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Ventricular tachycardia and ventricular fibrillation are two types of cardiac arrhythmias that usually 

occur during acute ischemia and frequently lead to sudden death. Pro-arrhythmic mechanisms related 

to acute ischemia have been extensively investigated, although often in animal models rather than in 

human. In this work, we investigate how hyperkalemia affects the vulnerable window to reentry and the 

reentry patterns in the heterogeneous substrate caused by acute regional ischemia using an anatomically 

and biophysically detailed human biventricular model. The ischemic region was located in the inferolat - 

eral and posterior side of the left ventricle, mimicking the occlusion of the circumflex artery, and includes 

a wash-out zone not affected by ischemia located in the endocardium. Realistic heterogeneity and fiber 

anisotropy have been considered in the model. An electrophysiologically detailed human action potential 

model has been modified to simulate ischemic conditions. The model predicts the generation of sustained 

reentrant activity in the form of single and double circuits around an area of block within the ischemic 

zone for K+ concentrations below 9 mM, with the reentrant activity corresponding to ventricular tachy- 

cardia in all cases. Our results also suggest that the wash-out zone is a potential pro-arrhythmic factor 

that favors sustained ventricular tachycardia. 

 

 

1. Introduction 

 
Ventricular tachycardia and fibrillation are known to be two 

types of cardiac arrhythmias that usually take place during acute 

ischemia, and frequently lead to sudden death [27]. Even though 

these arrhythmias arise from different conditions, ischemia is the 

most important perpetrator among them. The interruption of blood 

irrigation to the myocardium during acute ischemia has two main 

consequences from an electrophysiological point of view. Together 

with the reduction in nutrient delivery, the myocardium suffers a 

reduction in oxygen supply (hypoxia), an increase of extracellular 

potassium concentration [K+]o (hyperkalemia), and an acidification 

of the underlying tissue (acidosis). These metabolic changes within 

the injured region cause significant alterations in the action poten- 

tial (AP), a reduction in excitability and conduction velocity (CV), 

and an increase in the effective refractive period (ERP) among oth- 

ers [1,17]. In addition, these changes do not occur homogeneously 
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within the injured region. In general, the impact of ischemia in 

the myocardium is characterised by a high degree of heterogene- 

ity, both intramurally and transmurally, providing an important 

pro-arrhythmic substrate [3,15]. 

Pro-arrhythmic mechanisms of acute ischemia have been exten- 

sively investigated, although often in animal models rather than in 

human. Seminal studies by Janse et al. [16,17] in porcine and canine 

hearts highlight the complexity of the pro-arrhythmic and spatio- 

temporally dynamic substrate in acute ischemia. They observed 

that heterogeneity in excitability and repolarization properties 

across the borderzone leads to the establishment of reentry around 

the ischemic region after premature excitation [17,34]. The same 

studies also showed intramural reentry in certain cases, high- 

lighting the potential variability in the mechanisms. However, the 

mechanisms that determine reentry formation and intramural pat- 

terns in acute ischemia in the three-dimensional human heart 

remain unclear, due to the low resolution of intramural record- 

ings. In this regard, computer simulations of arrhythmias in three 

dimensional virtual human hearts may overcome these limitations 

and help to better understand the mechanisms of reentry initiation 
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and maintenance, as well as the interactions and synergies between 

the different scales. 

In the past 20 years, mathematical modeling and computer 

simulations in electrophysiology have become a useful tool in ana- 

lyzing myocardial arrhythmias [26]. In one of the first works on 

acute ischemia by Ferrero et al. [7], the authors analyze the role 

that metabolic changes produced during ischemia have on the elec- 

trophysiological behavior of cardiac tissue. However, these and 

subsequent simulations were limited to two dimensional tissue 

preparations [7,32], providing only a partial view of the problem. 

Three dimensional simulations have been limited to the globally 

ischemic heart [25], with limited work performed in modeling the 

human heart subjected to acute ischemic conditions [5,13,33]. In 

this regard, Weiss et al. [33], account for heterogeneities caused 

by ischemia, as well as AP duration (APD) differences, both trans- 

murally and apex to base. However, their action potential under 

acute ischemic conditions used the model proposed by Ferrero 

et al. [6] for guinea pigs and did not report reentrant activity. 

Heidenreich et al. [13] developed a human acute ischemic heart 

accounting for realistic fiber orientation and transmural hetero- 

geneities. Their model was able to predict the generation of non 

sustained reentry, which patterns were in partial agreement with 

those reported experimentally [15]. Dutta et al. [5] have investi- 

gated on how reduced repolarization increases arrhythmic risk in 

the heterogeneous substrate caused by acute myocardial ischemia. 

In their work, Dutta et al. [5] developed a human ventricular 

biophysically-detailed model with acute regional ischemia. Even 

tough macro-reentries around the ischemic zone were reported, 

these reentries self-terminated before completing three complete 

circuits, i.e., only non sustained reentry was achieved. 

In this work, we investigate how hyperkalemia affects the 

vulnerable window to reentry and the reentry patterns in the het- 

erogeneous substrate caused by acute regional ischemia, using 

an anatomically and biophysically detailed human biventricular 

model. This investigation develops on our previous model [13] 

based on the monodomain paradigm for simulating the propa- 

Transmural heterogeneity of the electrophysiological properties 

across the heart is necessary to accurately describe normal cardiac 

function. In this regard, transmural differences in the electrophys- 

iological behavior of the cells were introduced in order to obtain 

an APD gradient from the endocardium to the epicardium, with 

the longest APD at the midendocardium [11]. This was achieved 

by defining a layered distribution that includes the three cell types 

defined in the TP06 models in a proportion of 43% of epicardial cells, 

20% of endocardial cells, and the remaining 37% being occupied 

by midmyocardial cells according to the APD distribution reported 

in [11] for the healthy human heart. This distribution resulted in 

a positive T wave in all synthetic electrograms computed in the 

precordial leads as shown in Fig. 1, in addition to a normal pro- 

gression of the QRS complex (for the case of acute ischemia under 

investigation). As in other works [5,13], the present model does not 

incorporate explicit apex-to-base APD heterogeneity. 

 
2.2. Action potential model under ischemic conditions 

 
All simulations were performed with a modified version of the 

ten Tusscher and Panfilov (TP06) model of the human AP [30]. The 

model describes with high degree  of  electrophysiological  detail 

the principal transmembrane ionic currents: sodium current INa, L- 

type calcium current ICaL, inward rectifying current IK1, fast delayed 

rectifying current IKr, slow delayed rectifying current IKs,  tran- sient 

outward current Ito, sodium–calcium exchanger current INaCa, 

sodium–potassium pump current INaK, plateau calcium and potas- 

sium currents IpCa and IpK respectively, and background sodium and 

calcium currents IbNa and IbCa. In order to describe the electrophys- 

iological changes caused by ischemia, the model was provided with 

a modified formulation of the ATP-sensitive K+ current (IKATP) pro- 

posed by Ferrero et al. [6]. The methodology was explained in detail 

in our previous work [13]. Briefly, the IKATP current was formulated 

as 

gation of APs in the heart. For the biophysical description of the 

AP under normal and ischemic conditions, the model proposed  

 (1

by ten Tusscher and Panfilov [30] (TP06) was used. In this 

regard, the model was modified to account for ischemia by 

incorporat- ing an ATP sensitive Potassium, IKATP, current. By 

analyzing high spatio-temporal resolution simulation data, we 

unravel the mech- anisms associated with the observed 

reentrant patterns observed in acutely-ischemic ventricles. 

 
2. Methods 

 
Simulation of the ischemic heart requires both an accurate 

description of the organ comprising its muscular structure and 

heterogeneity, and an appropriate model of its electrophysiologic 

behavior. The following sections offer a detailed description of the 

anatomical and biophysical model of the heart used in the present 

investigation, as well as the numerical methods used in the com- 

putations. 

 
2.1. Heart model 

 
The anatomically-based multiscale model of the heart relies on 

a previous model developed by our group [13]. Briefly, the geom- 

etry and fiber orientations were obtained from diffusion tensor 

magnetic resonance images (DT-MRI) acquired at John Hopkins 

University [14]. A regular volumetric mesh was constructed from 

the segmented images with hexahedral elements with a resolution 

of 0.4 mm 0.4 mm 0.4 mm, resulting in 1.43 million nodes and 

1.29 million hexahedral elements. 

where g0 is the maximum channel conductance in the absence of 

Na+, Mg2+ and ATP; fM, fN, fT are inward-rectification-related factors 

given in [6] that we kept unaltered in the modified model; fATP is 

the fraction of open channels; V is the transmembrane potential; 

and EK is the reversal potential of the channel (Nernst potential). 

The fraction of open channels, fATP, is given by [13] 

where [ATP]i is the ATP intracellular concentration in mmol/L, with 

Km (in mmol/L) and H (–) given by 

Km = (35.8 + 17.9[ADP]0.256, (3) 

H = 1.3 + 4.44 exp(−0.09[ADP]i), (4) 

where [ADP]i is the intracellular concentration of ADP in µmol/L, 

and a parameter that accounts for cellular heterogeneity. Param- 

eter was identified by fitting experimental data available for 

different animal models and cell types (see Fig. 2.2 in [13]) in addi- 

tion to human data reported in Koumi et al. [20]. This approach has 

been adopted by others when developing an heterogeneous model 

of IKATP [10,22]. Due to the absence of experimental data, our model 

of the ATP influence in the fraction of open channels in midmy- 

ocardial cells assumes a value of ˛ that yields the same percentage 

reduction in APD as in endocardial cells. This decision was taken 

based on the results from Wilensky et al. [34] who found a 40% 

reduction in APD for cells 1 mm deep from the endocardial surface 

in the case of phase 1a ischemia (10 min after coronary occlusion). 



 

 

 

 
 

Fig. 1. Electrophysiological heterogeneity in the acute regional ischemic heart. (A) Resting potential in the heterogeneous heart showing higher transmembrane potential 

in the ischemic tissue (CZ) and the transition through the border zone (BZ). The right panel shows a detail of the washed-zone at the endocardium defined in the model as 

reported in [34]. (B) Stimulation sites for the normal SA stimulation according to [4]. (C) Location of the pseudo-ECG probes corresponding to the six leads of the standard ECG. 

A pseudo-ECG is depicted in the bottom panel, exhibiting the ST elevation in V5–V6, with an acute T-wave in V6, and ST depression in V1–V4 consistent with an infarction 

involving the inferior, lateral and posterior walls caused by the occlusion of the proximal circumflex artery. In addition, the positive T wave following the changes in the ST 

segment is consistent with the inverse relationship between APD and activation times. 

 

Differently to our previous work [13], parameter g0 was iden- 

tified for the epicardial cells first and then this value was used for  

the remaining cell types. We then verified that the modified AP  

model for the other cells was able to reproduce the changes in APD 

for ischemic conditions. We adopted this strategy as we believed it 

was reasonable to assume the maximal channel conductance g0 to be 

independent of the cell type. To test the model, 100 stimuli at a basic 

cycle length (BCL) of 1000 ms were applied to an isolated cell. The 

APD at the last stimulus was measured under physiological and 

pathological conditions. Table 1 shows the adopted [K+]o, [ATP]i 

and [ADP]i values to define physiological and ischemic conditions. 

Table 2 summarizes the parameters used in the IKATP current model. 

The table also shows the value of APD computed for the 

physiological and ischemic conditions defined in Table 1. The value 

Table 1 

Extracellular potassium and intracellular ADP and ATP concentrations defining 

physiological and ischemic conditions for the simulations. 
 

 

Condition [K+]o mM [ATP]i mM [ADP]i µM 

Normoxia 5.4 6.8 15.0 

Ischemia 9.9 4.6 99.0 
 

 

 

 
of APD obtained when the IKATP current remains inactive is also 

shown for completeness. 

The APD variation between normal and hypoxic conditions 

given in Table 2 are in good agreement with experimental obser- 

vations by Furukawa et al. [8]. Additional tests were conducted in a 

one-dimensional cable in order to assess the effect of electrotonic 
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Table 2 

Value of the parameters for the IKATP current adapted to the ten Tusscher model 

for different cell types. Also shown, the computed APD for the physiological and 

ischemic conditions in Table 1, and the APD associated with the original TP06 model. 
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coupling. We found that electrotonic coupling reduced APD in less 

than 1%, in good agreement with results reported elsewhere [2]. In 

addition, the percentage reduction in APD between physiological 

and ischemic conditions shown in Table 2 were maintained. 

 
2.3. Electrophysiological heterogeneities under acute ischemia 

 
The ischemic region was located in the inferolateral and pos- 

terior side of the left ventricle, mimicking the occlusion of the 

circumflex coronary artery (see Fig. 1A). The ischemic region com- 

prised realistically dimensioned transitional border zones (BZ), a 

normal zone (NZ), and the ischemic central zone (CZ), mimicking 

experimental findings [3] during the early stages of ischemia. In 

order to study three different time frames during acute ischemia, 

[K+]o was set at three different values (7.0, 8.0 and 9.0 mM) in the 

CZ. The inward Na+ and L-type C2+ currents were scaled by a factor 

of 0.85 to mimic the effect of acidosis [7,35], whereas [ATP]i and 

[ADP]i concentrations were set to 5 mM and 99 µM respectively 

[16]. The border zone included a linear variation in the electro- 

physiological properties between the NZ and the IZ as shown in 

experiments [3]. In addition, the model includes a 1.0 mm wash- 

out zone (not affected by ischemia) in the endocardium (see right 

panel in Fig. 1A), which results from the interaction between the 

endocardial tissue and the blood in the ventricular cavities (Wilen- 

sky et al. [34]). The resulting human ventricular model in acute 

regional ischemia produced correct synthetic electrocardiograms 

at the six precordial leads (see bottom panel in Fig. 1), exhibit- 

ing the ST elevation in V5–V6, with an acute T-wave in V6, and ST 

depression in V1–V4, consistent with an acute myocardial infarc- 

tion involving the inferior, lateral and posterior walls caused by the 

occlusion of the proximal circumflex artery [23]. 

 
2.4. Stimulation protocol 

 
Our model does not incorporate the specialized conduction sys- 

tem of the heart. However, Purkinje-like stimulation was simulated 

by stimulating discrete zones of the endocardium according to the 

results reported by Durrer et al. [4], an approach followed by oth- 

ers [5,13]. According to Durrer et al. [4], endocardial stimulation in 

the left ventricle starts at three well-defined locations within a time 

window of 5 ms: (i) An area on the superior anterior paraseptal wall 

just below the attachment of the mitral valve; (ii) A central area on 

the left surface of the interventricular septum; and (iii) The poste- 

rior paraseptal area at about one third of the distance from apex 

to base. For the right ventricle, we have defined a stimulation area 

near the insertion of the anterior papillary muscle. In the right ven- 

tricle, stimulation starts 5 ms after the onset of the left ventricular 

propagation [4]. Fig. 1B shows the location for the four stimulation 

areas. 

The model was preconditioned with endocardial stimulation 

(S1) consisting on 56 stimuli delivered at a cycle length (CL) of   

800 ms (frequency of 1.25 Hz). Following the preconditioning, an 

extra-stimulus, or premature stimulation, (S2) was applied in the 

subendocardial border zone in agreement with [16]. The coupling 

interval (CI), e.g., the time difference between S1 and S2, was var- 

ied with a resolution of 1 ms to determine the vulnerable window 

of reentry. A depolarization pattern was considered as a reentry if 

at least two cycles were completed around the ischemic zone. Sus- 

tained reentrant patterns were studied during three seconds after 

the extra stimulus for different values of extracellular potassium 

concentration in the CZ. 

 
2.5. Numerical methods 

 
The variation of the transmembrane potential, V, in the heart 

was modeled using the monodomain model [9] 
 

where D is the symmetric and positive definite conductivity tensor, 

Cm the membrane capacitance, Jion(V, w) the transmembrane ionic 

current, Jstm the stimulation current, w is a vector of gating variables 

and concentrations, f is a vector valued function, and t is time. Both, 

Jion and f depend on the cellular model used. The TP06 ionic model 

includes 13 gating variables and 5 ionic concentrations for a total 

of 19 state variables (including V). 

The boundary conditions associated with the monodomain 

model are 

n · ∇ (D ∇V ) = 0. (7) 

where n is the outward normal. 

The tissue was assumed to be transversally isotropic with D 

defined as 
 

D = aL[(1 − r)nf ⊗ nf + rI], (8) 

where nf is the local muscle fiber direction, aL  is the conductivity  

of the tissue along the fiber, r = aT/aL with aT the conductivity in 

the direction perpendicular to the fiber, and I is the second order 

identity tensor. For the simulations we set  aL = 0.00132 cm2/ms 

and r = 0.475 which led to a maximum planar conduction velocity 

of 66 cm/s along the fiber direction and 39 cm/s perpendicular to 

the fiber direction in good agreement with experiments in human 

myocardium [4,29]. Calibration of the conduction velocity was per- 

formed on a prism 2 cm 2 cm 10 cm by delivering a planar wave 

along the longest axes of the prism and measuring the conduc-   

tion velocity in the middle of the prism. In addition, the membrane 

capacitance has been set to 1 µF/cm2. 

The monodomain model represents an important simplifica- 

tion of the more complex bidomain model [9], but offers important 

advantages for mathematical analysis and computation. Despite its 

simplicity, this model is adequate for studying a number of elec- 

trophysiological problems as ventricular fibrillation or the onset 

of ischemia in the electric behavior of the heart [7,5,30]. From     

a mathematical and numerical point of view, Eqs. (5)–(7) repre- 

sent a reaction-diffusion equation. This problem was solved using 

the finite element method for spatial discretization, in conjunction 

with the operator splitting scheme in combination with the implicit 

Euler method for the time discretization, as described in [12,21]. 

Computations were performed with the GPU-based software TOR 

[21] using a fixed time step of 0.02 ms. Simulation of 1 s of electric 

activity took 1.5 h on a GPU Tesla M2090 (6GRAM DDR5). 

Assuming that the heart is immersed in an infinite homoge- 

neous isotropic medium, synthetic electrograms (pseudo-ECGs) 

were obtained using the transmembrane membrane potential, V, 

Cell Parameter IKATP active IKATP inactive 

Type g0 ˛ APDNor APD
Isq 

APDNor
 

90 90 

 mS – ms ms ms 

ENDO 4.5 0.32 299 265 299 

MID 4.5 0.86 393 178 393 

EPI 4.5 1.0 298 141 298 
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Fig. 2. Segmented torso with the heart model used on this investigation along with 

the location of the precordial leads used to compute the pseudo-ECG. 

 

in all nodes of the heart mesh [9,24]. Specifically, the surface elec- 

trocardiogram in the ith lead, cf> i, was obtained as: 

Fig. 4. Vulnerable window for different levels of [K+]o. Early stimulation starts at 

point F in Fig. 3. 

 
 

positioned in the thorax along with the location of the six precordial 

leads. 

 
3. Results 

 
In general, our results show spatial heterogeneities in the prop- 

agated action potential throughout the regional ischemic tissue, as 
 
  reported experimentally, such as in resting membrane potential 

(  85.2 mV in the NZ, and 72.5 mV in the CZ, with potentials vary- 

ing between these values in the BZ). During a basic beat, activity 

where a is a constant associated to the conductivity of the extra- 

cellular medium, d the distance between the electrode and dv, and 

is the domain of integration (i.e., the ventricular volume). 

The pseudo-ECG was computed in six different positions that 

correspond with the precordial leads as shown in Fig. 1C. In order 

to correctly locate the position of the electrodes, we positioned our 

model of the heart in a segmented torso in place of the original 

heart. The position of the electrodes corresponded to the location 

of the six precordial lead electrodes. The torso dataset was obtained 

from the online open repository at the Centre for Integrative 

Biomedical Computing (CBIC) from University of Utah [31]. Data in 

this repository was anonymised and open to the research commu- 

nity at the time of building the new 3D torso model (RIUNET, http:// 

hdl.handle.net/10251/55150). The bones and ventricles present in 

the torso were reconstructed by grey-level threshold segmentation 

by means of the software Mimics (The Materialise Group, Leuven, 

Belgium). Fig. 2 shows the segmented torso with the heart model 

spreads from three directions into the ischemic area as shown in 

Fig. 3A. A premature stimulus was delivered at the point of first 

activation in the subendocardium of the BZ after the last the basic 

beat (see point F in Fig. 3B). 

The premature stimulus was delivered at different coupling 
intervals to determine the vulnerable window for three different 

levels of extracellular potassium, [K+]o. Fig. 4 shows the results for 

an early activation initiating at point F in Fig. 3. 

Extracellular potassium concentration was found to have a sig- 

nificant effect on the size of the vulnerable window. For [K+]o 

7 mM, the vulnerable windows was found to be the largest (20 ms), 
with CIs originating reentry between 250 and 270 ms. For CIs 
between 250 and 265 ms, sustained reentry (lasting more that      
3 s, about 7–8 beats) was observed, whereas for CIs between 265 
and 270, the reentrant activity self-terminated after three reen- 

try circuits (3 beats). For [K+]o 8 mM the vulnerable window  

was reduced to 15 ms (CIs between 255 and 270 ms). In this case, 

 

 
 

Fig. 3.  Depolarization pattern through the ischemic tissue (delimited by the white line) during basic activation (A), and right after the premature stimulus (B). The ischemic 

tissue is depolarized by three different fronts coming from the normal activation sites shown in Fig. 1B. The ectopic beat was delivered at the subendocardium of first point 

being depolarized within the ischemic tissue (point F in the right panel). 
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Fig. 5. Reentrant patterns at endocardium (A) and epicardium (B) for the last recorded beat for the case [K+]o = 7.0 mM and CI = 260 ms. Panel C shows the pseudo-ECG 

corresponding to the lead V3, the arrows indicate the window corresponding to the patterns shown in panels (A) and (B).  

 

sustained reentry was observed for CIs between 255 and 265 ms. 

Conversely, no reentrant activity was found for [K+]o 9.0 mM. 

In general, for CIs below the lower limit of the vulnerable window, 
bidirectional block occurred without generating re-entrant activity. 
Conversely, for CIs above the upper limit of the vulnerable window, 
conduction through the ischemic zone occurred. 

Fig. 4 shows that the results depend on the location of the pre- 

mature stimulation. To explore this fact, the vulnerable window 
was determined for point F1 in Fig. 3. As in the previous case, no- 

reentrant activity was obtained for [K+]o 9.0 mM. For [K+]o 

7.0 mM, the vulnerable window reduced to 10 ms (CI between 
265 and 275 ms) with the reentrant activity self-terminating after 
two beats (800 ms). A similar result was obtained for the case of 

[K+]o 8.0 mM, with reentrant activity observed for CIs between 

290 and 310 ms that self-terminated after two reentrant circuits. 

The reentrant activity observed for different levels of [K+]o, 

and different prematurely stimulated sites, mimicked ventricular 

tachycardia in all cases without degeneration in ventricular fib- 

rillation, at least within the observed window of 3 seconds after 

earlier stimulation (see Fig. 5). In all cases where sustained reen- 

try was found, the same pattern emerged at the epicardium. After 

initiating early activity (at point F in Fig. 3), conduction within the 

ischemic region slows down (see the frequency of the pseudo-ECG 

in Fig. 5C) and a fragmented wavefront with multiple areas of con- 

duction block are observed in the epicardium due to intramural 

reentry (see bellow). In subsequent beats, this pattern evolves into 

a circus, or double circus, movement within the CZ around an area 

with a diameter of around 4.0 cm and a period in the order of 250 ms 

as shown in Fig. 5B for the last recorded beat ([K+]o 7.0 mM and 

CI = 260 ms). 

Detailed observation of the activation activity at the endo- 

cardium in Fig. 5A reveals a faster circus movement in the 

endocardium as compared to the epicardium, with a period in 

the order of 200 ms. This behavior is due to the presence of the 

wash-out zone that allows faster conduction velocity. Also, the frag- 

mentation of the wavefront at the epicardium appears to be related 

to the presence of the wash-out zone since it favors transmural 

reentry. Fig. 6A shows a snapshot of the transmembrane potential 

at the epicardium and endocardium at t = 2500 ms after initiation 

of earlier stimulation (last recorded beat) for a [K+]o 7.0 mM  

and CI = 260 ms. The figure demonstrates how the double circuit 

closes first at the endocardium. The transmural map of the trans- 

membrane potential depicted in Fig. 6B shows how the faster 

endocardial conduction favors intramural conduction, causing this 

wavefront to emerge at the epicardium at t = 2509 ms as shown in 

Fig. 5B. 
Even though basically one circus movement of relatively large 

dimensions is the responsible for the sustained tachycardia, the 

pattern of the reentrant wavefront, position and dimensions 
changes from beat to beat. Fig. 7 shows the changes in the pattern 
from a single circuit to a double circuit in the form of a figure-of- 

eight reentry, for the case of [K+]o 7.0 mM and CI = 260 ms. The 

reentry was always observed within the ischemic region. In addi- 
tion, in all cases where sustained reentry was found, the reentrant 
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Fig. 6. Transmembrane potential at t = 2500 ms after initiation of earlier stimulation ([K+]o = 7.0 mM and CI = 260 ms). (A) Depolarization map at the epicardium and 

endocardium. (B) Transmural depolarization map. 

 

 
Fig. 7. Evolution of the reentry pattern from beat to beat. The sequence indicates an evolution from a single circus to a double circus (figure of eight) to then come back to a 

single circus patter ([K+]o = 7.0 mM and CI = 260 ms). 

 

front was lead from the endocardial surface where the pattern was 

clearly identified for all CIs. Reentry patterns were not altered when 

the basic stimulation was maintained after delivering the extra- 

stimulus, indicating that tachycardia overrides normal stimulation. 

Our results also indicate that reentrant activity may be sustained 

in part by the presence of a wash-out zone in the endocardium as 

suggested by Wilensky et al. [34]. In order to get a better insight, all 

simulations were repeated with a heart model without the wash- 

out zone. Fig. 8 shows the vulnerable window for the model without 

wash-out zone for a premature stimulation delivered at point F         

in Fig. 3. The most significant finding was that all reentries self- 

terminated after two or three complete circuits. The model without 

wash-out  zone  still  predicts  non  sustained  reentries  for  [K+]o = 

7 mN and [K+]o  8 mN, but for a much reduced vulnerable window 
as compared to the model with the wash-out zone. In addition, non 

sustained reentries were found for [K+]o 9 mM for CIs between 

310 ms and 370 ms. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Vulnerable window for different levels of [K+]o 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
in a model without the 

 
4. Discussion 

 
We have developed a biventricular human model that combines 

a realistic anatomy and actual fiber orientations obtained from MR- 

DTI. In addition, the model integrates the biophysical features of 

membrane kinetics, as well as the electrophysiological alterations 

induced by acute regional ischemia. In this regard, the size of the 

ischemic area was defined according to previous studies [3]. In spite 

washed-out zone. Early stimulation starts at point F in Fig. 3. 

 
 

of a lack of a specialized conduction system, our simulation results 

are in agreement with experimental studies and clinical observa- 

tions [18]. Ventricular activation is in agreement with results from 

Durrer et al. [4]. Pseudo-ECGs at the six precordial leads(see bottom 

panel in Fig. 1) are consistent with an acute myocardial infarction 

caused by the occlusion of the proximal circumflex artery [23]. 
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Extracellular potassium concentration [K+]o, the factor that 

most influences the effective refractive period (ERP) in single cell 
kinetics [7,6], has also a significant effect on the vulnerable window. 

We found that the size of the vulnerable window decreases as [K+]o 

increases. Even though we did not perform simulations for lower 

values of [K+]o than 7 mM, these results are in agreement with 

the experimental findings from Smith et al. [28] that reported that 
the peak of arrhythmic events during the phase 1a acute regional 
ischemia occurs between the first five to nine minutes after occlu- 
sion. For this time window, Coronel et al. [3] reported that the 

accumulation of [K+]o in the CZ rises from 6 mM to 8.5 mM. A pos- 

sible explanation for this behavior lies on the relationship between 

the ERP and [K+]o. As [K+]o increases, ERP also increases, thus 

reducing the likelihood of reentry if the size of the ischemic area 
remains unaltered. In other words, a prolonged ERP in ischemic 
tissue would require either an increase in the size of the ischemic 
region or a decrease conduction velocity. The size of the ischemic 
region is defined by the occluded vessel and remains unchanged 

while local changes in [K+]o, [ATP]i, [ADP]i, and PH occur, as demon- 

strated by a number of studies [3,16,28,34]. In addition, Smith et al. 

[28] show that there is a relatively small increase in tissue resistivity 

during the first 10 min of ischemia (in the order of 30–50% of initial 

values). However, after 15 min of ischemia (phase 1b ischemia), a 

more prominent rise in tissue resistivity begins to develop due to 

progressive cell-to-cell electrical uncoupling. Electrical uncoupling 

implies a significant reduction in conduction velocity, favoring the 

development of reentry activity. 

The macro-reentrant patterns of activation obtained in the 

regionally ischemic human biventricular model are consistent with 

those reported by Janse et al. [16] in porcine and canine hearts. 

In all our simulations, reentrant activity corresponded to ventricu- 

lar tachycardia without registering ventricular fibrillation episodes. 

This is also in agreement with experiments from Smith et al. [28] 

which reported the onset of ventricular fibrillation to be cluster 

between 19 and 30 min of ischemia corresponding to the 1b phase. 

After stabilization of the reentrant activity, one circuit (single rotor) 

of fairly large dimension was basically observed with the activity 

circling around an area of block with a size equivalent to the CZ. 

For some beats, double circuits were observed but not sustained, 

and the reentrant activity continued because of one single reen- 

trant circuit. Patterns from our simulations closely resemble those 

reported by Janse et al. [16]. For instance, Fig. 8 in [16] shows a sin- 

gle circuit and a figure-of-eight pattern, similar to those observed 

in our simulations (see Fig. 7). 

The presence of a wash-out zone in the endocardium of the 

biophysical model of the heart has been determinant in the devel- 
opment of sustained reentry. The explanation of the observed 
differences in the vulnerable window between the model with and 
without wash-out zone was found in the rapid increase in the ERP 

as [K+]o increases. For lower concentrations, the lower conduc- 

tion velocity in the endocardium in the model without wash-out 
zone significantly reduces the time window for which reentrant 
activity can be established. Conversely, as potassium concentration 

increases, e.g., [K+]o 9 mM, the slower conduction velocity asso- 

ciated with the ischemic tissue in the endocardium allows to close 

the reentrant circuit which otherwise would find the tissue within 
the refractory period as happened in the model with the wash-out 
zone. 

A number of limitations are present in this study. The Purkinje 

system was not present in our model since we were interested  

in studying the mechanisms associated with reentry rather than 

the biophysical mechanisms leading to ectopic excitation. In this 

regard, the study by Janse et al. [16] suggests that earlier activa- 

tion is most likely due to focal activity localized in the Purkinje 

fibers close to the ischemic border zone. Future studies, however, 

are intended to extend our study to evaluate the implication of 

the Purkinje system in earlier activation during acute regional 

ischemia and its potential role in contributing to arrhythmogen- 

esis. However, a recent study by Dutta et al. [5] suggests that early 

activation causing transmural micro-reentry could be generated by 

electrotonically-triggered EADs at the endocardium. 

A second important limitation is related to the definition of the 

ischemic zone itself. We have considered an idealized shape with 

smooth borders and transitions between the CZ and the NZ. Patient 

specific acute regional ischemic areas are expected to have tortuous 

borders that may contribute to modify the evolution of the reentry 

patterns and the vulnerable window. However, we believe that the 

general patterns that have emerged in this study will not be signif- 

icantly modified by the actual shape of the ischemic area as long 

as the general dimensions of the ischemic zone are maintained. 

In addition, we have only monitored the reentrant activity up to 

three seconds during which we have observed perpetuating activity 

for a restricted vulnerable window. In some cases, i.e., CI between 

265 ms and 270 ms for [K+]o = 7.0 mM, the reentrant activity spon- 

taneously terminated after completing three reentrant circuits. This 

type of behavior was also reported in [16] where tachycardia ter- 

minated within 30 s after initiation. Additional studies on larger 

ischemic zones are required in order to determine if the size of 

the ischemic area may favor the onset of ventricular fibrillation in 

the ischemic heart. In addition, the location of the ectopic activity 

is important for both the size of the vulnerable window and the 

reentrant pattern. 

Finally, our model only includes transmural heterogeneity, 

neglecting the apex-to-base dispersion in the APD. This approxi- 

mation was also followed by Dutta et al. [5]. The decision of not 

accounting for this heterogeneity could be justified by the differ- 

ences between the transmural and the apex-to-base APD gradients. 

Apex-to base dispersion of the APD is of the order of 25 ms versus 

16 ms endo–epi (even though this is not linear) [19,33]. Taking into 

account the dimensions of the heart implies that, the approximate 

apex-to-base APD gradient is of the order of 5 ms/cm versus an 

approximate 20 ms/cm endo–epi, a fourfold difference. 

In conclusion, the model predicts the generation of reentry 

within the ischemic zone due to the heterogeneity in the refrac- 

tory period between the area affected by ischemia and the normal 

myocardium. The patterns obtained with the simulations are in 

good agreement with experimental studies conducted in porcine 

and canine hearts subject to acute regional ischemia. The main 

results of the simulations can be summarized as follows: (i) As a 

consequence of the applied premature extra-stimulus, reentrant 

activity generated for CIs which range depends on the value of 

the extracellular potassium concentration [K+]o; (ii) The reentrant 

activity generated due to the extra-stimulus was initiated as a con- 

sequence of the interaction between wavefronts emerging from the 

wash-out zone into the ischemic zone; (iii) results suggest that the 

wash-out zone could act as a pro-arrhythmic substrate helping on 

establishing sustained ventricular tachycardia. 
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