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EDITORIAL

Noninvasive Mapping of Repolarization With 
Electrocardiographic Imaging
Yoram Rudy , PhD

D ispersion of repolarization has been associ-
ated with life-threatening arrhythmias. Already 
in 1940, Wiggers related regional disparities in 

ventricular repolarization times to susceptibility for 
ventricular arrhythmias.1 Nonuniform repolarization 
induces nonuniform recovery of excitability and con-
sequently asymmetrical conduction (“unidirectional 
block”) of a premature beat that can initiate circus-
movement reentry.2 A second mechanism, termed 
phase-2 reentry,3 has also been proposed as an ar-
rhythmic mechanism in ischemia and Brugada syn-
drome. In phase-2 reentry, electrotonic current flows 
intracellularly from still depolarized tissue to tissue 
that has already repolarized, providing depolarizing 
charge for spontaneous generation of a premature 
action potential (AP). For both mechanisms, greater 
disparity in repolarization over a shorter distance 
(steep dispersion) is likely to be more arrhythmo-
genic. The spatial steepness of repolarization gra-
dients is also affected by temporal repolarization 
properties, including restitution properties of the 
tissue4 and presence of discordant repolarization 
alternans.5

At the cellular level, the depolarization phase of a 
normal AP (its upstroke) relies on a single ionic cur-
rent, the fast sodium current. It is a large current that 
generates the AP with a large margin of safety. This 
mechanism is consistent with the requirement that AP 
generation should be a robust “all or none” process. 

In contrast, AP repolarization relies on complex multi-
current interactions. A delicate balance of depolarizing 
and repolarizing currents during the plateau and repo-
larization phases of the AP provides for sensitive and 
tight control of the AP duration (APD) and its depen-
dence on rate. Although this property is essential for 
normal function, the delicate balance of currents can 
be easily perturbed by pathological features (channel-
opathies) or drugs, causing a nonlinear large change in 
repolarization and the APD. Typically, the distribution of 
pathological features or drug in the myocardium is non-
uniform, inducing regional differences in repolarization. 
Even if the distribution were uniform, it occurs on the 
background of a heterogeneous substrate (ion-channel 
expression levels vary with location), perturbing the 
delicate balance of currents in a location-dependent 
manner. Given the nonlinear, large response of repo-
larization to perturbations in the delicate balance of 
ionic currents, it is not surprising that steep dispersion 
of repolarization is the arrhythmic substrate in many 
cardiac pathological conditions and a consequence of 
the effects of drugs that block cardiac repolarizing ion 
channels, in particular the rapid delayed rectifier.

The first mechanism of reentry described above is 
the more common, universal mechanism. It requires a 
substrate of steep repolarization gradients and a trigger 
in the form of a premature beat. Abnormal repolarization 
can cause both. The substrate was described above. In 
the case of abnormally prolonged repolarization (eg, the 
long-QT syndrome [LQTS]), calcium channels can recover 
and reactivate during the plateau phase, generating a 
secondary depolarization called early afterdepolarization. 
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In case of abnormally abbreviated repolarization, the early 
return to baseline favors generation of delayed afterdepo-
larizations following the AP under conditions of abnormal 
calcium cycling (eg, in heart failure). If the early afterde-
polarization or delayed afterdepolarization reaches the 
threshold for synchronized AP generation in sufficient 
number of cells, a premature beat is generated, providing 
the arrhythmogenic trigger. It should be recognized that 
the occurrence of a reentrant arrhythmia is a probabilis-
tic event; the premature wave front must encounter the 
steep-dispersion substrate from the right direction, with 
the right orientation and at the right time during a “vulner-
able window” for reentry to occur.6,7

The arrhythmic properties of steep repolarization dis-
persion identify detection of this substrate as a diagnostic 
strategy and as a potential prognostic strategy for iden-
tifying patients at risk of sudden cardiac death. This ap-
proach requires a noninvasive method for detection and 
quantification of disparity of repolarization in the myocar-
dium. Indeed, QT-interval dispersion in the body-surface 
ECG was proposed and tried as an index of dispersion of 
repolarization in the heart.8,9 Unfortunately (but predict-
ably), this approach has met with limited success because 
the signal in each body-surface electrode measures the 
integrated activity over the entire heart. Therefore, geo-
metrical relationships between cardiac wave fronts and 
electrical sources in the heart are not preserved in the 
body surface potential distribution. Clearly, a noninva-
sive method for mapping potentials and electrograms 
in the heart is needed for evaluating the spatiotemporal 
properties of myocardial repolarization and quantifying 
its dispersion. Electrocardiographic imaging (ECGI) is a 
novel method for noninvasive mapping of activation and 
repolarization on the epicardial surface of the heart; it is 
suitable for this purpose.

ECGI, when formulated in terms of potentials, con-
structs electrograms over the entire epicardial surface 
of the heart with high resolution. From the electrograms, 
local activation and recovery times can be determined 
and activation-recovery intervals (a measure of local APD) 
can be computed, providing activation-isochrone maps 
and repolarization-pattern maps on the heart surface 
noninvasively.10,11 Early demonstration of ECGI’s ability 
to detect and map myocardial dispersion of repolariza-
tion was obtained using a hybrid experimental-modeling 
approach.12 Dispersion of repolarization was introduced 
by regional myocardial warming (shortening APD) and 
cooling (prolonging APD). The repolarization patterns and 
dispersion were faithfully reconstructed by ECGI. In this 
issue of the Journal of the American Heart Association 
(JAHA), Bear et al13 report on a fully experimental and 
well-controlled approach, designed to evaluate ECGI re-
construction of repolarization abnormalities and in partic-
ular myocardial dispersion of repolarization. Isolated pig 
hearts (n=8) and a human donor heart were suspended 
in a human torso-shaped electrolytic tank. Another, in 

vivo set of experiments was conducted in closed-chest 
pigs (n=5). Torso and epicardial potentials were recorded 
simultaneously, with the directly measured epicardial 
data providing a gold standard for quantitative evalua-
tion of ECGI. Repolarization gradients were introduced 
through perfusion of dofetilide (prolongation) and pinacidil 
(abbreviation) into separate perfusion beds. Results show 
strong correlation between ECGI-reconstructed and di-
rectly measured T-wave electrogram morphological fea-
tures and repolarization time distributions, with a slight 
shift (8.3 mm) in the position of the repolarization gradient. 
The authors conclude that “ECGI reliably and accurately 
maps potentially critical repolarization abnormalities.”

This is the first fully experimental evaluation of 
ECGI’s ability to map noninvasively repolarization ab-
normalities, including repolarization dispersion. The 
elegant torso-tank experiments provide excellent con-
trol over the experimental conditions, and allow for 
detailed comparison between ECGI reconstructions 
and direct mapping with high resolution. The isolated 
human heart experiment adds clinical relevance to the 
tank-torso experiments, as do the in vivo experiments 
in the closed-chest pigs. Taken together, this detailed 
and well-controlled study provides strong support for 
ECGI as a method for noninvasive mapping of cardiac 
abnormalities, with potential as a diagnostic tool and a 
method for arrhythmic risk stratification.

ECGI was applied to map the arrhythmic substrate 
in several hereditary syndromes. Steep dispersion of 
repolarization was detected and mapped in LQTS,14 
Brugada syndrome,15 early repolarization syndrome,16 
and arrhythmogenic cardiomyopathy.17 An example of 
ECGI repolarization maps from patients with LQTS is 
provided in the Figure. Epicardial activation-recovery 
interval maps are shown for normal control (left col-
umn) and for the most common types of LQTS: long 
QT [LQT] 1, LQT2, and LQT3 (left to right, respectively). 
All subjects with LQTS have regions with abnormally 
long activation-recovery intervals (magenta and white 
regions). The maximum activation-recovery interval 
value in LQTS is 450 ms compared with only 340 ms 
in control. In contrast to the uniform repolarization 
map in control, the LQTS maps are heterogeneous 
and contain steep repolarization gradients (shown by 
black arrows in the Figure), with 2 orders of magni-
tude greater steepness than control (control, 7  ms/
cm; LQT1, 104 ms/cm; LQT2, 146 ms/cm; and LQT3, 
140 ms/cm). More important, for the entire study pop-
ulation of 25 patients, 12 were symptomatic with docu-
mented arrhythmic events and 13 were asymptomatic. 
There was a statistically significant difference in the 
mean steepness of repolarization gradients between 
these 2 groups; it was 130 ms/cm in the symptomatic 
group, compared with only 98 ms/cm in the asymp-
tomatic group (P=0.002). If this finding were found to 
be consistent in a larger study, it could be the basis 
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for noninvasive arrhythmia risk stratification with ECGI. 
With the examples of other studies14–17 in mind, one 
can envision other future clinical applications for ECGI 
in the context of repolarization abnormalities. Being 
noninvasive, it could be used for follow-up mapping of 
the arrhythmic substrate to evaluate disease progres-
sion. It could assess the effects of drug therapy on 
the substrate (ie, does it reduce or increase repolar-
ization heterogeneities), and with future developments 
in targeted drug delivery and targeted gene therapy, it 
could be used to direct an intervention to myocardial 
regions with steep dispersion of repolarization.
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