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The ECG is one of the oldest and most versatile noninvasive cardiac diagnostic tests. It has
remained in use essentially in its original form despite dramatic advances in cardiac
electrophysiology. In May 1887, Augustus Desiré Waller recorded the first human
Electrogram using a primitive instrument called a Libbmann capillary electrometer. It had 2
deflections corresponding to ventricular depolarization and repolarization.1 In 1903, Willem
Einthoven invented the String Galvanometer—a more sophisticated voltage recording
instrument and recorded an Elektrokardiogramm with 5 deflections that he named PQRST.2

Since its initial invention, the body surface ECG has become a commonly used and
extremely valuable test for the diagnosis of a variety of cardiac conditions. Despite a century
of prolific use and intensive investigation, the cellular basis of ECG waveforms, particularly
the T wave, remains a matter of debate.

Anecdote of the T wave

The saga of the T wave began in 1856, when 2 German physiologists Kélliker and Miiller
attempted to explore the electric activity of the heart using frog sciatic nerve attached to
gastroenemius muscle as a voltage recording instrument and observed 2 contractions (see
review by Noble and Cohen3). In retrospect, the second “contraction” probably reflected a
voltage gradient related to the T wave of Einthoven. In 1883, Burdon-Sanderson and Page4
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were the first to demonstrate that in the frog’s heart, the wave of excitation spreads from the
base to the apex of the ventricle. The record was diphasic, with the first positive (R) wave
followed by a negative (T) wave. They also demonstrated that the T wave corresponds to
repolarization of the ventricle. Similar series of experiments by Bayliss and Starling in
18925 in the canine heart showed that the T waves are usually upright in mammals. This
was followed by Mines6 on frog’s heart using Einthoven’s String Galvanometer in 1913.
Mines stated that the T wave is an electric expression of asymmetrical passing off of
excitation (repolarization) in different parts of the ventricles and that the polarity of the T
wave can be predicted by changing the duration of the action potential in a controlled
manner. In 1931, Wilson et al7 put forward the hypothesis that the concordance of the T
wave with the R wave on the surface ECG can be explained by assuming that the
depolarization and the repolarization waves must travel in opposite directions at least in
some parts of the ventricle. The biophysical principle behind this hypothesis requires that
the cells that activate first have to repolarize last to produce a T wave of the same polarity of
that of the R wave. In other words, the action potential duration (APD) in the cells that are
excited first should be significantly longer than the cells that are excited last.

In an attempt to explain the positive polarity of the T wave in mammals, Noble and
coworkers8 in 1976 recorded action potentials from tissue slices dissected from the “base”
and the “apex” of the sheep ventricle and showed that at steady state, APD is longer at the
“base” as compared with the “apex.” They concluded that such a difference could account
for a positive polarity of the T wave in mammals. This series of experiments laid down the
foundation of the controversial hypothesis that apico-basal difference in the time course of
repolarization underlies the genesis of a positive T wave. The theory of apico-basal
dispersion of repolarization as a basis of the electrocardiographic T wave dominated the
medical literatures until the 1990s when the discovery of M cells9:10 and the development
of the left ventricular wedge techniquel1™14 suggested that the transmural dispersion of
repolarization may contribute importantly to the genesis of the T wave.

Second Look at History

Noble’s work is frequently cited as supporting the role of an apico-basal voltage gradient in
the genesis of the T wave.8 It is important to note that the tissue slices used for recording the
action potential were dissected from the endocardial surface of the base and the epicardial
surface of the apex of the sheep’s ventricle. In Noble’s own words, “Small pieces of tissue
were dissected from 2 regions of sheep left ventricle (LV)—the upper part (base) of the
interventricular septum and the epicardial surface of the apex. The former is endocardial and
the latter is epicardial.” In other words, the tissue slices from the “base” represented the
endocardium and from the “apex” represented the epicardium. Hence, the voltage gradient
seen in Noble’s study though frequently cited as apico-basal could very well have been
transmural (between endocardium and epicardium).

According to the biophysical principle of impulse propagation, a positive T wave in sheep
would require earlier activation of basal cells (longer APD) as compared with apex (shorter
APD). However, mapping studies in mammals have shown that depolarization in the
ventricles spreads from the apex to the base, and the base is usually the last area to be
activated.15717 Earlier activation of the apical cells combined with a late activation of the
basal cells would lead to a negative T wave, which is not the usual case in mammals.
Recently, Noble18 himself has acknowledged the presence of transmural repolarization
gradient and its possible role in the inscription of the T wave.
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Transmural Voltage Gradient: Unrecognized Historical Evidence

Although it was not the predominant hypothesis before 1990s, multiple studies had
suggested the presence of a transmural voltage gradient, and its contribution to the genesis
of the T wave. In 1959, Reynolds and Vander Ark19 demonstrated that in the canine heart,
earlier repolarization of epicardium as compared with endocardium was associated with a
positive T wave and vice versa. In 1972 Burgess et al20 showed that the ventricular
functional refractory periods are longer on the endocardium than epicardium and apex as
compared with the base. Using the glass microelectrode technique, Solberg et al21 in 1974
recorded transmembrane action potentials from tissue slices obtained from the canine
papillary muscle. They demonstrated a transmural gradient of repolarization with the
subendocardial cells having the longest duration of action potential followed by the
endocardial and epicardial cells. Similar evidence that earlier repolarization occurs in the
canine epicardium was obtained by Spach and Barrl5 and Abildskov22 in 1975.

In an elegant experimental model of an open chest canine heart, in 1984, Higuchi and
Nakaya et al23 recorded monophasic action potentials from the endocardial and the
epicardial surface of the LV with a simultaneous recording of an epicardial-unipolar ECG in
close proximity. They found a high degree of correlation between the transmural APD
gradient and the polarity of T wave. In their experiments, warming the epicardial surface by
dropping warm physiological saline solution led to abbreviation of epicardial APD with a
resultant increase in transmural APD gradient, which manifested itself as an increase in the
amplitude of the upright T wave on the ECG. In contrast, cooling of the epicardial surface
led to prolongation of the epicardial APD with a reversal of transmural repolarization
gradient, manifested as negative T waves.

This classic work was followed by a study by Franz et al24 in the human heart. He recorded
monophasic action potential from the endocardial and epicardial surfaces of the human heart
and showed that epicardial repolarization occurs earlier than the endocardium leading to a
transmural repolarization gradient.

M Cell and the Left Ventricular Wedge Preparation

The discovery of the M cell (Masonic, Midmyocardial, Moe cell)9:11 has significantly
advanced our understanding of the transmural voltage gradient. An increasing number of
studies have shown that the ventricular myocardium is not a homogeneous structure, but it is
comprised of 3 distinct cell types, ie, epicardial, subendocardial and endocardial cells, with
clearly distinct electrophysiological and pharmacological properties. The M cells are located
in deep subendocardium of the canine LV.9:10 The hallmark of M cells is the ability of its
action potential to prolong more than that of the epicardium or endocardium in response to
slowing of the rate or in response to agents that prolong APD.

The development of the canine and rabbit left ventricular wedge models has greatly
advanced our understanding the role of electric heterogeneity in the genesis of the
repolarization waves of the ECG.12:13 This experimental preparation provides us with the
unique ability to record transmembrane action potentials from 3 different myocardial cell
types simultaneously together with a pseudo-ECG. Because the pseudo-ECG is recorded by
placing 2 electrodes in the Tyrode’s solution (ie, a homogenous volume conductor) bathing
the wedge preparation 1 to 1.5 cm from the epicardial and endocardial surfaces, the electric
field of the preparation as a whole is measured. We use the pseudo-ECG to distinguish it
from the body surface ECG, although both recordings are principally similar. The
simultaneous recordings of transmembrane action potentials and the pseudo-ECG provides
us with ability to correlate changes in APD with those in ECG morphology. Using the
wedge preparation, we have demonstrated that differences in the time course of
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repolarization of the 3 predominant myocardial cell types contribute to electrocardiographic
inscription of the T wave in pseudo-ECG.13 As shown in Figure 1, the different time course
of repolarization of phases 2 and 3 of the 3 principle myocardial cell types gives rise to
opposing voltage gradients on either side of the subendocardial M cells, leading to the
inscription of the T wave. In the case of an upright T wave, the epicardial cells repolarize
earliest and the M cells repolarize last. Final repolarization of the epicardial cells coincides
with the peak of the T wave and final repolarization of the M cells coincides with the end of
the T wave.25:26 Thus, the M cell APD approximates the QT interval and the epicardial
APD approximates the QTpeqk interval. The interval from the peak of T wave to the end of T
wave (Tp.e) correlates closely with transmural dispersion of repolarization (TDR). Also, the
polarity of the T wave can be changed by changing the APD in a controlled manner.

Is there an Apico-Basal Voltage Gradient in the LV?

It has been argued that the canine left ventricular wedge is too small a sample and does not
reflect what might happen in an intact heart.27 This prompted us to develop an experimental
model where we use the intact rabbit LV instead of a wedge. In this model, we tested the
relative role of the transmural versus the apico-basal voltage gradient in the genesis of the T
wave. We elected to use the rabbit LV instead of the dog for several reasons. First, as shown
in Figure 2A, the isolated rabbit LV is perfused by cannulating the left main coronary artery
that allows us to use the complete left ventricular tissue in the experiment and it ensures that
the preparation is well perfused. Because it includes the whole ventricle it allows us to
record the transmural and the apico-basal voltage gradient simultaneously. Secondly, cells
with electric resemblance to the M cells are located in the endocardium of the rabbit LV,
28:29 so that it is technically easier to simultaneously record action potentials from the
endocardium and epicardium. The action potential recordings obtained from intact epicardial
and endocardial surface eliminates the possibility of injury and uncoupling due to dissection.
Some have proposed that transmural dispersion of repolarization seen in the small canine
wedge preparation may be related to injury and uncoupling of the cells because the action
potential is recorded from a transected subendocardial surface.30:31 Realistically the cut
surface constitutes only an extremely small fraction of the entire wedge preparation that
should have little influence on the pseudo-ECG. In any case, the arterially-perfused rabbit
LV is devoid of such a confounding factor.

The arterially perfused rabbit LV was prepared in a similar way as the rabbit left ventricular
wedge.28'32734 To accomplish this, as shown in Figure 2B, we recorded the endocardial
and the epicardial transmembrane action potentials simultaneously from the apical and the
basal areas of the rabbit LV. Two pseudo-ECGs were recorded: one recorded transmurally
and another across the apico-basal axis of the left ventricular wall. It is important again to
emphasize that the pseudo-ECGs were recorded in the volume conductor in which the
electrodes were placed at least 2 cm from the epicardial and endocardial surfaces, or from
the apex and base of the isolated LV. After control recording at a basic cycle length of 1000
ms, 0.1 umol/L cisapride at was infused to determine if it has any preferential effects on
epicardial/endocardial or apical/basal cell action potential.

Representative recordings from these experiments are shown in Figure 3A. Under control
conditions, the APD of apical cells (both endocardial and epicardial surfaces) was slightly
longer than the APD of the respective basal cells; however, the difference was not
statistically significant. On the other hand, both at the apical and the basal recording sites,
the APD of the endocardial cells were consistently longer than the epicardial cells and the
results were statistically significant. This difference in the time course of repolarization of
the epicardial and endocardial cells, ie, the transmural dispersion of repolarization, caused
the inscription of the T wave in the pseudo-ECG recorded across the transmural axis. In both
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apical and basal recording sites, the peak of the T wave was coincident with the end of
repolarization of the epicardium and the end of T wave was coincident with the end of
repolarization of the endocardium. In contrast, the pseudo-ECG recorded along the apico-
basal axis had T waves that were either flat or negative.

After infusion of the Ik, blocker cisapride, the QT interval prolonged with a preferential
prolongation of APD of the endocardial cells as compared with the epicardial cells across
the entire LV, leading to an increase in TDR and a corresponding increase in the duration of
descending limb of the T wave, ie, the T_e interval. Cisapride increased the APD of the
apical cells slightly more than the basal cells; however the observed difference was not
statistically significant. Once again, the apico-basal pseudo-ECG showed nonspecific T
wave morphologies and we were unable to identify any corelation between the
morphological changes in action potential and the pseudo-ECG. Findings were reproduced
in 4 similar experiments. Composite data are shown in Figure 3B.

The canine left ventricular wedge spans 5 cm of the LV across the apico-basal axis. A
decade of experience with this preparation confirmed that there is no significant dispersion
of repolarization across the apico-basal axis in such a small segment of LV.13 Does this
hold true in an entire canine LV? This issue was elegantly addressed in recent work by
Rosenbaum and coworkers35 in canine hearts using optical mapping technique. In this study
investigating the physiological basis of T wave memory, 3 wedge preparations were used
from anterior, lateral, and posterior surface of canine LV, respectively. Action potentials
were recorded with optical mapping technique from all 3 wedge preparations. The
dispersion of repolarization was calculated across the transmural axis of each wedge (ie,
TDR) and also between 2 LV wedges (ie, segmental dispersion of repolarization). The
transmural pseudo-ECG was calculated by subtracting the action potentials from epicardial
cells and M cells. The segmental ECG was calculated by subtracting action potentials of M
cells recorded from 2 different LV wedges/segments after accounting for known activation
time between segments. The results showed the presence of TDR in all 3 LV wedges, but
there was no significant segmental dispersion of repolarization. Both the measured and the
calculated transmural Pseudo-ECGs showed upright T wave that matched the polarity of in
vivo ECG. However, the calculated segmental ECG failed to register any T wave. These
observations outlined above, clearly demonstrate the prominent role of TDR in the
electrocardiographic inscription of the T wave, both in the rabbit and canine LV.

Clinical Evidence for Transmural Dispersion of Repolarization

Figure 4 presents a mathematical model in which the ECG was calculated first from a
transmural linear array of cells in which repolarization is assumed to be homogeneous and
then from a more physiologically-relevant model in which repolarization is heterogeneous.
36 In the homogeneous myocardium, the R wave and T wave would be always of opposite
polarity and reversal of direction of activation does not have any effect on the QT interval,
QRS duration or Ty interval. In such a case, the T wave is merely a reflection of the
transmural conduction time. In contrast, a transmural repolarization gradient in the
heterogeneous myocardium would produce a positive T wave which has the same polarity as
the R wave.

However, clinical observations do not agree with the result of a homogeneous model. Fish et
al36 studied the effect of reversing the direction of activation of the left ventricular wall in
patients with heart failure (Figure 5). The epicardium of the left ventricular free wall was
paced at cycle length of 600 ms through the epicardial electrode of a resynchronization
device followed by pacing from the endocardial aspect of the LV free wall by an
endovascular catheter at the same cycle length. The effects of epicardial and endocardial
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pacing on the QT interval and Tp_e interval was measured in lead V6 on body surface ECG.
Lead V6 was selected because it was closest to the site of pacing and because it can record
the voltage across the transmural axis of the left ventricular wall. A representative recording
from such an experiment is shown in Figure 5A. If the assumption that the myocardium is
electrically homogeneous is correct, the R and the T wave should always be of opposite
polarity and the reversal of direction of activation of the ventricle should not have any effect
on QT and Ty interval. This is clearly not the case (Figure 5A)36 Reversing the direction
of activation of the left ventricular wall by shifting from endocardial to epicardial
stimulation caused an increase in the amplitude and width of the T wave, a prolongation of
QT interval and a significant increase on Ty_¢.33:37 This behavior is also observed in the
canine and rabbit left ventricular wedge preparation33:37 (Figure 1) and is predicted by the
mathematical model illustrated in Figure 4 to be the result of transmural heterogeneities of
repolarization time course.

Do the above findings hold true for the apico-basal voltage gradient? In other words, if
apico-basal dispersion of repolarization contributes importantly to the genesis of the T wave,
then pacing the ventricle from the apex followed by the base should affect the QT and the
Tp-e interval in a predictable fashion. To answer this question, we analyzed the ECGs
obtained during electrophysiological (EP) study in 5 patients in whom the right ventricle
was paced from the apex (RVA) and the outflow tract (RVOT) at a basic cycle length of 600
ms. The QT and Tp_e intervals were calculated during RVA and RVOT pacing. We selected
chest lead V2 and limb lead 1l for evaluation. Chest lead V2 was selected since it measures
transmural gradient closest to the site of pacing, and limb lead 1l was selected because it
samples across the apico-basal axis of the heart. As shown in Figure 5B, changing the
pacing site from RVA to RVOT did not have any effect on the QT and the Ty, interval in
lead V2 or lead 1. The composite data of 5 patients showed that the QT interval remained
unchanged (385+16.4 RVA pacing versus 384+13.7 RVOT pacing, p=NS) as did the T_¢
interval (85+£3.5 RVA pacing versus 84+3.7 RVOT pacing, p=NS). Changing the pacing site
from the RVA to RVOT led to the reversal of the polarity of the T wave in the apico-basal
axis in lead Il. In contrast, the polarity of the T wave in transmural axis lead V2 remained
unchanged.

These observations demonstrate the prominent role of TDR over apico-basal dispersion of
repolarization in the genesis of T wave. It is important to emphasize that these data do not
exclude the presence of apico-basal dispersion of repolarization under some conditions.
Several lines of evidence support apico-basal heterogeneity of repolarization. For example,
Bauer et al38 have demonstrated that in the canine heart in vivo, the effective refractory
period is longer in the epicardial muscle layer of the apex then in the base and on
administration of dofetilide apico-basal dispersion of repolarization becomes more
pronounced with preferential increase in the refractory period at the apex. Similarly, Janse et
al39 reported shortest repolarization times in anterobasal areas and longest repolarization
times in posteroapical regions of intact canine LV using unipolar electrograms. Also in
enzymatically isolated myocytes from rabbit heart, APD is longer in myocytes isolated from
the base as compared with the apex.40

Although the apico-basal dispersion of repolarization does exist, such dispersion is much
smaller as compared with transmural dispersion. Also, apico-basal dispersion occurs over a
much longer distance as compared with transmural dispersion. It is the steepness of the
repolarization gradient that is thought to serve as a key factor for arrhythmogenesis and not
the total magnitude of dispersion. That is, a small amount of dispersion of repolarization
over a long distance will yield a less steep repolarization gradient as in the case of apico-
basal repolarization gradient and is less likely to be arrhythmogenic. The transmural
dispersion of repolarization is not only more pronounced as compared with apico-basal
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dispersion, but it also occurs over a much shorter distance resulting in a very steep electric
gradient that in our opinion is likely to influence not only the inscription of the T wave but
also contribute to arrhythmogenesis.

Conclusions

The presence of an important transmural repolarization gradient in ventricle has been well
established in a variety of species, including man. Although apico-basal voltage gradients
may contribute, we believe that the transmural voltage gradient plays a predominant role in
the genesis of the T wave. The wedge preparation, like any animal model, has limitations,
but it has a remarkable ability to reproduce the electrocardiographic and arrhythmic
manifestations of a wide variety of syndromes observed in clinical practice. This model
coupled with in vivo data from humans and mathematical simulations of the myocardium
provide compelling evidence in support of a predominant role for the transmural voltage
gradient in the genesis of the T wave. Dispersion of repolarization, irrespective of its precise
geometry, has been shown to serve as the substrate for reentry under a variety of conditions.
It is clear that the T wave corresponds to repolarization of the ventricle and it is an electric
manifestation of a normally asymmetrical repolarization process. An important
electrocardiographic parameter obtained from body surface ECG, the Ty_e interval, has been
shown to be a predictor of arrhythmias under a variety of clinical conditions.41744
Although the exact mechanism for the genesis of the Ty, interval on the surface ECG
remains a matter of some controversy, its clinical utility as an index of arrhythmogenesis is
gaining recognition.45:46
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Figure 1.

A, The cellular basis of the T wave in the canine left ventricular wedge preparation.
Simultaneous recordings of action potential with of 3 different cell type with a pseudo-ECG
are shown. Note that the opposing voltage gradient on either side of the M region leads to
inscription of the T wave. The peak of the T wave coincides with the end of repolarization
of the epicardial cell and the end of the T wave coincides with the end of repolarization of
the M cells. B, The cellular basis of the T wave in the rabbit left ventricular wedge. In the
rabbit, the entire endocardium has the same electrophysiological properties as M cells.
Therefore, the end of the T wave coincides with the end of repolarization of the
endocardium in the rabbit. Epicardial pacing leads to earlier activation of epicardial cells
with shorter APD and delays the activation of endocardial cells with a longer APD, leading
to an increase in QT and Tp_e interval. Epi, Epicardium; Endo, Endocardium; AP, action
potential. Modified and reproduced with permission from Circulation. 1998;98:1928-1936.
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A, Schematic presentation of the arterially perfused rabbit LV. LM, left main coronary
artery; LAD, left anterior descending coronary artery; LCD, left circumflex coronary artery.
B, Schematic presentation of simultaneous recording of 4 sets of action potentials: apical
epicardium, apical endocardium, basal epicardium and basal endocardium together with 2
pseudo-ECGs: transmural and apico-basal. Epi, epicardium; Endo, endocardium.
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Figure 3.

A, A representative recording from the rabbit LV showing well-defined T waves in pseudo-
ECGs recorded across the transmural axis under control conditions and after infusion of
cisapride. Note that the pseudo-ECG recorded across the apico-basal axis fails to reveal any
T waves, and there is no correlation between changes in APD and ECG morphology. B,
Composite data showing similar findings in 4 similar experiments. Note that APD was
slightly longer at the apex as compared with the base; however, the difference is not as
pronounced as seen between the endocardium and the epicardium. AP, action potential; Epi,
epicardium; Endo, endo- cardium; APDgg, APD at 90% repolarization. **P<0.05 compared
between endocardium vs epicardium, ##P<0.05 compared between apex vs base.

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2010 July 29.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Patel et al. Page 13

Mathematical Simulation
Homogeneous Myocardium
Endocardial Stimulation Epicardial Stimulation

Mathematical Simulation
Heterogenous Myocardium

Endocardial Stimulation Epicardial Stimulation

E‘g

Tp-Te = 53 msec Tp-Te = 75 m3ec

200 msec

Figure 4.
Mathematical modeling of homogeneous and heterogeneous myocardium. Reproduced with
permission from J Am Coll Cardiol. 2005;46:2340-2347.
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Figure 5.

Twelve lead ECGs recorded from human subjects paced from different regions of the
ventricular myocardium. A, Changing the ventricular pacing site from endocardium to
epicardium increases the QT and T, interval (modified and reproduced with permission
from J Am Coll Cardiol. 2005;46:2340-2347). B, Changing the ventricular pacing site from
RVA to RVOT has no effect on QT or Tp_¢ interval.
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