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Abstract

The distribution of cellular source-sink relationships plays an important role in cardiac propagation. It can lead to
conduction slowing and block as well as wave fractionation. It is of great interest to unravel the mechanisms underlying
evolution in wavefront geometry. Our goal is to investigate the role of the source-sink relationship on wavefront geometry
using computer simulations. We analyzed the role of variability in the microscopic source-sink relationship in driving
changes in wavefront geometry. The electrophysiological activity of a homogeneous isotropic tissue was simulated using
the ten Tusscher and Panfilov 2006 action potential model and the source-sink relationship was characterized using an
improved version of the Romero et al. safety factor formulation (SF,,). Our simulations reveal that non-uniform dispersion
of the cellular source-sink relationship (dispersion along the wavefront) leads to alterations in curvature. To better
understand the role of the source-sink relationship in the process of wave formation, the electrophysiological activity at the
initiation of excitation waves in a 1D strand was examined and the source-sink relationship was characterized using the two
recently updated safety factor formulations: the SF,,, and the Boyle-Vigmond (SFyg) definitions. The electrophysiological
activity at the initiation of excitation waves was intimately related to the SF,., profiles, while the SF\z led to several
counterintuitive observations. Importantly, with the SF,,,, characterization, a critical source-sink relationship for initiation of
excitation waves was identified, which was independent of the size of the electrode of excitation, membrane excitability, or
tissue conductivity. In conclusion, our work suggests that non-uniform dispersion of the source-sink relationship alters
wavefront curvature and a critical source-sink relationship profile separates wave expansion from collapse. Our study
reinforces the idea that the safety factor represents a powerful tool to study the mechanisms of cardiac propagation in
silico, providing a better understanding of cardiac arrhythmias and their therapy.

Citation: Romero L, Trenor B, Ferrero JM, Starmer CF (2013) Non-Uniform Dispersion of the Source-Sink Relationship Alters Wavefront Curvature. PLoS ONE 8(11):
e78328. doi:10.1371/journal.pone.0078328

Editor: Vladimir E. Bondarenko, Georgia State University, United States of America
Received April 24, 2013; Accepted September 11, 2013; Published November 4, 2013

Copyright: © 2013 Romero et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was partially supported by the “VI Plan Nacional de Investigacion Cientifica, Desarrollo e Innovacién Tecnoldgica” from the Ministerio de
Economia y Competitividad of Spain (TIN2012737546?C03?01) and the European Commission (European Regional Development Funds - ERDF ? FEDER), Plan
Nacional de Investigacion Cientifica, Desarrollo e Innovacién Tecnoldgica, Plan Avanza en el marco de la Accion Estratégica de Telecomunicaciones y Sociedad de
la Informacién del Ministerio de Industria Turismo y Comercio of Spain (TSI2020100?2010? 469), Programa de Apoyo a la Investigacion y Desarrollo
(PAID?06?1172002) de la Universidad Politécnica de Valencia, Direccion General de Politica Cientifica de la Generalitat Valenciana (GV/2013/119) and Programa
Prometeo (PROMETEQ/2012/030) de la Conselleria d’Educacié Formacié | Ocupaci6, Generalitat Valenciana. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: lurope@eln.upv.es

Introduction

In the heart, pronounced curvatures of excitation wavefronts
can be observed when waves are initiated by small electrodes, in
the case of waves emerging from narrow tissue structures, or in
waves propagating around sharp edges of anatomical obstacles or
around a zone of functional conduction block during spiral wave
rotation [1,2]. It has been demonstrated that wavefront curvature
is associated with non-uniform propagation of a cardiac impulse
[1-5] potentially leading to the development of lethal cardiac
arrhythmias, such as ventricular tachycardia or ventricular
fibrillation [3,6]. Indeed, high curvature has been associated with
conduction block and with the dynamic behavior of spiral waves
[2]. Convex wavefronts cause slowing of propagation because the
local excitatory current supplied by the cells at the front of the
waves (electrical source) diverges into a larger areca downstream
(electrical sink) [1-3].
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It is well known that the source-sink relationship determines
movement of a wavefront. Reduction of the availability of source
charge or increase of the sink charge required to excite the cell
may produce propagation failure. Recently, a parameter that
characterizes the source-sink relationship called the safety factor of
propagation (SF) has been mathematically formulated. Although
the first quantitative formulation of the SF for one-dimensional
fibers was proposed in 1990 by Delgado et al. [7], it was not until
1997 that Shaw and Rudy proposed a formulation for the SF that
decreased its magnitude with membrane excitability reduction and
that dropped below unity with conduction block [8]. Then, this SF
definition was modified to enable its use in inhomogeneous cardiac
one-dimensional tissues [9]. In 2005, our group optimized the
formulation by Shaw and Rudy in order to save computational
resources and to allow its use in two-dimensional tissues [10,11].
More recently, Boyle and Vigmond proposed an intuitive SIF
formulation suitable for any dimension [12].
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The SF has been used to theoretically investigate the ionic
mechanisms of cardiac propagation and arrhythmias under
different conditions, such as slow conduction and conduction
path branching in the heart [8,13], reentry generation [11],
wavefront-obstacle interactions [14], conduction through the
Purkinje-ventricular junction (PV]) [12,15,16] and in cardiac
tissues with microstructural variations [17]. Here, to gain insights
into the mechanisms of wavefront conformation we improve our
previous SF formulation and we use it to characterize the source-
sink relationship of excitatory waves in a 2D tissue. We
hypothesized that the non-uniform distribution of source-sink
relationship along a propagating wave would lead to transition
from a uniform wavefront to a non-uniform wavefront. To explore
this hypothesis, we analyzed the source-sink relationship in cardiac
tissue during wavefront evolution. To better understand the role of
the source-sink relationship in the process of wave formation, the
SF,,» was computed at the initiation of excitation in a 1D strand.
Our results show that non-uniform dispersion of the source-sink
relationship as characterized by SF, alters wavefront curvature.
Moreover, propagation succeeds when the source-sink character-
ization exceeds a critical SF,,» spatial profile, regardless of the
stimulation electrode size, the membrane excitability and the tissue
conductivity.

Materials and Methods

Tissue model

Membrane kinetics were simulated using the ten Tusscher and
Panfilov 2006 human ventricular action potential (AP) model
(TP0O6 model) [18].

The reaction—diffusion equation (Eq. 1) governs the electrical
propagation in the simulated monodomain tissue,

V'mVVm:ﬁIm (1)

where V,, is the transmembrane potential, G, is the conductivity
tensor, P is the surface-to-volume ratio and I,,, is the membrane
current. The nominal tissue conductivity was set to 0.6 S/m,
which yields a conduction velocity of 50 cm/s. A 10 mm x10 mm
isotropic tissue and a 20 mm strand were simulated. Element edge
lengths were 20 um and 100 pm and the time step was fixed to
0.0l ms and 0.002 ms, respectively. The operator splitting
technique was applied to the monodomain equations. “No-flux”
boundary conditions were applied. To reduce membrane excit-
ability, the maximum sodium conductance (gy,) was multiplied by
0.5, and to reduce the intercellular coupling, the tissue conduc-
tivity was multiplied by 0.25. In addition to the aforementioned
simulation conditions, the 1D tissue was also simulated under
more severe conditions. Indeed, gy, was multiplied by 0.3 or the
tissue conductivity was multiplied by 0.125. Higher spatial and
temporal discretization was needed for numeric accuracy to
simulate reduced tissue conductivity in the 1D strand. Indeed,
75% and 87.5% tissue conductivity reductions were simulated
using element edge lengths and time step durations five and ten
times smaller than in control conditions, respectively.

Stimulation protocol

The 2D tissue was stimulated using four different electrodes: a
10 mmx0.1 mm, and a 3 mmx0.1 mm electrode as well as a
0.5 mm and a 1.5 mm radius circular shaped electrode located in
the center of the tissue.

The 1D tissue was also stimulated using electrodes of different
sizes (4, 8 and 12 mm) in the middle of the strand. Stimulation
consisted on a rectangular pulse of 2 ms in duration and a large

PLOS ONE | www.plosone.org

Role of the Source-Sink Relationship on Curvature

number of simulations were run in the 1D tissue for every
simulation condition to find the threshold amplitude current with
a precision of 107" pA/uF. Stimulation current was applied after
30 ms of electrical rest to allow membrane stabilization.

Definition of basic parameters

The activation time (AT) was defined as the instant of maximal
depolarization velocity of the membrane potential.

The source-sink relationship was analyzed using the two most
updated SI formulations: an improved version (SFy,s) of the
Romero and coworkers (SF,,)) [11] and the Boyle-Vigmond (SFyg)
[12] definitions.

The SF,,» was computed using the following equation:

[ Ledt+ [ Loy,dt
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where I, i1s the capacitive current, I, is the axial current that
leaves the cell, I;, is the axial current that enters the cell and A is
the integration interval, which is delimited by the instant when
membrane potential derivative reaches 1% of its maximum
(tipavm) and the instant of maximal V,, (tymay) during the
depolarization phase (see [11] for details). I, and I, are always
positive in Eq. 2, as contributions of axial currents to I;, and I,
are considered in absolute value [11]. Computation of I;, and
Iou was improved by considering the direction of these currents
in the 2D tissue. As the 2D tissue was discretized using a grid, I;,
and I, were computed as the root square of the sum of the
squares of their components in both Cartesian axis (see Eq. 2
and Eq. 3).

Iin =\ ]in,xz +Iin,y2 (3)

Lo = Iout,x2 + Ioul‘,y2 (4)
This modification yields a more accurate characterization of
the source-sink relationship, as illustrated in Figure 1. This
figure shows the activation sequence and the characterization
of the source-sink relationship in an isotropic tissue stimulated
with a 0.5 mm radius circular shaped electrode at the center of
the tissue (white colored) using our previous (SF,,, Figure 1A)
and our improved (SF,,s, Figure 1B) formulation of the SF. A
comparison of both SF distributions (blue lines for SF,, and
green lines for SF,,) as a function of the angular coordinate
along the wavefront in the control tissue at four instants, 1 ms,
1.5 ms, 2 ms and 4 ms after the onset of the simulation, which
are located close to the simulation site, is also included in
Figure 1C. Stimulation applied in a homogeneous isotropic
tissue with the circular electrode gives rise to circular
isochrones (black lines in Figures 1A and 1B, numbers indicate
the instant of activation in ms). In this tissue, the expected
distribution of the source-sink relationship would present a
circular symmetry. When the source-sink relationship 1is
characterized using our previous formulation (SF,,), a depen-
dence on the direction of propagation relative to the
discretization grid was observed instead of circular symmetry
(Figure 1A and blue lines in Figure 1C). However, with our
improved formulation, the circular symmetry in the SF,o is
more faithfully preserved (Figure 1B and green lines in
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Figure 1. Comparison between SF,,, and enhanced SF,,,, formulation of the safety factor. Excitation waves were generated in an isotropic
tissue stimulated with a 0.5 mm radius circular shaped electrode (white colored) at the center of the tissue. A and B: Activation sequences are
represented by isochrones (black lines, numbers indicate the instant of activation in ms) and the safety factor computed using SF, (A) and SF, (B) is
color-coded. Tissue boundaries were not shown for the sake of clarity. C: SF,, (blue lines) and SF.,, (green lines) as a function of the angular
coordinate along the wavefront in the control tissue at four instants, 1 ms, 1.5 ms, 2 ms and 4 ms after the onset of the simulation. D: Evolution of
the SF,, (blue lines) and SF,,, (green lines) with distance to the center of the electrode in the diagonal and in the horizontal axis of the tissue (see
white lines in Figure 1B). The evolution of the SF,,, with distance to the center of the electrode in the diagonal of the tissue stimulated with a 1.5 mm

radius circular shaped electrode has also been included (red lines).
doi:10.1371/journal.pone.0078328.g001

Figure 1C). In 1D strands both formulations SF,,,, and SF,, are
equivalent. It is to be noted that small differences in SF, o are
found along the wavefront. Figure 1C shows that the maximum
difference in SF,,5 along the wavefront is smaller than 0.5 (see
the wavefront at instant 1 ms after the onset of the simulation),
which is smaller than the 3% of the average of the SF value in
this instant, and it is reduced as the wavefront propagates.
Indeed, the maximum difference in SF,, at 4 ms after the
onset of the simulation is 0.008 (0.5% of the average Sk,
value at this instant). In the case of the SF distribution
obtained with our previous SF formulation (SF,,), the
maximum difference along the represented instants is approx-
imately 0.23 (at 4 ms) and it is not reduced as the wavefront
propagates. Finally, Figure 1D shows the evolution of the SF
with distance to the center of the electrode in the diagonal and
in the horizontal axis of the tissue (white lines in Figure 1B)
using both formulations. The curves representing the evolution
of the SF,,o with distance to the center of the electrode in the
diagonal and in the axis of the tissue are almost superimposed
(green lines) as differences in SF along the wavefront are
negligible, while the curves representing the SF,, (blue lines)
are not. Therefore, our improved formulation of the SF, SF, o,
seems appropriate to analyze the source-sink relationship in 2D
tissues (see Figure S1, Figure S2 and “Additional Aspects of the

PLOS ONE | www.plosone.org

Safety Factor Computation” section in File S1 for more
details).
The SFyp was calculated as follows:

5 VGV de

SF — Ai
- Ounr(t4)

Alte [t19,tmo] (5)

CmA Vm + Qion - Qs
chr(tA)

where G, is the membrane capacitance, Q) is the intracellular
stimulus charge, A is the interval from 1% take off (t,9,) to zero
membrane current (t,o), during which I,,, is positive, and Qyy,, is
the minimum charge required to elicit an AP in a single cell, which
is dependent on the stimulus duration (ta) [12].

SFyp= Lg=tmo— 1 (6)

Results

Source-sink relationship of the excitation wavefront
propagation

The activation sequence in tissue stimulated with two different
electrode sizes was analyzed together with their corresponding
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source—sink relationship for different conditions of excitability and
conductivity. Figures 2 and 3 relate the activation sequence to the
distribution of the SF,o in the tissue stimulated with a
10 mm x0.1 mm electrode and a 3 mm x0.1 mm electrode placed
in the centre of the tissue, respectively. Top panels of both figures
and their zooms (bottom panels) show the activation maps
represented by isochronal lines (black lines, numbers indicate the
instant of activation in ms) in control conditions, under reduced
membrane excitability, and under reduced tissue conductivity
from left to right, superimposed to the corresponding color-coded
SF,,o distribution. Electrodes are white colored and the electrical
activity of tissue boundaries was not shown for the sake of clarity.

As shown in Figure 2, panels A, B and C and their zooms
(panels D, E and F), stimulation of the tissue with an electrode of
the same length as the width of the tissue elicited planar
wavefronts, as expected. All three planar wavefronts uniformly
traveled from the center of the tissue to the bottom and top edges,
although at different conduction velocities, as evidenced by the
difference in isochronal lines densities in the top panels. This figure
shows that the SF,,9 corresponding to planar waves is uniform in
the whole tissue, except at the beginning of propagation, which
takes place in the region immediately surrounding the electrode.
In this region (zoomed in Figure 2, panels D, E and F), the SF,5
evolves from the initial value registered where the propagation
starts to the corresponding SF,,» value for planar propagation in
each situation. The SF,,s value for planar propagation in control is

Control Conditions
A B

Reduced Excitability

Role of the Source-Sink Relationship on Curvature

1.82 (Figure 2D). This SF,,9 value decreases to 1.64 when the
maximal sodium current conductance (gy.) is reduced by 50% and
increases to 2.65 when the tissue conductivity is reduced by 75%.
Interestingly, this figure shows that the SF,,,, along each isochronal
line is uniform.

Figure 3, panels A, B and C and their zooms (Figure 3, panels
D, E and F) show the activation sequence of the propagating wave
when the tissue is stimulated with a 3 mmx0.1 mm electrode
located in the center of the tissue under control conditions, under
decreased membrane excitability and under reduced tissue
conductivity, respectively. In all these cases, the wavefront was
planar at the beginning of the propagation (see the first isochronal
line in Figure 3, panels D, E and F) and the SF,5 along the
wavefront was uniform except at the ends of the stimulus
electrode. In addition, the isochronal line depicted in each panel
reveals that the wavefront starts to curve at each end of the
wavefront. At this instant the SF,,» is constant in the planar part of
the wavefront but a dispersion of the SF,» is found where the
wavefront has started to curve, the SF., being smaller in the
curved region than in the planar region of the wavefront. This
figure shows that a tissue stimulated with an electrode shorter than
its width has a non-uniform dispersion of the SF,,» (i.e. the SF,»
along the wavefront is not uniform), differing from the SF,,o
uniformity observed when the electrode covers the whole width of
the tissue (see Figure 2). In the central part of the tissue, where the
stimulus is applied, the SF,o yields an initial value that rapidly
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Figure 2. Activation sequence and distribution of the safety factor in planar waves. Excitation waves were generated in an isotropic tissue
stimulated with a 10 mmx0.1 mm electrode (white colored) at the center of the tissue that spanned the entire width of the preparation.
Consequently the source-sink relationship was constant along the entire length of the electrode. Activation sequences are represented by isochrones
(black lines, numbers indicate the instant of activation in ms) and the safety factor is color-coded in all panels. Bottom panels are zooms of top panels.
A and D: control conditions; B and E: reduced excitability (50% reduction of the maximum sodium conductance (gy,)); and C and F: reduced tissue
conductivity (75% tissue conductivity reduction). Tissue boundaries were not shown for the sake of clarity. Under all conditions no curvature
developed during propagation.

doi:10.1371/journal.pone.0078328.g002
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Figure 3. Activation sequence and distribution of the safety factor in evolving waves. Excitation waves were generated in an isotropic
tissue stimulated with a 3 mm x0.1 mm electrode (white colored) at the center of the tissue in order to observe the effect of increased load present
at the ends of the electrode. The end of the electrode results in an increased load for the cells at the ends of the electrode thus creating a non-
uniformity of the source-sink relationship along the length of the electrode. Activation maps are represented by isochrones (black lines, numbers
indicate the instant of activation in ms) and the safety factor is color-coded in all panels. Bottom panels are zooms of top panels. A and D: control
conditions; B and E: reduced excitability (50% reduction of the maximum sodium conductance (gna)); and C and F: reduced tissue conductivity (75%

tissue conductivity reduction). Tissue boundaries were not shown for the sake of clarity.

doi:10.1371/journal.pone.0078328.g003

rises to 1.82 in control, 1.64 under 50% gx, reduction and 2.65
under 75% tissue conductivity reduction. These values correspond
to the SF,,» for planar propagation (see Figure 2) in that specific
situation as the wavefront geometry in this part of the tissue is
planar. However, the SF,» in the tissue close to the ends of the
electrode yields the smallest values, as a result of a local increase of
the electrical sink. Indeed, the local excitatory current supplied by
the cells at the end of the electrode (electrical source) diverges into
a large area downstream (electrical sink). As shown in Figure 3,
panels D, E and F, the area of the tissue surrounding the ends of
the electrode experiences a high dispersion of the SF,, and
matches the area where the wave curves very sharply. In addition,
the local dispersion of the SF,, is reduced as propagation
progresses, which is related to the smoothing of the curvature. Our
results reveal that the spatial distribution of the source-sink ratio of
an evolving wavefront experiences a non-uniform dispersion as the
SF,,o of the wavefront at a certain instant is not uniform.
Furthermore, the areas with lower SF,.o show the higher
wavefront curvature.

Figure 4 depicts the SF,,» along a symmetrical half of the
wavefront propagating in the up direction in the control tissue
stimulated with a 3 mmx0.1 mm electrode placed in the centre of
the tissue at four instants, 1.2 ms, 1.3 ms, 1.8 ms and 5 ms after
the onset on the simulation (panel A, B, C and D, respectively).
Insets highlight the wavefront and the electrode in half of the tissue
at the corresponding instants. Figure 4A shows that the SI,,,, along
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the wavefront just after the initiation of the propagation is
uniform, except at the ends, and the wavefront is planar, except at
both ends where the SF,, is slightly smaller. Figure 4B illustrates
that the SF,,» along the wavefront decreases monotonically away
from the center. Near the ends, where the wavefront curls, the
SFe is reduced. Figure 4C also shows that the SI,,,» remains non
uniform as the wavefront evolves and that it is smaller where the
curvature increases. Finally, Figure 4D shows that the SF,o is
more uniform once the wavefront of the geometry is stabilized.
The SF,,,» along approximately constant curved wavefronts is only
slightly smaller than in planar wavefronts (Figure 4D). Indeed,
when the curvature is not very high, cells take slightly longer to
meet the sink requirement for excitation thereby by reducing the
velocity of conduction.

Figure 1D shows the evolution of the SI' with respect to the
distance from the center of the 0.05 mm radius circular shaped
electrode. This figure shows that the SF.,» (green lines) rapidly
increases from 1.45 to 1.76 within the first 0.7 mm next to the
border of the electrode and then it increases very slowly. The
radius of the curvature at a source site has a strong influence on
the SF5,,,. The evolution of the SFy,,, as a function of the distance
from the center of the electrode along the diagonal of the tissue
when the radius of the electrode size was increased three-fold
(1.5 mm) has also been included (red lines). In this case, the SFy,,
also increases in the region surrounding the electrode and then
overlaps the curve obtained with the 0.5 mm radius electrode for
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Figure 4. SF,,, along the wavefront. SF,, along the symmetrical
half of the wavefront propagating in the up direction in the control
tissue stimulated with a 3 mmx0.1 mm electrode placed in the centre
of the tissue at four instants, 1.2 ms (A), 1.3 ms (B), 1.5 (C) and 5 ms (D)
after the onset on the simulation. Insets highlight the wavefront and
the electrode in half of the tissue at the corresponding instants.
doi:10.1371/journal.pone.0078328.g004

distances to the center longer than 2.1 mm. Consequently, our
simulations reveal that the influence of the radius of curvature on
the SF,, is relevant when the radius is approximately smaller than
1.5 mm.

Our hypothesis that the spatial non-uniform distribution of the
source-sink relationship along the wavefront alters the geometry of
the wavefront was also tested in a tissue with a linear gradient of
membrane excitability stimulated with an electrode of the same
length as the width of the tissue. Figure 5, panels A and D show
the activation sequence and the SF,,o distribution in a tissue with
the maximum sodium conductance (gn,) linearly varying from
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30% to 100% of the control value and stimulated with an
electrode perpendicular to the direction of the gy, gradient. In this
case, the tissue elicited planar wavefronts and the SF,,, was
uniform along the wavefront despite the existence of a dispersion
of the SF ;5 in the tissue (uniform dispersion of the SF,,») caused by
the linear gradient of gn,. The geometry of the wavefront was
maintained because the source-sink relationship was uniform
along the wavefront. However, when the electrode was placed
across the gy, gradient, the SF,,5 along the wavefront was not
uniform (non-uniform dispersion of the SF,) and the wave
developed curvature after excitation (see the first isochronal line in
Figure 5D) and evolved throughout the tissue, as shown in
Figure 5, panels B and D.

These results illustrate that the source-sink ratio of an evolving
wavefront can lead to a non-uniform dispersion of SF,,» and that
non-uniform dispersion of the cellular source-sink relationship
leads to alterations in curvature. Furthermore, the areas with
lower source-sink ratios result in conduction slowing thereby
increasing local curvature.

Source-sink relationship at the initiation of the excitation
wave

To better understand the role of the source-sink relationship in
the process of wavefront evolution, wave dynamics at the initiation
of excitation was analyzed together with its corresponding source—
sink relationship in control conditions, under reduced membrane
excitability, and under reduced tissue conductivity. This study was
performed in a 1D strand for the sake of simplicity.

Expanding and collapsing waves are visualized in terms of
membrane potentials as a function of distance for different time
instants in Figure 6A. The magnitude of the stimulation amplitude
in  both cases being very close to the threshold,
12.792378055655138 pA/pkF (expanding front) and
12.792378055655137 pA/uF (collapsing front), respectively. High
precision in the stimulation amplitude is needed to observe the
electrophysiological activity close to the threshold for propagation.
In addition, the leading edge of the action potential as a function
of time is shown for positions 10 mm, 12 mm, 14 mm, 16 mm
and 18 mm in Figure 6B. In both cases, application of the stimulus
current increases membrane potential to the same extent at the
point of current injection (thick lines in Figure 6A). When the
stimulation is very close to the threshold, the time to either
propagation or collapse can be quite long as the cellular sources
engage in charge transfer to the sink region (see Figure 6B). If the
amplitude of the stimulation current is higher than the threshold,
the center of the fiber depolarizes giving rise to the formation of
the excitatory wave (see solid lines in Figure 6, panels A and B),
that expands along the fiber. Conversely, if the stimulus amplitude
is smaller than threshold, membrane potential in the central region
rises until the sink demands cannot be met. Subsequently, the
membrane potential decreases, signaling a collapse of the wave
(see dashed lines in Figure 6, panels A and B).

The characterization of the source-sink relationship in the
control 1D strand for different stimulation amplitudes is depicted
in Figure 7. Figure 7, panels A and B show the SF distributions
obtained using the improved version of the Romero et al
formulation (SF,,9) and the Boyle-Vigmond formulation (SFyp),
respectively. Figure 7A shows that expanding waves, resulting
from suprathreshold stimuli have SF,,o values (thick lines) greater
than unity throughout the strand, the specific value of the SF,,o
depending on the wavefront location and the stimulation
amplitude. Suprathreshold stimulus amplitudes of 30 and
15 uA/uF, which are approximately 2.5 and 1.25-fold the
threshold amplitude, generate expanding waves with S, values
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Figure 5. Activation sequence and distribution of the safety factor in tissue with a linear gradient of membrane excitability. Tissue
with linear maximum sodium conductance (gn,) gradients parallel (A, C) and perpendicular (B, D) to the direction of propagation are used to explore
wavefront curvature evolving in response to uniform and non-uniform dispersion of the source-sink relationship. Excitation waves were generated in
an isotropic tissue with the maximum sodium conductance (gy,) linearly varying from 30% to 100% of the control value along the y (A and C) or x (B
and D) axis (as indicated by the red arrows) stimulated with a 10 mm x0.1 mm electrode (white colored) at the center of the tissue. Activation
sequences are represented by isochrones (black lines, numbers indicate the instant of activation in ms) and the safety factor is color-coded in all

panels. Bottom panels are zooms of top panels. Tissue boundaries were not shown for the sake of clarity.

doi:10.1371/journal.pone.0078328.g005

of 4.5 and 3.8, respectively at the beginning of the propagation.
The decline of the SF,,» with the reduction of the stimulation
amplitude is a consequence of the decrease of the source charge
available to sustain the propagation process. As both waves
approach the ends of the electrode the value of the SF,,,» markedly
decreases, reaching its minimum (1.6) at the ends of the electrode.
The SF,» fall at both ends of the electrode is provoked by the
increase of the electrical load that reflects that portion of the fiber
that is not directly stimulated by the electrode. As the stimulation
amplitude decreases approaching the threshold, the SF,,» in the
region directly stimulated by the electrode is reduced except in the
central zone of the electrode where the SF,, increases very
sharply (thick solid line). Note that the region where the SF,,s rises
matches very well the region where the excitatory wave initiates.
As the expanding waves propagate away from the ends of the
electrode the SF, o rises to reach a value of 1.84, which is similar to
the SF,,o of the planar wave in the 2D control tissue (Figure 2D).
Conversely, subthreshold stimulation produces collapsing waves
and the SF,,o is smaller than unity in most of the strand (Figure 7B,
thin lines). When the strand is stimulated with a current of 7 pA/
uF amplitude, the SF,, is smaller than unity throughout the
strand except at the end of the electrode where a small oscillation
is observed. As the subthreshold stimulation approaches the
threshold, a local increase of the SF,,» in the center of the fiber is
observed, but SF,,» values associated with the collapsing wave are
always smaller than the SF,,9 observed when the suprathreshold
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stimulation is close to the threshold. This observation suggests that
a critical source-sink relationship separates wave expansion from
wave collapse and its characterization along the strand would be
delimited by the SF,,» profiles obtained for the highest subthresh-
old and the smallest suprathreshold stimulation amplitude.
Figure 7B shows that the magnitude of the SFyp is not greater
than unity throughout the strand when it is stimulated with current
amplitudes higher than the threshold (thick lines). Suprathreshold
stimulus amplitudes of 30 and 15 pA/ul’ (2.5 and 1.25-fold the
threshold magnitude, approximately) result in expanding waves, in
conflict with SFyp which is equal to zero in most of the region
directly stimulated by the electrode. Subsequently, the SFyp
increases as the wave approximates the electrode and remains
constant (1.6 approximately) when the wave travels far from the
electrode. As the stimulus amplitude is reduced to near threshold,
the SFyp increases in the region directly stimulated by the
electrode. In the area where the propagating wave is generated the
SFyp 1s zero. The SFyp is zero in the region where the
propagating wave is generated because I,,, is negative during the
depolarization phase, which cancels the interval during which the
charge delivered to the cell is computed. Subthreshold stimulation
results in a SFyp equal to zero throughout the strand. The
aforementioned results suggest that the SFyp incompletely
characterizes the source-sink relationship at the initiation of the
excitation wave. Long regions of the strand have a SFyp value
smaller than unity when suprathreshold stimulation is applied and
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Figure 6. Dynamics of expanding and collapsing waves
stimulated with current amplitudes very close to the threshold.
Dashed and solid lines represent collapsing and expanding waves,
respectively. Current amplitudes were 12.792378055655138 and
12.792378055655137 uA/uF, respectively. A: Membrane potentials
along the fiber at selected instants (numbers indicate the instant in
ms), thick lines represent superposed collapsing and expanding waves
after current injection; and B: Membrane potential time course at
selected positions (numbers indicate the position in mm).
doi:10.1371/journal.pone.0078328.g006

the zone where the wave is initiated displays the minimum SFyp
value (zero). Furthermore, an increase of the stimulus amplitude
(source) does not raise the SFyp in the zone of stimulation.
Therefore, the SF,,» formulation is preferable for characterizing
the source-sink relationship. The use of the SF,,9 to characterize
the source sink relationship at the moment of excitation and
development of the propagating wave reveals a critical source-sink
relationship distribution, separatrix, that separates expanding
waves from collapsing waves.

Influence of electrode length, membrane excitability and
tissue conductivity on the source-sink relationship at the
initiation of the excitation wave

The influence of the electrode length and the active and passive
properties of the tissue at the initiation of the propagating wave in
the 1D strand were analyzed using the SI,,, formulation. Our
results are summarized in Figure 8.
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Figure 7. Safety factor profiles of expanding (thick lines) and
collapsing (thin lines) waves. A: Safety factor profiles obtained using
our safety factor formulation (SF.,,); and B: safety factor profiles
obtained using the safety factor formulation proposed by Boyle and
Vigmond (SFyg). Waves were produced with different stimulation
amplitudes (30 and 7 (dotted lines), 15 (short dashed lines), 12.793 and
12.792 (long dashed lines), 12.792378055655138 and
12.792378055655137 (solid lines) uA/uF, as indicated in panel B).
doi:10.1371/journal.pone.0078328.9007

Figure 8A depicts the SF,o in the 1D strand when it was
stimulated with suprathreshold (thick lines) and subthreshold (thin
lines) amplitudes very close to the threshold for three different
electrode lengths: 4 mm (dashed dotted lines), 8 mm (solid lines)
and 12 mm (dashed lines). This figure shows that the SF,,, profiles
of the waves elicited by these three electrodes were very similar. In
all cases, the SF,,,» experienced a marked increase where the wave
initiates, it sharply changed in the region surrounding both
electrode ends and the SF,,,» of expanding waves reached the value
1.8 far from the electrode. Inset of Figure 8A shows the SFyp
profiles for comparison. In this case, the SFyy profiles elicited by
these three electrodes are very similar. The SFyp is zero in the
region where the wave is generated and resembles the profiles
shown in Figure 7B. Figure 8B shows that a 50% reduction of gy,
(dashed lines) produced an overall reduction of the SF.,, value
throughout the strand with respect to control (solid line), while a
75% reduction of tissue conductivity (dashed dotted lines) resulted
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Figure 8. Effect of the electrode length, membrane excitability
and tissue conductivity on the safety factor. Safety factor profiles
obtained with the safety factor formulation SF.,, for suprathreshold
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threshold are represented. A: 4 mm (dashed dotted lines), 8 mm (solid
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maximum sodium conductance (gya,) (dashed lines) and 75% reduction
of tissue conductivity (o) (dashed dotted lines), the inset shows the SFyg
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profiles for comparison; and C: control (solid lines), 50% reduction of
the maximum sodium conductance (gn.) (dashed lines) and 75%
reduction of tissue conductivity (dashed dotted lines), 70% reduction of
Ona (short dashed lines) and 87.5% reduction of tissue conductivity
(dotted lines). The shaded profile indicates the critical safety factor
obtained with our formulation (SF,,,).

doi:10.1371/journal.pone.0078328.g008

on an increase of the SF,,5 except in the center of the fiber. Inset of
Figure 8B shows the SFyp profiles under these conditions. A 50%
reduction of g, (dashed lines) also reduced the SFyg. However, a
75% reduction of tissue conductivity (dashed dotted lines) reduced
the SFygp, in contrast to the increase of the SF,,» observed in this
situation. Superposition of the SF,,» profiles obtained when the
stimulation was the closest to the threshold as possible in all the
simulated conditions showed that the values of the SF, o of the
expanding waves were higher than the values for the collapsing
waves in every position of the strand (Figure 8B), which is not
observed when the SFyy is considered. This suggests that a unique
SF..o profile would characterize the limit between propagation
and failure, regardless of the excitation electrode size, the
membrane excitability and the tissue conductivity. This critical
SF e profile would be delimited at each node of the strand by the
maximum Sk, value observed in that particular node for all the
collapsing waves and the minimum SF,» observed in that
particular node for the expanding waves generated with the
smallest amplitude stimulus in each condition. In order to more
accurately characterize the critical SF,,o profile, more severe
conditions, such as 70% gn. reduction (short dashed lines in
Figure 8C) and 87.5% tissue conductivity decrease (dotted lines in
Figure 8C) were simulated. Figure 8C shows that the critical SF,,o
value, indicated by the shaded profile, would be comprised
between 6.6 (maximum SF,,» obtained for subthreshold stimula-
tion) and 7 (minimum SF,,» peak obtained for suprathreshold
stimulation very close to the threshold) in the center of the strand,
which corresponds to the central point of the region where the
wave is generated. Then, the critical SF,,,» would move between
2.8 and 2.4, 1.6 and 1.4, 1.3 and 1.1, 1.2 and 1, and so on with
successive 0.1 mm displacements to each side. Note that to initiate
an expanding wave, the critical profile shows that a region of the
tissue near the center must have SF,,» values above the unity. The
existence of a region smaller than the critical region with high
SFe values would not promote the generation of expanding
waves. To summarize, the use of the SI,,» at the initiation of the
excitation wave has allowed the characterization of the critical
source-sink relationship distribution for the generation of excita-
tion waves. This critical region was insensitive to the electrode size
of excitation, the membrane excitability or the tissue conductivity.

Discussion

Main findings

In this study, we explored the role of uniform and non-uniform
source-sink relationships on the evolution of wavefront geometry
using computer simulations. An improved version of the Romero
et al. safety factor formulation (SF,,») was developed. We related
the wavefront geometry of excitatory waves to the source-sink
relationship, characterized by the SE,,,», in a 2D isotropic tissue in
the absence of anatomical or functional obstacles. Our results
showed that non-uniform dispersion of the source-sink relationship
alters wavefront curvature. To our knowledge, this is the first time
that the source-sink relationship has been characterized to gain
insights about its role in evolution of the wave front geometry.

Another novel aspect of this work is the characterization of the
source-sink relationship at the beginning of excitation waves.
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Previous studies have analyzed the source-sink relationship in
waves that were already propagating. The study of the SF,,» in the
region where currents very close to the threshold were applied has
enabled not only the calibration of the two recent SF formulations
but also the characterization of the critical source-sink relationship
that separates expanding from collapsing waves, regardless the
stimulation electrode length, the membrane excitability, and the
tissue conductivity.

Our study reinforces the idea that the SF,,» represents a
powerful tool to study the mechanisms responsible for cardiac
propagation including wave initiation and evolution of wavefront
curvature, providing a better understanding of cardiac arrhyth-
mogenesis and treatment.

Role of the source-sink relationship on wavefront
curvature

Although the characterization of the source-sink relationship
has been rarely documented, the source-sink approach has been
widely used to explain many aspects of cardiac propagation,
including the effects of curvature on cardiac propagation. For
example, a convex wavefront propagates slower than a planar
wavefront because the local excitatory current supplied by the cells
at the front of the convex wave diffuses into a larger downstream
area [2]. In addition, the concept of critical curvature for cardiac
propagation relies on the balance of local currents or the ratio
between sources and sinks [1,2]. However, this is the first time that
the source-sink ratio has been analyzed in order to gain new
insights into the evolution of wavefront geometry. Wavefront
curvature has been traditionally explained as the deviation of
waves at either functional or structural obstacles [2,3,19,20], but it
is far from explaining the ultimate biophysical principle that
governs evolution of wavefront geometry. In this paper, we
demonstrate that non-uniform dispersion of the source-sink
relationship alters wavefront curvature even in the absence of
structural and functional obstacles. In addition, our observations
are in agreement with the traditional perspective, as functional and
structural obstacles may effectively alter the source-sink relation-
ship in a non-uniform manner [9,11].

We have also investigated the source-sink relationship in an
anisotropic tissue. Figure S3 shows the activation sequence and the
distribution of the safety factor in an anisotropic tissue stimulated
with a 0.5 mm radius circular shaped electrode. This figure shows
that when the source-sink relationship varies along the wavefront,
its geometry is altered and the wave front is more curved where
the SF,,, is smaller. Anisotropy is another mechanism for altering
the source-sink relationship and extending our results to aniso-
tropic tissue follows from the gy, gradient exercise. Therefore, the
non-uniform distribution of the source-sink relationship along the
wavefront also alters the geometry of the wavefront in anisotropic
tissues and the areas with lower source-sink ratios result in
conduction slowing leading to higher wavefront curvature.
Moreover, we found that uniform dispersion of the source-sink
relationship does not promote wavefront curvature. A linear
spatial gradient of membrane excitability in the same direction as a
planar wavefront provides a substrate for uniform dispersion of the
source-sink relationship in the tissue but such a structure does not
promote wavefront curvature (Figure 5, panels A and C).

The safety factor approach for studying cardiac
propagation

Different parameters have been used to study cardiac propa-
gation and associated arrhythmogenesis, such as the liminal length
for wave initiation [21], which has been used to characterize the
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cardiac vulnerable period [22]. Morcover, the cardiac vulnerable
period has been also analyzed to assess the effect of drugs [22] and
mutations [23] on sodium channels. Similar to the liminal length,
the liminal area was defined for 2D tissues and, used to study
cardiac conduction block at a narrow isthmus [1]. In addition,
spiral wave drift has been explored in the setting of a critical
curvature [2,6]. Dispersion of refractoriness has been related to
vulnerability to reentry and arrhythmic episodes [3,24,25] [24,26].
Unfortunately, the use of the aforementioned parameters on the
study of cardiac arrhythmias presents some drawbacks as they are
focused only on certain aspects of the propagation process. The SI
evaluation takes into account the effect of every parameter
influencing the propagation process, as it characterizes the source-
sink relationship. The study of the SF,, of waves elicited by
stimulation currents very close to the threshold under different
simulation conditions has revealed the existence of a unique
critical source-sink relationship that separates collapsing waves
from expanding ones, independent of the electrode size, the
membrane excitability and the cellular coupling. Conversely, the
liminal length, liminal area, critical curvature and refractory
period depend on the active and passive properties of the tissue as
well as the stimulation characteristics [1,2,21]. In this work, we
have also shown that propagation of sharply curved wavefronts in
tissues with reduced conductivity may be safer than conduction of
planar wavefronts in control conditions, which could be counter-
intuitive. Therefore, the use of SF,, can provide a better
understanding of the mechanisms of arrhythmogenesis and make
a useful contribution to the development of cardiac therapies.

In a previous work, we showed that the reduction of the source—
sink ratio, rather than solely refractoriness, was the ultimate cause
of the unidirectional block leading to reentry during regional acute
myocardial ischemia [11]. Other theoretical works have also used
the SF to study cardiac propagation and block. Indeed, the SF has
been used to gain insights into the mechanisms of conduction on
very slow propagation during reduced excitability and decreased
gap junction coupling [8], to determine the kinetics and
contributions to the propagation process of Iy, and I¢,;, in the
heterogeneous regions [9], to study the importance of obstacle
composition and geometry in wavefront interactions with cardiac
obstacles [14], to analyze the SF for cardiac propagation in cases
of branching [13], in PV] [12,15,16] or in the atrial pectinate
muscle [27] and to study the effects of the increase of the effective
interstitial resistivity [17].

Some experimental studies have tried to infer the effects of
several factors relevant for cardiac propagation on the source-sink
relationship although without characterizing the source-sink
relationship [1,28-30]. To the best of our knowledge no
experimental measurement of the SF,s has been conducted.
The experimental measurement of axial currents flowing between
adjacent cells that is needed to compute I, and I, represents a
technical challenge.

SF computation

Shaw and Rudy defined the SF of a cell in a fiber as the ratio of
charge generated to charge consumed during the excitation cycle,
the fraction of SF below unity indicating the margin of safety [8].
That SF formulation characterized the source-sink relationship
more faithfully than Delgado and colleagues [7] and Leon and
Roberge formulations [31]. Specifically, Shaw and Rudy SF
decreased with membrane excitability reduction and dropped
below unity when propagation failed while the other formulations
did not. Our group optimized the calculation of the interval
corresponding to the excitation cycle in order to facilitate its use in
inhomogeneous two-dimensional tissues [10]. In the present
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paper, we introduce an improvement in the formulation of the
SF,, for 2D tissues, the SF,,,o, which is independent of the direction
of propagation relative to the discretization grid of the tissue. The
SF,,o values obtained in our simulations are in line with other
simulation studies. Indeed, the SF,,» value of 1.82 obtained for a
planar wavefront propagating in control conditions is similar to the
corresponding value shown in our previous work (1.6) [11] and to
other SF values computed in 1D strands in control conditions
[8,9]. The difference between these values is that in our previous
work membrane kinetics were simulated using a modified version
of the Luo-Rudy dynamic model [32] while in this work we used
the ten Tusscher and Panfilov model [18]. In addition, a 50% gn.
reduction decreased the SF,,» from 1.86 to 1.64, which is similar to
the decrement from 1.6 to 1.4 observed with the Luo-Rudy
dynamic model and an 87.5% decrease of the tissue conductivity
produced an increase from 1.82 to 2.65, similarly to the increase
from 1.6 to 2.7 observed with the Luo-Rudy dynamic model. The
slowing of conduction with the reduction of membrane excitability
and tissue conductivity is consistent with experimental observa-
tions (see Figure 2 and Figure 3, panels A, B and C) [7,33].

In this work, we also demonstrate the validity of the SF,,9 to
characterize the source-sink relationship at the initiation of the
excitation wave. Expanding waves have SF,,» values (thick lines in
Figures 7A and 8) greater than unity throughout the strand, the
region where the excitatory wave initiates having the higher SF,,,
values while both ends of the electrode yield the minimum values
due to the added load of cells surrounding the ends of the
electrode. In addition, the SF,5 in the region directly stimulated
by the electrode shows an overall decline with the reduction of the
stimulation amplitude. Moreover, the SF,5 of collapsing waves is
smaller than unity in most of the strand and the SF,,o values of
collapsing waves in every strand node being always smaller than
the SF,,,» observed when the suprathreshold stimulation is close to
the threshold. Finally, the study of the SF,,, of the response to
stimulation currents very close to the threshold under different
simulation conditions has revealed the existence of a unique
critical source-sink relationship distribution that separates collaps-
ing from expanding waves, regardless of the electrode size, the
membrane excitability or the tissue coupling.

Boyle and Vigmond have recently proposed an intuitive
formulation based on the surplus of charge delivered relative to
the minimum required to trigger an action potential, which was
calculated as the minimum charge required for eliciting an AP in a
single cell [12]. The SFyp showed an overall appropriate behavior
in the PV], except for the increase of the SFyp in Purkinje cells
close to the myocardium when Purkinje strand widths were wider
than 120 um [12]. Our results show that this definition also fails to
characterize the source-sink relationship at the initiation of
excitation waves and under moderate tissue uncoupling, situations
that were not tested by the authors. Indeed, the ratio between the
charge delivered to the cell and the threshold charge (Qy,,) of an
isolated cell is not a good indicator of the source-sink relationship,
as the behavior of an isolated cell is different from the behavior of
coupled cells in a tissue [8]. The formulation proposed by Delgado
and coworkers was also based on the margin of extra charge
provided to the cell after reaching the threshold [7] and it also
failed to accurately characterize the source-sink relationship [8].

To sum up, the SF, faithfully characterizes the source-sink
relationship in 1D and 2D tissues, not only when the wave is
propagating but also at the beginning of propagation. Therefore,
the SF,,,» is a very valuable tool for the study of the mechanisms of
wave initiation and propagation, which will improve our
knowledge about cardiac arrhythmias and their therapies.
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Limitations of the study

The implementation of the AP model equations and the
reaction-diffusive equation using double precision variables limited
the threshold amplitude currents precision to 107 pA/pF.
Higher precision variables would allow us to stimulate the 1D
strand with current amplitudes even closer to the threshold and,
therefore, to more accurately characterize the critical source-sink
relationship for wave propagation.

Finally, a 3D bidomain model would be required to reproduce
the virtual electrode effect produced by electric stimulation in the
vicinity of the electrode. This is crucial for simulating defibrillation
shocks [34], when high currents are involved. In the present study,
low current excitation was applied to stimulate the tissue and
strand, which reduces the virtual electrode effect [35].

Supporting Information

Figure S1 Activation sequence and distribution of the
safety factor in circular waves. Waves were generated in an
isotropic tissue stimulated with a 0.5 mm radius circular shaped
electrode at the center of the tissue. Safety factor profiles were
computed using a version of the SF computation that takes into
account the inclination of the axial currents with the direction of
propagation (SF,,3). A: SI,,5 using the direction of propagation
theoretically computed (SF,,57). B: SF,,5 using the direction of the
propagation defined as the unitary gradient of the activation time
(SEmsa). Activation maps are represented by isochrones (black
lines, numbers indicate the instant of activation in ms) and the
safety factor is color-coded in all panels. Tissue boundaries were
not shown for the sake of clarity. C: SF,,57 (black lines), SF,,5aT
(red lines) and SF,,9 (green lines) distributions as a function of the
angular coordinate along the wavefront in the control tissue at four
instants, 1 ms, 1.5 ms, 2 ms and 4 ms after the onset of the
simulation.

(TIF)

Figure S2 Horizontal component of the unitary vector of
the direction of the propagation. The tissue was stimulated
with a 0.5 mm radius circular shaped electrode. A: Theoretically
computed. B: Computed from the activation sequence.

(TIF)

Figure 83 Activation sequence and distribution of the
safety factor in an anisotropic tissue. Waves were generated
in an anisotropic tissue stimulated with a 0.5 mm radius circular
shaped electrode at the center of the tissue. Activation maps are
represented by isochrones (black lines, numbers indicate the
mnstant of activation in ms) and the safety factor is color-coded.
Tissue boundaries were not shown for the sake of clarity. This
figure also shows that when the source-sink relationship varies
along the wavefront its geometry is altered and the wave front is
more curved where the SF, o is smaller.

(TIF)

File S1 Safety Factor Supplementary Material. Safety
Factor Computation Details, Additional Aspects of the Safety
Factor Computation and Distribution of the Safety Factor in
Anisotropic Tissues.

(DOCX)

Author Contributions

Conceived and designed the experiments: LR BT CFS. Performed the
experiments: LR. Analyzed the data: LR BT JMF CFS. Contributed
reagents/materials/analysis tools: LR BT JMF. Wrote the paper: LR.
Revising the manuscript: LR BT JMF CFS.

November 2013 | Volume 8 | Issue 11 | e78328



References

1.

Cabo C, Pertsov AM, Baxter WT, Davidenko JM, Gray RA, et al. (1994) Wave-
front curvature as a cause of slow conduction and block in isolated cardiac
muscle. Circ Res 75: 1014-1028.

. Fast VG, Kleber AG (1997) Role of wavefront curvature in propagation of

cardiac impulse. Cardiovasc Res 33: 258-271.

. Kleber AG, Rudy Y (2004) Basic mechanisms of cardiac impulse propagation

and associated arrhythmias. Physiol Rev 84: 431-488.

. Zykov VS (1980) An analytical estimate of the dependence of the excitation wave

velocity in a two-dimensional excitable medium. Biofizika 25: 888-892.

. Wellner M, Pertsov AM (1997) Generalized cikonal equation in excitable media.

Phys Rev E 55: 7656-7661.

. Vaquero M, Calvo D, Jalife J (2008) Cardiac fibrillation: from ion channels to

rotors in the human heart. Heart Rhythm 5: 872-879.

. Delgado C, Steinhaus B, Delmar M, Chialvo DR, Jalife J (1990) Directional

differences in excitability and margin of safety for propagation in sheep
ventricular epicardial muscle. Circ Res 67: 97-110.

Shaw RM, Rudy Y (1997) Ionic mechanisms of propagation in cardiac tissue.
Roles of the sodium and L-type calcium currents during reduced excitability and
decreased gap junction coupling. Circ Res 81: 727-741.

. Wang Y, Rudy Y (2000) Action potential propagation in inhomogeneous cardiac

tissue: safety factor considerations and ionic mechanism. Am J Physiol Heart
Circ Physiol 278: H1019-H1029.

. Romero L, Trenor B, Ferrero JM Jr, Saiz J (2005) A sensitivity study of the safety

factor for conduction in the myocardium. 32: 873-876.

. Romero L, Trenor B, Alonso JM, Tobon C, Saiz J, et al. (2009) The relative role

of refractoriness and source-sink relationship in reentry generation during
simulated acute ischemia. Ann Biomed Eng 37: 1560-1571.

. Boyle PM, Vigmond EJ (2010) An intuitive safety factor for cardiac propagation.

Biophys J 98: L57-159.

. Kucera JP, Rudy Y (2001) Mechanistic insights into very slow conduction in

branching cardiac tissue: a model study. Circ Res 89: 799-806.

. Azene EM, Trayanova NA, Warman E (2001) Wave front-obstacle interactions

in cardiac tissue: a computational study. Ann Biomed Eng 29: 35-46.

. Ramirez E, Saiz J, Trenor B, Ferrero JM Jr, Molt6 G, et al. (2007) Influence of

1B Ischemic Ventricular Tissue on the Automaticity of Purkinje Fibers: A
Simulation Study. 34: 617-620.

. Aslanidi OV, Stewart P, Boyett MR, Zhang H (2009) Optimal velocity and

safety of discontinuous conduction through the heterogeneous Purkinje-
ventricular junction. Biophys J 97: 20-39.

. Hubbard ML, Henriquez CS (2010) Increased interstitial loading reduces the

effect of microstructural variations in cardiac tissue. Am J Physiol Heart Circ

Physiol 298: H1209-H1218.

. Ten Tusscher KH, Panfilov AV (2006) Alternans and spiral breakup in a human

ventricular tissue model. Am J Physiol Heart Circ Physiol 291: H1088-H1100.
Selfridge O (1948) Studies on flutter and fibrillation; some notes on the theory of
flutter. Arch Inst Cardiol Mex 18: 177-187.

PLOS ONE | www.plosone.org

12

20.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

35.

Role of the Source-Sink Relationship on Curvature

van Capelle FJ, Durrer D (1980) Computer simulation of arrhythmias in a
network of coupled excitable elements. Circ Res 47: 454-466.

. Rushton WAH (1937) Initiation of the propagated disturbance. Proc R Soc B

124: 213-227.

Starmer CF (1997) The cardiac vulnerable period and reentrant arrhythmias:
targets of anti- and proarrhythmic processes. Pacing Clin Electrophysiol 20:
445-454.

Starmer CF, Colatsky TJ, Grant AO (2003) What happens when cardiac Na
channels lose their function? 1-numerical studies of the vulnerable period in
tissue expressing mutant channels. Cardiovasc Res 57: 82-91.

Allessie MA, Bonke FI, Schopman EJ (1976) Circus movement in rabbit atrial
muscle as a mechanism of tachycardia. II. The role of nonuniform recovery of
excitability in the occurrence of unidirectional block, as studied with multiple
microelectrodes. Circ Res 39: 168-177.

. Han J, Moe GK (1964) Nonuniform recovery of excitability in ventricular

muscle. Circ Res 14: 44-60.

Clayton RH, Holden AV (2005) Dispersion of cardiac action potential duration
and the initiation of re-entry: a computational study. Biomed Eng Online 4: 11.
Zhao J, Trew ML, Legrice IJ, Smaill BH, Pullan AJ (2009) A tissue-specific
model of reentry in the right atrial appendage. J Cardiovasc Electrophysiol 20:
675-684.

Ong JJ, Cha YM, Kriett JM, Boyce K, Feld GK, et al. (1995) The relation
between atrial fibrillation wavefront characteristics and accessory pathway
conduction. J Clin Invest 96: 2284-2296.

Danse PW, Garratt CJ, Mast F, Allessic MA (2000) Preferential depression of
conduction around a pivot point in rabbit ventricular myocardium by potassium
and flecainide. ] Cardiovasc Electrophysiol 11: 262-273.

Stein M, van Veen TA, Hauer RN, de Bakker JM, van Rijen HV (2011) A 50%
reduction of excitability but not of intercellular coupling affects conduction
velocity restitution and activation delay in the mouse heart. PLoS One 6:
€20310. doi: 10.1371/journal.pone.0020310.

Leon IJ, Roberge FA (1991) Directional characteristics of action potential
propagation in cardiac muscle. A model study. Circ Res 69: 378-395.

Faber GM, Rudy Y (2000) Action potential and contractility changes in
[Na(+)](i) overloaded cardiac myocytes: a simulation study. Biophys J 78: 2392
2404.

Spach MS, Miller WT III, Geselowitz DB, Barr RC, Kootsey JM, et al. (1981)
The discontinuous nature of propagation in normal canine cardiac muscle.
Evidence for recurrent discontinuities of intracellular resistance that affect the
membrane currents. Circ Res 48: 39-54.

Efimov IR, Cheng YN, Biermann M, Van Wagoner DR, Mazgalev TN, et al.
(1997) Transmembrane voltage changes produced by real and virtual electrodes
during monophasic defibrillation shock delivered by an implantable clectrode.
J Cardiovasc Electrophysiol 8: 1031-1045.

Sambelashvili AT, Nikolski VP, Efimov IR (2003) Nonlinear effects in
subthreshold virtual electrode polarization. Am J Physiol Heart Circ Physiol
284: H2368-H2374.

November 2013 | Volume 8 | Issue 11 | e78328



