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Aims The duration and morphology of the T wave predict risk for ventricular fibrillation. A transmural gradient in action
potential duration (APD) in the ventricular wall has been suggested to underlie the T wave in humans. We hypothesize
that the transmural gradient in APD compensates for the normal endocardium-to-epicardium activation sequence and
synchronizes repolarization in the human ventricular wall.

Methods
and results

We made left ventricular wedge preparations from 10 human donor hearts and measured transmural activation and
repolarization patterns by optical mapping, while simultaneously recording a pseudo-ECG. We also studied the relation
between local timings of repolarization with the T wave in silico. During endocardial pacing (1 Hz), APD was longer at
the subendocardium than at the subepicardium (360+17 vs. 317+ 20 ms, P , 0.05). The transmural activation time
was 32+4 ms and resulted in final repolarization of the subepicardium at 349+ 18 ms. The overall transmural disper-
sion in repolarization time was smaller than that of APD. During epicardial pacing, the dispersion in repolarization time
increased, whereas that of APD remained similar. The morphology of the T wave did not differ between endocardial
and epicardial stimulation. Simulations explained the constant T wave morphology without transmural APD gradients.

Conclusion The intrinsic transmural difference in APD compensates for the normal cardiac activation sequence, resulting in more
homogeneous repolarization of the left ventricular wall. Our data suggest that the transmural repolarization differences
do not fully explain the genesis of the T wave.
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1. Introduction
Prolongation and alterations in morphology of the T wave are asso-
ciated with sudden cardiac death.1 Despite a century having passed
since the description of the T wave, the exact basis of this electrocar-
diographic waveform remains debated. Understanding the repolariza-
tion patterns that give rise to the T wave will contribute to early
detection and diagnosis of cardiac electrical disorders.

The T wave is the result of asynchronous repolarization across the
heart.2 A large intrinsic gradient in action potential duration (APD)
exists within the right and left ventricular walls, as observed in isolated
left and right ventricular tissue preparations from humans and dogs.3,4 It
is thought that this gradient gives rise to the T wave recorded from
these preparations and might even explain the T wave in the body sur-
face ECG.4,5 However, differences exist between a tissue preparation

and the intact heart.6 In intact dog and rabbit hearts, the transmural ac-
tivation pattern compensates for the transmural difference in APD.7,8

Therefore, the T wave observed in the ECG recorded from the
intact mammal heart is thought to result from asynchronous ventricular
repolarization along all the major anatomical axes.9,10 In addition, the
coupling of myocytes reduces intrinsic differences in repolarization
properties.11,12 The effect of the activation sequence and electrical
coupling on synchronization of repolarization across the human ventri-
cles is not well investigated.

In this study, we tested the hypothesis that the intrinsic transmural
gradient in APD compensates for the normal endocardium-to-
epicardium activation delay and synchronizes repolarization across
the human left ventricular wall. We used human non-failing donor
hearts that were rejected for transplantation from which we dissected
left ventricular wedge preparations. We measured transmural
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activation and repolarization patterns by optical mapping and simultan-
eously recorded a pseudo-ECG. In addition, we used a computer mod-
el to test our hypothesis in silico. Our data indicate that the transmural
gradient in APD compensates for the endocardium-to-epicardium
activation sequence, leaving only a minor contribution, if any, of trans-
mural repolarization to the genesis of the T wave.

2. Methods
In this study, we used 10 healthy non-failing donor hearts, provided by
Mid-America Transplant Services (St. Louis, MO, USA), as described pre-
viously.3 The procedures in this study were in accordance with legal reg-
ulations on the use of donor hearts in the USA. The Washington
University School of Medicine Ethics Committee [Institutional Review
Board (IRB)] approved the use of hearts that could not be used for trans-
plantation purposes or for research purposes. Furthermore, the study per-
formed conforms the declaration of Helsinki13 and was approved by the
Washington University IRB.

2.1 Experimental preparation
The hearts were cardioplegically arrested and cooled to +4–78C in the
operating room, immediately following cross-clamping of the aorta. The
arrested hearts were maintained at +4–78C to preserve the myocardium
during the 15–20 min transportation from the operating room to the
research laboratory.

We dissected left ventricular wedge preparations as described previous-
ly.14 In brief, we isolated tissue preparations from the anterolateral left ven-
tricular free wall supplied by a marginal branch of the circumflex artery,
which was cannulated. Following the dissection, the preparations were
placed into the optical mapping setup and perfused at 378C with Tyrode’s
solution (in mmol/L): 128.2 NaCl, 4.7 KCl, 1.19 Na H2PO4, 1.05 MgCl2, 1.3
CaCl2, 27.0 NaHCO3, and 11.1 glucose. pH was maintained at 7.4 by equili-
bration with a mixture of 95% O2 and 5% CO2. For recording of optical
action potentials, we stained the preparations by perfusing with 10 mM
di-4-ANEPPS (Molecular Probes, Eugene, OR, USA) for 10 min. The exci-
tation–contraction uncoupler blebbistatin (10 mM, Tocris Bioscience,
Ellisville, MO, USA) was added to the perfusate to remove motion arte-
facts. Excitation light was delivered by a 520+ 5 nm light emitting diode
(Prizmatix, Southfield, MI, USA), and emitted fluorescence was filtered
.610 nm and recorded by a CMOS sensor (100 × 100 elements, 1 kHz,
MICAM Ultima, SciMedia Ltd, Costa Mesa, CA, USA). A pseudo-electro-
cardiogram was recorded between two electrodes placed at the endocar-
dial and epicardial sides at a distance of 3 cm from the wedge preparation
(PowerLab 26T; AD-Instruments, Colorado Springs, CO, USA). Activation
and repolarization patterns were measured during either endocardial
(n ¼ 10) or epicardial (n ¼ 5) stimulation at pacing cycle lengths varying
from 800 to 4000 ms.

2.2 Computer simulation
We generated a model of a tissue slab of 2 × 5 × 1 cm with a discretization
of 200 mm, representing the average size of the human wedge preparations.
We used the ten Tusscher human ventricular ionic model15 for simulating
the action potentials, and for the modelling conduction and repolarization
patterns, we used the CARP simulator.15 Potentials, calculated by summing
the field contributions from the transmembrane currents, were deter-
mined 1.5 cm from the centres of the endocardial and epicardial faces
and then subtracted to compute the pseudo-ECG.

2.3 Analysis
Optical action potentials were analysed with open source RHYTHM16 soft-
ware, which is based on MATLAB2012a (MathWorks Inc., Natick, MA,
USA). For APD analysis, we averaged action potentials from an area of
1–2 mm2. The local moment of activation (AT) was defined as the

maximum positive dV/dt of the optical action potential, and to determine
the moment of repolarization (RT), we estimated the negative dV/dt using
80% of repolarization.17 To quantify the spatial homogeneity in repolariza-
tion, we constructed grey level co-matrices (GLCMs) using a function in
Matlab2012.18 A GLCM is built by calculating how often pairs of pixels
with specific values and in a specified spatial relationship occur in a data
set. Once the GLCM is constructed, statistical measures such as homogen-
eity can be calculated. Here, APD and RT values were scaled between 1 and
25 to create GLCM consisting of 25 rows and columns. The matrix entry
GLCM(i, j) was constructed by calculating how often pixels with value
i (1–25) were adjacent to a pixel with value j (1–25). The diagonal of
GLCM represents optical data with similar APD and RT values that are in
close proximity. The GLCM was normalized so that the sum of all the ele-
ments was equal to 1. The inhomogeneity index was calculated using the
following equation:

H = 1 −
∑

i,j

GLCM(i, j)
1 + |i − j|

An inhomogeneity index value of 0 means that all the pixels in an optical
map have the same value.

The start of the stimulus artefact was chosen to mark the beginning of ven-
tricular activation, and the start and end of the T wave were defined via the
tangent method.19 The stimulus trigger was recorded in separate channels by
both the optical and the electrical acquisition system and was used to align
the two signals.

2.4 Statistics
Group comparisons were made using (repeated) analysis of variance. Values
are given as mean+ SEM. A P-value of less than 0.05 was considered
statistically different.

3. Results

3.1 Repolarization sequence in the left
ventricular wall
We made left ventricular wedge preparations from 10 donor hearts.
The characteristics of the donors are shown in Table 1. The thickness
of the wall of the left ventricle varied between 9 and 14 mm. Pacing was
applied at the endocardium. We mapped from the cut edge of the
preparation to record transmural activation and repolarization se-
quences. We chose a field of view with activation isochrones parallel
to the endocardium and epicardium, thereby mimicking the normal
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Table 1 Clinical information (n510)

Age Gender Cause of death

11 Male Anoxia

11 Female Anoxia

73 Female Cerebrovascular/stroke

61 Male Cerebrovascular/stroke

50 Male Intracranial haemorrhage/stroke

27 Male Motor vehicle accident

57 Male Intracranial haemorrhage/stroke

59 Male Head trauma

54 Male Cerebrovascular/stroke

48 Female Cerebrovascular/stroke
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transmural activation sequence (Figure 1A).20 Figure 1B shows a typical
example of the activation pattern of a left ventricular preparation dur-
ing endocardial stimulation. The APD was the longest at the endocar-
dial side and the shortest at the epicardial side, leading to a gradient in
APD across the wall (Figure 1C). We could observe a clear difference in
the moment of activation among the subendo, mid, and subepicardium,
whereas a difference in the moment of repolarization was less evident
(Figure 1D). Accordingly, reconstruction of the repolarization map
showed a nearly homogenous repolarization pattern across the wall,
instead of a transmural gradient (Figure 1E). This was a consistent find-
ing in all preparations. On average, APD during 1 Hz pacing in the sub-
endocardium was 360+ 17 ms and in the subepicardium was 317+
20 ms, DAPD ¼ 42+ 6 ms. In comparison, the RT differed less, lasting
364+ 16 ms in the subendocardium and 349+19 ms in the subepi-
cardium (Figure 1F), DRT ¼ 15+5 ms.

It has been reported that the midmyocardium contains myocytes with
an extremely long action potential, especially at low cycle lengths.4,5

These myocytes are referred to as ‘M cells’. In our tissue preparations,
the action potentials in the midmyocardium were never longer than
those of the subendocardium at any cycle length (Figure 1G). Thus, we
cannot confirm the existence of M cells.

3.2 Normal transmural activation sequence
reduces heterogeneity in repolarization
For concordance of the QRS complex with the T wave, a negative cor-
relation between the moment of activation and APD is required.21,22

Figure 2A shows a typical example of the activation time (AT)–APD
correlation in a representative tissue preparation. A negative correl-
ation existed between AT and APD. As areas with short APDs activate
late, it is expected that DRT is smaller than DAPD over a similar dis-
tance. To test this, we compared the inhomogeneity index (see Meth-
ods) of the APD with that of the RT. The RT was more homogeneously
distributed than the APD (9+2 vs. 13+2, P , 0.047, Figure 2B).

To determine whether it was indeed the activation sequence that
synchronized the gradient in APD, we reversed the order of activation
by stimulating at the epicardium (n ¼ 5) (Figure 2C). The correlation be-
tween AT and APD became positive during epicardial simulation. How-
ever, similar to endocardial pacing, the APD in the subendocardium
remained longer than that in the subepicardium (389+16 vs. 343+
38 ms, P ¼ 0.049). The DRT between the subendocardium and the
subepicardium, however, nearly tripled when compared with endocar-
dial stimulation (16+ 4 vs. 41+ 4 ms). The latter suggests that the
change in the activation sequence summed intrinsic APD differences
and led to an increase in the dispersion of repolarization (Figure 2E).
This was supported by the absence of a similar inhomogeneity index
in the distributions of APD and RT during epicardial stimulation
(17.2+3 vs. 16.7+3, P ¼ 0.54, Figure 2B).

3.3 Relation between local repolarization
moments and the T wave
To understand the mechanism underlying the genesis of the T wave, we
recorded a pseudo-ECG from the wedge preparations. The T wave was
biphasic for the majority of the preparations (9/10), and the QT (QTc)
duration was, on average, 454+ 26 ms at a pacing frequency of
60 b.p.m. (Figure 3). Figure 4A shows an example of a pseudo-ECG
with subendocardial, subepicardial, apical, and basal action potentials.
In this example, the basal region repolarized later than the apical region,

whereas the subendocardium and subepicardium repolarized simultan-
eously. However, on average, repolarization times from the apical and
basal regions were not different (Figure 3). It is evident that the end
of repolarization measured on the transmural surface was never
synchronous with the end of the T wave, which ended 112+ 18 ms
later. The duration of the T wave was 238+ 21 ms, more than 10 times
longer than DRT within the transmural surface (18+ 6 ms). During
epicardial stimulation, the QT interval (490+ 33 ms) and T duration
(290+ 21) were longer than those during endocardial stimulation
(Figure 3).

The observation that the end of the T wave did not coincide with
repolarization on the transmural surface indicates that the myocardium
outside the field of view, inside the tissue preparation, repolarized
later. To record the last moment of repolarization, we stimulated
the preparation from the other side of where we recorded optical
action potentials (bottom, Figure 4E and F ) at the endocardial/apical
region. Figure 4F shows the activation and repolarization patterns
during endocardial/apical/bottom stimulation. The last moment of
repolarization was at the basal endocardial region and occurred closely
to the end of the T wave.

The morphology of the T wave did not change when we switched
from endocardial to epicardial stimulation or during stimulation on
the bottom of the endocardial/apical/bottom region.

3.4 Modelling of the tissue preparation
So far, our data indicate that the myocardium repolarized later, outside
our field of view. Therefore, we conducted a computer modelling study
to simulate the activation and repolarization patterns that occurred
there. We chose intrinsic APDs of 417 ms at the subendocardium
and 340 ms at the subepicardium (Figure 5A). After coupling, APD re-
duced and produced a transmural gradient of 357 to 304 ms during
endocardial stimulation, comparable to that measured in the wedge
preparations (Figure 5C). During epicardial stimulation, the APD in
the subendocardial region was shorter than that during endocardial
stimulation, whereas the APD in the subepicardial region became long-
er (Figure 5B). We did not observe this phenomenon in our tissue
preparations.

Complete activation of the tissue model occurred within 58 ms and
was faster than the average QRS duration (72+6 ms) recorded from
our tissue preparations. The repolarization started at the mid-
epicardium and ended at the bottom and top of the tissue model,
thereby giving rise to a positive concordant T wave (Figure 5D). The
T wave started before the first regions in the tissue slab reached
RT80. To investigate whether potential difference led to the start of
the T wave, we generated potential distributions at several time points
(Figure 5F). At 80 ms after the onset of activation, there was a 4 mV po-
tential difference throughout the tissue slab, which did not result in po-
tential change on the pseudo-ECG. Shortly thereafter, the T wave
started, which was the result of a small (7 mV) potential difference
between the subendocardium and subepicardium. At t ¼ 300 ms, the
potential starts to rise faster, which was the result of a potential differ-
ence of 30 mV between subendocardium and subepicardium. At t ¼
350 ms, the moment where the T wave had its maximum amplitude,
the potential difference between the subendo and subepicardium
was 81 mV. The end of the T wave did coincide with the last RT80 in
the tissue slab.

Stimulation at the epicardium resulted in an opposite activation
pattern within our experimental field of view (x-plane) (Figure 6A).
However, in the z-plane, the activation front had the same direction.
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This most likely explains why the repolarization pattern during epicar-
dial stimulation resembles the pattern during endocardial stimulation.
This resulted in a T wave with a similar morphology during both

epicardial and endocardial stimulations (Figure 6B). The duration of
the T wave, however, was slightly longer during epicardial stimulation
compared with endocardial stimulation.

Figure 1 Gradient in APD and repolarization in the human left ventricular wall. (A) A photograph of a left ventricular tissue preparation. The dashed
square represents the field of view and the letters a, b, and c correspond to the subendocardium, midmyocardium, and subepicardium, respectively. The
ruler is in centimetres. (B) Activation pattern and (C) action potential gradient during endocardial stimulation within the field of view. The action poten-
tials in (D) correspond to the area indicated by the letters in the photograph of (A). (E) Map shows the reconstructed repolarization gradient during
endocardial stimulation. (F ) The line graph shows the average APD and the local moment of activation and repolarization in the ventricular wall (n ¼ 10).
(G) The bar graph shows the average APD in the ventricular wall duration during different cycle lengths. Endo, subendocardial; Epi, subepicardial.
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3.5 The T wave in the wedge vs. the intact
heart
The transmural activation pattern during point stimulation does not
resemble that of normal activation in the intact heart, which is a line
of activation from the endocardium to the epicardium throughout
the ventricular wall.20 Therefore, we simulated complete endocardial
activation with line stimulation (Figure 6C). This resulted in a total AT
of 23 ms. The difference in RT between the subendocardium and the
subepicardium was 29 ms, which was longer than our experimental ob-
servations. The QT time and T wave duration were shorter than those
during point stimulation from either the endocardium or the epicar-
dium (Figure 6B). The T wave was longer than expected based on the
difference in RT between the endocardium and the epicardium (90 vs.
32 ms). To compare the simulated T wave with that of the intact heart,
we recorded an ECG from five healthy individuals at rest (see Meth-
ods). At a heart rate of 61+ 4.4 b.p.m., the duration of the T wave
was on average 178+ 15 ms, which was more than twice as long as
the T wave simulated during line stimulation (Figure 6D).

4. Discussion
Our data indicate that the transmural intrinsic differences in APD are
largely attenuated by the normal endocardium-to-epicardium activa-
tion sequence, resulting in nearly homogeneous repolarization of the
ventricular wall. Furthermore, the T wave recorded from a ventricular
tissue preparation is not determined by transmural repolarization
differences but rather by that of areas outside the field of view of the

Figure 2 Relation between AT and APD during endocardial and epicardial stimulation. (A and C ) The line graphs show the correlation between AT and
APD and repolarization time during endocardial (A) and epicardial stimulation (C ) (n ¼ 5). (B) The bar graph shows the inhomogeneity level of APD and
RT distribution during endocardial and epicardial stimulation. (D) Activation pattern within the field of view during epicardial stimulation. (E) Action
potential gradient. (F) Repolarization pattern during epicardial stimulation. Endo, subendocardial; Epi, subepicardial.

Figure 3 T wave in relation to local repolarization on transmural
surface. The bar graph shows the QT interval calculated from
pseudo-ECGs recorded from a left ventricular wedge preparation
during endocardial and epicardial stimulation (n ¼ 5). The repolariza-
tion times were calculated from simultaneously recorded optical ac-
tion potentials. QT, QT interval; Endo, subendocardial; Epi,
subepicardial; T, T wave.
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camera. Thus, our study provides novel insight into the role of trans-
mural heterogeneity in repolarization in the genesis of the T wave.

4.1 Role of transmural heterogeneity
in repolarization in the genesis of the
T wave in the body surface ECG
We show in our tissue preparation that, during endocardial stimulation,
the repolarization sequence proceeds opposite to the activation

sequence. The difference in activation between the subendocardium
and the subepicardium, however, is much larger than the difference in
repolarization (32+ 4 vs. 15+ 5 ms, P , 0.039). During the normal
transmural activation sequence, the transmural difference in repolariza-
tion results in a T wave duration of ,90 ms. This indicates that the
T wave recorded from the intact heart cannot solely be explained by a
transmural difference in repolarization, which is supported by Meijborg
et al.,10 who recently showed that the T wave from the body surface ECG
represents repolarization differences along multiple anatomic axes.

Figure 4 Relation between local repolarization and the T wave. (A, C, and E) A tracing of a pseudo-ECG (upper) recorded from a ventricular wedge
preparation during endocardial stimulation along with simultaneously recorded optical action potentials (lower) from the subendocardium, subepicar-
dium, basal, and apical myocardium during endocardial (A), epicardial (C), and endocardial/apical/bottom stimulation (E). (B, D, and F) Reconstructed
activation (left) and repolarization (right) of the complete cut edge surface of a left ventricular wedge preparation during endocardial (B), epicardial (D),
and endocardial/apical/bottom stimulation (F ). Endo, subendocardial; Epi, subepicardial; T, T wave.
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Our experimental and simulation data show that the onset of the
T wave preceded the first moments (phase 3 of the action potential)
of repolarization and was caused by potential differences between
the subendocardium and the subepicardium (Figure 5F). This is in con-
cordance with one-dimensional modelling studies and three-
dimensional experimental studies.7,10,23 The importance of phases 1
and 2 of the action potential in the genesis of the T wave can also be
deduced from the electric field formulation used to compute the
ECG, which shows that all transmembrane potential gradients contrib-
ute to the genesis of the T wave.24 This is important to consider when
interpreting T waves with abnormal morphology.

4.2 Differences between our study
and other wedge investigations
None of our 10 ventricular tissue preparations revealed the midmyo-
cardial layer of myocytes known as M cells, which are characterized by

prolonged APD relative to myocytes of the subendocardium and sub-
epicardium. This contrasts with observations by Drouin et al.,4,5 who
showed that, in superfused transmural tissue slices of the human ven-
tricle, the end of the T wave corresponds with the end of the action
potential in the midmyocardium. We cannot explain the discrepancy
between our results and the findings of Drouin et al. However, our
data are in line with more recent studies of human ventricular myocar-
dium, which also did not reveal a layer of M cells.3,25– 27 Glukhov et al.3

and Lou et al.28 did find, in a subset of their preparations (3 of 5 and 1 of
11, respectively), a small island of myocytes between the subendocar-
dium and the midmyocardium with a longer APD than their neighbour-
ing myocytes. We found in 1 out of 10 preparations that in a small
region in the midmyocardial wall, the APD was �13 ms longer than
that in the subendocardium. However, when a larger area was chosen
to calculate the average APD, this difference disappeared. Walton
et al.29 showed that, in sheep, the Purkinje muscle junction can cause

Figure 5 Simulation of the T wave recorded from left ventricular tissue preparation. (A) Action potentials at the endo, mid, and epicardium before
simulation. The graphs show APD in the subendo and subepicardium of the tissue preparation during endocardial and epicardial stimulation in silico
(B) and ex vivo (C ). (D) The simulated activation sequence, action potential gradient, and repolarization pattern during endocardial point stimulation
(D) in tissue slab representing the left ventricular tissue preparation. (E) The simulated pseudo-ECG during endocardial stimulation. (F) The potential
distribution at t ¼ 25 ms, t ¼ 80 ms and t ¼ 200 ms, t ¼ 300 ms, and t ¼ 350 ms during endocardial point stimulation. The numbers in the tissue slab
indicate mV. (G) Action potentials at locations annotated in (F). Endo, subendocardial; Epi, subepicardial; T, time from onset activation.

B.J. Boukens et al.194



local heterogeneity in APD. We posit that these Purkinje junctions may
cause the long APD in the small islands observed by Glukhov et al.3 The
relevance of these regions for the genesis of the T wave in healthy hu-
man hearts, however, can be questioned as midmyocardium did not re-
polarize later than the subendocardium in neither their nor our study.

4.3 Transmural gradient in APD
It is thought that transmural repolarization gradients are absent or triv-
ial in intact hearts.6,7,9 The transmural sequence of activation is from
endocardium to epicardium.20 This must mean that there is a gradient
in APD from endocardium to epicardium. This is exactly what we, and
others, have found in the left ventricular wedge preparation. However,
in intact hearts, gradients in APD (activation–recovery intervals) are
not always found.27

Despite the positive AT–APD relation during epicardial stimulation,
we found in two of five preparations small regions with a negative AT–
APD relation during epicardial stimulation (Figure 2C). The reason for
this observation is, in our opinion, that the endo-to-epi APD gradient
is not linear throughout the cut surface. For example, in the top left of
Figure 2D, the APD is shorter than that in the top mid. In this region,
there is a negative correlation during epicardial stimulation. This region
gives rise to the small group of data points observed in Figure 2C. How-
ever, in general, our data show that even when the subendocardium ac-
tivates late and the epicardium activates early, the endo-to-epi APD
gradient is still present. This indicates that the transmural gradient in
APD is a characteristic of the myocardium. This is in contrast with stud-
ies in rabbit,8 but in line with human studies on isolated myocytes and
the reported transmural gradient in expression of ion channel genes
that carry repolarizing currents.30–32 The origin of this gradient is un-
known and could have a developmental origin or be the result of car-
diac memory or both.33,34 The transmural gradient in APD should be
taken into account when biventricular pacemaking is being considered
for cardiac resynchronizing therapy because epicardial pacing increases

the heterogeneity in repolarization. Such heterogeneity could be
proarrhythmic.

For both the subendocardium and the subepicardium, there was no
difference in APD between endocardial and epicardial stimulations.
Based on electrotonic modulation, one would expect the APD to
lengthen in the early activated regions and to shorten in the late acti-
vated regions.12 A possible explanation could be that on the cutting
surface of the tissue preparations, the area that we measure, the myo-
cytes are slightly uncoupled and electrotonic modulation is reduced.
This allows the subendocardium and the subepicardium to display their
intrinsic APD and be less affected by the activation sequence.35

4.4 Biphasic T wave
We recorded a biphasic T wave from 9 of the 10 wedge preparations
that we mapped. In these cases, the second part of the T wave had a
negative polarity and was discordant with the RS complex (Figure 4).
The observed morphology of the T wave likely resulted from the late
activated areas and from the late repolarization that followed. The
average QRS complex in the experiments was 72 ms and was longer
than the QRS duration in the simulations (58 ms), indicating, indeed,
that the total AT was longer than expected. We think that at the border
zone of the perfused myocardium, for example, distal from the sutured
arteries, the myocardium is slightly ischaemic and conduction slowed
during the experiment. This is supported by the observation that the
T wave often started as monophasic and concordant with the RS com-
plex and then became biphasic after 10–15 min (data not shown).

4.5 Limitations
The use of a ventricular tissue preparation is a reductionist approach
and a simplified representation of reality. Our tissue preparations
came from the anterolateral area of the left ventricle, which may or
may not represent the characteristics of the entire left ventricle,
let alone those of the right ventricle. This should be taken into account

Figure 6 Simulation of transmural repolarization patterns during epicardial point and endocardial line stimulation. (A) The simulated activation se-
quence, action potential gradient, and repolarization pattern during epicardial point (A) and endocardial line (C) stimulation in tissue slab representing
the left ventricular tissue preparation. (B) The simulated pseudo-ECG recorded from the different stimulation locations (A) and (C). (D) A representative
example of a body surface ECG recorded from a healthy human. Endo, subendocardial; Epi, subepicardial.
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when applying our results to the functioning of an intact heart. Another
point of critique is the use of Tyrode’s solution, which might not pro-
vide full oxygenation compared with blood perfusion. Furthermore,
the use of the excitation–contraction uncoupler blebbistatin may
have altered repolarization. Finally, we measured optical action poten-
tials at the cut surface where myocytes may be damaged and un-
coupled, which could affect electrophysiological characteristics.
However, APD in our tissue preparations corresponds to monophasic
APD recorded from intact hearts, indicating the relevance of our
model.21

5. Conclusion
In this study, we show that the transmural gradient in APD is attenuated
by the activation sequence, resulting in almost homogenized repolari-
zation of the ventricular wall. This means that the transmural difference
in repolarization cannot explain the T wave morphology recorded from
the intact heart. Furthermore, the T wave recorded from a ventricular
tissue preparation is not the result of a transmural gradient in repolar-
ization, but of early and late activated regions outside the field of view.
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