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Abstract
Altering the pattern of activation of the ventricle causes remodeling of the mechanical and
electrical properties of the myocardium. The electrical remodeling is evident on the surface ECG
as significant change in T-wave polarity following altered activation, this phenomenon is ascribed
to as “T-wave memory” or “cardiac memory.” The electrophysiological remodeling following
altered activation is characterized by distinct changes in regions proximal (early-activated) vs.
distal (late-activated) to the site of altered activation. The early-activated region exhibits marked
attenuation of epicardial phase 1 notch due to reduced expression of the transient outward
potassium current (Ito). This is attributed to electrotonic changes during altered activation, and
angiotensin mediated regulation of Kv4.3 (the pore-forming α subunit responsible for Ito). The
late-activated region exhibits the most significant action potential prolongation due to markedly
increased mechanical strain through a mechano-electrical feedback mechanism. Consequently,
regionally heterogeneous action potential remodeling occurs following altered activation. This
enhances regional repolarization gradients that underlie the electrophysiological basis for T-wave
memory. Further, recent clinical studies highlight detrimental consequences of altered activation
including worsening mechanical function and increased susceptibility to arrhythmias. Future
studies to identify molecular mechanisms that link electrotonic and mechanical strain induced
changes to cellular electrophysiolgy will provide important insights into the role of altered
activation in regulating cardiac repolarization and arrhythmogenesis.
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Altered electrical activation secondary to dysfunction of the cardiac conduction system is a
common manifestation of a wide variety of disease processes including ischemia,
hypertrophy and heart failure. Ventricular pacing, the therapy for major disorders of the
conduction system is also an important cause of altered activation. Altering the activation
pattern of the heart due to impaired conduction or pacing remodels myocardial
repolarization. This is evident on the surface ECG as marked inversion of T-wave polarity
termed “T-wave memory” or “cardiac memory.” The pathological consequences of altered
activation include deleterious mechanical and electrical remodeling. The potential adverse
clinical consequences of pacing or shock induced mechanical remodeling was first noted in
the MADITII trial when patients with defibrillator had increased frequency of
hospitalization for CHF despite better survival.1 Electrical remodeling increases mortality
and morbidity as noted in patients with atrial fibrillation following AV node ablation2, 3 and
in the DAVID trial.4 In contrast, recent clinical studies aimed to synchronize electrical
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activation in patients with dyssynchrony improves survival.5 These observations highlight
the importance of identifying mechanisms that cause electrophysiological remodeling
triggered by altered activation. In this review we aim to provide a brief overview of
electrophysiological changes that occur due to altered activation and potential mechanisms
that underlie these changes.

What is T-wave memory?
There are several case reports since the 1940’s of marked T-wave polarity changes in
patients who present after transient episodes of tachyarrhythmias.6, 7 Since these changes
commonly occurred following episodes of tachyarrhythmias they were termed “post-
tachycardia T-wave changes.” Mauricio Rosenbaum conducted seminal experiments to
explore the electrophysiological basis for T-wave changes and identified several key
components involved in this process.8 He first noted that alteration in activation pattern of
the ventricle was a more important trigger than change in heart rate in inducing T-wave
changes. This is illustrated in figure 1, persistent and progressive chance in T-wave vector
and polarity occurs following altered activation in a dog model of ventricular pacing.9, 10
Second, he coined the term “memory,” because the polarity of the T-wave following
cessation of altered activation was in the same vector as the QRS during altered activation
(figure 1), i.e. the T-wave vector following altered activation remembers the vector of the
QRS during altered activation.8 “T-wave memory” or “cardiac memory” is the current
clinical nomenclature to describe changes in T-wave vector following altered activation.
Finally, the duration and frequency of altered activation also predicted how long the T-wave
changes persisted after cessation of altered activation, this phenomenon is also referred to as
“accumulation.” A recent clinical study quantitatively demonstrated accumulation in
patients who developed T-wave memory following DDD-R pacing.11 T-wave changes
lasting minutes to hours are described as short-term memory, commonly observed after brief
episodes of tachyarrhythmias. In contrast, patients with temporary cessation of permanent
pacing or after ablation of accessory pathway for WPW syndrome exhibit T-wave changes
lasting hours to days referred to as long-term memory.12, 13

What causes the T-wave and how does it change in memory?
The origin of the normal upright T-wave has been controversial.14 The myocytes that span
the transmural surface of the left ventricle exhibit the largest ventricular repolarization
gradient in the canine left ventricle.15, 16 This is due to significantly longer action potential
in endocardial and M cells compared to the shorter epicardial cells. Therefore, the direction
of repolarization which begins in epicardial cells is opposite to the direction of
depolarization. These opposing gradients provide the most likely current
electrophysiological basis for the normal upright T-wave. Recently, we demonstrated that
similar transmural gradients existed in myocardium obtained from multiple (anterior, lateral
and posterior) regions of the canine LV.17 In contrast, the difference in action potential
duration between the different regions of LV was minimal(figure 2). These data indicate that
the most prominent repolarization gradients that cause the T-wave arise from the transmural
surface of the left ventricle. The transmural basis for the T-wave was disputed in a recent
study that examined in-vivo activation recovery interval (ARI) measurements from several
regions of the canine heart. 18 In contrast to previous studies that utilized ex-vivo
electrophysiological measurements, 15, 16 in vivo ARI measurements reveal greater
regional dispersion compared to transmural dispersion.18 However, we believe these
differences are likely related to current limitations in measuring whole heart activation and
repolarization under physiological conditions. Further studies that provide high resolution
action potential measurements from several regions of the heart are needed to account for all
ventricular repolarization gradients that could modulate the T-wave.
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To determine the electrophysiological basis for T-wave memory, we developed a pacing-
induced model of memory.17 Specifically, we utilized atrial sensing with epicardial LV
pacing to study the isolated effects of altered activation without changing the intrinsic heart
rate. After 4 weeks of pacing significant change in T-wave polarity was noted indicative of
cardiac memory. We examined transmural repolarization gradients in anterior, lateral and
posterior regions of the left ventricle. Interestingly, minimal changes were observed in
transmural gradients of repolarization after cardiac memory. Next we examined if regional
repolarization differences, i.e. repolarization differences between different regions of the LV
could account for the T-wave changes in memory. In control hearts, action potential duration
was homogenous across multiple LV regions (figure 2), indicating that regional
repolarization differences had minimal contribution to the normal T-wave. In contrast,
marked regional action potential gradients occurred following cardiac memory (figure 2).
Specifically, there was mild action potential prolongation in myocardial region that was
close to site of pacing (early-activated). Interestingly, significant action potential
prolongation was noted in the myocardial region that was farthest from site of pacing (late-
activated). This focal action potential prolongation enhanced regional repolarization
gradients in cardiac memory.

We next examined if the heterogeneous action potential remodeling follow in galtered
activation could account for the marked T-wave changes in cardiac memory. ECG’s were
calculated from action potentials recorded across the transmural surface as well as from
different regions of the left ventricle. The transmural changes in repolarization were minimal
in memory and did not account for the marked T-wave polarity changes. In contrast, ECG
calculated from action potentials recorded from different regions of the left ventricle had
marked T-wave polarity change identical to the surface ECG (figure 2). This strongly argues
for the significant role of regional action potential gradients following altered activation in
modulating T-wave polarity. In contrast to our data, a recent study that measured ARI and
monophasic action potentials(MAP) in vivo illustrated changes in transmural action potential
gradients and minimal changes in regional gradients after induction of long-term cardiac
memory.19 In contrast to our study, ventricular pacing was performed at a rate of ~120/min
to induce memory for a period of three weeks from the lateral wall of the LV (early-
activated). Consequently, the inter-ventricular septum would be the late-activated region and
predicted to exhibit the most action potential prolongation. However, ARI’s were not
measured in the septum leading to a possible underestimation of the regional repolarization
gradients after memory. Further, the onset and time course of remodeling in the late-
activated segment remains to be fully characterized. Despite these differences, a common
observation from the above studies is enhanced regional repolarization gradients as the
electrophysiological basis for memory.

What are mechanisms that regulate cardiac memory?
Several mechanisms have been proposed to underlie development of cardiac memory
(summarized in figure 3). The first described mechanism was based on electrotonic flow
dependent changes in membrane potential in the isolated guinea pig heart.20 This is caused
by fully depolarized myocytes downstream of the site of altered activation that maintain and
extend the action potential plateau of upstream cells. In accordance with this effect, action
potential prolongation was noted in myocytes proximal to site of pacing, the action potential
duration gradually shortened in the direction of propagation. 20 Further, electrotonic load
changes were shown to modulate expression of transient outward current in short-term
memory.21 One of the earliest electrophysiological events that occurs within minutes of
altered activation is reduced density of transient outward potassium current.22 It is therefore
plausible that remodeling of this current plays an important role in short-term memory. This
phenomenon is also evident in hearts isolated from dogs subjected to 3 weeks of ventricular
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pacing; however, other mechanisms are operative in long-term memory discussed below.10,
17 The molecular mechanisms that link altered electrotonic load to reduced expression of
sarcolemmal ion channels remains to be explored.

Angiotensin II receptor mediated signaling has been proposed to regulate development of
cardiac memory.23, 24 Angiotensin II type 1 receptor blockade attenuates development of
short-term memory in dog, however, minimal effects were noted in progression of long-term
memory.24 Angiotensin II mediated signaling regulates Ito by regulating cell-surface
expression of Kv4 channels25 and stability of the Kv4.3 mRNA.26 Since Ito is a major ionic
remodeling in short-term memory, angiotensin II signaling is likely to have a major role in
short-term memory. The role of Angiotensin II dependent mechanisms in long-term memory
remains to be fully evaluated.

The most recent mechanism attributed to cardiac memory is mechanical-strain induced
changes in action potential.17 We recently measured action potential remodeling following
altered activation in several ventricular regions, the most prominent action potential
remolding occurred in late-activated myocardial region. This paradoxical prolongation could
not be accounted for by traditional biophysical principles that govern impulse conduction
and repolarization in the heart. Prior studies have implicated an important role for altered
activation in changing the myocardial strain pattern.27 Therefore, we examined using tagged
MR imaging if marked action potential remodeling in late-activated region could be caused
by mechanical strain. Indeed, we noted that late-activated myocardial regions experienced
markedly increased mechanical strain. Further, mechanical stretch mediated
electrophysiological remodeling and memory was also illustrated in a rabbit model of short-
term memory.28 In summary, altered activation causes heterogeneous myocardial strain due
to slow cell-to-cell conduction, this induces heterogeneous action potential remodeling
through electrotonic and mechano-electric feedback mechanisms.

What are cellular electrophysiological changes that occur in cardiac
memory?

The ionic current that has been extensively studied in cardiac memory is the transient
outward potassium current(Ito).22 Seminal work from Dr. Rosen’s laboratory has
demonstrated the time-course of Ito changes and molecular mechanisms that regulate Ito
remodeling in memory.22 Pharmacological blockade of Ito attenuates development of short-
term memory. Further, transient outward current is reduced in myocardial region close to
site of altered activation within minutes of altered activation.29 This is due to altered gating
of Kv4.3, as well as reduced expression of Kv4.3 and it’s regulatory β subunit KChIP2.9, 30
Recently, CREB dependent modulation of Kv4 expression was proposed as a molecular
mechanism for reduced Ito proximal to site of pacing. Importantly, the phase1 action
potential notch caused by Ito in epicardial cells is unchanged in myocardial regions that are
distal to site of altered activation (Figure 2).17 Therefore, transient outward current
remodeling is likely represents a local electrophysiological remodeling in memory.

Changes in L-type calcium current (ICa) and rapidly activated delayed rectifying potassium
current (IKr) are also described in myocytes isolated from early-activated region in cardiac
memory.24, 31 Interestingly, pharmacological blockade of L-type calcium current was
shown to attenuate development of both short and long-term cardiac memory.24 Reduced
epicardial expression of rapidly activated delayed rectifying potassium current with
reduction in transmural gradient in IKr was also observed in cardiac memory.31 Further
studies to explore changes in other ionic currents are needed to account for remodeling in
both early and late-activated regions in cardiac memory.

Jeyaraj et al. Page 4

Pacing Clin Electrophysiol. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Altered connexin expression was first described in the early-activated region with local
reduction in conduction velocity.32 Connexin43(Cx43), the main gap junction protein in the
ventricular myocardium plays an important role in cell-to-cell coupling. Altered Cx43
expression causes conduction slowing, enhances repolarization gradients and increases
susceptibility to arrhythmia in heart failure.33 Cx43 expression was examined in the late-
activated region of the canine dyssynchronous pacing induced heart failure model.34 In this
model, experimental left bundle branch block was used to examine remodeling in early-
activated(septum) and late-activated ventricular regions (lateral wall). In late-activated
regions there was no reduction in expression of Cx43, however, redistribution of connexins
to the lateral wall of the myocytes termed “lateralization” was observed with reduced
conduction velocity.34 Therefore, altered connexin expression with regional changes in
conduction likely plays a role in enhancing regional repolarization gradients observed in
memory. To summarize, the pattern of sarcolemmal ion channel and connexin remodeling
are dependent on the anatomical location of the myocardium remodeled with respect to the
origin of altered activation.

What are clinical implications of altered activation?
The deleterious consequences of altered activation are related to adverse electrical and
mechanical remodeling of the ventricle. The detrimental electrical remodeling was first
evident in patients who had increased susceptibility to ventricular arrhythmias following
AV-node ablation for atrial fibrillation.2, 3 These patients had a long period of irregular
tachycardia preceding AV-node ablation, following ablation they were programmed to a
slow ventricular paced rhythm. The adverse electrical remodeling during atrial fibrillation
followed by persistent bradycardia created a milieu for development of ventricular
arrhythmias. Further, epicardial pacing was also demonstrated to increase dispersion of
repolarization and increase susceptibility to arrhythmias.35 In a recent clinical study which
examined occurrence of cardiac memory patients with ventricular pacing for sick-sinus
syndrome, increased repolarization heterogeneity was noted indicative of adverse electrical
remodeling.36 The adverse mechanical consequences of altered activation were noted in the
MADITII trial, despite improved survival in patients who received defibrillator therapy
there was increased incidence of heart failure hospitalization.1 The DAVID trial was
designed to test the hypothesis that therapeutic use of beta-blockade by maintaining
physiological heart rates with ventricular pacing would improve survival in patients with
heart failure.4 However, contrary to traditional wisdom patients with ventricular pacing had
higher incidence of heart failure and increased cardiac mortality.

The adverse mechanical remodeling of altered activation is thought to arise from
dyssynchronous activation of the ventricle. Dyssynchronous activation reduces the
mechanical efficiency of the ventricle and activates a cascade of signaling pathways that
cause adverse structural remodeling.37, 38 Recent therapeutic maneuvers using bi-
ventricular pacing are aimed to synchronize electrical activation and reverse adverse
structural remodeling.37, 38 This was initially reported in the MIRACLE trial in 200239 and
the Companion trial in 200440 which showed significant improvement in functional
capacity, quality of life, exercise tolerance as well as improved echo markers in patients
with synchronous LV activation with Bi V pacing. Similar observations were made in the
Care-HF trial when synchronous activation of the LV improved not only symptoms but also
survival in patients with heart failure.5 More recent clinical evidence suggests that
specifically implanting the left ventricular lead in the late-activated region produces the
most clinical benefit in patients who receive a Bi-V pacemaker.41

Finally, it is currently assumed that electrical remodeling follows occurrence of structural
remodeling in various forms of cardiac pathology. In our recent study we observed marked
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electrical remodeling one month after altered activation in the absence of overt structural
remodeling.17 This illustrates that electrical remodeling precedes onset of structural
remodeling and could play an important role in triggering cellular events that cause adverse
structural remodeling. Identification of pathways that regulate this event will provide
insights into mechanisms that regulate electrical remodeling and novel ways to prevent it.
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Figure 1. Time course of cardiac memory
Surface ECG leads I and avF from a canine model of ventricular pacing to induce memory is
illustrated. ECG’s and VCG’s recorded before onset of pacing, during pacing and at 7, 21
days after ventricular pacing are illustrated. The arrows indicate the change in T-wave
vector which follows the vector of the paced QRS indicative of memory (adapted from Yu et
al.)
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Figure 2. Action potential remodeling in cardiac memory
The top panel illustrates action potentials recorded using optical imaging from unpaced
dogs. The action potentials from anterior and posterior walls are similar with minimal
regional action potential gradients. In contrast, following memory there is marked action
potential prolongation in late-activated region. Also note the significant attenuation of
epicardial phase1 notch limited to the early-activated region (arrow). This heterogeneous
action potential remodeling causes regional repolarization gradients which underlies the
electrophysiological basis for T-wave memory.
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Figure 3. Summary of current understanding of pathophysiology and mechanisms that regulate
cardiac memory
The common sources of altered activation include diseases that affect the cardiac conduction
system, accessory pathways and ventricular pacing. Two distinct anatomical regions are
affected based on proximity to origin of altered activation. Early-activated region, i.e. region
proximal to the site of altered activation exhibits attenuation of epicardial phase1 notch due
to reduced Ito, reduced ICa/IKr and reduced connexin43 expression. This is attributed to
electronic changes and Angiotensin II medicated signaling. The late-activated region
exhibits marked action potential prolongation due to enhanced mechanical strain.
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