectspecific QT-RR relationship to study drug-induced changes in repolarization. Although
this approach is interesting it has some practical limitations including labor-intensive and
time-consuming analysis.

Automatic Methods for QT Interval Measurements
Increasing use of digital ECG recordings and FDA requirements to submit ECG data
from drug studies in digital format make the use of automatic methods of QT analysis
more desirable (27,28). There are different methods to automatically identify T wave
offset, of which the tangent method is the most popular one. Although fitting tangent to
the descending arm of positive T wave (or ascending arm of negative T wave) works well
for T waves of normal morphology and normal amplitude, the tangent method is not
robust in cases with flat, bifid, or biphasic T waves. The identification of T-wave endpoints using first and second derivatives to ascertain when the repolarization curve crossing the zero line could help in more difficult repolarization patterns. The other approach
may consist of an area-based method for quantifying total repolarization duration by
measuring the time needed to accumulate a percentage of the T-wave area (29,30). The
presence of biphasic T wave, U wave and notched T waves does not affect the accuracy
of area-based repolarization measurement, and these time-dependent area parameters
may be more robust than the standard QT interval measurements. The time interval from
the QRS onset to the time where 90% of the total T-wave area (QTA90) is reached is one
of the automatic area-based parameters reflecting QT duration. At present, only limited
normative data exist for this parameter.
It is worth emphasizing that automatic QT and QTc measurements provided by ECG
manufacturers’ algorithms and printed on paper copies of ECG should not be taken for
granted. The automatic algorithms operate relatively well in case of normal T-wave
morphology, but they are totally unreliable in cases with more complex and abnormal
T-wave morphologies. Moreover, automatic algorithms used by different ECG manufacturers utilize different methodology and algorithms for measuring QT interval and therefore they cannot be used uniformly both in clinical practice and in drug studies. There is
always a need for validation of automatic QT measurements by an experienced ECG
reader.

Normal QTc Values for Age and Gender
QT interval duration varies with age and gender. Table 1 shows proposed normal and
abnormal QTc values (using Bazett heart rate correction) by age and gender (31). Women
and children have longer duration of repolarization than men.
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Table 1
QTc Values by Age and Gender
QTc value
(sec)
Normal
Borderline
Prolonged

Children
1–15 yr
<0.44
0.44–0.46
>0.46

Men
<0.43
0.43–0.45
>0.45

Women
<0.45
0.45–0.46
>0.46

Adapted with permission from (31).

Similar observations were reported by Rautaharju et al. (20) indicating that sex-related
difference is because of shorter QT duration in men than women at age 15–55 yr, not
because of QT prolongation in women (Fig. 4). Suggested factors influencing these
differences may include different density of potassium ion channels in male vs females
myocardium, effect of female hormones contributing to longer QT duration in women,
or possibly effect of male hormones and lower heart rate in men contributing to their
shorter QT duration. Sex-related differences in repolarization are also observed for
parameters describing T-wave morphology with men having a steeper ascending arm of
the T wave than women (32).
Longer QTc duration in women predisposes them to more frequent arrhythmic events
in congenital LQTS and acquired forms of QT prolongation. In both circumstances,
women account for about 70% of cases of cardiac events, usually from TdP. Several
reports describing drug-induced TdP and QTc prolongation demonstrate predominance
of women, and female sex is considered as one of risk factors for proarrhythmia.

Relationship Between QT Prolongation and Arrhythmic Risk
Clinical studies of LQTS patients demonstrate (Fig. 5) that risk of arrhythmic events
is significantly associated with QT prolongation (1,33). For every 10 ms increase of QTc
duration there is 5% exponential increase of the risk of cardiac events (1). Therefore, a
patient showing increase in QTc duration from 440 ms to 500 ms has a 34% increase in
the risk of cardiac events (60 ms difference indicates 1.056 = 1.34). However, LQTS
experience shows that cardiac events can also occur in patients with normal or borderline
QTc duration. Genotype-phenotype correlations indicate that about a third of LQTS
carriers has normal or borderline QTc values (3). These observations indicate that the
magnitude of QTc duration is not the sole factor when evaluating the risk of arrhythmic
events, or that lack of QTc prolongation indicates absence of risk of cardiac events. The
same logic applies to drug-induced QTc prolongation. Although QTc duration above 500
ms or prolongation by more than 60 ms in response to a drug indicates increased risk of
TdP, some drugs may cause smaller QT prolongation which, in suitable conditions (stress,
tachycardia, ventricular premature beats with short-long-short series), could lead to TdP
(34).
It is noteworthy that not all drugs causing QTc prolongation are arrhythmogenic.
Amiodarone is an example of such a drug, for it causes QTc prolongation with minimal
evidence for drug-induced TdP. The reason for lack of proarrhythmic effects of certain
drugs that prolong the QT interval may be owing to homogenous prolongation of repolarization throughout endocardial, M-cell, and epicardial layers. Whereas drugs that
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Fig. 4. Age- and sex-related pattern of QTI (QT index by Rautaharju). Reprinted with permission
from (20).

prolong QTc duration and cause arrhythmias seem to selectively prolong repolarization
in one layer (usually M-cell zone) contributing to transmural heterogeneity of repolarization (and refractoriness). It is this altered cellular electrophysiology and that provides
suitable conditions for reentrant arrhythmias (9,10).
Differential effect of drugs on QT interval and risk of cardiac events could also be
related to genetic profile of the subjects taking medications. There is a natural biological
variation in genes coding specific ion channels, and some of these genetic polymorphism
may predispose to drug-induced QT prolongation (35–37). Rarity of drug-induced TdP
may indicate that only subjects with specific polymorphism of genes encoding ion channels or encoding enzymes metabolizing these drugs (usually from cytochrome P-450
system) are prone to develop proarrhythmic response to drugs (38).

Changes in T-Wave Morphology
There is a substantial variation in T-wave morphology among LQTS patients. This
finding could be related to type of affected ion channel, the magnitude of ion channel
dysfunction, as well as other factors including age, heart rate, and the status of autonomic
nervous system. The HERG gene mutation encodes the IKr current (the current most
frequently affected by drugs) and is associated with decreased T-wave amplitude with
increased presence of notches (39). Similar observations could be done when evaluating
drug-induced changes in repolarization. Drugs not only may produce QT prolongation,
but also, they may alter repolarization (T wave or TU complex) morphology. However,
there are no systematic studies demonstrating the association between quantitative measures of T-wave morphology and risk of arrhythmic events. Drug-induced changes in
T-wave morphology reflect changes in transmural gradient of repolarization with propensity to arrhythmogenesis (Fig. 6), as it was elegantly demonstrated by Antzelevitch
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Fig. 5. Odds ratio of cardiac events by QTc duration in LQTS family members off beta-blockers.
Adapted with permission from (33).

and coworkers (40,41). Therefore, identification of drug-induced changes in repolarization morphology in clinical studies should always trigger attention since those changes
may indicate a propensity to proarrhythmia. Nevertheless, there is no systematic data
quantifying repolarization morphology in drug studies.

DRUG-INDUCED QT PROLONGATION
Several cardiac and noncardiac drugs were found to prolong QTc interval duration and
cause TdP (Table 2). The majority of them act by blocking IKr current directly or through
their metabolites, other demonstrate such action if administered together with a drug
affecting function of the cytochrome P-450 enzymatic system.

Specific Drug-Mediated Repolarization Abnormalities and Arrhythmias
Quinidine is considered as a classical prototype of drug-induced QT prolongation (42).
Cases of TdP associated with quinidine administration triggered interest in the entire field
of drug-induced arrhythmias and drug-induced QTc prolongation.
Experience with terfenadine highlighted drug interactions (terfenadine + ketoconazole)
as a cause for QT prolongation and sudden cardiac death in healthy individuals.
Terfenadine, anithistamine agent, blocks the IKr current (and also it blocks sodium current
and L-type calcium channel) causing a mean 6 ms QTc prolongation, which should not
have clinical implications (43). Cardiac events were reported in patients taking
terfenadine, almost exclusively when used in combination with other medications
(ketoconazole, antibiotics) also metabolized by the same enzymatic system of the cyto-
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Fig. 6. Transmural dispersion of action potentials and changes in T-wave morphology on ECG.
(A) Normal T wave with normal transmural gradient of repolarization. (B) Biphasic T wave:
Increase in transmural gradient with end of endocardial action potential coinciding with negative
phase of T wave. (C) Inverted T wave: Epicardial layer shows longest repolarization duration
contributing to increased and inverted transmural gradient. (D) Polyphasic T wave with markedly
increased transmural gradient: Negative phases of T wave coincide with end of action potential
in endocardial and M cell layers. Reprinted with permission from (41).

chrome P-450 3A4. Such a combination causes increase in plasma concentration of
terfenadine owing to inhibition of its metabolism by concomitantly administered drug
with subsequent substantial QTc prolongation (>60 ms in majority of reported cases) and
torsades de pointes. Broad and uncontrolled use of terfenadine with its potential
proarrhythmic potential was the reason for removing this drug from the market.
Cisapride, a gastric prokinetic agent, causes a mild QTc prolongation in healthy subjects. However, when given with drugs inhibiting CYP3A4 function (like clarithromycin,
ketoconazole) or in neonates who have limited function of this enzymatic system, there
is few-fold increase in plasma concentration of cisapride with consequent 20–30 ms QTc
prolongation and propensity to torsades de pointes (44). In neonates, cisapride therapy
alone is associated with a 31 ms QTc prolongation. Between 1993 and 1997, 270 cases
of adverse events (defined as TdP and/or substantial QTc prolongation) and 70 deaths
were reported among 30 million prescriptions written (45). As a result, FDA restricted
the use of cisapride by changing its labeling.
Several antipsychotic drugs block IKr current and cause QTc prolongation (Table 2)
and some of them (including thioridazine and phenothiazine) were reported to be associated with sudden death (46). Since psychiatric disorders may predispose to sudden
death, it is difficult to determine the causative association between use of these drugs and
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Table 2
Drugs That Prolong the QT Interval

Category

Drugs

Antihistamines
Anti-infectives

astemizole, terfenadine
amantadine, clarithromycin, chloroquine, erythromycin,
grepafloxacin, moxifloxacin, pentamidine, sparfloxacin,
trimethoprim-sulfamethoxazole
Antineoplastics
tamoxifen
Antiarrhythmics
quinidine, sotalol, procainamide, amiodarone, bretylium,
disopyramide, flecainide, ibutilide, moricizine, tocainide,
dofetilide
Antilipemic agents
probucol
Calcium channel blockers bepridil
Diuretics
indapamide
Gastrointestinal agents
cisapride
Hormones
fludrocortisone, vasopressin
Antidepressants
amitriptyline, amoxapine, clomipramine, imipramine, nortriptyline,
protriptyline
Antipsychotic
chlorpromazine, haloperidol, perphenazine, quetiapine,
risperidone, sertindole, thioridazine, ziprasidone, doxepin

arrhythmic events. A systematic study is needed to determine the risk of sudden death and
the role of drug-induced arrhythmias in such patients.
Mibefradil, an antihypertensive and antianginal agent blocks primarily T-type calcium channel, but also IKr and IKs currents, was removed from the market due to its action
on repolarization. Mebefradil is also a potent inhibitor of several enzymatic systems in
the liver (CYP3A4, CYP2D6, CYP1A2), and this action contributed to an increased risk
of adverse events (47). QT prolongation of mibefradil was mainly due to enhancement
of the late phase of the T wave, although some experts claimed that it was a U wave,
possibly due to a preferential blocking of specific layers in myocardium (M cell zone)
with increased transmural dispersion of repolarization.

Risk Factors Contributing to Drug-Induced QT Prolongation
and Susceptibility to Malignant Ventricular Arrhythmias
Table 3 lists clinical factors predisposing to drug-induced QT prolongation and TdP.
Female sex is associated with faster resting heart rates and longer QTc intervals than in
men, which was already observed by Bazett in 1920s. T-wave morphology is also different by sex with females having longer early phase of repolarization (29) and a less steep
ascending arm of T wave (32). Difference in QT and heart rate by sex also contributes to
steeper slope of the QT-RR relationship in women than men (48). As shown in Fig. 4, sexrelated differences in QTc are age-dependent, with children having similar repolarization
duration and pattern regardless of sex; adolescents and adults (15–55 yr) show substantial
QTc differences by sex; after age 55 these QTc differences are attenuated. This pattern
suggests the role of sex hormones for the appearance of sex-related repolarization changes.
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Women account for 70% of cases of drug-induced QT prolongation and TdP indicating that the above sex-related differences in repolarization have clinical implications
(49). A similar 70% dominance of women among probands with congenital LQTS further
indicates that female gender (in adulthood) is a risk factor for cardiac events (1). There
is evidence for variation in drug-induced QT prolongation with the menstrual cycle:
Menstruation and the ovulatory phase of the cycle are associated with longer QTc than
the luteal phase (50). However, more research is needed to better understand other mechanisms (structural differences in myocardium, protective effect of male hormones) leading to sex-related differences in repolarization.
All individuals regardless of sex have increased risk of proarrhythmia if their baseline
QTc is prolonged. This baseline QTc prolongation might be because of specific genetic
predisposition (genetic make-up), but more often could be caused by concomitant medical conditions. Patients with heart disorders are most likely to demonstrate QTc prolongation and are also prone to develop drug-induced arrhythmias. Such patients usually are
treated with several drugs simultaneously that may be metabolized by the same enzymatic system, thereby increasing the chance of reduced drug metabolism and increased
blood levels of a drug. Cardiac patients are frequently receiving diuretics that can cause
hypokalemia, a factor further predisposing to QT prolongation and arrhythmias. Presence of bradycardia is another factor that promotes QT prolongation and dispersion of
repolarization creating suitable conditions for proarrhythmia. LQT2 patients with mutations in HERG gene are particularly prone to develop arrhythmias at resting heart rates
or during bardycardia, a finding that provides evidence for heart rate dependent
arrhythmias in IKr blocking conditions.
Genetic predisposition to drug-induced QT prolongation and proarrhythmia is an
attractive but very new and unproven concept. There are some incidental reports suggesting that polymorphisms in genes encoding cardiac ion channels (or in genes encoding
enzymatic system in liver) could be more prevalent in patients with drug-induced QT
prolongation and TdP (35–37). Polymorphisms of two ion channel genes, minK (LQT5)
and MiRP1 (LQT6), were recently found in subjects with proarrhythmic response to a
drug. Those two genes encode small proteins regulating function of IKs and IKr, respectively. It was shown that polymorphism of MiRP1 may cause a 15% decrease in ion
channel function in healthy subject, the magnitude which does not lead to a proarrhythmic
response. However, administration of sulfometoxasole (Bactrim), an IKr blocker, in a
subject with this polymorphism was associated with substantial decrease in the ion current density (37). However, systematic analysis of a series of patients with drug-induced
QT prolongation showed that they have a similar prevalence of cardiac ion channel gene
polymorphisms to control subjects (51).
The combination of several factors (female gender, older age, interaction with another
drug, bradycardia, genetic predisposition) is usually needed for TdP to be caused by a
drug-prolonging QT interval. This “multiple hit hypothesis” provides at least partial
explanation for rarity of drug-induced TdP among millions of patients taking drugs
blocking cardiac ion channels.

Magnitude of Drug-Induced QTc Prolongation
There is no universal threshold for QTc prolongation, and each drug has to be analyzed
on an individual basis. There is agreement that a QTc prolongation by >30 ms should raise
concerns, and with greater concern when the QTc exceeds >60 ms, especially if the QTc
prolongs beyond 500 ms.
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Table 3
Factors Associated with Increased Risk of QT Prolongation
and Torsades de Pointes
Prolonged QTc
Female sex
Advanced age
Bradycardia
Hypokalemia
Hypomagnesemia
Congestive heart failure (low EF)
Cardiac arrhythmias
Combinations of drugs (cytochrome P450 enzymes inhibitors)
Genetic polymorphisms of gene coding cardiac ion channels or enzymes in
liver metabolizing drugs

The analysis of the magnitude of QTc prolongation from baseline by a drug should be
paralleled by evaluating the absolute value of prolonged QTc. Again, there is no universal
threshold but reported cases of drug-induced TdP indicate that almost all of them do occur
in subjects with QTc>500 ms. These observations are in agreement (Fig. 5) with data
from congenital LQTS studies also showing that QTc > 500 ms is associated with substantial increase in the risk of cardiac events (33).

REGULATORY ASPECTS
Drug regulatory agencies such as the Food and Drug Administration (FDA) in the
United States and the Committee for Proprietary Medicinal Products (CPMP) of the
European Agency for the Evaluation of Medicinal Products now scrutinize the potential
QT prolonging effects of all new drugs undergoing regulatory approval as well as marketed drugs with QT prolongation observed during postmarketing surveillance (52,53).
The CPMP has published a document, “Points to Consider: The Assessment of the
Potential for QT Interval Prolongation by Non-Cardiovascular Medicinal Products,” (53)
that is already influencing the way electrocardiographic data are collected and analyzed
during clinical trials related to regulatory approval.
Each drug has to be evaluated individually after full considerations of risks associated
with the drug in relationship to benefit of the drug for the population at risk. Trefenadine
was the antihistamine drug broadly used in healthy subjects, and no risk of drug-induced
sudden death was acceptable. Some drugs, like ziprasidone, may prolong QT interval and
this prolongation is acceptable in patients with schizophrenia, since the drug is extremely
effective in the treatment of this serious disorder. The concept of a tolerable risk has to
be exercised during evaluation process of each drug under consideration.
Drug testing requires evaluation of the magnitude of mean and range of QT prolongation in studied populations as well as the magnitude and range of QT prolongation in
individual subjects. The average QT prolonging effect of a drug may be small in a given
population, yet some individuals may experience substantial QT prolongation (if the
individual is at higher risk for proarrhythmia or if given simultaneously with another drug
affecting its metabolism). The drug needs to be tested vs placebo, the best approach is a
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crossover design with special emphasis on dose-dependency of QT effects. The analysis
of dose-dependency of QT behavior requires serial recordings of 12-lead ECGs or continuous recordings of with 12-lead Holter ECGs. The latter allows for better insight into
heart rate dependency of repolarization changes including alterations in T-wave morphology. Postmarketing surveillance is a further important safety tool allowing for identification of drugs that may carry some unexpected risk.

DIGITAL ECG FOR DRUG STUDIES
In the October 2001 issue of the Annals of Noninvasive Electrocardiology, the ISHNE
Task Force proposed guidelines for evaluating effects of drugs on repolarization. These
guidelines rely on combination of manual/visual evaluation of QT duration and increasingly on digital ECG signal processing. There are several benefits of digital ECG data
acquisition using both standard resting ECG recordings and 24-h (or even longer) Holter
ECG recordings. Especially, continuous access to monitored digital ECG data allows for
the analysis of:
1. Dose-dependent effects of a tested drug (and possible arrhythmias).
2. Assessment of adaptation of QT to a wide spectrum of changing heart rates, including
night hours.
3. Analysis of dynamic features of repolarization including QT-RR relationship (regression
analysis, slope), QT or repolarization morphology variability, or T-wave alternans.
4. Application of novel algorithms for repolarization analyses including automatic areabased approaches or T-wave loop morphology.

Such a comprehensive digital-ECG based approach is likely to improve early identification of drugs that might have proarrhythmic properties.
Digital ECG data acquisition also provides the opportunity to improve quality control
of ECG analysis and allows for more comprehensive auditing (review) of ECG interpretation. In particular, FDA is interested in reviewing ECG recordings acquired during drug
testing with additional access to interpreter’s annotation. This process will permit better
document QT measurements and will allow for the inspection of repolarization morphology (TU wave) in single and multiple (superimposed) leads.
Access to digital ECG recordings will provide better opportunity to perform direct
comparisons of repolarization duration and morphology when recorded off and on tested
drug. The majority of currently used ECG machines record ECG signal in digital format,
however, the format of data acquisition and storage is proprietary, and it varies among
manufacturers. Similarly, digital acquisition of long-term Holter recordings is replacing
analog recordings, but again format of digital ECG data files is diverse among manufacturers of Holter systems. For the above reasons, there is a need to develop uniform
standard for ECG/Holter output file allowing universal access to acquired data.
On November 19, 2001, the FDA organized a public meeting focused on “Electronic
Interchange Standard for Digital ECG and Similar Data” during which FDA described
concrete plans of the agency to request ECG data in a standard digital format whenever
ECG information is submitted to FDA by pharmaceutical companies seeking the approval
of a drug (54). This requirement calls for development of a standard digital format which
will have to be used instead of proprietary manufacturer’s digital formats. FDA task force
proposed an XML file format, which is receiving wide approval for short-term (standard)

326

Drug-induced QT Prolongation

ECG recordings and can be used for long-term recordings. These requirements aiming
to implement a standardized system for submitting ECG data to FDA will have several
implications. Most importantly, digital electrocardiology will enter a new era with benefits not only for regulatory approval, but also for clinical and research activities.

SUMMARY
Drug-induced QT interval prolongation is associated with an increased probability of
TdP and arrhythmic sudden death. The mechanisms of drug-mediated repolarization
abnormalities have received new insight from research focused on pharmacological
models and clinical observations in patients with the long QT syndrome. Functional and
structural abnormalities in HERG channel for IKr current together with transmural heterogeneity of repolarization create conditions for QT prolongation and proarrhythmic
responses to a drug. Careful evaluation of ECGs for QT prolonging effects of tested drugs
allows for early identification of compounds that may be associated with adverse events.
Similarly clinical analysis of repolarization patterns during drug therapy may help identify an elevated risk for proarrhythmia. Drug-induced QTc prolongation by over 60 ms
or above 500 ms in an individual subject should raise major concerns about safety of the
drug. Major regulatory and research efforts aim to identify drugs that can cause adverse
effects in form of QTc prolongation, episodes of TdP, or sudden death.
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INTRODUCTION
Physiology implies adaptative variations to environmental conditions so that it is
characterized by flexibility. Variations of state are more important than the baseline state
itself because they reflect the impact of the modulating factors, essentially formed in the
field of ventricular repolarization by cardiac rate and the autonomic nervous system.
Studies were mainly devoted to QT duration, an already difficult but very promising field.
Studying the QT interval should not be restricted to the static aspect of its duration. QT
length forms on its own a limited information if not considered in the context of its
environment that conditions its dynamicity. The basic difficulty of studying the physiology of the QT interval is that ventricular repolarization mainly depends on cardiac cycle
length (RR Interval), but both QT and RR variables are in fact modulated by rateindependent factors, particularly the autonomic nervous system. Finally, because the
repolarization phase on the surface ECG results from the algebraic sum of the action
potentials of the multiple layers of myocardial fibers, the morphology of the slow phase
of the ECG probably is more important than the QT interval because it really reflects the
electrical activity of myriads of cells. Presently however, the morphology of ventricular
repolarization cannot be adequately quantified.

SIGNIFICANCE OF QT DYNAMICITY VS QT CORRECTION
Using a formula to evaluate QT modulation looks meaningless when one considers
Fig. 1, because no rate formula will ever help to compensate for circadian QT changes
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Fig. 1. Evidence of rate-independent circadian modulation of QT duration. In a regularly paced
patient with fixed-rate implanted pacemaker at 70 beats/min-1 QT durations longer at night than
at daytime by some 30 ms. No formula will ever offer any satisfactory rate correction for a
phenomenon that is not rate-dependent. It is no more meaningful to study the variations of any
corrected QT over 24 h.

evaluated at identical RR intervals. Circadian changes owing to autonomic influences are
normally present notwithstanding a fixed paced cardiac rate in an implanted patient.
There is a fundamental difference between what is familiar to the cardiologist, i.e., QT
correction, and what is in essence a quite different concept, that is, QT dynamicity. Many
studies repeatedly called for attention on the limitations and pitfalls of the supposedly
universal Bazett formula (1) often proposing nothing more than other population specific
formulas (2–4). In fact, the best evidence that no formula can make a population of
individuals homogeneous is suggested by the persistance of circadian variations of the
corrected QT interval (5). This is nonsense for a formula that is supposed to correct for
rate: Malik showed that the correction, if any, should be different for each individual (6).
Each individual is actually characterized by his own heart rate dependence, and this is
precisely where the concept of QT dynamicity starts. QT correction aims at comparing
static values of QT in a population, whereas QT dynamicity aims at studying QT changes
in individuals. On the other hand, a complete autonomic blockade would not abolish the
rate-dependent changes of the QT interval but it may modify them. In short, QT correction is a concept which is exactly opposite to QT dynamicity.

THEORETICAL CONSIDERATIONS
Restitution Curve
For the physiologists, the time course of action potential recovery as a function of the
interval between a steady-state response and a subsequent test response is known as the
electrical restitution curve. Franz (7) used the monophasic action potential technique
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Fig. 2. QT adaptation of a stepwise increase of cycle length. The QT duration is precisely studied
during the 60 s following a sudden increase of the paced RR cycle: the steady-state RRj cycle
length is followed by another steady-state with a longer RRi. It takes about 1 minute for the short
QTj duration to reach the new stable QTi value. Measuring QT interval on a beat-by-beat basis
does not take into account such a physiological phenomenon.

called attention on the latency time that exists in the QT adaptation after a sudden heart
rate change, a phenomenon frequently studied (8–10). The QT interval adapts to a stepwise
change in pacing rate in two phases: A fast adaptation with more than 50% of the QT
changes completed in less than one minute, and a slow adaptation which takes up to
several minutes (Fig. 2). In addition, a “hysteresis” effect was demonstrated as the QT
interval adapted faster when the pacing rate was increased than when it was decreased
(10). The time course of QT changes that starts with the first different RR interval, and
the hysteresis were reported to be independent from the magnitude of heart rate change
and of the baseline heart rate from which the change took place. The mechanism of the
apparent delay in QT adaptation, which also applies to its equivalent of monophasic
action potential and effective refractory period (11) is obscure. However an important
practical consequence is that it is not meaningful to study the QT interval solely as a
function of the preceding RR interval if one has no information on the heart rate during
at least the preceding minute (Fig. 3). Respecting the condition of a stable RR interval
before measuring QT results in a very high correlation coefficient between the two
variables (12), and comparing the QT/RR slopes obtained after the last RR interval or
after a one-minute stability of the heart rate constantly shows that the slope of the regression line is constantly steeper in the latter situation (13).
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Fig. 3. Influence of the preceding heart rate on the QT interval. Three populations of QRS-T
complexes have been selected from a two-hour Holter recording in such a way that the last RR
cycle is identical (700 ms) in the three averaged templates. The difference between the populations
resides in the preceding mean RR values during the 15 cycles and up to the 10 min preceding the
measured QT interval. The shorter (600 ms, n=40) or longer (800 ms, n=64) populations of RR
cycles compared to the “stable” 700 ms (n=170) template clearly explains why the last QT interval
differs by as much as 20 ms from the reference, with even greater differences for the corrected QT
(Bazett).
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Rate-Independent Modulation of the QT Interval
Analyzing the mechanisms of the modulation of the ventricular repolarization from
the point of view of fundamental electrophysiology forms a fascinating and very complex
field (14). Indeed the heart rate and the autonomic nervous system are the main operative
factors, but they are not alone. Age and sex have been largely investigated in the literature
(11,15–18) and the results are quite consistent. The QT duration is longer by an average
of about 20 ms in women than in men, and in fact it is correct to say that it becomes shorter
in men after puberty (16) as a result of hormonal differenciation and perhaps other
indirect ionic mechanisms (19). Rate-dependence is more marked in women than in men,
but aging decreases it in both, as well as the physiological difference between steeper
slopes at daytime and smaller values at night. These rate-independent factors probably
explain the individual profile of the rate-dependence.

PRACTICAL CONSIDERATIONS
Quantification of Ventricular Repolarization
The concept of QT dynamicity as a tool to evaluate ventricular repolarization changes
is now widely accepted. However, the impact of the concept in the medical community
remains limited, probably for practical considerations. Every cardiologist knows how
difficult the determination of the QT interval is on the surface ECG, and the phenomenon
of QT dispersion in conventional electrocardiography illustrates how the duration of a
single vectorcardiographic T-wave loop may look different when measured in several
projections in the frontal or horizontal planes (20). The common standards for quantitative electrocardiography (CSE) working project conducted in the late 80s by Joss Willems
perfectly illustrates the challenge to determine where the QRS complex starts and where
the T wave ends. Among experts, regardless of the data quality, regardless of the method
used (paper ECG or on screen evaluation), the localization of the ECG points may vary
up to 10 ms. The more recent studies on QT dispersion confirmed the poor reproducibility
of manual measurements (21,22).
To make the challenge even more complex, beat-to-beat variations of the T-wave
morphology exist and may trouble the evaluation. They were commonly described as a
consequence of short-long-short cycle length sequences particularly in the long QT
syndrome but in fact they are not limited to this particular situation. The T-wave alternans
is the subject of particular attention (23, 24) and sensitive techniques like spectral analysis also suggest that beat-to-beat varitions of QT duration exist (25, 26). They can detect
the respiratory-related oscillations well-identified in the domain of heart rate variability.
A trivial example like Fig. 4 clearly shows that in the context of an atrial fibrillation with
an irregular ventricular response, the preceding RR interval conditions the morphology
of the T wave of the following ventricular complex. Not only the last RR interval, but the
preceding cycles as well condition the amplitude of the T wave. In fact, the real question
may be to decide whether the change in QT duration is real or only apparent, and to which
extent the QT measurement is dependent on the T-wave morphology. It is difficult to
reconcile the apparent cycle-to-cycle changes in QT duration with the above-mentioned
lagtime of about one minute necessary for the QT duration to adapt to sudden heart rate
changes.
Characterization of QT dynamicity is based on the assumption that multiple ECG
taken by the same individual can be reliably measured. Because they are by definition
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Fig. 4. Beat-to-beat variations of the morphology of ventricular repolarization. In a patient with
atrial fibrillation, the bottom tracing shows that the T-wave morphology is very unstable from
beat-to-beat, with an increase amplitude of the T wave following longer RR intervals. To further
study this phenomenon, a selection algorithm allows for comparing populations of QRS-T complexes that essentially differ by the last RR cycle length. The longer the cycle from a to e at
daytime, or from a' to e' at night, the taller the T wave. Conceivably, these morphological changes
may be responsible for changes in the apparent QT duration.

taken in a variable environment such as different physical activities, not only in resting
position, the amount of technical difficulty is obvious. However, modern digitized quantitative ECG technique can overcome that hurdle. The key tools are, on one hand, averaging technique to reduce the muscle noise and, on the other, serial approach. The
background for serial ECG analysis is that an ECG waveform variation is much easier to
calculate than the absolute value of each individual waveform.
Long-term ECG data streams and, in particular, ambulatory 24-h recording form the
best tools to explore the dynamicity of ventricular repolarization. Merri et al. (25) measuring the RTm interval (the time interval between the peak of the R wave and the peak
of the T wave) or Laguna et al. (28) measuring the end of the T wave on a beat-to-beat
basis required the removal of low quality data, so that up to 20% of cardiac complexes
had to be rejected. However, a common situation is that the ECG segments that are most
likely to contain valuable information on QT during daily activity or exercise are precisely those containing artifacts. Thus, a possible consequence of using too strict rejecting procedures is to eliminate the data that are most relevant clinically. When an averaging
procedure is implemented, low-noise templates can be obtained even from artifacted
ambulatory ECG data. In our experience (29), a lower limit of 50 beats is sufficient to
obtain quite analyzable signals. Many softwares concentrate on measuring the QTm (or
QTa) interval because the wave apex looks easier to detect, which does not necessarily
mean that it is. QTa and QTo (or QT end) intervals are considered equivalent. Still, a usual
(though rarely quoted) observation is that the relationships between QTa and QTo vary
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Fig. 5. Effect of isoprenaline infusion on the T-wave morphology. Humoral adrenergic stimulation
modifies the time relationships between the apex and the end of the T wave. They can be evaluated
from the QTa/QTo ratio that tends to diminish. The physiological assymmetry of the T wave
disappears because of a steeper ascending limb whereas the descending limb is unchanged.

with the amount of adrenergic stimulation so that the physiological asymmetry of the
ascending and descending limbs of the T wave and the QTa/QTo ratio tend to diminish
(Fig. 5). This is consistent with steeper regression lines for QTm/RR than for QTo/RR
a different behavior that is more marked at daytime than at night.

Modulation of QT/RR: Heart Rate and Autonomic Nervous System
NONSELECTIVE APPROACHES
The basic difficulty of studying the physiology of QT and RR relationship is that both
variables are modulated by the autonomic nervous system. As a result, QT modification
of autonomic origin are by definition nonselective because the effect of heart rate acceleration cannot be distinguished from proper autonomic influences on repolarization.
Taken together, nonselective approaches of QT dynamicity propose nonlinear relationships between QT and RR. The reason they share this is that they are mixing at least two
(probably several) factors of modulation and behavior. In fact every time a selective
evaluation of the two main modulating factors (the rate and the autonomics) is performed,
the QT/RR relationships appear linear. However, the slopes of the regression lines differ
according to the factor studied. Mathematically, the combination of linear regressions
with different slopes produces an exponential pattern of the regression.
The lack of selectivity forms the basic pitfall of studies using exercise or pharmacologic agents to propose new formulas for QT correction (30–35). In fact they reflect QT
dynamicity in conditions strictly limited to the protocol used, thus illustrating Levy’s
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Fig. 6. Short-term effect of stress on ventricular repolarization. In a normal subject a stressful
arousal from sleep by a telephone call provokes a sudden heart rate acceleration, and the QT
interval (QTapex) can be adequately followed over 70 s. The QT duration actually increases during
the first 20 s before adapting after a timelag of 50 s. This paradoxical QT change suggests that the
electrophysiological status of the myocardium may be very unstable and most probably inhomogeneous thus setting the stage for potential arrhythmias (see Figs. 10 and 11).

reflections on these matters (36). Protocols should be strictly defined, and in particular
they should respect at least the minimal condition of sufficiently long plateaus (more than
one minute) in order not to be in a permanent unstable situation of QT adaptation (37).
For instance, one should also recall that any adrenergic stimulation first induces a paradoxical QT lengthening (31,32) well exemplified in Fig. 6. Another supposedly selective
approach is the Valsalva maneuver (38). Not only is it much more complex than realized
when it is not familiar (39) but it is clearly difficult to obtain any steady-state in the
various steps of the investigation that are supposed to alternate vagal and sympathetic
influences. Compared to exercise, the tilt test offers the advantage of avoiding too large
heart rate variations thus permitting comparison of two well-defined situations opposing
rest and adrenergic stimulation (40). Using this method at identical rates, we can confirm
that QT shortened in the standing compared to supine position (363 ± 15 vs 387 ± 14 ms,
p<0.01). Whereas the Fridericia formula decreased it using the Bazett formula to correct
the QT interval at different rates increased the corrected value.
SELECTIVE APPROACHES
Selective approaches aim at dissociating as much as possible the proper effect of
cardiac frequency from the autonomic influences. Controlling the heart rate can be done
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using clinical electrophysiology with the inherent limitations of invasive and short-term
investigations, or in chronically-implanted patients which form clearly restricted cohorts
of patients rather than subjects. The Holter technique does not have such limitations but
it supposes an adequate selection of the data.
Pacing. Pacing at fixed rates is the most convenient way to investigate specifically the
rate dependence (41–47). By so doing, one is able to draw the QT/RR regression line and
to determine its slope, which is a characteristic of the underlying cell. When studied in
its purest aspect, i.e., by atrial pacing, the QT/RR relationships were found linear by
Ahnve (41) but in fact the initial study included only two pacing rates (90 and 130/min)
compared with the basic rate of 65/min. The result concerning 13 healthy subjects,
expressed in terms of difference of QT duration between the rates of 90 and 130/min, was
35 ms ± 26 (mean ± SD) which approximately corresponds to a regression line slope value
of 0.165. Milne’s results (42) very well match at the time these values as well as the data
of 10 subjects studied by Dickuth (43) with a QT/RR slope of about 0.160. Based on paced
RR intervals ranging from 400 to 600 ms, the 10 subjects studied by Cappato (44) had
an average slope of 0.220, but it should be noted that they were significantly younger than
the Ahnve’s subjects (mean age 42 yr vs 67.5 yr), and the short-term (a few seconds)
stepwise protocol may not have included sufficient steady-state periods. The same probably applies to Fananapazir’s results (45) with the additional remark that atrial pacing
provokes greater QT changes than ventricular pacing. Interestingly, the reality and practical consequence of the “memory phenomenon,” which explains the timelag of about
one minute was verified in the rate-responsive pacemakers based on QT monitoring
(46,47). Another interest of investigating chronically-implanted patients is that variations can be investigated over the 24-h period (47).
Selecting the Data from 24-H Recordings. Holter monitoring is particularly adapted
to studying noninvasive QT physiology because it allows consideration of QRS-T complexes or templates selected according to either the rate or the time so that the influence
of these factors can be studied independently. Figure 7 displays the two dimensions of
the investigations, with a particular emphasis on the fact that a fixed RR interval is
responsible for different QT durations according to the distribution overtime. The active
and the sleeping periods should be considered separately (48,49) with a particular reference to the awakening period, and the disappearance of the differences in transplanted
hearts is the best evidence of the autonomic modulation (50,51). Direct comparison of QT
intervals at similar heart rates was proposed to avoid the use of correction formulas
(49–53) but one realizes how important it is to consider these rate-dependent values as
a function of time. Finally, the concept of selection of stable heart rate segments for QT
analysis has been introduced and, if they can be identified by visual inspection of the RR
tachograms, using selection algorithms certainly is more accurate (54). There is a significant difference between the day and the night slopes, the latter being less steep than the
former (Fig. 8) (12). Respecting the condition of a stable heart rate during the preceding
minute is the condition for obtaining high correlation coefficients (>0.90) so that apparently small differences are significant. Not only this steady-state use of templates transforms the cloud of multiple points in well-aligned values, but both day and night regression
lines are steeper than the nonsteady-state data (13). Finally, mixing diurnal and nocturnal
QT values at identical rates has the same blurring effect as nonsteady-state approaches
that not only masks the circadian influences but makes less steep the slope of the 24-hour
QT-RR regression line (54).
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Fig. 7. The two dimensions of ventricular repolarization duration. The table is extracted from QT
trend analysis of a 24-h period in a normal subject. The 24 h are divided in 12 two-hour periods,
within which the QT intervals at increasing stable heart rates are given. A column of the table for
a fixed period is displayed in the left lower diagram (thus providing QT/RR relation within the
selected period). A row of QT values at a fixed RR interval over the time periods is displayed in
the right lower diagram, with shorter values at daytime compared to night.

Circadian variations of the QT interval are agreed upon by the various authors although
with variable expressions of the results. Speaking of QT/RR slopes is more meaningful
although less practical for the clinician than values of QT duration at different rates but
the latter can be easily drawn from the regression lines. To avoid using the questionable
concept of corrected QT values, the authors often prefer to speak of QT duration effectively measured from Holter recordings at the actual (or sometimes extrapolated) heart
rate of 60/min. The “∆QT” values expressing the difference between day and night are
quite consistent in normals: 19 ms for Browne (48), 18 ms for Viitasolo (52), 16 ms for
Murakawa (53), and 19 ms in our own initial experience (54). Aging tends to alter this
circadian flexibility: A comparison of 11 young (31 ± 6 yr) and older (58 ± 10) normal
subjects showed a significantly greater nocturnal lengthening in young people (33 vs 19
ms). Bexton’s (51) findings are consistent with the preceding values, the difference being
that the changes of the QT interval were assessed from Holter recordings of patients who
were pacemaker-dependent.

The Autonomic Modulation of the QT Interval
The long-term circadian modulation we have just studied is one facet of the influence
of the autonomic nervous system on ventricular repolarization. There is numerous, and
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Fig. 8. QT analysis over the 24-h period in a normal subject. The QRS-T complexes are selected
for analysis on the basis of a stable heart rate during the preceding minute (the mean RR cycle does
not differ by more than 15 ms from the last cycle preceding the measured QT interval). This
explains the very high correlation coefficient of the linear regression line of the rate-selected
templates during the day (defined as the 8 consecutive faster hours) and the night (4 consecutive
slower hours) periods. The ovals represent the usual cloudy pattern of beat-by-beat analysis,
another mode of analysis without “stable heart rate” approach. The great axis of the ovals is less
steep and the day to night difference of the slopes is less marked. The day-to-night difference of
about 20 ms at a common cycle of 800–900 ms can be calculated from the actually available data.

often conflicting, data in the literature concerning the autonomic influences, which are
probably largely explained by the variety of the conditions and study protocols. Another
factor of confusion is that authors are using either actual or corrected QT values. This
formula over- or underestimates the QT value according to slow or fast heart rates and
combines with the proper action of pharmacological agents on the heart rate, thus making
the situation extremely confusing.
Some studies tried to eliminate the role of heart rate by comparing different situations
of autonomic blockade but including the same heart rate through various individuals (56).
By so doing however, the authors eliminate any possibility of interindividual comparison
(6), very risky in this type of study in which individuals react to pharmacodynamic agents
as a function of their own vago-sympathetic balance (57). With these reservations, it was
found that sympathetic stimulation prolongs the QTc interval whereas beta-blockade
shortens it. The same applies to alpha-adrenergic stimulation, but parasympathetic blockade also prolonged the QTc. Browne (48) found opposite results, discovering that propranolol prolongs the QTc whereas autonomic blockade lengthens it. For Bellavere et al.
(58), using the Valsalva maneuver in diabetics, the QT interval is prolonged in case of
neuropathy supposedly affecting predominantly the vagus.
One is tempted to trust more the experiments in which the rate is controlled by pacing
(41,43–47,59,60). This is a favorable situation for studying the slope QT/RR relationship, with the limitation that the exploration is only valid for daytime. For Ahnve (41),
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propranolol causes no significant change in the QT interval when heart rate is held
constant. In contrast, atropine produces rate independent reductions of QT interval (5%)
in subjects with beta-adrenergic blockade (p<0.05). He concluded that cholinergic activity has a direct influence on the ventricular repolarization. For Cappato (60) the QT/RR
slope (0.22±0.12) is not changed by beta-blockade but is significantly lower after autonomic blockade (0.10±0.4) and he concludes that the vagal influences are likely to be
directly exerted on the ventricular substrate. QTc was significantly shorter in this experiment after beta-blockade than at baseline, whereas there was no significant differences
after autonomic blockade. But for the same cycle length beta-blockade did prolong the
QT and autonomic blockade did shorten it. Most studies dealing with propranolol confirm that it is substantially unable to modify QT duration in short-term experiments
(45,48,52). However, 20 yr ago it was established that if the acute intravenous administration of metoprolol had no detectable effect, chronic treatment caused a significant
increase of the QT interval during atrial stimulation (61). Furthermore, we recently
showed that the effect of beta-blockers on the QT interval is circadian dependent (57).
QT rate-dependency (0,216 [0.195–0.236]) was significantly reduced by atenolol (0.180
[0,162–0.198] p<0.01) at daytime but not at night. Thus, the effects of beta-blockers
depend on the circadian variations of the sympathetic drive and the circulating catecholamines, and it is not indifferent whether they are tested in basic conditions or at exercise,
or using other approaches for testing the autonomic nervous system. Arrowood tried to
distinguish the influence of increased circulating catecholamines from myocardial efferent stimulation, by comparing the effect of exercise and reflex stimulation in cardiac
transplant patients and normal control subjects (62). The QT/RR relationship did not
differ between the groups at exercise, and cold pressor test and Valsalva maneuvers did
not modify the QT interval whereas the heart rate was accelerated only in normals.
It is not easy to reconcile the data obtained in so many different conditions of experiments that essentially refer to adrenergic stimulation. One should recall however the
concept of accentuated vagal antagonism (63) and its applications (64). The steeper QT/
RR slope on Holter recordings during daytime compared to night is in apparent discordance with the effect of atropine or beta-blockers on regression lines, that are not consistent in the literature. That Cappato et al. (60) find no effect of beta-blockade on QT/RR
slopes whereas complete autonomic blockade tend to make steeper the slopes when the
relationship is explored by pacing at daytime may look nonconsistent with the Holter
findings we just mentioned. However, if the proper action of the vagus is looked as
permanently counteracting the sympathetics, the concept of accentuated vagal antagonism implies that, as the adrenergic drive is higher at daytime, logically the vagal tone
also should be higher than at night, which does not preclude its relative predominance at
night. Cycle length, QT duration, and QT/RR modulation through humoral and neurogenic influences are complex and it is quite difficult to dissociate the various factors even
in complex experiments (65), and even more so in the clinical situation. If QT duration
seems to depend on the amount of circulating catecholamines, QT dynamicity may not
be modulated in the same way and may well depend on the vagal drive.

QT Dynamicity and the Arrhythmia Risk
A common behavior of practically all heart diseases is that they are marked by an
increased QT duration and a steeper QT/RR relationship. It is not clear however whether
the rate-dependence of ventricular repolarization, an intrinsic characteristic of myocar-
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dial fiber, or its modulation by the autonomic nervous system, or a combination of the
two, are responsible for this situation. The question of a relationship between the arrhythmia risk including sudden death, and QT changes was for the first time evoked by Schwartz
(66), and the alteration of the autonomic nervous system after myocardial infarction also
is a well-established fact (67). However, the relationship between these two parameters
does not seem to be direct if one refers to Algra’s study that more or less closed a long
controversy when he showed that QT prolongation was indeed a prognostic marker only
in the context of the absence of heart failure (68). This is not in contradiction with the vast
literature that established the role of the adrenergic stimulation and the decrease of heart
rate variability as reliable markers of poor prognosis in heart disease. Only a very few
studies compared the performances of the two markers, QT dynamicity and heart rate
variability, when we had the opportunity to do so on two occasions (69,70). We compared
two cohorts of patients with an old myocardial infarction, using a collective of patients
already studied by Huikuri (71) in terms of heart rate variability. Patients with ventricular
tachyarrhythmias during the follow-up were matched with patients without complications but not different in age, sex, NYHA functional class, left ventricular ejection fraction, and beta-blocking treatment. There was no difference in the QTc value whatever the
circadian period. Patients with ventricular tachyarrhythmias and/or cardiac arrest at the
outcome differed from controls by a steeper QT/RR slope, and a reduced difference
between daytime and nighttime slopes. The difference was even more pronounced after
awakening and the significance was more marked for QT dynamicity than for heart rate
variability (69). More recently we had the same experience using the collective of patients
of the EMIAT study, and again, as markers of sudden death, the performance of QT
dynamicity exceeded that of heart rate variability (70).
Although they are fundamentally different in terms of intrinsic myocardial impairment and autonomic abnormalities, it is striking to observe that coronary artery disease
(72), diabetes mellitus with its predominant vagal impairment (58,73), heart failure with
its predominant adrenergic stimulation (74), and even the long QT syndrome with its pure
channelopathy (75) have a common increase in the rate-dependence of the QT interval,
a decrease (sometimes an inversion) of the slope differences between day and night, and
an increased risk of sudden death. Figures 9 to 11 may offer a common hypothesis to link
this situation with the risk of arrhythmias according to the electrophysiological concepts
of inhomogeneity as a powerful arrhythmogenic factor. The diagram of Fig. 9 shows the
consequence of a steeper QT/RR relationship, with a biphasic QT behavior according to
heart rate changes. What is of importance is not that much the absolute value of the QT
interval at this or that rate, or of any more or less corrected QT interval. It is clearly
apparent in Fig. 9 where the QT intervals between groups of normal and diseased patients
become different only at either slow or fast heart rates. The more different the slopes, the
larger the zones of significant differences in the QT intervals. Occasionally, this figure
shows how meaningless the notion of corrected QT interval is, because it tends to blunt
differences which precisely form the main interest of measuring the QT interval
dynamicity. QT duration in itself is no more informative than QTc, because it can be
either longer or shorter in at-risk patients compared to controls, just depending on the rate
at which it is measured. Rather, what probably is of crucial importance are changes of QT
according to heart rate variations, and their potential absence of homogeneity in a diseased myocardium. When the RR interval is long, that is, at slower rates, the QT interval
is longer in groups at risk compared to normals, but it becomes shorter when the heart rate
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Fig. 9. Consequences of the behavior of QT dynamicity. The steeper slope QT/RR relationship in
patients at risk compared to controls explains why QT values may look shorter, longer, or not
different, depending on the heart rate at which they were measured. In the example of the figure,
QT intervals are equal at a 900 ms cycle length. What really matters in fact is that any sudden heart
rate acceleration or slowing may make significantly different the QT values in the diseased group.

accelerates, so that discrepancies may appear in the conduction properties and refractory
periods of neighboring myocardial cells, thus setting the stage for arrhythmias. The more
sudden the heart rate changes, the more marked the discordance in the adaptation, and one
notes the striking similarity between the QT changes observed in Fig. 6 and the occurrence of torsade de pointes and ventricular fibrillation in Fig. 10. In both cases the stress
is provoked by a telephone call delivered at night, and the same time interval of about 10
to 15 s intervenes between the starting point of the sinus acceleration and the maximal
QT changes (Fig. 6) or the onset of arrhythmias (Fig. 10). Finally, the curious relationships we observe between QT adaptation, QT dynamicity, and the onset of arrhythmias
seems also to extend to the acquired forms of the long QT syndrome the torsades de
pointes of which are apparently triggered by a short-term sympathetic stimulation (Fig.
11) (76).
The congenital Long QT Syndrome (LQTS) is the prototype of a clinical entity associated with an abnormal repolarization but with a preserved myocardial function. The
controversy regarding the “sympathetic imbalance” hypothesis as the basic abnormality
was ended by the identification of the genes encoding ion channels involved in the genesis
of ventricular repolarization. Mutations on those genes produce either gain or loss of the
cellular function and explain the prolongation or the abnormalities of the QT interval in
LQTS (77). Still, the well-known deleterious effects of sympathetic influences reported
for more than 40 yr have been highlighted by a recent report on 670 symptomatic
genotyped LQTS patients. Lethal arrhythmias occur under specific circumstances in a
gene-specific manner and sympathetic stimulation (Fig. 11) is the trigger for the vast
majority of LQT1 patients with an impaired slow component of the delayed rectifier
potassium current Iks, in contrast with LQT2 or LQT3. The facilitation of arrhythmias
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Fig. 10. Arrhythmogenic effect of stress in a patient with the long QT syndrome. Two telephone
calls are delivered at night to a patient with the long QT syndrome and a history of syncope. In both
cases the strong neurogenic sympathetic stimulation is immediately heralded by the sinus acceleration, and a lagtime of 10–15 s is necessary for the venticular arrhythmia to fire in the form of
a run of premature beats (“TdP1”) or a ventricular fibrillation necessitating a resuscitation (TdP2).
This delay of 10–15 s between the sympathetic stimulation and the tachyarrhythmia recalls the
time course of the paradoxical QT lengthening in Fig. 5.

by adrenergic influences have obvious implications for therapy but also for phenotypic
characterization. The spectrum of QT interval duration is large even in a genetically
homogenous population with a mutation on Iks.
QT dynamicity as a potential diagnostic index has been used in many studies. Swan
et al. showed that the difference in QT intervals between LQT1 patients and healthy
subjects was more pronounced after physical effort, which is a way to express an increased
dynamicity, based on a nonselective approach (78). This is also our experience with
Holter. For instance, in a homogeneous database of 68 LQT1 carriers and 54 nonaffected
family members (unpublished data) we found that the QT/RR slopes were significantly
increased at night but only moderately impaired during the day (Fig. 12). There is a
reverse circadian pattern of QT dynamicity. The increased nocturnal QT/RR ratio reflects
the basically altered rate-dependence of the myocardial cells that probably is the marker
of the channelopathy. But there is also a reversed pattern of diurnal slopes in affected
patients, this characteristic being more marked in symptomatic than in asymptomatic
carriers (though not reaching a statistical significance). The role of the autonomic nervous system in the long QT probably is the modulation of the cardiac ion channel impairment (79). The phenotypic expression among carriers of the same mutation is quite
variable so the question about the role of a modifier gene is raised. Preliminary data
showed that heart rate variability, a marker of autonomic nervous system activity is under
genetic control (80). It suggests than an interaction between electrical abnormalties owing
to mutations on genes coding repolarization channels and genetic variability in the
autonomic nervous system may be important. For the clinician, a clear difference should
be made in the modalities of adrenergic stimulation. Adrenergic stimulation because of
stress or emotion is much more deleterious than exercise or catecholamine infusion, with
the noticeable exception of the catecholaminergic ventricular tachyarrhythmias (81). The
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Fig. 11. Acquired long QT syndrome and the role of sympathetic stimulation. A total of 105 attacks
of torsades de pointes were collected in the Holter recordings of 12 patients with an acquired long
QT syndrome. They were studied in terms of cycle length over the 10 cycles preceding the
arrhythmia onset, and mean cycle length over the preceding 10 min. The role of pauses and longshort phenomena as triggers of torsades de pointes is expressed by the more and more marked
alternating pattern of the cardiac cycles. In particular, the short cycle “minus 2” always corresponds to a ventricular premature beat (solid circle), whereas cycle “minus 1” represents the postextrasystolic pause (open cycle) that precedes the torsade de pointes (solid circles). A trend of
increasing heart rate already detectable during the last minute preceding the arrhythmia onset is
clearly visible during the 10 last cycles, thus suggesting the favoring role of a sympathetic stimulation, with a 10–20 s time course recalling that observed in Figs. 5 and 10.

reason probably is that stimulation via sympathetic nerves is much more sudden and
unequally distributed within the myocardial fibers thus favoring the inhomogeneity of
electrophysiological effects, an essential arrhythmogenic factor. This applies to the long
QT syndrome, and the example of Fig. 13 is in this regard quite rare because this patient
with a Jervell and Lange-Nielsen form of the syndrome reacted immediately to isoprenaline infusion by developing electrical alternans and torsades de pointes.

QT Dynamicity and Drugs
Many studies have shown that the action potential prolongation observed with class
III antiarrhythmic agents is more pronounced at slow heart rates. This effect is referred
to as reverse frequency-dependence. It is an important issue for the clinical use of class
III drugs, for both efficacy and safety view points (82–83). Amiodarone forms an exception in terms of efficacy as well as rarity of torsades de pointes. Hondeghem (84) recently
suggested that triangulation of the action potential was essential to discern arrhythmogenic drugs. This tends to confirm that simply looking at QT duration is a rustic
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Fig. 12. Particular behavior of QT dynamicity in the congenital LQT1 syndrome. The circadian
behavior of QT dynamicity was evaluated from Holter recordings in genotyped families with
LQT1 syndrome, and the comparison was made between noncarriers on the one hand, and asymptomatic and symptomatic carriers on the other hand. The normal contrast between a steeper QT/
RR ratio at daytime is present in noncarrier individuals, it tends to reverse in asymptomatic
carriers, and the reversion is even more apparent in symptomatic patients. The overlap between
the various populations suggests that this marker is not the only cause in the determinism of
arrhythmias.

approach compared to what should be done, i.e., looking at morphological changes of
ventricular repolarization.
Kadish et al. (85) examined the QT variability and specifically the rate-dependence of
the QT interval in patients with torsade de pointes while taking class IA antiarrhythmic
agents. These patients were compared to control sex-matched patients receiving type IA
antiarrhythmic agents. The QT shortening at exercise tended to be greater in the control
patients when compared to the torsade group although a similar decrease in cycle length
was observed in both groups. Thus, the QTc interval is paradoxically prolonged at high
rates in patients with a proarrhythmic effect. The authors concluded that exercise testing
may be a useful noninvasive screening test to predict which patients are at risk of developing torsade de pointes under type IA drug therapy. A few years later, Buckingham et
al. (86) confirmed these results using 24-h ambulatory ECG. In this study, it was specifically hypothesized that extremes of heart rates observed during Holter recordings could
reflect various autonomic tone activities. Mean QTc at lower heart rates were comparable
between patients and controls (413 ± 100 ms vs 420 ± 72 ms, NS). At maximal heart rates,
the QTc rose up to 555 ± 22 ms in patients and up to 439 ± 11 ms in controls (p = 0.001).
Then, the rise in the QTc length from minimal to maximal heart rate during ambulatory
ECG could identify patients with drug-induced torsade de pointes (sensitivity of 70% and
specificity of 89%), an observation that strikingly recalls that of Swan et al. (78) although
with a different approach in different patients.
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Fig. 13. Isoproterenol-induced electrical alternans and ventricular arrhythmias in a 11-yr-old
patient with a JLN syndrome. It takes only 30 s to induce electrical alternans and the first attack
of torsade de pointes a rare behavior in the congenital long QT syndrome. Note that electrical
alternans is triggered by the pause following a ventricular premature beat.

CONCLUSION: FUTURE AND LIMITATIONS OF QT DYNAMICITY
Improvement of the techniques of analysis of the ECG signal not only refined the
investigation of the QT interval but in fact completely renewed the way we can investigate ventricular repolarization. The morphology of QT still remains difficult to evaluate
and interpret. We are well equipped to study QT dynamicity and we have to learn how
to use this tool correctly which in fact covers two important phenomena: The ratedependence of ventricular repolarization, and the modulation of this rate-dependence by
the autonomic nervous system.
We should be conscious of how much our tools are still imperfect. Measuring the QT
interval means looking at the repolarization duration of this particular group of cells that
repolarizes last, either because their action potential lasted longer or because it started
later than in any other region of the ventricular myocardium, or both. In fact, ideally we
should consider repolarization in a global way, and for the moment we can just use the
apex and the end of the T wave as fiducial points. This is already sufficient, however, to
realize that they do not follow the same rules. Clearly, important progress will come from
taking into account the ST-T wave morphology and its variations. When looking at the
phenomenon of T wave alternans, we are just at the beginning of this process.
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INTRODUCTION
The heart beat results from a tightly controlled flow of ions of several species through
specialized channels in the cell membrane, within the myoplasm, through the gap junctions that connect the cells, and through the extracellular space. Impulse propagation is
importantly affected by the structure of the cell membrane, the distribution of gap junctions, and the characteristics of the extracellular space as well as by neurohumoral influences and other feedback mechanisms. The objectives of this chapter are several.
At the urging of the editors, we will revisit the Paradox which for complicated reasons
I claimed as my own in 1990. The seeming Paradox is that the multiplicities, discontinuities, dynamic interactions, and other complexities that exist in and among the determinants of cardiac excitability should result in unpredictably complex behavior, yet,
electrophysiologic events usually are coordinated sufficiently to produce predictable
outcomes. In other words, there is order in this seeming chaos. Resolution of the paradox
resides in the self-organization of the electrophysiologic universe which moves as a
system in response to normal, pathophysiologic and pharmacologic influences. The
reproducibility of the change or changes in the system and the movement of the
electrophysiologic universe as a system results, therefore, in predictability of the type of
change expected. The change in electrophysiologic matrices as a system has a number of
important clinical implications concerning arrhythmogenesis, antiarrhythmic drug
effects, and proarrhythmia. The movement as a system also provides a fresh look at
From: Contemporary Cardiology: Cardiac Repolarization: Bridging Basic and Clinical Science
Edited by: I. Gussak et al. © Humana Press Inc., Totowa, NJ
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predominant drug actions and the resulting empirical usefulness of scientifically shaky
clinical classifications of antiarrhythmic agents. Finally, the change as a system also
explains in large part the seeming empirical usefulness of very simplified electrocardiographic measurements during electrical diastole that are being used to assess ischemia
and stratify patient risk.
In this chapter, we will consider first the concept of cardiac excitability as a dynamic
system that depends on the individual and sequential regenerative depolarization of cells
and communication between cells to cause the normal, orderly propagation of electrical
impulses throughout the heart which, in turn, elicits the coordinated mechanical contraction required for an efficient cardiac output. This concept has been considered recently
in great detail (1). Second, given the theme of this book, more emphasis will be placed
on repolarization as an important determinant of normal and abnormal cardiac excitability. Finally, we will revisit the electrocardiographic manifestations of repolarization,
focussing on the genesis of changes in the TQ-ST segment, the QT interval, and other
measurements made during electrical diastole in the context of our proposed electrophysiologic universe.

ELECTROPHYSIOLOGIC EQUILIBRIA AND THE MATRICAL
CONCEPT OF CARDIAC EXCITABILITY
Passive and Active Cellular Properties
The electrophysiologic universe is very complex and consists of sources that provide
current flow of various types, several ionic channels with differing properties and selectivities that allow the appropriate currents to flow that are necessary for depolarization
and repolarization, sinks into which the current flow, linkages between cells that include
another type of specialized channels called gap junctions, nonconductive tissues between
cells that facilitate impulse propagation in one direction over another, and energy-requiring pumps that maintain the electrochemical gradients necessary for the electrical events.
It is useful, although not strictly accurate, to consider cellular properties as being either
passive or active. Conceptually, passive properties can be considered the sink into which
currents flow, whereas active properties can be considered the source for the current.
Passive properties are more or less constant and are characterized by a response proportional to the stimulus. Few properties, however, are truly passive. Ionic activities
within and outside the cell as well as membrane capacitance are usually considered
passive properties, but the ionic activities are dynamic and depend on energy-requiring
pumps whereas the membrane capacitance can be influenced by insertions into the cell
membrane including metabolites of ischemia and drugs. The flow of ionic currents and
molecules from cell to cell is regulated by a longitudinal resistances that are also generally considered passive. The gap junctions control most of the conductance between cells
and, like other channels, open and close in response to stimuli, but sufficiently slowly to
render their effects constant. The effects of passive properties are often approximately
linear for small stimuli, and, therefore, can be described by Ohm’s Law (V = IR = I/G
where V is voltage, I is current, R is resistance and G is conductance, the reciprocal of
resistance). The relationship between current and resistance becomes nonlinear for larger
stimuli in the range of transmembrane potentials between the resting or maximal diastolic
potential and threshold.
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Active properties are nonlinear and, further, have a response out of proportion to the
stimulus. The changes in ionic conductances which are dependent on the transmembrane
voltage, Vm, and on time and are responsible for the depolarization and repolarization of
the action potential are considered active properties. Subthreshold responses in Vm to
steps in intracellular current injection, as mentioned, are nonlinear, but are continuous
until the threshold is attained when there is a sudden explosive, discontinuous response
to a stimulus of the same magnitude.
It is beyond the scope of this chapter to consider in detail, the currents responsible for
regenerative depolarization and repolarization. A brief summary, however, is in order to
prepare a background for the discussion of this chapter. The phase or regenerative depolarization (phase 0) is determined mainly by the properties of the inward sodium current,
iNa, and to a lesser extent by Ca2+ currents in the so-called fast response tissues which
include the atria, the cells of Purkinje fibers, ventricles and accessory bypass tracts. In the
so-called slow response tissues of the sinoatrial (SA) and atrioventricular (AV) nodes, the
kinetically fast iNa is not evident. This is so either because Vm rests at around –60 mV, at
which potential iNa is completely inactivated and therefore eliminated functionally, or
because fast Na+ channels are simply not expressed. Instead, phase 0 depolarization is
dominantly owing a current called iCa, carried by a Ca2+ channel (L-type) which can be
blocked by phenylalkylamines (e.g., verapamil) and by dihydropyridines (e.g.,
nifedipine). This current is sometimes called the “slow inward” current, isi. Fast response
tissues can behave like slow response tissues, if they are depolarized by injury, or treated
with drugs modifying the kinetics and states of the fast Na+ channel. In these cases,
standing Na+ channel inactivation without recovery occurs. Action potentials developed
by fast tissues in these states depend on iCa.
The plateau phase and repolarization of the action potential is a complex process, and
this process is considered in detail in other chapters. An initial rapid repolarization is seen
in fast response tissues, which may inscribe a notch (phase 1), and results from the rapid
early decay of the Na+ current combined with activation of transient outward currents
carried by a voltage activated transient outward K+ current, a calcium activated transient
outward Cl– current, and electrogenic Na-Ca exchange. Membrane resistance is relatively high during the plateau phase (phase 2) during which slowly decaying late residual
depolarizing inward currents through Na+ and Ca2+ channels are balanced against voltage- and time-dependent activating repolarizing outward K+ currents carried by the slow
and rapidly activating delayed rectifier K+ channels. Rapid repolarization occurs during
phase 3 when the balance of the repolarizing currents gain the upper hand and the inward
rectifier K+ channels provide a final assist to repolarize the membrane. Repolarization in
the slow response tissues also reflects a balance between inward depolarizing and outward repolarizing currents. Some characteristics of the so-called fast and slow response
tissues are listed in Table 1. Currents important to depolarization and repolarization in
fast response tissues are diagrammatically shown in Panel A of Fig. 1.

The Electrophysiologic Matrix During Repolarization
A premise that we will return to later in this chapter is that electrophysiologic events
can be discussed in terms of there being a matrix of interacting cellular electrophysiologic
properties that determines normal cardiac excitability. This normal matrix represents a
stable dynamic electrophysiologic equilibrium that is maintained by homeostatic feed-
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Table 1
Selected Electrophysiologic Characteristics of So-Called Fast and Slow Response Tissues
Properties
Geographic Location

Normal resting
potential (V )
r
Subthreshold conductance
Current responsible for
phase 0 (rapid
depolarization)
Phase 0 channel kinetics
activation and if
inactivation
Maximal rate of rise of
phase. 0 (dV/dt )
max
or (V )
max
Peak overshoot (V )
os
Action potential amplitude
Properties importantly
dependent on the interaction between active
and passive properties
“Threshold” voltage (V )
th
Conduction
Safety factor
Refractoriness and
reactivation
Relationship of rate to:
Action potential duration
Refractory period duration
Threshold
Conduction velocity
Characteristics conducive
to reentry
Automaticity
Automaticity depressed by
physiologic increases in
[K+]
o

Fast Response Tissues

Slow Response Tissues

Atrial tissues; Purkinje
fibers of the infranodal
specialized conduction system;
ventriclular myocardium;
AV bypass tracts (accessory
pathways)

SA and AV nodes; perhaps valves
and coronary sinus. Depolarized
“fast” response tissues in which
sodium channels are inactivated
and phase 0 depends on calcium
current.

–80 to –95 mV
Primarily components of potassium
conductance, particularly g
K1
Kinetically rapid transient
inward sodium current (i )

–40 to –65 mV
Probably a component of gK

Na

Rapid and transient.

Predominantly i through L-type
Ca
channel (can be a mixed current
+
with Na ) often called “slow
inward current” (i )
si
Slow, and the activation is
multistep

300–1000 V/sec

1–50 V/sec

+20 to +40 mV
90 to 135 mV

–5 to +20 mV
30 to 70 mV

–60 to –75 mV
Rapid. 0.5 to 5 m/sec
High source over sink
Partial reactivation during phase
3 with complete reactivation in
normal tissue 10 to 50 ms after
return to normal V

–40 to –60 mV
Slow. 0.01 to 0.1 m/sec
Low source over sink
Partial and complete reactivation
returns after attainment of V
r
(> 100 ms)

Marked change
Steep curve
Independent
Independent
Only with inactivation of sodium
system with marked slowing of
conduction velocity
Yes. Depends on changing balance
between inward currents and an
increasing outward i
K
Yes

Slight change
“Flat” curve
Varies directly with frequency
Decays with frequency
Present even in normally i tissues
Ca
(SA and AV nodes)

r

Yes
No to slightly
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Fig. 1. The action potential, underlying currents and the repolarization matrices. (A) The left panel
schematically illustrates the action potential and the contributing currents in cardiac myocytes.
The approximate time courses of the currents associated with channels and pumps are quantitatively indicated, but no effort is made to compare the magnitude of one current with another. The
inward depolarizing currents are shown in the upper portion of the panel and include the kinetically
rapid inward sodium current (INa) that is responsible for phase 0, the L- and T- type calcium
currents (ICa-L, ICa-T, respectively), a nonspecific inward current (INS and a current resulting from
sodium-calcium exchange (INa/Ca). The outward repolarizing currents are shown in the lower
portion of the panel and include the inwardly rectifying K+ current (IK1), the delayed rectifier
current (IK), and the voltage-dependent transient outward current (Ito). The heavy bars associated
with the chloride, pump, and I K(ATP) vary with pathophysiologic conditions and so are represented
by a constant magnitude. This panel was adapted from The Sicilian Gambit I (23). (B) The right
panel is a simplified matrix of conductances important in repolarization during phase 4 (the resting
potential), phase 2 (slow repolarization) and phase 3 (rapid repolarization). The conductances
important to maintaining the resting potential, mainly gK1, are contained in the term grp; gNa is the
conductance responsible for the flow of INa; gin is the lumped conductance of the several inward
depolarizing currents important in maintaining the plateau that are shown in the upper portion of
the left panel; and gout is the lumped conductances of the several outward repolarizing currents that
return the membrane potential back to phase 4. Bonds connecting the elements indicate interactions and mutual dependencies. The square indicates the normal situation during phase 4. A shift
of the element towards the center of the rectangle represents a decrease and a shift outwards an
increase in the quantity.
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back mechanisms. The matrix is impossibly complex since it represents a multidimensional model of all the active and passive properties that determine cardiac excitability
and impulse propagation. But, the matrices can be simplified to illustrate specific points.
In this section of the chapter, we will develop a simple matrix that represents the
electrophysiologic universe during repolarization.
Panel B in Fig. 1 is a simplified matrix of conductances important in repolarization
during phase 4 (the resting potential), phase 2 (slow repolarization) and phase 3 (rapid
repolarization). During phase 4, four lumped conductances, each represented by a circle,
are positioned at each corner of a square. The square represents the normal lumped
conductance at the resting potential, Vr, during phase 4. Bonds connecting the elements
indicate interactions and mutual interdependencies.
The conductances important to maintaining the resting potential, mainly gK1, are contained in the term grp. The channel conductance responsible for the flow of INa is gNa. As
has been discussed, several conductances are responsible for the inward depolarizing
currents that contribute to the maintenance of the plateau and are depicted in the upper
portion of Panel A, and in this illustration we have lumped these several conductances
into the term gin. Similarly, gout represents the lumped conductances of the several outward repolarizing currents shown in the lower portion of Panel A that strive to bring the
membrane potential back to phase 4. A shift of the element toward the center of the
rectangle represents a decrease and a shift outward an increase in the quantity.
In phase 4, the lumped conductances are in balance and are maintained by normal
homeostatic mechanisms. During phase 0 (not shown), gNa becomes maximal and sodium
current rushes into the cell. Vm rapidly becomes less negative and finally positive as the
equilibrium potential for sodium is approached. The sodium channel rapidly closes and
refractory, which is the basis for the absolute refractory period.
During phase 2 repolarization that constitutes the plateau of the action potential, the
sodium channel is inactivated and gNa is virtually zero, thereby preventing any flow of
sodium current into the cell. As shown in the diagram, this can be depicted by moving gNa
to nearly the center of the square. The conductances that determine the resting potential
decrease, but not relatively as much as the sodium conductance, so grp is moved only a
small distance inside the rectangle. The inward depolarizing currents responsible for
maintaining the plateau increase as compared to the situation in phase 4, and this is
depicted by moving gin outside the square. The repolarizing outward currents also begin
to increase, but since the depolarizing inward currents outbalance the outward repolarizing currents, gout is moved outside the rectangle, but less than gin.
During phase 3, gNa is beginning to move back to its normal diastolic position. At some
time during phase 3, the sodium channels are sufficiently reactivated that a stimulus can
elicit an action potential, but usually it is a somewhat attenuated action potential. This is
the basis for the relative refractory period. Full recovery of the sodium channel usually
does occur shortly before the return to phase 4. During phase 3, the inward repolarizing
currents that have maintained the plateau and the currents responsible for the normal
resting potential have returned to their normal values, and this is depicted by gin and grp
returning to their positions at the corner of the square. Some components of gin, such as
the conductance of the inward calcium current may not fully reactivate until well into
phase 4 since there may be a time- as well as a voltage-dependent component to reactivation. On full repolarization, the situation once again becomes that of phase 4.
Matrices of greater or lesser complexity can be created. The “normal” phase 4 matrix
shown in panel B of Fig. 2 has six components, but it could have many more since each
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Fig. 2. Bifurcations and assisted bifurcations. At point A, the system is in a steady-state with the
equilibrium maintained by feedback mechanisms. The “normal” matrix at point A contains more
elements than the four-component “normal” phase 4 matrix in Fig. 1 and contains active and
passive cellular electrophysiologic properties which determine cardiac excitability. The elements
include resting potential (Vr), threshold voltage (Vth), sodium conductance (gNa), membrane resistance (Rm), length constant (λ), and liminal length (LL). Each element in turn depends on a set of
more basic processes. The bonds connecting the elements indicate interactions and mutual dependencies. A normal state is indicated by the regular hexagonal shape. When quantities represented
in the matrix change, the matrix changes shape; when a quantity decreases, the corresponding
element shifts toward the center of the hexagon; when the quantity increases, the corresponding
element shifts away from the center. One or more controlling parameters drives the system from
left to right. At point B, the system becomes unstable and moves to a new equilibrium at either
points C or D. The value of one or more parameters along the x-axis will assist the bifurcation to
either point C or D (pathways a and b, respectively). Quinidine (Q) is applied at time = 0. See text
for discussion. From Arnsdorf (17).

lumped conductance contains several individual conductances which, in turn, contain a
number of other determinants. The “normal” matrix at point A in Fig. 2 represents the
same situation as shown in Fig. 1B during phase 4, but additional elements are included
in this depiction. The elements include resting potential, Vr, which is the end result of the
lump conductances grp. It also includes some passive cellular properties and some properties that depend both on passive and active properties. The plasma membrane is a thin,

358

The Electrophysiologic Matrix

phospholipid bilayer that separates aqueous phases inside and outside the cells. They can
store charge as an electrical capacitor and can act as an insulator to limit the leakage of
ions into and out of the cell. The resistance of the insulation, a passive property, is called
the membrane resistance, Rm, and is expressed as ohms. Current flow within the cell
affects neighboring cells, and the distance over which current influences the neighboring
cells is called the length constant, λ, and is described in millimeters. As will be described
later, λ is a function of the leakiness of the membrane, the resistance within the cell and
between cells across gap junctions, and the extracellular resistance.
The excitable cell must be depolarized beyond a certain voltage to permit regenerative
production of an action potential, and this has been called the threshold voltage, Vth.
Fozzard and Schoenberg (2) applied the concept of liminal length to excitability in
cardiac tissues. The liminal length (LL) is that amount of tissue that must be raised above
threshold to overcome the effects of the outward repolarizing current from neighboring
tissues in order for a regenerative action potential to occur. The liminal length depends
on a number of factors and is directly proportional to the charge threshold and inversely
proportional to radius, capacitance, length constant, and the threshold potential (for
greater detail, see our recent discussion, 1).
Each element in turn depends on a set of more basic processes that can be included in
or omitted depending on the focus of the discussion or of an experiment. As was true in
Fig. 1, the bonds connecting the elements indicate interactions and mutual dependencies.
In this more complex model, a normal state is indicated by the regular hexagonal shape.
When quantities represented in the matrix change, the matrix changes shape; when a
quantity decreases, the corresponding element shifts toward the center of the hexagon;
when the quantity increases, the corresponding element shifts away from the center.

Matrices and Systems: Depiction of Nonlinear and Discontinuous Events
As already discussed, sometimes electrophysiologic events can be approximately
linear, but are more commonly nonlinear. They can be continuous or discontinuous. The
nonlinear nature of a system is frequently evident, as, for example, in the regenerative
depolarization of the action potential during phase 0. Nonlinear and discontinuous events
are quite common in response to stimuli and may demonstrate, for example, bifurcations,
bistability, and hysteresis.
BIFURCATIONS AND ASSISTED BIFURCATIONS
In bifurcations, the character of the response evolves in time, or as a parameter is
changed, in a specific sequence. In our experimental work, we frequently have seen an
electrophysiologic matrix that is maintained in a dynamic equilibrium by complex feedback systems give way, often explosively, to disequilibrium, and then to self-organize
into a new equilibrium. Bifurcation diagrams are frequently used to depict such events
(see, for example, 3). Consider the bifurcation diagram in Fig. 2. At point A, the system
is in a dynamic equilibrium. Beginning at point A, some condition changes and carries
the system along the y-axis until point B is reached. Between points A and B, homeostatic
feedback mechanisms have maintained the steady-state. At point B, however, these
mechanisms fail, the system becomes unstable, and there is a transition to a new equilibrium at C or perhaps at D. Given the choice of moving from point B to points C or D, the
parameter along the x-axis assists in determining the path taken (lower case a or b); and
this is termed an assisted bifurcation.
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Figure 2 is based on some of our experiments on quinidine (4). Quinidine superfusion
of the Purkinje fiber is indicated by the arrow at Q. The system is being driven from left
to right along the y-axis. At a [K]o of 5.4 mM, quinidine produced a matrical configuration
that increased excitability in all experiments (pathway b to steady-state D in Fig. 2B).
This change resulted from a substantial increase in membrane resistance, Rm, and λ
despite a slight decrease in the marker for gNa. At a [K]o of 8 mM, quinidine could either
increase or decrease excitability depending whether the net excitability was determined
primarily by the altered passive or active properties. At a [K]o of 12 mM, quinidine
produced a matrical configuration that decreased excitability in all experiments (pathway
a to steady-state C in Fig. 2B). Given the choice of moving from point B to points C or
D, the decision is assisted by the level of [K]o.
Bifurcations, particularly those assisted by conditions, occur commonly in clinical
electrophysiology, and that this is an important principle in arrhythmogenesis and in the
actions of antiarrhythmic drugs (see 1,5–7, and original articles cited in these reviews).
We will return to this theme in several sections that follow.
BISTABILITIES
Bistable systems are characterized by a stimulus causing two or more kinds of response;
for example, a propagated response and the initiation of triggered activity. It should be
recalled that membrane resistance increases nonlinearly as a function of voltage. To
demonstrate this point and for historical interest, I have included an illustration from
Sylvio Weidmann’s classic publication in 1951 (8). Figure 3 is a photograph of a series
of oscilloscopic images which shows a number of superimposed action potentials during
which a repetitive series of small negative currents were injected intracellularly. The
intracellular pulses were injected randomly, so the superimposition of the action potentials results in a “band” of voltage deflections. Note that the band thickens during phase
2, becomes narrower during phase 3 and the beginning of phase 4. This fiber shows
automaticity in that phase 4 progressively becomes less negative, and the “band” widens
as the potential becomes less negative. Remembering that Ohm’s Law is V = IR = I/G,
where V is voltage, I is current, R is resistance, and G is conductance (the reciprocal of
resistance that indicates the ease with which current can flow), a widening of the “band”
indicates a great voltage response for the constant current input, therefore, membrane
resistance must be increasing or conversely, membrane conductance is decreasing. Subsequently, more sophisticated analysis using voltage clamping has been performed, but
the message is the same: Membrane resistance (i.e., conductance is lower is much higher)
during the plateau than it is at the resting potential, so a small intracellularly applied
current produces a larger change in potential during phase 2 than it does during phase 4.
Failed Repolarization. The repolarization process is exquisitely sensitive to small
changes in electrophysiologic properties. Membrane conductance during the plateau, as
mentioned, is low, and the depolarizing inward currents are almost equal to the repolarizing outward currents, which accounts for the gradual change in membrane potential.
From time to time, repolarization can fail to occur normally. This is shown in Fig. 4 in
which a cardiac Purkinje fiber was superfused with lysophosphatidylcholine (LPC), a
putative toxic metabolite ischemia, before and after the application of lidocaine (9).
Figure 4A shows the control action potential. As shown in Fig. 4B, LPC superfusion
resulted in the Purkinje fiber having two stable-steady states: One at a nearly normal
resting potential and the other at the plateau. A very small injection of intracellular current
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Fig. 3. Landmark recording from Sylvio Weidmann’s 1951 paper on the effect of current flow on
the membrane potential of a Purkinje fiber. The recording shows superimposed action potentials
perturbed by the intracellular injection of small intracellular currents into the fiber. The injection
was allowed to occur any time during the electrical cycle, which effectively scanned the entire
normal action potential. The magnitude of the broadening of the voltage deflections caused by the
intracellular current injection corresponds to the membrane resistance at various points during the
electrical cycle. See text for discussion. From Weidmann (8).

(18 na), could shift the preparation from the stable steady-state at the plateau to another
at the resting potentia. Lidocaine normalized the action potential and made the resting
potential more negative. With washout, the action potential duration increased progressively. Eventually, the situation characterized by two stable states recurred. The membrane potential would remain at this plateau potential indefinitely (9). Phenytoin and
propranolol also could facilitate the attainment of the repolarization “threshold” with
normalization of the action potential (10).
Failed Repolarization and Saltatory Conduction. Intuitively, one would think that
an equilibrium at the plateau voltage would stop conduction because of inactivation of
the sodium channels. This may occur, perhaps most of the time, but other things can result
at such a membrane potential. We will consider two less obvious outcomes for which
there is some basic evidence; namely, saltatory conduction which depends importantly
on membrane resistance and then oscillatory activity and action potentials that depend on
a current other than INa.
We recently have written extensively on the propagation of electrical activity through
arrays of cells with emphasis on anisotropic and discontinuous propagation of the electrical impulse (1,7). If action potentials cannot propagate through a region of tissue, the
electronic currents must have decreased to the point where the liminal length requirements are no longer being met. The converse is not true in that electrotonic conduction
through an inexcitable gap can support the propagation of action potentials. In an elegant
experiment now two decades old, Antzelevitch and Moe put a Purkinje fiber into a threecompartment bath in which the central segment of the tissue, 1.5 mm long, was rendered
inexcitable by superfusing it with a solution that had [K+]o of 15 to 20 mM (11). The
experimental arrangement in shown in Fig. 5. Mechanistically, hyperkalemia in the
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Fig. 4. Bistability as illustrated by failed repolarization that resulted in two stable quiescent
equilibria. (A) Control with a Vr of –79 mV and an action potential duration of 290 ms. (B) After
superfusion of the Purkinje fiber with lysophosphatidylcholine (LPC), one steady-state was
observed at a Vr of –73 mV and a second at the plateau potential. Intracellularly applied hyperpolarizing constant current of increasing amplitude were applied with 18 nA finally causing
attainment of the repolarization “threshold” and a return to Vr. If current was not applied, the
membrane potential would have remained at the plateau indefinitely. (C) Superimposed action
potentials. Lidocaine shortened the action potential duration to a normal value of 300 ms and
somewhat hyperpolarized the resting cell with the Vr becoming –80 mV. With washout of lidocaine,
the action potential duration progressively increased. (D) Eventually, during continued superfusion
of the fiber with LPC, the cell depolarized with Vr becoming –69 mV and the return of two stable
steady states. From Sawicki and Arnsdorf (9).

central segment depolarizes that portion of the cell, and the relationship between the
membrane potential and [K+]o is closely approximated by the Nernst equation; that is, as
[K+]o increases Vr becomes less negative in a rather linear fashion. The less negative Vr
inactivates the sodium channels, first partially, and then completely. At a [K+]o of 15 to
20 mM, the segment in the central compartment has no sodium channels available for
activation and, therefore, is inexcitable. As shown in Fig. 5, sufficient current could be
made to flow from the proximal compartment through the gap junctions in the inexcitable
segment and into the distal compartment to generate an electronically mediated depolarization which may evoke a regenerative action potential.
The more current that can flow electrotonically through the interior of the inexcitable
segment, the more likely it becomes that the liminal length requirements in the distal
segment can be met, thereby resulting in an action potential. Returning to the basic
principles of cable analysis, the length or space constant (λ) is the distance over which
Vm at the point of steady-state current application falls to about 37% of its value. λ is
directly proportional to the square root of the resistance of the membrane, rm, and is
indirectly proportional to the square root of the longitudinal or inside resistance, ri
(determined largely by gap junctional resistances between cells) and the extracellular or
outside resistances, ro; that is: λ = rm / (ri + ro ) . As mentioned, membrane resistance
is much higher at the plateau voltage than at the resting potential. λ, then, would be greater
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Fig. 5. An inexcitable gap preparation which demonstrates that electrotonic interactions can
bridge an area of inexcitable cable and excite tissue in the distal segment. The experimental
arrangement is shown in C in which the segment in the middle compartment was rendered
inexcitable by depolarization with a high [K+]o solution. The impulse is initiated in the proximal
segment P, so propagation will be from left to right (1→8). (A) The impulse propagates to the
border of the block and stops there. The recording at 3 shows a diminished action potential, but
4 is only an electronically-induced subthreshold deflection. The electrotonic axial and local circuit
current flow in the inexcitable gap was insufficient to bring the distal segment, D, to threshold. (B)
In this case, the electrotonic axial and local circuit current flow was sufficient to meet the liminal length
requirements in D to produce a propagated action potential. Adapted from Antzelevitch and Moe(11).

at the plateau voltage than at the resting potential, so the distance over which electrotonic
currents could affect neighboring cells also would be greater. This could facilitate saltatory conduction. The interested reader is referred to the classic papers by Sylvio
Weidmann on the determination of electrical constants in Purkinje fibers and ventricular
muscle (12,13) and to our recent discussion in the Appendix of a review which contains
key equations relating to individual myocardial cells, one-dimensional cable theory,
liminal length, uniformly anisotropic propagation, spatially discrete cable theories and
functional properties of gap junctions (1).
Failed Repolarization and Oscillatory Activity. Tissues that normally depend on iNa
for phase 0 depolarization have the sodium system partially or completely inactivated by
depolarization. This is the experimental basis for determining the sodium current and the
conductance of the sodium channel by voltage clamping before and after an intervention,
say, after antiarrhythmic drug. A failure of repolarization at the plateau voltage effectively inactivates the sodium system. As a result, the tissue may be quiescent as in Fig.
4B, or the tissue may develop action potentials that are dependent on inward calcium
currents. A striking example triggered sustained membrane activity following the failure
of normal repolarization is shown in Fig. 6 (14). In the control situation (Fig. 6A, B), an
electrically provoked action potential arises from a resting membrane potential of –83
mV which then triggered slow oscillatory activity that developed into nondriven sustained action potentials. The triggered activity persisted for 45 min until a hyperpolarizing intracellular current of 7 nA (downward arrow) was applied which permitted
attainment of the repolarization “threshold” and a return to the resting potential (Fig. 6B).
Lidocaine caused an almost immediate attainment of the repolarization threshold and
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Fig. 6. Bistability as illustrated by failed repolarization that resulted in two stable equilibria, one
quiescent and the other capable of triggering sustained rhythmic activity, in a Purkinje fiber injured
by stretch. (A) From a normal Vr, an electrical stimulus induced a normal iNa-dependent phase 0.
The Purkinje fiber failed to repolarize normally, and the iNa-dependent phase 0 triggered oscillatory activity at the plateau potential. The oscillatory activity increased in magnitude and resulted
in nondriven sustained action potentials. Since sodium channels would be inactivated at this
membrane potential, the oscillatory activity and subsequent sustained rhythmic activity must have
depended on iCa for the inward current. (B) The triggered sustained rhythmic activity persisted
indefinitely until terminated by a hyperpolarizing intracellular current that permitted attainment
of the repolarization “threshold” and a return to Vr. (C) Lidocaine caused an almost immediate
attainment of the repolarization threshold and a normalization of the action potential. (D–F) After the
washout of lidocaine, triggered sustained rhythmic activity rapidly reappeared. From Arnsdorf (14).

normalization of the stimulated action potential (Fig. 6C). After lidocaine was washed
out, triggered sustained rhythmic activity rapidly reappeared (Fig. 6D-F). In this situation, the restoration of the normal action potential eliminated the triggered arrhythmia.
The oscillatory activity shown in Fig. 6 consists of early afterdepolarizations,
so-called since they occur during phase 2, the plateau phase, of the action potential. The
topic of afterdepolarizations and triggered activity has been reviewed recently (15) as
well as in Chapter 8 of this book. Early afterdepolarizations have been reported following
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an increase in the depolarizing inward calcium current iCa; a decrease in the outward
repolarizing potassium current iK1, an increase in the Na/Ca exchange current; an increase
in the late sodium current; or some combination of these. It is thought that such early
afterdepolarizations are involved in the development of torsade de pointes in both congenital and acquired long QT syndrome (see 15,16).
Sustained Reentry. Rhythms that can be started or stopped by a single extrasystole
or extrastimulus can also be considered an example of bistability. This would include a
number of commonly encountered reentrant supraventricular and ventricular arrhythmias.
Given the proper matrical configuration, the normal matrix would be a normal sinus
rhythm, a timed extrastimuli would deform the matrix analagous to nudging the system
from point A to B in Fig. 2, and a critically timed extrastimulus would cause the jump from
point B to a new equilibrium, say point C, at which a sustained reentrant arrhythmia
would arise.
An example would be the common variety of atrioventricular nodal reentrant tachycardia (AVNRT), the initiation of which depends importantly on the refractoriness of the
slow and fast conduction pathways. Koch’s triangle is the setting for this arrhythmia, and
the environment consists of portions of the atrium which contain atrial tissue, relatively
slowly conducting pathways (the so-called slow and fast pathways, both of which conduct slowly) and the AV node itself. Both the fast and slow pathways empty into a final
common pathway. In this example, point A would be the situation during normal sinus
rhythm. At point A in the bifurcation diagram in Fig. 2, the normal sinus beat enters this
environment and travels down both the fast and slow pathways. The impulse traveling
down the fast pathway reaches the His bundle first and creates a refractory wake. The
impulse traveling down the slow pathway is extinguished when, in the area of the final
common pathway, it runs into the refractory wake of the impulse that had traveled down
the fast pathway. The faster pathway has a refractory period that is longer than that of the
slow pathway. As a result, a critically time premature atrial beat may enter Koch’s
triangle, find the fast pathway refractory, and preferentially conduct down the slow
pathway through the final common pathway to the bundle of His and finally the ventricles. In the event the fast pathway has recovered its excitability by the time impulse
traveling down the slow pathway reaches the distal junction of the two pathways, the
impulse may be able to conduct in a retrograde fashion up the fast pathway. The circuit
may be capable of sustaining reentry with antegrade conduction down the slow pathway
and retrograde conduction up the fast pathway resulting in the so-called slow-fast pathway type of AVNRT. The AVNRT would be a new stable equilibrium at point C.
Atrial premature beats that do not cause the jump from the fast to the slow pathway may
strike the two pathways at times of varying partial refractoriness causing some oscillation, but the homeostatic feedback mechanisms would return the system to Point A. The
jump to Point C may be very transient, as would occur in a single echo that cannot sustain
itself.
The therapy of AVNRT would be directed toward returning the system from the
equilibrium at Point C to that of point A by the use of drugs, extrastimuli, or ablation of
one of the pathways.
HYSTERESIS
In hysteresis, the response after a stimulus has reached some fixed amplitude differs,
depending on how fast and/or in what direction the stimulus had been changed previously
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in the course of reaching that amplitude. The response of a nonlinear system to a periodic
input may include harmonic and/or subharmonic frequencies, or can fall in arbitrary
ratios (N:M) of integers, with respect to the input period. Some intriguing experiments
have been performed in the tissue bath that suggest that closed-loop or feedback control
logic may use hysteresis in the logic (1,5).

CURRENT PERSPECTIVES
ON THE ELECTROPHYSIOLOGIC MATRIX
Arnsdorf’s Paradox
In 1990, as mentioned earlier, I laid claim to a Paradox. Let me quote myself:
“An intriguing, troublesome, and largely unconscious aspect of my career has been the
creation of the Paradox. The Paradox was invisible to me for most of my career, but it
recently materialized. I now seek its resolution. I dare lay claim to this Paradox for two
reasons. First, it has become personal, immediate and disturbing in that the contradiction has arisen from my own entrenched scientific prejudices which are based, in large
part, on my own experimental work . . . My own 20th Century Paradox has been perplexing and frustrating since it somehow arose from my misunderstanding of my own
science and that of others. Second, no one else seems willing to claim this Paradox, at
least recently—-so I will” (17).

The Paradox is that the multiplicities, discontinuities, dynamic interactions and other
complexities that exist in and among the determinants of cardiac excitability should give
rise to unpredictably complex behavior, yet electrophysiologic events usually are coordinated sufficiently to produce predictable outcomes. To put it another way, there must
be some order in this seeming chaos. In the 1990 article, I traced the tracks of this paradox
and found it venerable if not ancient, and the interested reader is referred to the article
since not much has changed since the 18th century or perhaps earlier (17).
The solution to the Paradox, I believe, is that the electrophysiologic matrix changes as
a system under arrhythmogenic influences and in the presence of antiarrhythmic drugs,
a mechanism that causes this complex electrophysiologic universe to act predictably.

The Underlying Premises
The current iteration of the concept of the electrophysiologic matrix has three important premises or hypotheses and a couple of corollaries.
First, there is an electrophysiologic matrix of interacting active and passive cellular
properties that determines normal cardiac excitability. This normal, stable electrophysiologic matrix represents a stable dynamic electrophysiologic equilibrium which is
maintained by homeostatic feedback mechanisms. This has already been discussed in
some detail.
Second, the normal matrix is altered by arrhythmogenic influences that affect one or
more determinants of excitability producing a change in excitability that give rise to a
proarrhythmic precursor state that may result in reentrant, automatic and triggered
arrhythmias. In this situation, the previously stable normal dynamic equilibrium may
give way under a variety of influences such as ischemia and autonomic surges, often
explosively, to disequilibrium which, in turn, followed by self-organization into a new
stable proarrhythmic or frankly arrhythmogenic equilibrium.
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Third, the normal matrix or the matrix deformed by arrhythmogenic influences interacts with antiarrhythmic drugs or other interventions forming yet another self-organized
matrix that may be antiarrhythmic, antifibrillatory or proarrhythmic. Moreover, the effects
may be several, and the predominant effect depends on the type of matrix encountered.
Fourth, the electrophysiologic matrix changes as a system under arrhythmogenic
influences, and, in the presence of antiarrhythmic drugs, a mechanism that causes this
complex electrophysiologic universe to act predictably. This is the key to the resolution
of the paradox.

Equilibrium, Disequilibrium, and Self-Organization
Consider the series of bifurcation diagrams depicted in Fig. 7 based on our work on
flecainide (18). Flecainide was of interest to use because of the proarrhythmic potential
of the drug that was demonstrated in the Cardiac Arrhythmia Suppression Trial (CAST)
(19). Point A is the normal dynamic equilibrium shown as a normal, symmetrical matrix.
At point B, flecainide is introduced into the medium, interacts with the normal matrix,
and results in a new matrix at B* which in this experiment is largely unchanged except
for a slight decrease in sodium conductance, gNa. Hyperkalemia alone ([K]o = 10 mM)
causes a number of alterations in the electrophysiologic matrix and moves the equilibrium from C to C*. Hyperkalemia is responsible for an assisted bifurcation (see subheading Bifurcations and Assisted Bifurcations) that consistently will drive the system from
point A to point C*.
The electrophysiologic matrix resulting from hyperkalemia at C* is then exposed to
flecainide, and yet another bifurcation occurs is observed to the equilibrium at D*. Further
bifurcations occur that depend on the rate of stimulation resulting in a situation at point
D** in which the liminal length requirements are not met resulting in inexcitability or are
met intermittently resulting in a 2:1 or some other response. Note the similarity between
the matrices after the “arrhythmogenic” intervention of hyperkalemia and after the application of flecainide, suggesting a narrow toxic to therapeutic ratio. The dashed lines
represent paths that might be taken were another drug used (B'), were [K+]o lowered
below 5.4 mM (C'), or were [K+]o returned from 10 mM to 5.4 mM in the presence of
flecainide (C* to B*).

CLINICAL IMPLICATIONS
The clinical implications of the hypothesis of altered excitability and the electrophysiologic matrix are many, and a detailed discussion can be found elsewhere (1). I will
touch on a few that seem particularly important to a discussion of cardiac repolarization.

Fixed and Transient Matrices
The electrophysiologic properties may be more or less fixed. Moreover, the anatomical substrate may also be fixed such as occurs with an accessory bypass tract or in the scar
of infarcted heart muscle or at the rim of a ventricular aneurysm. Recently, we have
considered in some detail the importance of integrated and fragmented wave fronts in
impulse propagation and anisotropy in the context of the electrophysiologic matrix (1).
Constant functional pathways may also be important in arrhythmogenesis such as the
“slow” and “fast” pathways involved in AVNRT. Such stable anatomical and functional
pathways are likely to be associated with recurrent, chronic arrhythmias. Such pathways,
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moreover, are more likely to result in reproducible provocation by electrophysiological
means in the clinical laboratory.
Many observations support the generalization that a decrease in cell membrane resistance, Rm, is a major change acutely after injury, whereas an increase of longitudinal
resistance, Ri, is a major late or chronic effect (1,20,21). The increased Ri is a consequence
largely of gap junctional organization, distribution, and function after injury which results
in a marked variation in conduction velocity as well as inhomogeneities in voltage distribution which may lead to late potentials and arrhythmias. So, orderly cardiac repolarization may be interrupted by abnormal conduction and repolarization during “diastole”
when the normal integrative function of gap junctions is disrupted due to ischemia and
injury. Perhaps the improved long-term outlook with open coronary arteries after myocardial infarction (the so-called “open artery hypothesis”) has to do with improved perfusion, less fibrosis and, as a result, less disruption of the gap junctions. This, in turn,
results in fewer lethal arrhythmias.
Transient or random modes of reentry or automaticity, although often associated with
an event such as acute ischemia, may have no evident histological basis, and can be
induced in anatomically normal tissue. Transient arrhythmias reflect nonstationarity in
time and/or space of the altered refractoriness or conduction velocity that allows the
initiation or maintenance of an arrhythmia. For example, fibrillation may be a random
reentry phenomenon in which excitation progresses simultaneously along multiple
wavefronts. A transient reentrant circuit may be very short and functional, or, as Allessie
puts it, the head of the circulating waving front may be “biting on its own tail of relative
refractoriness” called this smallest possible circuit where the wave length equals the
pathway length, the “leading circle” (22). This type of reentrant movement creates its
own refractory center and does not require gross anatomical obstacles. Autonomic surges,
hypoxia, drug effects, ischemic metabolites, and other determinants can cause transient
arrhythmogenic deformations of the electrophysiologic matrix.

Predominant Drug Effect
The actions of antiarrhythmic drugs are complex and have been considered in great
detail by the Task Force of the Working Group on Arrhythmias of the European Society
of Cardiology (23). The categorization proposed by the Task Force recognizes the multiple actions that drugs may have on ionic conductances and autonomic tone and is
important because it underscores the complexity. The situation is further complicated by
the fact that many of the studies were done in normal heart tissue. Clinicians, however,
have used variations of the Vaughan-Williams classification of antiarrhythmic drugs
(24,25 among others) in which broad generalizations are made regarding predominant
actions of the drugs. Class I drugs modulate sodium channels in some combination during
the resting, active and/or inactive states. These drugs slow conduction in tissues that
depend on the kinetically rapid sodium channel, but those of class IA (e.g., quinidine,
procainamide, disopyramide) prolong refractoriness, those of class IB (e.g., lidocaine,
mexilitine, phenytoin) shorten refractoriness, and those of class IC (e.g., flecainide,
encainide, propafenone) leave refractoriness relatively unaffected. These drugs, however, differ fundamentally in structure and physical properties and must affect the sodium
channel in different ways. The class II drugs are β-adrenoreceptor blockers. Class III
drugs (e.g., amiodarone, sotalol) modulate potassium channels and often have reverse
rate dependence, and class IV are calcium channel antagonists. The Vaughan-Williams
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and similar classifications put apples of different varieties into one barrel, oranges into
another, and even more exotic fruits into the remaining barrels.
And yet, these classifications are clinically useful. The reason they are useful is that
the electrophysiologic universe moves as a system. The system, as discussed earlier,
moves predictably for a given condition such as hyperkalemia or ischemia. Ischemia is
common clinically, and the classification scheme has arisen in large part from the treatment of arrhythmias based on clinical ischemia.
It follows that the predominant drug effect depends on the matrix encountered.
Ischemia predictably gives rise to the matrix at C*, so flecainide will consistently create
the matrix at D* that is antiarrhythmic or at D** that presumably is proarrhythmic. In the
presence of a normal local [K+]o, the matrical configuration at B* will obtain which may
suppress premature ventricular beats but which has less proarrhythmic potential. Ischemia
is more complicated than a simple increase in [K+]o, but a low pH, acidosis and the
accumulation of active metabolites tend also to produce changes a reproducible matrix
of some sort, likely similar to the matrix at C*.
The Cardiac Arrhythmia Suppression Trial (CAST) (19,26) strongly suggests, in my
view, bistabilities and a state-dependent duality of drug action. Enrollees in CAST had
coronary artery disease and ventricular arrhythmias that could be suppressed effectively
by flecainide and encainide. After the efficacy of suppression had been demonstrated, the
patients were randomized either to placebo or to treatment with the drug that had suppressed the ventricular arrhythmia. More individuals died in the treatment group, suggesting that encainide and flecainide had a proarrhythmic effect, and the deaths were
distributed equally through the period of drug treatment. It is interesting to speculate that
the simple suppression of premature ventricular beats may have occurred with a matrical
configuration such as that at B* which has little proarrhythmic potential. The sudden
deaths that were linearly distributed in time during the study may have occurred because
of the coincidence of ischemia with the underlying drug effect, resulting in a
proarrhythmic configuration such as at D**. Proarrhythmia can represent either bifurcating chaotic or bistable system behavior. As discussed earlier, the similarity of the
arrhythmogenic and the presumed antiarrhythmic matrices are apparent (see Fig. 7).
In summary, the Vaughan Williams and similar classifications are useful because
disease, particularly a common condition such as ischemia, causes the matrix to change
as a system. In ischemia, a rather predictable electrophysiologic matrix occurs. Because
the predominant drug effect depends on the preexisting conditions or matrix encountered,
a class I drug, for example, will have a reliable class I action under these conditions. If
the initial conditions result from some other cause, such as hypokalemia, the actions of
a class I drug may be quite different. Such a duality has been discussed above for quinidine (see Fig. 2).
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Fig. 7. Multiple bifurcations after the exposure of cardiac Purkinje fibers to flecainide. The legend
is the same as for Fig. 2B. From Arnsdorf and Sawicki (18).

THE ELECTROPHYSIOLOGIC UNIVERSE
AND THE ELECTROCARDIOGRAM: THE EXTRACELLULARLY
RECORDED POTENTIAL WITH EMPHASIS ON THE
DIASTOLIC ELECTROCARDIOGRAM
Solid Angle or Distributed Dipole Theory: General Considerations
As discussed, cardiac excitability suggests the ease with which cardiac cells undergo
individual and sequential regenerative depolarization and repolarization, the manner in
which cells communicate with each other, and the eventual propagation of the impulse.
In considering the ECG, the electrophysiologic universe is detected by a lead system and
is influenced by anatomy. All normal and abnormal recordings of extracellular potential
depend on the interrelationship between several types of current flow including that
across cell membranes, between groups of cells, and finally through the volume conductor containing an electrolyte solution that is the human thorax. The solid angle or distributed dipole theory is a useful intellectual framework to consider the implications of the
relationship between the electrophysiologic universe, the anatomy which contains it, and
the recording system that perceives the resulting electrical field.
The membrane acts as a capacitor and can be considered a dipole layer. Since the
membrane has a relatively uniform dielectric constant and thickness, the amount of
charge stored per unit of membrane surface area is proportional to the transmembrane
voltage. The cell, of course, is enclosed by the dipole layer. At rest or at times of uniform
activation such as the peak of the action potential, the dipole on one surface is balanced
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or canceled by an equal but oppositely directly dipole on the opposing surface and no
extracellularly recordable potential results. The same principle holds for an aggregate of
cells since the low resistance at the gap junctions facilitates intercellular electrotonic
communication and, in effect, causes aggregates of cells to act as a single large cell. This
situation changes when there is a difference in the transmembrane voltage (or more
accurately charge) between two areas, as, for example, during the propagation of an
action potential when resting and activated tissues are juxtaposed. The difference in Vm
creates a boundary across which are unopposed positive and negative charges. This
separation of charge creates a distributed dipole layer across the boundary composed of
an infinite number of dipoles representing infinitely small portions of the boundary. This
separation of charge is maintained by the passive and active cellular properties including
the flow of currents across the membrane, within and between cells, and in the extracellular space of the tissues. The distributed dipole layer across the boundary established by
the different transmembrane voltages is the source of current flow that is responsible for
establishing the electrical field in the thorax detected by the electrocardiograph. In the
tissue at a distance from the boundary, the dipoles on opposite sides of the cell will cancel
each other out.
The solid angle, Ω, is defined as the area of spherical surface cut off a unit sphere
inscribed about a point P by the cone formed by drawing lines from P to every point at
a boundary of interest (see Fig. 8). The boundary is a source of current flow established
by portions of the heart having different transmembrane voltages. The magnitude of the
extracellularly recorded potential (∈) is determined both by spatial and nonspatial factors. Referring to Eq. 1 and Fig. 8, the spatial determinants include the geometry of the
boundary separating areas with different it and the position of the extracellular recording
electrode relative to this boundary. Nonspatial determinants include the polarity and
magnitude of the difference in Vm across the boundary (transmembrane potential gradient, TPG) as well as tissue conductivities inside, between, and outside the cardiac cells
(Cσ or sometimes K). These relationships can be described by the following:
∈ = Sp
spatial
determinants

×

(Vm2 – Vm1) · Cσ
nonspatial
determinants

[Eq. 1]

SPATIAL DETERMINANTS
Spatial factors (Sp) are the distance between the boundary and the recording electrode
as well as the geometry of the boundary. The spatial term is quantified by the solid angle
(Ω) that includes both electrode position and a measurement of the apparent geometry of
the boundary. Referring again to Fig. 8, the Ω is determined by drawing radii from the
site of the electrode P to all points of the boundary thereby forming an irregular cone. A
unit sphere is inscribed about P. The area of the unit sphere cut off or subtended by the
cone is termed the solid angle or Ω. Remembering that a unit sphere has an area of 4π
steradians, the maximum value of the solid angle, then, is 4π steradians. Equation 1 can
be rewritten as:
∈=

Ω
4π

spatial
determinants

×

[TPG · Cσ]
nonspatial
determinants

[Eq. 2]
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Fig. 8. Diagrammatic characterization of the solid angle theory. The solid angle (Ω) is defined as
the area of spherical surface cut off a unit sphere, inscribed about the recording electrode, by a cone
formed by drawing lines from the recording electrode o every point at the boundary of interest. The
boundary is the source of current flow established by portions of the heart having different transmembrane voltages (Vm2 – Vm1). Adapted from Holland and Arnsdorf (53).

The solid angle is seen to vary directly with the radius of the boundary and inversely
with the distance (D) between the electrode and the boundary. The term proximity effect
refers to the inverse relationship between Ω and D. One of the major strengths of the solid
angle model is that it mathematically accounts for boundary geometry and electrode
position.
Let us now review our earlier discussion in terms of solid angle theory. In quiescent
or uniformly depolarized tissue, the sum of solid angles for the entire closed boundary
is zero since the electrode is faced by two oppositely and equally charged membranes that
subtend identical solid angles, that is Ω1 – Ω2 = 0. As a result, no extracellular potential
will be recorded. Only the distributed dipole layer that defines the boundary will give rise
to unopposed solid angles. In the remainder of the tissue at a distance from the boundary,
the sum of solid angles will again be zero. It is only the boundary, therefore, that is “seen”
by the extracellular electrode.
Experiments in isolated hearts or the whole animal consider primarily changes in the
spatial determinants of ∈, such as the shape or size of ischemic or infarcted tissue (27–
29). When the effect of an intervention on ischemic injury is discussed in the literature,
a frequent assumption is that the observed change in the TQ-ST segment results from an
increase or decrease in the size of the ischemic area, that is, from a change in the spatial
determinants. This, as will be discussed, may not be the case.
NONSPATIAL DETERMINANTS
The nonspatial determinants of ∈ are those that depend neither on the geometry of the
boundary nor on the position of the extracellular recording electrode. The nonspatial
factors in Eqs. 1 and 2 are TPG and Cσ. TPG is the transmembrane potential gradient, that
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is, the difference between the Vm on both sides of the boundary (Vm2 – Vm1). Cσ (or K) is
a conductivity term which considers the ease with which intercellular, intracellular, and
extracellular currents flow as a result of the distributed dipoles.
The Transmembrane Potential Gradient (TPG). Since the TPG equals the difference in Vm across the boundary Eq. 2 becomes:
∈=

Ω
× (Vm2 − Vm1 ) · Cσ
4π

[Eq. 3]

The determinants of Vm1 and Vm2 in the TPG are those active and passive cellular
properties and conductivities discussed earlier when considering the electrophysiologic
matrix. Quite clearly, the TPG is independent of the spatial determinants.
Since charge separation defines the boundary, the change in the TPG can be temporal,
configurational, or both. A temporal change results from a delay in the sequence of
activation without a significant alteration in the resting potential or the shape of the action
potential on one or both sides of the boundary. A configurational change results from an
alteration in the resting potential or the shape of the action potential on one or both sides
of the boundary. As will be discussed, both temporal and configurational changes can
affect ST segments and their mapping as well as the types of measurements involved in
QT dispersion. This is considered in more detail as part of a discussion on ischemia in
Subheading “The Transmembrane Potential Gradient, TPG” and in Fig. 12 below.
A critically important point is that the TPG can be eliminated by making Vm identical
on both sides of the boundary. The TPG, then, becomes zero as does ∈ in Eq. 3 when either
or both terms change so that Vm1 minus Vm2 equals zero.
The Conductivity Term (Cσ). The magnitude of the extracellular potential is also
proportional to a conductivity term that considers the flow of ions inside, between, and
outside the cell. As described by Plonsey (30), the conductivity term, Cσ can be described
by the relationship:

 σ

S
Cσ = 1 + o ⋅  − 1 
 σi  A  

−1

[Eq. 4]

where σi and σo are the respective intracellular and extracellular conductivities; A is the
cross-sectional area of the cardiac fiber; and S is the area of the fiber plus its associated
interstitial space. The conductivity term certainly changes in disease states. For example,
the interventions that cause cellular uncoupling at the gap junction would influence Cσ
and decrease ∈.
Combining Eqs. 3 and 4 allows us to appreciate the number of variables that need be
considered when attempting to correlate electrocardiographic changes with physiological, pharmacologic, and pathological alterations:
−1
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∈=
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⋅
−1 
4π
 σi  A  

[Eq. 5]

Each of the terms in Eq. 5, moreover, has itself several determinants. The amount of
information included in the extracellularly recorded signal is immense and it has been a
challenge to control these variables experimentally.
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Application of the Solid Angle Theory to Ischemia, Injury, and Infarction
BACKGROUND
A decrease or interruption in the blood supply to the myocardium produces varying
degrees of tissue damage. Traditionally, an area of tissue necrosis has been depicted as
being surrounded by an area of “injury” and both these zones by yet another area of
“ischemia.” Many textbooks suggest that the zone of infarction is responsible for changes
in the QRS morphology; the zone of “injury” in the ST segment change; and the zone of
“ischemia” in T wave changes. The implication is that the myocardial damage is greatest
in the zone of infarction; serious in the zone of “injury” where “leaky” membranes cause
diastolic and systolic current flow; and least serious in the zone of “ischemia” where
primarily alterations in repolarization occur. In this view, necrosis is irreversible, but
both “injury” and “ischemia” are potentially reversible although both may proceed to
tissue death. There is much interest in “preserving” the “injured” and “ischemic” myocardium from death and electrocardiographic measures have been suggested as indices
of tissue “ischemia” and “injury.”
Much of this is superstition based on the traditional literature. Anatomically, tissue
death can be defined with reasonable accuracy although problems arise in the several
hours immediately after infarction. Various states of irreversible injury cannot be clearly
differentiated from each other, although ultrastructural studies may eventually permit
such distinctions. Electrophysiologically, all the electrocardiographic deflections result
from the normal or abnormal flow of currents during systole and diastole. Depolarization
and repolarization are interdependent, and so are their electrocardiographic manifestations. Although it is attractive to relate three areas of supposedly differing degrees of cell
damage to three different components of the electrocardiogram, little ultrastructural and
electrophysiologic support can be mustered for such a separation. Ischemia is the actual
deficiency of the blood supply to the myocardium with its resultant effects on pH, [K+]o,
the buildup of ischemic metabolites, and the like. As such, it undoubtedly produces a
spectrum of cellular damage, electrophysiologic change, and ultimately, electrocardiographic manifestations involving the QRS complex, the ST segment, the T wave, and,
from time to time, other components of the electrocardiogram.
The current of injury was first described by Englemann in the 1870s (31,32) and
associated with myocardial infarction in dogs by Fred Smith in 1918 (33) and in man by
H.E.B. Pardee in 1920 (34). Controversy still exists as to mechanisms involved and
whether the electric events responsible for ST segment (or more properly, TQ-ST segment since as will be discussed diastole is involved) changes occur primarily in systole
of diastole. Samson and Scher in 1960 presented experimental evidence that ST-segment
elevation had both systolic and diastolic components (35). Magnetocardiography indicates that in early ischemia, the deflection is primarily a diastolic event (36). Experimentally, TQ-ST segment changes occur within seconds of coronary occlusion. The evidence
that the agent producing these early changes is potassium is convincing (27,37,38). A
release of only one percent of the intracellular store would raise the extracellular K+
concentration in the local extracellular space sufficiently to produce large diastolic and
systolic electrical changes, including depolarization of the resting potential some 30
mV and shortening of the action potential duration. Smaller changes in [K+]o would still
have a profound influence on the resting potential (Vr). A less negative Vr would also
increase the inactivation of the sodium channel resulting in a less rapid maximal rate of
rise of phase 0, a lesser upstroke, and, generally, a slower conduction velocity. As a result,
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increased [K+]o would change not only the TQ-ST segment, but the QRS and T waves as
well. Many other factors common in ischemia and infarction may influence the transmembrane voltage in myocardial ischemia and infarction (39).
Electrical activity may be lost because of tissue death. On the other hand, the loss of
electrical influence may be owing to a tissue being electronically uncoupled from its
neighbors. Such uncoupling has been observed after the intracellular concentration of
calcium has been increased, in metabolic poisoning, after the tissue is exposed to high
concentration of ouabain, after the intracellular application of antibodies specific to
certain domains of the connexin protein, and other interventions (40). Uncoupling may
be reversible, so a decrease in the TQ-ST segment after infarction may be due to the
recoupling of cells or, alternatively, to further tissue death. An electrophysiologically
silent area does not necessarily imply tissue death since both reversible uncoupling and
necrosis would result in such silence.
)
THE DETERMINANTS OF TQ-ST SEGMENT (∈
TQ-ST
Ischemia, at its mildest, seems to first produce changes in the action potential duration
and in the sequence of repolarization without much change in the resting potential, Vr.
Alteration in the normal sequence of repolarization following ischemia affects the T
wave in several ways: It makes the T wave more symmetrical; it may locally delay
repolarization thereby increasing the QT duration; and it may affect the magnitude and/
or direction of the T wave. Myocardial ischemia, however, only unusually produces T
wave changes in the absence of TQ-ST segment alterations; and, as will be discussed, TQST segment changes rarely occur in the absence of changes in the QRS (R) complex. The
more general topic of myocardial ischemia, therefore, will be considered in terms of the
TQ-ST segment.
Normally, the TQ and ST segments are isoelectric. Cardiac injury may result in changes
in the TQ and ST segments, producing an extracellular potential, ∈TQ-ST. The determinants of ∈TQ-ST can be considered in terms of the distributed dipole theory, as expressed
by the equations described earlier. To restate Eq. 5 in terms of ∈TQ-ST:

∈TQ-ST =

−1
Ω
 σ

S
× (Vm2 − Vm1 ) · 1 + o ⋅  − 1 
4π
 σi  A  

[Eq. 6]

As compared to normal cardiac cells (Fig. 9, left panel), injured and ischemic cells
have a less negative Vr, a slower rate of rise of phase 0, a less positive overshoot, and a
shorter action potential duration. The transmembrane voltages, therefore, differ between
the normal and injured cells during both diastole and systole (Fig. 9, right panel). The
polarity of the distributed dipoles across the boundary, however, differs during systole
and diastole, as do both the resultant current flow (positive to negative) and the extracellular electric field. Electrodes overlying the injured area would record a negative ∈TQ-ST
(ST depression) during diastole and a positive ∈TQ-ST (ST elevation) during systole. The
capacitative coupling circuitry of most electrocardiographs makes it difficult to recognize that the TQ segment may not be at the zero potential. Nevertheless, the so-called STsegment elevation is actually a summation of a diastolic TQ depression and a systolic ST
elevation. The relative contribution of the diastolic and systolic components to the total
TQ-ST deflection has not been fully defined in different types of cardiac injury. As seen
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Fig. 9. Transmembrane events in the genesis of the TQ-ST segment deflection. Top Left: The
transmembrane voltages of normal (solid curve) and ischemic (dashed curve) tissue. Phase 0 =
initial rapid upstroke; phase 2 = plateau phase of slow repolarization; phase 3 = terminal phase of
rapid repolarization; phase 4 = diastolic or resting transmembrane potential. Bottom left: Electrocardiogram recorded by an extracellular electrode overlying the ischemic tissue. The TQ segment
is located below the isolectric line (dashed), and the ST segment is located above. Top right:
Transmembrane potential gradients existing at a boundary between normal and ischemic tissue
during electrical diastole. Bottom right: Transmembrane potential gradients existing during
midsystole. In all panels, A = diastole and B = mid systole. Arrows indicate the direction of current
flow (positive to negative) at the boundary. From Holland and Arnsdorf (53).

in Fig. 10, alterations in either the spatial (left panel) or nonspatial (right panel) determinants of the extracellular potential can produce identical changes in the TQ-ST segment.
SPATIAL DETERMINANTS
Geometry of the Boundary. Figure 11 depicts the manner in which the solid angle
is influenced by the geometry of the boundary between normal and injured tissues. As
recorded by a precordial electrode in midsystole (Fig. 11A), the boundary created by
subepicardial injury subtends a positive solid angle (white disc, Ωow where ow represents
the outside wall), and a TQ-ST segment elevation is recorded on the ECG. The boundary
created by subendocardial injury (Fig. 11B) subtends a negative solid angle (black disc,
ΩIW where iw represents the inner wall), and a TQ-ST depression is recorded. The boundary produced by transmural injury (Fig. 11C) produces both positive (Ωow) and negative
(Ωiw) solid angles at the outer and inner walls, respectively. What is eventually perceived
by the electrode is the net solid angle (ΩT), which is the difference between Ωow and Ωiw.
A wedge-shaped injury of the type shown in Fig. 11C would result in a positive ΩT and,
therefore, in a TQ-ST-segment elevation at the site of the overlying electrode. Such
wedge-shaped injury is common in transmural myocardial infarction and probably in
angina pectoris caused by spasm of large coronary arteries, such as that of Prinzmetal. If
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Fig. 10. Comparison of spatial (left) and nonspatial (right) influences on the ischemic TQ-ST
segment deflection. In the example on the left, the solid angle subtending the boundary at a
precordial position increases following an increase in ischemic area, and, so too must the TQ-ST
segment deflection. In the example on the right, the electrode location, ischemic area, and solid
angle are not changed. The potential difference between the transmembrane voltages in the normal
and ischemic regions (∆Vm) has widened and the current flow has intensified (bolder arrows). As
a result, the magnitude of the TQ-ST deflection increases. From Holland and Arnsdorf (53).

the ischemia is intramural, Ωow and Ωiw may be equal and no net ΩT subtended, resulting
in no TQ-ST segment deflection despite ischemia.
Figure 11 makes the important point that although transmural injury may involve a
greater volume of tissue (panel C) than, for example, subepicardial injury (panel A), the
differences in polarity of the subtended solid angles contributing to Ωow and Ωiw in
transmural injury may result in a total solid angle and ∈TQ-ST less than that for the smaller
epicardial injury. Other factors that may influence boundary geometry are the existence
of multiple areas of injury that require summation of their solid angles. Such summation
may either increase or decrease ∈TQ-ST depending on the polarity of the component solid
angles. Similarly, wall thickness influences the extent of a boundary and may also influence its direction. Factors of this type must be considered in any study utilizing the TQST segment as an index of myocardial ischemia.
Moreover, the solid angle increases as an electrode is moved closer to a boundary with
a fixed geometry. If the size of the injured area increases, the solid angle and ∈TQ-ST may
increase at one recording site and decrease at another. The spatial relationship between
the boundary or boundaries of interest and the site of the recording electrode determines
the magnitude of the net solid angle and the TQ-ST segment or other components of the
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Fig. 11. Magnitude and polarity of the solid angle as a function of ischemic shape. When the region
has a transmural shape (C), the resultant solid angle (ΩT) is equal to the difference in the solid angle
computed for ischemic regions localized to the outer (ΩOW) (A) and inner (ΩIW) (B) layers of the
ventricular wall. The direction of current flow (positive to negative) across the ischemic boundary
at midsystole is indicated by arrows. The polarity of the solid angle is then positive at electrode
sites overlying outer wall and transmural ischemic regions and negative at sites overlying inner
wall ischemic regions. From Holland and Arnsdorf (53).

extracellularly recorded signal. The volume of infarcted, injured, or ischemic tissue is
less important than its location, shape, and relationship to the electrode.
NONSPATIAL DETERMINANTS
The Transmembrane Potential Gradient (TPG). The TPG is the difference in the
transmembrane potential (Vm) between the normal (N) and the ischemic (I) tissue, that is:
TPG = (VmN – Vm)

[Eq. 7]

For the sake of discussion and simplification, consider a single point in diastole when
the TQ segment alteration is recorded on the ECG. In this situation, Eq. 3 can be written:
∈TQ =

Ω
4π

spatial
determinants

×

(Vm2 − Vm1 ) · Cσ

[Eq. 8]

nonspatial
determinants

where ∈TQ is the magnitude of the diastolic TQ-segment deflection.
Current flow originating at the border during diastole is dependent on the difference
in Vm between normal and injured tissues. This current flow and the TQ-segment deflection it produces may be reduced by decreasing the difference between VmN and VmI in Eq.
8. Referring to Fig. 9 (diastole), the TPG could be reduced to 0 by repolarizing the
depolarized area to equal that in the normal region, by depolarizing the normal region to
the Vm in the ischemic region, or by making the Vm in both areas identical at some other
value. A number of physiologic mechanisms have been verified experimentally (41).
Drugs could also affect the TPG. Lidocaine, for example, can “normalize” action potentials in injured tissue by making Vr more negative or by facilitating normal repolarization
(10,14,42–44; Fig. 6). The possibilities by which either term in the TPG can be altered
are numerous and must be understood by the clinician.
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The systolic ∈ST contribution to the total TQ-ST-segment change must also be considered. During phases 0 through 3 of the action potential, numerous changes occur in the
membrane conductances for sodium, calcium, chloride and the components of the potassium current. Many physiologic and pharmacological influences affect these repolarization currents.
As mentioned earlier, the change in the TPG can be temporal, configurational, or both.
A temporal change results from a delay in the sequence of activation without a significant
alteration in the resting potential or the shape of the action potential on one or both sides
of the boundary. A configurational change results from an alteration in the resting potential or the shape of the action potential on one or both sides of the boundary. This is
depicted in Fig. 12. In experiments we performed a number of years ago, a strip of guinea
pig ventricle was drawn through a hole in a latex diaphragm that separated two chambers
(Left panel, Fig. 12) (41). This arrangement rendered the spatial determinants of ∈
constant since it created a constant and definable geometric boundary between the left
and right portions of the tissue, allowed selective perfusion of each chamber, and intracellular potential recordings from each portion of the tissue. Extracellular electrodes
were placed on opposite sides of the partition allowing recording of the electrogram. A
temporal change in the TPG, in which there was an alternation in the sequence of activation without a significant change in the action potential configuration on either side of
the partition, was produced by increasing the [K]o in both chambers to 12 mM. In Fig.
12A, hyperkalemia caused a conduction delay between the left and right portions of the
preparation, but the action potential configuration remained virtually identical on both
sides (VmL and VmR). The end of the QR interval is indicated by the arrow and is determined by the portion of the fiber that repolarized last. In the next beat (Fig. 12B), the
conduction delay was less than in A, but the configurations of the action potentials
remained similar. Note that the slight difference in conduction delay in panels A and B
resulted in a different ST and T-wave morphology as well as a different QT duration. The
experimental records in C were obtained 10 s later. Note that the action potential shape
of VmR had changed with a slower rate of rise of phase 0 and a shorter action potential
duration without much change in resting potential, while VmL remained much as it had
been in panels A and B. The change in VmR imposed a significant configurational change
on the underlying temporal determinant of the TQ-ST segment. The QT interval in panel
C shortened further, and the QT duration was now determined entirely by the left half of
the tissue. Note the reversal in the T wave polarity in panel C.
Following a physiologic or pharmacologic intervention, then, the possibility that a
change in the ischemic TQ-ST segment can be reliably and exclusively attributed to a
change in the extent of the injury (the spatial factor) and not to an influence on the TPG
(a nonspatial factor) is unlikely.
The Conductivity Term (Cσ). Relatively little is known about the influence of the
conductivity term on recorded potentials. In the 1870’s, Engelmann (31,32) made a
number of interesting observations concerning the extracellularly recorded potential
following myocardial injury. He found that the current of injury rapidly decreased with
time and that cells near a cut edge rapidly became inexcitable. When hearts were cut into
small segments connected by narrow bridges of intact tissue, excitatory currents spread
to all segments, regardless of which segment was stimulated. Microscopy revealed no
neural connections, so apparently the spread was from cell to cell. The implications of
these studies were that cells are normally electrically continuous but that injury or death
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Fig. 12. (Left Panel) Diagrammatic representation of the experimental arrangement. In the upper
panel, the tissue bath is partitioned with a latex diaphragm (D). A strip of guinea pig ventricle was
drawn through an aperture in the diaphragm. Inflow and outflow ports allowed independent
changes in solution. In the lower panel, extracellular electrodes EC(–) and EC(+) were placed on
opposite sides of the partition. ICL and ICR represent microelectrodes that recorded the intracellular
potentials of the left and right portions of the ventricular strip, respectively. S is a teflon-coated
extracellular bipolar stimulating electrode. G is a very low noise battery-powered preamplifier
with a fixed gain of 100. P is a paraffin base in both panels. (Right Panel) Experimental records
of the temporal and configurational origins of the TQ-ST segment deflection with a hyperkalemiainduced conduction delay in guinea pig ventricle. Both halves of the fiber were bathed in Tyrode
solution containing [K]o of 12 mM. The arrows indicate the end of the QT intervals. A and B were
recorded on consecutive beats and C within 10 s of B. Vertical calibration bar = –20 mV and 1 mV
for the intracellular and extracellular potentials, respectively. Horizontal calibration bar = 100 ms.
See text for discussion. Adapted with permission from Holland and Arnsdorf (41).

seals that cell off from other cells leading to the dictum that “cells live together but die
singly.” Further, this “sealing-off” process affects the extracellularly recorded potential.
It is now thought that the major current interfered with in this situation is that through
the gap junction (40). Briefly, gap junctions are thought to be low resistance structures.
The connexon channels connecting the interior of two adjacent cells are really
hemichannels. The cardiac gap junctional protein, connexin-43 (Cx43) has sites on the
cytoplasmic side of the junction, on the amino terminus, the cytoplasmic loop, the carboxy
tail, and the carboxy tip that inhibit junctional conductance with changes in pH, Ca2+, and
perhaps other influences. After a cut or other injury, the cell heals-over in the region of
injury, becoming very resistive to current flow. Evidence suggests that healing-over is
owing to cellular uncoupling rather than to the formation of a new membrane.
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The uncoupling process would have the following benefits: It would prevent the high
intracellular calcium and hydrogen ions in injured cells from spreading to uninjured cells;
it would prevent the loss of ions and molecules from uninjured cells to the extracellular
space via their junction with the injured cell; and it would eliminate a low-resistance
electrical shunt between the cytoplasm of the uninjured cells and the extracellular compartment.
Referring to Eq. 7 and assuming that the spatial term remains constant, a decrease in
Cσ because of cellular uncoupling, without an associated change in action potentials on
either side of the boundary (i.e., the transmembrane potential gradient remains constant)
would result in an overall decrease in the amplitude of all ECG signals including the QRS,
TQ-ST, and the T wave, but their magnitude relative to each other would not change.
Using the experimental arrangement shown in Fig. 12, we tested this hypothesis experimentally in hypoxic ventricular muscle exposed to a metabolic poison and found a good
correlation between theoretical prediction and observation (41).
INTERRELATIONSHIPS BETWEEN ∈R, ∈TQ-ST, AND ∈T
There is a tendency to consider each deflection on the electrocardiogram as being an
isolated event. Little attention has been paid to the interrelationships between these
deflections, for example, as between the R amplitude and the ∈TQ-ST, or, more precisely,
the individual diastolic ∈TQ and systolic ∈ST contributions to the total TQ-ST deflection.
The manner in which the apparent total amplitude of the QRS may be quantitatively
influenced by ∈TQ is shown in Fig. 12. The peak T wave potential can also be influenced
by the same types of configurational and temporal components of the nonspatial determinants included in these equations. Suffice it to emphasize that any analysis of R, TQST, and T deflections as well as QT durations during a disease state such as ischemia must
consider such interrelationships (Fig. 13).

Another Form of Arnsdorf’s Paradox?: QT Dispersion, T-Wave Loop
Variables, T wave Alternans, and the Signal Averaged Electrocardiogram
Each of these issues is a topic in itself. The unifying theme, however, is that all three
are body surface analyses of events that are considered to be primarily diastolic.
The dispersion of ventricular repolarization experimentally has been found to be
associated with the development of ventricular arrhythmias. The measured QTd from the
ECG correlates with the dispersion of repolarization measured from the myocardium
(45). The QTd measured from the 12-lead surface ECG was developed by the late Ronald
W. F. Campbell’s group as a marker of the dispersion of ventricular repolarization (46),
and its simplicity and ease of measurement has held great appeal for clinicians. But even
today, the electrophysiologic basis is not well understood. Some critics have been quite
vocal, such as P.M. Rautharju, who published an article in Circulation in 1999 entitled
“QT and Dispersion of Ventricular Repolarization: The Greatest Fallacy in Electrocardiography in the 1990s” (47). On balance, however, there seems to be clinical usefulness
in this approach (48).
The calculation of various types of T-wave vector loop variables is also being looked
at in risk stratification (45). As considered in our earlier discussion of the T wave, the T
wave vector is inextricably tied into the determinants of the TQ-ST segment. Some
variables, such as the total cosine R-to-T variable mathematically reflects the difference
in the angles between the wavefronts of activation and repolarization (49) which, as
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Fig. 13. Interrelationship between TQ segment deflection and R (QRS) wave amplitude in guinea
pig ventricle. The experimental arrangement was the same as in Fig. 12. The effects of a sudden
infusion of 1.0 M KCl into the right chamber on the diastolic transmembrane potential gradient
(∆Vr), the TQ-segment (∈TQ) and components of the R wave are shown graphically (left) and by
experimental tracings (right). (A), control period. Action potentials on both side of the partition
are virtually superimposable and no TQ-ST segment deflection is seen. The arrow indicates the
peak of the R wave. (B and C), B and C were recorded at 20 and 45 s, respectively after KCl
infusion. Both Vr and ∈TQ are seen to increase. The experimental records show that the positive
portion of the R wave, ∈Rpos, as measured from the isoelectric (dashed line) to peak of R (arrow)
did not change at 20 and 45 s after KCl infusion. The total R-wave amplitude, ∈R, as measured from
the TQ-segment to the peak of the R (arrow), however, increased. As shown graphically (left), the
increase in ∈R was identical to the change in ∈TQ, which, in turn, paralleled Vr. Vertical calibration
bar = 20 mV; horizontal calibration bar = 100 ms; extracellular voltage scale in mV is left of
experimental records. From Holland and Arnsdorf (41).

discussed by Franz and Zabel (45) brings to mind the older concepts of the ventricular
gradient and the calculation of the QRST areas from body surface maps.
Electrical alternans of the ST segment and the T wave on the surface ECG has also been
used as a noninvasive approach to identifying the patient at risk for ventricular
arrhythmias, and T wave alternans is thought to reflect the dispersion and heterogeneity
of repolarization (50). Evidence has been presented in the guinea pig heart using voltagesensitive dyes to record action potentials, that discordant alternans produces spatial
gradients of repolarization of sufficient magnitude to cause unidirectional block and
reentrant ventricular fibrillation (51). Years ago, while using the model shown in Fig. 12,
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we observed 2:1 TQ-ST segment alternans owing to the development of 2:1 conduction
block between the portions of the guinea pig ventricular strips (see Fig. 14B, marked
alternans). Note also the “action potential” shape of the TQ-ST segment in complexes 1
and 3, a common clinical observation, which I believe denotes ischemia sufficiently
intense to produce a conduction delay in the ischemic tissue but insufficient to close the
gap junctions.
The signal-averaged electrocardiogram has been used to obtain information about
electrophysiologic events (52). It has fallen somewhat out of favor, and perhaps the
reason is that the signal-averaging eliminates transient diastolic events which likely are
more important than the recorded fixed potentials.
Again, the determinants of the events of repolarization reflected in these electrocardiographic measures are incredibly complex and susceptible to many possible combinations and permutations; seemingly a variant of Arnsdorf’s Paradox. I believe that the
likely empirical usefulness of these measurements may be analogous to the empirical
usefulness of traditional antiarrhythmic drug classifications which have little to commend them scientifically. The solution to that paradox was that the electrophysiologic
universe moves as a system, so, for example, given the relatively reproducible ischemic
matrix, class I antiarrhythmic drugs have a consistent effect on this matrix, and the drug
effect becomes predictable. I would suggest that noninvasive electrocardiographic indices that can assess transients, such as the measurement of ST segments, QTd, T-wave
variables, and T-wave alternans are useful because they are recording consistently reproducible shifts in the diastolic universe which occur during common disease states, particularly ischemia.

RECOMMENDATIONS FOR FUTURE RESEARCH
As I mentioned in the Introduction, the editors urged me to revisit Arnsdorf’s Paradox.
The Paradox, once again, was that the multiplicities, discontinuities, dynamic interactions and other complexities that exist in and among the determinants of cardiac excitability should result in unpredictably complex behavior, yet, electrophysiologic events
usually are coordinated sufficiently to produce predictable outcomes. In other words,
there is order in this seeming chaos. The original concern of the Paradox considered the
self-organization and ordering of electrophysiologic matrices after exposure to
arrhythmogenic influences. This was extended to the consideration of the predominant
effects of antiarrhythmic drugs. In this chapter, I have commented upon the use of electrocardiographic measures such as the TQ-ST segment, QTd, T wave loop variables, and
ST-T wave alternans as perhaps another example of the Paradox.
I believe that the resolution of the paradox, for the reasons discussed in this chapter and
elsewhere, resides in the self-organization of the electrophysiologic universe which
moves as a system in response to normal, pathophysiologic, and pharmacologic influences. This results in some reproducible change in the system and, therefore, some
predictability of the type of change expected. The movement of the system, as discussed
previously, explains predominant drug actions and the resulting empirical usefulness of
scientifically shaky clinical classifications of antiarrhythmic agents as well as the seeming empirical usefulness of hopelessly simplified electrocardiographic measurements
during electrical diastole.
Electrophysiologic research has become reductionist. Virtually no integrative work is
being done at the tissue level, and little is being conducted at the organ level to study
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Fig. 14. The effect of increasing the stimulation rate on ∈TQ-ST. The experimental arrangement was
the same as in Fig. 12. Top: With [K]L and [K]R at 4 and 12 mM, respectively, ∈TQ-ST steadily
increased with increasing stimulation rate (S1–S1). A decrease in the cycle length to 800 ms
resulted in development of 2:1 conduction block and TQ-ST segment alternans (1:1 at A; 2:1 with
alternans in at B). When both sides of the same fiber were bathed at [K]o = 4.0 mM, ∈TQ-ST
decreased slightly in magnitude (C and D). A-D taken at times indicated in top panel. (E and F)
are from another experiment in which a TQ-ST deflection developed at a short cycle length even
though both sides of the fiber were bathed at [K]o = 4.0 mM. Vertical calibration bar = 20 mV and
1 mV for intracellular and extracellular recordings, respectively. Horizontal calibration bar – 100
ms for A and C-F and 200 ms for B. From Holland and Arnsdorf (41).
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issues of cardiac excitability. In my view, since the perturbations in the matrices that form
the electrophysiologic universe determines cardiac excitability, and since these perturbations reflect the interaction of many parameters of excitability which in turn are fundamentally nonlinear, integrative research needs to be revived. I would suggest that cell-cell
communication, interventions that can either close or open gap junctions, and the relationship of such manipulations to arrhythmias, antiarrhythmic strategies, and proarrhythmias should be emphasized. I look forward to further tissue level studies on
anisotropy and discontinuous propagation. As has already been demonstrated, there is a
great deal of information in the electrocardiographically recorded signal that is of great
clinical significance. Of importance, a number of investigators who understand
nonlinearities and chaos theory are involved in investigating the clinical secrets contained in such signals.
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INTRODUCTION
Antiarrhythmic agents play an important role in the termination and suppression of
both atrial and ventricular arrhythmias as primary or adjunctive therapy. The use of
hybrid treatment, combining drugs with radiofrequency ablation or ICD implantation, is
expected to rise as the number of patients with complex arrhythmias continues to increase
(1,2). In this evolving management scenario, selection of an effective yet safe pharmacologic agent is challenging. The challenge arises from factors intrinsic to the patient,
disease condition or the drug itself. These factors primarily include variability in the
pathophysiologic substrate, diverse arrhythmia mechanisms, multiple clinical presentation with differing prognostic implications, along with variability in drug disposition and/
or response in a highly heterogeneous patient population. Moreover, the availability of
multiple therapeutic options and the narrow therapeutic index with limited ability to
determine satisfactory endpoints further emphasize the need for better understanding of
interactions between drug, end target, and disease condition.
In fact, clinical trials, such as the Cardiac Arrhythmia Suppression Trial (CAST) (3)
and the Survival With Oral D-Sotalol (SWORD) Trial (4), which demonstrated increased
mortality in patients treated with antiarrhythmic agents compared to placebo have
increased the awareness of the proarrhythmic potential of antiarrhythmic agents and
emphasized the need to better understand the mechanism of arrhythmogenesis and drug
action. Treating arrhythmias regardless of its prognostic significance or consideration of
From: Contemporary Cardiology: Cardiac Repolarization: Bridging Basic and Clinical Science
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the underlying substrate and choosing antiarrhythmic agents by trial and error are no
longer acceptable practices. Understanding the concepts related to arrhythmogenesis and
antiarrhythmic mechanisms, improved selection of patients based on risk stratification
as well as knowledge of the pharmacokinetics and pharmacodynamics of the drug in an
individual are crucial to safer and more effective therapy.
Progress has been made in all these areas. In particular, insight into arrhythmia mechanism based on the underlying macroscopic or microscopic substrate and knowledge of
the electrophysiological effect of drugs in physiologic and pathologic states have
increased our understanding of antiarrhythmic mechanisms (5,6). Available antiarrhythmic agents are rarely selective for a single target (7) and the interactions with the primary
or other targets may change with the pathophysiologic state and may thus, result in either
increased antiarrhythmic effect or worsening of proarrhythmic potential (8). Experimental models with progression of disease and changing electrical substrate have provided
insight into such dynamic nature of drug action (9). The requirement for drug dosage
adjustment to achieve therapeutic effect increases with decreased effectiveness in terminating arrhythmias, such as atrial fibrillation (10). These models have also provided
information on different effects of the same drug depending upon the underlying substrate, e.g., presence of ischemia or not (11), or tachycardia-induced vs heart failuremediated atrial myopathy (12). The underlying basis for these differences are not fully
understood, but are related to ionic and structural remodeling that occurs with persistence
of abnormal excitability (13).
Recognition of triggers and substrate as critical component of the arrhythmia and
identification of vulnerable parameters and the cellular and subcellular structures central
to the pathogenesis provides potential target(s) for antiarrhythmic development (6,7).
With the concern that conduction slowing Class I antiarrhythmics may have an excessive
proarrhythmic effect with an increase in overall mortality in patients with structural heart
disease (3), emphasis has been placed on the development of repolarization prolonging
agents (14), resulting in release of several new Class III antiarrhythmic drugs, both for
the management of supraventricular and ventricular arrhythmias (15).
Overall, recent determination of the structure of ion channels and the molecular determinants of antiarrhythmic drug action on specific ion channels, pumps, and receptors and
its modulation by disease process and other factors have opened new avenues for drug
development (16). In addition, channelopathies associated with the uncommon inherited
arrhythmic syndromes have provided further insight not only in the arrhythmogenic
mechanisms underlying the familial disorders of electrical instability, such as the long
QT or the Brugada syndrome, but also provided insight into the cellular basis for
electrophysiologic changes in the more common acquired disorders (17). Repolarization
abnormalities and altered expression of both depolarizing and repolarizing membrane
currents occur with atrial fibrillation, heart failure, cardiac hypertrophy and after myocardial infarction (9,17–21). Even though, these abnormalities have been recognized,
molecular target-based strategies for the management of these disorders or discovery of
new antiarrhythmic agents have not yet been successfully implemented. Since alteration
of repolarization appears to be a common theme in both familial and acquired diseases
associated with high risk of cardiac arrhythmias and sudden death (17), targeting K+
channels, which plays a major role in repolarization (22), may provide a basis for the
development of effective antiarrhythmic strategy (23–25). In this chapter, we will focus
on various K+ channels in the heart as potential targets for antiarrhythmic agents. Further-
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more, knowledge of an individual’s genotype as basis for tailoring therapy for the substrate for arrhythmogenesis, as well as drug metabolism affecting susceptibility of an
individual to beneficial and harmful effects of antiarrhythmic agents will be discussed.

TARGET FOR ANTIARRHYTHMIC DEVELOPMENT
Delayed Rectifier K+ Currents
The major antiarrhythmic effect of the Singh-Vaughn Williams Class III agents is
mediated through blockade of the delayed rectifier potassium channels, which normally
repolarizes the heart (Table 1) (26,27). Potassium channel blockade results in prolongation of the action potential duration and an increase in refractoriness of the atria and
ventricles, without concomitant reduction in conduction velocity. This, in turn, increases
the wavelength for reentry, which determines the number of reentry circuits during
fibrillation and the stability of the arrhythmic event (28,29). The current source-sink
relationship is also affected by the class III antiarrhythmics, especially at the “turning
points” in the circuit with high wavefront curvature, resulting in conduction slowing or
block, failure of wavefront propagation and an increased likelihood of termination of
reentry (30,31). Most of the clinically available Class III agents (dofetilide, sotalol) block
the rapidly activating delayed rectifier potassium (IKr) channel (derived from KCNH2/
KCNE2, previously known as HERG/MiRP) but other potassium channels, including the
slowly activating delayed rectified potassium (IKs) channel (derived from KCNQ1/
KCNE1, previously known as KVLQT1/MinK) are targets for drugs such as azimilide
and amiodarone (15,32,33). Since IKs contributes relatively more to repolarization than
IKr at faster heart rates (34–36), inhibition of IKr alone, with a pure IKr blocker does not
maintain the increased refractoriness at faster heart rate, thereby limiting its antiarrhythmic efficacy (35). Moreover, because of the greater prolongation of the action potential
at slower heart rates (reverse use dependence) QT interval is more prolonged with bradycardia and following pauses after ectopic beats, resulting in electrophysiological instability and risk of torsade de pointes (36,37). Therefore, blockade of IKs is in principle more
advantageous than blockade of IKr with a more homogenous and persistent prolongation
of the action potential independent of the heart rate, thus maintaining antiarrhythmic
efficacy at faster heart rate (26,38,39). An ideal class III agent would be one that prolongs
action potential duration only with increase in the heart rate (use-dependently), increasing the refractoriness more than the cycle length of the tachycardia, thus effectively
terminating the arrhythmia, acting in essence like a chemical defibrillator (40).
The structural basis for the higher susceptibility of IKr to block by diverse compounds
was recently discovered and provide further insight into “smart,” structure-based, drug
development (41–43). The binding site for drugs that prolong QT interval on the S6
transmembrane domain of the IKr channel protein has two aromatic residues (Tyr652,
Phe656) facing the inner cavity that is unique to the HERG channel and absent from other
voltage-gated K+ channels. These aromatic residues form a receptor site in the IKr channel
that can accommodate drugs, which will not interact with other channels. Furthermore,
the inner cavity of the IKr channel appears to be much larger than other voltage-gated K+
channels because of the absence of the proline residues in the S6 domains present in
almost all other voltage-gated K+ channels (44). These proline residues cause a kink in
the S6 segment with reduction in the volume of the inner cavity of the channel (44). The
larger inner cavity of the IKr channel, thus can trap and lodge larger drugs that other K+
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Table 1
+
Specificity of K Channel Blocking Drugs
I

Class IA
Quinidine
Disopyramide
Procainamide
Class IC
Flecainide
Encainide
Class III
Sotalol
Amiodarone
Bretylium
Dofetilide
Tedisamil
Azimilide

Kr

I

KS

I

K1

I

to

+
+
+

+
+
–

+
+
–

+
+

–
–

–
–

+
+
–
–
–

+
–
+
–
+

+
+
+
+
+
+

+

+

channels cannot trap (42). These findings provide a possible structural basis for the
increased sensitivity of block of IKr (and not other voltage-gated K+ channels) by medications causing acquired long QT syndrome. Further information on the structural basis
of high affinity binding may help improve our ability to predict drugs that are likely to
cause a significant risk of torsade de pointes and facilitate the design and development
of drugs devoid of enhanced IKr channel binding, and therefore reduce proarrhythmic
potential. With recent advances in understanding of the crystal structure of ion channels
it is further anticipated that more selective drugs could be developed (45,46).
Another target for antiarrhythmic therapy is the ultra rapidly activating delayed rectifier current (IKur). The Kv1.5 is the major component of the cardiac ultrarapid delayed
rectifier in human atria (47). Since, Kv1.5 is mainly expressed in the atria (Table 2),
selective blockers of IKur by prolonging refractoriness in the atrium could be useful for
the treatment of atrial arrhythmias with minimum effect on ventricular repolarization and
therefore ventricular proarrhythmia (39).
Targeting auxiliary channel subunits (KCNE1 and KCNE2) or modulating the interactions of auxiliary subunits with the pore-forming delayed rectifier subunit (KCNH2
and the KCNQ1) may also provide alternate avenues for identifying selective regulators
of ion channel function, such as modulation of gating (inactivation), expression, and/or
trafficking of the ion channel complex or binding with endogenous or exogenous ligands
(48).
In addition to the traditional pharmacological strategies, gene therapy with transfer of
genes coding for specific ion channel subunits or regulatory proteins has recently emerged
as novel antiarrhythmic approaches under investigation. Gene delivery and overexpression of K+ channels could be a strategy for prevention of arrhythmias triggered by
altered cardiac repolarization. Overexpression of voltage-gated K+ channel or KCNH2
encoded IKr in ventricular myocytes by recombinant adenovirus can reverse action
potential prolongation in the failing ventricular myocytes (49) and suppress early-after
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Table 2
+
K Channels in the Heart: Atrial vs Ventricular Selectivity
Channel

Atrium

Ventricle

HERG
Kv4.x
Kv1.5
Kv1.4
Kv2.1
KvLQT1

+++
+++
+++
+++
+++
++

+++
+++
+
+
–
++

depolarization (50). More recently, the feasibility of atrioventricular nodal modification
and slowing of ventricular rate response by locally overexpressing an inhibitory G protein (Gi) subunit gene was also shown in atrial fibrillation (51). Modification of cardiac
excitability and contractility using dual gene therapy is also being explored as a way to
exploit opposing or synergistic therapeutic principles to achieve a tailored phenotype, for
example increased myocardial contractility without increasing propensity toward
arrhythmia in failing hearts (52). Advances in molecular genetics and improvement in
techniques to deliver and control the level and distribution of gene expression in diseased
tissues (53) may open additional approaches to treat arrhythmias and develop novel
therapeutic strategies.

Transient Outward K+ Current
The major portion of the cardiac transient outward current (Ito) current is formed by
Kv4.3 channel, with Kv1.4 and Kv4.2 channels representing a minor fraction with distinct kinetics in different regions of the heart (16,54). The density of the Ito varies across
the myocardial wall and in different regions of the heart (18,55). An alteration in the
expression and distribution of Ito is observed in various pathophysiologic conditions. A
regional alteration and reduction in the Ito density occurs in patients with left ventricular
hypertrophy (56), dilated cardiomyopathy and heart failure (12,18–20), postmyocardial
infarction (21) and with atrial fibrillation (13). The reduction in Ito results in attenuation
of early repolarization (phase 1), especially in the epicardium and affects the level of
plateau (phase 2) of the action potential and other currents involved in delayed repolarization (phase 3) resulting in prolongation and increased heterogeneity of action potential
duration (16,57). The regional heterogeneity in the expression of Ito and action potential
prolongation as seen in cardiac hypertrophy and heart failure, may underlie the increased
predisposition to ventricular arrhythmias and sudden death (58). A possible means to
reduce the heterogeneity of repolarization owing to heterogeneous expression of the Ito
in hypertrophy or heart failure would be to normalize Ito by pharmacologic modulation
or channel gene expression. An Ito opener or gene expression enhancement, as for example by thyroid hormone treatment or gene transfer would be clinically beneficial
(57,59). Currently, a cardioselective and channel-specific Ito opener or blocker is not
available for clinical use. Development of an Ito-selective drug capable of targeting
channel function and/or expression will be expected to be beneficial in patients with
primary abnormality in the Ito or in other channels, such as the Brugada syndrome where
the heterogeneity in the expression of Ito between epicardium and endocardium in the
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right ventricles results in the substrate responsible for reentry and ventricular arrhythmias
(55,58).

Adenosine Triphosphate-Sensitive K+ Current
Adenosine triphosphate-sensitive potassium (KATP) channels, couple cellular metabolism with membrane excitability (60–63). A member of the inward rectifier K+ channel
family, the KATP channel is a heteromultimeric complex composed in the myocardium
of a potassium conducting subunit, Kir6.2, and a sulfonylurea receptor, SUR2A (64).
Opening of KATP channels leads to shortening of the action potential and membrane
hyperpolarization, which in turn reduces Ca2+ influx through voltage-dependent Ca2+
channels resulting in a decrease in cellular excitability and protection of the heart under
metabolic stress and ischemia-reperfusion injury (61,65–73). Potassium channel openers, which target KATP channels and act through the SUR subunit to promote K+ efflux
through the Kir subunit have emerged as a unique class of agents capable of enhancing
cellular tolerance to metabolic injury (25,74–76). Potassium channel openers by shortening the cardiac action potential may prevent arrhythmias related to triggered activity
resulting from abnormal repolarization and early or delayed afterdepolarization (77–79).
In models of prolonged QT syndrome and drug-induced ventricular arrhythmias, pinacidil
and nicorandil were effective in suppressing abnormal automaticity, triggered activity
and torsade de pointes (78–81). In patients with congenital long QT syndrome and history
of syncope, nicorandil improved repolarization abnormalities, abolished early afterdepolarization and prevented recurrence of syncope (82,83). Potassium channel openers,
are therefore attractive therapeutic agents in conditions with congenital and acquired
prolongation of repolarization. Because of their heterogeneous effect on shortening of
refractoriness in the epicardium vs endocardium and ischemic vs nonischemic areas,
concerns have been raised that potassium channel openers may further increase dispersion of refractoriness and facilitate reentrant arrhythmias by increasing electrical inhomogeneity (84). However, in clinical trials in patients with ischemic heart disease,
arrhythmia aggravation or induction of life-threatening arrhythmias has not been documented for any of the potassium channel openers tested (85–87). In fact, a recent study
in patients with acute myocardial infarction showed a reduction in malignant ventricular
arrhythmia when treated with intravenous nicorandil at the time of coronary angioplasty
(88). Yet, the clinical experience with potassium channel openers and its effect on lifethreatening arrhythmias is still limited.
Extensive experimental studies and limited clinical experience point toward the safety
and efficacy of potassium channel openers as a class (87,89), yet large-scale clinical trials
are necessary before these novel ion channel modulators are accepted in clinical medicine. Improved tissue selectivity and condition specificity are prerequisites for the full
exploitation of potassium channel openers in clinical practice. Indeed, the clinical utility
of potassium channel openers has been limited by the lack of selectivity of available
agents (90). Cloning of KATP channel subunit isoforms and tissue-specific distribution of
the channel subunits with distinct biophysical properties and pharmacological responsiveness (64,75) provides a molecular framework to develop new generations of potassium channel opening drugs to target specific tissues with selective openers. Although
most currently available potassium channel openers are not tissue-selective, newer generations of drugs are being developed to preferentially target a specific tissue (91).
Moreover, with further understanding of the pathogenesis of disease conditions associ-
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ated with altered function of potassium channels, including channelopathies (17,90), a
rational design of potassium channel openers with selectivity for specific pathological
states could be envisioned.

G-Protein-Gated Inwardly Rectifying K+ Current
Related to KATP channels is the inwardly rectifying G-protein gated K+ channel, formed
by association of two K+-channel proteins GIRK1 (Kir2.1) and GIRK4 (Kir2.4) in the
heart (92). These channels, mainly expressed in the pacemaker tissue (sinoatrial and
atrioventricular [AV] node and Purkinje fibers) and the atria (93,94) are involved in the
parasympathetic modulation of heart rate and are the target for modulation by the autonomic nervous system and adenosine (95–97). Enhanced activation of the channel results
in hyperpolarization of the sinoatrial and AV nodal cells and shortening of action potential in the atria, resulting in a negative chronotropic and dromotropic response and an
increased propensity toward atrial fibrillation (96,97). Disruption of the channel results
in loss of spontaneous beat-to-beat fluctuations in heart rate and the loss of the negative
chronotropic effects of vagal stimulation and adenosine (95). With hypervagotonia, such
as seen during early inferior wall myocardial infarction, the AV conduction could be
severely impaired causing high grade AV block requiring temporary artificial pacemaker. A selective blocker of the GIRK channel, in principle could be beneficial in such
emergency settings enhancing AV conduction, thus avoiding the need for emergency
pacing (97,98). Enhanced vagal stimulation or excessive adenosine by activation of the
GIRK channel and heterogeneous shortening of the atrial action potential could also be
proarrhythmic promoting reentry and atrial fibrillation (99–101). Specific blockers of the
channel might be useful in these circumstances, as for example for the treatment of
vagally-mediated atrial fibrillation without significant adverse effects in the ventricles
(101). Further investigation of channel function and its pharmacology in the sinoatrial
node may also provide insight for management of patients with inappropriate sinus
tachycardia.

GENOMICS AND ANTIARRHYTHMIC THERAPY:
THE NEW FRONTIER
Molecular Diagnosis Dictating Therapy
Advances in basic electrophysiology and genetics have greatly facilitated identification of “cardiac channelopathies” with altered ion channel function as underlying mechanism for both inherited and acquired arrhythmia syndromes (17,90,102,103). Insight into
the structure, function, and regulation of ion channel proteins and the knowledge of
genetic and disease-induced alteration in channel function has helped improve molecular
diagnosis of the arrhythmogenic syndromes and identification of potential targets for the
development of novel therapies (104,105). Repolarization abnormalities underlie the
ventricular arrhythmias characteristic of many cardiac channelopathies. Mutations in
genes encoding for the KCNQ1 or KCNE1 subunits of IKs or KCNH2 or KCNE2 subunits
of IKr form the molecular basis of the LQT syndromes 1, 5, 2 and 6, respectively (102,106–
111). A reduction in the repolarizing K+ current prolongs the QT interval and sets the
background for the development of torsade de pointes. Therefore, drugs or interventions
that can restore the function of defective K+ channels or increase K+ conductance through
other normal K+ channels may prove useful in the treatment of long QT syndromes. In
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this regard it was recently shown that stilbenes and fenamates (IKs channel activators) by
binding to KCNE1 subunit of the IKs channel restored IKs channel function in otherwise
inactive KCNE1 C-terminal mutants (48). Pharmacological chaperones that can correct
folding defects in mutated protein causing abnormal protein trafficking were also shown
to restore normal channel function by rescuing the “trapped” otherwise functional channel proteins and represent another novel approach in the treatment of inherited arrhythmia syndromes (112,113). Understanding mechanisms of loss of normal ion channel
function has helped identify novel targets for drug design that can pharmacologically
repair the functional defect responsible for the long QT syndrome. With further insight
into the molecular basis for various arrhythmias, these approaches may extend to rescue
function of the suppressed channel by selectively modifying regulation or expression of
the abnormal or other normal channels correcting or compensating the functional defects,
thus restoring normal function. For example, repolarization can be maintained pharmacologically or genetically by increasing K+ efflux through other K+ channels, such as the
KATP channel (78,81), or by increasing extracellular K+ and thereby decreasing KCNH2
inactivation (114,115).
Long QT 3 syndrome caused by mutations in the sodium channel (SCN5A), which
results in noninactivating sodium current and a gain of function of the Na+ channel (116)
can be treated using Na+ channel blockers, such as mexiletine which preferentially blocks
the late Na+ current (104,117). In the Brugada syndrome, on the other hand a loss of
function of the Na+ channel occurs (118), which results in an outward shift of the net
current active at the end of phase 1 of the right ventricular action potential owing to an
unopposed Ito current (58). Because of the transmyocardial heterogeneity in the expression of Ito, loss of action potential dome and abbreviation of the right ventricular epicardial but not endocardial action potential occurs with increased transmural dispersion of
refractoriness, resulting in a substrate that predisposes phase 2 reentry and ventricular
arrhythmia (58,119). Because a prominent Ito is responsible for the phase 2 reentry,
antiarrhythmics that inhibit Ito (such as tedisamil, quinidine, or 4-aminopyridine) could
restore electrical homogeneity and suppress arrhythmia (58,120–122). Similarly, class
III antiarrhythmic agents by prolonging repolarization may also prevent phase 2 reentry
and arrhythmias in the Brugada syndrome (58). The Na+ channel blockers, on the other
hand can unmask and aggravate the electrical heterogeneity and be proarrhythmic
(123,124). Thus, understanding specific cardiac substrate underlying the arrhythmia
syndrome is a prerequisite for selecting the optimum therapy and guiding future discovery of novel antiarrhythmic agents for specific conditions. Further insight into the molecular basis for various arrhythmias and mechanisms underlying abnormal ion channel
function will help in identification of additional targets for drug design that can repair the
functional defect responsible for the arrhythmia substrate.

Genetic Susceptibility to Drug-Induced Adverse Effects
Majority of abnormal drug reactions is because of inappropriate formulations and
excessive exposure, but adverse effects may occur even at normal doses. This may be
owing to differences in drug absorption, distribution, metabolism or excretion. Genetic
differences in metabolic pathways and/or drug targets may explain some of the idiosyncratic drug reactions. The cytochrome P450 family of enzymes, located in the liver and
gastrointestinal tract, is responsible for majority of drug oxidation (125). Several polymorphisms that affect genes encoding these enzymes result in variability in drug metabo-

Chapter 17 / Jahangir, Terzic, and Shen

395

lism and have been implicated in adverse drug reactions and proarrhythmia (125,126).
Individuals with absent or reduced CYP2D6 activity (six percent of Caucasians) have
reduced first pass metabolism of metoprolol and can experience excessive bradycardia
(127). Similarly, “slow metabolizers” of propafenone, a sodium channel blocker with
additional β-adrenergic receptor blocking effect can exhibit markedly greater
β-adrenoceptor blockade with central nervous system and bradycardiac side effects than
patients with high enzyme activity (128). Even with a normal genotype, drug interactions,
with coadministration of an agent which is a potent inhibitor of the enzyme system that
normally degrades the drug modulating ion channel function can result in life threatening
arrhythmias (129,130). Because of the narrow therapeutic index, these pharmacokinetic
interactions are of extreme importance and are a major safety concern in antiarrhythmic
drug development and use. A better understanding of the way in which individuals with
a particular genotype respond to a drug allows identification of population subgroups that
will benefit most from a particular drug with minimum adverse effects (126).
Adverse drug response, in addition to the pharmacokinetic factors, may also result
from genetic variation in drug targets (pharmacodynamic factors). Recently, the use of
several “noncardiac” drugs (Table 3), including long-term antihistamines (terfenadine),
gastrointestinal motility promoting drugs (cisapride) and antipsychotics (thioridazine)
has been restricted because of the occurrence of QT-interval prolongation and lethal
arrhythmias (126,131). Genetic variations in various ion channels responsible for the
normal ventricular repolarization and known to cause inherited long QT syndromes have
been hypothesized as a cause of the acquired or drug-induced long QT syndrome
(16,126,132). Mutations or polymorphisms in these ion channels could result in a “silent”
reduction in the “cardiac repolarization reserve” and therefore, an increase sensitivity of
the channel to inhibition which manifest only after exposure to a K+ channel blocker or
factors that can prolong repolarization (5,126). In this regard, a missense mutation in
KCNE2 subunit of the IKr channel was recently identified as the basis for clarithromycininduced torsade de pointes (111). This mutation decreases activation of the K+ channel,
resulting in a threefold increased sensitivity to drug inhibition compared to the wild-type
channel (111). Also, a common polymorphism in the KCNE2 gene results in QT interval prolongation following sulfamethoxazole-trimethoprim administration (133). It is
expected that advances in pharmacogenomics and development of inexpensive, highthroughput technologies for screening large number of polymorphisms will facilitate
discovery of molecular basis for other occult arrhythmogenic substrate and in identification of additional targets for the development of novel therapies. A more rapid and
inexpensive screening of patients who are likely to experience efficacy or adverse events,
will also help in individualizing therapy with optimum selection and dosage of “older”
drugs based on an individual’s genetic constitution of the metabolizing enzymes, transporters, and drug receptors. This will also accelerate drug development and assessment
by making clinical trials smaller, faster and more efficient (134,135). Thus, a safer and
more efficient pharmacotherapy could be developed and selected decreasing the number
of adverse reactions and associated morbidity and mortality, which will have an enormous impact on health care cost (136,137).
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Table 3
Repolarization Prolonging Cardiac and Noncardiac Drugs
Antiarrhythmics
IA: Quinidine, procainamide, disopyramide
III: Sotalol, NAPA, ibutilde, dofetilide, azimilide, amiodarone,
IV: Bepridil
Antimicrobials
antibiotics: Macrolides (erythromycin), TMP/SMX
antifungals: Itraconazole, ketoconazole
antimalarials: Chloroquine
antiparasitic: Pentamidine
antivirals: Amantadine
Antihistamine: Terfenadine, asetmizole,
Antidepressants: Tricyclics (amitriptyline, tetracyclics
Psychotropics: Holaperidol, droperidol, Phenothiazines
Miscellaneous
Cisapride, metoclopramide
Probucol
Ketanserin,
Vasopressin,
Organophosphate poisoning, chloarl hydrate overdose

CARDIAC ELECTRICAL REMODELING AND ANTIARRHYTHMICS
Progression of the underlying disease and cardiac adaptation or remodeling that occurs
with disease and rapid heart rate can also modify the electrophysiologic drug actions (10).
This can occur because of alteration in ion channels (9,56,138), signaling or Ca2+ handling proteins, structural changes in the myocytes or extracellular matrix (139), or the
activity of the neurohumoral system (6,140). The drug which targets an ionic current
reduced by remodeling may lose its effect because of the reduction in the contribution of
that current to overall action potential and changes in the density of other currents that
may counteract the effect of the drug (141). On the other hand, ionic remodeling can
enhance the effect of drugs, increasing the risk of proarrhythmia. This could be owing to
reduction in ionic current, normally not blocked by the drug with increased dependence
of repolarization on the ionic current blocked by the drug. This is seen in congestive heart
failure, where a reduction in IKs occurs in the ventricles (9), with increased dependence
of repolarization on IKr, and hence increased sensitivity to IKr blockade and risk of
proarrhythmia. In atrial fibrillation with rapid atrial rates, electrical remodeling of the
atria also occurs, with a decrease in atrial refractoriness, a reduction in the rate adaptation
of refractoriness and an increase in the dispersion of refractoriness (13,139). There is
significant reduction in Ito, L-type Ca2+ and voltage-gated sodium current (13), associated with decreased transcription and protein expression of the Kv4.3, the α1-subunit of
L-type Ca2+, and the cardiac Na+ channels (12,13,142). Depending on the underlying
substrate, the electrophysiologic and ionic changes in the heart may vary (143), and
provide basis for the differences in the pathophysiology of the arrhythmia and variability
in response to treatment (13). Further insights into mechanisms of changes in ionic
homeostasis, signal transduction, and structural remodeling may also allow improved
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approaches to alter molecular pathophysiology with possibility of therapeutic interventions at the molecular and genetic level (144). These approaches include use of drugs not
normally considered as antiarrhythmic agents, such as angiotensin converting enzyme
inhibitors (145,146), angiotensin II receptor antagonists (140), spironolactone (147),
statins, and others that limit the progression of underlying heart disease and therefore,
modify the electrophysiological and mechanical substrate that can predispose to
arrhythmogenesis (6,139–147).

FUTURE DIRECTIONS: THE SEARCH
FOR THE IDEAL ANTIARRHYTHMICS
Several strategies have been followed to improve efficacy and safety of class III
antiarrhythmic agents (27). These include development of drugs that target a single
(dofetilide) or multiple K+ channels (azimilide, amiodarone) or increase refractoriness by
other measures, such as increasing the slow inward Na+ current (ibutilide) (14,15,36,148).
Existing drugs are also being modified to reduce adverse effects (dronedarone) (149).
Efforts are on going for making drugs less reverse-use dependent (thus decreasing the risk
of torsade de pointes with sudden changes in heart rate), and less susceptible to reversal
with adrenergic agents (amiodarone, azimilide) (14,39). Besides the IKr and IKs, other
potassium channels such as Ito are under consideration as targets for the development of
condition-specific antiarrhythmic agents with utility in specific arrhythmogenic conditions, such as the Brugada syndrome (58). Tissue-selective antiarrhythmics targeting ion
channels, such as the GIRK channel predominantly expressed in the conduction system
(93,96) and IKur in the atrium (39,47) may be more effective for managing supraventricular arrhythmias without the risk for ventricular proarrhythmia. Furthermore, targeting of
channels that become active mainly during pathological states, such as the KATP or
stretch-activated channels may allow development of condition-specific drugs, selective
for the abnormal substrate without affecting the normal tissue (25,65). Further identification of other channel isoforms, auxiliary subunits and regulatory proteins, specifically
expressed in the affected tissue, may allow substrate-specific therapy to achieve the
desirable therapeutic effect without the undesirable systemic side effects. Information
about the three-dimensional arrangement of amino acid residues on the target protein
forming the binding site for the drug is also expected to provide further insight into drugreceptor interactions and development of structure-based drugs to optimize affinity and
specificity for the selected molecule in the target tissue (45,46,150).
With the development of new genetic diagnostic and prognostic capabilities it may be
possible to specifically tailor an individual’s therapy based on information about drug
targets or metabolic pathway. Recognition of biochemical intermediaries and modulation of molecular and genetic substrate involved in arrhythmogenesis may form the basis
of future development of antiarrhythmics with selectivity for the pathological substrate.
Newer targets include gap junction (151), ion transporters (such as sodium-calcium
exchanger, sodium-hydrogen exchanger or Ca ATPase) (152–155), intracellular channels (such as, sarcoplasmic reticulum Ca2+ release channel or mitochondrial KATP channel) (65,156,157), cytoskeletal proteins (158) and proteins involved in signal transduction
or intracellular Ca2+ homeostasis (calmodulin or phospholamban) (6,159,160). Furthermore, identification of critical steps in posttranslational processing of proteins involved
in cardiac excitability may allow development of pharmacological chaperones that can
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modify an abnormal protein, therefore, restore its function or change the density of the
normal proteins, such as the number of ion channels on cell membrane to correct the
electrophysiologic defect (161). Gene therapy with transfer of genes encoding for ion
channel subunits (49,50,52) or their regulatory proteins (51) or modulation of gene
expression at the transcriptional level (59,144) to alter the myocardial arrhythmogenic
substrate are other novel strategies currently under investigation (17). Furthermore, the
availability of cost-effective genotyping technologies may allow substrate-based tailoring of the drug therapy based on the genetic make up affecting pharmacokinetic and
pharmacodynamic profile, thus limiting the incidence of proarrhythmia or other adverse
effects.
Future research should focus on further elucidation of the structure, function, and
regulation of various proteins involved in action potential, signal transduction, and
maintenance of ionic homeostasis and in understanding the mechanism of drug actions
at the cellular and the organism level and how it is affected by the disease process and
changes in the arrhythmogenic substrate (162). New perspectives about the mechanisms
underlying various arryhthmias and modalities to prevent structural and functional
abnormalities that leads to arrhythmogenesis open the opportunity for novel antiarrhythmic strategies (6,17). It is to be anticipated that these efforts could collectively enhance
the development of cardiac selective compounds that modulate the arrhythmogenic substrate with promising therapeutic and prophylactic utility.
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ECG PHENOMENA OF THE EARLY VENTRICULAR
REPOLARIZATION: INTRODUCTION AND TERMINOLOGY
ECG phenomena of the early ventricular repolarization have in the past often been
misdiagnosed or misinterpreted. This happened mainly because of prevailing opinion of
the “benign” or “innocent” nature of the early repolarization syndrome (ERS) (1,2). As
an example, early repolarization changes consistent with Brugada syndrome were overlooked for decades. Clinical interest in ERS has been rekindled recently because of its
similarities with the electrocardiographic manifestations of the highly arrhythmogenic
Brugada syndrome and the potential for misdiagnosis (3–8).
From: Contemporary Cardiology: Cardiac Repolarization: Bridging Basic and Clinical Science
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Table 1
Major Factors that Can Attribute to the ECG Contour Corresponding
to the Early Ventricular Repolarization

• An intrinsic configuration of the early phase of the actions potentials in different ventricular
layers (endomyocardium, midmyocardium and epicardium)
• A modification of the time-course of repolarization across the ventricular wall (transventricular vector gradient)
• A temporal overlap between the end of depolarization and the beginning of repolarization

Ventricular repolarization begins when ventricular depolarization ends. In the normal
heart, the evolution of depolarization into repolarization is a relatively short process, and
the magnitude of the overlap between the latest depolarization and the earliest repolarization is approx 10 msec (9). The duration of this time-interval is greatly influenced by
any abnormal conditions that affect either propagation of the excitation wave through
ventricular wall or recovery of its excitability, or both (Table 1).
In a normal ECG, the transition of depolarization into repolarization corresponds on
the surface ECG to the J point. The J point defined as the point at which there is abrupt
transition from the QRS complex to the ST-segment. Deviation of the J point from the
isoelectric line leads to the presence of a J deflection, which is a common ECG feature
of early repolarization syndrome, but also seen in acute myocardial ischemia,
hypercalemia, and various intraventricular conduction disturbances. If a J deflection
takes the shape of a dome or a hump, it is usually referred to as a J wave (9).
However, a clear distinction between the delayed conduction and the early ventricular
repolarization cannot always be made on the basis of an ECG alone. Although, the
differentiation of these processes is important since an abnormal early ventricular repolarization is often accompanied by electrical instability, whereas an arrhythmogenic
potential of the delayed intraventricular conduction is much more benign, especially in
otherwise healthy individuals. The signal-averaged ECG could be a helpful diagnostic
tool but of limited clinical value in some cases (10). Nevertheless, depolarization and
repolarization processes can be differentiated (to some extent) by their differences with
respect to the heart rate, different drugs and neurotransmitters (see Chapters 4 and 6).

J WAVES
Different names have been used at different time for the J wave. They include camel
hump sign, hathook junction, K wave, H wave, late delta wave, current of injury, J point
wave, hypothermic wave, hypothermic hump, and Osborn wave (9). J waves can be
classified as:
1. Hypothermic.
2. Nonhypothermic.
3. Idiopathic.
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Fig. 1. Prominent J (Osborn) wave on the 12-lead ECG obtained from an accidentally frozen
patient.

HYPOTHERMIC J WAVE
History and Pathophysiology
Historically, an accentuated J wave in the human ECG has been considered as a
pathognomonic sign of hypothermia (Osborn wave) (Fig. 1) and most recently—its
idiopathic appearance was ascribed as an ECG marker of the Brugada syndrome. The
hypothermic J wave was first reported in 1938 when Tomashewski described as extra
slowly inscribed deflection between the QRS complex and the earliest part of the
ST-segment on the ECG obtained from an accidentally frozen man. Since 1943, the ECG
changes identical to the J wave were produced in variety of experiments with a lowering
of body temperature. In 1953, Osborn brought attention to the possible link between the
degree of hypothermia, prominence of the J wave, which he called “current of injury”
(later named Osborn wave), and ventricular fibrillation. Emslie-Smith et al. (1958)
established the differences in the endocardial and epicardial responses of the ventricular
myocardium to cold; J wave was found to be more prominent in epicardial than endocardial leads. West et al. (1989) found that “spike and dome” pattern in the epicardial action
potential markedly accentuated under hypothermic conditions and resulting “notch” was
rate-sensitive (inverse correlation) (9).
These findings were confirmed later and further investigated in open-chest and arterially perfused wedge-preparation experiments.

In Open-Chest Experiments with Dogs
1. Hypothermic J wave was found to be:
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Fig. 2. The effects of the cardiocycle length, 4-aminopyridine and isoproterenol on the magnitude of the hypothermia-induced J wave.
Temperature: 22.4°C. Leads I, aVR, II, RVendo (right ventricle endocardium), LVendo (left ventricle endocardium), LVepi (left ventricle
epicardium), and RVepi (right ventricle epicardium). Basic cardiocycle length = 1000 ms. Left Panel (programmed atrial pacing): (A)
Reduction in the magnitude of the J wave (best seen in leads II, I, and RVepi) due to abrupt shortening of the cardiocycle length to 500 msec
(deceleration-dependence) and (B) Hypothermic J wave is more prominent in right than left ventricular epicardium, less prominent in left
ventricular epicardium, and absent in endocardium in both ventricles. Right Panel (atrial pacing): At the same degree of hypothermia and heart
rate, the prominence of the J wave was: (A) significantly reduced after administration of 4-aminopyridine (middle section) and (B) completely
eliminated after infusion of the isoproterenol (right section). Left section—baseline (temperature—22.4°C, cardiocycle length—1000 ms).
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a. More prominent in right than left ventricular epicardium.
b. Less prominent in left ventricular epicardium.
c. Absent in endocardium in both ventricles (Fig. 2).
2. Abrupt shortening of the cardiocycle length by programmed electrical stimulation
revealed definite deceleration-dependent behavior (Fig. 2, left panel).
3. At the same degree of hypothermia and heart rate, the prominence of the J waves were
significantly reduced after administration of 4-aminopyridine (4-AP) and J waves were
completely eliminated after infusion of the isoproterenol (Fig. 2, right panel).

These findings provided an evidence that appearance of the J wave on a surface ECG
during hypothermia is modulated by changes of the early ventricular repolarization in
epicardial tissue and involved primarily 4-AP sensitive transient outward current (Ito) and
possibly inward calcium current. The possible similarities in the pathophysiologic mechanisms between hypothermic J wave and ECG marker of Brugada syndrome have been
pointed out (11).

Studies Involving the Arterially Perfused Ventricular Wedge Preparation
Provided direct evidence in support of the hypothesis that accentuation of the action
potential notch leading to loss or depression of the action potential dome in epicardium
but not endocardium underlie the development of prominent J waves and ST segment
elevation in hypothermia as well as in Brugada syndrome.
As discussed in more detail below and in Chapters 8 and 11, the presence of a prominent action potential notch in ventricular epicardium, but not endocardium, creates a
transmural voltage gradient responsible for the inscription of the J deflections and J
waves. Accentuation of the epicardial action potential notch secondary to a rebalancing
of the currents that contribute to the early phases of the action potential gives rise to
abnormally large J waves in the wedge preparation. A further shift in the balance of
currents leads to either depression or loss of the action potential dome at the end of phase
1 of the epicardial action potential. Depression of the dome gives rise to J point and ST
segment elevation consistent with that observed in clinical cases of early repolarization
syndrome, whereas loss of the action potential dome gives rise to either a coved ST
segment elevation consistent with that observed in patients with the Brugada syndrome
(12,13–17).
A RRHYTHMOGENIC P OTENTIAL
Clinical as well as experimental data linking hypothermic J waves and cardiac
arrhythmias remain sparse and somewhat contradictory; the occurrence of ventricular
tachyarrhythmias associated with hypothermic J wave varies from none to almost 100%
(9). Noteworthy, sodium channel blockers, such as procainamide and lidocaine, are
proarrhythmogenic rather than effective in both prevention and treatment of the malignant ventricular tachyarrhythmias in hypothermic patients during their rewarming.

Nonhypothermic J Waves
ECG changes resembling those in hypothermia-induced J waves have been observed
in various clinical and experimental settings with normal body temperature, such as
myocardial ischemia, acute pulmonary thromboembolism or right ventricular infarction,
electrolyte or metabolic disorders, pulmonary or inflammatory diseases or abnormalities
of central or peripheral nervous system, intoxication by heterocyclic antidepressant or
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Table 2
Abnormalities that Can Lead to ST Segment Elevation in the Right Precordial Leads

In the Clinic:
Right or left bundle branch block, left ventricular hypertrophy
Acute myocardial infarction
Left ventricular aneurysm
Exercise test—induced
Acute myocarditis
Right ventricular infarction
Dissecting aortic aneurysm
Acute pulmonary thromboemboli
Various central and autonomic nervous system abnormalities
Heterocyclic antidepressant overdose
Duchenne muscular dystrophy
Frederic’s s ataxia
Thiamine deficiency
Hypercalcemia
Hyperkalemia
Compression of the right ventricular outflow tract by metastatic tumor
Cocaine intoxication
In Experimental Models:
Isolated sheets of canine ventricular epicardium exposed to potassium channel openers, sodium
and calcium channel blockers, acetylcholine, metabolic inhibition, and ischemia
Injection of potassium salts into blood perfusing the coronary arteries or into subepicardium
Potassium chloride application on the pericardial surface
Right ventricular infarction

cocaine (Table 2). Among those clinical situations, prominent J waves most frequently
are observed in acute myocardial ischemia (Fig. 3) and hyperkalemia (Fig. 4).
A link between the nonhypothermic J waves and electrical instability has not been
established yet. It is the prevailing opinion that in most clinical settings associated with
this ECG phenomenon, the propensity to malignant ventricular arrhythmias is chiefly
dependent upon the underlying disease.

Idiopathic J Waves
In the absence of any structural cardiac abnormalities or extracardiac diseases, changes
of early ventricular repolarization can be classified as primary or idiopathic. The J waves
have been described in the ECG of many species, including men, under normal and
abnormal conditions.
IN ANIMALS
Both the shape and the duration of ventricular repolarization in small rodents, including rats and mice (but not guinea pigs), are very striking (18). The characteristic features
in ECG recordings from these rodents, are consistent with:
1. Absence of a distinct isoelectric interval between the QRS complex and the T wave.
2. Short QT interval.
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Fig. 3. Appearance of the J-wave, ST-T segment and QT interval alternans, and development of
the complete atrioventricular block and ectopic ventricular activity in patient with a documented
coronary artery spasm (Holter monitoring).

HISTORY AND TERMINOLOGY
Confusion and inconsistency have surrounded the ECG interpretation of such unusual
manifestation of the ventricular repolarization in small mammals since 1929, when the
first murine ECG was recorded. Agduhr and Stenström reported that they were unable to
find “discernible T waves” in ECG recordings from mice obtained using a string galvanometer. Although O’Bryant and colleagues identified R and T waves in mice 20 yr later,
a report by Lombard in 1952 described the putative “R and T waves” as a “notch at the
end of the QRS complex,” and again suggested that T waves are absent in mice. Similarly,
Richards and coworkers reported in 1953 that a distinct T wave could not be detected in
murine ECGs, whereas the T wave was clearly visible in ECGs from guinea pigs. They
also mentioned that the “notch” between the two peaks of the QRS complex was deepened and the amplitudes of the separated waves were increased in ECG recordings from
hypothermic mice. Subsequently, Goldbarg and colleagues suggested that this reflected
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Fig. 4. Prominent J wave in the patients with a severe hyperkalemia.

“erroneously ascribed T wave.” This recurring confusion led subsequent investigators to
use such terms as “no measurable ST segment,” “merging QRS with the T wave,” or “lack
of distinct ST segment” to describe the presence of a distinct J wave (18).
Although, the unique features of these rodent ECGs, particularly the prominent J
wave, are not typically seen in larger animals (except a kangaroo) or in humans, they do
bear some resemblance to ECG abnormalities seen in patients with Brugada syndrome
and in several pathophysiologic conditions, including hypothermia and ischemia (18).
Considerable experimental evidence suggests the murine ECG morphology is apparently attributable to the presence of large-amplitude repolarizing K+ currents, specifically the transient outward K+ current, Ito that dominate the early phase of ventricular
repolarization. In rats and mice, the predominant current underlying the early phase of
repolarization appears to be the rapidly activating and inactivating 4-aminopyridinesensitive transient outward current (i.e., Ito). Importantly, the density of Ito in rats and
mice is high, whereas this current is not evident in the ventricular myocytes of guinea
pigs. The high density of Ito appears to underlie the prominent J wave seen in rats and
mice, whereas the ST segment is isoelectric in guinea pigs (see Chapter 3).
These observations suggest that:
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1. Alterations in the contribution of Ito to ventricular repolarization may be an important
factor in the ECG abnormalities seen in humans under certain pathophysiological conditions.
2. The prominent J waves in murine ECGs might therefore serve as an experimental model
for idiopathic J wave (18).

IN HUMAN
Several forms of idiopathic appearances of a J wave with or without accompanying ST
segment elevation have been described. Idiopathic J wave followed by downsloping ST
segment elevation with inverted T wave in the right chest leads is an ECG hallmark of
the Brugada syndrome (see Chapter 19). Clinically noteworthy, J wave-like ECG abnormalities have been recently described as case reports in otherwise healthy individuals
prone to paroxysmal ventricular tachycardia/fibrillation:
1. Aizawa and his colleagues (19) described several patients with idiopathic ventricular
fibrillation in whom they found bradycardia-dependent intraventricular block (Fig. 5).
The common ECG features of these patients included:
a. Incomplete right bundle branch block.
b. Prominent “notch” on downsloping limb of the QRS complex in leads V3–V5, II, III,
and aVF.
c. Elevated ST segment with positive T waves leads V2–V3.
d. Rate (deceleration)—dependent accentuation of the prominence of the “notch.”
2. Garg and his associates (20) reported a case of “familial sudden cardiac death associated
with a terminal QRS abnormality on surface 12-lead electrocardiogram” (Fig. 6A). The
abnormal low-amplitude deflections in the downsloping limp of the QRS complex (J
wave) in leads II, III, aVF and I, aVL and V6 were coincident with the late potential on
the signal-averaged ECG (Fig. 6B). Noteworthy:
a. Both surface ECG and signal-averaged ECG were normalized by quinidine but not by
procainamide or beta-blockers (Fig. 6C).
b. J wave appeared to be more prominent after procainamide compared to baseline (Fig.
6D).
c. Sustained polymorphic ventricular tachycardia, which degenerated to ventricular
fibrillation was easily inducible during programmed stimulation from the right ventricular apex, despite administration of procainamide or atenolol.

The clinical significance of these ECG findings is not fully understood at present and
further investigations are warranted.

EARLY REPOLARIZATION SYNDROME:
INTRODUCTION AND TERMINOLOGY
Early repolarization (ERS) is an ECG diagnosis that is commonly regarded so far as
a benign abnormality. The prevalence of ERS varies between 1% (21) and 2% (22). It is
more commonly seen in young individuals (27.5%) (23), especially those predisposed to
vagotonia, and shows a male preponderance (77%) (21). The syndrome is also often
observed in:
1. Athletes (24).
2. Cocaine users (25).
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Fig. 5. Twelve-lead ECG of a patient with idiopathic ventricular fibrillation. Upper Panel: Note:
(A) incomplete right bundle branch block, (B) elevated ST segment in leads V2–V3, and (C)
prominent “notch” on downsloping limb of the QRS complex in leads V3–V5 and inferior leads.
Lower Panel: rate (deceleration)—dependent accentuation of the prominence of the “notch” is
followed by a short episode of nonsustained ventricular tachycardia. Adapted from 19, with
permission.

3. Obstructive hypertrophic cardiomyopathy (26).
4. Defects and/or hypertrophy of the interventricular septum (26).

The electrocardiographic signature of ERS is often dependent on heart rate, normalizing during exercise or with rapid pacing, as well as with advancing age (27). Familial
occurrence of the syndrome has been suggested (28,29). Although early studies were
interpreted to suggest that the syndrome is more prevalent in the Black population, morerecent studies challenge this notion (21,30).
Thus far, its clinical significance has been largely limited to its contribution to the
differential diagnosis of acute myocardial infarction (31), pericarditis (32,33), intraventricular conduction defects (34), and electrical alternans (26).
The term, early repolarizations syndrome, was introduced nearly half a century ago
and has traditionally been regarded as idiopathic, benign or innocent (1) or misleading
(2) ECG pattern of ventricular repolarization. The ERS has been ascribed a number of
names, including early repolarization, early ventricular repolarization, benign early
repolarization, benign J wave, aspecific changes of ventricular repolarization, repolarization variant, normal variant RS-T segment elevation, and juvenile or unconventional
ST-T pattern, etc. to describe the characteristic ECG pattern of J deflection followed by
horizontal ST-T segment elevation (16).
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Fig. 6. 12-lead ECG and the signal-averaged ECG from a patient with familial sudden cardiac
death (Courtesy by Dr. Gregory K. Feld). (A) The abnormal low-amplitude deflections in the
downsloping limp of the QRS complex (J wave) in leads II, III, aVF and I, aVL and V6. (B) Late
potential on the baseline signal-averaged ECG coincident with the abnormal low-amplitude
deflections in the downsloping limp of the QRS complex on the 12-lead ECG. (C) Both surface
ECG (left) and signal-averaged ECG (right) were normalized by quinidine. (D) J wave appeared
to be more prominent after procainamide compared to baseline.
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Fig. 6. (Continued)

Chapter 18 / Gussak, Antzelevitch, and Bjerregaard

419

Fig. 6. (Continued)

ELECTROCARDIOGRAPHIC FEATURES
The classical ECG pattern of ERS consists of:
1.
2.
3.
4.

Prominent notch or slur on the downslopping portion of the QRS complex, followed by,
J deflection, followed by,
Diffuse upward ST segment concavity concordant with the QRS,
Positive T wave in the same lead.

Additional electrocardiographic feature that defines this ECG phenomenon include:
1. Localization of the ECG pattern of ERS in scalar ECG. Mid-to-lateral precordial leads
V2–V4 (5) have been recognized as showing the most prominent repolarization changes
consistent with ERS. Noteworthy, similar changes might appear in other leads but to a
lesser extent (Fig. 7).
2. Reciprocal ST segment depression in aVR.
3. Waxing and waning of the ST-T segment over time.

Nevertheless, in some clinical instances, it is still difficult to distinguish subjects with
ERS from those with the Brugada syndrome or various intraventricular conduction blocks,
based solely on a resting ECG (10,16,35). Moreover, the ECG alterations in response to
changes in heart rate, drug effects and autonomic tone observed in ERS are similar to
those observed under hypothermic conditions and the Brugada syndrome.
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Fig. 7. 12-lead ECG in apparently healthy individual with an early repolarization syndrome.
Note: An elevated “notch” is apparent on the downsloping limb of the QRS complex and is
followed by an upsloping ST-segment elevation that is most prominent in leads V3–V6. These
changes are also seen in the inferior leads, but to a lesser extent. Reciprocal ST segment depression
in aVR are also evident

POSSIBLE CELLULAR AND IONIC MECHANISMS
Concordant with the QRS complex, ST segment elevation is most commonly recognized as a sign of acute myocardial damage, often associated with the development of
cardiac arrhythmias. The electrophysiological nature of the ST-segment elevation in
ERS, whether idiopathic or owing to so-called current of injury, has been investigated by
means of a direct-current magnetocardiogram, which, in contrast to conventional
12-lead ECG, is capable of determining TQ interval shifts. The results showed clearly
that ST shifts in subjects with ERS are unrelated to ischemic injury (36). However, the
cellular and ionic mechanisms that determine the ECG contour in the ERS are not well
defined and are suggestive rather than conclusive (16).
The appearance of a prominent Ito-mediated action potential notch in epicardium but
not endocardium leads to the development of a transmural voltage gradient during ventricular activation that manifests on the ECG as prominent J deflection or J wave. Under
the conditions, when an outward shift of the currents active at the end of phase 1 can
dramatically augment the action potential notch in ventricular epicardium and thus
increase the magnitude of the J wave. A further outward shift of the currents active at the
end of phase 1 of the action potential can cause additionally the depression of the plateau
of the AP that was thought to be corresponding to the elevation of the ST segment on
ECG. Regions where the Ito-mediated notch is relatively small (e.g., left ventricle) are
more likely to manifest as a depression of the epicardial action potential plateau in
response to an outward shift of net plateau current. In contrast, regions displaying a
prominent Ito are more likely to lose the dome under these conditions. This observation
may account for why ERS also manifests in the inferior and left precordial ECG leads,
where the Ito is generally less intense. Because ST segment elevation in ERS is apparent
in mid-to-left precordial leads, the ECG morphology is likely to involve widespread
augmentation of net repolarizing forces within right and left ventricular epicardium,
particularly near the apical region of the heart.
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Fig. 8. Electrocardiographic phenotype of the Brugada and Early Repolarization Syndromes
(Proposed mechanisms). Transmembrane action potentials from epicardium (Epi) and endocardium (Endo) and an ECG were simultaneously recorded from two different canine arterially
perfused right ventricular wedge preparation. Left Panel: Brugada Syndrome. Combined K+ channel opener and calcium channel blocker cause loss of the action potential, leading to the development of a large transmural voltage gradient, which is responsible for the marked ST segment
elevation. A marked transmural dispersion of repolarization gives rise to a large vulnerable window for the precipitation of reentry. Because not all epicardial sites display a loss of the action
potential dome, a transepicardial dispersion of repolarization develops as well. Right Panel: Early
Repolarization syndrome. Acetylcholine (Ach, 3 µM)- depresses of the epicardial action potential
plateau, thus leading to the development of a transmural voltage gradient, responsible for a relatively smaller ST segment elevation. This mechanism does not create an arrhythmogenic substrate; neither transmural nor transepicardial dispersion of repolarization develop under these
conditions.

Thus, transmural and interventricular differences in the density of Ito are thought to
contribute to the manifestation of the electrocardiographic J wave, to the differential
response of epicardium and endocardium to a variety of drugs and pathophysiologic
states, and to the development of an elevation of the J point (J deflection) and ST segment
in the ERS, as well as in Brugada syndrome.
The elevated J point and ST segment observed in subjects with the ERS may be owing
to mechanisms similar to those described for the Brugada syndrome. Although the ST
segment elevation in the Brugada syndrome may be secondary to loss of the action
potential dome in epicardium but not endocardium, that attending ERS is more likely to
be because of depression rather than loss of the epicardial action potential plateau, as
illustrated in Fig. 8 (16). The principal difference between the two mechanisms is that loss
of the action potential dome is accompanied by the development of a very significant
transmural as well as epicardial dispersion of repolarization and refractoriness, setting
the stage for both phase 2 and circus movement reentry, whereas mere depression of the
epicardial action potential dome is not. Therein, lies a possible explanation for why the
Brugada syndrome is highly arrhythmogenic whereas ERS is not.
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Table 3
Autonomic and Pharmacologic Modulation of the J Wave Magnitude Under Hypothermic
Conditions, in the Early Repolarization (ERS) and Brugada Syndromes (BS)
Sodium
blockers

Isoproterenol

β-blockers

Exercise

Nitroglycerine

↑
↑
↑

↓
↓
↓

↑
↑
↑

↓
↓
↓

not determined
no effect
no effect

Hypothermic J Wave
ERS
BS

ECG MARKERS OF EARLY REPOLARIZATION SYNDROME
AND BRUGADA SYNDROMES: SIMILARITIES AND DIFFERENCES
Like the Brugada syndrome,
1.
2.
3.
4.

ERS has been identified predominantly in young otherwise healthy males.
ERS is characterized by predisposition to familial occurrence.
The ECG manifestation of ERS shows transient normalization in many individuals.
ERS shows a similar response to drugs and autonomic modulation (Table 3).

Two major features permit differentiation of the ECG signatures of ERS and the
Brugada syndrome:
1. Pattern.
2. Leads specificity.

The elevated ST segment in ERS is usually localized in leads V2–V4 (or 5) and has an
upward concavity with positive T wave polarity accompanied by a notched J point. In
contrast, the ECG of Brugada patients generally displays a prominent J point elevation,
followed by a downslopping ST segments and negative T wave in the right precordial
leads (V1–V3) only.
It is sometimes difficult to distinguish subjects with ERS from those with the Brugada
syndrome, especially when the latter also display intraventricular conduction slowing or
block. The dynamicity of ECG changes in both syndromes is also confounding. When the
clinical history is malignant, an invasive electrophysiological study examining the inducibility of ventricular tachycardia/fibrillation may be useful in assessing arrhythmogenic
risk.
Interestingly enough, ECG changes consistent with the Brugada syndrome have also
been referred to as a benign repolarization variant or Ideiken phenomenon for more than
three decades and some patients having such ECG abnormalities have been described as
unwitting victims of electrocardiography (16).

MODULATION BY DRUGS, RATE, AND NEUROTRANSMITTERS
The changes in the magnitude of the early repolarization abnormalities in ERS and
Brugada syndrome, like a hypothermic J wave, display qualitatively similar responses to
a variety of drugs as well as to changes in rate and autonomic tone (Table 3) (16):
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1. Slowing of heart rate exaggerates J waves and ST segment.
2. Increase in heart rate elevation during exercise or following isoproterenol reduces or
even eliminates these ECG abnormalities.
3. Sodium channel blockers (known to unmask the Brugada syndrome) increase ST segment elevation in ERS subjects and hypothermic J waves.
4. Sympathetic stimulation and β-adrenergic agonists normalize the ST segment in both
syndromes, whereas β-adrenergic blockers augment ST segment elevation in both, propranolol increases its magnitude and its toxicity may even induce classical pattern of
ERS.

THE ROLE OF NERVOUS SYSTEM
Clinical and experimental studies point to high spinal cord injury as a cause of ERSlike changes in the ECG. High cervical spinal chord injury can lead to significant deterioration or even complete disruption of the cardiac sympathetic activity, leaving
parasympathetic activity unopposed (37). Parasympathetic activation has an opposite
effect in both syndromes, causing ST segment elevation because of depression or loss of
the action potential plateau (see below). ECG patterns wax and wane in both syndromes,
possibly owing to variations of autonomic activity (16).

ARRHYTHMOGENIC POTENTIAL
ERS is not malignant per se. However, the similarities between the Brugada syndrome
and ERS in response to rate, neuromodulation, and pharmacologic agents suggest a
parallelism of mechanisms. Recent experimental studies also suggest a cellular basis for
the electrocardiographic signature of ERS. The hypothesis presumes that depression of
the epicardial, but not endocardial, action potential plateau creates a transmural gradient
that manifests on the scalar ECG as a complex ST segment elevation with a positive T
wave. As such the cellular substrate is not arrhythmogenic, but in case of further increase
in net repolarizing current as a result of complete loss of the epicardial action potential
dome and the attendant development of a large transmural dispersion of repolarization
could become arrhythmogenic. These proposed mechanisms also explain the highly
arrhythmogenic character of the Brugada syndrome and apparently benign exceptions.
Although ERS has long been considered to be benign, it is noteworthy that in experimental models, the ECG signature of ERS can be converted to that of the Brugada
syndrome (13,14,16). This raises the possibility that ERS may not be as benign as generally believed, and that under certain conditions known to cause predisposition to
ST-segment elevation, ERS subjects may be at increased risk. In considering these possibilities, it is instructive to remember that the Brugada syndrome was considered benign
for more than three decades, and that one syndrome can be readily converted to the other
in experimental models involving the wedge preparation.
It is important to emphasize that these hypotheses remain to be more rigorously tested
and that the distinct nosologic entity that is referred to as the early repolarization syndrome needs to be more fully delineated within the framework of what we have learned
about the Brugada syndrome in recent years. A careful clinical history and invasive
electrophysiological studies may be required to determine whether or not the early ventricular repolarization abnormalities in a given patient are benign or malignant.
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SUMMARY AND CONCLUSIONS
The available clinical data suggest that the different ECG phenomena of the early
ventricular repolarization syndromes often share similar mechanisms with wide range of
their arrhythmogenic potentials. Although, the ECG similarities between these phenomena raises some concerns for their misdiagnosis. Therefore:
1. ERS should be regarded as benign until otherwise proven.
2. ECG as a diagnostic tool to identify patients at risk is often of limited value. Detailed
medical history and further diagnostic work-up, including the signal-averaged ECG,
drug testing, and invasive electrophysiologic studies may be required for further risk
stratification.
3. There could be a potential risk that ERS subjects could be more easily predisposed to the
drug-induced ventricular arrhythmias.
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INTRODUCTION
In 1992 a syndrome consisting of syncope episodes and/or sudden death in patients
with a structurally normal heart and a characteristic electrocardiogram (ECG) displaying
a pattern resembling right bundle branch block with ST segment elevation in leads V1 to
V3 was described. The disease is genetically determined with an autosomal dominant
pattern of transmission in 50% of the familial cases. Several different mutations have
been identified affecting the structure and the function of the sodium channel gene
SCN5A. These mutations result in loss of function of the sodium channel. The syndrome
appears ubiquitous. The incidence of the disease is difficult to estimate worldwide, but
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Fig. 1. Typical ECG of the syndrome. In panel B the “coved” type is shown. Please note the pattern
resembling a right bundle branch block in lead V1 and the ST segment elevation in leads V1 to V3.
There is also slight prolongation of the P-R interval. Paper speed 25 mm/s. (A) shows the “saddleback” type. This last should not be considered diagnostic unless changed to a “coved” type by the
administration of a class I drug.

it may cause 4 to 10 sudden deaths per 10,000 inhabitants per year in areas like Thailand
and Laos. In these countries, the disease represents the most frequent cause of natural
death in young adults. It is estimated that 20 to 50% of sudden deaths in patients with a
normal heart result from this syndrome. The disease has been linked to the sudden infant
death syndrome and to the sudden unexpected death syndrome by showing that the
electrocardiogram and mutations are the same as in Brugada syndrome. The diagnosis is
easily made by means of the ECG when it is typical. There exist, however, patients with
concealed and intermittent electrocardiographic forms that make the diagnosis difficult.
The ECG can be modulated by changes in autonomic balance, body temperature, glucose
level, and the administration of drugs like antiarrhythmics, but also neuroleptic and
antimalaria drugs. Beta adrenergic stimulation normalizes the ECG, whereas intravenous
ajmaline, flecainide or procainamide accentuate the ST segment elevation and are capable
of unmasking concealed and intermittent forms of the disease. Loss of the action potential
dome in right ventricular epicardium but not in endocardium underlies the ST segment
elevation. Electrical heterogeneity within right ventricular epicardium leads to the development of closely coupled extrasystoles via phase 2 reentry that precipitate ventricular
fibrillation. Implantation of an automatic cardioverter-defibrillator is the only currently
proven effective therapy. Patients with frequent electrical storms may require cardiac
transplantation.
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Fig. 2. Polymorphic ventricular arrhythmias documented during electrocardiographic monitoring. The arrhythmia was sustained and required external DC shock to be terminated.

DEFINITION
The syndrome of right bundle branch block, ST segment elevation in V1 to V3, and
sudden death is a clinical-electrocardiographic diagnosis combining syncopal or sudden
death episodes in patients with a structurally normal heart with a characteristic electrocardiographic pattern (1): The electrocardiogram (ECG) shows ST segment elevation in
the precordial leads V1 to V3, with a morphology of the QRS complex resembling a right
bundle branch block (Fig. 1B). This pattern of right bundle branch block has also been
called J point elevation (2–3). Some patients do not present right bundle branch block at
all. There is no prolongation of the QT interval during sinus rhythm in the typical cases.
It is not infrequent to observe elevation of the ST segment in lead aVL. There are variants
of the syndrome with ST segment elevation in the inferior leads. When ST elevation is
the most prominent feature the pattern is called “coved-type” (Fig. 1B). When the most
prominent feature is J point elevation without ST elevation the pattern is called “saddletype” (Fig. 1A). It is important to exclude other causes of ST segment elevation before
making the diagnosis of Brugada syndrome. These other causes include ischemia,
mediastinal tumors, hypothermia, and right ventricular disease. Brugada syndrome and
right ventricular dysplasia appear not to be related genetically (see below). Most publications suggesting right ventricular dysplasia as a cause of Brugada syndrome have
reported only nonspecific findings.
The episodes of syncope and sudden death (aborted or not) are caused by fast polymorphic ventricular tachycardias (VT) or ventricular fibrillation (VF) (Fig. 2). These
arrhythmias appear with no warning. Only in very few cases is there alternation of longshort sequences before the onset of polymorphic VT, a finding common in other
arrhythmias, like “torsade de pointes” in the long QT syndrome (4). There is no preceding
acceleration of the heart rate as is the case of cathecolamine-dependent polymorphic VT
(5), an arrhythmia caused by mutations in the ryanodine receptor.
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Fig. 3. The ECGs of the first two patients who came to our attention.

HISTORY
We saw the first patient with this syndrome in 1986. The patient was a three-year-old
Polish boy. He had presented multiple episodes of loss of consciousness and had been
resuscitated multiple times by his father. Interestingly, many of the episodes occurred
during febrile illnesses. The child’s sister had died suddenly at age two after multiple
episodes of aborted sudden death. She was receiving amiodarone and had a permanent
ventricular pacemaker implanted before dying. The ECGs of the two siblings were very
similar and abnormal (Fig. 3). The identification of two additional patients allowed
presentation of the preliminary data at the meeting of the North American Society of
Pacing and Electrophysiology (NASPE) in 1991 (6). The first paper including eight
patients was published in 1992 (1). Since then, there has been an exponential increase in
the number of patients recognized all over the world. The database of our Working Group
contains over 1000 carriers of the disease at present. The discovery of the genetic abnormalities linked to this syndrome, points to it being a primary electrical disease, providing
an important first step in the prevention and effective treatment of this form of sudden
death in individuals with a structurally normal heart.
Several authors have previously reported ECGs similar to the one presented in Fig. 1
(7–12). For the most part, these were considered variants of the normal ECG and no
definitive link to sudden death was established.
In the 1980s the CDC (Center for Disease Control) in Atlanta, reported an abnormally
high incidence of sudden death in young immigrants from Southeast Asia (13). The
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striking pattern of unexpected death usually occurred at night when the victims, who were
predominantly young men in apparently good health, were asleep. Death occurred within
minutes after the onset of agonal respiration. A few patients who were successfully
resuscitated were found to have VF and inducible polymorphic VT/VF in the electrophysiology laboratory.
It is worth noting that the natives in Asia knew about the problem for many decades.
In the Philippines it was known as Bangungut (scream followed by sudden death during
sleep) and in Japan as Pokkuri (unexpected sudden death at night). In Thailand, this form
of death is known as Lai Tai (death during sleep). The sudden unexplained death syndrome is known as SUDS (13). The incidence of this form of sudden death has been
estimated between 26 and 38 cases per 100,000 inhabitants per year. In Laos it may cause
1 sudden death per 1000 inhabitants per year. Sudden death is the most common cause
of natural death in young Thai men. In 1997 it was discovered that these patients suffer
the syndrome of right bundle branch block, ST segment elevation in V1 to V3, and sudden
death (13). Recently we have shown that the mutations of Thai men with SUDS produce
ion channel dysfunction similar to that observed in patients with the Brugada syndrome
(14).

ETIOLOGY AND GENETICS
The formation of the cardiac action potential is based on the perfect interaction of
multiple ion channels with the surrounding structures. This balance is kept throughout
life, with adaptation to the minimal environment changes occurring to prevent
arrhythmogenesis. An alteration in this ionic balance by an external factor (i.e., ischemia),
or a defect in the gene that encodes the channel can be sufficient to tilt the balance toward
a devastating outcome, i.e., malignant arrhythmia. In many of these diseases, gene identification will be difficult because the families are not extensive enough to allow linkage
analysis owing to the high degree of sudden death. The identification of the genes in these
families will depend on the analysis of candidate genes already identified.
Brugada syndrome is usually identified as a sporadic case. However, the majority of
individuals who present with this syndrome have a family history of sudden death or
malignant arrhythmia, if properly questioned. This has led to the understanding that there
are strong genetic factors leading to the disease. The higher prevalence of this disease in
some areas of Southeast Asia is also suggestive of an underlying genetic defect causing
the disease.
Controversy exists as to whether the Brugada syndrome is a form frusta of
arrhythmogenic right ventricular dysplasia (ARVD) which may present with ventricular
arrhythmias and typically is associated with fatty infiltration of the right ventricular
myocardium. Although no genes have been identified for true ARVD, linkage analysis
has identified five genetic loci including ARVD 1 (14q23) (15), ARVD 2 (1q42) (16),
ARVD 3 (14q12) (17), and ARVD 4 (2q32) (18). Evaluation of families with Brugada
syndrome for genetic mutations has clarified this picture somewhat.
The genetic abnormalities causing Brugada syndrome have been linked to mutations
in the ion channel gene SCN5A which encodes for the cardiac sodium channel. Mutations
in this gene result in a loss in function of the channels or alterateration in the kinetics and/
or voltage dependence of activation and inactivation. SCN5A was previously shown to
be the cause of LQT3, a form of Romano-Ward long QT syndrome (19). The differences
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in the clinical findings between LQT3 and Brugada syndrome occur because of the
different biophysical results based on the position of the mutations within the gene.
Unlike the Brugada syndrome, LQT3 occurs owing to an augmentation of late INa.
Despite the differences between LQTS and Brugada syndrome, important similarities
should be noted. In particular, both of these disorders in which life-threatening ventricular tachyarrhythmias occur are owing to mutations in genes encoding ion channels. This
similarity is somewhat akin to what has previously been described in familial hypertrophic cardiomyopathy (FHCM) where mutations in genes encoding for sarcomeric
proteins have been identified (20–25). Here, seven genes (β-myosin heavy chain,
α-tropomyosin, cardiac troponin T, myosin binding protein-C, myosin essential light
chain, myosin regulatory light chain, and troponin I), all encoding members of the sarcomeric unit have been found mutated in patients with FHCM. The clinical phenotype,
including outcome, appears to differ based on the gene mutated and the specific mutation
(26,27). Similar findings are emerging in familial dilated cardiomyopathy (FDCM) as
well. Thus, it appears that affecting a particular cascade at any point within the final
common pathway leading to a specific cardiac function (i.e., contractile apparatus resulting in cardiac function; ion channels resulting in cardiac rhythm; cytoskeletal proteins
resulting in cardiac structural support) results in a spectrum of similar disease (i.e.,
contractile apparatus mutations causes HCM; ion channel mutations result in LQTS,
Brugada syndrome; mutations in cytoskeletal protein genes result in FDCM). This “Final
Common Pathway” hypothesis (28) is being used in Brugada syndrome to identify the
remaining genes responsible for this disorder.

INCIDENCE AND DISTRIBUTION
Because the syndrome has been identified only recently, it is difficult to ascertain its
incidence and distribution in the world. When we analyze the data from the different
published studies, the disease is responsible for 4 to 12% of unexpected sudden deaths,
and for 20 to 50% of all sudden death in patients with an apparently normal heart. The
incidence may even be larger in the younger population. Indeed, this syndrome is the most
common cause of sudden death in individuals younger than 50 in South Asia with no
underlying cardiac disease (13). Based on a database of 48 Thai individuals who died
suddenly without evidence of structural heart disease, 57% had the right bundle branch
block pattern with ST elevation in leads V1 to V3. It is striking that all patients who had
this pattern were male. Ten of the 48 patients were female, six of whom had idiopathic
VF, yet they had no evidence of an abnormal ECG pattern. Therefore, it should be
emphasized that the syndrome affects almost exclusively male patients. It should also be
stressed that the physician plays an important role in identifying this syndrome to estimate its real prevalence. This syndrome may possibly be more prevalent, but the magnitude of it has yet to be determined. The difficulty in estimating the incidence and
prevalence of the disease becomes even more complicated as we unravel the syndrome
and some of its peculiar characteristics. It is a syndrome that in some cases presents with
a typical ECG, but in other cases the concealed or intermittent forms—meaning that the
ECG is normal at certain times. Several studies have provided important clues in identifying these concealed forms: Ajmaline continues to be the best agent to unmask them.
Procainamide and flecainide although useful, are less sensitive. This is one of the reasons
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why the prevalence of the disease may be underestimated. Only prospective studies will
be able to give an exact answer.
With present data, the disease appears to exist throughout the world, not surprising
given the high mobility of the population and the genetic basis of the disease. In the future
we might expect a sizeable increase in the number of identified cases, as the recognition
of the disease grows. A prospective study of an adult Japanese population (22,027 subjects) showed an incidence of 0.05% of ECG’s compatible with the syndrome (12 subjects) (29). A second study of adults in Awa (Japan) showed an incidence of 0.6% (66
cases out of 10,420) (30). However, a third study in children from Japan showed an
incidence of ECG’s compatible with the syndrome of only 0.0006% (1 case in 163,110)
(31). These results suggest that the syndrome manifests primarily during adulthood,
which is in concordance with the mean age of sudden death victims (35 to 40 yr). The
youngest patient in our database was two years old at the time of sudden death, whereas
the oldest 74. We are aware of a baby with Brugada syndrome who was two days old at
the time of his first ventricular fibrillation (unpublished observations). The ECG is very
variable over time, with periods in which it is clearly normal. This fact makes it very
difficult to estimate the incidence of the disease in the general population.
To illustrate this problem, one has to realize that, so far, 67 families with the syndrome
have been identified in the Flemish area of Belgium (6 million inhabitants). These 67
families with more than 600 members have 126 members affected with the disease (about
25%) giving an incidence of the disease of almost 1 in 50,000 in the Flemish area.

ELECTROPHYSIOLOGIC SUBSTRATE
Patients with this ECG pattern clearly have a proclivity to develop rapid polymorphic
VT/VF. Before the episode, the patients present with a regular sinus rhythm, with no
changes in the QT interval (Fig. 2). In some rare cases it seems that the ST segment
elevation increases just prior to the onset of polymorphic VT. We have observed the
triggering of the arrhythmia after a short-long-short cycle in only two cases (Fig. 4). It
is clear that these patients have an electrophysiologic substrate for VT/VF as evidenced
by the fact that the majority of patients who have the syndrome have inducible polymorphic VT/VF and frequently a positive signal averaged ECG. This is despite their normal
cardiac function and lack of gross structural cardiac abnormalities. When comparing
patients with abnormal ECG patterns to those with normal ECGs in the SUDS study (13),
VF could be induced in 93% of patients with the Brugada pattern, but only in 11% of those
with a normal ECG. Patients with the syndrome also had a prolonged His-Purkinje
conduction time (H-V interval), something that has also been shown in several other
studies (32). Whether this abnormality contributed to VF occurrence is unclear. But there
is a correlation between the duration of the H-V interval and the degree of ST segment
elevation (32,33).

TRIGGERING MECHANISMS
It has been shown that in some cases the development of the arrhythmia is clearly
bradycardia-dependent (34). This fact could explain the higher incidence of sudden death
at night in individuals with the syndrome. Proclemer et al. published one case of a patient
in whom the episodes of ventricular arrhythmias could only be controlled during fast
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Fig. 4. An exceptional case of initiation of the polymorphic VT after short-long sequences caused
by ventricular extrasystoles.

ventricular pacing (35). However, not all the patients die at night and not all the cases are
controlled with fast ventricular pacing. Patients from South Asia who have the ECG
pattern usually develop VT/VF during sleep at night. The episodes that were detected by
the implanted cardioverter-defibrillator in these patients show no evidence of bradycardia-dependence and in many cases the rate preceding the VF episode was relatively fast.

SPONTANEOUS TERMINATION OF VF
Bjerregaard et al. were the first to report a patient with the Brugada syndrome who
developed a spontaneously terminating episode detected by ECG monitoring (2). This
patient had a typical ECG pattern with the right bundle branch block-like QRS and ST
elevation from V1 to V3. In patients with the syndrome implanted with an automatic
cardioverter-defibrillator with electrogram storage many spontaneous episodes of VT/
VF have now become available. Many of the episodes are self-terminating. This explains
why patients present with syncope or wake up at night after episodes of agonal respiration
or seizure caused by the arrhythmia. One also needs to understand why some episodes self
terminate and why others are sustained and lead to cardiac arrest or even sudden death.
Whether certain modulating factors such as drugs, hypokalemia, sleep-related factors
(sleep apnea?) make the episode sustained remains unclear.

Chapter 19 / Brugada et al.

435

Table 1
Brugada Syndrome: Clinical Manifestations
a. Complete syndrome (symptomatic individuals)
• Typical ECG with symptoms consisting of recurrent syncope or sudden death (aborted or
not) caused by polymorphic VT
b. Clinical variants
• Typical ECG in asymptomatic individual without family history of sudden death or Brugada
syndrome.
• Typical ECG in asymptomatic individual, family member of a symptomatic individual with
the syndrome.
• Typical ECG after administration of a drug in an asymptomatic individual without family
history of sudden death or Brugada syndrome.
• Typical ECG after administration of a drug in an asymptomatic individual family member
of a symptomatic individual with the syndrome.
• Typical ECG after administration of a drug in a patient with recurrent syncope or resuscitated
sudden death (ventricular fibrillation diagnosed as idiopathic).
c. Electrocardiographic variants
•
•
•
•
•

Typical ECG with clear right bundle branch block, ST elevation and P-R prolongation
Typical ECG with ST elevation but no right bundle branch block, nor P-R prolongation
Incomplete right bundle branch block with saddle-type ST segment elevation
Incomplete right bundle branch block without ST segment elevation
Isolated P-R interval prolongation

ROLE OF THE AUTONOMIC NERVOUS SYSTEM
The role of the autonomic nervous system in this syndrome is still not fully understood.
Vagal stimulation is believed to trigger the arrhythmia in some patients because many
episodes occur at night and sympathetic stimulation normalizes the abnormal ECG pattern. There was a report from Japan on a few patients (34) in whom VT/VF induction was
facilitated by vagal stimulation or sympathetic blockade. On the other hand, there are
patients who suffer the arrhythmia during adrenergic stimulation and still others present
the arrhythmias with no apparent correlation with changes in the autonomic balance.
One of the observations in patients with the Brugada syndrome that may compel
physicians to think that sympathetic blockade and vagal stimulation can enhance the
induction or spontaneous occurrence of VT/VF is that the abnormal ECG pattern normalizes B adrenergle stimulation, whereas vagal stimulation enhances the abnormal pattern.
However, at present we do not have sufficient data to support the concept that normalization of the ECG correlates with a decreased occurrence of VT/VF.

CLINICAL MANIFESTATIONS (TABLE 1)
The complete syndrome is characterized by episodes of rapid polymorphic VT (Fig.
2) in patients with an ECG pattern of right bundle branch block and ST segment elevation
in leads V1 to V3 (Fig. 1B). The manifestations of the syndrome are caused by episodes
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Fig. 5. ECG of an asymptomatic patient. This patient had polymorphic VT induced during programmed electrical stimulation of the heart and received an implantable cardioverter-defibrillator.
Two and a half years after implant the patient received an appropriate shock because of polymorphic VT. The ECG of this asymptomatic patient cannot be distinguished from the one in Fig. 1A.

of polymorphic VT/VF. When the episodes terminate spontaneously the patient develops
syncopal attacks. When the episodes are sustained full blown cardiac arrest and eventually sudden death occur. Thus, these manifestations can range widely: At the one end of
the spectrum we have asymptomatic individuals and at the other end of the spectrum those
who die suddenly. Other symptoms include seizures, agonal respiration, and for those
patients who suffer an episode at night during sleep are witnessed as having labored
respiration, agitation, loss of urinary bladder control, and not uncommonly recent memory
loss (perhaps due to brain anoxia). Many patients who have the disease can appear to be
otherwise very healthy and active, vigorously engaging in exertional activity or exercise.
Physical examinations are almost always normal. Physicians who first work up these
patients have a strong tendency to believe that the syncopal attacks are benign and of
vaso-vagal origin. Many patients underwent a tilt-table test which was positive, they were
treated accordingly and subsequently died suddenly. As seen in other clinical-electrocardiographic syndromes, there are different presentations of the disease.
There exist asymptomatic individuals in whom the atypical ECG is detected during
routine examination. This ECG cannot be distinguished from that of symptomatic patients
(Fig. 5). In other patients, the characteristic ECG is recorded during screening after the
sudden death of a family member with the disease. On the other hand, there is the group
of symptomatic patients who have been diagnosed as suffering syncopal episodes of
unknown cause, or vaso-vagal origin, or have a diagnosis of idiopathic VF. Some of these
patients are diagnosed at follow-up, when the ECG changes spontaneously from normal
to the typical pattern of the syndrome (Fig. 6). This is also the case for those individuals
in whom the disease is unmasked by the administration of an antiarrhythmic drug given
for other arrhythmias, for instance atrial fibrillation.
Recent studies indicate that patients displaying the ECG characteristics of the syndrome and who have already had symptoms (aborted sudden death or syncope) have a

Chapter 19 / Brugada et al.

437

Fig. 6. ECG leads V1, V2, and V3 are shown from a single patient to illustrate the variability of
the ECG pattern during follow-up. Please note that the ECG can be extremely abnormal (top
tracings) but sometimes completely normal (bottom tracing of February 1993).

similar incidence of arrhythmia and sudden death as patients in which the ECG manifestation must be unmasked with a sodium channel blocker.
Up to 40% of individuals will develop a new or a first episode of polymorphic VT or
sudden death during a 2–3 year follow-up. As we will discuss below, such is not the case
in asymptomatic individuals.

DIAGNOSIS
The diagnosis of the syndrome is easily obtained by electrocardiography as long as the
patient presents the typical ECG pattern (Fig. 1B) and there is a history of aborted sudden
death or syncopes caused by a polymorphic VT. It is difficult to forget such a typical ECG.
The ST segment elevation in V1 to V3 with the right bundle branch block pattern is
characteristic. The ST changes are different from the ones observed in acute septal
ischemia, pericarditis, ventricular aneurysm and in some normal variants like early repolarization (36). There are though, ECG’s which are not as characteristic, and they are only
recognized by a physician who is thinking of the syndrome. There are also many patients
with a normal ECG in whom the syndrome can only be recognized a posteriori when the
typical pattern appears in a follow-up ECG or after the administration of ajmaline,
procainamide or flecainide (Fig. 7).
Additional diagnostic problems are caused by the changes in the ECG induced by the
autonomic nervous system and by other influences. The study by Myazaki et al. (37) was
the first one to show the variability of the ECG pattern in the syndrome. Adrenergic
stimulation decreases the ST segment elevation (Fig. 8) whereas vagal stimulation
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Fig. 7. Effects of the intravenous administration of ajmaline on the ECG.

worsens it. The administration of class Ia, Ic, and III drugs increase the ST segment
elevation. Exercise decreases ST segment elevation, but in some patients it may increase
immediately after exercise. The changes in heart rate induced by atrial pacing are accompanied by changes in the degree of ST segment elevation. When the heart rate decreases,
the ST segment elevation increases and when the heart rate increases the ST segment
elevation decreases.

RIGHT BUNDLE BRANCH BLOCK
It is unclear whether the right bundle branch block in this syndrome is real or whether
it represents an early repolarization of right ventricular epicardium. The clinical and
electrophysiological data suggest that both possibilities exist. Some ECGs clearly show
a right bundle branch block after normalization of the ST segment (Fig. 8C). There is
frequently a prolongation of the HV interval in these patients, which supports an abnormality of the conduction system. On the other hand, we can find ECGs without a right
bundle branch block when the ST segment elevation is corrected. Moreover, not all
patients have a prolongation of the H-V interval. It is likely that the different ECG patterns
result from different ion channel defects. The dispersion of repolarization that forms the
substrate for VT/VF can develop with a defect in any one of a number of ion channels and
pathophysiologies, as discussed later.
The polymorphic VT can often be induced in these patients by programmed electrical
stimulation of the heart, suggesting a reentrant mechanism. Two mechanisms are thought
to underlie this syndrome: phase 2 reentry and circus movement reentry.
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Fig. 8. The different panels illustrate the modulation of ST segment elevation which can be
obtained by atrial pacing, isoproterenol infusion, and intravenous procainamide in a patient with
the syndrome. Atrial stimulation worsens the right bundle branch block in (B) and results in T wave
alternans. Acceleration of heart rate by isoproterenol, on the contrary, results in normalization of
the ST segment, although an incomplete right bundle branch block can still be observed. (D) shows
the return to the control situation. In (E) procainamide increases ST elevation, and atrial (F) after
procainamide results again in bizarre ECG changes and T wave alternans.

Approximately 10% of patients with the syndrome exhibit paroxysmal atrial fibrillation. This arrhythmia may start at a rather young age, suggesting a possible genetic cause
(38). It is possible that similar genetic defects alter atrial and ventricular cellular electrophysiology in these patients.

RELATION WITH OTHER SYNDROMES
AND THE PSEUDO-SYNDROME
A possible relation between the syndrome under discussion and other syndromes,
particularly right ventricular dysplasia has been suggested. Isolated case reports, particularly from Italy (39), have suggested that in some patients with an electrocardiogram
typical of the syndrome, some pathologic data suggested right ventricular dysplasia. The
recent discovery of the genetic abnormalities of the Brugada syndrome in the gene SCN5A
located in chromosome 3 (19) argues against such a relationship, because the loci thus
far linked to right ventricular dysplasia are located on other chromosomes (15–18). It is
possible that some patients manifest two different diseases at the same time, and there
also exists ECGs which look similar to Brugada syndrome, but which are not caused by
the disease (pseudo-Brugada syndrome). Ikeguchi and coworkers (personal communication) have studied a patient with Wolff-Parkinson-White syndrome that was successfully
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Fig. 9. ECG changes induced by intravenous ajmaline in a patient with serologic Chagas’ disease
but no manifest myocarditis. The changes are very similar to those observed in Brugada syndrome.
The question arises about the possibility of two simultaneous diseases in the same patient, but the
ECG abnormalities may be the same final pathway of alteration of the function of the sodium
channels which is genetically determined in Brugada syndrome and could be acquired in Chagas’
disease.

treated by means of radiofrequency catheter ablation. The patient died suddenly two
years after ablation. Analysis of the ECGs of this case shows that he also suffered from
the Brugada syndrome. It is not unthinkable, therefore, that some patients may suffer
from right ventricular dysplasia and Brugada syndrome at the same time.
Other diseases may result in ECG’s manifestations similar to the Brugada syndrome.
For instance, it is interesting to observe the figures published from Buenos Aires in 1982
(Fig. 9) (40). In patients with Chagas’ disease Chiale et al. showed that the intravenous
administration of ajmaline was of value to uncover latent conduction disturbances, but
also what they called “latent disease.” In patients with positive serology severe conduction disturbances occurred in one-third after the administration of iv ajmaline. In 8% of
patients they observed the appearance of ventricular arrhythmias and in 7% elevation of
the ST segment in the right precordial leads (Fig. 9). The question arises of the relation
between Chagas’ disease and Brugada syndrome in these patients. Chiale and coworkers
actually considered the ajmaline challenge as a nonspecific test capable of detecting
myocardial damage. In light of the recent discovery of the genetic defect underlying the
Brugada syndrome, the question also arises about the possible occurrence of damage to
the sodium channel by Chagas’ disease. Although there exist major differences between
Chagas’ disease and Brugada syndrome, the final common pathway leading to sudden
death may be the same: Damage to the sodium channel (infectious in Chagas’ disease,
genetic in Brugada syndrome) with conduction and repolarization disturbances leading
to electrical chaos and ventricular fibrillation.
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Fig. 10. ECG of a patient with Steinert’s disease showing some similarities to Brugada syndrome.

Other conditions may result in ECGs simulating Brugada syndrome: Steinert’s disease
(Fig. 10), pectus excavatum, and mediastinal tumors (41). These should be excluded
before diagnosing Brugada syndrome.

ELECTROPHYSIOLOGIC AND HEMODYNAMIC FINDINGS
During invasive electrophysiologic investigations sinus node function has been normal in the large majority of the patients. However, isolated patients have manifest sinus
node disease and are pacemaker dependent. As already discussed, about 10% of patients
has paroxysmal atrial fibrillation. There exist no detailed studies on the ability to induce
this arrhythmia by programmed electrical stimulation.
All published studies agree on the inducibility of polymorphic VT by programmed
electrical stimulation in symptomatic patients (1,6,13). About 80% of patients resuscitated from VF are inducible by giving 1 or 2 ventricular premature beats during ventricular pacing. In the group of patients with syncope, the inducibility rate is about 60%. In
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asymptomatic individuals with an abnormal ECG the inducibility rate is 33%. In some
patients three premature stimuli are required. The induced arrhythmia is sustained in
practically all cases, results in hemodynamic collapse and has to be terminated by an
external DC shock. It can be criticized that polymorphic VT or VF induced by programmed stimulation is a nonspecific finding, because these arrhythmias can sometimes
be induced in patients with a normal heart (42). There exist, however, major differences
between the two situations: 1. The clinical context, with symptomatic patients with
Brugada syndrome having suffered from spontaneous ventricular arrhythmias. 2. The
percentage of patients inducible to a sustained polymorphic ventricular arrhythmia in
Brugada syndrome (33 to 80% depending on the group) as compared to individuals
without the syndrome where a sustained polymorphic VT or VF is only exceptionally
induced.
The same studies coincide in the frequent finding of conduction disturbances in patients
with the disease. The H-V interval is prolonged in about half of the patients. The prolongation is not marked, rarely exceeding the 70 ms, but being clearly abnormal in this
population with an average age of 40 yr. The H-V prolongation explains the slight prolongation of the P-R interval during sinus rhythm. We have found that programmed
ventricular stimulation and the H-V interval have a prognostic value. Noninducible
patients with a normal H-V interval have a better prognosis than inducible patients and
patients with a prolonged H-V interval. That is true both in symptomatic and asymptomatic individuals. However, the recurrence rates in symptomatic individuals are too high
not to implant a cardioverter-defibrillator (43).
Hemodynamic studies in patients who underwent right and left heart catheterization
were found to be normal. In SUDS patients with or without the typical ECG also had
normal findings. The coronary arteries are normal and the right and left ventricular
function and contractility also.

PROGNOSIS AND TREATMENT
This syndrome has a very poor prognosis when left untreated: We have recently shown
that more than one-third of patients who suffer syncopal episodes or are resuscitated from
near-sudden death develop a new episode of polymorphic VT within approximately two
years (43). Unfortunately, the prognosis of asymptomatic individuals with typical ECG
is also poor. In spite of not having any previous symptoms, one-third of these individuals
presents a first polymorphic VT or VF within two years of follow-up as well (Fig. 11).
The observations on prognosis of patients with Brugada syndrome from Europe is virtually identical to that for SUDS patients in Thailand who show the abnormal ECG pattern.
The cumulative proportion of VF or cardiac arrest occurred in approx 60% of the patients
within one year and 40% were likely to die suddenly if untreated.
These data are of extreme importance for the delineation of treatment policies of these
patients. Because antiarrhythmic drugs (amiodarone or beta-blockers) do not protect
against sudden cardiac death (32,43), the only available treatment is the implantable
cardioverter-defibrillator. This device effectively recognizes and treats the ventricular
arrhythmias. When provided with the implantable defibrillator total mortality in patients
with Brugada syndrome has been 0% with up to 10 yr follow-up. These results are not
surprising. These patients are young and usually devoid from other diseases. Because the
heart is structurally normal, and there is no coronary artery disease, these patients do not
die from heart failure or complications of ischemic events. Thus, they are the most ideal
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Fig. 11. Survival curves in symptomatic and asymptomatic patients with the typical ECG. About
30% of patients in both categories develop a recurrence of the first episode of polymorphic VT at
about two yr mean follow-up.

candidates for treatment with an implantable cardioverter-defibrillator. All symptomatic
patients should receive this device.
On the other hand, major concerns arise in the treatment of asymptomatic individuals.
Data from electrophysiologic investigations may help us to predict prognosis. We have
recently shown that of 190 asymptomatic individuals 16 died suddenly or presented their
first VF with successful resuscitation during a follow-up of 27 mo (43). There were 136
patients in whom programmed electrical stimulation was performed. Of them 45 were
inducible and 91 not. In the noninducible group only one patient (1%) presented ventricular fibrillation, whereas that happened in 6 of the 45 inducible patients (14%). Unfortunately programmed stimulation was not available in 9 patients who died suddenly. That
group of 9 patients represents a major limitation to assess the real prognostic value of
programmed ventricular stimulation in asymptomatic individuals with Brugada syndrome. Actually, and as also confirmed by Priori et al. (44) the best predictor of event in
asymptomatic individuals is a spontaneous abnormal ECG. From the 190 asymptomatic
individuals 111 had a spontaneous abnormal ECG and 79 had an abnormal ECG uncovered by drug challenge. All 16 events occurred in the group with a spontaneous abnormal
ECG giving an incidence of 14% sudden death during follow-up. Other data that are
associated to a poorer prognosis is male sex, but not a family history of sudden death.
At present, we believe four different groups of patients can be distinguished:
1. Symptomatic individuals with the disease who require an implantable cardioverterdefibrillator. Symptomatic patients with transient normalization of the ECG during follow-up have the same prognosis as compared to patients with a permanently abnormal
ECG.
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2. Asymptomatic patients with a spontaneously abnormal ECG should be given the option
of a defibrillator irrespective of the results from electrophysiological investigations.
3. Asymptomatic individuals with an abnormal ECG uncovered only after drug challenge
but also with inducible sustained polymorphic ventricular arrhythmias, who probably
must also be given the option of a defibrillator, particularly if there is a family history of
sudden death, and that also for psychological reasons.
4. Asymptomatic individuals with an abnormal ECG only after drug challenge and no
inducible ventricular arrhythmias who should not be treated but followed-up carefully for
development of symptoms suggesting arrhythmias (particularly syncope).

Again in this last group a family history of sudden death, particularly when many
members have died suddenly at a young age, may make it necessary to protect carriers
of the disease for psychological reasons. One has to realize, however, that these recommendations may rapidly change depending upon the availability of new data.
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INTRODUCTION
Once considered an extremely rare and lethal arrhythmogenic peculiarity, the congenital long QT syndrome (LQTS) is understood today as a primary cardiac channelopathy that is far more common but less commonly lethal than previously recognized.
The molecular breakthroughs of the 1990s led by the research laboratories of Drs. Mark
Keating, Jeff Towbin, Silvia Priori, and others revealed the fundamental underpinnings
of LQTS. Now, hundreds of mutations scattered amongst five cardiac channel genes
account for approx two-thirds of LQTS. Further, LQTS is a “Rosetta stone,” providing
an important molecular model for ventricular arrhythmogenesis. Despite these tremendous advances, the bench-top discoveries have not yet translated to the patient’s bedside
in the form of a standard, routine molecular diagnostic test.
The cornerstone of the clinical evaluation for LQTS remains a time honored careful
personal and family history and meticulous inspection of the 12-lead electrocardiogram
(ECG) to detect the hallmark of LQTS, prolongation of the QT interval. In this chapter,
three case vignettes will be used to highlight the challenges faced by a clinician when
trying to unmask this potential silent killer. Then, the clinical evaluation will be discussed
focusing on the objective tools available: 12-lead ECG, 24-h Holter, exercise stress
testing with and without microvoltage T-wave alternans analysis, catecholamine provoFrom: Contemporary Cardiology: Cardiac Repolarization: Bridging Basic and Clinical Science
Edited by: I. Gussak et al. © Humana Press Inc., Totowa, NJ
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cation tests, and mutational analysis of the known LQTS genes. Next, risk stratification
in LQTS will be discussed. Once a patient is deemed to harbor the clinical and/or genetic
substrate for LQTS, it is critical to try to determine whether or not he/she possesses a
ticking time bomb just waiting for the necessary trigger to detonate. On the other hand,
perhaps, the individual has a dud destined for asymptomatic longevity. Clearly, the
profound heterogeneity of LQTS calls for individualized patient management. For
example, should the duds be prohibited from all competitive sports? As will be evident
in this chapter, the LQTS evaluation poses a tremendous diagnostic challenge to discern
which asymptomatic family members are affected and who among the affected individuals harbor a ticking time bomb. Finally, the current treatment and lifestyle recommendations will be provided and the clinical evaluation for the case vignettes presented at the
beginning of the chapter will be reviewed.

CASE VIGNETTES
Case #1: What Is a Diagnostic QTc?
JPA is a 15-yr-old female referred for a second opinion following the diagnosis of
possible LQTS. At a preparticipation sports physical, an innocent murmur was heard, an
ECG demonstrated a QTc of 450 ms, and subsequent exercise testing reported that the QT
interval failed to shorten appropriately during exercise. By history, the patient and family
history was completely negative. No ECGs were performed on the parents. The patient
was diagnosed with “borderline QT prolongation, possible LQTS,” placed on once-a-day
atenolol beta-blocker therapy, and restricted from all competitive sports.

Case #2: Does My 13-yr-Old Have What Killed My 17-yr-Old Son?
Evaluation of Sudden Unexplained Death.
SH was a 17-yr-old previously healthy male found dead in bed. Standard medico-legal
autopsy was negative. His younger brother was brought for a second opinion to determine
whether or not he was at risk. This 13-yr-old boy was asymptomatic, his QTc was 430
ms, Holter recorded no significant ventricular ectopy, and exercise stress test was unremarkable. Would you perform any additional tests or dismiss as normal?

Case #3: To Implant or Not to Implant? That Is the Question.
NCK is an asymptomatic 18-yr-old female whose sister died following a near-drowning, her sentinel event for LQTS. Because of the swimming-triggered cardiac event, a
molecular autopsy was conducted revealing a defect in KCNQ1/KVLQT1 (LQT1). Molecular testing confirmed this mutation in NCK. Her QTc is 450 ms. Should she receive a
prophylactic ICD?
These three cases highlight several aspects in the clinical evaluation, risk stratification,
and management of LQTS and the approach to each case will be summarized at the
chapter’s conclusion.

CLINICAL EVALUATION
LQTS Disease Classification
Two inherited forms of LQTS with different modes of inheritance have been described:
The Romano-Ward syndrome (RWS) and the Jervell and Lange-Nielsen syndrome
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Fig. 1. LQTS: a cardiac channelopathy. Depicted are the linear topologies for the 5 channel genes
implicated in LQTS. The gene responsible for LQT1, KCNQ1 (commonly known as KVLQT1),
resides on chromosome 11p15.5 and encodes a 676-amino acid protein comprising the alpha
subunit of the IKs potassium channel. The gene responsible for LQT2, KCNH2 (commonly known
as HERG), resides on chromosome 7q35–36 and encodes a 1159-amino acid protein comprising
the alpha subunit of the IKr potassium channel. The gene responsible for LQT3, SCN5A, resides
on chromosome 3p21–24 and encodes a 2016-amino acid protein comprising the alpha subunit of
the INa sodium channel. LQT4 has been linked to chromosome 4q25–27 but the gene remains
elusive. The gene responsible for LQT5, KCNE1 (commonly known as minK), resides on chromosome 21q22.1 and encodes a 130-amino acid beta subunit of the IKs potassium channel. The
gene responsible for LQT6, KCNE2 (commonly known as MiRP1), resides on chromosome
21q22.1 and encodes a 123-amino acid beta subunit of the IKr potassium channel.

(JLNS). RWS was first described separately by Romano (1) and Ward (2) in the early
1960s after observing families with similar presentations including prolongation of the
QT interval, syncope, and sudden death. RWS is the most common inherited form of
LQTS and is transmitted as an autosomal dominant trait. The incidence is speculated to
be 1 in 5000 to 1 in 10,000 persons. To date, 6 LQTS loci, 5 LQTS genes encoding the
alpha or beta subunits of cardiac ion channels, and hundreds of mutations have been
identified: LQT1—chromosome 11p15.5, KCNQ1 (KVLQT1), LQT2—chromosome
7q35–36, KCNH2 (HERG), LQT3—chromosome 3p21–24, SCN5A, LQT4—chromosome 4q25–27, gene still unknown, LQT5—chromosome 21q22.1–22.2, KCNE1
(MinK), and LQT6—chromosome 21q22.1–22.2, KCNE2 (MiRP1) (Fig. 1) (3–6).
Mutations in the gene encoding the cardiac ryanodine receptor (RyR2) have been
identified in catecholaminergic polymorphic ventricular tachycardia (CPVT1) and
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mutations in the gene encoding the cardiac inwardly rectifying potassium channel (KCNJ2
or Kir2.1) cause Andersen’s syndrome that may include QT interval prolongation in its
phenotype (7–9). At this time, there is no evidence that either RyR2 or KCNJ2 mutations
underlie isolated LQTS hence their exclusion from the LQT# subtypes. At present, 50 to
70% of families with RWS have one of the known LQTS genotypes (6).
JLNS was first described in 1957 in a Norwegian family in which four of six children
had prolonged QT intervals, congenital sensorineural hearing loss and recurrent syncope,
three of whom died suddenly (10). In contrast to RWS, JLNS is associated with congenital deafness. The incidence is extremely rare (1 to 6 cases per 1 million population).
Initially understood as an autosomal recessive disorder, JLNS is now appreciated to be
a syndrome where the auditory phenotype (deafness) is autosomal recessive but the
cardiac phenotype is autosomal dominant. Thus, parents of JLNS actually have RWS but
interestingly, the parents are most often asymptomatic. The patient with JLNS has inherited abnormal alleles (either KVLQT1 or KCNE1) from both parents. The specific mutation can be the same (usually in consanguineous families) or different (compound
heterozygosity).

Clinical Presentations
LQTS may remain dormant with a lifelong asymptomatic course or present with
sudden cardiac death during infancy. Up to 40% of patients with heritable LQTS are
asymptomatic at the time of diagnosis and this number may be an underestimate with the
increasing recognition of genotype positive, asymptomatic individuals (4,11,12). Conversely, 5–10% of LQTS patients present with cardiac arrest as their sentinel event.
Unfortunately, this sentinel event is sometimes their first and last one. Syncope is the
most frequent symptom occurring commonly between age 5 and 15 yr. The risk of cardiac
events is higher in males until puberty and higher in females during adulthood (13).
However, females appear more vulnerable to LQTS-related cardiac events overall. In
general, approx 60% of patients present with activity- or emotion-related symptoms
primarily syncope, seizures, or palpitations. Eighty-five percent of cardiac events are
related to physical activity or emotional stress. To be certain, a fight-flight-fright-triggered faint must be considered potentially ominous until proven otherwise and a meticulous LQTS evaluation must be conducted.
Some of the phenotypic heterogeneity in LQTS is now understood because of the
underlying genetic heterogeneity particularly with respect to gene-specific triggers for
cardiac events (Fig. 2) (14). For example, patients with the most common genetic subtype
(LQT1, KCNQ1/KVLQT1) have predominantly exertional-triggered symptoms. Interestingly, swimming appears to be a common LQTS trigger and prior to genotyping, it was
observed that approx 15% of syncopal presentations in LQTS occurred during swimming
(15). Subsequently, swimming surfaced as a gene-specific arrhythmogenic trigger associated almost exclusively with LQT1 (16–20). Ackerman et al. (17) first reported a case
involving a 10-yr-old boy successfully defibrillated from torsades de pointes after near
drowning in a public school and subsequently identified an F339del-KVLQT1 mutation
(18). Subsequently, a molecular autopsy in a 19-yr-old woman who died after a near
drowning revealed a AAP71–73del-KVLQT1 mutation (20). With few exceptions to
date, all patients, with either a personal history or an extended family history of a near
drowning, have a defective KVLQT1 gene facilitating strategic genotyping (16,19).
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Fig. 2. Triggers to the long QT heart. Illustrated are the 2 essential elements necessary to precipitate a cardiac event. First, a cardiac channel defect (from Fig. 1) results in abnormal repolarization
usually manifest on the surface ECG with QT prolongation. Second, a trigger is needed (in this
case, swimming) to cause the stable but prolonged QT substrate to degenerate into the trademark
arrhythmia of LQTS, TdP or polymorphic ventricular tachycardia. The outcome—syncope, seizures, or sudden death—depends on whether or not this dysrhythmia spontaneously terminates.

Auditory stimuli, such as a telephone ringing or an alarm clock sounding, is another
common trigger in LQTS and may indicate the presence of a HERG/KCNH2 (LQT2)
defect (14,16,21). Fifteen percent of the cardiac events occur during rest or sleep. Sleep/
rest-triggered events seems most common in patients harboring a defective sodium channel (SCN5A) gene (LQT3) (14). The underlying genotype has a profound influence on the
clinical course (22). LQT1 and LQT2 families comprise approx 50% of LQTS and have
a much higher risk of cardiac events than patients with LQT3. However, the lethality of
a given cardiac event appears to be greatest in LQT3. Fortunately, SCN5A-based LQTS
(LQT3) is approx 10-fold less common than the potassium channel LQTS subtypes.
Table 1 provides a generalized summary of genotype-phenotype relationships in LQT1,
LQT2, and LQT3. Of course, these long QT genotypes do not read the papers published
about them and there are numerous exceptions to how a particular genotype may or may
not manifest its phenotype.

The 12-Lead Electrocardiogram
Despite tremendous research advances in elucidating the molecular underpinnings of
LQTS, the 12-lead ECG remains the cornerstone in the LQTS evaluation and the chief
screening tool. QT interval prolongation constitutes the hallmark of this syndrome (Fig.
2). The typical electrocardiographic features of LQTS include prolongation of the ratecorrected QT interval (QTc) as measured by Bazett’s formula (QTc = QT interval/square
root of RR interval) (23).
Although there are numerous rate correction formulas, we continue to use Bazett’s
QTc. The QT interval is defined as the time interval between the onset of QRS and the
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Table 1
Genotype-Specific Clinical Features
LQT1

Inheritance
Chromosome location
Gene
Gene function
ECG pattern
QTc
T wave
abnormality
Arousal-related
cardiac events (%)
Event onset
Gene-specific trigger
Cardiac events through
age of 40 years
≥ 1 event (%)
≥ 2 events (%)
Lethality of
cardiac events (%)
Median age at
first event (yr)

LQT2

LQT3

Autosomal dominant
11p15.5
KCNQ1/KVLQT1
IKs

Autosomal dominant
7q35
KCNH2/HERG
IKr

Autosomal dominant
3p21
SCN5A
INa

same
Prolonged T
wave duration
most common
(85%)
Exercise
Swimming

same
Small or
notched T wave
common
(67%)
Rest/sleep
Auditory stimuli

same
Delayed onset
of T wave
less common
(33%)
Rest/sleep
none

62
37

46
36

18
5

4

4

20

9

12

16

point at which the isoelectric line intersected a tangential line drawn at the maximal
downslope of the positive T wave or at the maximal upslope of the negative T wave. This
value is corrected for the heart rate by dividing it by the square root of the preceding RR
interval (Bazett’s QTc formula). Note, with a heart rate of 60 beats per minute (RR
interval = 1 second), the QTc equals the QT interval. More rapid heart rates cause the
calculated QTc to increase relative to the measured QT interval.
Lead II is generally the accepted lead for QTc calculation because the inscription of
the T wave is usually discrete although the lateral precordial leads V5 and V6 are sometimes quite informative (15,24). Garson et al. (15) noted that lead II yielded the longest
QT interval in 82% of patients. When sinus arrhythmia is present, an average QTc from
the entire lead II strip (at least 3 consecutive determinations) must be determined (25,26).
Simply taking the longest observed QTc will yield unacceptable false positive classifications.
Although the computer algorithms developed to analyze the ECG are generally useful
and accurate, they are not acceptable in the evaluation of LQTS. We demonstrated that
computer-generated ECG diagnostic interpretation read “normal ECG” for half of the
family members with genotype positive LQT1 (27). The ECG must be directly visualized
and QTc manually calculated by a physician with expertise in LQTS. Indeed, an ECG
suggestive of LQTS is in the eye of the beholder and not all eyes or computer algorithms
are created equal.
An alternative to manual calculation of the QTc is a simple nomogram in which only
a ruler or caliper is needed for rapid identification of normal, borderline, and prolonged
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Fig. 3. Nomogram for manual QTc calculation. This simple nomogram requires only a ruler and
enables the rapid classification of individuals with prolonged (≥ 460 ms), borderline (420–460
ms), and normal (< 420 ms) QTc. The 420 ms and 460 ms QTc lines are derived from plotting QT
and R-R coordinates according to QT = QTc × RR1/2 (Bazett’s formula). Assuming a paper speed
of 25 mm/s (ECG standard), the physician can measure the QT and R-R interval in millimeters and
plot these points on the left y-axis and bottom x-axis, respectively. The intersection of these points
locates the QTc. Alternatively, if the patient is in sinus rhythm, the physician can plot the heart rate
on the top x-axis instead of measuring the R-R interval. In either case (QT vs R-R or QT vs heart
rate), if the intersection falls above the shaded region (QTc > 460 ms), the individual is likely to
have the long QT syndrome (false positive ~ 5%) and should be referred to a cardiologist. If the
intersection falls below the shaded region (i.e., QTc < 420 ms), the individual is probably normal
(false negative < 2%). Note that five to ten percent of individuals with LQTS will fall within the
borderline zone requiring a plot in this zone to be assessed carefully. Certainly, symptoms plus a
plot in this borderline zone is compatible with the diagnosis of LQTS.

QTc (Fig. 3). The QTc lines of 420 ms and 460 ms have been drawn. Measuring the QT
interval and RR interval with a ruler or caliper in millimeters, one can make a quick plot
on the nomogram. A plot falling on or above the top line may be abnormal and an acquired
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or genetic cause should be investigated. A plot falling between lines of 420 ms and 460
ms is considered borderline and requires careful decision-making. Finally, a plot falling
below the bottom line (420 ms) is unlikely to be LQTS. As a quick screen, the Bazettederived QTc will be less than 460 ms if the QT interval is less than half of the preceding
RR interval.
Figure 4 provides a diagnostic algorithm to assist the work-up when a QTc ≥ 460 ms
is encountered. When exactly is a QTc too long is a question that continues to torment
LQTS physicians and can plague the LQTS evaluation as depicted in case vignette 1.
Before the molecular revelations in LQTS, a QTc of ≥ 440 ms was considered prolonged
(28). Subsequently, Vincent et al. (25) examined the QTc distribution in three families
that were genotyped for the 11p15.5 locus for LQT1 and found that no genotype positive
individuals had a QTc ≤ 410 ms and no unaffected (genotype negative) persons had a QTc
≥ 470 ms in men and ≥ 480 ms in women and that a significant number of patients were
erroneously classified using the 440 ms cut-off. From a screening standpoint, if a QTc of
460 ms is used as a cutoff point, the positive predictive value is 92% and the negative
predictive value is 94% (4). Again for screening, we advocate designating QTc values ≥
460 ms as prolonged and between 420 ms and 460 ms as borderline or equivocal to
maximize the PPV and NPV as a screening test.
Figure 5 depicts QTc values in health and in LQTS. Below 400 ms, the interpretation
is easy—Normal, no LQTS—with virtually 100% negative predictive value (although
we have documented a HERG patient with a QTc of 380 ms). On the other end, a QTc ≥
480 ms almost always indicates repolarization pathology owing to either acquired or
congenital LQTS. However, the overlap zone (400–480 ms) is where great consternation
occurs. Here, the physician must understand the normal QTc distribution in normal
humanity vs the 1 in 5000 LQTS-affected persons. The significance of a QTc = 450 ms
depends on the clinical history. IF 450 ms is documented in an incidental ECG from a
teenage female (case vignette 1), this QTc should be NORMAL with an odds ratio of at
least 1000:1. On the other hand, if congenital LQTS is established in a family and a
relative has a QTc = 450 ms on his/her screening ECG, then the odds ratio is MUCH less
favorable because approx 25% of genotyped LQTS patients have a resting QTc < 460 ms
(Fig. 5). In fact, 5% to 10% of LQT1 patients had a QTc < 440 ms (25).
Complicating matters further is the observation that LQTS individuals with a normal
ECG (i.e., “low-penetrant” LQTS or “concealed” LQTS) can indeed have cardiac events
including sudden death (29). Data from the International Registry for LQTS show that
5% of 1345 family members who have a QTc < 440 ms had a cardiac arrest. Garson et
al. (15) reported that 6% of 287 LQTS patients had a normal QTc. Moss et al. (30)
reported that syncope and cardiac arrest can occur in approx 5% of LQTS family members who have an apparently normal QT interval. These observations have transformed
the overlap zone into the nightmare zone. Thus, a normal resting QTc (< 450 ms) in a
genotype positive LQTS patient does NOT indicate a low-risk patient. Understanding the
overlap zone QTc is foundational to the LQTS evaluation and constitutes one of the major
misunderstandings in the clinical evaluation of LQTS.

T-U Wave Abnormalities and T Wave Alternans
Besides manually calculating the QTc, sleuth-like inspection of the morphology of the
T waves should also be conducted in a LQTS evaluation. Unusual T waves—wide-based

Chapter 20 / Khositseth and Ackerman

455
455

Fig. 4. Diagnostic algorithm for evaluation of QTc > 460 ms. In the clinical evaluation of LQTS, a meticulous independent inspection
and calculation of the ECG is vital. Assuming a QTc approaching the upper limits of normal (QTc > 460 ms) is verified, then a sleuthlike review of the personal history and family history is central and critical. Depending on the clues turned up in the investigation, acquired
mechanisms versus heritable mechanisms for the QT prolongation are sought. Because obvious QT prolongation in congenital LQTS can
be transient, several ECGs may be necessary during the course of the evaluation.
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Fig. 5. Distribution of QTc in health and LQTS. Normal QTc distributions for healthy men (solid
line) and women (dotted line) are shown as well as the distribution of QTc in LQTS (dashed line).
The overlap zone between health and LQTS is indicated in the dotted rectangle. Importantly, the
y-axis shows that the QTc distributions are not drawn to scale for the healthy population and the
LQTS population. For every one person present in the LQTS profile, there are at least 5000 persons
present in the normal male and female QTc profile.

slowly generated, notched, bifids, biphasic, low amplitude humps and bumps on the
downslope limb, indistinct termination due to U waves, sinusoidal oscillation, or simply
a delayed inscription of normally appearing T waves may lead to the diagnosis of LQTS
despite a normal or borderline QTc (31–33). These T-wave abnormalities may be particularly evident in the precordial leads. However, great caution must be exercised during
inspection of T-wave morphology because T-wave abnormalities can be observed in
normal subjects as well although much less commonly than in LQTS patients (15% vs
62%) (34). Figure 6A shows a peculiar T wave leading to the diagnosis of LQTS and the
subsequent molecular demonstration of a HERG defect whereas Fig. 6B shows a “funny”
V2 tracing from a genotype-negative 12–yr-old boy in a known HERG family. On their
own, “funny” T waves in leads V2 right and V3 in children and adolescents do not equal
LQTS.
In addition, the T-wave morphology may be somewhat gene-specific providing another piece of evidence permitting strategic genotyping (32,33). The less common LQT3
patients tend to have a distinctive, late-appearing T wave clearly distinct from the lowamplitude, moderately delayed T wave observed in LQT2. Both of these T-wave profiles
are different from the broad-based, prolonged T-wave pattern seen in LQT1. Recently,
Lupoglazoff (35) classified a notched T wave as a grade 1 (G1) notch when it occurred
at or below the apex whatever the amplitude, and as grade 2 (G2) when the protuberance
occurred above the apex. G2 notches appear more specific and often reflects a HERG
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Fig. 6. Electrocardiograms with peculiar T wave morphology. (A) Teenager with LQT2 ECG
obtained from a 16-yr-old male following a syncopal episode. Arrows indicate notched and bifid
T waves in the precordial leads V2–V4. Mutational analyses subsequently confirmed a R366XHERG mutation (LQT2). (B) Unaffected prepubertal boy of a known LQT2 family. Screening
ECG obtained on a 12-yr-old boy as part of family evaluation of clinically suspected LQTS.
Arrows indicate U waves in V3 and V4 that were considered indicative of LQTS particularly since
patient had a previous syncopal episode. However, the boy was found subsequently to be negative
for the family’s N588D-HERG mutation.
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Fig. 7. LQT3-specific ECG? Previous elegant studies by Moss and colleagues (32) and Zhang and
colleagues (33) have demonstrated gene-specific ECG patterns. This ECG completely recapitulates the LQT3 morphology pattern. However, in this case, the ECG was obtained from a 12-yrold boy with a F339del-KVLQT1 mutation (LQT1). While recognition of the ECG patterns is an
excellent guide for strategic genotyping, treatment decisions should not be rendered based upon
the ECG morphology.

(LQT2) genotype (Fig. 6A). However, treatment decisions should NOT be based on an
ECG-suspected LQTS genotype.
Multiple genetic and acquired factors affecting ventricular repolarization limit the
ability to accurately identify genotypes only by T-wave morphology (32). Figure 7 shows
a classic SCN5A (LQT3) ECG and the question has often been asked at meetings—should
treatment include mexiletine? However, the displayed ECG was obtained from a patient
with F339del-KVLQT1 (LQT1). Serial ECGs from the same patients have shown Twave morphologies morphing between all of the ECG patterns. Again, the mandate for
careful inspection of T-wave morphology is twofold:
1. Unmask a patient with concealed LQTS—i.e., a normal resting QTc with a peculiar T
wave as shown in Fig. 6A.
2. Provide a starting point for the mutational analysis based upon the suggested ECG
pattern.

In addition to QTc and T-wave morphology, macrovoltage and microvoltage T wave
alternans (TWA) and QT dispersion (QTd) may be informative. TWA is characterized
by beat-to-beat alternation of the morphology, amplitude, and/or polarity of the T wave
and is a marker of major electrical instability and regional heterogeneity of repolarization
and is likely to be associated with an increased risk of cardiac events (36). QTd is defined
as the difference between the maximal and minimal QT intervals in the 12 standard leads
and may reflect spatial repolarization (37). It has been described as an arrhythmic marker
for LQTS. There is evidence that QT dispersion is increased in LQTS patients compared
to normal controls (38,39). Moenning et al. (40) has confirmed that a significant and
independent difference in QT dispersion between mutation carriers and unaffected family members exists. However, a cut-off value of QT dispersion to distinguish LQTS from
health is not available.
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Holter Monitoring
In patients with a nondiagnostic resting QTc, Holter monitoring may aid in the evaluation of LQTS. Eggleling et al. (41) reported 5 of 14 LQTS patients with abnormal
findings during a 24-h ambulatory ECG: 2 with TdP, 2 with TWA, and 1 patient with
bradycardia owing to an intermittent sino-atrial (SA) block whereas all control subjects
had normal ambulatory ECG recordings. Merri et al. (42) measured the interval from the
R wave to the maximum amplitude of the T wave to represent the heart rate dependency
of ventricular repolarization and reported that quantification of the dynamic relation
between ventricular repolarization and RR cycle length can be obtained on a large number of Holter-recorded heart beats. Using this assessment of QT dynamicity, LQTS
patients have an exaggerated delay in repolarization at long RR cycle lengths. Lupoglazoff
et al. (35) suggests that Holter recording analysis is superior to the 12-lead ECG in
detecting T-wave notches. Again, caution must be exercised with interpreting Holters in
a patient with an equivocal history and a borderline QTc. Here, a Holter-recorded maximum QTc exceeding 500 ms does NOT equal LQTS. Presently, the normal distribution of
24-h maximal QTc values is poorly understood.

Exercise Testing
Exercise testing may enhance the diagnostic accuracy in LQTS patients with borderline QTc, as inadequate shortening of QTc with increasing heart rate has been observed
(43). Swan et al. (44) studied 19 LQTS patients and 19 healthy controls undergoing
exercise testing. During the recovery phase of exercise, the QT interval lengthened
abnormally and the inhomogeneity of repolarization increased in LQTS. LQT2 patients
had a lesser degree of QT interval shortening than LQT3 patients in response to increasing
heart rate (45). Moreover, LQT1 patients displayed a diminished chronotropic response
and exaggerated prolongation of QT interval after exercise. In contrast, the QT interval
shortens more in LQT2 than in LQT1 patients when heart rate increases and the sinus
nodal rate response is normal (46).
The majority of these studies have been conducted in LQTS patients having a diagnostic QTc at rest and the value of exercise testing in a borderline QTc work-up has not yet
been demonstrated. Induction of macrovoltage TWA during exercise is abnormal but is
rarely seen in the LQTS evaluation. Whether or not exercise-induced microvoltage TWA
will assist in the diagnosis or risk stratification of LQTS remains unclear.

Catecholamine Provocation
The cellular basis for the observed long QT interval is prolongation of the action
potential duration, which renders the myocytes vulnerable to early afterrepolarizations
(EADs). EADs provide a key initiating mechanism for developing torsade de pointes
(TdP). Kawade et al. (47) demonstrated that isoprenaline or adrenaline infusions can
induce TdP and inversion of the TU wave in LQTS patients. Sun et al. (48) demonstrated
that epinephrine increased QT dispersion, suggesting that beta-adrenergic stimulation
provokes arrhythmias in patients with LQTS by increasing spatial heterogeneity of ventricular repolarization.
Shimizu et al. (49) studied the effects of beta-adrenergic agonists in LQT1, LQT2, and
LQT3 model of the LQTS and suggested that beta-adrenergic stimulation induces TdP
by increasing transmural dispersion of repolarization in LQT1 and LQT2 but suppresses
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TdP by decreasing dispersion in LQT3. Finally, Tanabe et al. (50) demonstrated that
sympathetic stimulation produces a greater increase in both transmural and spatial dispersion of repolarization in LQT1 than in LQT2 but not in control subjects supporting the
increased vulnerability to exertional triggers for individuals with LQT1.
These fundamental observations have been exploited recently in the development of
an epinephrine provocation challenge for the diagnosis of concealed LQTS (51).
Ackerman et al. studied 37 patients with genotyped LQTS (19 LQT1, 15 LQT2, and 3
LQT3) and 27 control subjects at baseline and during gradually increasing rate of intravenous epinephrine infusion at 0.05, 0.1, 0.2, and 0.3 mcg/kg/min. 12-lead ECG was
monitored continuously and QT, QTc, and heart rate were measured at each stage. During
low dose epinephrine infusion (≤ 0.1 mcg/kg/min), all LQT1 patients manifest a paradoxical response to epinephrine with marked prolongation of the absolute QT interval
(∆QT > 50 ms) whereas controls, LQT2, and LQT3 patients tended to shorten their QT
intervals (Fig. 8). Epinephrine also triggered T wave alternans and/or nonsustained ventricular tachycardia in 3 of 37 LQTS vs no control subjects. In this study, the resting QTc
was nondiagnostic (QTc < 460 ms) in half of the LQT1 patients although the QTc was
borderline (> 440 ms) in half of the control subjects. A paradoxical QT response to low
dose epinephrine may be pathognomonic for LQT1 distinguishing individuals with concealed LQT1 (normal resting QTc) from normals. Importantly, most of the epinephrine
QT stress tests were conducted in the absence of beta-blockers. It is unknown whether or
not this LQT1-specific paradoxical response to epinephrine will persist in the presence
of beta-blockers. Epinephrine testing does not appear to unmask concealed LQT2 or
LQT3.

Molecular Genetics of LQTS and Genetic Testing
At the present time, the molecular breakthroughs of the 1990s have not yet been
translated into a routine, clinical molecular diagnostic test for LQTS. A select few LQTS
research laboratories perform comprehensive mutational analysis of the five known
LQTS genes and work with clinicians in an effort to try to provide a pseudo clinical test
until a major technological advance occurs. Presently, the process of mutational analysis
is laborious, expensive, and time consuming. Certainly, efforts at strategic genotyping
can accelerate this process. For instance, documentation of a personal or family history
of a swimming-triggered cardiac event points to LQT1 and a targeted screen for that
specific family could yield their KCNQ1/KVLQT1 mutation within a week. However, as
a general rule, it takes a laboratory 6–12 mo to analyze the five genes for 100 unrelated
probands. The majority of mutations detected will be unique further underscoring the
pronounced genetic heterogeneity underlying LQTS. To be sure, those families whose
LQTS mutation is discovered have their gold standard diagnostic marker to determine
unambiguously who does and does not harbor the family’s LQTS defect. However, a
putative pathogenic mutation will have been discovered for approx 50–60% of the LQTS
probands. Hence, a negative LQTS gene screen does not rule out the diagnosis of LQTS.
Thus, there is no role presently for molecular diagnostic testing in a research laboratory
when the clinical evaluation of the proband or family remains equivocal.
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Fig. 8. Epinephrine QT stress test. Depicted are baseline ECG recordings and typical responses during low dose (0.05 to 0.1 mcg/kg/min)
epinephrine QT stress testing in LQT1 (left panel), LQT2 (center panel), and LQT3 (right panel) in the absence of beta-blocker therapy. As shown
in the overlay on the expanded time scale, LQT1 subjects uniformly exhibit a paradoxical response to epinephrine (i.e., the uncorrected QT interval
lengthens) rather than QT-shortening that is seen in LQT2, LQT3, and normals (not shown). Epinephrine provoked QT prolongation is suggestive
of an underlying LQT1 genotype and may help to unmask the patient with “concealed” LQTS.
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Table 2
Schwartz Score for LQTS Diagnostic Criteria
Variable

Points

ECG findings
QTca (ms)
≥ 480
460–470
450 (in males)
Torsades de pointes
T-wave alternans (macroscopic)
Notched T wave in 3 leads
Low heart rate for ageb
Clinical History
Syncope
With stress
Without stress
Congenital deafness
c
Family History
d
Family members with definite LQTS
Unexplained sudden cardiac death < age
30 yr among immediate family members
a
QTc calculated using Bazett’s formula (QTc = QT/square
b
Resting heart rate below the second percentile for age
c
The same family member cannot be counted in both
d

3
2
1
2
1
1
0.5

2
1
0.5
1
0.5
root RR)

Definite LQTS is defined by a Schwartz score ≥ 4

DIAGNOSIS OF LQTS
Schwartz et al. (52) proposed the first diagnostic criteria for LQTS in 1985, that
included the following major criteria: QTc > 440 ms, stress induced syncope, family
members with LQTS, and minor criteria: Congenital deafness, episodes of T-wave
alternans, low heart rate (in children), and abnormal ventricular repolarization. As discussed previously, more recent understanding of the overlap zone between LQTS and
health has rendered this cut-off value of 440 ms a major limitation of the original Schwartz
score.
A modified Schwartz score containing new criteria and a point system based upon a
range of QTc values and the clinical/family history was formulated in 1993 (Table 2)
(53). The modified “Schwartz score” ranges from 0 to 9 and contains 3 diagnostic probabilities: ≤ 1: low probability of LQTS; 2 or 3: intermediate probability of LQTS; and ≥
4: high probability of LQTS. Although the positive predictive value of a modified
Schwartz score ≥ 4 approaches 100%, the presence of low penetrance LQTS or concealed
LQTS continues to plague even a composite score.
Penetrance, defined as the ratio between patients with the clinical phenotype (QT
prolongation, symptoms, and so on) and the total number of family member carriers of
the mutation identified in the LQTS proband may be as low as 25% in LQTS. Priori et
al. (29) also found that of 46 family members considered on clinical grounds to be normal,
15 (33%) were found to be gene carriers, so conventional clinical criteria had a sensitivity
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of only 38% in correctly identifying carriers of the genetic defect. Thus, in the evaluation
of first degree relatives of a definitely affected LQTS proband, it is no longer acceptable
to exclude LQTS among individuals harboring an equivocal QTc.
There are four clinical scenarios concerning to the diagnosis of LQTS. The first situation is the patient who presents with symptoms such as syncope, seizures, and cardiac
arrest and a “Schwartz score” ≥ 4. Here, genetic testing is not necessary for the diagnosis.
However, knowing the genotype may assist in the treatment plan owing to genotype
specific LQTS disease.
The second scenario is a symptomatic patient who has a normal/borderline QTc (≤ 460
ms). The diagnosis based on clinical criteria is borderline or questionable (score = 2 or
3). In this situation, serial ECGs should be performed since the QTc value in LQTS
patients may vary from time to time. Furthermore, a careful inquiry about family history
of sudden death as well as screening ECGs from other family members may be informative. Exercise testing and Holter monitoring should be performed, although the positive
predictive value is small. An epinephrine QT stress test looking for a paradoxical response
(QT prolongation with low dose epinephrine) may unmask LQT1 patients. Finally,
although the genetic testing is not yet widely available in many centers, genetic testing
could be very helpful in making the diagnosis. The identification of a mutated LQTS gene
would confirm the diagnosis and the management could be initiated properly. Again
however, the failure to identify a mutation certainly does not rule out the diagnosis
because 40% of LQTS remains genetically elusive.
The third scenario is an apparently asymptomatic relative of a definite LQTS proband.
As we concluded earlier, it is no longer acceptable to exclude LQTS among family
members of definitely affected patients because of an equivocal QTc. Here lies perhaps
the greatest potential value of molecular diagnostic testing, the unambiguous classification of asymptomatic family members.
The last scenario is the screening ECG in asymptomatic patients found incidentally to
have an equivocal QTc. As discussed earlier, normal healthy persons have overlapping
QTc with LQTS patients, so one cannot rely only on the ECG to discriminate between
health and LQTS with an overlapping QTc (Fig. 5). Moreover, there are many drugs and
conditions that cause acquired prolongation of QT (Table 3). In this situation, strong
reassurance can usually be given and no further investigation is needed generally except
perhaps repeating the ECG and obtaining screening ECGs on the parents.

RISK STRATIFICATION
Risk stratification in LQTS is clinically vital and exceedingly difficult. The phenotypic expression of LQTS varies profoundly from asymptomatic longevity to premature
sudden cardiac death despite medical therapy. The great challenge is to discern which of
these divergent outcomes is most likely in each of our patients. Occurrence of a LQTSrelated cardiac event like syncope before five years of age suggests a serious LQTS
phenotype and syncope occurring in the first year of life is associated with an extremely
poor prognosis (54). Overall among LQTS patients, the risk of cardiac events is higher
in males until puberty and higher in females during adulthood (13). Males who are still
asymptomatic at age 20 yr may be considered at a lower (but not zero) risk for sudden
cardiac death. Females still have the same risk for cardiac events in adulthood and may
be at increased vulnerability to an arrhythmic event during the postpartum period (55).
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Table 3
Causes of Acquired QT Prolongation

Drugs
Antiarrhythmics (amiodarone, bretylium, disopyramide, dofetilide, flecainide, ibutilide,
N-acetylprocainamide, pirmenol, procainamide, quinidine, sematilide, sotalol, tedisamil)
Antibiotics/Antifungals/Antivirals (amantadine, amphotericin, azithromycin, chloroquine,
clarithromycin, clindamycin, cotrimoxozole, erythromycin, fluconazole, foscarnet,
gatifloxacin, grepafloxacin, halofantrine, itraconazole, ketoconazole, levofloxacin,
moxifloxacin, pentamidine, sparfloxacin, spiramycin, TMP-SMX, troleandomycin)
Anticancer agents (arsenic trioxide, tamoxifen)
Anticonvulsants (fosphenytoin)
Antidepressants (amitriptyline, citalopram, desipramine, doxepin, fluoxetine, imipramine,
maprotiline, sertraline, venlafaxine)
Antiemetics (chlorpromazine, compazine, dolasetron)
Antihistamines (astemizole, clemastine, diphenhydramine, hydroxyzine, terfenadine)
Antihypertensives (isradipine, moexipril, nicardipine)
Antipsychotics (chlorpromazine, haloperidol, mesoridazine, pimozide, quetiapine,
risperidone, thioridazine, ziprasidone)
Gastrointestinal stimulants (cisapride)
Homeopathic agents (cesium chloride)
Lipid lowering agents (probucol)
Migraine treatments (naratriptan, sumatriptan, zolmitriptan)
Organophosphate insecticides
Sedatives (droperidol)
Electrolyte derangements
Acute hypokalemia (associated with diuretics, hyperventilation)
Chronic hypocalcemia
Chronic hypokalemia
Chronic hypomagnesemia
Medical conditions
Arrhythmias (complete atrioventricular block, severe bradycardia, sick sinus syndrome)
Cardiac (myocarditis, tumors)
Endocrine (diabetes, hyperparathyroidism, hypothyroidism, pheochromocytoma)
Neurologic (cerebrovascular accident, encephalitis, head trauma, subarachnoid hemorrhage)
Nutritional (acute weight loss, alcoholism, anorexia nervosa, liquid protein diet, starvation,
obesity)

Among the known LQTS genotypes, individuals with LQT1 appear to be more frequent fainters who less commonly die whereas LQT3 individuals infrequently faint but
appear to have the highest lethality rate per cardiac event (14). The recessive variant is
associated with very early clinical manifestations and a poorer prognosis than autosomal
dominant Romano-Ward LQTS (54). Marks et al. (56) reported a different genetic variant
of LQTS manifesting syndactyly in addition to QT interval prolongation and observed
a poor prognosis with this rare LQTS phenotype.
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A history of cardiac arrest increases the probability of a cardiac arrest or sudden
cardiac death at follow-up (57). A negative family history for sudden cardiac death
cannot be regarded as a predictor of favorable outcome, on the other hand, a family
history of sudden cardiac arrest may indicate an increase risk to other family members
(54). A markedly prolonged QT interval (i.e., QTc > 600 ms) is associated with the greater
risk for cardiac events but only a minority of LQTS patients manifest this degree of QT
prolongation (30). Unfortunately, there does not appear to be a linear relationship between
clinical risk and degree of QT prolongation. Indeed, patients with a QTc < 440 ms can
have syncope or even cardiac arrest (5% of family members of LQTS) (58).
T-wave notching or humps appear to be more common in symptomatic patients and
may be of prognostic significance (34). QT dispersion may be associated with high risk.
QT dispersion > 100 ms and a lack of shortening following a beta-blocker therapy are
associated with risk factors for recurrent cardiac events (39). Beat-to-beat repolarization
lability may identify patients with sudden cardiac death and predict arrhythmia-free
survival (59). Various methods quantifying T-wave morphology have been developed
based on observations that T-wave morphology is a reflection of repolarization
wavefronts in the myocardium (60). T-wave spectral variance (TWSV) index, a new
method to assess beat-to-beat variability of the T wave, revealed increased heterogeneity
of repolarization in patients prone to both VT and VF (61). Macroscopic TWA on the
12-lead ECG is a marker of severe electrical instability in LQTS (31,36). However,
quantitation of the actual risk of sudden cardiac death associated with TWA is still
uncertain and visible TWA is an infrequent sighting in the LQTS evaluation (54). There
appears to be no role for invasive electrophysiology studies in LQTS risk stratification
as most LQTS patients are not inducible during programmed electrical stimulation (62).
Microvoltage T wave alternans (µV-TWA) at low heart rate (HR) is a marker of
arrhythmic risk in many conditions, but its significance in LQTS has not been established.
µV-TWA is classified as abnormal if there is sustained alternans of at least 1.9 µV, lasting
for at least one minute and consistently present while heart rate exceeds some patientspecific heart rate threshold value (< 110 beats/min), with noise ≤ 1.8 µV, alternans-to
noise ratio ≥ 3, and ectopics ≤ 10% (63). Kaufman et al. (64) observed sustained µV-TWA
only among a minority of LQTS subjects and concluded that sustained µV-TWA was a
specific (100%) but insensitive (18%) marker for LQTS, but it may hold promise as a
predictor of individual susceptibility to arrhythmias. Using catecholamine provocation
with dobutamine instead of exercise stress testing, we have demonstrated that µV-TWA
occurs at lower heart rates in patients with LQTS than in healthy people but that it may
fail to identify high-risk subjects (65).
In contrast to catecholamine-induced µV-TWA, we have described and quantitated
macroscopic nonalternating, beat-to-beat lability in T-wave amplitude and morphology
during catecholamine stress testing with dobutamine (Fig. 9) (66). This lability was
quantified using a newly derived T-wave lability index (TWLI) based on a determination
of the root-mean-square of the differences in T-wave amplitude at each isochronic point.
The TWLI was significantly higher in LQTS and marked T wave lability (TWLI ≥ 0.095)
was detected in all three LQTS genotypes (10/23), but in no control subjects. Importantly,
all high-risk patients having either a history of out-of-hospital cardiac arrest or syncope
plus at least one sudden death in the family had TWLI ≥ 0.095. Future studies are needed
to determine whether or not such catecholamine provoked T-wave lability identifies
patients harboring high-risk genetic substrates.
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Fig. 9. Catecholamine provocation and T-wave lability 9A. Presence of dobutamine provoked nonalternating, beat-to beat T-wave lability and
quantification of TWLI. Four consecutive QRST complexes from lead V4 are overlayed to demonstrate T-wave lability. The sequence of the complexes
is color-coded. (A) At rest, the T-wave morphology is nearly uniform, with only minimal fluctuation involving the magnitude of the peak of the T wave.
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Fig. 9. (Continued) (B and C) During dobutamine infusion at 10 µg/kg/min, there is marked beatto-beat T-wave variability particularly in the morphology of the second component of the T wave.
(D) Ten minutes after defibrillation, the T-wave morphologies are essentially superimposable. (E)
Quantification of T-wave lability present during dobutamine infusion at 10 µg/kg/min (B and C).
The red curve shows signal averaged QRST complex. The green curve plots the root-mean-square
differences for each isochronic point. The dotted vertical green line indicates the highest variability of repolarization. It is normalized for the span of the QRS complex (dotted vertical red line)
to calculate TWLI. The time interval between the red and the green y-axis is 840 ms. Notice that
the y-axis scale is expanded for the root-mean-square values. Here, the TWLI equals 0.148 indicating that the beat-to-beat T wave variability is nearly 15% of the magnitude of the total QRS
voltage. Note that the maximum variability occurs after the peak of the T wave. (F) Corresponding
data 10 min following defibrillation. The maximal T wave variability (dotted vertical green line)
is reduced strikingly (TWLI = 0.026).
9B. Summary of TWLI in LQTS and in control. The study subjects are distinguished on the x-axis
by LQTS genotype or control. Each individual’s sex is indicated by square (males) or circles
(females). Open symbols denote a negative personal and family history. Partially filled symbols
indicate a positive family history SUD or aborted cardiac arrest. Filled symbols indicate a personal
history of syncope. Finally, symbols with a slash through it identify those subjects who experienced an out-of-hospital cardiac arrest (OHCA). TWLI in LQTS patients is significantly higher
than in normal subjects (0.0945 ± 0.0517 vs 0.0445 ± 0.0123, respectively; p < 0.003).

Table 4 summarizes the recent recommendations for risk stratification for sudden
cardiac death in LQTS from the task force report on sudden cardiac death of the European
Society of Cardiology (54).

MANAGEMENT
All Symptomatic Patients with LQTS Require Treatment
The risk of sudden death without treatment is unacceptably too high. It has been
estimated that the mortality without treatment is 20% in the first year after presenting with
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Table 4
Recommendations for Risk Stratification Sudden Cardiac Death: Long QT Syndrome
Recommendations Level of evidence

Syncope
TdP/VF/CA
JLN recessive trait
LQT3 genetic variant
QTc > 600 ms
Cardiac events in infants
Postpartum period
Female sex
Syndactyly and AV block
T wave alternans (macroscopic)
Family history
QT dispersion
Programmed electrical stimulation

Class I
Class I
Class I
Class I
Class II a
Class II a
Class II a
Class II a
Class II a
Class II a
Class II b
Class II b
Class III

B
B
B
C
C
O
C
C
C
C
O
C
C

Reference
(30)
(30)
(14,30)
(14,22)
(30)
(55)
(13)
(56)
(36)
(39)
(62)

Class I = Conditions for which there is evidence and/or general agreement that a given procedure (risk
stratification parameter) is useful and effective.
Class II = Conditions for which there is conflicting evidence and/or a divergence of opinion about the
usefulness/efficacy of the procedure or treatment (or risk stratification parameter).
II a: weight of evidence/opinion is in favor of usefulness/efficacy.
II b: usefulness/efficacy is less well established by evidence/opinion.
Class III = Conditions for which there is evidence or general agreement that a given procedure/treatment
is not useful/effective.
Evidence A = Data derived from multiple randomized clinical trials or meta-analyses.
Evidence B = Data derived from single randomized trials or non-randomized studies.
Evidence C = Consensus opinion of the experts.
Evidence O = Opinion of the Task Force Panel.

a LQTS-related event, syncope, seizures, or aborted cardiac arrest and 50% within 10
years of presentation.
On the other hand, the necessity for and approach to treating asymptomatic patients is
less straightforward. In 1993, Garson et al. (15) reported that cardiac arrest was the
sentinel event in 9% of LQTS patients. Further, 12% of patients who were asymptomatic
at the time of diagnosis later developed symptoms including sudden death in 4% indicating the need for universal treatment of all LQTS patients, both symptomatic and asymptomatic. More recently, Priori et al. (67) suggested that all young asymptomatic patients
should be treated because sudden death as the sentinel event has been documented too
frequently. Schwartz (68) recommended treatment for the following asymptomatic LQTS
patients: Neonates and infants, affected siblings of children who have died suddenly,
patients with manifest T-wave alternans, patients with QTc > 600 ms, JLN-form of
LQTS, and when there is anxiety or an explicit request for treatment in a family after
thorough explanation.
Ackerman (4) recommended that after a patient with LQTS has been diagnosed, all
first- and second-degree relatives must be screened, a cardiologist must be involved in
the care of families with LQTS, symptomatic patients must be treated, and treatment
options must be considered carefully in asymptomatic patients. We recommend that
asymptomatic patients with LQTS should be provided LQTS therapy if
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1.
2.
3.
4.
5.

QTc > 550 ms.
LQT3 genotype.
Younger age at diagnosis (< 40 yr).
Family history of sudden cardiac death from LQTS.
Particular type of LQTS: Associated with congenital deafness (JLN) or associated with
syndactyly.
6. T-wave alternans, TWLI > 9.5%.

To be sure, many patients with LQTS harbor a long QT dud rather than a ticking time
bomb and are destined for asymptomatic longevity. In fact, there are many LQTS patients
who require no therapy. However, until clinical testing reveals the virtually No Risk
patient, near universal treatment will continue to be the prudent recommendation.
Debate will continue over when an asymptomatic patient is no longer young and has
out-grown his/her LQTS risk such that no medical therapy is necessary. All LQTS investigators have a collection of patients who experienced their sentinel event in their 30s,
40s, 50s, and even 60s such that suggesting any age as a cut-off in the decision for
prophylactic therapy in an asymptomatic patient seems arbitrary. Besides, this may be a
mute point as the standard therapy for LQTS, i.e., beta-blocker therapy, may prolong life
in older persons independent of its protective effect in LQTS providing an excuse/rationale for a universal treatment recommendation.
At a minimum, all LQTS patients must avoid drugs known to exacerbate the QT
interval interval (Table 3). There are three excellent websites: www.qtdrugs.org,
www.care.edu, and www.sads.org, that provide a more comprehensive list of potentially
contraindicated medications. In addition, LQTS patients should ask their physician or
pharmacist to perform a “QT safety check” on any intended prescription by searching a
database like Micromedex to obtain recent information. For some, such drug exposure
may be the only thing lying in wait to detonate their LQTS bomb. Occasionally, the
patient will need a medicine that is on one of those contraindicated lists and the physicianpatient must carefully consider the risks and benefits. If there is a reasonable alternative
medication with similar efficacy, then the decision is simple. However, one area of great
difficulty pertains to the treatment of concomitant depression. Here, most of the selective
serotonin reuptake inhibitors (SSRIs) have documentation of a QT prolonging potential
and are all on those lists of medications to avoid. In such instances, the physician must
weigh carefully the evidence for this potential side effect and determine, in the context
of treating the whole person, what constitutes the best risk-benefit decision.
Another prudent measure is the avoidance of competitive sports as competition brings
together the key triggers that threaten the long QT heart, the fight-flight-fright response
(69). However, this competitive sports prohibition is arguably the single biggest issue
facing the families of children and adolescents diagnosed with LQTS. There is no doubt
that competitive sports pose no risk to some patients with LQTS. Unfortunately once
again, clinical testing cannot determine which ones and hence the universal restriction.
On the other hand, most LQTS experts support participation in recreational sports in
moderate exertion in properly treated LQTS patients. Here, there is a bit of logical
inconsistency behind prohibiting competitive sports whereas permitting recreational
activities perhaps secondary to liability considerations. Clearly, there are known, predictable adverse health consequences for the obese, sedentary individual and encouraging an
active, normal life for LQTS patients should be the goal.
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The ultimate goal for the treatment of LQTS is to prevent sudden cardiac death secondary to a long QT heart that degenerates into polymorphic ventricular tachycardia and
fails to spontaneously convert back to normal sinus rhythm. Currently, the treatment
options for inherited LQTS included β-blocker therapy, implantable cardioverter-defibrillator (ICD), continuous pacing, a surgical procedure involving a left cervicothoracic
sympathectomy, and genotype-directed therapy.
β-BLOCKER THERAPY
β-blocker therapy remains the principle therapy for most LQTS (52,57). Although not
a randomized study, β-blockers appear to decrease mortality from 71% in historical
controls to 6% in a treated group (68). A study from the Pediatric Electrophysiology
Society demonstrated that β-blockers were effective in decreasing symptoms, ventricular
arrhythmias, and sudden death (15). Moss et al. (57) studied 869 LQTS patients treated
with β-blocker noting a marked beneficial effect with a significant reduction in cardiac
events including sudden death. It is generally thought that all beta-blockers are equally
protective with propranolol 2–4 mg/kg/day, nadolol 0.5–1.0 mg/kg/day, metoprolol 0.5–
1.0 mg/kg/day, and atenolol 0.5–1.0 mg/kg/day being most commonly used. These are
not trivial doses of beta-blockers and a commonly observed mistake is inadequate dosing
(homeopathic doses).
Unfortunately, β-blocker therapy does not eliminate the risk of sudden cardiac death
completely (70,71). Moss et al. (57) uncovered several risk factors for “breakthrough”
cardiac events during prescribed β-blocker therapy. These factors were younger age
(especially < 5 yr) and syncope or aborted cardiac arrest documented before drugs were
started. Concerning death after starting β-blocker therapy; two-thirds of deaths were
females, mean QTc value among fatal cases was slightly longer, β-blocker therapy mostly
started before adolescence and 79% had one or more cardiac events before starting drugs.
These results indicate that patients who had symptoms before β-blocker therapy have a
high probability of having recurrent cardiac events (32% within 5 yr) despite being on βblocker. Moreover, 14% of patients with an aborted cardiac arrest before β-blockers are
expected to have recurrent cardiac arrest or death within five years while on therapy.
The appropriate or optimal dose of β-blockers in the treatment of LQTS is still uncertain. Noncompliance with β-blocker therapy is a risk factor for increased mortality in
LQTS patients (15). Compliance issues and adequacy of dose can be monitored by trough
levels of drug in the case of propanolol, 24-h ambulatory monitoring to ensure a sufficient
decrease in heart rate, exercise stress testing to demonstrate satisfactory blunting (~ 25–
40%) in chronotropic response to exercise, and measuring QT dispersion. Priori et al.
showed that a QT dispersion <100 ms during β-blockers was 80% sensitive and 82%
specific in discriminating patients responsive to β-blockers from nonresponders (39).
Thus, the persistence of QT dispersion > 100 ms after β-blocker therapy is one possible
marker denoting high risk and the need to proceed to other modalities of treatment.
Since some patients probably do not need beta-blockers (again we do not know which
ones), all beta-blockers are likely to appear similarly effective. However, we have reviewed beta-blocker therapy failures in genotyped LQTS probands and found that 75%
of the breakthrough events occurred while the patient was taking atenolol (unpublished
data). In a previous study on the long-term follow-up of 37 patients treated with betablockers and continuous pacing, there were 6 compliant individuals with a sudden death
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or aborted sudden death and 5 of the 6 were on 50–200 mg/day of atenolol (71). Whether
or not these patients were dosed once or twice-a-day is not known. Nonetheless, although
perhaps the best tolerated beta-blocker, atenolol may not afford adequate protection at
least for symptomatic LQTS patients. At a minimum, proper dosing schedules must be
adhered to carefully for atenolol as the pharmacokinetic properties of atenolol dictate a
twice-a-day regimen rather than once-a-day. While many patients tolerate beta-blockers
without difficulty, a significant minority find the side effects of fatigue, decreased attention, and depressed affect an unacceptable daily trade-off for the medicine’s intended
once in a lifetime treatment effect, prevention of sudden death.
The precise mechanism underlying the protective effect of β-blocker therapy in LQTS
remain unclear. Activation of the β-adrenergic receptor elicits a signal transduction
cascade that increases cyclic adenosine monophosphate (cAMP) and activates cAMPdependent phosphorylation events mediated by protein kinase A. Both these intracellular
second messengers seem to enhance the function of several types of cardiac ion channels
including the INa, L-type calcium, potassium and even chloride channels. Interestingly,
HERG, the potassium channel responsible for LQT2, has a cyclic nucleotide-binding
domain. Investigators have postulated that cAMP may also activate HERG (72). Recall
that activation of HERG increases the net outward current and provides increasing repolarization force. In LQTS, a mutant ion channel disrupts the delicate balance normally
occurring with enhanced sympathetic tone. Such a perturbation in the cardiac potassium
channels (LQT1 and LQT2) could allow a predominant effect of adrenergic influence on
the L-type calcium channel, facilitating calcium channel-mediated EADs. Conceivably,
β-blockers may restore the balance of channel forces by interrupting the β-adrenergic
receptor-mediated enhancement of L-type calcium channels.
Because of this possible mechanism, calcium channel blockers such as verapamil may
be acceptable alternative pharmacotherapy for patients unable to tolerate β-blocker
therapy (for example, those with asthma). To date, no studies have compared β-blockers
with calcium channel blockers in the treatment of LQTS. Experimentally, however,
verapamil has been demonstrated to eliminate or reduce EADs significantly and suppress
TdP in patients with LQTS who underwent challenge with epinephrine infusion (73).
Shimizu et al. (74) showed in a canine model that chromanol 293B (an IKs blocker) was
not sufficient to induce TdP but that the addition of a β-agonist was highly arrhythmogenic, likely by increasing transmural dispersion of repolarization. Shimizu et al. (75)
also demonstrated that the addition of propranolol completely reversed the effect of
epinephrine in prolongation of the QT interval and increasing the dispersion in LQT1
patients.
In conclusion, β-blocker therapy is effective in the treatment of LQTS, but fails to
eliminate the risk of sudden death. Depending on the clinical presentation (aborted cardiac arrest as sentinel event for example), occurrence of breakthrough events despite
compliance and adequate dosing, or experiencing unacceptable side effects, other LQTS
therapies might be indicated such as an ICD, pacemaker, or in very rare cases, a left
cervicothoracic sympathectomy.

Implantable Cardioverter-Defibrillator (ICD) Therapy
Gronefeld et al. (76) reported a 29-yr-old female with LQTS who was treated with
propranolol and also received an ICD as primary prevention. During the next 17 mo, the
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patient was asymptomatic. After skipping her propranolol for three days, she had several
syncopal spells: A total of 55 nonsustained runs of ventricular tachycardia and 16 sustained episodes that were correctly identified and successfully terminated by the device.
Groh et al. (77) reported 35 cases of LQTS in ICD to evaluate the use, efficacy, and
safety of this device. Most of these patients had aborted sudden cardiac death before the
implantation of ICD and the remaining presented with syncope or symptomatic ventricular arrhythmia. In this high-risk group, 60% of the patients had at least one appropriate
ICD discharge during a mean follow-up of 31 mo. No deaths occurred during follow-up.
However, the ICDs were not free of complications: pneumothorax (6%), postpericardiotomy syndrome (3%), and prolonged incisional pain (3%). A main concern about the ICD
especially in the pediatric population is the emotional stress associated with the fear of
device and pain associated with the initial ICD discharge, which can trigger arrhythmia.
The size of device itself may limit its use in very small children.
In conclusion, the ICD device can protect sudden death in high-risk LQTS patients but
it does not alter the underlying substrate leading to arrhythmia. ACC/AHA practice
guideline recommends (78) the use of the ICD in LQTS patients who have recurrent
syncope, sustained ventricular arrhythmia or sudden aborted cardiac arrest despite adequate drug therapy (secondary prevention). Furthermore, primary prevention ICD
therapy should be considered when
1.
2.
3.
4.

The initial presentation involves aborted cardiac arrest.
There is a strong family history of sudden cardiac death.
Compliance or intolerance to β-blocker therapy is a concern.
When the underlying genotype is LQT3.

Of these considerations for primary ICD therapy, the latter suggestion is most controversial. Based upon studies from the International LQTS Registry, LQT3 is associated
with fewer cardiac events but higher lethality per cardiac event and beta-blockers did not
appear to have any protective effect (22,57). Thus, there does not appear to be an established pharmacologic therapy to reduce the sudden death risk associated with LQT3.
Initial studies with mexiletine demonstrated that the QTc shortened in LQT3 patients
(45). However, no studies have demonstrated a reduction in sudden death in LQT3. At
the present time then, only ICD therapy can provide such protection.
PACEMAKER THERAPY
Viskin et al. (79) demonstrated that spontaneous arrhythmias in the congenital LQTS
are often pause dependent. Overall, LQTS patients have slower resting heart rates than
normal subjects, particularly LQT3 patients. Moreover, β-blocker therapy can cause
profound bradycardia and sinus pauses. For these reasons, cardiac pacing in conjunction
with β-blocker therapy has been shown to be beneficial in preventing pause-dependent
TdP (70,71). However, cardiac pacing should be used as an adjunct to β-blocker therapy,
not as a sole therapy, in treatment of LQTS patients who have preexisting atrioventricular
block or evidence of pause-dependent arrhythmias. Furthermore, concomitant betablocker therapy and continuous pacing has failed to reduce the sudden death risk in
symptomatic patients significantly (71). Thus, if a pacing strategy is considered, the
implanted device should include an ICD.
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LEFT CERVICOTHORACIC SYMPATHETECTOMY
The concept of imbalance in cardiac sympathetic innervation in LQTS (80)
(overactivity of the left stellate ganglion and decreased right stellate ganglion activity)
gave rise to the left cervicothoracic sympathetectomy. Moss et al. (81) first reported left
cervicothoracic sympathetic ganglionectomy to treat symptomatic LQTS patients refractory to β-blockers. Schwartz (68) reported 123 patients who underwent left cervicothoracic sympathetic denervation with a mean follow-up period of 10 yr. All of these
patients were unresponsive to or did not tolerate β-blocker therapy. A marked decrease
in the number of patients with cardiac events (99% to 45%) and in the number of cardiac
events per patient (21 ± 31 to 1 ± 3) after the surgical procedure was observed. Most of
the patients who still had cardiac events after surgery had only one, usually during the first
six mo. The total incidence of sudden death was 8% in 10 yr and the five-year survival
rate was 94%. Despite the apparent success associated with the left cervicothoracic
sympathectomy, this surgical procedure is performed rarely in the management of LQTS.
GENE-SPECIFIC THERAPY
Future therapeutic approaches to LQTS may someday involve gene-specific or mutation-specific strategies. Schwartz et al. (45) first demonstrated that the sodium channel
blocker, mexiletine, significantly shortened the QTc and normalized the morphology of
the T wave in patients with SCN5A mutations (LQT3). In contrast, LQT2 patients had
no change in the QTc with mexiletine. In this study, patients with SCN5A defects were
also demonstrated to have significant shortening of their QT intervals with increased
heart rate.
Given that patients with SCN5A defects are more likely to have syncope and sudden
death during sleep and bradycardia (14), LQT3 patients might be best treated with
mexiletine and if needed, atrial pacing instead of β-blocker therapy which results in
bradycardia and may cause detrimental events in these patients. However, QT shortening
cannot be equated with reduction in risk of sudden death. There is no data currently
demonstrating that mexiletine either decreases the number of cardiac events or improves
survival.
The potential role of sodium channel blockers like mexiletine in LQTS are not completely understood and may not be specific only to LQT3. Shimizu et al. (74,82) used an
arterially perfused canine left ventricular wedge preparation and developed pharmacologically induced animal models of LQT1, LQT2, and LQT3, using chromosomal 293B,
d-sotalol and ATX-II respectively. In these LQTS models, mexiletine effectively reduced
dispersion and prevented TdP in both LQT2 and LQT3 (82). In addition, mexiletine
abbreviated the action potential duration of M cells more than that of epicardium and
endocardium, thus diminishing transmural dispersion and the effect of isoproterenol to
induce TdP in LQT1 models (74). Mexiletine may have an adjunctive role with β-blocker
therapy and its beneficial or long-term effects warrant further investigation.
Regarding potassium channel targeted interventions, Compton et al. (83) showed that
increasing extracellular potassium levels to about 1.5 mEq/L above baseline with spironolactone, potassium chloride intravenous infusion, and oral potassium chloride supplementation resulted in a 24% reduction in the QTc in seven patients with LQT2, compared
with 4% in five healthy control subjects and resolved the characteristic notched T wave
abnormality. Shimizu et al. (75,84) demonstrated the benefit of nicorandil, an opener of
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the ATP-sensitive potassium channel, in a canine model of LQT1 and LQT2. Nicorandil
reduced repolarization dispersion and prevented TdP in models of LQT1 and LQT2 but
not LQT3. Nicorandil has also been reported to be effective in a patient with LQTS whose
syncopal attacks were refractory to β-blocker therapy.
Currently, β-blocker therapy and ICD therapy are the chief treatment modalities in
LQTS. As the arrhythmogenic mechanisms underlying the various LQTS genotypes are
dissected, perhaps β-blocker therapy will be one day replaced by genotype or mutationspecific potassium channel-targeted interventions for patients with LQT1 and LQT2 or
sodium channel-targeted interventions for those with LQT3.

CASE VIGNETTES REVISITED
Having considered the clinical evaluation, risk stratification, and management of
congenital LQTS, the 3 case vignettes are now revisited and the approach to each case
summarized.

Case #1: What Is a Diagnostic QTc?
JPA is a 15-yr-old female referred for a second opinion following the diagnosis of
possible LQTS. At a preparticipation sports physical, an innocent murmur was heard, an
ECG demonstrated a QTc of 450 ms, and subsequent exercise testing reported that the
QT interval failed to shorten appropriately during exercise. By history, the patient and
family history was completely negative. No ECGs were performed on the parents. The
patient was diagnosed with borderline QT prolongation, possible LQTS, placed on oncea-day atenolol beta-blocker therapy, and restricted from all competitive sports.
Analysis: An incidental QTc of 450 ms will be normal with an odds ratio of approximately 1000-to-1. If any further evaluation is needed, ECGs from the parents is perhaps
the most helpful. In this case, the mother’s QTc was 410 ms and the father’s QTc was 390
ms. JPA was dismissed as normal with no restrictions. If a diagnosis of LQTS were
present, atenolol if selected as the beta-blocker must be dosed twice-a-day.

Case #2: Does My 13-yr-Old Have What Killed My 17-yr-Old Son?
Evaluation of Sudden Unexplained Death
SH was a 17-yr-old previously healthy male found dead in bed. Standard medico-legal
autopsy was negative. His younger brother was brought for a second opinion to determine whether or not he was at risk. This 13-yr-old boy was asymptomatic, his QTc was
430 ms, Holter recorded no significant ventricular ectopy, and exercise stress test was
unremarkable. Would you perform any additional tests or dismiss as normal?
Analysis: An unexplained, autopsy-negative sudden death demands careful scrutiny.
The autopsy report must be carefully reviewed. Here, it remained uninformative. A
meticulous family history must be taken. In this case, 4 physician encounters later it was
uncovered that the decedent’s mother fell from the top of a 3-meter diving board decades
ago. Based upon this clue, the mother and surviving son were evaluated by echocardiography (negative), electrocardiograms (QTc = 420 ms and 430 ms in mother and son),
24-h ambulatory monitoring (negative), and exercise stress testing (negative). Finally, an
epinephrine QT stress test elicited a paradoxical response to epinephrine in the mother
(Fig. 8). Mutational analysis established the LQT1 genotype in the mother and surviving
son. A molecular autopsy confirmed the KVLQT1 mutation in the decedent (85).
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Fig. 10. Impact of molecular diagnostic testing. Summarized are the impressions and recommendations from eight electrophysiologists regarding the ECG from an 18-yr-old sibling of a LQTS
proband who presented with an ultimately fatal near drowning as her sentinel event. Molecular
autopsy identified a KVLQT1 mutation. The profound impact of the molecular diagnostic test is
seen. This sibling’s QTc was 448 ms with normal appearing T waves (not shown). Accordingly,
without the genotype information, only 1 of the 8 electrophysiologists felt that the ECG was
abnormal and 2 of the 8 recommended prophylactic beta-blocker therapy. With revelation that she
in fact possessed the 9 base pair deletion resulting in an in-frame deletion of 3 amino acids in the
cytoplasmic N-terminal region of KVLQT1 (i.e., mutation positive), all 8 would now recommend
beta-blocker therapy and 3 would strongly consider a prophylactic ICD implant. The point—
correctly or incorrectly, the genetic test alone changed the recommended intervention profoundly
from dismiss as normal in 3 to implant a defibrillator in 3.

Case #3: To Implant or Not to Implant? That Is the Question.
NCK is an asymptomatic 18-yr-old female whose sister died following a near-drowning, her sentinel event for LQTS. Because of the swimming-triggered cardiac event, a
molecular autopsy was conducted revealing a defect in KVLQT1/KCNQ1 (LQT1). Molecular testing confirmed this mutation in NCK. Her QTc is 450 ms. Should she receive a
prophylactic ICD?
Analysis: Figure 10 summarizes the theoretical impact that molecular diagnostic
testing had for NCK (20). Eight cardiac electrophysiologists examined her screening
electrocardiogram. Four considered her ECG normal, 3 borderline, and 1 abnormal.
Without the genetic test result, 3 would have dismissed as normal and 2 would have
placed NCK on beta-blockers. However, upon learning that she shares her deceased
sister’s LQT1 genotype, all 8 insisted on beta-blocker therapy and 3 would consider a
prophylactic ICD. Thus, the genetic test would have had a profound impact on her
management ranging from 3 dismissing as normal without the information to 3 considering an ICD implant with the genetic test result.
For NCK, molecular testing provided the gold standard diagnostic marker to establish
that she harbors the LQT1 substrate but does it risk stratify? Unquestionably, NCK needs
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LQTS therapy but does she need a prophylactic ICD? NCK was asymptomatic for 18 yr
on no medications and now has been asymptomatic for 2 more years on beta-blocker
therapy. Despite the tragic death of her sister, NCK’s asymptomatic state, QTc of 450 ms,
and LQT1 genotype would suggest that beta-blocker therapy should provide adequate
protection (57) and that an ICD is not indicated based upon her positive family history
alone.
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INTRODUCTION
Sudden Infant Death Syndrome (SIDS) remains the leading cause of sudden death
during the first year of life in the western world and produces devastating psychosocial
consequences in the families of the victims.
SIDS is defined as the sudden unexpected death of any infant or young child, which is
unexpected by history and in which a thorough postmortem examination fails to identify
an adequate cause of death. A death-scene investigation has been recommended as a
requirement for diagnosis.
Despite a large number of theories, mostly focused on abnormalities in the control of
respiratory or cardiac function, the causes of SIDS remain unknown. The suggestions
over the years that cardiac mechanisms and specifically life-threatening arrhythmias
(1,2) might account for a significant portion of cases of SIDS have been controversial.
This chapter describes the rationale and the origin of the cardiac hypothesis that some
SIDS cases might be because of ventricular fibrillation associated with prolonged repolarization, summarizes the results of our 20-yr-long prospective study with ECG recordings in 34,000 infants (3), discusses our new findings (4,5) which provide the first
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molecular evidence linking SIDS to the Long QT Syndrome (LQTS), and addresses the
unusual one-sided controversy (6) that followed publication of the prospective study (3).

THE QT HYPOTHESIS
Many hypotheses have been proposed to explain SIDS but none has yet been proven.
There is a consensus that SIDS is multifactorial (2,7), an important concept which implies
that a sudden and unexpected death in infancy may be caused by different causes. A
logical corollary is that the validity of one mechanism is not negated by the validity of
another. What really matters is to dissect out those mechanisms accounting for significant
portions of those infant deaths that are currently labeled as SIDS, largely because of our
inability to identify a more specific disease or cause. It should be remembered that SIDS
is a diagnosis of exclusion: when we cannot explain, on the basis of current knowledge
and after a thorough and expert postmortem examination, why an apparently healthy
infant has been found dead then the diagnosis becomes that of SIDS.
Most SIDS cases probably result from an abnormality in either respiratory or cardiac
function (7,8), or in their neural control, that may be transient in nature but sufficient to
initiate a lethal sequence of events.
As to the so-called apnea hypothesis, its final test was carried out in the large, NIHfunded, prospective study CHIME on over 1000 infants who during the first six months
of life were observed with home cardiorespiratory monitors for a total of almost 720,000
hr of home monitoring (9). The conclusion of the study was that even extreme events
(including apnea of at least 30 s or heart rate below 50 b/min for at least 10 s) are not likely
to be precursors of SIDS. The accompanying editorial by Alan Jobe (10) puts the issue
in the proper perspective and reminds that the current cost in the US for monitoring alone
is about $24 million per year for preterm infants, not including physicians fees and other
ancillary medical costs and not including monitors for term infants thought to be at
increased risk for SIDS. Jobe concludes that this report disproves the assumption that
infants thought to be at increased risk of SIDS have more cardiorespiratory events than
healthy infants and is consistent with the conclusion that such events are not precursors
to SIDS. This study justifies a severe curtailing of home monitoring to prevent SIDS.
As to the cardiac hypothesis, in my original reasoning, shared by Peter Froggatt, a
pioneer in the role of cardiac mechanisms in infant deaths (11), I gave weight to the fact
that in the Western world the leading cause of mortality in age 20–65 is sudden cardiac
death (12), and that the mechanism involved is almost always a lethal arrhythmia, ventricular fibrillation. It would be odd if sudden cardiac death, and therefore lethal
arrhythmias, would not contribute at all to some infant sudden deaths.
It was thus that in 1974, in a funded NIH grant application (13), and in 1976 (1), I
proposed that some cases of SIDS might have been caused by a mechanism similar to that
responsible for the sudden death of the patients affected by LQTS, a leading cause of
sudden death below age 20 (14,15). One such mechanism might have been a developmental abnormality in cardiac sympathetic innervation predisposing some infants to lethal
arrhythmias in the first year of life (1). Another likely mechanism might have been the
same genetic alterations that only recently have been shown to cause LQTS (14,15). The
only clinically detectable marker for these mechanisms is a QT interval prolongation on
the electrocardiogram (ECG).
Following my 1976 editorial (1), the hypothesis that QT interval prolongation might
play a role in the genesis of SIDS received considerable attention but—despite some very
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early support by Maron et al. (16)—it was rapidly, and perhaps prematurely, discarded
on the basis of a series of apparently negative results (17–21). The arguments against the
role of prolonged QT in SIDS had glaring weaknesses previously discussed in detail, and
the interested reader is referred to these publications (2,22). Here, I will just provide a
brief comment.
Most of these so-called negative studies were performed in populations of very small
size or in infants defined as “at increased risk for SIDS,” like the siblings of SIDS victims
(18,20) or the so-called near-miss or aborted SIDS (17,19), who were not found to have
QT prolongation. Conclusions drawn from these studies are quite unlikely to be relevant
to the assessment of the risk for SIDS associated with QT interval prolongation. It is
essential to remember that for diseases characterized by a very low incidence, such as
SIDS, any risk factor will yield a high number of false positives. In the case of SIDS, even
assuming a risk as high as two per thousand, any factor that would increase risk by five
times would still leave 99% of false positives! This means that whenever investigators
study 100 of these allegedly high risk infants, they can expect only one of them (1%) to
subsequently die of SIDS; the fact that this one SIDS victim does not show a proposed
marker of risk obviously has no implications whatsoever for the relevance of that marker.
It follows that the absence of a given marker, prolonged QT interval in our case, among
subjects at high risk for SIDS only indicates that this factor is not important in the specific
patient(s) under study; moreover, extrapolation to the general population and to the true
SIDS victims is simply unwarranted. These considerations, based on elementary statistics, seemed to escape many SIDS investigators.

THE ITALIAN STUDY ON NEONATAL
ELECTROCARDIOGRAPHY AND SIDS
To test the hypothesis of a relationship between QT interval prolongation and SIDS,
in 1976 we designed a prospective study based on the recording of a standard ECG in
3–4-d-old infants. Given the low incidence of SIDS (0.5–1.5 per 1000 live births), we had
to prospectively collect neonatal ECGs in a very large population and to subsequently
follow these infants for one year to assess the occurrence of SIDS or deaths for other
causes. The results of this study were published in 1998 (3) and, partly because of the
accompanying editorial (23) and partly because of the media attention, were widely
publicized. For this reason, here I will simply summarize the main facts and findings.
Twelve-lead ECGs were recorded in 34,442 neonates born in nine maternity hospitals.
The QT interval was measured on the ECGs of all infants that died and on the ECGs of
a random sample of 9725 infants taken from the entire study population. All measurements were performed by investigators blind to the survival status of the infant. The study
lasted 19 yr.
Of the 34,442 infants enrolled, 33,034 (96%) completed the one-year follow-up. The
lost-to-follow-up were due to change of residence. The mean QTc (QT interval corrected
for heart rate) was 400±20 ms and it did not differ between males and females (401±19
vs 400±20 ms). The normal and symmetrical distribution of the QTc in our population
made the 97.5th percentile value of QTc correspond to 440 ms, two standard deviations
above the mean. Consequently, and for the purpose of the study, we considered a value
greater than 440 ms as a prolonged QTc.
During the one-year follow-up there were 34 deaths: 24 due to SIDS and 10 due to other
causes. All postmortem examinations of SIDS victims were negative and failed to
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Fig. 1. Mean QT interval corrected for heart rate (QTc) in control infants, in Sudden Infant Death
Syndrome victims (SIDS) and in victims for other causes (NON-SIDS). The line represents the
97.5th value of QTc in the whole population and corresponds to 440 ms, 2 standard deviations
above the mean. The filled and the open circles represent the individual values of QTc of the SIDS
victims and of the non-SIDS victims, respectively (3).

document an adequate cause of death. No SIDS victim had a family history of LQTS or
sudden death.
The mean QTc was 435±45 ms in the SIDS group, significantly longer than that of the
non-SIDS victims (392±26 ms, p<0.05) and of that of healthy controls (400±20 ms,
p<0.01, Fig. 1). Of greater importance, the analysis of the individual values of QTc in the
two groups of victims (Fig. 1) showed that 12/24 (50%) infants who died for SIDS had
a QTc greater than 440 ms, whereas all the infants who died for other causes had a QTc
shorter than 440 ms.
Since heart rate in the neonatal period is relatively high, the traditional Bazett’s formula might not be appropriate to correct QT interval for short cycle lengths. Accordingly,
we also divided the RR intervals in 17 classes with progressively increasing values (20
ms stepwise) and for each class we calculated the percentile distribution of the corresponding absolute values of QT interval (from the 2.5th to the 97.5th). Figure 2 shows that
the individual values of 12/24 (50%) SIDS victims were located above the 97.5th percentile, whereas all the values of the non-SIDS victims were below the 90th percentile.
On the basis of our results the absolute risk of SIDS in infants with a normal QTc is
0.37 per thousand, while that of infants with a QTc ≥ 440 ms is 15 per thousand. The odds
ratio for SIDS associated with a prolonged QTc (>440 ms) is 41.3 (95% CI 17.3–98.4),
significantly greater than that of infants with a normal QTc.
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Fig. 2. Relation between QT interval and cardiac cycle length. Each line represents the percentile
values of uncorrected QT intervals at the corresponding range of RR intervals. The filled and the
open circles represent the individual values of QTc of the SIDS victims and of the non-SIDS
victims, respectively (3).

This large prospective study based on more than 34,000 infants provided the demonstration that QT interval prolongation, on the standard ECG recorded on the 3rd–4th d of
life, is a major risk factor for SIDS.

QT PROLONGATION AND LIFE-THREATENING ARRHYTHMIAS
The evidence for a strong association between SIDS and QT interval prolongation, a
marker of reduced cardiac electrical stability, suggests that in some infants there may be
an increased susceptibility to life-threatening arrhythmias.
Experimental and clinical studies have shown that QT interval prolongation favors the
occurrence of lethal arrhythmias and is associated with increased risk for sudden death
in several clinical conditions (24,25) and also in apparently healthy individuals (26).
Among these conditions the most relevant to SIDS undoubtedly is LQTS (14,15).
The presence of false positives (2.5%), i.e., infants with prolonged QT interval who
did not die of SIDS, probably has at least two causes and one implication.
Among the causes, the first and most important is the high probability of cases of
“spurious QT prolongation” (i.e., an infant with a normal QT interval who on day 3–4 has
a measurement just above the cut-off point and who on subsequent measurements would
show normal values). In this regard it is always worth remembering that QT measurement
is gross and that a few milliseconds errors are unavoidable. The second is the fact that 440
ms is an arbitrary cut-off (a very reasonable one, placed at 2 SD above normal and thus
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encompassing the upper 97.5th percentile of the normal population) which does not
imply at all that infants above that value are affected by LQTS.
The implication is that other factors in the postnatal period contribute to the lethal
event. This is consistent with the concept of QT prolongation acting as an arrhythmogenic
“substrate” which requires a trigger for the occurrence of life-threatening arrhythmias.
The best known “triggers” for lethal arrhythmias in the setting of QT prolongation are
represented by release of catecholamines secondary to activation of the sympathetic
nervous system and by factors (e.g., hypokalemia or drugs that block the IKr current, as
many antibiotics, antihistaminics, and prokinetics such as cisapride) that further prolong
the QT interval (14,27). It is interesting to note, and we do it here for the first time, that
the prone sleeping position may be one of these triggers. Indeed, this recently discovered
risk factor for SIDS (28) is associated with signs of increased sympathetic and decreased
vagal activity to the heart—an established risk factor for arrhythmic death (29).

Clinical Implications
Our article (3) ended by mentioning two rather obvious, but nonetheless troublesome,
clinical implications, and it was largely this section that ignited the most recent controversy.
One was that the highly significant association between QT prolongation and occurrence of SIDS unavoidably raises the issue of the potential value of a routine neonatal
ECG screening. The low incidence of SIDS in the general population (< 0.1%) forces a
low predictive value for any factor associated with the event, and QT prolongation (1.5%)
is no exception even though its relative risk of 41 is strikingly higher than any previously
reported. Despite this limitation, a simple electrocardiographic screening might contribute to identity a portion of the infants at high risk for SIDS.
The second complex issue is the management of the infants found to have a prolonged
QTc. Our study contained no data to justify new therapeutic recommendations; however,
the association between prolonged QT interval and SIDS should allow some cautious
speculation. The lethal arrhythmias favored by QT prolongation are usually triggered by
sudden increases in sympathetic activity. In the first year of life this may be often elicited
by multiple conditions (2) including sudden noise, exposure to cold, REM sleep, apnea
leading to a chemoreceptive reflex, arousals, and probably the prone position. In LQTS
antiadrenergic interventions are quite successful (14). Data from almost 1000 LQTS
families indicate that treatment with beta-blockers has reduced mortality below 3% (14).
This information is relevant to the prevention of SIDS in newborns with a prolonged QT
interval. It also provides a ready therapy for those infants serendipitously identified, by
neonatal ECG screening, as definitely affected by the LQTS and offers a valid option for
the yet unproven but reasonable possibility of reducing risk in the neonates with a prolonged QT interval.
Practically, whenever infants at risk because of QT prolongation are identified early
on, preventive therapy could be considered and then instituted for a few months. Normalization of the QT interval during development will allow rapid withdrawal of therapy in
the unavoidably large number of false positives, but will allow also the continuation of
therapy in the minority of infants with a persistent QT prolongation in whom betablockers are likely to be life-saving. The number of false positives could be greatly
reduced by performing the screening ECG in the 3rd–4th week of life.
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AN UNUSUAL RESPONSE
There are several ways to discuss one’s own data. A difficult one, but probably the best
in the long term, is to take into account the points of view reflecting the most common
criticisms. An unprecedented unilateral attack (6) offers a unique chance for a candid
discussion.
Our original article (3) was published with an accompanying editorial written by two
expert pediatricians, Towbin and Friedman (23). They concluded “Schwartz and colleagues present compelling evidence that the long QT syndrome should be considered an
important factor in the pathogenesis of SIDS. They are to be commended for conducting
this forward-thinking, long-term prospective study (involving nearly 20 yr of data) of a
tragic disorder. Over time, their work will almost certainly help to improve the outcome
of infants at risk.”
This editorial not only was insufficient to prevent the subsequent reaction (6) headed
by Jerold Lucey, the Editor-in-Chief of Pediatrics, but seems to have actually triggered
it.
Disagreement is essential for scientific development, and it is not uncommon for
Editors to publish opinions strongly against a given theory or a given study. Whenever
this happens, the author of the criticized study is always given a chance to reply, often in
the same issue and always with the same space; this behavior is a golden rule in scientific
journals but the present case was an exception.
In April 1999, Lucey published an article in which, having decided that the article
warranted a more forceful critique, he solicited the opinions on our study of seven of his
reviewers.

ARGUMENTS AGAINST THE QT HYPOTHESIS
Here, I will review the main arguments used in the forceful critique by the team
assembled by Lucey.
Martin and colleagues (33) criticized our conclusion that the cause of death in the SIDS
victims with a prolonged QT interval is likely to be an arrhythmia. They stated: There is
no evidence for lethal arrhythmias as precipitating events in infants who have died of
SIDS while on cardiorespiratory monitors (33).
The issue of “no evidence for arrhythmias” calls into question their understanding of
the implications of SIDS being a multifactorial disease. The infants who are on cardiorespiratory monitors represent a population with a specific selection bias; namely, to have
been discovered by the parents during an apparently life-threatening event. As carefully
discussed almost 20 yr ago (8), most near miss infants enter in this category because of
an episode of apnea. A respiratory death is slow and allows time for struggle and cyanosis,
whereas death by ventricular fibrillation is fast and silent. There are simply more statistical chances that a mother will find her baby dying a respiratory than a cardiac death, and
this will allow her to interrupt the deadly process and the end-result will be a new near
miss. Thus, it is likely that most true near misses would have died a respiratory death, and
it is expected that these infants would show some respiratory abnormality. The fact that
an infant considered at increased risk because of an apneic episode does not have ventricular arrhythmias should not surprise a competent clinician; why should he have cardiac arrhythmias if his risk comes from a respiratory abnormality?
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Martin et al. continue with the following criticism: Ventricular arrhythmias have not
been described in patients who have been evaluated after survival of an acute lifethreatening event (33).
This comment implies an inadequate understanding of the arrhythmias associated with
a prolonged QT interval. These arrhythmias, mostly torsade de pointes ventricular tachycardia degenerating into ventricular fibrillation, are of very short duration. They either
convert spontaneously to sinus rhythm within 20–30 s or proceed toward ventricular
fibrillation leading to loss of consciousness and sudden death within a few minutes. In
the first case, if the patient is a grown-up he will have syncope and faint and this will not
escape attention; however, if the patient is an infant lying in his crib where he is going
to fall? A transient, nonfatal episode will almost always go unnoticed. In the second case,
only a fortuitous set of circumstances may allow the parents to observe and attempt to
interrupt a lethal episode that would be over in 3–5 min; the point here is that when
prolonged ventricular tachycardia deteriorates into ventricular fibrillation the infants
almost never survive and would not be available for further monitoring. Those more
likely to survive are the infants who have life-threatening episodes for respiratory abnormalities and in the subsequent monitoring there is no reason to expect ventricular
tachyarrhythmias. Finally, it is extremely unusual for patients affected by LQTS to have
ventricular arrhythmias outside their life-threatening episodes; they are almost always in
sinus rhythm and then, all of a sudden, they may have a run of torsade de pointes and faint
or die.
Guntheroth (34) states that the most damning problem is the lack of independent
confirmation in the past 22 yr. In fact, there have been four prospective studies (21,35–
37) that have contradicted the Italian data. We would worry indeed if someone had
performed a study similar to ours and found significantly different results; the point is that
no one—with the partial exception of Southall—had even come close to what we did.
Guntheroth’s statement is simply not correct, as shown by the following review of the
four studies quoted by him.
Southall et al. (21) studied 7254 infants, 15 of whom subsequently died of SIDS. Even
though they concluded for no difference between SIDS victims and controls, 6 of the 15
(40%) infants who died of SIDS had a QTc equal or greater than the value corresponding
to the 90th percentile of their own population. This incidence is four times higher than
expected and implies an Odds Ratio for SIDS of 6, significantly greater than that of
infants with a normal QTc. Their erroneous conclusion was reached because the authors
compared the means of the two groups (victims and survivors), an analysis appropriate
if SIDS had one cause only and quite wrong when dealing with multifactorial diseases.
The detailed arguments for the methodologically correct approach to Southall’s data have
been presented elsewhere (22). Another significant problem lies in the fact that his study
was performed on day 2 when the physiologic fluctuation in the QT is still high and when
many infants who 1–2 d later will have a normal QT may still show a prolonged QT
interval (38). This results in a spuriously high number of infants with QT prolongation
which of course reduces the power of the study and the possibility of correctly assessing
the relative risk associated with a prolonged QT interval.
The other three studies (35–37) are simply not relevant. The study by Weinstein and
Steinschneider (35), was a retrospective analysis of eight SIDS victims studied as part of
an investigation on apnea and whose QT interval was found similar to that of other
infants. It is critical to note that these infants were studied at a temperature of 90°F.
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Heating modifies sympathetic activity and may revert to normal a neurally mediated QT
prolongation. The study by Schaffer et al. (36) is based on one (!) SIDS victim with a
normal QT. The study by Gillette and Garson (37) is on three SIDS victims with a normal
QT but Guntheroth failed to correctly inform the readers that one of the three was the
single victim already described by Schaffer!
This brief overview shows how the validity of the QT hypothesis is not affected by the
arguments commonly used in the literature.

THE MOLECULAR LINK
Potential Causes for QT Prolongation in Infants
We have provided evidence that a prolonged QT interval increases the risk of SIDS (3).
A major question, however, remained. Why should an infant have a QT prolongation?
Which mechanisms would be involved? It is clear that inability to provide rational explanations to these questions would weaken the QT hypothesis.
We have proposed three different mechanisms that might be involved in the genesis
of QT interval prolongation in some newborns. The first is a developmental abnormality
in cardiac sympathetic innervation (1). The second is a de novo mutation in one of the
LQTS genes. The third involves cases of LQTS with low penetrance (39).
The first mechanism is partly based on the fact that an imbalance in cardiac sympathetic innervation with left dominance, experimentally produced by removing the right
stellate ganglion, prolongs the QT interval and increases susceptibility to ventricular
fibrillation in several conditions, including three weeks old puppies with normal hearts
(40). The sympathetic innervation of the heart continues to develop after birth and
becomes functionally complete by approximately the sixth month of life (41). The right
and left sympathetic nerves may occasionally develop at different rates and lead temporarily to a harmful imbalance. A sudden increase in sympathetic activity, particularly
when involving the arrhythmogenic left sided nerves (42), might easily trigger a lethal
arrhythmia in these electrically unstable hearts. Infants with these characteristics would
be more vulnerable during the first few months of life and the higher risk for SIDS could
be identified by the observation of a prolonged QT interval.
As the other two possibilities, more easily testable, involve LQTS and some related
concepts of genetics, it becomes necessary to summarize here some critical points concerning the information available on the genetics of LQTS. LQTS is a familial disease,
which may nonetheless present also sporadic cases (no apparent familial involvement)
and is characterized by QT prolongation and high risk for sudden death, usually under
stressful conditions but also during sleep (14). LQTS has genetic heterogeneity and genes
located on chromosomes 3, 7, 11, and 21 have been identified (15). A potential difficulty
for linking LQTS to SIDS is that the latter is not a familial disease. Two concepts are
highly relevant here. The first is that among sporadic cases of LQTS de novo (spontaneous) mutations have been found in the two genes, HERG and KvLQT1, which encode the
potassium channels for IKr and IKs, two of the major repolarizing currents, and in the
cardiac sodium channel gene SCN5A. A de novo mutation, by definition, is not found
among the parents. The second is represented by the demonstration of “low penetrance”
in LQTS (39). Penetrance is defined as the ratio between gene-carriers and individuals
showing the full phenotype of the disease. A low penetrance implies that clinical diagnosis
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Fig. 3. ECG leads DII and V2, showing ventricular fibrillation at hospital admission (A); QT
interval prolongation observed the same day after restoration of sinus rhythm (B); and ECG
recorded at the last follow-up visit (C) (4).

is often inadequate and that many affected individuals may appear completely normal at
clinical examination.
We now have the evidence that the second of these three possibilities may indeed
account for some cases of SIDS and thus explain prolongation of the QT interval in some
SIDS victims with parents who have a completely normal QT interval.

Molecular Evidence
We have recently reported two independent cases which demonstrate that de novo
mutations in LQTS genes may manifest as, and be indistinguishable from, typical cases
of near-miss for SIDS or as SIDS itself (4,5).
In the first case, a seven-wk-old infant was found cyanotic, apneic, and pulseless by
his parents (4). He was rushed to a nearby hospital while his father was attempting CPR;
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Fig. 4. Family tree and results of the molecular screening. DNA sequences of the exon 16 of
SCN5A gene demonstrate the presence of two abnormal bands (arrow), determining a heterozygous mutation in the proband, absent in the parents (4).

in the emergency room an ECG showed ventricular fibrillation (Fig. 3). Thus, this infant
presented as typical “near-miss” for SIDS. After defibrillation, the ECG revealed a major
QT prolongation (QTc 648 ms), LQTS was diagnosed and therapy was instituted by
combining beta-blockade and the sodium channel blocker mexiletine. A critical point is
that the QT interval of both parents was normal, paternity being confirmed. Molecular
screening identified a mutation on SCN5A, the cardiac sodium channel gene responsible
for the LQT3 subtype of LQTS (15). This disease-carrying mutation was not present in
the mother nor in the father; paternity was confirmed, thus establishing that this was a de
novo mutation (Fig. 4).
The documentation of ventricular fibrillation at arrival in the emergency room is quite
important given the frequent statements such as no one has recorded ventricular
arrhythmias in infants at risk for SIDS (34). Had the infant died, a certainty without
cardioversion, the absence of an ECG and the normal QT of both parents would have
ruled out any suspicions of LQTS and would have prompted the classic diagnosis of
SIDS. Thus, infants who have similar de novo mutations, involving one of the ionic
channels controlling ventricular repolarization, may have a prolonged QT interval at
birth. Some of them may die because of ventricular fibrillation already in utero, and thus
become stillbirths, or during the first few months of life and without an available ECG
they would be labeled as SIDS victims. Others would probably begin to have syncopal
episodes or nonfatal cardiac arrests during their childhood and would only then be diagnosed as sporadic cases of LQTS.
In the second case (6), a 4-mo-old infant was found dead in her crib. She was lying in
the supine position, the room temperature was appropriately cool for early summer, the
parents do not smoke. A thorough postmortem examination was negative and the
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Fig. 5. Pedigrees and ECG tracings of the two families with P117L mutation included in the present
study. (A) shows the pedigree of the SIDS family. ECG tracings of the parents (I-1 and I-2) and
the sister (II-2) of the proband showing a normal QT interval (lead D2) are reported on the right.
(B) shows the pedigree of the LQT1 family with the P117L mutation. On the left, lead D2 ECG
recording obtained in the proband (III-1). Arrows indicate probands. Gray symbol indicates the
SIDS victim. Filled symbols represent individuals presenting with syncope and prolonged QT
interval. Half-filled symbols represent individuals with QT interval prolongation and no symptoms. Asterisks indicate carriers of the P117L mutation.

diagnosis of SIDS was made. When postmortem molecular screening was performed we
identified a point mutation leading to replacement with leucine of a highly conserved
proline at position 117 of the KvLQT1 protein. Both the parents of the victim and her
sister had normal QT intervals and no one had the P117L mutation. Paternity was confirmed, thus establishing that this was a de novo mutation. The same identical mutation
is present in one of the LQTS families followed at our institution (Fig. 5). This case
provides the first evidence that in a child whose death was classified as SIDS, according
to all current standards, postmortem molecular screening can help to reach the diagnosis
of an arrhythmogenic disease, LQTS.
The significance of these findings exceeds by far that commonly associated with single
case reports because they represent proof of concept for the link between LQTS and
SIDS. They do indeed provide the first unequivocal demonstration that life-threatening
events in infancy and actual unexpected sudden deaths in infancy, with all the characteristics for SIDS or for near miss for SIDS, can depend on a de novo mutation in one of the
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LQTS genes thus escaping recognition in the parents and lead to sudden death because
of ventricular fibrillation.
The major difference between negative and positive findings is not always fully appreciated. A very large number of negative findings is required in order to dismiss the
possible involvement of a given mechanism. By contrast, a single positive finding is
sufficient to demonstrate that a given mechanism can be operant; then, what remains to
be assessed is the frequency with which this mechanism is operant. In the case of prolonged QT interval and SIDS, an initial quantitative information has already been suggested by our large prospective study showing that 50% of SIDS victims had a prolonged
QT interval in the first few days of life. It has of course to be remembered that a QTc
exceeding by a few milliseconds the upper limit of normal values (440 ms) does not imply
the diagnosis of SIDS. Even with very conservative estimates, however, it is not unreasonable to expect that LQTS-related cases of SIDS might be in the range of 15–20%.
In this regard, useful information has been very recently provided by Ackerman et al.
(43). They examined tissue from 93 SIDS victims searching from mutations on SCN5A
and found functionally important mutations in two cases. Towbin and Ackerman, commenting on their own study and on an additional de novo mutation in SCN5A (44) leading
to arrhythmias and sudden death in infancy (not a SIDS case, as LQTS was diagnosed on
the first day of life due to malignant arrhythmias), stated “We can definitely conclude that
SCN5A mutations are significant causes of SIDS” (45). The study by Ackerman et al.
stimulates three considerations. The first is that mutations in SCN5A account for approximately only 10% of all genotyped LQTS patients. The second is that, even in the best
laboratories, only 50–60% of patients with a clinically definitive diagnosis of LQTS are
successfully genotyped; this point alone suggests that whatever percentage of SIDS
victims will be positively genotyped for LQTS it will be likely to represent approximately
half of the individuals with actual LQTS mutations. The third is that the population under
study was racially biased against the probability of finding LQTS mutations as 34 of the
93 SIDS victims were black (36.5%), and LQTS among blacks seems particularly rare.
If the analysis had been limited to the 58 white infants (there was 1 Hispanic) then the
incidence of SCN5A mutations would have been 3.4%.
In conclusion, there is now definitive evidence for one of the mechanisms that we had
hypothesized to be involved in SIDS (3–5,43). The findings support the concept of
widespread neonatal ECG screening and indicate that at least this subset of infants at high
risk for sudden infant death can be diagnosed early on and that their impending death can
probably be prevented.

MEDICO-LEGAL IMPLICATIONS
The findings reported above, besides the fairly obvious clinical implications, carry
significant medico-legal implications. The existence of these legal implications explains
in part the otherwise puzzling opposition by many to the QT hypothesis.
The all issue centers around what would happen if the medical community accepts the
fact that a certain number (never mind if 10% or 25%) of future SIDS victims might be
identified by neonatal electrocardiography and that, due to the understanding of the lethal
mechanisms involved, high chances would exist to prevent sudden death in these infants.
The still prevailing concept of the impossibility of identifying infants at truly high and
specific risk for SIDS has the undeniable advantage that no one has to be blamed, except
a cruel fate. The acceptance of the QT hypothesis would change all that. The final turning
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point is represented by our demonstration that it is possible to make the diagnosis of
LQTS even in a dead infant already labeled as SIDS and in whom no ECG was ever made
(5). Parents of SIDS victims or, more appropriately, their physicians may now begin to
ask for a postmortem molecular screening. What will happen whenever, as in our case,
the molecular diagnosis will reveal LQTS as the cause of death? The bereaved parents,
and their lawyers, will start asking new questions and above all why had they not been
informed of the very rare possibility (probably 1 in 3000) that their baby might have been
affected by a deadly but curable disease which could have rather easily be unmasked by
a simple ECG.
The complexities do not end here. If a neonatal ECG is performed, someone will have
to assume the responsibility of deciding whether the QT is normal, borderline, or abnormal, and then to suggest what to do. In a litigation-prone society it is not difficult to realize
that the possibility of having to examine a large number of infantile ECGs and having to
then express an opinion on the duration of the QT interval is regarded as anathema by
anyone who might become embroiled in the process. This is, I believe, the true reason
behind the otherwise incomprehensible hostility generated in the pediatric world anytime
it was suggested, or whenever actual data support the concept, that neonatal electrocardiography might be useful for the identification of those infants who are at risk for an early
arrhythmic death.

ADDENDUM
The findings reported above have already had consequences. Some European countries have begun to consider the possibility of introducing in their National Health Services the performance of an ECG during the first month of life in all newborns, as part
of a cardiovascular screening program.
Should neonatal screening indeed be introduced as part of National Health Services,
then hospital cardiologists—most of whom are utterly unfamiliar with neonatal ECGs—
would be asked to read these tracings. The European Society of Cardiology has realized
the potential complications for European cardiologists and for health care, and has acted
accordingly by instituting a Task Force for the creation of guidelines for the interpretation of the neonatal ECG (46). The main objective of the Task Force was to provide such
guidelines focusing on the most clinically relevant abnormalities, on the ensuing management and referral options. This document represents the official position of the
European Society of Cardiology on this subject.
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INTRODUCTION
Although many factors influence the duration of ventricular repolarization and the
detailed appearance of ECG (Table 1), regional differences in the configuration of action
potentials across the myocardial wall are considered to be major determinants of the
three-dimensional pattern of ECG waves and intervals. The QT interval is a surrogate
electrocardiographic index of ventricular repolarization. Its duration under normal conditions is mainly determined by expression, properties, and balance of the repolarizing
forces inward sodium and calcium, and outward potassium and chloride currents (intrinsic
cardiac properties).
QT interval is also a function of the heart rate and is affected by various extracardiac
factors, such as:
1. Serum electrolytes (K+, Na+, Ca2+).
2. Acid-base balance.
3. Autonomic nervous system.

The gradual adjustment of the QT duration to the heart rate is a normal adaptive
electrophysiological response and the incremental or decremental effects range within
predictable physiological limits.
From: Contemporary Cardiology: Cardiac Repolarization: Bridging Basic and Clinical Science
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Table 1
The List of Intrinsic and Extracardiac Electrophysiological Factors That Determine
and Modulate the Electrocardiographic Contour and the Duration
of the Ventricular Repolarization

Intrinsic cardiac factors:
Shape and duration of the action potentials and their heterogeneity
Numbers of depolarizing cells participating in generation of the repolarizing currents
Degree of electrotonic transmission and cell-to-cell coupling conductance
Primary asynchrony of the repolarization
Secondary asynchrony of the repolarization due to asynchrony of depolarization
Extracardiac factors:
Neurotransmitters
Electrolytes
Temperature

The upper limit of normal for the QT interval is addressed in numerous studies and is
well defined, and its prolongation has been used as an ECG marker to identify patients
at risk for sudden arrhythmogenic death. However, there is no consensus on the lower
limit of normal for the QT interval or its clinical significance. Persistently short QT
interval is clinically most often encountered in patients with hypercalcemia (1,2), and
until recently it has not been considered a sign of an increased risk for arrhythmias (5,6).
Although a link between short QT and electrical instability of the heart is not as yet firmly
established, there is some evidence that a short QT interval may at times be associated
with an increased risk for arrhythmic events.

CURRENT PERSPECTIVE
Predefined ECG Criteria and Incidence of the Short QT Interval
Whether a QT interval is unusually short, becomes apparent when it is seen in the
context of the study by Rautaharju et al. (7). They examined the QT interval in 14,379
healthy individuals and established a formula by which the duration of the QT interval
can be predicted (QTp): QTp (ms)=656/(1+Heart Rate/100). In their study, the incidence
of a QT interval shorter than 88% of the predicted value was 2.5% (360 of 14,379),
whereas a QT duration less than 80% of the predicted value was seen in only 0.03% (4
of 14,379; all females). Since two standard deviations below the mean is 88% of QTp (7)
it would seem reasonable to consider this value of the QT duration as the lower limit of
normal for QT interval (5,6).
In another large-scale database of 336,675 ECGs from 113,811 drug studies subjects
of both sexes and primarily adult, healthy volunteers (D. Goodman, unpublished data)
reasonably similar numbers were found. QT intervals shorter than 88% and 80% of
predicted value was seen in 0.11% and 0.006% of the population (no gender difference
was noted), respectively.

Clinical Presentation: ECG Phenomenon vs Clinical Syndrome
Recently, two forms of abnormally short QT interval have been described:

Chapter 22 / Gussak et al.

499

Fig. 1. Idiopathic familial initially short QT interval. (A) Twelve-lead ECG from 17-yr-old patient
with QT interval duration of 71% of a predictive value. Note: QT interval duration: 280 ms; heart
rate: 69 bpm; predictive value of the QT interval: 393 ms; QTc (by Bazzet’s formula): 300 ms. (B)
Twelve-lead ECG from 21-yr-old brother with QT interval duration of 66% of a predictive value.
Note: QT interval duration: 272 ms; heart rate: 58 bpm; predictive value of the QT interval: 415
ms; QTc (by Bazzet’s formula): 267 ms (half standard). (C) Twelve-lead ECG from 51-yr-old
mother with QT interval duration of 69% of a predictive value. Note: QT interval duration: 260
ms; heart rate: 74 bpm; predictive value of the QT interval: 377 ms; QTc (by Bazzet’s formula):
289 ms.

1. Idiopathic (persistently) short QT interval.
2. Paradoxical deceleration-dependent shortening of the QT interval (DDSQTI).

Idiopathic Persistently Short QT Interval
Recently, we have presented different clinical cases where unexplained (idiopathic)
very short QT interval was associated with serious arrhythmias (5). This first clinical
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Fig. 2. Twelve-lead ECG obtained from 37-yr-old victim of sudden cardiac death. Note: QT
interval of 266 ms; heart rate of 52 bpm; predictive value of the QT interval of 431; QT interval
of 63% of predictive value; QTc (by Bazzet’s formula) of 248 ms.

report of an idiopathic familial persistently short QT interval (5) described three members
of one family—two siblings and their mother (but not father who had a normal QT
interval)—who demonstrated identical ECG phenomenon: an idiopathic abnormally short
QT interval (Fig. 1). All QT intervals in these relatives were less than 80% of predicted
value (QTp). The 17-yr-old female patient had a QT of 280 ms, which was 71% of the
QTp. Her brother had a QT of 272 ms, which was 66% of the QTp. Her mother had a QT
interval of 260 ms or 69% of QTp.
In the 17-yr-old patient, the short QT interval was associated with several episodes of
paroxysmal atrial fibrillation requiring electrical cardioversion. It was noteworthy that
there was no correlation between the QT interval duration and the cardiac cycle length,
even during atrial fibrillation. There were also two episodes of dizziness and palpitations
reported by the mother, but no documented arrhythmias.
In 1996, Dr. Josep Brugada obtained the ECG recording in otherwise healthy 37-yrold Caucasian female with a history of syncopal episodes who died suddenly, while
awaiting further diagnostic work-up. Her QT was almost twice shorter than normal (Fig.
2) (5).

Paradoxical (Deceleration-Dependent) Shortening of the QT Interval
Another form of short QT, the dramatic paradoxical deceleration-dependent shortening of the QT interval (DDSQTI) has been described in a 4-yr-old African-American girl
with complications related to her premature birth, including developmental delay and
several episodes of cardiac arrest (6). An episode of severe transient bradyarrhythmia was
documented by Holter monitoring (Fig. 3). A unique feature of the rhythm strips was a
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paradoxical (deceleration-dependent) gradual shortening of the QT interval to 216 ms
with accompanying transient T waves abnormalities.
Paradoxically shortened QT interval after a prolonged pause was described in two
patients with prolonged RR interval and was interpreted as an abnormal adaptation of
repolarization time to an abrupt increase in preceding RR intervals (8).

Clinical Significance
The clinical significance of a short QT interval becomes apparent when it is seen in the
context of the study by Algra et al. (9). They reported that both a prolonged and a
shortened mean QTc over 24 h was associated with a more than twofold risk of sudden
death compared to patients in whom mean QTc was normal (400–440 ms). The relative
risk of sudden death was 2.3 for patients with a prolonged mean QTc (>440 ms) and 2.4
for patients with shortened QTc (<400 ms). Another large-scale epidemiological study
on the value of QT interval as a cardiac risk factor in middle aged people, revealed that
a shortened QT interval predicts death in men with heart disease who smoke (10).
A few case reports demonstrating a strikingly short QT interval have been published
in the literature; some of them have directed attention to this unusual ECG abnormality.
Transient short QT interval was evident in the ECG obtained from a 7-yr-old patient with
catecholaminergic polymorphic ventricular tachycardia (11). Marked shortening of the
QT interval immediately after spontaneously terminated ventricular fibrillation was
reported in patient with a long history of recurrent syncope (Fig. 4) (12). Shortening of
the QT interval immediately preceding the onset of idiopathic spontaneous ventricular
tachycardia was noted by Fei et al. (13).
The presence of an abnormally short QT interval in conjunction with arrhythmias in
otherwise healthy subjects points to a causal relationship and the immediate question is
whether this is a new clinical syndrome.
Thus far, it seems that, like in the case of Brugada Syndrome, the short QT interval as
a special ECG phenomenon has been overlooked in the past. Interestingly, QT interval
shorter than normal was reported by Aihara and his colleagues in 1990 in their first
patients with Brugada Syndrome (14).

POSSIBLE MECHANISMS AND ARRHYTHMOGENIC POTENTIAL
Because little is known about the electrophysiologic feature of this syndrome, a discussion of possible mechanisms is speculative at best. Our current working hypotheses
are:
1. Idiopathic persistently short QT interval is primary because of a congenital defect involving an intrinsic abnormality of ion channel function of the cardiac cell. Because the T
wave remains upright and the interval between the peak and end of the T wave is not
prolonged, we can assume that abbreviation of repolarization involves a homogeneous
abbreviation of the action potential of the three predominant cell types spanning the
ventricular wall, and that transmural dispersion of repolarization is not augmented.
Abbreviation of the action potential may be owing to any number of factors including but
not limited to:
a. A change in the density or kinetics of inactivation and reactivation of the transient
outward current (Ito); the latter may be more feasible since an increase in Ito density
alone (although capable of importantly abbreviating the action potential secondary to
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Fig. 3. Paradoxical (deceleration-dependent) shortening of the QT interval.
04:34:00: Sinus arrhythmia with normal QT interval.
11:20:29: Escape junctional rhythm with progressive shortening of the QT interval and tall T
wave.
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Fig. 4. An episode of self-terminating idiopathic ventricular fibrillation in 38-yr-old man. Note:
a dramatic shortening of the QT interval immediately after the termination of the ventricular
fibrillation.

loss of the action potential dome) would quickly deplete the cell of calcium needed to
maintain contraction.
b. An increase in density or altered kinetics of activation and/or inactivation of IKr, IKs,
IK-ATP, and/or IK,ACh.
c. Reduced density of late INa or ICa.
In all cases the abbreviation of action potential duration (APD) would be expected to
be accompanied by a proportional abbreviation of refractoriness. The shorter refractory
period would be expected to permit the establishment of reentrant circuits over a shorter
path length owing to the abbreviated wavelength (refractory period times conduction
velocity) of the reentrant wavefront. This may in turn contribute to a greater proclivity

Fig. 3. (Continued)
11:22:13: Wandering atrial pacemaker; QT interval duration: 220 ms; heart rate 54 bpm.
11:23:56: Escape (supraventricular) rhythm with partial (Mobitz II type) atrioventricular block.
11:26:06: Complete atrioventricular block with the shortest QT interval duration of 216 ms (third
complex).
11:29:06: Atrial arrest with the RR interval of 4600 ms.
11:38:40: Complete atrioventricular block with acceleration of the ventricular rhythm to 76 bpm
and normalization of the QT interval duration.
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for the development of atrial and/or ventricular tachyarrhythmias. It is of interest that a
short QT interval is a normal ECG feature in some animals including the rat, mouse, and
kangaroo (15,16) because of their rapid ventricular repolarization (16). Of note, kangaroo is also known for a high incidence of sudden cardiac death (16) (see Chapter 3).
2. Transient paradoxical shortening of QT interval is extracardiac in origin and is modulated by autonomic nervous system. The activation of the IK,ACh owing to unusually high
vagal tone to the heart was proposed as a possible mechanism responsible for the DDSQTI
(6). Paradoxical shortening of the QT interval dependent on marked slowing of heart rate
has been described in experiments addressing dose-dependent effects of ACh on the
heart. High levels of ACh can inhibit ICa and activate IK,ACh resulting in abbreviation of
ventricular repolarization (17,18).

LIMITATIONS
Electrophysiologic and genetic data are not available for any of the patients discussed
previously. Electrophysiological studies of such patients would be most helpful as would
more complete investigations of family members. Owing to the limited availability of
information, it is not clear whether we are dealing with a distinct clinical entity or an ECG
phenomenon with a broad spectrum of etiologies. The casual association of this ECG
signature with arrhythmic events warrants our attention.
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EPIDEMIOLOGY OF SUDDEN CARDIAC DEATH
Cardiovascular disease is the main cause of death in Western countries and account for
more than half a million deaths annually in the USA. Sudden cardiac death (SCD) accounts
for more than 50% of cardiovascular mortality and its incidence has been estimated as
high as 0.1 to 0.2% in the overall population (1). In approx 1/3 of cardiac patients, SCD
is the first manifestation of coronary artery disease, and its incidence is increasing proportionally to the number of risk factors (2).
The elaboration of intensive care units in the fifties has greatly improved the prognosis
of patients suffering from an acute myocardial infarction (MI), with a twofold reduction
in mortality rate from 30% to 13% during the in-hospital period (3). Nowadays, with
aggressive therapy of acute MI, short-term and long-term prognosis is improved with a
< 6% mortality rate during the acute phase (3,4). However, despite considerable progress
in the management of cardiac patients, a substantial amount of this population is still
From: Contemporary Cardiology: Cardiac Repolarization: Bridging Basic and Clinical Science
Edited by: I. Gussak et al. © Humana Press Inc., Totowa, NJ
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experiencing life-threatening events and SCD, particularly during the year following
discharge from the hospital.

RISK STRATIFICATION OF POST-MI PATIENTS
Numerous invasive and noninvasive techniques have been developed over the years
in order to identify patients at risk of late arrhythmic events such as ventricular tachycardia (VT) or fibrillation (VF). Reduced left ventricular ejection fraction (LVEF), over 10
VPC/hour during Holter monitoring, nonsustained VT and presence of pulmonary rales
in intensive care units were the first parameters used for the prognosis assessment among
patients hospitalized for an acute MI. Although some success in risk assessment has been
achieved with noninvasive techniques, such as signal averaged ECG and heart rate variability analysis for instance, none of these (alone or combined) is known to offer a
positive predictive value of future adverse events sufficient enough to preventively
implant ICDs.
Over the last two decades, programmed ventricular stimulation (PVS) has been used
to stratify post-MI patients at risks for late arrhythmic events. Originally thought to be
as high as 80 to 90%, its sensitivity has dropped with the advent of follow-up data based
on registry of patients with negative studies (5,6). Following an acute MI, patients with
depressed LVEF are still at high risk of suffering from ventricular arrhythmias despite
a negative study (6). Recent studies, however, have reported its utility as a risk stratification tool for ventricular arrhythmias after preselection by noninvasive means (6–8). In
these primary prevention studies, post-MI patients with nonsustained VT and depressed
LVEF (<0.35–0.4) were screened with PVS. Those with sustained ventricular arrhythmias
were randomized to conventional drug therapy or to implantable cardioverter defibrillator (ICD), and followed for more than three years. The survival of patients treated with
an ICD was clearly improved as compared to patients treated with conventional therapy,
including those whose antiarrhythmic drug regimen was guided by VPS. In the MADIT
study, the overall mortality in the ICD group was reduced by 54% as compared to the
control group, but the proportion of patients with an ICD dying during follow-up remained
as high as 16% (7). With a similar design, the MUSTT study was aimed at comparing
patients with VPS-guided therapy, including antiarrhythmic drugs and ICD, to patients
without conventional therapy. A clear benefit of ICDs over the two other groups was
observed, with a risk reduction of SCD or arrhythmia as high as 76%. Among inducible
patients not implanted with an ICD, the five-year rate of death from arrhythmia was 32%.
Nowadays, those patients are systematically implanted with an ICD. Taking into account
the MUSTT data, it appears that 68% of the patients with reduced LVEF and PVSinduced ventricular arrhythmias will not benefit from their ICD. Moreover, the MUSTT
registry revealed a clear adverse prognosis among noninducible patients with depressed
LVEF. The rate of arrhythmic events was nearly equal to the one of inducible patients not
treated by ICDs (6). With the ongoing improvement in ICDs technology, the challenge
does not appear to be the therapeutic approach anymore, but the appropriate identification
of high risk patients. Risk stratification has to be accurate enough to identify as many
patients as possible who are at risk for SCD, whereas avoiding as much as possible ICD
implantation in those who will remain asymptomatic. This appears particularly true in
light of the recent finding of the MADIT2 trial, whose purpose was to determine the
benefit of ICD implantation in any patients with depressed LVEF following an acute MI
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(9). No preselection with VPS was required. To prevent one SCD over two years, 17 ICDs
had to be implanted, which left 16 patients with the burden but no clear benefit of ICD
implantation.

BIOPHYSICS OF THE T WAVE
The scalar ECG is characterized by different waves reflecting depolarization and
repolarization processes of myocardial cells, which lead to cardiac contractions. Among
these, the T wave is of particular relevance, because it specifically reflects the repolarization process of the myocardium. The action potential of myocardial cells displays
different phases of activation and inhibition of ionic currents. Calcium and potassium
fluxes are of particular importance in the genesis of T waves because they are mainly
responsible for the repolarization currents of the action potential. The myocardial wall
is composed of three layers of cells described as the endocardium, the mid-myocardium
(composed of M cells) and the epicardium. The myocardial wall is depolarized from the
endocardium to the epicardium. The steep voltage gradient produced by phase 0 of the
endo-, followed by the M cells and then by the epicardial cells inscribes the abrupt QRS
wave of the ECG. The biophysical properties of the repolarization process of the three
layers differ, which account for the genesis of the T wave of the ECG. M cells display the
longest action potential, followed by endocardial, then by epicardial cells. As a consequence, the order of repolarization of the three layers does not follow that of depolarization. Epicardial cells repolarize first, followed by endocardial cells, then by M cells. This
produces opposing voltage gradients on either side of the M cells, responsible for the
inscription of the T wave on the ECG. Briefly, the T wave begins when the plateau of the
epicardial action potential separates from that of the M cells. Opposite to the epicardium,
with a little delay, the endocardium plateau deviates from that of the M cells generating
an opposite voltage gradients that limits the amplitude of the T wave. The T wave ends
when M cells are fully repolarized (10). From these considerations, it appears that any
change in the ST segment and T-wave morphology will indicate changes in voltage
gradients across the transmural wall. Moreover, any change in beat-to-beat ST and Twave morphology (i.e., T-wave alternans) is indicative of a change in repolarization
voltage gradient on an every-other-beat basis.

T-WAVE ALTERNANS AS A HARBINGER
OF SUDDEN CARDIAC DEATH
Electrical alternans is defined as repetitive beat-to-beat fluctuations of ECG amplitude
within the QRS, ST, and T waves. This ECG pattern was first described by Herring in
1909 and was initially thought to be of little significance (11). Shortly after the introduction of the ECG, however, Sir Thomas Lewis recognized electrical alternans as a distinct
clinical pathophysiological entity: “…alternans occurs either when the heart muscle is
normal but the heart rate is very fast or when there is a serious disease and the rate is
normal” (12). In 1948, Kalter and Schwartz reported a 62% mortality rate in patients with
visibly apparent T-wave alternans (13). Then, T-wave alternans was subsequently
observed in a surprisingly wide variety of clinical and experimental conditions associated
with ventricular arrhythmias, including acute MI (14,15), electrolyte imbalances (16,17),
Prinzmetal’s angina (18,19), and Long QT syndrome (20–22).
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In the 80s Cohen and coworkers (23,24) measured visually undetectable T-wave
alternans using signal processing tools based on a power spectrum analysis of
T wave indices. They established for the first time a quantitative relationship between Twave alternans and susceptibility to VF. VF threshold and amplitude of surface T-wave
alternans were compared in experimental settings including hypothermia, tachycardia
and coronary artery ligation. A clear negative relationship was reported: as VF threshold
decreased, T-wave alternans amplitude increased. Importantly, this peculiar pattern was
generally not detectable by visual inspection of the ECG! In 1994, microvolt-level of
alternans was established as a marker of susceptibility to SCD (25), a finding which was
subsequently reaffirmed by a number of clinical trials (26–34).

OPTICAL MAPPING STUDIES ON THE MECHANISMS
OF T-WAVE ALTERNANS
The first historical observations reported an increased susceptibility to ventricular
arrhythmias in patients showing signs of T-wave alternans on surface ECG. Then,
T-wave alternans was observed under a broad variety of conditions, from the most benign
to the most dramatic ones, and as a consequence, did not appear to bear any prognostic
value. It is with the advent of techniques allowing recording of the depolarization as well
as the repolarization phases of the action potential that a clear understanding of the link
between T-wave alternans, action potential duration (APD) variations and VF onset was
made possible. Monophasic action potential (MAP) and optical mapping recordings are
two typical examples. In this regard, optical mapping bears many advantages over MAP
because it allows one to record simultaneously a much larger number of action potential
at different resolution, ranging from single cells to nearly the whole heart. Optical mapping is based on the recording of fluorescent light emitted by voltage sensitive dyes in
response to an excitation source. Voltage sensitive dyes have been used extensively to
measure transmembrane potential in a variety of neuronal and cardiac preparations.
These dyes bind to the cell membrane with high affinity and exhibit changes in fluorescence intensity which vary linearly with transmembrane potential (35). Optically recorded
action potential waveforms closely mimic the time course and morphology of action
potential recorded using microelectrode techniques under various pharmacological and
ionic interventions. A comprehensive review of cardiac and optical mapping techniques
was published previously (36).
Our optical mapping system is capable of recording high fidelity action potential from
256 simultaneous sites in beating intact hearts without the use of drugs that artificially
suppress cardiac contraction (26,37,38). Hearts are stained with the voltage-sensitive dye
di-4-ANEPPS by direct coronary perfusion. Automated computer algorithms have been
developed to analyze action potential activation, recovery, and morphology. Quantitative
measurements of APD are possible because of the high temporal (0.3 to 1.0 ms) and
voltage (0.5 to 2 mV) resolutions achieved with our data acquisition hardware and tandem
lens imaging technology which optimizes action potential fidelity (26,27,39). Because
system noise is minimized, our filters are set at 0.01–1000 Hz, well outside the bandwidth
of optically recorded ventricular action potentials, and thus do not distort their characteristics. Flexible magnification allows one to record potentials from a 17×17 mm (~1 mm
resolution between recording sites) to a 4.5×4.5 mm (~350 µm resolution between
recording sites) region of ventricle. Finally, action potential and ECGs are sampled to 512
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Fig. 1. Typical optical mapping system consisting of three major components: 1. The heart preparation; 2. A system of optics; and 3. A detector. An excitation filter is used to pass selected
wavelengths of light from the light source to a dichroic mirror, which semiselectively reflects light
of this wavelength and directs it toward the preparation. In response to excitation light, voltagesensitive dye molecules bound to the heart cells fluoresce light in proportion to the membrane
potential of the cell to which they are bound. Light emitted from the dye has a longer wavelength,
and therefore passes through (it is not reflected) the dichroic mirror, undergoes a final stage of
filtering, and is focused onto the detector.

MB circular memory buffer permitting continuous recordings of the initiation and evolution of any arrhythmias during premature stimulation of the heart.
Figure 1 shows a schematic of the system used in our laboratory. Beating and perfused
hearts are immersed in a custom built Tyrode-filled Lexan chamber and positioned with
a micromanipulator so that the mapping field (1×1 cm) is centered over the anterior
surface of the left ventricle. To maintain surface temperature of the viable epicardium,
the heart is immersed in the coronary effluent which is maintained at a constant temperature with a heat exchanger inside the chamber. By applying gentle pressure to the posterior surface of the heart with a moveable piston, hearts contract freely except for the
surface within the mapping field. This design eliminates motion artifacts from optically
recorded action potentials without altering electrophysiological properties and thus obviates the need for suppressing cardiac contraction with drugs known to influence action
potential characteristics and reentrant excitation.
For the purpose of understanding the mechanisms leading to action potential alternans,
Fig. 2 shows representative examples of parameters used to characterize activation,
repolarization as well as APD from optically recorded waveforms. The first parameter of
interest is the activation time (AT) which is defined as the time elapsed between a
reference (e.g., stimulus artifact) and the maximum of the first derivative of optical action
potential signals. This measure is a reliable marker of the depolarization of cardiomyocytes, and corresponds electrophysiologically to the maximum influx of sodium ions
in response to the opening of sodium channels (40). The second parameter of interest is
repolarization time (RT), defined as the time elapsed from a reference and the maximum
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Fig. 2. Representative examples of three optical action potentials and one bipolar ECG simultaneously acquired from a grid of 256 photodiodes covering a surface of 1 cm2 of the epicardium
of a guinea pig Langendorff preparation. Each waveform was acquired at a sampling rate of 1 KHz,
and represents the integral optical activity of an area of 625 × 625 µm. Signals are normalized to
the same amplitude. AT and RT depict activation time and repolarization time annotations respectively. APD is measured by subtracting AT to RT values.

of the local second derivative of the action potential signal (39,40). This measure has been
shown to be less sensitive to motion artifacts and baseline drift, unlike algorithms based
on absolute thresholds of action potential (e.g., APD90) or on first derivative (40). The
third currently used parameter is action potential duration (APD) directly measured from
subtracting AT to RT. Color gradient are used to display similar timing of the depolarization or repolarization processes for the 256 recording sites. Each color or shade represent an area of cardiomyocytes activated in a given amount of time (e.g., 5 ms, 10 ms,
etc.), resulting in maps of synchronous (e.g., isochronal) activation and repolarization,
known as contour maps. Figure 3 shows a typical example of AT and RT contour map
as well as the resulting APD of a guinea pig heart paced at a CL of 400 ms and during
delivery of a premature stimulus. Note the earliest activation and repolarization time near
the pacing site for the premature stimulus, which is consistent with a propagating wave
moving away.

RESTITUTION-BASED HYPOTHESIS FOR ALTERNANS
Action potential restitution kinetics appear to play a key role in the genesis of APD
alternans at the level of single cell as well as at tissue level. Classically, APD restitution
is measured after delivering an extrastimulus over a wide range of coupling intervals at
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Fig. 3. Contour maps of depolarization (A and D), APD (B and E) and repolarization (C and F)
during baseline pacing (left) and a premature stimulus (right). To the right of each map is a gray
scale with corresponding numerical values in millisecond. APD during baseline pacing shows a
right to left gradient, that nearly shifts 180° during delivery of a premature stimulus near refractory
period. Inversion of repolarization is reflected in the ECG (bottom) by the inversion of T-wave
polarity during the premature stimulus. Reproduced with permission (39).

the end of a regular train of stimuli. As shown in Fig. 4, APD typically decreases monotonically and exponentially as a function of the previous diastolic interval (DI), which
suggests some nonlinear behavior of the processes underlying action potential restitution
kinetics.
Alternation of the T wave and of the membrane potential is provoked above a threshold
heart rate, which most likely corresponds to a time interval that is shorter than the recovery
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Fig. 4. Restitution curves generated from optical action potentials (inset) measured simultaneously from two ventricular sites. The bold action potentials were recorded during the last beat
of the constant cycle length drive train, and the remaining potentials were recorded at progressively shorter S1–S2 coupling intervals. The site at which APDb is longer (square) has a faster time
course of restitution compared with the site at which APDb is shorter (circle). The dashed lines
connect data points recorded simultaneously during each S1–S2 coupling intervals tested. Reproduced with permission from (39).

kinetics of one or more time-dependent currents (41,42). Computer simulation studies
have also highlighted the role played by the steepness of the APD restitution curve in the
genesis of concordant alternans. Only cells and tissues whose APD restitution curves
displayed a slope > 1 were able to alternate (43–47). In experimental and virtual settings,
the flattening of the APD restitution curve by changing the kinetics of one or more
membrane currents prevented the development of concordant and discordant alternans
(48), but also VF initiation (49) as well as spiral wave breakups by stabilizing the reentrant circus (49–51).
How does the steepness of the restitution curve affect alternans threshold? Why a slope
> 1 appears to be a prerequisite condition for the onset of alternans? The restitution curve
below the point of slope =1 produces major changes in APD for little changes in DI, which
is a result of the nonlinear relation of the APD-DI couple. For that specific part of the
curve, a little increment in heart rate during fast pacing rate will result in a small reduction
in DIs, but in a dramatic decrease in APDs as shown in Fig. 4. According to the nonlinear
APD-DI relation, the long DI following the short APD will in turn produce a long APD,
initiating a sustained alternans of short DI-APD resulting in long DI-APD couples that
can last nearly for ever. From an electrophysiological viewpoint, it is very likely that the
membrane and cellular processes governing the repolarization of the short APD will have
enough time to fully recover during the next long DI, allowing the expression of a fullblown APD. The APD-DI coordinate of slope =1 of the APD restitution curve defines the
heart rate threshold at which APD alternans develops, where the threshold in bpm = 60
× (1000/APD + DI) (48,52). Figure 4 also shows that restitution kinetics are heterogeneously distributed from base to apex across the guinea pig heart, with the base displaying
the steeper kinetics, and theoretically the lowest threshold for alternans. This finding
appears essential for the understanding of the spatial distribution of alternans reported
experimentally (26,27).
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By looking at the parameters of the Luo-Rudy 1 model for instance, it appeared that
APDs were alternating on a beat-to-beat basis because the pacing rate was above the
restitution kinetics of at least two composite ionic currents: Ix1, a K current, and ICA,
mostly a Ca2+ current. Computer modeling allowing for more detailed analysis showed
that both the opening gating variable of the Ix1 and the closing gating variable of the ICA
during a long APD had not recovered yet at the time the following depolarization started,
which may account for the self-perpetuating sequence of long-short APDs. Recently, a
new model integrating some of the specific features that were lacking in previous ones
refined our understanding of the ionic and intracellular processes leading to alternans
(43). APD alternans was clearly related to the steepness of the restitution curve. Any
interventions flattening the action potential kinetics increased the threshold or prevented
the development of alternans. A reduction in the time constant of the ICA inactivation
gating variable, an increase in the magnitude of INa, and any modification of the Na+-Ca2+
exchanger current reduced alternans amplitude. IK currents did not appear to play any
significant role in alternans, although any increase of these currents suppressed alternans
by reducing APDs and prolonging DIs (43). Ionic processes involved experimentally in
APD alternans will be discussed in the following paragraph.

CELLULAR AND SUBCELLULAR MECHANISMS OF ALTERNANS
An association between repolarization alternans and contraction alternans has been
recognized for years. Since its first description, two main mechanisms were proposed for
electro-mechanical alternans. The first one considers that repolarization alternans results
from variations in myocytes mechanical loading via mechano-electrical feedback mechanisms (53,54). Short DIs reduce diastolic filling, which results in a weaker contraction
based on the Frank-Starling relationship, but also in short APD as a result of the mechanoelectrical feedback. It also leaves a greater end-systolic volume for the next beat. The next
DI is thus long, which allows a better filling resulting in a stronger contraction, in a longer
APD but also in a lower end systolic volume, and so forth. Although this mechanism does
not appear to be responsible for the APD and T-wave alternans observed in many
arrhythmogenic conditions, some studies in intact and isolated hearts are consistent with
this hypothesis. A detailed review on the mechanism and pathophysiological significance of cardiac alternans was reviewed elsewhere (55).
The second theory states a common cellular mechanism for repolarization and contraction alternans. This hypothesis is supported by experimental observations reporting
concomitant occurrence of action potential and pressure alternans at constant DIs (41) or
by the observation of repolarization alternans during inhibited cardiac contractions
(41,56,57). Action potential and mechanical alternans in single cell and tissue preparations have been reported under various conditions for years (58–62). Interventions such
as acidosis, ischemia, reduced temperature, low bath Ca2+ concentration, known to alter
cell restitution kinetics, lowered the heart rate threshold at which alternans appeared (59).
Data supporting the hypothesis that T-wave alternans resulted from beat-to-beat
changes of membrane and/or intracellular ionic processes are:
1. Alternation of membrane potential may be provoked by delivery of a critically coupled
premature beat (58).
2. Alternation of membrane potential is provoked experimentally with a regular pacing rate
above a threshold value (26).
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3. Pharmacological probes that affect L-type Ca2+ currents are able to simultaneously affect
APD and pressure alternans (41,56,57).

In experimental conditions, L-type Ca2+ channel blockers have been able to prevent
APD alternans and to reduce pressure alternans without suppressing it at concentration
at which they mainly affect slow inward Ca2+ currents (41,56,57). Caffeine, known to
deplete Ca2+ content of the sarcoplasmic reticulum, has been shown to suppress both
action potential and tension alternans experimentally, suggesting that both types of
alternans are caused by fluctuations of Ca2+ transients (41,57). Ryanodine, which suppresses sarcoplasmic reticulum Ca2+, also suppressed repolarization and contraction
alternans (57).
Functional studies have shown that Ca2+ release from the sarcoplasmic reticulum is
triggered by the free cytosolic Ca2+ produced by the L-type Ca2+ current (i.e., Ca2+induced Ca2+-release) (63). Therefore, it is not surprising that drugs that modulate L-type
Ca2+ current may indirectly affect sarcoplasmic reticulum Ca2+ current, contraction, and
action potential alternans. On the other hand, it is expected that conditions that impair ion
channel function may also reduce the heart rate threshold required to elicit T-wave
alternans. This may explain why T-wave alternans was accentuated by hypothermia (26)
and why T-wave alternans is observed at relatively slow heart rate in patients at risk of
SCD (25,31,64) but is provoked only by rapid heart rate in normal hearts.
The mechanisms that control Ca2+ handling are complex. Briefly, the activation of ICA
by the depolarization front releases free Ca2+ in proximity to the T tubule. The cytosolic
Ca2+ binds to the ryanodine receptors of the sarcoplasmic reticulum which, in turn,
releases abundant sarcoplasmic reticulum Ca2+ into the cytosol via the Ca2+-induced
Ca2+-release mechanism (CICR) (65). When ICA is blocked, or during prolonged depolarization of membrane voltage, sarcoplasmic reticulum Ca2+ release can also be stimulated by inward Ca2+ current from the Na+-Ca2+ exchanger (NCX) operating in “reverse
mode.” After each contraction, the large majority of Ca2+ is removed into the sarcoplasmic reticulum by the SR-Ca2+-ATPase, some by sarcolemmal NCX, and a minor proportion by sarcolemmal Ca2+ ATPase (66). During repolarization, the NCX works in its
forward mode, and for each Ca2+ ion extruded from the cell, three Na+ ions are transported
in (67), resulting in a net depolarizing current that contribute to prolong APD. The free
cytosolic Ca2+ has at least two important electrogenic feedback mechanisms for the
control of sarcoplasmic reticulum Ca2+ release:
1. Sarcoplasmic reticulum Ca2+ release tends to inactivate the sarcolemmal ICa2+ channels,
resulting in a lowering of membrane voltage and in APD shortening.
2. Sarcoplasmic reticulum Ca2+ release enhances Ca2+ extrusion by NCX, resulting in an
increase in membrane voltage and in APD lengthening.

Although many studies have highlighted the role played by Ca2+ in the genesis of APD
alternans, none has pointed out the role precisely played by each component of Ca2+
handling. Sorting out the ionic mechanisms of action potential alternans presents a difficult “chicken and egg” problem because of the inter-dependence of membrane voltage
and intracellular Ca2+, as summarized previously.
Single cell and tissue recordings have now well established in different experimental
settings that action potential, Ca2+ transients, and mechanical alternans are closely linked
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(68). Thus, the first question to be solved is whether action potential alternans is the
primary event that triggers Ca2+ transient and mechanical alternans or whether Ca2+
transients trigger action potential alternans. Data supporting the hypothesis that Ca2+
transients trigger voltage alternans are:
1. Keeping APD constant with voltage clamp, it was shown that mechanical and Ca2+
transients alternans can still occur in experimental preparations (69,70) and simulated
cells (70).
2. During alternans, peak current did not alternate, suggesting that ICA, which triggers Ca2+
release from the sarcoplasmic reticulum, is not the key mechanism responsible for the
development of electro-mechanical alternans (71).
3. It has been recently reported in single cells that reducing the amount of ATP available
for the sarcoplasmic reticulum macromolecular complex formed of ryanodine receptors,
phosphatases and protein kinase, triggers alternans in conditions where it did not appear
usually (71).

Taking together these results and previous ones showing that mechanical alternans
unlike action potential alternans is reduced but not abolished by Ca2+ channel blockers,
it is likely that alternation in ICA is not the primary event that drives APD, Ca2+ transients
and mechanical alternans. Apart from ICA, several repolarization currents are at least
partially under the control of cytosolic free Ca2+, such as the Ca2+-activated Cl– (ICl(CA)),
the NCX as well as the delayed rectifier current (IKs). Any beat-to-beat variations in the
amount of cytosolic free Ca2+ could theoretically promote or reduce alternans by modulating one of these currents. A field of research opens where the respective role played
by the components governing cytosolic Ca2+ handling in the genesis of Ca2+ transients
alternans have still to be determined.
On one hand, there are compelling data suggesting a role of Ca2+ handling in the
genesis of action potential alternans. On the other hand, the steepness of the APD restitution and the spatial variation in APD restitution kinetics have been mandatory for the
development of electrical alternans in animal and virtual experiments. For the time being,
no one has reconciled both prevailing hypotheses. A limited amount of studies are providing some information about the role played by Ca2+ handling in action potential
restitution kinetics. We know that L-type Ca2+ channel blockers flatten APD restitution
curves on one hand, and prevent APD alternans, VF induction and convert VF to a
periodic rhythm on the other hand (49). Computer simulation studies have allowed us to
go in more detail about the role played by ionic currents in the APD restitution curve,
although these results may not fully apply to single cell or tissue preparations (48). INa
and IK currents appear to control respectively the initial and terminal parts of the APD
restitution curve, which is consistent with experimental findings in cardiac tissue (48,72–
74), while ICA appears to control the intermediate steep part of the restitution curve. Any
reduction in ICA increased the alternans heart rate threshold or abolished APD alternans,
although flattening the restitution curve and shortening APD for any given DI (43).
Eventually, repolarization alternans can also result from a spatial dispersion of refractoriness that gives rise secondary to alternations in propagation. In this condition,
repolarization alternans is considered as secondary to propagation alternans, which occurs
when the time between consecutive activations is shorter than the total refractory period.
This finding is supported by several early studies performed during acute ischemia,
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Fig. 5. Patterns of ventricular depolarization and repolarization during concordant (left, CL 200
ms) and discordant (right, CL 180 ms) alternans. Shown are 10-ms isochrone plots representing
depolarization (depol) and repolarization (repol) within mapping array for 2 consecutive beats.
Adapted from (26).

where ECG alternans was generated by alternating conduction block into the ischemic
zone (75,76). However, the majority of patients at risk of arrhythmic events exhibits
T-wave alternans in the absence of acute ischemia (25,31,64). One could argue that
ischemia develop at a subclinical level, however, there are compelling evidences that
T-wave and APD alternans are rate-dependent phenomena, that do not require ischemia
to come out.

MECHANISMS LINKING T-WAVE ALTERNANS
TO VENTRICULAR ARRHYTHMIAS
Experimentally, two types of action potential alternans have been reported, i.e., concordant alternans and discordant alternans. Concordant alternans is defined as an homogeneous alternation of APD across the heart on an every-other-beat basis, without
significant alternation in activation time (i.e., conduction velocity) (26). The long action
potential remains long while propagating across the heart, and is followed by a short
action potential at all recording sites. Because voltage gradients are somewhat changed
on an every-other-beat basis during repolarization, but not during depolarization, the T
wave but not the QRS displays some degree of alternation on the surface ECG. Figure 5
right shows a typical example of an optical mapping recording of concordant alternans.
Note that activation time is similar between even and odd beats. Despite a significant
difference in repolarization time between even and odd beats, the orientation of the
voltage gradient of repolarization remains the same for both beats, with the stimulation
site being the first to repolarize. Dispersion of repolarization measured during concordant
alternans was not different from values measured during no alternans (26).
Discordant alternans, defined as islands of neighboring cells whose repolarization is
spatially out of phase, is usually observed for faster pacing rate than concordant alternans
(26,48). In contrast to concordant alternans, during discordant alternans the pattern of
repolarization varied substantially because the direction of repolarization reversed nearly
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180° on consecutive beats, while the direction of depolarization remained the same.
Figure 5 left shows a typical example of an optical mapping recording of discordant
alternans. Note that activation time is similar between even and odd beats, however
repolarization shows an 180° shift in gradient, that was not seen during concordant
alternans.
Discordant alternans manifests itself on the surface ECG as some degree of QRS
alternans because of conduction slowing, but more specifically as a marked alternans of
the T wave shape and/or phase because of the 180° shift in repolarization gradient on an
every-other-beat basis. Propagation is delayed regionally in islands of prolonged refractoriness. Dispersion of refractoriness increases far above baseline and concordant
alternans values, which greatly enhanced the susceptibility to VF and VT (26,27). Unidirectional block of conduction has been reported in areas of most delayed repolarization,
that were retrogradely activated, forming the first spontaneous beat of reentrant
arrhythmias such as VT and VF (26,27).
Initiation of ventricular arrhythmias requires a certain amount of repolarization dispersion to favor unidirectional block of conduction, retrograde invasion of the refractory
tissue, and reentry (26,77,78). Previous works have established this sequence in tissue
with inhomogeneous electrophysiological property characterized by a fixed spatial dispersion of refractoriness (77,78). However, all arrhythmogenic diseases do not necessarily display the required amount of APD dispersion. In that case, an intermittent process
is expected to alter nonuniformly APD, resulting in a transient spatial dispersion of
refractoriness above the critical value. Discordant alternans might be one of the candidates, because it appears only above a given heart rate threshold. It is therefore unapparent at slow pacing rate. During discordant alternans, the patterns of repolarization reversed
by 180° on alternating beats (26), markedly enhancing the amount of APD dispersion.
Optical mapping recordings have been of great help in understanding the link between
T-wave alternans, APD alternans and the susceptibility to ventricular arrhythmias. Figure 6 shows AT and RT contour maps of the last few beats before induction of a VF. Note
the 180° reversal in repolarization gradient on alternating beats, consistent with discordant alternans. A further reduction of 10 ms in pacing CL produced an anterograde block
as represented by the hatched area, that was retrogradely invaded, forming the first
reentrant beat that lead to VF (26). When a similar protocol was used in an experimental
setting where a linear lesion was created by laser, the resulting structural barrier produced
an anchor for the reentrant wave, resulting in a monomorphic VT instead of a VF, but also
reduced the threshold at which alternans appeared (27). In conclusion, discordant
alternans provides a common pathway of enhancing gradient of refractoriness, that may
enhance susceptibility to VF as well as VT, depending on the underlying anatomical
characteristics of the tissue, i.e., presence or not of a structural barrier.

MECHANISMS LEADING TO DISCORDANT ALTERNANS
What are the mechanisms of discordant alternans? Two hypotheses prevail, which are
not mutually exclusive. The first one states that discordant alternans develops because of
a spatial gradient of APD restitution kinetics (26,27), whereas the second one states that
discordant alternans develops because of marked slowing in conduction velocity (48,79).
In other words, the first hypothesis states that the spatial heterogeneity of action potential
restitution kinetics is the priming for the development of discordant alternans. Under
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Fig. 6. Mechanism of initiation of VF during discordant alternans. Shown are 10-ms isochrone
plots of depolarization and repolarization for beats that immediately preceded VF. Top: ECG and
action potentials recorded from 2 ventricular sites marked on isochrone map (beat 3). Depolarization and repolarization times are referenced to stimulus artifact during pacing and to earliest
activation time during first beat of VF. On beats 1 through 5, depolarizing wave front propagated
uniformly from site of stimulation. However, patterns of repolarization differ substantially but
reproducibly on alternans beats (compared beats 3 and 5). During beat 6, block occurred, as
represented by hatched area in depolarization map. Block is shown in top panel by failure of
propagation from site 1 to 3. After block occurred, pattern of depolarization reversed from site 1→
site 2 →site 3 to site 3→site 2→site 1, indicating first reentrant beat that led to VF. First beat of
VF occurred 120 ms after pacing artifact of beat 6. Adapted from (26).

some circumstances such as during fast pacing rate, discordant alternans can arise because
the excitation front changes the phase of some cells but not others. Thus, the reversal in
repolarization phase depends on the steepness of the restitution curves, which has to be
>1, but also on where on the APD restitution curves the DI value preceding the excitation
front arrives. The excitation front may result in long APDs for a specific restitution curve
at a given location, and in short APDs for other ones. As a consequence, APDs will be
spatially out of phase between neighboring islands of cells, i.e., discordant.
The first hypothesis is supported by results of experimental studies conducted on
guinea pigs using optical mapping recordings. Figure 5 right shows optical mapping of
activation and repolarization times during discordant alternans in a guinea pig. Although
discordant alternans shows more crowding of AT isochrones at the base than during
concordant alternans, it appears that reduction in conduction velocity is of little significance. Simulation studies have also reported that discordant alternans could be elicited
during concordant alternans with the delivery of an ectopic beat in an homogeneous
medium without significant change in conduction velocity (79). Figure 7 top shows how
an ectopic beat delivered opposite to the site of regular pacing collides with the “sinus “
beat and produces the critical amount of spatial gradient of APD and DI that leads to phase
reversal, and discordant alternans.
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Fig. 7. Top: Ectopic focus scenario of discordant alternans initiation. The vertical axis denotes
length of a cardiac cable (8 cm) and the horizontal axis denotes time. Action potential traces from
75 positions are shown. The cable was in quiescence until the first stimulation at the top end of the
cable. A stimulus was given 310 ms after the arrival of the first excitation at the bottom end of the
cable to simulate an ectopic focus firing. The ectopic excitation traveled up the cable and collided
with the excitation from the second stimulus given at the top. Stimuli were thereafter given at 310ms intervals at the top end of the cable to simulate sinus excitations. Although conduction velocity
was essentially constant and the tissue was homogeneous, the increasing diastolic interval (DI) in
the upward direction produced increasing action potential duration (APD) in the upward direction.
This gradient, in turn, produced increasing DI and APD in the downward direction when the next
sinus excitation traveled down the cable. This inversion continued and alternans was discordant.
Bottom: Sinus node scenario of discordant alternans initiation. Orientation as in top panel. All
stimuli were applied at the top end of the cable at 310-ms intervals following a long quiescence.
The second stimulus followed the maximum possible APD, and DI was short. The short DI
produced slow conduction that gave rise to increasing DI as the wavefront traveled down the cable,
as seen in the mild increase in the DI preceding the excitation marked A1 and in the mild increase
in APD (A1). The third stimulus followed a relatively long DI, producing maximum conduction
velocity down the initial segments of the cable. Fast conduction coupled with APD increase down
the cable on the previous beat produced decreasing DI and APD (A2) down the length of the cable.
The reversal of DI spatial distribution (increasing down the cable for S12, decreasing for S13) was
exaggerated as pacing continued, and gradually formed a node. The right part of the figure begins
with the 13th excitation, and the top and bottom of the cable are clearly alternating out of phase.
Reproduced with permission from (79).

The second hypothesis comes originally from computer simulation studies, where
discordant alternans following concordant alternans was observed in an homogeneous
tissue whose restitution kinetics was uniform (48,79). To proceed from concordant to
discordant alternans, the pacing rate had to be short enough to engage conduction velocity
restitution. In a manner similar to the APD-DI relation, conduction velocity restitution
is defined as a reduction in the velocity of the wavefront as a function of the preceding
DI interval. In some regions, the wavefront met short DIs resulting in a decrease in its
regional velocity. Figure 7 bottom shows in an homogeneous cable how discordant
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alternans may arise from the interaction between conduction velocity and APD restitution kinetics during concordant alternans. The y-axis is the cable length in cm, and the
x-axis is the time in ms. Pacing rate is above alternans threshold defined as the APD-DI
coordinates of slope = 1 on the APD restitution curve. Figure 7 bottom shows that
concordant APD alternans developed as soon as the fast pacing rate was initiated, while
spatial alternans (i.e., discordant alternans) only appeared after a few beats. The explanation for the delayed appearance of discordant alternans is the following: Because of
concordant alternans, the first long APD (A0) is followed by a short DI, resulting in a
short APD (A1). Owing to the underlying conduction velocity restitution, A1 propagates
somewhat slower than A0, which gives rise to increasing DI as the wavefront traveled
down the cable, as seen in the mild increase in the DI preceding A1 and in the APD of
A1 as seen in Figure 7 bottom. In other words, the wavefront of long APD having a
maximum conduction velocity tends to catch the waveback of the preceding short APD
with a reduced conduction velocity. The overall result is that long APDs progress spatially toward shorter values, whereas short APDs progress toward longer values, resulting in spatial alternans of APD, in other words discordant alternans.
From this example, it appears that conduction velocity may play a significant role in
the genesis of discordant alternans by interacting with the APD restitution curve. As
illustrated by Fig. 7 bottom, the amount of conduction velocity change across the cable
is little, and does not appear to be more pronounced than what has been observed experimentally in guinea pigs (26). Clearly, the two hypotheses mentioned previously are not
mutually exclusive. It is possible that heterogeneity of APD restitution between myocytes
plays a critical role in discordant alternans in “normal” hearts with fast conduction
velocity, but under circumstances where conduction velocity is slowed (e.g., by myocardial disease or antiarrhythmic drugs), conduction velocity restitution may play an additive role. As a matter of fact, recent studies mixing experimentations and simulations
have shown that:
1. The amount of conduction velocity variation, as measured by the local variation in
activation time, is little and in the range of 1–3 ms (80). Variation of activation time of
this magnitude is likely to be obscured under most experimental circumstances.
2. That tissue heterogeneities are capable of pinning location of node (79), which may be
responsible for the consistent pattern of base-to-apex distribution of discordant alternans
seen in experimental setting (26).

Electrically uncoupling regions with different restitution kinetics also appears to play
a significant role in the genesis of discordant alternans. The introduction of a structural
barrier resulted in a reduction of the heart rate threshold at which discordant alternans
developed, with a straightforward transition from no alternans to discordant alternans. As
shown in Fig. 8, the structural barrier formed a portion of the line of separation between
regions that were in opposite phase. When a fast pacing rate followed by an ectopic beat
was used for arrhythmia induction, the structural barrier produced an anchor for the
reentrant wave, resulting in a monomorphic VT instead of a VF. Figure 9 shows such an
example. The extrastimulus blocked in the region of most delayed repolarization, that
was retrogradely invaded, forming the first beat of a monomorphic VT. How did the
structural barrier reduce the alternans threshold? We know that action potential restitution kinetics in guinea pigs are heterogeneously distributed across the heart in a base to
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Fig. 8. Changes in ventricular repolarization caused by the structural barrier (SB). 10-ms isochrone maps represent patterns of depolarization, APD, and repolarization for 2 consecutive beats
in absence (i.e., control) and presence of SB at an identical heart rate. Activation propagates as
expected from site of stimulation (square pulse symbol) in all cases. SB produces large changes
in magnitude and orientation of APD gradients (right middle panel) that were not present during
control (left middle panel). This creates large spatial gradients of repolarization in presence of SB.
These effects are evident on the ECG (top) as visible T-wave alternans is apparent with SB.
Adapted from (26).

apex fashion as shown in Fig. 4. The structural barrier was introduced transverse to this
APD gradient, which insulated cells with different restitution kinetics and reduced their
electrotonic coupling, a process known to enhance dispersion of repolarization (81). We
also know that the gradient of action potential restitution kinetics is the driving force for
the genesis of discordant alternans (26). Thus, any uncoupling (e.g., structural barrier)
enhancing this gradient should reduce the alternans threshold, which appears to be the
case in guinea pigs. From a clinical viewpoint, these findings are at utmost relevance,
because they establish a link between susceptibility to ventricular arrhythmias and the
electrophysiological state of the underlying cardiac tissue. Any increase in action potential heterogeneities produced by macroscopic (e.g., remote MI) and microscopic (e.g.,
fibrosis in cardiomyopathies) uncoupling will lower threshold of T-wave alternans and
will enhance the likelihood of developing ventricular arrhythmias, which is precisely the
case of patients with structural heart diseases (25,29,32,33,64,82).

CLINICAL RELEVANCE OF T-WAVE ALTERNANS ANALYSIS
The first studies published on the performance of T-wave alternans as a risk stratification tool included patients suffering from various types of heart disease as well as
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Fig. 9. Alternans-induced reentry in presence of a structural barrier (SB). Top, ECG lead showing
initiation of reentry by introduction of a premature stimulus (S2) in a heart with a SB (white box).
Middle, 10-ms isochrone maps of depolarization for the beat preceding the S2 and during the
initiation of the arrhythmia. Notice that discordant alternans (action potential tracings, bottom
panel) between mapping sites A and B creates a large gradient of repolarization that produces
functional block (hatched area, middle isochrone plot) necessary for reentry around the SB.
Adapted from (26).

patients with and without ventricular arrhythmias (25,30,64). In these preliminary studies, a positive T-wave alternans predicted results of PVS with an averaged sensitivity of
87% and specificity of 80%. Having a positive T-wave alternans test increased the risk
of developing a ventricular arrhythmia at PVS by a factor of 5 to 8. During follow-up of
high risk populations, T-wave alternans also predicted arrhythmic events or SCD as well
as PVS, which is the gold standard for risk stratification of post-MI patients (25,30,64).
In contrast to PVS, T-wave alternans analysis is not restricted to post-MI patients.
Recent works have shown that T-wave alternans seems also to be a harbinger of SCD for
nonischemic dilated cardiomyopathy (83,84), as well as for electrical diseases such as the
Long QT syndrome (20–22). In the following paragraphs, the prognostic yield of T-wave
alternans will be discussed in patients with (secondary prevention) and without (primary
prevention) known ventricular arrhythmias.
There are only a few studies, cumulating approx 150 patients, that have looked at the
performance of T-wave alternans analysis as a predictor of ventricular arrhythmias recurrence in post-MI patients (32,85). In a population of 95 patients implanted with an ICD
because of recurrent ventricular arrhythmias, a positive TWA test was the only independent predictor of arrhythmia recurrence (32). Neither positive PVS, reduced LVEF,
depressed baroreflex sensitivity, presence of late potentials nor decreased heart rate
variability were independently related to arrhythmia recurrence (32).
Table 2 gives an overview of the most recent studies that have looked at the prognostic
value of T-wave alternans in patients without known ventricular arrhythmias (86–88).
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Table 2
Overview of the Performance of T-Wave Alternans Analysis for Risk Assessment
1
of Arrhythmic Events in Post-MI Patients Without Known Ventricular Arrhythmias

Patients
(n)

Event
MV
During predictor of RR of
LVEF
FU
arrhythmic events if
(%)
(%)
events
+TWA

Ikeda et al.
2000

102

49 ± 9

15

Tapanainen et al.
2001
Ikeda et al.
2002

379

45 ± 10

5

850

51 ± 13

8

Combined
+TWA and
+SAECG
+SAECG
+TWA,
LVEF<40%

Event
free
if +TWA
(%)

Event
free
if –TWA
(%)

17

70

98

NS

100

96

11

92

99

1

In two studies performed by the same group (86,87), the risk of suffering from an arrhythmic event after
a positive T-wave alternans test, alone or in combination with late potentials, was increased by more than
X10. In contrast, in the Tapanainen study (88), a positive T-wave alternans test had no significant power to
predict future arrhythmic event during follow-up. FU, follow-up; LVEF, left ventricular ejection fraction;
MV, multivariate; NS, non significant; RR, risk ratio; +SAECG, positive signal averaged ECG; TWA,
T-wave alternans analysis; –TWA, negative TWA; +TWA, positive TWA.

Taken altogether, these studies have followed during 1 to 2 yr approx 1500 patients with
mild left ventricular dysfunction following an acute MI. All patients had been treated
with the usual revascularization procedures (thrombolysis, PCI, CABG). Conventional
risks markers were performed simultaneously to T-wave alternans analysis and compared together. Despite clear similarities between patients in term of clinical characteristics and LVEF, the results are conflicting in what concerns the prognostic value of
T-wave alternans (88). In two studies performed actually by the same group, the multivariate analysis revealed that a positive T-wave alternans test alone or in combination
with late potentials was a strong independent predictor of SCD or resuscitated VF during
follow-up, with a hazard ratio of 11 to 17, although late potentials alone were only
predictive of sustained VT but not of VF or SCD (86,87). In contrast, Tapanainen et al.
reported no association between positive T-wave alternans testing and the risk of subsequent arrhythmic events (88). Their multivariate analysis identified an indeterminate
T-wave alternans test as well as the presence of other indices as independent predictors
of adverse events. How can such contradictory results be? The only apparent differences
between the studies of Ikeda et al. and Tapanainen et al. are:
1. More than 50% of the patients in the Tapanainen study had residual sign of ischemia at
discharge of hospital while all patients in the Ikeda et al. study were successfully
revascularized.
2. The time elapsed between MI and measures of prognostic indices ranged between 5 d to
3 wk in the study of Tapanainen et al. and 3 mo in the study of Ikeda et al.

We know from early experimental and clinical studies that residual ischemia is associated with an increase risk of adverse event after MI, which may explain why Tapanainen
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et al. did not find any prognostic value of T-wave alternans analysis and LVEF, but also
why the inability of performing a treadmill test was the most significant predictor of
cardiac death. Taken together, these conflicting results suggest that TWA analysis should
not be performed too early after an acute MI, but at least 3 wk after the ischemic event,
and that treatment of residual ischemia should be the primary goal before any risk assessment for ventricular arrhythmias in the post-MI setting.

CONCLUSIONS
Nearly a century ago, T-wave alternans was reported as a harbinger to SCD, but its role
as a marker of arrhythmia susceptibility was first suggested 15 yr ago. T-wave alternans
has opened a unique field of research, whose most recent results have clearly established
the link between transient abnormal repolarization on an every-other-beat basis and
susceptibility to ventricular arrhythmias and SCD in a broad variety of organic and
electrical heart diseases. However, many questions remain unresolved. The subcellular
mechanisms of action potential alternans, and more specifically the role played by the
various components of intracellular Ca2+ handling, are not fully understood yet and
deserve special attention because their understanding might open new curative or preventive strategies.
The clinical significance of a positive T-wave alternans test also deserves further
studies, and needs to be prospectively compared to PVS-based conventional risk stratification in primary prevention studies. With respect to these open questions, the Alternans
Before Cardioverter Defibrillator (ABCD) trial has been recently launched, whose goal
is to prospectively compare the ability of T-wave alternans analysis and VPS to predict
arrhythmic events following an acute MI.
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