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Abstract. The major determinants of the T wave polarity in electrocardiograms (ECGs) are still a 
debated issue. The aim of this work is to investigate the effects of cellular action potential duration 
(APD) heterogeneities and of the shape of the excitation wavefront on the T wave polarity in unipolar 
and bipolar ECGs, simulated at sites at some distance from the cardiac tissue. The study is based on 
three-dimensional anisotropic Monodomain simulations of the entire depolarization and repolarization 
phases of propagating action potentials in a parallelepipedal slab. The results show that, in case of an 
almost planar excitation wave propagating from endocardium to epicardium, the T wave of unipolar 
ECGs at some distance from the epicardium is negative for a homogeneous transmural tissue, biphasic 
for weak transmural heterogeneity and positive for strong transmural heterogeneity. On the other hand, 
the T wave of bipolar ECGs is negative for homogeneous and weak heterogeneous slabs, but it is 
positive for a strong transmural heterogeneity. In presence of a non-planar wavefront, the T wave of 
unipolar ECGs is positive also for a weak transmural heterogeneity. 
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1. Introduction 
The factors determining the shape and polarity of the T wave in electrocardiograms (ECGs) are 

still a matter of debate. According to the classical theory based on the uniform double layer source 
model, an activation sequence starting from the endocardium and proceeding towards the epicardium 
should generate transmural left ventricular (LV) bipolar ECG waveforms with a large R wave, see e.g. 
[van Oosterom, 2001] and the classical references therein. By applying the heart surface model, see e.g. 
[Simms and Geselowitz, 1995; van Oosterom, 2001], if the repolarization sequence follows the 
activation one, then a negative T wave is expected in transmural bipolar leads, due to opposite 
direction, relative to activation, of the transmembrane potential gradients during the downstroke phase 
of the action potential. 

However, in human normal subjects measured Einthoven lead II, which in a homogeneous infinite 
conducting medium should be similar to a transmural LV lead, the QRS complex and the T wave have 
the same positive polarity. In order to explain this discrepancy, a different transmural repolarization 
sequence within the ventricular wall has been proposed, where the epicardium recovers before the 
endocardium, based on the assumption that the action potential duration (APD) of subepicardial cells is 
considerably shorter than the APD of subendocardial cells. Experimental studies of isolated ventricular 
cells have established that epi- mid- and endocardial cells exhibit different APDs; see [Antzelevitch et 
al. 1995, Anyukhovsky et al. 1996]. In order to investigate the role of APD heterogeneity under 
physiological conditions, i.e. for electrically well-coupled myocardial cells, experimental studies by 
[Yan et al., 1998, Poelzing et al. 2004, Ueda et al. 2004] have used wedge preparations of canine left 
ventricles. Some of these studies in intact tissue have found the same qualitative characteristics 
observed in isolated cells, but these findings have not been observed in in vivo experiments on animals, 
see e.g. [Anyukhovsky et al 1998]. The results of wedge preparations have been used to relate the T 
wave polarity of electrocardiograms to the features of the transmural heterogeneities of action 
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potentials, see [Yan and Antzelevitch 1998], but the cellular basis of ECG waveforms, particularly  the 
T wave, remains a matter of debate. Simple 1D computational  studies  of wedge preparations have 
been carried out by [Gima and Rudy, 2002; Clayton and Holden, 2004; Fish et al, 2004] assuming 
transmural planar wavefronts.  

Our study is based on three-dimensional anisotropic Monodomain simulations of the entire 
depolarization and repolarization phases of propagating action potentials in a slab of myocardial tissue 
embedded in an unbounded homogeneous conducting medium. The aim of this work is to provide 
some insight on how cellular APD heterogeneities and the shape of the excitation wavefront influence 
the polarity of the T wave in unipolar and bipolar ECGs.  

2. Methods 

The anisotropic Monodomain model. The evolution of the transmembrane potential ),( txv , 

extracellular/extracardiac potential ),( tx , gating variables ),( txw  and ionic concentrations ),( txc , 

is described by the reaction-diffusion system 
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with homogeneous Neumann boundary conditions and appropriate initial conditions. H  is the cardiac 

volume, mc  and ioni  denote the capacitance and the ionic current of the membrane per unit volume, 

appi  represents the applied current per unit volume and 0  is the conductivity coefficient of the 

extracardiac medium. The conductivity tensors )(xDi  and )(xDe  at any point Hx  are defined as  
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,,, ,,   are the conductivity coefficients along ntl aaa ,,  , a triplet of  orthonormal  

principal axes with la  parallel to the local fiber direction, ta  and na  both transversal to the fiber axis 

and,  based on the laminar organization of the cardiac tissue, tangent and orthogonal to the laminae, 
respectively. For intra- and extracellular media with unequal anisotropic ratio, the  Monodomain 
conductivity tensor mD  is given by ieiem DDDDD 1)(  , see [Colli Franzone et al., 2005; 

Clements et al., 2004]. The fibers rotate intramurally linearly with the depth for a total amount of 
o120  and when the point of view is from the epicardial side, the rotation is  counterclockwise 

proceeding from the epicardium to endocardium. The conductivity tensors are assumed orthotropic 
with conductivity coefficients along the principal axis given below: 
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The conductivity coefficient of the extracardiac medium is 113
0 106   cm . 

      Transmural heterogeneity. The membrane model employed is the Luo-Rudy phase I (LR1) ionic 
membrane model, see [Luo and Rudy, 1991]. We consider four different types of transmural 
distribution of the intrinsic APDs of the cells, one homogeneous (H-slab), two weakly heterogeneous 
(3-slab and W-slab), with an intrinsic APD dispersion of about 50 ms, and one strongly heterogeneous 
(3L-slab), with an intrinsic APD dispersion of about 100 ms, as considered in [Fish et al 2004].  
 
 H-slab 3-slab W-slab 3L-slab 
# of layers 1 3 4 3 
layers’s depth (cm) 1 0.33   0.34   0.33 0.1     0.1     0.7     0.1 0.33    0.34    0.33
factIK 1 2.62   1.95   2.88 2.71   1.95   2.47   2.88 1.59    1.30    2.30   
APD (ms) 266 235    272    225 232    272    242    225 300     347     250 
     Table 1. Parameter calibration for modeling the transmural heterogeneities. Type of slab (fisrt row), number 
of layers (second row), depth of the layers in cm (third row),  factIK (fourth row), action potential duration in ms 
(fifth row). 
In the heterogeneous slab, the intrinsic APD of the cells is obtained by multiplying the potassium 

current KI  in the LR1 model by a factor 
KfactI . This modulation factor is chosen in order to 
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introduce a transmural APD profile with M-cell layers; see Table 1 and [Colli franzone et al., 2006] for 
more details. 
     Computation of unipolar and bipolar electrograms. Unipolar ECGs   are computed at an array 

of 3x3 points on planes located 2 cm above the epicardium (plane L1) and 2 cm below the 
endocardium (plane L2). The ECGs far away from the tissue slab are computed by assuming 

IDD ei 0 , hence according to the following formula, see e.g. [Leon and Horacek, 1991; 

Simms and Geselowitz, 1995; Colli Franzone et al., 2000, 2001; Huiskamp, 1998]: 
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Given two points epix  on plane L1 and endox  on plane L2, we introduce also the transmural bipolar 

ECG   given by ).,(),(),,( txtxtxx endoepiendoepi    

     Numerical methods. The cardiac domains considered are a cartesian slab of dimensions 2x3x1 cm3 
and a larger slab of dimensions 5x5x1 cm3 modeling a portion of the left ventricle. In order to 
distinguish between the two domains, we will refer to the first slab as wedge, because its dimensions 
are similar to those of experimental wedge preparations. In all computations, a structured grid of 
hexahedral isoparametric Q1 elements is used, with space resolution of 0.1 mm, yielding a grid of 
200x300x100 elements for the wedge and 500x500x100 for the slab. In the small slab, an almost 
planar excitation wavefront is generated by applying a stimulus of 200 mA/cm3 lasting 1 ms in a 
square of 1x1 cm2 on the endocardial surface. In the large slab, a multiple (12) sites stimulation is 
performed, modeling a simplified Purkinje network. The time discretization is based on an Euler Imex 
method. We used the PETSc parallel library (http://www.mcs.anl.gov/petsc) in order to ensure the 
parallelization and portability of our code, run on a Linux Cluster at the IMATI-CNR institute of 
Pavia; see e.g. [Colli Franzone et al., 2005] for more details. 
 

 
    Fig. 1. Wedge. Left: Activation sequence (first row) and repolarization sequences for H-slab(second row), 3-
slab (third row), W-slab (fourth row) and 3L-slab (fifth row) on a transmural section.Right: Unipolar 
electrocardiograms (ECGs) at 2 cm from  the epicardium (top panel) and bipolar ECGs (bottom panel) for H-slab 
(continuous line), 3-slab (dashed line), W-slab (dotted line) and 3L-slab (dashed-dotted line).  
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3. Results 
      Wedge, almost planar excitation wavefront. The stimulus applied simultaneously to 1x1 cm2  of the 
endocardial surface, as in the experimental wedge preparation of [Yan et al. 1998], ensures that the 
excitation and repolarization processes proceed mainly across the transmural wedge direction yielding 
almost planar isochrones, in spite of the intramural fiber rotation. These findings are confirmed by the   
activation  sequences  on epicardial, midmyocardial, endocardial  and on a transmural section 
displayed in Fig. 1 (left) and by the repolarization sequences on a transmural section in the H-slab and 
in the three heterogeneous slabs reported in Fig. 1 (middle). For H-slab, the repolarization sequence 
follows the activation one; for 3-slab and W-slab, repolarization begins at the endocardial surface and 
after about 20 ms a second repolarization front starts from the epicardium. Conversely, for 3L-slab, 
repolarization begins at the epicardial surface and a few ms later a second repolarization front starts 
from the endocardial surface. The unipolar ECGs above epicardium (Fig. 1, right, top panel) present a 
negative T wave for the H-slab, a biphasic T wave for the 3-slab and W-slab, and a positive T wave for 
the 3L-slab. The bipolar ECGs (Fig. 1, right, bottom panel) present always a negative T wave, except 
for the 3L-slab, where the T wave is positive. These results show that only a very strong transmural 
heterogeneity, assuring that the epicardial wedge surface repolarize first, is able to reproduce a positive 
T wave. This agrees with the results obtained in a 1D model assuming  a planar excitation wavefront. 

 

    Fig. 2. Slab. Left: Activation sequence on the epicardial (first row), midmyocardial (second row) and 
endocardial (third row) surface for H-slab. Middle: Activation sequence (first row) and repolarization sequences 
for H-slab (second row) and 3-slab (third row) on a transmural section. Right: Unipolar electrocardiograms 
(ECGs) at 2 cm from  the epicardium (top panel) and bipolar ECGs (bottom panel) for H-slab (continuous line),  
3-slab (dashed line) and  3L-slab (dashed-dotted line). 
 
      Large slab, multiple excitation wavefronts. The activation and repolarization sequences for H-
slab and 3-slab on the epicardial, midmyocardial, endocardial surface and on a transmural section are 
reported in Fig. 2 (left). Fig. 3 shows the unipolar ECGs in the 9 sites 2 cm from the epicardial surface 
(left) and the bipolar ECGs (right) for H-slab (first row) and 3-slab (second row). The zooms of the 
ECGs at site 5 are plotted in Fig. 2 (right). Unlike the wedge simulations, unipolar ECGs present a 
positive T wave also for a homogeneous and a weakly heterogeneous tissue, indicating that a 
nonplanar wavefront can produce a positive T wave in the unipolar ECGs. On the other hand, bipolar 
ECGs present  negative T waves also in the presence of a weak APD heterogeneity.   
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      Fig. 3. Slab.Unipolar electrocardiograms (ECGs) in the 9 sites 2 cm from the epicardial surface (left) and 
bipolar ECGs (right) for H-slab (frst row) and 3-slab (second row).   

4. Conclusions 
We have investigated the T wave polarity of the electrocardiogram by considering different 

transmural heterogeneities of action potential duration and by using an anisotropic cardiac bioelectric 
model of a wedge and a large block of the ventricular wall. We have considered two types of pacing: 
A) a stimulation of a large portion of the endocardial surface, generating an almost planar excitation 
wavefront moving across the ventricular thickness, and B) multiple stimulation currents applied to an 
idealized Purkinje ventricular junctions distribution. The stimulation B) elicits large undulated 
excitation wavefronts propagating mainly from endo- to epicardium, that mimic the normal ventricular 
excitation sequence.  

The results have shown that:   
A) for almost planar excitation wavefront, modeling in vitro experimental settings,  

 unipolar ECGs at some distance from the epicardium have negative T wave for a 
homogeneous transmural tissue, biphasic T wave for weak transmural heterogeneities and 
positive T wave only for strong transmural heterogeneity, 

 bipolar ECGs have negative T wave for homogeneous and weak heterogeneous slabs, but 
positive T wave for a strong transmural heterogeneity; 

B) for large undulated excitation wavefronts, modeling normal propagation across the left ventricular 
wall, 

 unipolar ECGs have positive T wave also for a homogeneous or weak transmural 
heterogeneous tissue, 

 as for the planar excitation wavefront, bipolar ECGs have always negative T wave, except for 
a strong transmural heterogeneity. 
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