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Abstract

In this study, we used a in-silico cardiac wedge model
with high spatial resolution to evaluate the role of trans-
mural heterogeneity on T-wave morphology.

Computer simulations were performed with transmural
electrograms recorded with a pacing rate of 60 bpm. QT
and TpTe intervals were extracted. The model consisted
of: i) a human left-ventricular wedge mesh (∼4 millions
cells); and ii) modified version of the ten Tuscher 2006 car-
diac cell model with an added late sodium current. Hetero-
geneity was generated by changing the spatial distribution
of cell types, i.e., M-cells and Epi-cells, across the wedge.
Three different cell distribution were used in the simula-
tions: i) random; ii) layers; and iii) layered then gradient.
The wedge was stimulated to produce a normal activation
propagating from endocardium to epicardium.

Our simulations showed that a positive T-wave required
the repolarization wave to predominately propagate in op-
posite direction to the depolarization wave with longer
APDs in the endocardial region compared to epicardium.
Moreover, QT intervals increased with the amount of M-
cells in the wedge model while TpTe intervals were depen-
dent on the transmural heterogeneity.

In summary, we showed that cell distributions highly af-
fect both repolarization and T-wave morphology parame-
ters in a high-resolution human wedge model.

1. Introduction

The spatial heterogeneity of ventricular repolarization of
the heart is hypothesized to play a role in the genesis of the
T-wave on the surface ECG. However, the role of the spa-
tial heterogeneity on the T-wave morphology remains to
be characterized in detail. In-vitro experiments show that
the T-wave in transmural electrograms is generated from
electrical propagation during repolarization [1].
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Figure 1. Example of cell distribution in the wedge model
showing a transmural view from the endocardium (left) to
the epicardium (right). Black O and Grey ∗ symbols cor-
respond to M-cells and Epi cells, respectively.

Several in-silico studies have assess the role of the
spatial heterogeneity on the T-wave morphology [2, 3].
The main findings were that the action potential duration
(APD) must decrease towards the epicardium to obtain rea-
sonable T-wave morphology characteristics.

In this study, we investigated the role of cell distribu-
tions and heterogeneity on ventricular repolarization in a
high resolution human wedge model. In particular, we de-
signed three experiments to assess the dependence of T-
wave morphology on the cell distribution.
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2. Methods

2.1. Geometry of the wedge model

The computational wedge model was extracted from an
anatomical model of the human left ventricle described
elsewhere [4]. The anatomical model was reconstructed
by using cryosectional images stored in the Visible Hu-
man Project of The National Library of Medicine [5]. The
dimensions of the wedge model were 32×35×32 mm (35
mm was the transmural length) with a spatial resolution of
0.2 mm. The model was comprised of approximately 4
million cells. Figure 1 shows the transmural geometry of
the cardiac wedge model.

2.2. Mathematical model

As in [4], Endocardial cells (Endo), M-cells (M) and
Epicardial cells (Epi) were modeled using a modified ver-
sion of the ten Tusscher 2006 model [6] in which the late
sodium current (NaL) was added. The parameters that
characterize the different cell types are shown in tab. 1.
For the experiments described here, only M- and Epi cells
were used. The monodomain formalism was employed
and the conductivity was set 0.03 mS/mm for each node
in the wedge model. The fiber direction was the same as
reported in [7].

2.3. Experiments

Experiments were designed to assess the effect of cell
heterogeneity on the repolarization profile and transmural
ECG. Three different configuration of cell types were used:
“Random”, “Layered”, “Layered then Gradient”. Then, T-
wave morphology was characterized based on several mea-
sures, i.e., QT and T-peak to T-end (TpTe) intervals, APD
at 90% of repolarization (APD90) and polarity of the T-
wave. (T-end was computed considering the longest repo-
larization time among all cells).

Table 1. Parameters that differentiate the cell types: con-
ductivity values of the slow and rapid potassium currents
(GKs

and GKr
), transient net outward current (Gto ) and

late sodium current (GNaL), and the sodium-potassium
pump parameter PNaK .

Parameter M Epi Unit
GKs 0.196 0.392 (pS/pF)
GKr

0.450 0.450 (pS/pF)
Gto 0.294 0.294 (pS/pF)
GNaL 0.300 0.150 (pS/pF)
PNaK 3 3 (pA/pF)

Three stimuli were triggered on the endocardial side at

cycle length of 1 s. Using the last beat of the experi-
ment, we analyzed: i) the transmural potential computed
by the difference between two virtual electrodes located to
the epicardium and the endocardium; and ii) the APD90
computed using a single threshold at 10% of the difference
between the maximum and the minimum electrical poten-
tial. The sampling frequency was 100 Hz for APs and 200
Hz for the transmural potential.

2.3.1. Experiment 1: Random

In the first experiment, cell types were selected ran-
domly from a Bernoulli distribution of parameter p, in
which p was defined as the probability of having an M-
cells. The parameter p was varied between 0 and 1, with
zero being a wedge of only Epi cells and one a wedge with
only M-cells.

As function of the parameter p, we characterized the
repolarization parameters: i) T-wave polarity; ii) QT and
TpTe intervals; and iii) average APD90.

2.3.2. Experiment 2: Layered

A layer of M-cell covering all the endocardial surface
was varied from 0% to 100% of the total transmural length
with an increment of 10%. 0% corresponded to the wedge
with only Epi cells and 100% a wedge of only M-cells. In
each of the 11 simulations, we determined the: i) QT and
TpTe intervals from the transmural electrogram; and ii)
the APD Dispersion (max[APD90]-min[APD90]) and the
standard deviation of the repolarization times (STD[RT])
as measures of heterogeneity of the ventricular repolariza-
tion (the latter was recently proposed in [8]).

2.3.3. Experiment 3: Layered then Gradient

A layer of M-cell was placed at the endocardial surface
up to the 30% of the transmural length. Adjacent to this
layer, a random mixture of M- and Epi-cell was set up to
53%, 76% and 100% of the transmural length, creating a
gradient interface. The parameter p (see sec. 2.3.1) was
decreased linearly in the region with the mixture. All re-
maining cells in the wedge were set to Epi cells. The direc-
tion of the ventricular repolarization wavefront was char-
acterized for all three constructed cases. A representative
example of the second cell distribution is shown in fig. 1.

3. Results

The typical conduction velocity was 66.3 cm/s.

3.1. Experiment 1: Random

The polarity of the T-wave was negative for all the value
of p in the range 0-1.

434



Time [ms]
0 100 200 300 400 500

A
ct

io
n 

P
ot

en
tia

l [
m

V
]

-100

-80

-60

-40

-20

0

20

40
(a)

~8%
~50%
~95%

p
0 20 40 60 80 100

Q
T

 [m
s]

400

425

450

475

500

525

550
(b)

T
pT

e 
[m

s]

50

55

60

65

70

p
0 20 40 60 80 100

A
P

D
 [m

s]

300

325

350

375

400

425

450
(c)

Figure 2. Results of the first experiment are shown. Fig. (a): examples of AP extracted in three regions of the wedge
model, i.e., at ∼8%, ∼50% and ∼95% distance from the endocardium, when the probability to select a M-cell (p parameter)
was 50%. Fig. (b): QT and TpTe intervals as a function of the p parameter. Fig. (c): mean and standard deviation of the
APD90 across the wedge as a function of the p parameter. Moreover, the regression line is shown (R2 = 0.99; p < 0.05).

Time [ms]
0 100 200 300 400 500

A
ct

io
n 

P
ot

en
tia

l [
m

V
]

-100

-80

-60

-40

-20

0

20

40
(a)

~8%
~50%
~95%

% M-wall Thickness
0 20 40 60 80 100

Q
T

 [m
s]

400

425

450

475

500

525

550
(b)

T
pT

e 
[m

s]

50 

60 

70 

80 

90 

100

110

% M-wall Thickness
0 20 40 60 80 100

A
P

D
 D

is
pe

rs
io

n 
[m

s]

10 

30 

50 

70 

90 

110

130

150
(c)

S
T

D
[R

T
] [

m
s]

15

25

35

45

Figure 3. Results of the second experiment are shown. Fig. (a): example of AP extracted in three regions of the wedge
model when a layer of M-cell was placed to cover the 50% of the total transmural length. Fig. (b): QT interval duration
and TpTe interval while varying the thickness of the M-cell layer. Fig. (c): APD Dispersion and STD[RT] while varying
the thickness of the M-cell layer.
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Figure 4. Results of the third experiment are shown. Electrograms obtained from three different cell distributions in which
a layer of M-cells was placed at the endocardial surface up to 30% of the transmural length. Then, a gradient interface was
set up from 30% to 53% (a), 76% (b) and 100% (c) of the transmural length. Each horizontal bar indicates the time interval
in which the first and last cell repolarized in an incremental layers of 5% wall thickness, ordered from the endocardium
(bottom line) to the epicardium (top line).

Figure 2a shows an example of the AP measured in the
endocardium, middle of the wedge and epicardium. In all
cases, the first cell that depolarized was also the first cell

to be completely repolarized.

QT interval increased with increasing the percentage of
M-cells, while TpTe interval remained constant (fig. 2b).
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Finally, we tested the linear correlation between the pa-
rameter p of the Bernoulli distribution, i.e., probability to
set a cell as M-cell, and the average APD90 across the
wedge, and we obtained a very high linear correlation (fig.
2c; R2 = 0.99; p < 0.05).

3.2. Experiment 2: Layered

A negative T-wave was obtained when the wedge was
constructed from a single cell type, i.e., the M-cell layer
was either 0% or 100%; in all the other cases, the polarity
of the T-wave was positive. In particular, the epicardium
repolarized before the endocardium when the thickness
was between 20% to 90% (fig. 3a) of the total transmu-
ral length. However, when the thickness was 10%, the epi-
cardium repolarized last, creating a double peaked T-wave.

QT interval duration monotonically increased with the
thickness of the M-cells layer. In contrast, TpTe interval
was longest when the layer of M-cells was approximately
60% of the total transmural length (fig. 3b).

APD Dispersion and STD[RT] were maximum when the
M-cell layer was covering the half of the wedge model (fig.
3c).

3.3. Experiment 3: Layered then Gradient

The polarity of the T-wave was positive independently
of the thickness of the interface layer between M- and
Epi cells. However, the propagation of the repolarization
wavefront was different. Indeed, in the first and in the sec-
ond simulation, the repolarization started approximately in
the middle of the wedge and propagated toward both the
endocardium and epicardium (fig. 4a and fig. 4b). Only in
the third simulation, where there was not a well defined
single cell epicardial layer, the repolarization wavefront
propagated from the epicardium toward the endocardium
(fig. 4c). Figure 4a, figure 4b and figure 4c show the elec-
trograms obtained considering three complex cell distribu-
tions. Each horizontal bar indicates the time interval in
which the first and last cell repolarized in a layer of 5%
from the endocardium (bottom line) to the epicardium (top
line). Such time intervals showed how the repolarization
times affected the T-wave morphology.

4. Conclusion

In this study, we investigated the effects of the cell dis-
tribution on the heterogeneity of the ventricular repolariza-
tion using a high-resolution human left-ventricular wedge
model.

In general, a positive T-wave required a repolarization
wavefront that propagated from the epicardium towards
the endocardium, consistently with the scheme proposed
in [1]. The proper repolarization direction required longer

APDs in the endocardial region compared to epicardium
(fig. 3a). However, a positive T-wave could be obtained
even when repolarization wavefront did not propagated to-
wards the endocardium exclusively (fig. 4a and fig. 4b).

T-wave morphology parameters were dependent on the
cell distribution. However, QT interval duration was more
sensitive to the presence of M-cells in the wedge than TpTe
(fig. 2b and fig. 3b). The latter were more correlated to the
heterogeneity of the cell distribution (fig. 3b and fig. 3c),
measured by APD Dispersion and STD[RT].

References

[1] Yan G, Shimizu W, Antzelevitch C. Characteristics and dis-
tribution of m cells in arterially perfused canine left ventric-
ular wedge preparations. Circulation 1998;98:1921–1927.

[2] Hurtado DE, Kuhl E. Computational modelling of electro-
cardiograms: repolarisation and T-wave polarity in the hu-
man heart. Comput Methods Biomech Biomed Engin 2014;
17(9):986–996.

[3] Colli Franzone P, Pavarino LF, Scacchi S, Taccardi B. T wave
polarity of simulated electrocardiograms: influence of trans-
mural heterogeneity. Int J Bioelectromagn 2009;11(1):11–
16.

[4] Richards DF, Glosli JN, Draeger EW, Mirin AA, Chan B,
luc Fattebert J, Krauss WD, Oppelstrup T, Butler CJ, Gun-
nels JA, Gurev V, Kim C, Magerlein J, Reumann M, Wen
HF, Rice JJ. Towards real-time simulation of cardiac elec-
trophysiology in a human heart at high resolution. Com-
puter Methods in Biomechanics and Biomedical Engineering
2013;16(7):802–805.

[5] US national library of medicine visible human project. URL
http://www.nlm.nih.gov/research/visible/
visible_human.html.

[6] ten Tusscher KHWJ, Panfilov AV. Alternans and spiral
breakup in a human ventricular tissue model. Am J Phys-
iol Heart Circ Physiol 2006;291(3):H1088–H1100.

[7] Mirin AA, Richards DF, Glosli JN, Draeger EW, Chan B,
Fattebert Jl, Krauss WD, Oppelstrup T, Rice JJ, Gunnels JA,
Gurev V, Kim C, Magerlein J, Reumann M, Wen HF. Toward
real-time modeling of human heart ventricles at cellular reso-
lution: Simulation of drug-induced arrhythmias. In Proceed-
ings of the International Conference on High Performance
Computing, Networking, Storage and Analysis, SC ’12. Los
Alamitos, CA, USA: IEEE Computer Society Press, 2012;
2:1–2:11.

[8] Sassi R, Mainardi LT. An estimate of the dispersion of re-
polarization times based on a biophysical model of the ECG.
IEEE Trans Biomed Eng 2011;58(12):3396–3405.

Address for correspondence:

Massimo Walter Rivolta
Dipartimento di Informatica, Università degli Studi di Milano,
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