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Abstract

Electrophysiological alterations of the myocardium caused by acute ischemia constitute a pro-
arrhythmic substrate for the generation of potentially lethal arrhythmias. Experimental evidence has
shown that the main components of acute ischemia that induce these electrophysiological alterations
are hyperkalemia, hypoxia (or anoxia in complete artery occlusion), and acidosis. However, the
influence of each ischemic component on the likelihood of reentry is not completely established.
Moreover, the role of the His-Purkinje system (HPS) in the initiation and maintenance of
arrhythmias is not completely understood. In the present work, we investigate how the three
components of ischemia affect the vulnerable window (VW) for reentry using computational
simulations. In addition, we analyze the role of the HPS on arrhythmogenesis. A 3D
biventricular/torso human model that includes a realistic geometry of the central and border
ischemic zones with one of the most electrophysiologically detailed model of ischemia to date, as
well as a realistic cardiac conduction system, were used to assess the VW for reentry. Four
scenarios of ischemic severity corresponding to different minutes after coronary artery occlusion
were simulated. Our results suggest that ischemic severity plays an important role in the generation
of reentries. Indeed, this is the first 3D simulation study to show that ventricular arrhythmias could
be generated under moderate ischemic conditions, but not in mild and severe ischemia. Moreover,
our results show that anoxia is the ischemic component with the most significant effect on the width
of the VW. Thus, a change in the level of anoxia from moderate to severe leads to a greater
increment in the VW (40 ms), in comparison with the increment of 20 ms and 35 ms produced by
the individual change in the level of hyperkalemia and acidosis, respectively. Finally, the HPS was
a necessary element for the generation of approximately 17% of reentries obtained. The retrograde
conduction from the myocardium to HPS in the ischemic region, conduction blocks in discrete
sections of the HPS, and the degree of ischemia affecting Purkinje cells, are suggested as
mechanisms that favor the generation of ventricular arrhythmias.



1 Introduction

Electrophysiological heterogeneities in the myocardium caused by acute ischemia can lead to
potentially lethal arrhythmias, such as ventricular tachycardia (VT) and ventricular fibrillation (VF)
[1]. Indeed, within the first 10 to 15 minutes after a coronary artery occlusion and the subsequent
lack of blood flow, the patient frequently suffers sudden cardiac death due to the appearance of
arrhythmias [2].

Experimental evidence has shown that two discrete phases of ventricular arrhythmias occur
within the first 30 minutes of myocardial ischemia [3,4]. Phase 1A takes place between 2 and 10
min of ischemia approximately [4], with reentry as the predominant mechanism of origin . VT is the
most common arrhythmia in this stage [5,6]. Phase 1B occurs within 18 — 30 min after artery
occlusion [4], although the main mechanisms for triggering arrhythmias are not precisely defined
[6,7]. A great number of VF events and larger mortality has been reported during this stage [8,9].
However, the overall incidence of arrhythmias is higher during phase 1A [8].

Electrophysiological changes at the cellular and intercellular levels occur during acute
myocardial ischemia and predispose the heart to the occurrence of arrhythmias [10]. It is well
known that the three main ischemic components that induce electrophysiological alterations in the
affected tissue are hyperkalemia, hypoxia (or anoxia, in the case of complete coronary artery
occlusion), and acidosis [11,12]. Within the acute phase of ischemia, hyperkalemia (i.e., an increase
of extracellular potassium concentration, [K*]o) generally reduces conduction velocity (CV) and cell
excitability, and induces post-repolarization refractoriness [10,13]. Anoxia (i.e., absence of oxygen
supply) shortens the action potential duration (APD) [14,15], while acidosis (i.e., a reduction of pH)
affects the behavior of certain ionic currents [16,17]. All these alterations occur in a heterogeneous
way through the myocardium, providing the pro-arrhythmic substrate for the occurrence of
reentrant arrhythmias [13].

The influence of the main ischemic components in arrhythmogenesis has been investigated in the
past. However, due to the complex process of acute myocardial ischemia, the relative contributions
of each component are still not completely established. Experimental and simulation studies have
analyzed the combined effect of hyperkalemia, anoxia, and acidosis [11,18-20], as well as the effect
of one component at a time during the generation of arrhythmias [11,21,22]. Although some
researchers have suggested the existence of a predominant ischemic component favoring the
likelihood of arrhythmias [18,19,23], there are no works that have assessed and compared the
individual influence of the three components simultaneously using a realistic 3D anatomical model
during ischemia. A 2D simulation study by Trenor et al. [19] evaluated the individual effect of these
components. However, a realistic ischemic region and HPS were not included in their work.

The role of the HPS as a possible element that favors the onset and maintenance of ventricular
arrhythmias also needs further investigation. Experimental recordings of the HPS electrical activity
have provided some evidence supporting the implication of the HPS in VF. For instance,
experiments in canines showed retrograde and anterograde propagation between the myocardium
and the HPS during VF [24]. In another study, endocardial cryoablation in pig hearts modified the
activation pattern of VF [25]. Finally, a faster extinction of VF was observed in dogs after chemical
ablation of Purkinje fibers [26]. Despite all these evidences, results in animals do not always
translate to human due to differences between species. In addition, the acquisition techniques of
these studies may be not sufficient to measure the HPS electrical activity without recording the
surrounding activity. Therefore, the role of the HPS in the onset and maintenance of ventricular
arrhythmias is controversial, and complex to assess experimentally in humans.



Computational simulations are a useful and complementary tool to analyze ischemia-induced
arrhythmias and the role of the HPS. Several simulation studies have assessed the likelihood of
arrhythmias within the first minutes of acute ischemia by the quantification of the vulnerable
window (VW) [19,20,22,27]. The VW is defined as time interval during which ectopic stimuli can
elicit a reentry. However, there are few ischemic simulation studies that include a detailed HPS
[28,29], and also a realistic ischemic region in a human ventricular model [30].

In this work, we investigate the effects of hyperkalemia, anoxia, and acidosis on the VW to
reentry during different ischemic scenarios involving different severities of ischemia. In addition,
we analyze the role of the HPS and its mechanisms of action in the generation and propagation of
reentrant activity. These studies were carried out using a 3D biventricular human model that
includes a realistic geometry of the ischemic central and border zones, as well as the cardiac
conduction system.

2 Methods

2.1 Anatomical model

In the present study, we used a 3D anatomical model of the ventricles including a realistic
geometry of the ischemic region previously developed by our group (Fig 1) [31]. The biventricular
model was built from manual segmentation of a DE-MRI stack using Seg3D software (Scientific
Computing and Imaging Institute, University of Utah, USA) [32]. A surface model of the ventricles
was generated from the segmented images and meshed using MeshGems-Hexa (Distene S.A.S.,
Bruyeres-le-Chatel, France), obtaining a volume mesh formed of 4 million nodes (vertices) and 3.71
million hexahedral elements, with an average edge length of 0.4 mm. Transmural heterogeneity of
the ventricular myocardium was assigned in the model by defining endocardial, mid-myocardial,
and epicardial zones, which were adjusted to 17%, 41%, and 42% of the ventricular wall thickness,
respectively [33-35]. Myocardial anisotropy was implemented by defining fiber orientation based
on the method by Streeter et al. [36].

The biventricular model was based on cardiac DE-MRI images from a patient that revealed
ischemic myocardial regions in the LV. Using the American Heart Association (AHA)
nomenclature, these regions were located in the medial and basal segments of both inferolateral and
inferoseptal walls (segments 3, 5, 9, and 11), and all segments of the inferior wall (apical, mid-
cavity, and basal) (segments 4, 10, and 15), mainly associated with an occlusion of the right
coronary artery (RCA) [37]. To overcome the limitations of other previous models that consider
geometrically simple ischemic and border zones [22,27,38], we used realistic regions corresponding
to chronic infarction. Although it is well known that infarcted areas do not totally match the area of
acute ischemia, simulations on an anatomical model based on experimental data will always be
closer to reality. Indeed, after myocardial ischemia has developed, the damaged tissue evolves and
changes significantly both in structure, size [39] and function, as does the border zone [40]. The
process of infarct healing is indeed complex and determined by many factors [41]. For the sake of
simplicity, in our model the 3D geometries of the ischemic central zone (ICZ) and the border zone
(BZ) (Fig 1A and Fig 1B) were obtained by applying the standard deviation (SD) method [42]
during the segmentation of the DE-MRI stack. Briefly, the myocardium was divided into healthy
and ischemic regions based on the gray color intensity of each pixel. Similarly, the ischemic region
was categorized as ICZ or BZ. ICZ was assigned for pixel intensities higher than mean value +
3xSD of healthy tissue; BZ for pixel intensities between mean + 2xSD and mean + 3xSD values;
and healthy tissue (or normal zone (NZ)) for pixel intensities below mean + 2xSD. The different
regions were mapped into the volume mesh of the ventricles and each hexahedral element was
labeled as ICZ, BZ or NZ (Fig 1A and Fig 1B). For further details regarding the biventricular model
construction, see [31].
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Fig 1. Anatomical model. (A) Short axis cross-sectional views of the biventricular model at three different levels
showing a representation of the ischemic region (ICZ in red and BZ in green) and the normal zone (NZ in blue)
reconstructed from the DE-MRI images. (B) Endocardial (upper) and epicardial (lower) views of the biventricular
model in acute ischemia. The ischemic central zone (ICZ) (red), the border zone (BZ) (green), the normal zone (NZ)
(blue), the His-Purkinje system (HPS) (yellow), and the spatial variations of [K*]o, [ATP]i, [ADP]i, pHi, pH., and LPC
across the different zones are shown. (C) HPS with its elements labeled as ICZ (red), BZ (green), and NZ (blue).
Purkinje-Muscle junctions are represented as small brown spheres. (D) Torso model, including the biventricular mesh
(red) and the precordial leads location.
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The HPS network used in our simulations was the same network developed in our previous work
[43]. It was built based on a stochastic growth method [44] using linear elements. The right
ventricle (RV) and left ventricle (LV) sections of the network comprised two and three main
branches with several subdivisions, respectively. A total of 1391 Purkinje-Muscle junctions (PMJs)
were distributed across the myocardium, which, upon simulation, yielded a typical ECG wave
morphology in the precordial leads. Furthermore, we adjusted the conductivity of the PMJs so as to
allow retrograde and anterograde electrical propagation as it has been experimentally observed [45].
Finally, each HPS element was labeled as NZ, ICZ or BZ depending on its location (Fig 1C).

To compute the ECG in the precordial leads, we fitted the biventricular model into a torso mesh
previously developed [46], using a linear transformation. The adjusted torso mesh comprised 1.26
million nodes and 7.35 million tetrahedral elements, with a spatial resolution of 0.55mm (Fig 1D).
Furthermore, tissue conductivities of lungs, liver, bones, blood pools, great vessels, and skeletal
muscle were included in the torso model. For further detailed information, see [31].

2.2 Action potential model in acute ischemia

As the basal model for our simulations, we used a modified version of the O’Hara action
potential (AP) model [47] and we introduced it into our 3D biventricular model as in our previous
work [43]. To include changes related to acute ischemia (hyperkalemia, anoxia, and acidosis) in the
model, we modified several currents and incorporated others, as in [48,49].

To introduce the effects of the ischemic factors (intracellular ATP ([ATP]i) and ADP ([ADP];),
intracellular and extracellular pH (pHi and pHo, respectively) and intracellular LPC ([LPC];)), we
followed the ischemic model previously published and validated by our group [48]. Briefly, we



introduced the following changes in the AP model. First, we incorporated the ATP-sensitive K*
current (Ikatr)) proposed by Ferrero et al. [15], which was adapted to human ventricular myocytes
by modifying the maximum conductance and the sensitivity to [ATP]; and [ADP];i using data from
Babenko et al. [50]. Second, we introduced different scaling factors in the formulations of the
Na*/K*, sarcolemmal Ca?* and SERCA pumps that depend on [ATP]i and [ADP]; as in the model
proposed by Cortassa et al. [51]. To introduce the effects of acidosis in the model, we modified the
inactivation (fs) and activation (dss) gates of the L-type Ca?* current (Ical) and multiplied the
maximum conductance by a scaling factor to mimic the experimental results observed by Saegusa et
al. [17]. Furthermore, we multiplied the fast and late Na* currents (Ina and Ina., respectively) and
the Na*/K* pump by different scaling factors that depend on extracellular and intracellular pH (pHo
and pHi, respectively), and lysophosphatidylcholine (LPC). The effects of pH, and pH; were
obtained from [52-55], while those due to LPC were obtained from [56-58]. Finally, the effect of
hyperkalemia was introduced by simply increasing the [K*]o.

The values of [K*]o, [ATP]i, [ADP]i, pHi, pHo, and LPC used in the AP model were chosen in
correspondence to four different severities of acute ischemia in the ICZ: mild (= 2.5 minutes after
occlusion), moderate (= 5 minutes after occlusion), moderate-severe (= 7.5 minutes after occlusion),
and severe (= 10 minutes after occlusion) (see Fig 2). The values for healthy and severe conditions
were taken within a range of experimental data [14,56,59-62]. Parameter values for mild, moderate,
and moderate-severe conditions were calculated using linear interpolation, except for [K*]o. For the
latter, we used a Boltzmann curve which approximately mimics the behavior of the [K*]o during the
first 10 — 15 minutes of ischemia in accordance with several experimental studies [61-64] (Fig 2).
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Fig 2. Time course of ischemia-related parameters during the first 10 minutes of acute ischemia. Parameter values
before arterial occlusion (t = 0) correspond to healthy conditions. Parameter values for 2.5, 5.0, 7.5, and 10.0 minutes of
ischemia correspond to a mild (blue traces), moderate (red traces), moderate-severe (magenta traces), and severe (green
traces) ischemic condition, respectively.

Within the BZ, the morphology and extension of which was derived from the DE-MRI images as
explained above, we implemented a nonlinear gradient of each ischemic-related parameter from its
physiological value in the NZ to its ischemic value in the ICZ, as shown in experimental studies
[65,66]. The gradient was defined by means of a steady state diffusion problem (Laplace equation)



in which all nodes within the ICZ were given a value of one and all nodes within the NZ were given
a value of zero. Then, the spatial distribution of the different ischemic-related parameters was
mapped into the model based on the value of the scalar field within the BZ. The transition within
the BZ occurred along its entire width for [K™]o, along the 50% of the BZ (next to the ICZ) for pH;,
pHo, and LPC, and along the proximal 10% of the BZ (next to the NZ) for [ATP]i and [ADP]; (see
Fig 1B, bottom panel). Figure 3 shows the distribution of [K*]o, [ADP];, and pH, for the moderate
case.
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Fig 3. Spatial distribution of ischemic-related parameters for the moderate case. (A) [K*], distribution, (B) [ADP];
distribution, and (C) pH, distribution. See text for details.

Ischemic simulations including the HPS were performed using the AP model of Purkinje cells
developed by Stewart et al. [67], which is commonly accepted. The effects of hyperkalemia on
Purkinje cells were introduced in the model by simply increasing the [K*]o as in the nearest
cardiomyocyte. The effects of anoxia and acidosis were not introduced due the lack of experimental
information.

2.3 Stimulation protocol

In the present study, we analyzed the role of each ischemic component (hyperkalemia, anoxia,
and acidosis), as well as the role of the HPS, in the generation of reentries. For this purpose, our 3D
human ventricular model with and without the HPS was used to simulate the bioelectric behavior of
the ventricles under different acute ischemic conditions. In the presence of the HPS, sinus rhythm
was simulated by applying an electrical stimulus (S1) in the hypothetical location where the bundle
of His begins. Conversely, when the HPS was removed from the model, a stimulus was applied at
each location of a PMJ at the same instant in which the PMJ was activated in the simulation with
the HPS. Seven consecutive beats with a cycle length of 600 ms were simulated in both cases. After
the fifth beat of the series, a premature stimulus (S2) was applied in a region of the epicardial BZ in
the mid posterior LV wall. This stimulus mimics the earliest epicardial activity experimentally
observed in the myocardium adjacent to the border zone after a premature beat occurred in acute
ischemia [68]. The time interval between the fifth S1 and S2 (coupling interval or Cl) was varied
with a resolution of 5 ms to determine the duration of the VW for reentry. The range of Cls that
produced at least two reentrant cycles in the biventricular model was defined as the VW.
Approximately a total of 100 simulations were conducted combining the 3D anatomical model with
and without HPS, different ischemic severity scenarios and several Cls. Simulations were executed
in a node with 64 processors, taking 2 hours to simulate 100 ms of electrical activity in the
ventricles and HPS. Thus, a complete simulation of seven heart beats (= 4800 ms) took around 4
days to be completed.



2.4 Numerical methods

Simulations were run using ELVIRA software [69]. The electrical propagation throughout the
ventricles was computed by solving the reaction-diffusion monodomain equation

v.(vam)=cma\ij+|-

ion Istim (1)

where D is the equivalent conductivity tensor, Vi is transmembrane potential, Cn is membrane
capacitance, lion is transmembrane ionic current and lsim iS the transmembrane stimulation current.
This system of differential equations that results from equation 1 plus the ordinary differential
equations related to gating and dynamic changes in ionic concentrations [69] was solved using the
finite element method (FEM).

To obtain a realistic CV in the biventricular model, we performed a set of test simulations on a
3D slab model of 20 mm x 20 mm x 8 mm as in our previous study [43]. The longitudinal (cL) and
transversal (oT) conductivities were fit to 0.5 S/m and 0.1 S/m, respectively. This calibration
yielded a CV of 0.61 m/s along the fiber direction and of 0.29 m/s perpendicular to the fiber
direction, in accordance with experimental measurements in human ventricles [70]. For the HPS,
the CV was adjusted to 2.5 m/s approximately [71,72].

The ECG and the body surface potential maps (BSPM) were obtained using an approximation of
the bidomain approach. Specifically, the transmembrane potentials computed in the nodes of the
hexahedral biventricular mesh were interpolated to the nodes of the tetrahedral torso mesh that
corresponded to the ventricular myocardium. Then, the extracellular potentials (gpe) in the ventricles
were calculated by solving the passive term of the bidomain approach

V([D; + DeIV@e) =—V-(D;VVy) (2)

where Di and De are the volume-averaged conductivity tensors of the intra and extracellular
domains, respectively [73,74]. Subsequently, applying Dirichlet boundary conditions at the
ventricles-torso interface and Neumann-type conditions at the torso surface, the extracellular
potentials were computed in the whole domain of the 3D torso model (€Q2r) by using the FEM
method to solve the following Laplace equation:

V(D -VV;)=0 in O (3)

where V1 represents extracellular potentials within the domain of the torso model (except for the
ventricles) and Dt is the heterogeneous conductivity tensor of the torso model defining its
conductive properties [31]. We assigned isotropic conductivities to each tissue (see [43] for details).
Finally, the ECG in each precordial lead was computed as the extracellular potential at the electrode
location referred to the Wilson Central Terminal, as done in the clinical practice. The total
activation time (TAT) of the ventricular mesh was estimated as the time interval between the first
and last depolarized node in the mesh above a threshold of —10mV.

3 Results
3.1 Changes in electrical activation and ECG under different severities of acute ischemia

Figure 4A shows ventricular activation maps under healthy conditions and under three different
severities of acute ischemia. In non-pathological conditions, endocardial activation of the LV



started 18 ms after the His stimulation, and 9 ms later the RV activation began. This results are
similar to those obtained by Durrer et al. in human hearts [71]. The TAT of the ventricles was
approximately 100 ms, comparable to [71,75]. The last activated part in the LV was the

anterolateral region, while the latest areas depolarized in the RV were the outflow tract and
posterobasal regions.

( A) Healthy Mild ischemia Moderate ischemia Severe ischemia

Activation (ms) Activation (ms) Activation (ms) Activation (ms)
0 2§ 1511 76 101 9 2|§W&$” 83 110 0 37 ﬁ“‘ 111 148 0 7;11".111&2\\ 213 284
111 UL [TTTnniT 11 11} ' LiILLLLLLLLL 1111 1 11
(B) Simulated ECG signal in the precordial leads
3 \Al 3 V2 3 V3 3 V4 3 V5 3 Vé
2 2 2 2 2 2
S S S S 1 S S
E E S £ = E
=0 =0 =0 =0 =0 =0
8 8 8 o ] 8
5-1 5-1 §-1 5-1 31:3-1 &1
&2 £-2 £-2 g-2 £-2 £-2 ey
— Ml
-3 -3 -3 -3 i3 -3 —Moderate
— Severe
-4 -4 -4 -4 -4 -4
0 200 400 0 200 400 0 200 400 0 200 400 0 200 400 0 200 400
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
Clinical recordings of a patient undergoing RCA occlusion
1.5 v 1.5 Ve 1.5 Ve 1.5 L 1.5 V3 1.5 ve
1 1 1 1 1 1
s =3 S S > =3
Eos Eos Eos Eos Eos Eos
g o /\[:—‘—'% & o g o & o & o & o
o o o] o o [s}
a o o o o a
-0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -
— Pre-occlusion
—Post-occlusion
-1 -1 -1 -1 -1 -1
0 200 400 0 200 400 0 200 400 0 200 400 0 200 400 0 200 400
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)

Fig 4. Simulated myocardial activation maps and ECG signals under different ischemic severities. (A) Posterior
view (top row) and anterior cross-sectional view (bottom row) of the biventricular model showing the activation on the
epicardium (upper) and endocardium and mid-myocardium (lower), respectively. White curves represent the ischemic
central zone. (B) Comparison between simulated precordial lead signals (top row) and clinical recordings of a patient

before and 3 minutes after an RCA occlusion (bottom row). Patient data were taken from the STAFF 111 database of the
Physionet repository [76].

Under ischemic conditions, the electrical conduction in the sections of the HPS located in the
ischemic region was slower. This reduction in the propagation velocity led to a delay in the onset of
ventricular activation. Accordingly, when mild ischemia was simulated, the LV and RV activation
started at 26 ms and 30 ms, respectively. During moderate ischemia conditions, the electrical



impulse from the His bundle arrived first to the RV endocardium at 34 ms, while the LV activation
started 7 ms after the onset of RV activation. In severe ischemia, the first activation in the RV and
LV occurred at 40 ms and 69 ms, respectively. Furthermore, a wavefront from the RV reached the
LV endocardium in the apical septal region at 74 ms, which depolarized the apex and the
endocardial lateral wall through myocardial propagation and retrograde conduction through the
HPS. In this last case, an incomplete left bundle branch block (LBBB) was observed.

Similarly, a reduced conduction velocity in the ischemic region led to a progressive increase in
the TAT and a change in the latest activated area. In mild ischemic conditions, the activation of the
whole myocardium took 110 ms. The last activated areas in the RV were the same regions than in
healthy conditions. However, the latest area depolarized in the LV was shifted slightly to the lateral
region. During moderate ischemic conditions, the TAT was increased to 148 ms and the latest
activated region in the LV was the posterolateral wall next to the ICZ. Under severe ischemic
simulations, a marked increase in the TAT to 248 ms was obtained. In addition, the ICZ was the
latest activated region, although in healthy conditions this region was one of the first parts of the LV
epicardial wall to be activated.

Figure 4B shows a comparison between the computed ECG in the precordial leads for
simulations in a healthy heart and under three different severities of acute ischemia (top panel), and
clinical recordings of a patient before and 3 minutes after an RCA occlusion (bottom panel). Data
were taken from the Physionet repository (https://physionet.org/), STAFF 11l database, patient 8
[76,77]. In non-pathological conditions, the duration of the QRS complex (QRSd) was
approximately 90 ms, in accordance with human data [78,79]. Under ischemic conditions, the
QRSd was increased to 98, 121, and 133 ms for mild, moderate, and severe ischemia, respectively.
This last value supports the diagnosis of an incomplete LBBB, caused by a reduced conduction
velocity in the main branches of the HPS probably due to the severe level of ischemia.

Several changes in the T-wave morphology of the precordial leads were observed during
ischemic simulations. Our results show an increment in the T-wave amplitude, especially in leads
V2 and V3, similarly to the clinical record of the example patient after RCA occlusion (red trace),
as recorded as well in clinical practice [80]. In addition, a transition of the T-wave in lead V1 from
negative in healthy conditions to a biphasic behavior during moderate ischemia (= 5 min after the
onset of ischemia) was found, which agrees with the clinical recording 3 minutes after RCA
occlusion (red trace). This finding is considered very specific of ischemia [80,81]. For severe
ischemic conditions, an inverted T-wave was obtained in lead V1, in accordance with experimental
data [80].

Finally, an elevation of the ST segment in leads V1-V3 was measured at the J point (end of the
QRS complex) for a moderate ischemic condition (8, 110, and 100 pV, respectively). This
alteration was also observed in the clinical ECG, although in a different degree (71, 81, and 70 pV).
Conversely, the simulated ECG under severe ischemia displayed a marked ST depression of —426,
—573, and —457 pV in leads V1-V3 compared to non-pathological tissue. This depression represents
the combined effect of acute ischemia and LBBB, which is in accordance with the second criterion
of Sgarbossa (ST segment depression > 1 mm in V1, V2, and/or V3) for the diagnosis of a patient
with these two pathologies [82,83].

3.2 Effect of acute ischemia in the action potential

Figure 5 shows the alterations in APD and resting membrane potential (RMP) during mild,
moderate, and severe acute ischemia. As shown in Fig 5A, simulations under ischemic conditions
produced APD shortening, a reported effect in patients with this pathology [84]. In healthy
conditions, the APD values ranged 232 — 347ms, depending on the location within the ventricles.
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The longest APDs were found in PMJ sites on the endocardial wall, whereas the shortest APDs
were found in sites close to the latest electrically activated area on the epicardium wall, which is in
accordance with experimental observations [29,85,86].
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Fig 5. Electrophysiological changes in the action potential under acute ischemia. Simulated maps of action
potential duration (APD) variation (A) and resting membrane potential (RMP) (B) under mild, moderate and severe
ischemia conditions. The white curves represent the ischemic central zone (ICZ), while the green circle shows the
epicardial region within the ICZ where spatial heterogeneity was greater.

Under pathological conditions, the longest APDs remained localized at the functional PMJs,
which is in accordance with [29], whereas the shortest APDs were found in the ischemic region.
Under mild, moderate, and severe ischemia, APD was reduced by a maximum of 18%, 27%, and
49% of the normal values, which agrees with [84]. Furthermore, the degree of APD shortening
varied spatially throughout the ischemic tissue, as reported in other studies [87]. This spatial
heterogeneity was greater during severe ischemia. Coexisting areas were found inside the ICZ with
and without APD reduction (AAPD = 45% and AAPD = 0%, respectively) (Fig 5A, green circle).
To investigate the differences in APDs in this region, we analyzed the propagation patterns. Our
results show that a wavefront entering the ICZ from its right side was able to stimulate the proximal
ICZ, maintaining the peak potential and avoiding APD reduction in the region. However, the central
section of the ICZ was stimulated by several wavefronts of reduced amplitude that led to APD
shortening.

Similarly, our results (Fig 5B) show a less negative RMP under acute ischemia conditions, as in
previous experimental and simulation studies [19,88,89]. In non-pathological tissue, the RMP was
approximately —88mV, while in the ICZ RMP was —73mV, —68mV, and —63mV for mild,
moderate, and severe ischemia, respectively. In the BZ, resting potentials values varied between the
healthy and ischemic values.

3.3 Role of acute ischemia in the generation of reentries

In order to assess the effect of the degree of ischemia in the generation of reentry, the VW during
each ischemic condition was calculated by applying a premature stimulus (S2) in an area of the
border zone in the epicardial wall (point P1 in Fig 6), as explained in the Methods section. S2 was
delivered at different time intervals (coupling intervals) after the fifth sinus (S1) beat. Figure 6A
shows the VW obtained during four different ischemic severities: mild, moderate, moderate-severe,
and severe. Our results predict a VW of approximately 5 ms in moderate ischemic conditions,
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corresponding to a CI between 335 and 340 ms. A change in the ischemic severity to a moderate-
severe condition yielded the maximum width of the VW (45 ms), with a range of Cls between 345
and 390 ms. Conversely, no reentries were found from mild or severe conditions. In summary, our
results suggest that the ischemic severity plays an important role in the generation of reentries. A
unimodal behavior of the VW during the first 10 minutes of ischemia was observed. In other words,
a premature stimulus applied only in a moderate (= 5 minutes after occlusion) or moderate-severe
level (= 7.5 minutes after occlusion) of acute ischemia could generate a reentry.
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Fig 6. Vulnerable window (VW) to reentry. (A) VW under four different ischemic severities: mild, moderate,
moderate-severe, and severe. These conditions correspond to 2.5, 5.0, 7.5, and 10.0 minutes of ischemia, respectively.
(B) VW under seven different scenarios of acute ischemia. The severity of each ischemic component (hyperkalemia,
anoxia, and acidosis) in each scenario is shown at the bottom. Red and blue bars represent the results of simulations
with and without the HPS, respectively. Stimulation point (P1) of the premature stimulus is show in light green inside
the inset.

To evaluate the effects of each ischemic component (hyperkalemia, anoxia, and acidosis) on the
generation of reentries, we quantified the VW during seven different scenarios of acute ischemia in
the biventricular model with and without the HPS (Fig 6B). Each scenario corresponded to different
severities of each of the three components of ischemia (e.g. mild hyperkalemia + moderate acidosis
+ moderate anoxia). Computational simulations in the model that included the HPS (red bars)
showed a VW approximately of 5 ms under a moderate ischemic level in all components, with Cls
originating reentries between 335 and 340 ms. An individual change of hyperkalemia, anoxia or
acidosis from moderate to severe led to an increment to 25 ms in the VW with Cls between 380 and
405 ms, 45 ms with Cls between 320 and 365 ms, and 40 ms with Cls between 340 and 380 ms,
respectively. Conversely, no reentry (VW = 0 ms) was found during the individual reduction of
each ischemic parameter to mild.

On the other hand, computational simulations in the model without the HPS (Fig 6B, blue bars)
yielded reentries only for a Cl = 335 ms under moderate ischemic conditions for all components of
ischemia. An individual change of hyperkalemia, anoxia or acidosis level from moderate to severe
led to an increase in the VW to 25 ms with Cls between 380 and 405 ms, 40 ms with Cls between
320 and 360 ms, and 35 ms with Cls between 340 and 375 ms, respectively. Finally, any change of
any ischemic component from moderate to mild did not generate reentries (VW = 0 ms).

The influence of the HPS in the width of the VW was analyzed in the different scenarios. Results
without HPS, but maintaining the normal sinus activation by stimulating the PMJ locations (as
described in the Methods section), showed slight reductions in the VW width (blue bars in Fig 6B)
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with respect to simulations including the HPS (red bars). Under moderate ischemic conditions, the
VW was reduced to less than 5 ms. An increment in the hyperkalemia level from moderate to severe
did not produce changes in the VW between simulations with and without retrograde conduction
(VW = 25 ms). On the other hand, when anoxia or acidosis were individually increased to the
severe level, the VW was reduced in 5 ms in simulations without the HPS. Furthermore, the
suppression of the retrograde conduction through the HPS affected the VW only for the highest ClI
values (blue blocks). In summary, our results show that anoxia has the most significant effect on the
width of the VW and that the HPS is a fundamental element in the generation of reentry for higher
Cl values of the VW. Furthermore, the HPS provides propagation pathways favoring the
maintenance of reentry.

The most common reentrant pattern observed during our acute ischemia simulations was a
figure-of-eight reentry, which is in accordance with many experimental observations [10,68,90].
Also, the position, size and pattern of the reentrant circuit changed from beat to beat. Figure 7
shows the propagation patterns of a macroreentry obtained in our biventricular model including the
HPS. Simulated ischemic conditions were moderate hyperkalemia and acidosis, and severe anoxia.
Reentrant activity started with a premature stimulus (S2) in the right BZ occurring 320 ms after the
fifth sinus beat (S1). In the first reentrant cycle, a unidirectional block within the ICZ (straight line,
second row) gave rise to two circus movements around it, which were completed at 310 ms after S2
(third row). In the HPS, wavefronts were propagated by means of both retrograde and anterograde
conduction.

In the second reentrant cycle, the reentrant pattern also showed two circus movements. The
lower circus movement was established around a zone of conduction block located in the lower part
of the ischemic region. The diameter of the block region was approximately 1.5 cm. The circus
movement ended at 630 ms after S2 (fourth and fifth rows). The upper circus movement was
established around the ICZ. This wavefront was combined with a fragmented wavefront coming
from the lower circus movement, and this gave rise to the third cycle. In the HPS, a temporary
conduction block was observed in two sections located on the septal wall (fourth row in Fig 7A).

During the third cycle of the reentry, two circus movements around the ICZ and another
propagation circuit throughout the 1ICZ were established. The wavefront from the ICZ was
combined with the upper wavefront. Later, both the lower and upper wavefronts were also
combined to retrogradely cross the ICZ. During this same cycle, a wavefront was transmurally
propagated to give rise to reentrant activity in the endocardium (black circle, fifth row). In the HPS,
a new wavefront was generated in one of the RV PMJs due to current flow from the myocardium to
the HPS. This event was produced during the repolarization of the RV septum when the HPS
section located in the septum was able to allow electrical conduction (black circle, last row) (see
Video 1).
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Fig 7. Reentrant pattern of a macro-reentry using the biventricular/torso model. (A) Ventricular potential maps
that show the generation of a figure-of-eight reentry. The simulated ischemic conditions were moderate hyperkalemia
and acidosis, and severe anoxia. Arrows indicate the propagation direction of the wavefront, while the straight lines
indicate unidirectional conduction block. The black circle in the last row shows the location where a new wavefront was
generated due to current flow from the myocardium to HPS. (B) Body surface potential maps and ECG recorded at
precordial leads during the reentry. (C) Epicardial activation maps showing activation times during the first (left),
second (middle) and third (right) reentry cycles.

Figure 7B displays the body surface potential maps and the ECG obtained during this particular
reentry. As shown in the figure, positive and negative potential areas were registered on the torso
during each reentrant cycle. A rotary clockwise pattern seems to occur in different planes. In that
sense, when a reentrant cycle begins, a region of positive potential appears near the location of leads
V2 and V3. Then, this region moves towards the left shoulder and from that site to the lower part of
the back. Finally, the zone of positive potential returns to its initial location, giving rise to a new
cycle. A clear example of this movement can be seen in the ECG computed in the precordial leads
(Fig 7B, right). The ECG shows the typical pattern of a ventricular tachycardia with a mean cycle
length of around 320 ms (which corresponds to approximately 188 beats per minute).

Figure 7C shows epicardial activation maps corresponding to the first (left), second (middle) and
third (right) reentry cycles obtained in the simulation. The activation times, color-coded in the
figure, correspond to the three cycles of reentry shown in Fig 7A and in Video 1.

3.4 Role of the His-Purkinje system in the generation of reentry

Figure 8 illustrates the role of the HPS in the generation of reentry during moderate ischemia
elicited with a premature stimulus (S2) 340 ms after the onset of the last sinus beat. In the model
including the HPS, a sustained reentry of at least 3 reentrant cycles was obtained (Figs 8A, and 8C
blue trace). Conversely, no reentry was generated under the same ischemic conditions when the
HPS was removed from the model (Figs 8B, and 8C red trace). In this last case, a bidirectional
conduction block was observed at the right border of the ICZ.

When the S2 stimulus was applied (first row), a conduction block in the ICZ produced two
reentrant circuits in both scenarios (second row). This fragmented wavefront proceeded retrogradely
into the 1ICZ and entered the NZ, sustaining the reentry during the simulation with the HPS (Fig 8A,
third row). Conversely, the fragmented wavefront entered the ICZ but was blocked in the still
refractory NZ in the simulation without HPS (Fig 8A, third row). Our results reveal a slow
conduction velocity in the ischemic region for both scenarios. However, areas with high PMJs
density within the ischemic region had a further slight reduction in conduction velocity due to
current flowing from the myocardium to the HPS during the wavefront propagation through the
myocardium (see Video 2). This slower conduction velocity in the simulations with the HPS
allowed the NZ to recover once the wavefront had crossed the ICZ.
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Fig 8. Role of the His-Purkinje system on reentry generation. (A) Macro-reentry obtained with the model that
includes the HPS. (B) No reentry in the ischemic simulation using the model without HPS. (C) ECG simulated in lead
V1 for both cases. Simulations were performed under moderate ischemia.

4 Discussion

In this study, a set of acute ischemic simulations were performed in a 3D biventricular/torso
model with a realistic ischemic region and cardiac conduction system. We analyzed the influence of
the three main components of ischemia (hyperkalemia, anoxia, and acidosis) and the role of the
HPS in reentry generation. Our simulations were performed using a modified version of the O’Hara
et al. [47] action potential model in which we included the main ionic changes related to acute
ischemia. The simulations results obtained with the model are in accordance with previous
experimental and simulation studies and shed light into the mechanisms responsible for reentrant
activity during acute ischemia.

The major findings of this study are the following. First, the severity of ischemia plays an
essential role in determining the likelihood of reentrant arrhythmic activity. The worst scenario for
arrhythmia development is moderate ischemia. Second, the single ischemic component with the
most significant effect on the VW for reentry was anoxia. Third, the retrograde conduction from the
myocardium to the HPS in the ischemic region plays a decisive role in reentry generation for higher
CI values within the VW. Fourth, the hyperkalemia level in Purkinje cells affects the generation of
reentries. And fifth, the maintenance of the sinus excitation overlapped with the reentrant activity
does not significantly alter the wavefront propagation in the arrhythmic myocardium.
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4.1 Role of ischemic severity in the generation of reentries

During the first 10 — 15 minutes of acute myocardial ischemia, metabolic changes in the injured
tissue produce a series of electrical alterations in the affected cells, such as APD shortening, CV
reduction and RMP increment to less negative values [19,66,70,84]. These ischemia-induced
alterations are not homogeneous within the ischemic region, but appear in the form of gradients
between the ICZ and the BZ [65,87]. In our study, simulation results for different severities (or
minutes) of acute ischemia were consistent with the experimental and simulation data mentioned
above. A combined effect of hyperkalemia, anoxia, and acidosis due to ischemia led to a dispersion
of refractoriness and CV in the ischemic myocardium, setting the pro-arrhythmic substrate for
reentries generation [65,91].

Previous experimental observations during acute myocardial ischemia reported that arrhythmias
occur in two distinct phases: before 10 minutes, and between 20 and 40 minutes after coronary
artery occlusion [6,8,91]. In our study, we only analyzed the appearance of arrhythmic activity
during the first 10 minutes of ischemia. According to our results, reentries were triggered between
the first 5 to 7.5 minutes of ischemia (moderate to moderate-severe ischemic conditions),
corresponding with said first phase of arrhythmias. These results are also in agreement with the
studies performed by Smith et al. [8] and Kaplinsky et al. [92], which reported that reentries occur 2
to 10 minutes after the occlusion, with the peak of arrhythmic events at 5 to 6 minutes
approximately. Similarly, Morena et al. [11] reported a high occurrence of arrhythmias between 3
and 8 minutes after the occlusion of the left anterior descending artery (LAD) in pigs. Finally, in the
study by Coronel et al. VF was induced with one ventricular premature beat after 5 minutes of
ischemia, but not after 10 minutes during LAD occlusion in perfused porcine hearts [21]. For this
last experiment, an [K*]o value between 8.0 and 13.5 mM was a necessary condition for the
induction of VF.

In our simulations, reentries were generated for values of [K*]o of 10 and 11 mM, which is in
accordance with [21]. Also, in the study by Hirche et al. [63], [K*]o levels between 10.7 £ 1.9 and
14 + 2.9 mM were measured during the first phase of ventricular arrhythmias in pigs with acute
coronary artery occlusion. Conversely, Tobar et al. [22] in their simulation study reported that
reentries were not generated for values of [K*]o greater than 9 mM. A possible explanation between
the different results obtained in the present study and the one by Tobar et al. [22] lies on the most
recent action potential model used in our simulations and the most realistic form of modeling the
effects of acute ischemia in the AP ventricular model. In addition, the simulation study by
Martinez-Navarro et al. [27] reported reentries for [K*]o = 9.5 mM using the O’Hara model. This
value is close to the levels of [K*], that induced reentries in our study. However, in the work by
Martinez-Navarro et al. [27] a realistic ischemic region and a detailed HPS were not included, as in
the present research study.

Finally, our study showed that in terms of the role of ischemia severity on reentry generation there
are not many qualitative differences between the results obtained with our anatomical model, which
considers a realistic ischemic region, and other studies using models with geometrically simpler
ischemic regions (commonly a circular shape) [19,22]. Indeed, a higher incidence of reentries was
observed in both cases under moderate ischemic conditions. However, irregularities in the realistic
ischemic region can be important to define the reentrant pattern, as observed in our simulations.

4.2 Separate role of the ischemic components in the generation of reentries
Cells affected by acute ischemia experience hyperkalemia, anoxia, and acidosis due to the lack

of blood flow [63,93]. However, the influence of each ischemic component on arrhythmogenesis is
difficult to analyze experimentally. For this purpose, computational models have become an
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important tool in understanding the mechanisms responsible for reentry. For instance, Ferrero et al.
[23] used computational simulations to analyze the mechanisms involved in figure-of-eight reentry
in a ring-shaped 1-dimensional strand of cardiac cells. The results of this study suggested that the
most pro-arrhythmic ischemic component would be anoxia. Subsequently, the same group studied
the role of each ischemic component in the establishment of figure-of-eight reentry in a 2D model
[20]. They reported that a sustained reentry can be generated under conditions of strong
hyperkalemia alone ([K*]o > 11.9 mmol/L), and that severe anoxia tends to reduce myocardial
vulnerability to reentry. Similar results were reported in the study by Trenor et al. [19]. In the latter,
the authors observed that a lower hyperkalemia ([K*]o < 11 mmol/L) level did not lead to reentry
generation regardless of the presence of anoxia or acidosis. In addition, a similar role of acidosis
and anoxia in the widening of the VW was reported in this study. Both computational analyses were
performed using the Luo-Rudy AP model [94]. On the other hand, a more recent study by Tobar et
al. [22] investigated the effects of hyperkalemia on the VW for reentry using the ten Tusscher AP
model [95] in a 3D biventricular mesh. Their results showed that [K*]o had a significant effect on
the size of the VW. However, effects of anoxia and acidosis were not analyzed.

In our study, a modified version of the O’Hara AP model was used to evaluate the individual
effects of hyperkalemia, anoxia, and acidosis in the width of VW for reentry. From a moderate
ischemic severity in the three ischemic components, an individual change of a single ischemic
component to mild or severe conditions was applied, resulting in a total of seven scenarios of
ischemic severity analyzed (see Fig 6B). Our model showed that all components of ischemia affect
the VW, although in a different degree and via different mechanisms. Indeed, our simulation results
suggest that anoxia has the most significant effect on the width of the VW, i.e., anoxia could be the
most pro-arrhythmic individual component of ischemia in accordance with Ferrero et al. [23].
However, this effect was only slightly major (a difference of 5 ms) compared to a change in
acidosis alone, which brings our results closer to the observations reported by Trenor et al. [19],
who observed a similar effect of anoxia and acidosis on the VW. The recent study by Lawson et al.
[96] demonstrated that the wavelength (calculated as the product of APD times CV) is the most
critical factor in reentry initiation, with anoxia being the primary determinant of this factor, while
acidosis had a minor effect. However, the authors mentioned that their results may underestimate
the role of the lack of oxygen due to simplifications adopted by the reduced ten Tusscher ionic
model used in their study. Experimentally, the relative contribution of each ischemic component to
the genesis of ventricular arrhythmias is not established. That said, Wilde, in his review study about
the role of ATP-sensitive K* channel current in ischemic arrhythmias, reported that the activation of
the lkatr) current (activated by anoxia) in the early phase of acute ischemia potentially contributes
to the development of ventricular arrhythmias [97]. Moreover, the study by Said et al. [98] suggests
that the presence of acidosis in perfused rat hearts may affect intracellular calcium management,
causing the initiation of arrhythmias.

On the other hand, our study also shows that hyperkalemia was the ischemic component with
less effect in the VW. Despite this, a minimum value of [K*]o of 10 mM was necessary to trigger a
reentry even in the presence of moderate anoxia and acidosis. This result suggests that
hyperkalemia level could play an important role in reentry generation, in agreement with the
simulation study by Tobar et al. [22] and with the experimental study by Morena et al. [11]. In the
latter, the regional combination of anoxia with acidic perfusion did not generate early arrhythmia in
porcine hearts. However, when anoxia was combined with a [K*]o around 10 mM, VT was observed
after 10 minutes and VF after 20 minutes. A similar result was reported in the study performed in
dogs by Senges et al. [18].

Finally, our model shows that an individual and combined change of the three ischemic

components could produce opposite effects in the VW width. Indeed, an increment solely of
hyperkalemia, anoxia, or acidosis to severe conditions led to a widening of the VW, while the
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simultaneous increment of all components reduced the VW to 0 ms (i.e., no reentries were
observed). This result shows the importance of the concomitant effects of the ischemic components
on arrhythmogenesis, in accordance with other studies [18,21]. In the work by Senges et al. [18] in
canine hearts, the regional combination of anoxia plus lactic acidosis, without hyperkalemia, failed
to trigger reentrant arrhythmias, which were indeed observed when regional hyperkalemia was
included. Similar results were reported in the study by Coronel et al. [21], which analyzed the
effects on the arrhythmogenesis of both hyperkalemia and ischemia (i.e., all ischemic components).
The results of their experiments showed that a reentrant arrhythmia could be generated in a tissue
with [K*]o between 8 and 13.5 mM, but only in hypoxic and acidotic conditions.

4.3 Role of the His-Purkinje system in the generation of reentries

The role of the HPS in the generation and maintenance of ventricular arrhythmias is
controversial. Experimental studies, such as Cha et al. [99] have reported that in the absence of the
HPS, VF in dogs could continue but at a slower rate. Other study by Livia et al. [100] observed that
the elimination of Purkinje fibers with irreversible electroporation reduced the
threshold/vulnerability toward VF induction during an experiment with 8 canine hearts. Conversely,
Janse et al. [101] reported that after the destruction of the subendocardium including the HPS,
ectopic beats in the myocardium were triggered by ischemia, but none of these beats degenerated
into VF.

In our study, simulation results showed a slight reduction of the VW when the HPS was removed
from the biventricular model, in accordance with experimental observations reported by Livia et al.
[100]. The inclusion of the HPS in the anatomical model played a double role in the generation of
reentry. First, the HPS played an irrelevant role in the generation of reentrant activity in
approximately 83% of the simulations where reentries were generated and sustained. This means
that reentries were triggered without the need for HPS in 83% of the simulations. However, when
the HPS was included in the model, reentrant circuits which included the HPS in their pathways
were observed in all simulations, as in [28,102]. These circuits allowed an earlier activation of
distant regions to the ischemic zone through retrograde and anterograde fast conduction, which
suggests that the HPS could help to maintain a reentry as in the simulation study by Deo et al. [28].
In the latter work, authors reported that propagation pathways throughout the HPS prolong the
arrhythmic activity and that the HPS plays an additional role in maintaining the later stages of
reentry, although the Cls range for reentry inducibility in simulations with and without the HPS
were similar. Second, in our simulations the inclusion of the HPS in the biventricular model was a
necessary condition in the generation of reentries for higher CI values within the VW, opposite to
the simulation results obtained by Deo et al. [28]. Indeed, our simulations revealed that the HPS
further reduces conduction velocity in the ischemic region with high density of PMJs. This
additional reduction allowed the NZ to recover once the wavefront had crossed the 1CZ, generating
a reentry.

Although our results indicate that the HPS plays an important role in the generation of reentries,
they also suggest that this role depends on the degree of hyperkalemia that affects Purkinje cells. To
confirm this observation, simulations under moderate ischemia were repeated in the biventricular
model including the HPS, but without the effects of hyperkalemia in Purkinje cells (results not
shown), i.e. no changes were made to the Purkinje AP model in ischemic conditions [29]. This
change was applied in order to mimic the resistance of Purkinje to ischemia observed in several
experimental studies [99,103]. Under this consideration, no reentries were found for moderate
ischemic conditions (VW = 0 ms). These results were different to the ones obtained in simulations
that included the effects of hyperkalemia in the Purkinje cell (VW = 5 ms). An explanation for the
different behaviors lies on the slow CV and conduction blocks in discrete sections of the HPS due
to hyperkalemia. These effects led to a delay in ventricular activation that allowed the recovery of
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excitability in areas of the NZ stimulated by the premature stimulus (S2). Thus, a wavefront that
propagates throughout the ICZ is able to re-stimulate the repolarized tissue. Our results are in
agreement with experimental observations previously reported [104,105]. These studies proved that
slow conduction through discrete regions of Purkinje fibers subject to high [K*]o may result in
reentrant arrhythmias. Similar results were obtained in the study by Senges et al. [18] performed in
the canine ventricular conduction system. In the latter study, researchers also observed that during
regional anoxia or lactic acidosis, no arrhythmias were generated, while regional increases of [K]o
may be the predominant ischemic component to generation of reentrant arrhythmias.

Whenever reentry was induced, a typical figure-of-eight reentrant pattern was obtained in all our
simulations with the biventricular model, as reported in canine and porcine hearts [10,68,90].
Changes in location, revolution time and size were observed in a beat-to-beat basis during each
reentry. However, a changing reentrant pattern (e.g. a circus and double circus pattern) was
obtained with the model that includes the HPS, similar to those observed by Janse et al. [10,68]. All
our reentries showed a VT pattern which did not evolve in VF, in accordance with other studies in
animals [8,9,106]. In these studies, evolution from VT into VF was rare during the first phase of
ischemic arrhythmias (phase 1A of arrhythmias).

Experimental evidence on the effects of heart rate on the occurrence of ventricular arrhythmias is
scarce. Observations in dog hearts by Chadda et al. [107] have suggested that the sinus rhythm
could be related with the initiation of ventricular arrhythmias. In this study, the authors observed
that after coronary occlusion the incidence of VT and VF occurs mainly at slow and rapid heart
rates. On the other hand, our simulation results showed that a sustained sinus rhythm at 100
beats/min (BCL = 600 ms) does not induce the generation or abolition of reentries. This result is
supported by Sung et al. [108], who reported that tachycardia triggered by potential delayed
afterdepolarizations, could be initiated by accelerating the sinus rate, but only in 3 of 21 patients
with clinical evidence of recurrent sustained VT. Another study performed in 262 subjects during 6
hours of infarction observed primary VF in 20 patients [109]. Within this group, 7 patients
developed tachycardia, 10 had a sinus rate between 60 — 100 beats/min and 2 bradycardia
immediately prior to VF. In summary, our results together with the experimental evidence, suggest
that the effects of heart rate on reentry generation could vary among patients.

5 Study Limitations

An AP model of Purkinje cells that includes the effects of the main ischemic components has yet
to be developed due to the lack of experimental information. Several studies in animals have
reported that the HPS is more resistant to the effects of ischemia than cardiomyocytes, with many
Purkinje fibers surviving after infarcts [103,110,111]. However, during the initial phase of acute
ischemia it is not certain whether, or to what extent, the subendocardial Purkinje fibers change their
electrophysiological properties. In this study, effects of anoxia and acidosis in Purkinje cells were
not simulated while hyperkalemia was introduced by increasing the [K*]o as in the nearest
cardiomyocyte. This [K™]o increment has been reported as the potential predominant factor of the
ischemic components that facilitates the onset of reentrant arrhythmias in Purkinje cells [18].
Although our results have been compared with experimental studies and clinical observations, a
most realistic model of the effects of acute ischemia in the HPS could alter our results. Thus, the
main findings should be carefully validated both in a set of computational models of different
patients (with different HPS configurations) and in clinical studies.

To quantify the VW for reentry, a premature stimulus was applied in a region of the BZ.

However, the location of the stimulation region in the BZ has been shown to affect the VW [27].
For this reason, a future study should investigate whether the effect of the three main ischemic
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components in the width the VW could be influenced by the location of the premature stimulus or
by the location of the ischemic region in the heart.

It is well known that the size, shape and position of the ischemic region plays an important role
on the genesis and maintenance of reentry. However, MRI images are very difficult to obtain during
the acute ischemia stage in human hearts in-vivo. Consequently, changes in the extension of the
ischemic central and border regions over time [39-41] are complex to model realistically. In our
study, simulations were performed in a 3D anatomical model with a static ischemic region size, due
to the lack of clinical evidences.

6 Conclusion

In this study, we used a biventricular human model that includes a realistic ischemic region and a
cardiac conduction system to investigate the influence of each ischemic component in the VW for
reentry. Our anatomical model, together with the more detailed ventricular AP model used to
simulate acute myocardial ischemia, allowed us to obtain reentrant patterns corresponding to
experimental ventricular tachycardia. The main findings of this study showed that ischemic severity
plays an important role in the generation of reentries. Specifically, reentries can be only generated
under intermediate ischemic conditions. Furthermore, our results also showed that anoxia is the
ischemic component with the most significant effect on the width of the VW. In the analysis of the
role of the HPS during acute myocardial ischemia, our results showed that its inclusion in the
anatomical model was decisive for reentry generation for higher CI values of the VW,
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Supporting information

Video 1. Reentrant pattern of a macro-reentry using the biventricular/torso model. (Left)
Action potentials recorded in different locations of the myocardium. (Middle) Ventricular potential
maps that show the generation of a figure-of-eight reentry. (Right) Body surface potential maps and
ECG recorded at precordial leads during the reentry. The simulated ischemic conditions were
moderate hyperkalemia and acidosis, and severe anoxia. Coupling interval: 320 ms.
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Video 2. Effect of His-Purkinje system on reentry. (Top row) Macro-reentry obtained in the
model with His-Purkinje system during moderate ischemia. (Bottom row) No reentry in the
simulation under the same ischemic conditions using the model without His-Purkinje system.
Reentrant activity started with a premature stimulus (S2) in the right border zone occurring 340 ms
after the fifth sinus beat.
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