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Transmural, interventricular, apicobasal and anteroposterior action
potential duration gradients are all essential to the genesis of the
concordant and realistic T wave: A whole-heart model study☆
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Abstract Background: It has been reported that ventricular repolarization dispersion resulting from
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transmural, apicobasal and interventricular action potential duration (APD) gradients makes the T
wave concordant with the QRS complex.
Method and results: A whole-heart model integrating transmural, apicobasal, interventricular and
anteroposterior APDgradients was used, and the corresponding electrocardiogramswere simulated to study
the influence of these APD gradients on the T-wave amplitudes. The simulation results showed that
changing a singleAPDgradient (e.g., interventricularAPDgradient alone) onlymade substantial changes to
the T-wave amplitudes in a limited number of leads and was not able to generate T waves with amplitudes
comparable with clinical findings in all leads. A combination of transmural, apicobasal and interventricular
APD gradients could simulate T waves with amplitudes similar to clinical values in the limb leads only.
Adding the anteroposterior APD gradient into the model greatly improved the consistency between the
simulated T-wave amplitudes and the clinical values.
Conclusion: The simulation results support that the transmural, apicobasal, interventricular and the
anteroposterior APD gradient are all essential to the genesis of the clinical T wave.
© 2016 Elsevier Inc. All rights reserved.
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Introduction

It is known that the T wave results from the spatial
potential differences because of the ventricular action
potential (AP) repolarization dispersion [1]. Because the
repolarization moment is the sum of AP duration (APD) and
activation moment [2], the repolarization dispersion can be
decomposed into the APD dispersion and the depolarization
dispersion [3]. According to Abildskov et al. [4], these two
dispersions can be theoretically reflected in a primary and
secondary T wave, respectively.
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The polarity of the secondary T wave is opposite to the QRS
complex because the former reflects the downstroke of the AP
and the latter represents the upstroke. Consequently the primary
T wave is the major component of the realistic T wave that
makes the T wave concordant with the QRS complex. Thus the
corresponding APD dispersion is recognized as the principal
contributor to the T-wave concordance [5]. Many studies have
shown that there are different types of electrophysiological
heterogeneities (APD dispersion) existing in the ventricles, such
as the apicobasal APD gradient [6], the transmural APD
gradient [7], the left–right ventricular APD heterogeneity [8–9]
and the anteroposterior APD heterogeneity [10].

Unlike the Pwave and theQRS complex [11], the source and
derivation of the T wave are still controversial [2,12–13].
Various previous studies claimed that the APD (or repolariza-
tion) gradients in not all the four anatomic axesmentioned above
or even one axiswas sufficient to explain the concordant Twave
in realistic electrocardiograms (ECG), e.g., the apicobasal axis
[14] or the transmural axis [15–17]. Some studies emphasized
that the apicobasal axis was superior to the transmural axis [18]
or vice versa [19–20]. After investigating the effects of three
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APD gradients on the T-wave polarity in simulations, Weiss et
al. suggested that interventricular APD changes were necessary
to reproduce the positive T wave [21], contradicting the
conclusion of their consequent study [22]. Unlike the other three
APD gradients, the contribution of the anteroposterior APD
gradient to the T-wave genesis has been rarely investigated.

Since there are four APD gradients identified in the human
heart, it is almost logical that the primary T wave is the
electrocardiographical result of all the APD gradients in four
anatomic axes. Although animal experiments suggested that
repolarization dispersions in all anatomic axes contributed to the
Twave [23] and simulations in a rabbit heartmodel [24] showed
that a combination of APD gradients in four axes could generate
the most realistic potential distributions, whether all APD
gradients are needed to generate a realistic T wave has not been
validated in a human heart model.

In this study, we investigated the effect of APD gradients
in the four anatomic axes on primary T wave in a human
whole-heart model, with a particular focus on how the
anteroposterior APD gradient affected the T-wave ampli-
tudes and its role in simulating T-wave amplitudes that were
similar to the clinical findings [25].
Method

The whole-heart model

Simulations were carried out in the Wei–Harumi whole-
heart model [26]. The heart model is built in an inclined 3-D
coordinate system with equal axial angles of 60° [26]. The heart
is divided by parallel planes along each of the three axes. The
intersection points that coincide with the heart muscle are
elements of the heart model and are referred to as “model cells”
categorized into several model cell types. Each type can be
characterized by assigning the respective action potential,
pacing, automaticity and conduction. This model has an
endocardium–epicardium rotating fiber orientation. The aniso-
tropic excitation propagation of the model cells (using an
anisotropy ratio of 2:1 [27]) complies with Huygens' principle,
in which everymodel cell in the activationwave front represents
a source of secondary wave fronts. The range of propagation
around each exciting model cell is an ellipsoid-shaped region.
Each neighboring model cell within the ellipsoid can either be
activated during its excitable period, or be unaffected. The
model settings were adjusted to locate the PR interval within the
physiological range. The His–Purkinje system was integrated
into themodel by setting the types of certainmodel cells as either
His or Purkinje model cells. The positions of these model cells
were carefully selected and adjusted so that the simulations of
normal heart propagations were consistent with the classical
data of Durrer et al. [11] and the QRS complex manifested a
clinically normal morphology. The reliability of this model in
cardiac electrophysiological researches has been proven by
many previous studies [28–30].

The action potential

For simplicity, each ventricular model cell shared
identical morphologies of phase 0, 1 and 3 of the AP, as
well as the potential of the plateau phase. The only difference
between them was the duration of the plateau phase: the APD
variations were realized by assigning different time spans to
the plateau phase [26]. Two typical AP morphologies are
shown in the right image of Fig. 1A.

The action potential duration gradient in the transmural axis

In the transmural axis, the ventricles were layered from
the epicardium to the endocardium. The thickness of each
layer was 1.5 mm. The left image in Fig. 1A shows the
layered structure of a cross section through the ventricles.
The transmural APD dispersion was realized by assigning
different APDs to the corresponding layers.

According to clinical measurements by Taggart et al. [7],
the transmural APD increased from the epicardium to the
endocardium with an APD gradient of approximately 1 ms/
mm. In this study, we assumed that the transmural APD
increased linearly from the epicardium to the endocardium
with an APD gradient of 1.33 ms/mm to compensate the
transmural activation time gradient for difference from the
clinical value [7]. The right image of Fig. 1A displays the
morphologies of the epicardial and endocardial action potential.

The action potential duration gradients in other axes

The heart was divided into the right and left ventricle (RV
and LV, respectively) along the septum, as shown in Fig. 1B
(taken from a left anterior oblique (LAO) view). For simplicity,
the interventricular APD dispersion was represented by a
specific APD difference between the two ventricles.

The ventricles were sliced along the apicobasal axis, as shown
in Fig. 1C (again from an LAO view). The apicobasal APD
increment was proportional to the sequence number of the
corresponding slice. The thickness of each layerwas also 1.5 mm.

The right image of Fig. 1D displays the location of the heart
inside the torso from a lateral view. The left image is a close-up
of the ventricles, divided into anterior and posterior parts by a
frontal plane. Like the interventricular APD gradient, the
anteroposterior APD dispersion was represented by a specific
APD difference between the anterior and posterior areas.

The action potential durations of different model cells

The APD of one model cell was determined by Eq. (1):

APD ¼ APDbase þ LayerNumT � 1:5 �GradientT
þLayerNumAB � 1:5 �GradientAB ;
þIV �GradientIV þ AP �GradientAP

ð1Þ

whereAPDbase is the predefined baseline APD (a constant in this
study), LayerNumT is the sequence number of the model cell in
the transmural axis (see Fig. 1A for the transmural sequence),
LayerNumAB is the sequence number of the model cell in the
apicobasal axis (see Fig. 1C for the apicobasal sequence).
Because the thickness of one layer is 1.5 mm, both sequence
numbers aremultiplied by 1.5. IV represents the ventricle that the
model cell belongs to (IV = 1 for the LV, IV = 0 for the RV),
andAP is the indicator of the location in anteroposterior direction
(AP = 1 if the model cell is in the posterior area, AP = 0 if the
model cell is in the anterior area). GradientT, GradientAB,
GradientIV and GradientAP are the transmural, apicobasal,
interventricular and anteroposterior APD gradients, respectively.
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Fig. 1. Schematics of APD gradients in different axes, atria are not shown. (A): A cross section in the left image shows the layered structure for the transmura
APD gradient, and each model cell's color indicates its transmural sequence number (LayerNumT in the Eq. (1)). The right image shows two representative AP
morphologies of the epicardial and endocardial model cells. The red-dashed waveform is the action potential of an endocardial model cell, and the blue waveform
is the action potential of an epicardial model cell with a shorter plateau phase. The corresponding arrows indicate their locations in the heart. (B): Division of the
left and right ventricles. (C): Layer sequence number (LayerNumAB in the Eq. (1)) of the model cells in the apicobasal axis. (D): Division of the anterior and
posterior ventricles and the position of the heart inside a torso. Key: RV = right ventricle, LV = left ventricle.
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Because homogeneous APD lengthening in the entire
ventricular volume only results in elongation of the ST segment
rather than T-wave variations [17], the absolute APD value is
not as important as the APD dispersion in the genesis of the
positive T wave. In other words, the baseline APD can be an
arbitrary value. In this study, we set the APDbase to 260 ms.

Models with different APD gradients

Table 1 shows the APD gradient settings for five different
models. The unit used for the transmural and apicobasal
l

APD gradients was ms/mm, and the unit used for the
interventricular and anteroposterior APD dispersions was
ms. Model 1 was a model with an homogeneous APD.
Model 2 had a transmural APD gradient of 1.33 ms/mm.
Based on Model 2, we constructed three models having APD
gradients in the other three axes: Model 3 had an apicobasal
APD gradient ranging from 0.033 to 0.2 ms/mm; Model 4
had an interventricular APD gradient ranging from −30 to −
5 ms; and Model 5 had an anteroposterior APD gradient
ranging from 5 to 30 ms.

http://dx.doi.org/10.1016/j.jelectrocard.2016.03.010


Table 1
The gradient settings of models.

Model GradientT⁎ GradientAB⁎ GradientIV⁎⁎ GradientAP⁎⁎

1 0 0 0 0
2 1.33 0 0 0
3 1.33 0.033–0.20 0 0
4 1.33 0 −30 – −5 0
5 1.33 0 0 5–30

⁎ Unit is ms/mm.
⁎⁎ Unit is ms.
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The action potential gradients and electric cardiac source

The process of depolarization and repolarization through-
out the heart is accompanied by the electric current in the
intracellular and extracellular spaces, resulting in electric
cardiac sources. In this study, the electric cardiac source was
represented by the current density, interpreted as the current
dipole moment per model cell volume, called the cell dipole
[26]. It is mathematically described by:

Ji ¼ −Di∇Φi; ð2Þ

where Ji is the cell dipole, Di is the intracellular
conductivity tensor, ∇ is the spatial gradient operator and
Φi is the intracellular potential, which can be derived from
the transmembrane potentials.
Surface ECG potentials

The heart model was deployed inside a homogeneous
human torso model with a realistic shape. The body surface
ECG potentials were calculated by solving the volume
conductor problem in the heart–torso model using the
boundary element method (see Wei et al. [26] for details of
the calculation). The 12-lead ECG was then obtained by the
operation of potentials at the standard electrode positions,
displayed by the red dots in Fig. 2.
Find the optimal action potential duration gradient
configuration

Because the excitation sequence was the same for each
simulation, the simulated secondary T wave was identical, so
the simulated primary T wave was a good approximation of
the T wave and vice versa. Given Gambill et al. [25] only
provided data of T-wave amplitudes, the simulated T-wave
amplitudes were used and compared with the clinical data.

To judge the similarity of simulated T-wave amplitudes to
the clinical values, the ratio of T-wave difference to the
clinical amplitude in every lead was calculated and the
simulation with the least sum of the square ratios was of the
optimal APD gradient configuration.

In addition to the T-wave amplitude, the interval from the
peak of the T wave to the end of the T wave (Tpeak–Tend) in
the V5 lead [31] was calculated as an auxiliary parameter to
evaluate the similarity between simulated and clinical data.
Results

Simulation results of Models 1 and 2

The blue trace in Fig. 3 displays the simulated ECG of
Model 1, namely the model with the homogeneous APD. It is
obvious that the T-wave direction is opposite to the direction
of the prominent part of the QRS complex in the same lead.
This result agrees with the prediction of Harumi et al. [1].
Apparently, these T waves are quite different from those
shown by the black traces in Fig. 3, which have amplitudes
of the clinical reports.

The red trace shows the ECG generated by the simulation of
Model 2. We can see that when the transmural APD gradient
was added to the ventricles, the derivedT-wave amplitudeswere
closer to the clinical values inmany leads, except for the slightly
expanded deviation in the aVL lead. However, apart from the
V2 lead, the T-wave amplitudes of Model 2 were still
considerably different from the clinical values.

Simulation results of Models 3–5

Figs. 4–6 show the T waves computed from Models 3–5
with different APD dispersions, respectively. The changing
apicobasal APD gradient mainly influenced the T waves in the
frontal plane leads. The changing interventricular APD gradient
made noticeable changes to theTwaves inmost of the leads, and
the changing anteroposterior APD gradient mainly affected the
precordial leads. We also noticed that the respective T-wave
amplitude and polarity change trends in response to the changes
of these three APD gradients were quite different. Although
simulations with certain APD gradients could generate T waves
consistent with the clinical amplitudes in some leads, no ideal
match in all leads was obtained from these models.

Simulation results of optimized combinations of gradients in
different axes

Because models with a single APD gradient cannot
generate T waves with amplitudes close to clinical values in
all leads, we tried to simulate ECGs in models incorporating
several different APD gradients.

First, we assumed that there was no APD gradient in the
anteroposterior axis. By using an optimized configuration of
GradientT = 1.33 ms/mm, GradientAB = 0.1987 ms/mm and
GradientIV = −15 ms (hereinafter referred to as Model 6), we
obtained T waves shown by the blue traces in Fig. 7. These T
waves did indeed show significantly improved consistency with
the clinical amplitudes. In spite of this, good agreement with
clinical values was only confined to the limb leads. The polarity
of the Twave in theV1 leadwas opposite to the clinical polarity,
and the T-wave amplitudes in theV2 toV6 leadswere only 32%
to 67% of the corresponding clinical values (see Table 2).

We introduced the anteroposterior APD gradient into the
model and found that when the ventricles had settings of
GradientT = 1.33 ms/mm, GradientAB = 0.0287 ms/mm,
GradientIV = −22 ms and GradientAP = 24 ms (hereinafter
referred to as Model 7), the simulated T waves (shown by the
red waveforms in Fig. 7) had the closest similarity to the clinical
amplitudes. The T waves in the limb leads matched the clinical
amplitudes quite well, as evidenced by the coincidences of the
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Fig. 2. The heart model inside a torso. The red dots indicate the ECG electrode locations. Key: RA = right arm, LA = left arm, LF = left foot.
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red and black traces. Table 2 shows a comparison of the
simulated T waves between Models 6 and 7. These percentages
are ratios of the simulated T-wave amplitudes to their
corresponding clinical values. Although neither Model 6 nor
Model 7 exactly reproduced the clinical amplitudes of the T
Fig. 3. The simulated ECGs using Mod
waves, the latter had an improved similarity. This improvement
did not happen in every lead: in II, III, aVF and V4 leads, the
T-wave amplitudes in Model 6 were even closer to the clinical
amplitudes. However, the differences seen in these leads
between the two models were relatively small, ranging from
els 1 and 2 and the clinical ECG.

http://dx.doi.org/10.1016/j.jelectrocard.2016.03.010


Fig. 4. The simulated T waves resulting fromModel 3. The “AB” in the legend box means the apicobasal APD gradient, and the number to the right indicates the
value of the APD gradient (unit: ms/mm). No close match in all leads between the simulated T wave and the clinical T wave was obtained.

Fig. 5. The simulated T waves resulting from Model 4. The “IV” in the legend box represents the APD dispersion in the interventricular axis, and the number to
the right indicates the value of the APD difference (unit: ms). No close match in all leads between the simulated T wave and the clinical T wave was obtained
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Fig. 6. The simulated T waves resulting from Model 5. The “AP” in the legend box means the APD dispersion in the anteroposterior axis, and the number to the
right indicates the value of the APD difference (unit: ms). No close match in all leads between the simulated T wave and the clinical T wave was obtained.

Fig. 7. The simulated T waves resulting fromModels 6 and 7 and the clinical T wave. The blue and red vertical dashed lines in the V5 lead show the Tpeak-Tend
of Models 6 and 7, respectively.
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Table 2
The ratios of simulated T-wave amplitudes to clinical values.

Model I II III aVR aVL aVF
6 76.07% 103.35% 75.84% 91.63% 12.25% 100.17%
7 97.87% 104.85% 59.80% 100.91% 47.95% 94.30%
Improvement 21.80% −1.50% −16.04% 7.46% 35.70% −5.57%

Model V1 V2 V3 V4 V5 V6
6 −40.23% 32.99% 54.91% 65.80% 67.17% 49.87%
7 61.97% 104.65% 130.35% 140.34% 100.98% 55.96%
Improvement 102.2% 62.36% 14.74% −6.14% 31.85% 6.09%
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1.5% to 16.04%. In contrast, the changes in the other leads were
muchmore pronounced, ranging from 6.09% to 102.2%with an
average of 35.28%. The T-wave polarity in the V1 lead became
concordant with its preceding QRS complex. This means that
the direction of every T wave simulated inModel 7 matched the
clinical observations. The vertical lines in Fig. 7 indicated the
Tpeak–Tend of Models 6 (blue dashed lines, 81 ms) and 7 (red
dashed lines, 99 ms). Fig. 8 displays the APD distribution of
Model 7. The APD distribution in Model 7 was very
complicated, as shown by the distinct APD variations in left–
right, front–back and transmural directions.
Discussion

Transmural action potential duration gradient in the heart

Transmural APD heterogeneity was once considered to be
the major cause for the T wave and QRS complex of the
human ECG having the same polarity [1], but the transmural
APD gradient alone cannot explain why the T wave is
concordant with the QRS complex. It is known that the T
wave is caused by the dispersion of repolarization [13,15].
Fig. 8. The APD distribution in Model 7. (A): The APD distribution on diaphragmatic surface from a right posterior oblique view; (B): The APD distribution on
sternocostal surface, seen from an LAO view; (C): Representative cross sections whose locations are indicated by the white, black and gray lines in A and B. Key
RV = right ventricle, LV = left ventricle.
To generate a T wave with the same polarity as the QRS
complex, the epicardial cells have to repolarize earlier than
the endocardial cells [1,17] and there are differences in their
AP morphologies [32]. However, recent clinical studies have
shown that although the transmural APD did increase
gradually from the epicardium to the endocardium, the
endocardium repolarized earlier than the epicardium [33] or
almost simultaneously [34]. This is because the repolariza-
tion time of an individual cell is calculated by adding its
APD to its depolarization time, and the transmural APD
increment from the epicardium to the endocardium is not
long enough to compensate for the change in the transmural
activation time. The ECG simulated by Model 2 manifested
discordant T waves in most of the leads. Hence, besides the
transmural APD gradient, there must be other APD
heterogeneities contributing to the genesis of the T wave.
The contributions of apicobasal, interventricular and
anteroposterior action potential duration gradients

The apicobasal APD gradient is also recognized as one of
the primary causes of T-wave concordance [6,18,35].
:
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However, our study demonstrated that a model with a
combination of transmural and apicobasal APD gradients
(Model 3) still did not generate T waves with clinically
comparable amplitudes in all leads.

Because the difference between the clinical values and the
amplitudes simulated in Model 2 varied among the 12 leads
(e.g., the drop in the V4 lead was very large, but the drop in
the V2 lead was relatively small), changing another single
APD gradient (Models 3–5) could only generate T waves
with amplitudes matching the clinical values in a limited
number of leads. In addition, a similarity to the clinical
values could never be reached in some leads, because
changing the APD gradient did not always bring about
desirable changes in the T-wave amplitudes. For example, in
the simulations of Model 4 (Fig. 5), when the interventricular
APD difference was −15 ms, the simulated T waves in the I
and aVL leads showed good agreement with the clinical
amplitudes; if we wanted to simulate T waves with
amplitudes close to the clinical amplitudes in the aVR and
V6 leads, we had to expand the interventricular APD
difference to −30 ms, and this led to deviations of the
simulated T waves from the clinical amplitudes in the I and
aVL leads. It is obvious that changing the interventricular
APD heterogeneity alone could not generate a T wave
matching the clinical signal in the aVF lead, because there
was little change in the T-wave amplitude in response to the
change in APD heterogeneity. This dilemma existed in all of
the simulations created by Models 3–5, implying that a
change in a single APD gradient was not capable of
reproducing a T wave with a clinical amplitude in every lead.
This is in line with the findings of Weiss et al. [21].

The necessity of including the anteroposterior action
potential duration gradient to simulate the clinically
comparable T waves

From the simulations using Models 3–5, we noticed that
the uneven amplitude changes provided by different APD
gradients might be smoothed out if the changes to the APD
gradients in various axes were combined. Indeed, a
combination of transmural, apicobasal and interventricular
APD gradients did generate ECGs with T waves closer to the
clinical observations compared with the results from Models
3–5. Adding the anteroposterior APD gradient into the
model provided a striking improvement in the similarities to
the clinical values (see Table 2). Although there was hardly
difference between the QT interval of Models 6 and 7
(363 ms vs. 366 ms), the Tpeak–Tend of Model 7 (99 ms)
was much closer to the clinical data reported by Takenaka et
al. (heart rate-corrected Tpeak–Tend, 99 ± 36 ms) [31] and
Merri et al. (113 ms) [36] than Model 6 (81 ms). This is
strong evidence that the anteroposterior APD dispersion is
essential to forming the normal T wave. Thus our simulation
study supports that the anteroposterior APD gradient plays
an important role in the T-wave genesis.

Comparing simulation results with clinical studies

A comparison between Fig. 8 and the clinical epicardial
activation recovery interval (ARI, a surrogate of APD [37])
map [38] demonstrates that, to a large extent, the APD
distribution in Model 7 faithfully reproduced the clinical
findings: the longest APD was at the posterior basal
ventricle, and the shortest APD was at the anterior apical
ventricle. The APD in the anterior RV and the posterior LV
were almost the same. The endocardial and epicardial APD
dispersions in Model 7 were also similar to the repolarization
time dispersions found in clinical reports (8 ms vs. 14 ±
2 ms and 47 ms vs. 50 ± 9 ms, respectively) [34]. Rama-
nathan et al. [38] reported that the average ARI of the RV
was 32 ms longer than that of the LV, and the apex-to-base
APD dispersion was 30 ms. The optimal APD configuration
includes an interventricular APD difference of −22 ms
(longer RV APD) and an apex-to-base APD dispersion of
about 26 ms (the sum of an anteroposterior difference of
24 ms and an apicobasal APD gradient of 0.0287 ms/mm
multiplied by 69 mm). Thus, it is safe to conclude that the
APD distribution of Model 7 was close to the clinical
measurements. The consistency of the simulation results
with the clinical data enhances the reliability of our study.
Limitations

The configurations of the four APD gradients used in this
study were somewhat simplified. A realistic T wave is
generated in a beating heart; however, our heart model did
not involve the movement of cardiac muscle. The heart
model was put in a homogeneous torso without other organs
like lungs, but an inhomogeneous torso model can provide
more precise results [39]. Our simulations only took the
influence of the APD into account; however, the AP
morphology may also affect the T wave [32]. We took the
T-wave amplitude as the major parameter for comparison
without using other measures of concordance like the spatial
QRS-T angle [40] which can more objectively interpret the
simulation results and determine the optimal configurations
of APD gradients.
Conclusions

Our simulation results validated that the anteroposterior
APD gradient is a necessary consideration in accounting for
the T wave being concordant with QRS complex in the
human ECG. The transmural, apicobasal, interventricular
and the anteroposterior APD gradient are all essential to the
genesis of the clinical T wave. The setup of the optimal APD
distribution in our model simulated T waves that were very
similar to the clinical findings. This study contributes to the
theoretical and clinical understanding of the mechanism that
generates the T wave.
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