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Abstract

The mechanisms underlying sudden cardiac death (SCD) are complex and diverse. Therefore, correct
application of any marker to risk stratify patients for appropriate therapy requires knowledge
regarding how the marker is reflective of a particular electro-anatomical substrate for arrhythmias.
Non-invasive measurement of beat-to-beat alternation of the electrocardiographic T-wave, referred
to as T-wave alternans (TWA), is an important marker of risk for sudden cardiac death (SCD). Is
this relationship a mere association or is TWA mechanistically linked to SCD? Recent experimental
evidence strongly supports a mechanistic relationship between TWA and SCD. This review will
consider the underlying mechanisms of TWA derived from experimental studies, as they relate to
clinical observations of TWA in humans, addressing the following questions derived from common
clinical observations: 1) Where does TWA on the surface ECG come from? 2) Why is controlled
heart rate elevation required to elicit TWA? 3) Why is TWA associated with risk for SCD? 4) Why
is TWA associated with a broad range of ventricular arrhythmias? and 5) How do commonly used
medications affect TWA?
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Sudden cardiac death (SCD) is the most devastating manifestation of heart disease, and most
often occurs in patients with systolic heart failure (HF). Yet predicting which HF patients are
at highest risk for SCD remains an important, and largely unresolved clinical challenge. There
is compelling evidence to suggest that non-invasive detection of subtle (“microvolt-level”)
beat-to-beat alternation of the T-wave on the surface electrocardiogram (ECG) is an important
marker of risk for SCD27; 32, First described nearly 100 years ago, alternans of the ECG refers
to a beat-to-beat variation in the amplitude and/or morphology of a component of the ECG,
and has consistently been shown to be a marker of electrical instability in the heart!3; 26, In
particular, microvolt T-wave alternans (TWA) has recently been shown to be closely associated
with risk for SCD in a wide range of clinical settings. Remarkably, the absence of TWA in
patients with HF seems to indicate a resistance to scDL. However, is the relationship between
TWA and SCD a mere association or is TWA a mechanism for potentially fatal ventricular
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arrhythmias? The mechanisms underlying sudden cardiac death (SCD) are complex and
diverse. Therefore, correct application of any marker to risk stratify patients for appropriate
therapy requires knowledge regarding how the marker is reflective of a particular electro-
anatomical substrate for arrhythmias.

Though caution must be taken when extrapolating results from experimental models to patients,
recent experimental observations suggest that cardiac alternans is mechanistically linked to the
pathogenesis of ventricular arrhythmias. In an effort to translate experimental observations to
the bedside, this review will consider the underlying mechanisms of TWA derived from
experimental studies, as they relate to clinical observations of TWA in humans. Specifically,
the following questions derived from common clinical observations will be considered: 1)
Where does TWA on the surface ECG come from? 2) Why is controlled heart rate elevation
required to elicit TWA? 3) Why is TWA associated with risk for SCD? 4) Why is TWA
associated with a broad range of ventricular arrhythmias? and 5) How do commonly used
medications affect TWA?

Where does TWA on the surface ECG come from?

T-wave alternans is a beat-to-beat alternation of the amplitude and/or shape of the T-wave on
the surface ECG. These fluctuations of the T-wave are primary and not related to alternans of
other components of the ECG (i.e. QRS alternans). Also, TWA is a rate dependent phenomenon
and once induced it is remarkably stable and persistent. Visually apparent TWA while relatively
rare, have been described in a variety of clinical conditions such as; myocardial ischemia, long
QT syndrome, and electrolyte imbalance®8. In contrast, visually unapparent TWA (i.e.
microvolt level fluctuations) is relatively common (i.e. detected in approximately 50% of
patients with LVEF < 0.40), and is readily detectable with digital signal processing of the ECG
and is a predictor of risk for SCD. Therefore, it is of utmost importance to explain the
electrophysiological basis of TWA. Specifically, when TWA is manifest on the body surface
ECG, what does it correspond to in terms of electrophysiological activity on the heart itself?

Originally, it was proposed that the electrophysiological basis for TWA is alternating
conduction pathways on a beat by beat basis arising from spatial dispersion of refractoriness.
This was based on the observations of Smith and Cohen40 using a simple finite-element model
of ventricular conduction, which suggested that alternans occurs when the refractory period of
subpopulations of cardiac myocytes exceeds the cycle length of pacing. Under these conditions,
subpopulations of myocytes are depolarized on every other beat. However, this alternating
conduction hypothesis predicts that TWA would be assouated with equal or greater QRS
alternans, which is inconsistent with clinical observations3® demonstrating that the magnitude
of microvolt alternans tends to peak near the peak of the T wave, but is usually absent during
the QRS complex.

A compelling body of evidence now suggests that TWA emanates from beat-to-beat alternation
of membrane repolarization (i.e. action potential duration) at the level of the cardiac myocyte.
During the 1950’s, multiple investigations demonstrated alternans of the action potential in
single myocardial cells, suggestmg that alternans on the surface ECG reflects events occurring
at the level of the single cell1d: 22 This relationship was clearly established by Pastore et al.
in 109928 using high-resolution optical mapping in the guinea pig model of pacing-induced
TWA. Specifically, when heart rate increased, TWA developed on the surface ECG which
corresponded to beat-to-beat alternation in the time course of cellular repolarization of the
cardiac action potential duration (APD). Typically, beat to beat alteration in phase 2 and, to a
greater extent, phase 3 of the action potential is readily observed when TWA is induced by
progressive elevations in heart rate. Importantly, the magnitude of cellular alternans was
several orders of magnitude larger than the corresponding magnitude of TWA on the surface
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ECG (Figure 1). This explained how it was possible that very subtle and visually undetectable
TWA on the surface ECG of patients can be physiologically and clinically relevant. They also
illustrated the important principle that TWA arises from dysregulation of repolarization at the
level of individual myocytes.

Understanding why repolarization alternans from single myocardial cells is exhibited as beat-
to-beat fluctuation of the T-wave requires an understanding of the basic principles underlying
the T-wave on the surface ECG. It is well established that the shape and polarity of the T-wave
is a direct consequence of spatial gradients of repolarization across the heart “. This suggests
that for cellular alternans to be manifest on the surface ECG there must be spatial heterogeneity
of repolarization alternans between myocytes throughout the heart. Recent experimental
studies have demonstrated spatial heterogzeneiB/ of repolarization alternans between myocytes
located in different ventricular locations 22 20, For example, endocardial myocytes are more
prone to repolarization alternans compared to epicardial myocytes such that, at a given pacing/
heart rate, the magnitude of repolarization alternans is greater in endocardial compared to
epicardial myocytes. These heterogeneities of repolarization alternans generate the spatial
gradients of repolarization necessary for cellular alternans to manifest on the ECG as beat-to-
beat fluctuations of the T-wave.

Why is controlled heart rate elevation required to elicit T wave alternans?

The most widely applied method for non-invasive measurement of TWA uses the fast Fourier
Transform spectral method during graded exercise 16 Graded exercise is an essential
component of non-invasive TWA testing because it produces a controlled elevation of heart
rate (HR). The need for controlled HR elevation is based on the observation that TWA is a
rate-dependent property of the heart, such that, above a specific threshold TWA increases
monotonically, independent of autonomic state0, Importantly, patients at highest risk for SCD
exhibit a leftward shift in the alternans-HR relation compared to patients at low risk for
scD20. Herein lies the need for graded elevation of HR. Too excessive and too rapid an
increase would cause an overshoot of HR into ranges that could induce TWA in normal (low
risk) individuals. Conversely, since TWA is rarely detectable at rest, it cannot be detected
without some elevation of heart rate. A challenge for the individual performing the test is to
elevate HR sufficiently to induce alternans (typically 95 — 110 bpm), to maintain an increased
HR for a suitable period of time to make a reliable measurement of TWA (typically 1-3
minutes), but avoiding excessive (> 110 bpm) heart rates.

So why is TWA so dependent on HR? The HR dependence of TWA can be best understood
by considering the cellular and molecular mechanisms underlying the development of
repolarization alternans at the level of the single cardiac myocyte. There are two major
hypotheses that have been proposed to explain the development of repolarization alternans,
both of which can explain the HR dependence of TWA: 1) the APD restitution hypothesis and
2) the calcium cycling hypothesis.

Action potential restitution is the normal reduction of APD that occurs following increases in
heart rate. This phenomenon is thought to be an adaptive mechanism to preserve diastolic filling
time at faster heart rates. More specifically, restitution is a direct relationship between the APD
of one beat and the diastolic interval (DI) of the preceding beat. Restitution can explain the
self-perpetuating nature of APD alternans because according to restitution, a short DI is
followed by APD shortening, which, in turn, will necessarily extend DI preceding the
subsequent beat, and lengthen APD, which then leads to DI shortening in a repeated fashion.
Theoretical models suggest that repolarization alternans occurs when the slope of the dynamic
APD restitution curve (APD vs. DI) exceeds unity 7,3351 fact, according to simulation
studies, the precise heart rate required to elicit TWA can be predicted directly from the
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restitution relationship. Although the restitution hypothesis provides a very useful theoretical
framework for understanding the dynamics of TWA, experimental evidence supporting the
restitution hypothesis is somewhat circumstantial. For example, flattening of the APD
restitution curve by pharmacological ion channel blockade will decrease repolarization
alternans8. However, there is also considerable experimental ewdence that does not support
the restitution hypothesis, suggesting alternative mechanisms. 32,9 . Additionally, multiple
clinical observations do not support the restitution hypothesis. For example, myocardial
ischemia is well known to provoke TWA but markedly flattens the APD restitution relationship.
43 Also, patients exhibiting greater susceptibility to TWA do not necessarily exhibit a steeper
relationship between repolarization and heart rate2.

In contrast to restitution, there is considerable evidence for a primary role of alternating
intracellular calcium cycling as a mechanism for cardiac alternans. The first clinical
correlatlons between cardiac alternans and increased mortality were made in 1872 by Traube

7 from so called * ‘pulsus alternans” of the arterial blood pressure; i.e. a clinical manifestation
of alternating calcium flux through in sarcoplasmic reticulum release with each heart beat.
Moreover, myocytes that are most susceptible to alternans do not exhibit the stee est restitution
slopes, but rather have the slowest time course of cytosolic calcium reuptake

In support of the calcium cycling hypothesis, pharmacological blockade of the RyR or depleting
SR calcium stores with caffeine suppresses repolarization alternans14: 36; 37 contrast,
delayed decay of the Ca2* transient (i.e. i galred SR Ca?* reuptake) has been shown to increase
susceptibility to repolarization alternans? Finally, seminal observations by Chudin et al.
3 showed that in isolated cardiac myocytes, Ca2* alternans can develop under both current-
(repolarization alternans present) and voltage-clamp (repolarization alternans absent)
conditions. This proved that Ca2* alternans is not dependent on repolarization alternans and
supports the hypothesis that repolarization alternans arises from changes in SR Ca2* cycling.

What are the mechanisms underlying the development of Ca2* alternans? The calcium cycling
hypothesis states that alternans occurs when the heart rate exceeds capabilities of the myocyte
to cycle calcium on a beat by beat basis. Anything that impairs cellular calcium cycling will
permit alternans to be initiated at slower heart rates. Hence, under this hypothesis, alternans is
very much a rate-dependent process as well. Under normal conditions, Ca%* is released from
the SR through the large macromolecule ryanodine receptor (RyR) complex and activates
myocardial contraction. Relaxation occurs primarily with reuptake of Ca%* into the SR by
sarcoplasmic reticulum CaZ*-ATPase (SERCA2a). Also, the sodium calcium exchanger
(NCX) is involved in diastolic Ca2* removal from cytosol. The calcium cycling hypothesis
predicts that during steady-state (i.e. resting heart rate) the amount of Ca2* released from the
SR must equal SR reuptake, primarily by SERCAZ2a. Under these steady-state conditions,
Ca?* alternans will not develop (Figure 2: Panel 1). However, any sustained disturbances in
the myocytes ability to load SR Ca2* (i.e. impaired SR Ca2* reuptake) or release SR Ca2* can
lead to the development of Ca2* alternans (Figure 2: Panels 2 and 3). For example, Diaz et al.
6 showed that beat to beat fluctuation in SR Ca2* load is sufficient to produce alternans because
of a steep relation between SR Ca load and SR Ca2* release. In contrast, Picht et al.30
demonstrated that alternans can occur in the absence of fluctuations in SR Ca2* load, supporting
a primary role for alternating SR Ca2* release dynamics as a mechanism for alternans.

Recent data have provided important insights into likely molecular targets responsible for the
development of cellular alternans. Specifically, cardiac myocytes that are prone to cellular
alternans exhibit a markedly different molecular profile for several Ca?* handling proteins (i.e.
relatively decreased SERCAZa and RyR expression) when compared to myocytes that are
resistant to cellular alternans®0. This suggests that the function of key calcium cycling proteins
(specifically, SERCA2a and/or RyR) may account for the development of Ca2* alternans and
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therefore, repolarization alternans. For example, it is proposed that with increasing HR, the
capacity of SERCA2a to pump Ca?* into the SR becomes overwhelmed, creating a state in
which subpopulations of SERCA2a only respond on alternating beats, leading to Ca%*
alternans. This is supported by recent observations that overexpression of SERCA2a
suppresses alternans in isolated myocytes under action potential clamp conditions 53 The
calcium cycling hypothesis is further supported by observations from both experimental and
theoretical models demonstrating a steep dependence of SR Ca2* release on SR Ca2* load as
a mechanism for the development of Ca2* alternans®2.

Alternatively, instability of calcium release dynamics is also proposed to be an important
mechanism in the development of Ca2* alternans8. Recently, Picht et al.30 reported that beat-
to-beat variations in recovery from inactivation of the RyR without variation in SR Ca?* load
could produce Ca?* alternans. As such, it could be postulated that with increased pacing/heart
rate the capability of the RyR to recover from inactivation is exceeded such that subpopulations
of RyRs only recover from inactivation on alternating beats.

These observations highlight why non-invasive assessment of TWA requires graded HR
elevation. The calcium cycling hypothesis can also explain why, once induced, TWA tends to
persist even when HR is lowered to levels lower than those required to induce it 49,

HR elevation is not always required for the development of TWA. For example, in Long QT
syndrome TWA mediated ventricular arrhythmias are associated with slow HRs38. The
mechanism underlying this observation remains unclear, yet is likely related to a primary
alteration of sarcolemmal ionic currents that are most evident at slow HRs.

Why is TWA associated with Sudden Cardiac Death?

Numerous clinical investigations have shown that TWA is a marker of risk for SCD, although
there have been some conflicting reports as wellL; 5: 17: 273 35 yet is there a mechanistic
explanation for how beat-to-beat variation of the amplitude of the T-wave can lead to
ventricular arrhythmias? Recently, spatially discordant repolarization alternans (i.e.
repolarization alternans occurring with opposite phase between neighboring cells) was shown
to be an important mechanism linking alternans to the genesis of ventricular arrhythmias
(Figure 3)28. Initially, when repolarization alternans develops, all myocytes alternate in the
same phase (i.e. long-short-long), referred to as concordant alternans. Concordant alternans
alone is not particularly arrhythmogenic; however, it is usually requisite for the development
of spatially discordant alternans. Specifically, as pacing/heart rate increases above a critical
threshold or after a premature beat, a shift in the pattern of alternans can occur such that some
cells begin to alternate in opposite phase (i.e. long-short vs. short-long), producing spatially
discordant alternans33;

The onset of discordant alternans significantly alters the spatial organization of repolarization
across the ventricle by markedly amplifying pre-existing heterogeneities of repolarization in
the heart, producing a substrate prone to conduction block and reentrant excitation. For
example, when an impulse (i.e. increasing HR or premature beat) propagates into refractory
myocardium (secondary to enhanced dispersion of repolarization during discordant alternans)
conduction block occurs, initiating reentrant excitation (Figure 3). In fact, in experimental
models of TWA, rapid pacing-induced ventricular fibrillation (VF) was always preceded by
discordant alternans.

Several mechanisms have been identified for causing the shift from concordant to discordant
alternans: 1) conduction velocity restitution31: 33; 51, 2) intercellular uncoupling29 and 3)
spatial heterogeneities of calcium cycling and sarcolemmal repolarization currents®2.
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In summary, these observations clearly demonstrate a mechanism by which TWA can increase
susceptibility to SCD. Therefore, TWA may not just be associated with SCD, but may in fact
reflect a specific electrophysiological substrate responsible for amplifying spatial
heterogeneities of repolarization to produce conditions that favor conduction block and
reentrant excitation.

Why is TWA associated with many types of ventricular arrhythmias?

Interestingly, TWA has been associated with a broad range of clinical conditions and
ventricular arrhythmias. TWA has been demonstrated in both ischemic and non-ischemic
cardiomyopathies over a broad range of systolic function and in patients with structurally
normal hearts (i.e. Long-QT Syndrome)4 . Abnormal calcium handling is a consistent finding
in both diastolic (preserved LVEF) and systolic (reduced LVEF) HF and likely has a marked
effect on susceptibility of the heart to TWA. Importantly, this effect is not necessarily
dependent on LVEF and may explain why TWA is a marker of SCD beyond that of LVEF.

Both experimental and clinical studies have demonstrated an association between TWA and
ventricular fibrillation, polymorphic ventricular tachycardia (i.e. Torsades de Pointe) and
monomorphic ventricular tachycardia (Figure 4). All of these conditions share the common
feature that TWA in them is closely associated with electrical instability. These observations
suggest an intriguing hypothesis that TWA may be a common precursor to a broad range of
arrhythmic conditions.

As discussed earlier, experimental studies have clearly demonstrated that discordant alternans
creates a myocardial substrate that is vulnerable to the development of conduction of block
and reentrant VF28, However, does discordant repolarization alternans only create a substrate
for VF or canit result in the development of polymorphic (Torsades de Pointe) and/or sustained
monomorphic ventricular tachycardia? The classic experiment of Schwartz et al.38
demonstrated a relationship between TWA and Torsades de Pointe (polymorphic VT) ina
model of Long-QT Syndrome. Also, Shimizu and Antzelevitch39 provided experimental
evidence that the combination of prolongation of the QT interval and repolarization alternans
can initiate polymorphic VT.

Recently, discordant repolarization alternans was implicated as a mechanism for the initiation
of monomorphic ventricular tachycardia (VT). In particular, Pastore et al.29 demonstrated that
creation of a structural barrier (epicardial laser lesion) in the heart increased susceptibility to
the development of discordant repolarization alternans. Interestingly, following the
development of discordant repolarization alternans, the most common arrhythmia seen in
hearts with a structural barrier is sustained monomorphic VT. In contrast, discordant
repolarization alternans in the absence of a structural barrier consistently causes VVF. These
observations suggest that when discordant repolarization alternans develops in the presence of
a structural barrier (i.e. myocardial scar) this barrier may serve as an anchor to stabilize a
reentrant rotor, producing monomorphic VT. In the absence of a structural barrier,
repolarization alternans leads to ventricular fibrillation. Overall, these observations have
important clinical relevance as they demonstrate that TWA and, more specifically, spatially
discordant repolarization alternans produces a substrate that can lead to a variety of ventricular
arrhythmias. Why one type of ventricular arrhythmia develops over another following
discordant repolarization alternans seems to depend on the underlying structural and
electrophysiological heterogeneities or lack thereof, inherent to a particular disease state.

How do commonly used medications affect TWA?

The landmark Cardiac Arrhythmia Suppression Trial clearly demonstrated the potential of
antiarrhythmic drugs, in particular Class | agents, to increase mortality likely secondary to a
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proarrhythmic effect on cardiac repolarization45. As TWA is a marker of repolarization, how
do these commonly used medications affect TWA and do these drug-induced changes in TWA
make an individual patient more or less susceptible to SCD?

Antiarrhythmic drugs are the most extensively studied class of drug that can affect
susceptibility to TWA. In particular Class | (sodium channel blockers) antiarrhythmic drugs
have a variable affect on TWA. In particular, Procainamide decreases the magnitude of atrial
pacing-induced TWA and flecainide increases susceptibility to TWA.21; 41 Interestingly,
Tada et al.42 recently demonstrated that administration of the sodium channel blocker
pilsicainide enhances susceptibility to TWA in a subset of patients with Brugada Syndrome.
Importantly, in those patients where pilsicainide induced TWA, risk of spontaneous VF was
markedly increased. This observation is clinically important because standard exercise-induced
TWA is not a robust marker of SCD in Brugada Syndrome because exercise can attenuate the
Brugada phenotype.

Sympathetic blockade with B-blockers decreases the magnitude of alternans23: 34 In
particular, it was recently shown that the effect of B-blockers on TWA is greatest in patients
with a history of VT when compared to patients without a prior history of VT24, Whether the
decrease in susceptibility to TWA following B-blocker treatment can in part explain the
mortality benefit that has been well described for B-blockers needs further investigation.

In general, both Class 111 (potassium channel blockers) and Class IV (calcium channel blockers)
antiarrhythmic drugs have also been shown to decrease susceptibility to TWALL 12,23 por
example, Groh, et al. 10 gemonstrated that treatment with amiodarone in patients with either
ischemic or non-ischemic cardiomyopathies decreased susceptibility to TWA. Moreover,
treatment with d-sotalol or verapamil has also been shown to suppress TWA. However, there
are published case reports documenting macroscopic TWA following administration of either
sotalol or amiodaronel®: 44; 46 \Whether this was an indication of toxic levels of either drug
needs further investigation.

In conclusion, commonly used cardiac medications have been shown to alter susceptibility to
TWA. Whether a drug increases or decreases susceptibility to TWA appears to be drug class
specific and in part dependent on the patient population treated. Whether these changes alter
clinical outcomes (i.e. SCD risk) requires further investigation.

Unresolved Questions

Though much is known about the underlying mechanisms of TWA, several questions remain
to be investigated regarding TWA as both a mechanism and marker of risk for SCD. For
example, does TWA on the surface ECG represent concordant or discordant cellular alternans
on the heart? Since it is discordant alternans that produces the substrate for conduction block
and reentrant excitation, detecting differences in how concordant and discordant cellular
alternans are exhibited on the surface ECG becomes important and could improve the positive
predictive capability of non-invasive TWA testing. Also, if TWA is a rate dependent
phenomenon and marker of SCD, why does SCD generally occur at ‘normal’ heart rates? Can
hysteresis of the alternans explain this observation or are other factors involved, such as shifts
in the alternans-HR relationship in various disease states (i.e. HF) leading to TWA at ‘normal’
heart rates? Future research that answers these questions could transform our ability to predict
risk for SCD. Finally, the substrates underlying SCD in patients is no doubt complex and varied,
whereas cardiac alternans represents just one component of this multifaceted disease substrate.
Considerably more study is required to determine the specific role of cardiac alternans as a
mechanism for triggering SCD in humans.
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Figure 1.

Cellular basis for T-wave alternans. Upper Panel: The onset of T-wave alternans on the ECG
arises from beat-to-beat alternation of the action potential at the level of the single cardiac
myocyte. Lower Panel: The magnitude of action potential alternans (millivolt) is several
orders of magnitude larger than T-wave alternans (i.e. microvolt) on the ECG.
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Figure 2.

Calcium cycling hypothesis. Panel A: During steady-state SR Ca2* cycling at resting heart
rates Ca2* transient alternans will not develop because SR Ca?* release equals SR Ca%*
reuptake. Panel B: Impaired SR Ca2* loading, leading to beat-to-beat fluctuation in SR Ca2*
content will produce Ca?* transient alternans (i.e. large SR Ca2* release followed by a small
SR Ca?* release). For example, with increasing HR the capacity of SERCA2a to pump Ca%*
into the SR becomes overwhelmed, creating a state in which subpopulations of SERCA2a only
respond on alternating beats, leading to Ca2* alternans. Panel C: Impaired SR calcium release
in the absence of beat-to-beat fluctuation in SR Ca?* content can also produce Ca2* transient
alternans. For example, as heart rate increases the RyR is not able to fully recover from
inactivation such that, subpopulations of the RyR can at best release on alternating beats and
lead to alternating large and small Ca2* transients. SR = sarcoplasmic reticulum. RyR =
ryanodine receptor. SERCA2a = sarcoplasmic reticulum Ca2*-ATPase. L = large calcium
transient. S = small calcium transient.
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SNSRI

Figure 3.

Mechanism linking cardiac alternans to arrhythmogenesis. During concordant repolarization
alternans, all myocytes alternate in the same phase (i.e. long-short vs. long-short). The
occurrence of a premature beat (*) causes discordant alternans to develop in which some
myocardial cells start alternating in opposite phase compared to neighboring cells (i.e. long-
short vs. short long). Discordant alternans markedly increases dispersion of repolarization
across the heart (shaded regions) such that a premature beat (*) during discordant alternans is
sufficient to produce conduction block leading to ventricular fibrillation.
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Figure 4.

Schematic of discordant alternans producing different types of ventricular arrhythmias
depending on underlying structural (i.e. scar) and functional (i.e. long QT interval)
characteristics. For example, when discordant alternans occurs in a structurally normal heart
(i.e. no scar) ventricular fibrillations is the most common occurring ventricular arrhythmia. In
contrast, discordant alternans in a structurally abnormal heart (i.e. scar) or in a heart with a
prolonged QT interval on the ECG produces either monomorphic ventricular tachycardia or
Torsades de Pointe, respectively.
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