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A B S T R A C T

Cardiac conduction disturbances are linked with arrhythmia development. The concept of safety factor (SF) has
been derived to describe the robustness of conduction, but the usefulness of this metric has been constrained by
several limitations. For example, due to the difficulty of measuring the necessary input variables, SF calculations
have only been applied to synthetic data. Moreover, quantitative validation of SF is lacking; specifically, the
practical meaning of particular SF values is unclear, aside from the fact that propagation failure (i.e., conduction
block) is characterized by SF < 1. This study aims to resolve these limitations for our previously published SF
formulation and explore its relationship to relevant electrophysiological properties of cardiac tissue. First, HL-1
cardiomyocyte monolayers were grown on multi-electrode arrays and the robustness of propagation was esti-
mated using extracellular potential recordings. SF values reconstructed purely from experimental data were
largely between 1 and 5 (up to 89.1% of sites characterized). This range is consistent with values derived from
synthetic data, proving that the formulation is sound and its applicability is not limited to analysis of compu-
tational models. Second, for simulations conducted in 1-, 2-, and 3-dimensional tissue blocks, we calculated true
SF values at locations surrounding the site of current injection for sub- and supra-threshold stimuli and found
that they differed from values estimated by our SF formulation by< 10%. Finally, we examined SF dynamics
under conditions relevant to arrhythmia development in order to provide physiological insight. Our analysis
shows that reduced conduction velocity (Θ) caused by impaired intrinsic cell-scale excitability (e.g., due to
sodium current a loss-of-function mutation) is associated with less robust conduction (i.e., lower SF); however,
intriguingly, Θ variability resulting from modulation of tissue scale conductivity has no effect on SF. These
findings are supported by analytic derivation of the relevant relationships from first principles. We conclude that
our SF formulation, which can be applied to both experimental and synthetic data, produces values that vary
linearly with the excess charge needed for propagation. SF calculations can provide insights helpful in under-
standing the initiation and perpetuation of cardiac arrhythmia.

1. Introduction

Propagation of electrical activity in cardiac tissue relies on the
transfer of charge between myocytes. However, action potential con-
duction fails if the charge entering a downstream cell, generated by the

upstroke of the neighboring cells, is insufficient to elicit excitation. The
resulting disturbance in cardiac conduction is recognized as proar-
rhythmic under various conditions including slow conduction in the
ventricles of patients with Brugada syndrome [1], tissue around infarcts
[2,3], and fibrotic regions in the atria [4]. Conceptually, the amount by
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which the charge delivered to a cell exceeds the minimum necessary to
sustain action potential propagation is termed the safety factor (SF) for
cardiac conduction.

Several SF formulations have been posited over the years [5–7],
including one formulated by our group [8,9]. Widespread adoption of
SF metrics may have been hindered by the fact that some necessary
input parameters (e.g., threshold charge as a function of stimulus
duration [Qthr(tA)], transmembrane current over time [Im(t)], etc.) are
difficult to derive from living cells or tissue via experimental mea-
surements. Moreover, these studies have shown that propagation fails
when SF drops below a critical value (SF < 1), but no formulation has
explored whether the measure behaves quantitatively. For example,
while it has been presumed that SF=2 implies conduction that is twice
as robust as SF=1, it has never been confirmed that SF=2 when the
current injected into a downstream cell is 2× the minimal amount
required to elicit an action potential. Our previously-published for-
mulation showed evidence that more robust propagation is associated
with higher SF values [8], but a formal quantitative relationship has not
yet been established.

Electrophysiological changes arising from pathological conditions
that disturb conduction have been assumed to precipitate reduced SF.

For example, reduced tissue conductivity brought about by fibrotic
remodeling [10], including gap junction lateralization [11], is asso-
ciated with reduced conduction velocity (Θ) and might reduce the ro-
bustness of conduction due to exacerbated source-sink mismatch.
Changes in cell-scale excitability are also associated with compromised
conduction, including reduced expression of SCN5a (the gene that en-
codes for the α sub-unit of the voltage-gated Na+ channel) [1] and
shifts in the activation curve for the fast Na+ current [12]. Currently, a
precise quantification of how these different factors could lead to
conduction block is wanting.

The goals of this paper are to show that our SF formulation can be
applied to quantify robustness of conduction in cardiomyocyte mono-
layers, to perform quantitative validation to determine the meaning of
specific SF values, and to compute SF to help understand the relation-
ship between pathological remodeling and arrhythmogenesis. We first
provide a roadmap for approximating SF from easily measurable ex-
perimental recordings, and show that the resulting values are consistent
with those computed from synthetic data. Then, we establish that there
is a sound and reasonable quantitative relationship between our SF
formulation and the true robustness of conduction. Finally, we conduct
simulations of tissue with altered conductivity and sodium channel

Fig. 1. SF values calculated for action potentials simulated via the Mahajan-Shiferaw model of the rabbit ventricular myocyte [23] under three conditions: (a) normal
(i.e., no changes to any cell-scale parameters), (b) sodium channel inactivation gate (τh) reduced to 50% of its default value, and (c) sodium channel conductance
(GNa) reduced to 60% of its default value. For each configuration, the top panel shows transmembrane voltage (Vm) over the course of the entire action potential; blue
shaded areas indicate the time ranges highlighted in subsequent rows. The middle and lower panels show zoomed-in views of Vm and transmembrane current (Im)
focusing on the upstroke interval (tA). Red shading in lower panels indicates the area under the Im curve used to calculate the Qin value used in the SF calculation. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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properties to show exactly how these changes affect SF, producing in-
sights that can aid in the interpretation of the changes in conduction
seen in simulations or experimental/clinical recordings.

2. Methods

2.1. Formulation for calculating SF

Our formulation for quantifying the robustness of cardiac conduc-
tion supposes that a depolarizing current is applied to a myocyte, which
leads to a rise in transmembrane voltage (Vm), which may or may not
result in an action potential. The definition we proposed for SF [8] is:

=
+
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I dt Q
Q t
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where A is the take off interval, defined as the time between Vm

reaching 1% of its peak value and transmembrane current (Im) crossing
the Vm=0 threshold (from positive to negative), Qstim is the charge
delivered by an externally applied stimulus, and Qthr is the threshold
charge, as a function of stimulus duration (tA= tIm, 0− t1%), that must
be applied to an isolated cell to elicit an action potential. It should be
noted that Qthr is implicitly dependent on the electrophysiological
properties of the cell(s) in question, regardless of whether the data in
question are experimental or synthetic. For example, two mathematical
representations of the action potential with different parameters (e.g.,
normal vs. reduced conductance values for a particular ion channel)
necessitate two different Qthr(tA) curves. Several example SF calcula-
tions are shown in Fig. 1.

2.2. Calculation of SF from experimental recordings

Murine atrial phenotypic clones of HL-1 cells were used under ex-
perimental conditions as previously described [13]. The clone was
maintained in culture in Claycomb medium (Sigma Aldrich) and passed
once a week at a 1/3 density in 25cm2 flasks. All experiments were
performed in modified Krebs-Ringer solution (in mmol/L): NaCl, 140;
KCl, 4; CaCl2, 2; MgCl2, 1; HEPES, 5; sodium pyruvate, 2; glucose, 5
(pH 7.4). Details regarding single-cell electrophysiology measurements
for this study were as described in the previous paper [13].

For tissue-scale measurements, cloned HL-1 cells [13,14] were
cultured on a Multi-Electrode Array (MEA) with 64 unipolar recording
sites separated by 200 μm, as shown in Fig. 2a. Extracellular electro-
grams (ϕe(t)) were recorded at 1kHz under physiological temperature
conditions (37∘C) from day 2 to day 4 post-seeding and analyzed using
Python [15]. Raw electrograms were smoothed using a second order
Savitsky-Golay filter with a window length of 11. Only electrograms
with signal peaks 10 times greater than the root mean square of the
noise magnitude were considered since the SF calculation involves
numerical integration, which is sensitive to noisy input data. Local
activation time was defined by the instant of the peak negative slope in
the unipolar voltage signal, and point-by-point Θ estimates were com-
puted by taking the inverse of the spatial gradient of activation times
surrounding each electrode. To estimate Im, we assumed a locally planar
wavefront and used the method described by Gray et al. [16] to convert
spatial to temporal derivatives:

= =I
x t
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where σe is the extracellular conductivity, and β is the membrane sur-
face to volume ratio, which can be expressed as [17]:

= f ,vol (3)

where fvol is the fraction of the volume occupied by the cells on the MEA
and ξ is the cellular surface-to-volume ratio. Exact values for the latter
parameters were unknown and impossible to obtain using standard

experimental techniques. Reported values of σe range from 33 to 160
mS/m [18,19]; accordingly, we considered five plausible σe values
(16.7, 33.3, 75.5, 117.8, 160 mS/m). fvol was estimated via manual
analysis of photographs of cultured cells using ImageJ [20]; however,
since different parts of the MEA had different densities of cell packing,
we subdivided the visible domain into quarters, measured the lower
and upper extrema of fvol and considered four possible values within
that range: 0.145, 0.289, 0.427, and 0.565. Thus, for each usable ϕe

recording, we assessed the sensitivity of Im to 20 different permutations
of σe and fvol. Finally, average cell surface area was determined by
measuring the capacitance of cultured cells, but precise calculation of ξ
was not possible because 3D cell geometry was not readily discernible.
Thus, we assumed that cells were cylindrical with a 4:1 height to width
ratio and derived ξ accordingly.

The Qthr(tA) relationship for experimental SF calculations was de-
rived by determining the charge associated with threshold currents
required to elicit action potentials in isolated HL-1 cells. The threshold
Ithr value was identified using current stimulation (square pulses,
tA=3ms) and a linear relationship between threshold charge and tA
was assumed as suggested by Weiss [21] and observed previously [8]:

= +Q t r t c( ) ( )thr a A (4)

where r is the rheobase and c is the chronaxie.

2.3. Numerical validation and exploration of SF dynamics in synthetic data

To quantitatively gauge the accuracy of our SF formulation, we
performed computer simulations in which we applied constant ampli-
tude transmembrane current pulses (stimulus duration [ds]= 1–5ms) to
1D strands, 2D sheets, and 3D blocks of cardiac tissue. Stimuli were
applied to rectangular regions (i.e., 1D: line segment, 2D: square, 3D:
cube) at the center of each domain with variable spatial extent (i.e.,
electrode width [we]= 0.2–0.8mm in all directions). For each combi-
nation of ds and we, we first found the minimum current necessary for
generation of a propagating wave, Ithr, using a binary search with a
100 nA/cm2 resolution. Then, for a stimulus of the same duration and
spatial extent but with arbitrary magnitude Istim, the true safety factor
(SFtrue) was defined as:

=SF I
I

,true
stim

thr (5)

which was compared to the SF value computed according to our for-
mulation (Eq. 1) at the edge of the stimulus.

All simulations were performed using CARP [22]. Regular finite
element meshes were constructed with 100 μm inter-node spacing for
line elements in 1D, and tetrahedra in 3D. For 2D cases, the simulated
tissue was actually a one element-thick 3D sheet. In all cases, mem-
brane kinetics were represented by a rabbit ventricular myocyte model
[23]. A time step of 25 μs was used and results were output every 100 μs
for analysis.

To assess structural and electrophysiological effects on robustness of
conduction, we ran further simulations in 2D tissue domains under a
variety of conditions and computed SF. Specifically, we:

1 Explored the effects of gradual and abrupt changes in macroscopic
geometry in a 4cm ‐ long tissue sheet with thin-to-thick and thick-to-
thin transitions;

2 Examined the effect of different degrees of fibrotic remodeling with
conduction approaching the percolation threshold, by randomly
removing a fixed percentage of finite elements (10%, 25%, 50%, and
75%) from the central third of a 15×7.5mm rectangular tissue
sheet; and,

3 Characterized, in the same simulated tissue sheet as the fibrotic
remodeling experiments described above, the influence on SF of
modulating tissue- and cell-scale parameters that influence Θ
(tissue-scale: 1/3, 1/4, or 1/6 of baseline tissue conductivity [σi];
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cell-scale: time constant of sodium channel inactivation gate [τh]
and sodium channel conductance [gNa], 50–90% in 10% incre-
ments).

3. Results

3.1. Calculation of SF from experimentally recorded data

The average cell capacitance was measured as 14.0 ± 1.1 pF
(n=16); the threshold current stimulus to elicit an action potential was
172.8 ± 10.2 pA (n=18) for pulse duration=3ms. The membrane
threshold potential was −36.1 ± 1.8mV (n= 18), and, thus, 404.6 fC
of charge were needed to raise the membrane capacitance voltage to
threshold. Based on these values and assuming Weiss's. [21], we ob-
tained an estimate of Qthr(tA)= 404.6+37.9 tA fC. Activity occurred
spontaneously in cell culture, from a region outside the MEA coverage
area, and excitation spread as a planar wavefront across the MEA
(Θ≈0.5 ± 0.35cm/s). Failure of the wave to propagate across the
MEA was never observed. After discarding electrodes with poor signal
quality as described in Methods, SF was calculated for 36.1 ± 3.3 (for
n=23 distinct propagation events) electrodes for each possible com-
bination of σe and fvol parameters.

Maps of activation time and conduction velocity reconstructed for a
representative activation sequence are presented in Fig. 2b and c, re-
spectively. Black squares indicate electrodes where values could not be
calculated due to poor signal quality. The filtered signals for recorded
ϕe(t) (Fig. 2d) and reconstructed Im(t) (Fig. 2e) are shown for the sites
corresponding to the highlighted locations in Fig. 2b and c (and for the
same excitation interval shown in those panels). In general, SF values
reconstructed from experimentally measured data were in the range
from 1 to 5, although the specific distribution was dependent on the
values of fvol and σe used in calculations (see: Fig. S1). A representative
distribution of SF values derived from experimental data is shown in

Fig. 2f. In this case, where fvol=0.289 and σe=33.3mS/mm, 88.1% of
all computed SF values were between 1 and 5; this was the highest
proportion observed for all values of fvol and σe.

To explore the relationship between Θ and SF in experimental data
from a similar HL-1 preparation, we examined MEA data for sponta-
neous behavior in a series of 60+ beats. Over time, a gradual increase
in Θ from ∼0.9cm/s to ∼1.5cm/s (62% increase) was observed
(Fig. 3a). Since this change in Θ was not prompted by application or
washout of any exogenous pharmacological compound (e.g., channel
blockers/agonists, uncoupling agents, etc.), it was unclear whether the
distinct change in behavior was caused by enhanced gap junctional
coupling, increased sodium channel excitability, or some synergistic
combination of the two. To identify the causal mechanism, we ex-
amined the maximum second temporal derivative of transmembrane
voltage V̈m

M (Fig. 3b), which is not affected by changes in σi [15]. The
fact that V̈m

M did not increase as dramatically as the Θ values (increasing
by 32% over the studied beats) is consistent with a functional increase
in gap junctional coupling being chiefly responsible for increased Θ,
and not a change in cell-scale excitability. This supposition is supported
by the fact that even dramatic changes in cell-scale excitability (e.g.,
halving or doubling of GNa) have relatively subtle effects on Θ com-
pared to proportional changes in σi [25]. Remarkably, SF remained
relatively constant over time (∼1.7) (Fig. 3c). Plotting SF vs. Θ showed
no clear relationship (Fig. 3d), highlighting that Θ changes do not ne-
cessarily accompany SF changes.

3.2. Validation of correspondence between SF and SFtrue

As described in Methods, a one dimensional tissue strand was sti-
mulated at the midpoint for a range of different we and ds values.
Complete spatio-temporal excitation sequences are shown side-by-side
with plots of SF(x), derived using our formulation, for four different
values of SFtrue in Fig. 4a. In general, there was reasonble

Fig. 2. Approximation of SF from experimentally recorded data. a. Photograph of HL-1 cells cultured on MEA. Black dots represent recording electrodes. b. Map of
activation times for MEA. Squares marked with “X” represent sites that were ignored due to low signal-to-noise ratio. Squares with a circle indicate electrodes for
which data are shown in panels d and e. c. Map of Θ values for MEA. d. Plots of ϕe over time show filtered signals recorded from for electrodes 9, 28, and 39. e. Plots
of Im over time for electrodes 9, 28, and 39. The area under each Im curve in the intervals used to calculate Qin is highlighted by yellow shading. f. Histogram of SF
values calculated at all electrodes over 23 beats with the following assumptions: σe = 75.5 mS/m, fvol = 0.565. Red-shaded histogram bars indicate SF values
between 1 and 5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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correspondence between SFtrue and estimated SF. For the case where the
stimulus was 25% higher than the threshold strength to elicit a pro-
pagating response (i.e., SFtrue=1.25; top row), SF values in the vicinity
of the electrode boundary ranged from 1 to 1.6. When SFtrue was exactly
1 (second row), SF was 1 under the electrode and 1.5 in the region
where robust propagation had already been initiated. Interestingly, in
this case, stimulation initiated a propagating unstable wavelet [26],
which traveled along the strand at a much slower Θ until it transformed
into full-fledged action potential-driven propagation at some distance
from the electrode. Remarkably, for a stimulus that was only slightly
weaker (SFtrue=0.999; third row), SF(x) was uniformly less than 1 for
all values of x. Finally, as anticipated, for the case of a stimulus that was
25% weaker than the value necessary to initiate propagation
(SFtrue=0.75; bottom row), SF(x) was bell-shaped with a peak of 0.75
at x=0, under the center of the electrode. Similar behavior was ob-
served for the entire range of SFtrue, regardless of we and ds values (see
Fig. 4b). Notably, SF (x) profiles were smooth, gradually and con-
tinuously changing from the stimulated to the nonstimulated regions,
even though the Qstim term in Eq. 1 was only considered directly under
the electrode.

Overall, there was excellent correlation between SFtrue and SF at the
electrode boundary (Fig. 4c). Deviation from the identity line was
minimal, the percent error never exceeded 40%, with the dramatic
majority of errors less than 20%. The error was minimal near SFtrue=1,
which is arguably the most important region since it corresponds to
conditions near the critical point between successful and failed con-
duction. Furthermore, the relationship was monotonic so an increase in
SF consistently corresponded to an increase in SFtrue.

For simulations conducted in 2D (Fig. 5a) and 3D (Fig. 5b), there
was a similar trend towards strong correlation between estimated SF
and known SFtrue. As in 1D, propagating unstable wavelets were ob-
served at SFtrue=1, travelling along the direction of greatest con-
ductivity.

3.3. Relationship between variability in tissue geometry and SF

Different types of geometric variability (i.e., thick-to-thin and thin-
to-thick transitions with varying degrees of abruptness; Fig. 6a) had the
expected effects on the emergent property of Θ (Fig. 6b). Specifically,
there was a localized Θ increase at points where the width of the

Fig. 3. Properties of Θ and SF over time in experimentally recorded data from an HL-1 monolayer. In all panels, the values shown for each time point are the median
of all valid electrodes from which signal was recorded during that beat. Best-fit (linear regression) lines, with corresponding equations and correlation coefficients (r)
are shown in panels a and b. % increase/decrease values are derived by comparing values at the extremes of each best-fit line. a. Θ values over time, which increase
by ∼70% between the first and last beats observed. b. V̈m

M values over time, which stay relatively constant over time, suggesting that the increase in Θ is pre-
dominantly due to increased gap juction coupling (see text). c. SF values over time, which also stay relatively constant (∼1.7). d. Beat-by-beat comparison of SF vs. Θ
values, showing that Θ variability is not necessarily accompanied by a change in SF.
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propagation path decreased (i.e., thick-to-thin transitions). Conversely,
in regions where the path of propagation became wider (thin-to-thick
transitions), there was a transient Θ decrease because of reduced

source-to-sink ratio. SF along the central profile followed Θ but the
peaks were attenuated. Qualitatively, SF(x) appeared to be a low-pass
filtered version of Θ(x), with smoother transitions at geometrical

Fig. 4. SF validation simulations conducted in a one-dimensional tissue strand. a. Strand geometry (top), along with spatio-temporal plots of transmembrane voltage
(left) and profiles of SF distribution along the strand (right) for four different SFtrue values. Examples shown here are for we=0.8mm and ds=5ms. b. SF(x) graphs
for SFtrue values ranging from 0.125 to 2 for two combinations of we and ds. c. top: SF at electrode boundary versus SFtrue for all 1D experiments. The dashed line is the
identity line. The inset shows detail around SFtrue=1. bottom: Percentage error of calculated between SF and SFtrue.

Fig. 5. SF validation simulations conducted in a two-dimensional tissue sheet or a three-dimentional tissue slab. a. For 2D simulations, a one element-thick sheet (top
left) was stimulated centrally. Stimulus parameters for the specific examples shown are we=0.4mm and ds=5ms. Maps of activation time (isoline spacing: 0.2 ms;
gray= failed propagation) and SF (isoline spacing: 0.1) are presented for three SFtrue values from simulations (top right). Profiles of SF(x) (bottom left) and
correlation between estimated SF (measured at the electrode boundary) and known SFtrue for all combinations of we and ds (bottom right) show findings consistent
with 1D observations. b. Same as a but for 3D simulations. Examples shown are for we=0.8mm and ds=4ms. Isoline spacing for SF schematics is 0.2.
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changes. The differences in SF were not as dramatic as those in Θ,
especially at the openings of thin-to-thick transitions between the
center and edge values.

3.4. Effect of fibrotic remodeling on SF

Action potentials propagated all the way through the fibrotic region
for values< 70% tissue removal (Fig. 7a–b). The time required for the
wavefront to percolate through the fibrotic region became longer as the
extent of element removal increased, since propagation became more
tortuous and propagation failure occurred within the fibrotic region. In
all cases, a localized increase in SF was observed as the wave entered
the diseased tissue (Fig. 7a–b); the magnitude of this increase was de-
pendent on the extent of fibrotic remodeling, with higher levels of
tissue removal corresponding to a larger localized increase (ranging
from 1% to 8% higher than baseline SF≈1.62). Within the fibrotic
tissue region for< 70% tissue removal, there was a subtle decrease in
SF; in contrast, a dramatic drop in SF was seen within the fibrotic region
for the 70% case. Finally, at the transition between fibrotic and non-
fibrotic tissue, there was a localized decrease in SF, again with mag-
nitude proportional to the severity of remodeling.

3.5. Changes in SF under tissue- and cell-scale conditions that reduce Θ

As expected, reduced σi (i.e., tissue-scale change) resulted in de-
creased Θ (Fig. 8a), with larger σi reductions corresponding to more
dramatic Θ decreases (Fig. 8b). There were significant localized
changes in SF at the boundaries between regions of normal and reduced
σi, but SF was approximately the same (∼1.6) regardless of σi despite
obvious reductions in Θ (Fig. 8c). Specifically, there were regions of
increased and decreased local SF at sites where the wavefront entered
and exited the low-σi domain, respectively, with the extent of this
change larger for greater differences in σi.

As shown in Fig.9a, cell-scale excitability changes imposed in si-
milar simulations also resulted in reduced local Θ as expected. For the
example shown, reduction of τh to 50% of its nominal value resulted in
Θ≈32.6cm/s in the central part of the corresponding region, which
was ∼40% lower than the value in tissue without compromised ex-
citability (56.1cm/s). Likewise, reduction of gNa to 50% of its baseline
level led to Θ≈42.0cm/s (∼25% lower than normal Θ). However, in
stark contrast to the observed SF-to-Θ relationship in low-σi tissue, SF
was reduced in regions with slower Θ arising from impaired cell-scale
excitability. This observation held true for all values of τh or gNa and
plotting SF versus Θ revealed a strong linear relationship (Fig. 9b).

Fig. 6. Simulations exploring how changes in geometry (i.e., thin-to-thick and thick-to-thin transitions) affect Θ and SF. a. The 2D geometry with activation times.
Isochrone line spacing is 2.5ms. b. Θ map (top) and profile of Θ(x) along the vertical axis of symmetry (bottom). c. Same as b but for SF and SF(x).
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To obtain further insight on this apparent paradox, we re-plotted
data from Figs. 8a–c and 9b with Θ as the dependent variable, as shown
in Fig. 9c. For cases in which reduction of INa channel parameters
caused more dramatic Θ impairment, we observed a relative decrease in
the maximal slope of the action potential upstroke (Vm

M) accompanied
by increased Qthr values. In contrast, while there was an obvious
quadratic relationship between σi and Θ, Vm

M was constant across the

entire observed range of Θ values.

4. Conclusions

We demonstrate for the first time that our previously-formulated
definition of cardiac SF [8] has a linear relationship with, and is nor-
malized by, the actual charge required to elicit a propagating action

Fig. 7. Effect of fibrotic remodeling, simulated by removal of elements from the center third of the tissue, on SF. a. Maps of activation times for all four configurations
simulated (10%–70% of elements removed; see Methods). Isochrone line spacing is 1.5ms. b Θ maps. c SF maps. d SF (x) profile for all four configurations, with each
value representing the average of all SF values at that particular value of x.

Fig. 8. Changes in Θ and SF resulting from reduced σi in the central third of a simulated tissue slab. a. Maps of local activation time. Isoline spacing is 2 ms. b. Θ
profiles from the center line (i.e., vertical axis of symmetry). c. Same as b but for SF.
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potential. We applied SF to experimental measurements, showing that it
can be used in that context. We then derived a scenario in which the
concept of true SF was intuitive and compared values computed using
our formulation to expected values in an unambiguous manner. Finally,
we looked at several simulated cases relevant to the study of ar-
rhythmogenic mechanisms, highlighting that changes in Θ do not ne-
cessarily reflect underlying changes in SF.

4.1. Experimental measurements

An advantage of our SF is that it can be applied to experimentally
recorded signals. There are several techniques to calculate Im, including
those based on extracellular electrode recordings (as in this study) [16],
intracellular microeletrodes [16], optical mapping [16], and loose
patch [27]. The single cell threshold must still be known before SF can
be computed. In our case, we have extensive experience with the cell
line both at the single cell and monolayer layer levels [13] and are
confident that coupled cell properties are preserved in single cells.
Thus, we knew the threshold current precisely. Experimentally, finding
Qthr(tA) may require single cell isolation or involve inverse fitting from
tissue measurements to find cellular properties. Nonetheless, the
quantities required to calculate SF are standard measurements.

Our experiments with HL-1 cells were dependent on the geometry of
cells assumed. We could not reconstruct the shapes in three dimensions
from the 2D photographs. Also, we did not try to estimate cell densities
around particular electrodes and correct for them. We did show that
with justifiable assumptions over a wide range of σe and fvol parameters

within accepted physiological bounds, calculated SF values were in a
reasonable range (1≤ SF≤5). This is in line with expected values as
SF≥1 is required for propagation, and the charge is not an order of
magnitude higher than required, which would imply a large amount of
energy waste. Thus, despite the slow Θ observed experimentally in HL-1
monolayers, propagation was quite robust.

4.2. Validation

We were able to quantitatively validate SF in 1-, 2-, and 3-dimen-
sional tissue simulations, demonstrating a linear relationship between
SF and the excess charge delivered. Behavior was the same in all di-
mensions with a small and inconsequential increase in off diagonal
entries for tissue with a higher spatial dimensionality. For the first time,
we showed that SF can properly characterize behavior under and near
the electrode. The SF spatial profile had no large discontinuities or
sharp peaks, and increased in a smooth, monotonic way under the
electrode as the stimulus strength was increased. Outside the electrode,
there was a jump in the SF profile at SF =1 as expected, since propa-
gation to the ends of the cable suddenly occurred. In all dimensions 1)
propagation did not occur for SF<1, 2) at SF= 1 to within at least 4
decimal places, propagating unstable wavelets [26] were initiated, and
3) normal propagation occurred for SF> 1. Thus, SF is dimension-in-
dependent, and is especially accurate and sensitive around the propa-
gation threshold.

Fig. 9. Changes in Θ and SF resulting from reduced τh or gNa in different segments of a simulated tissue slab. a. Top: Map of activation times for a representative
example (50% τh, 50% gNa); isoline spacing: 2ms. Middle and Bottom: Θ and SF profiles along axis of vertical symmetry. In the Θ panel, the dark line corresponds to
the case shown in a (50% τh, 50% gNa); lighter lines show data for 60–90% cases. In the SF panel, only data corresponding to a are shown. b. Linear relationship
between SF and Θ, when the change in Θ results from reduction of either τh (blue dots) or gNa (orange dots). c. Relationships with Θ. Top: The maximum upstroke
velocity, Vm

M , and Qthr as functions of Θ when only GNa was manipulated. Bottom: Vm
M and σi as functions of Θ when only gap junction coupling was changed.

Regression fits are indicated for the curves along with the regression coefficient. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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4.3. Θ and SF

SF is preserved within regions of different conductivity. This is be-
cause the source region driving excitation of the neighboring cells is
that covered by the action potential upstroke. Spatially, this spans a
length equal to the upstroke duration multiplied by Θ. It is known that

i . Likewise, the downstream load of the unexcited tissue is
proportional to the space constant (λ), which is also proportional to

i . Thus, since the source and sink both increase with the same de-
pendence on σi, SF is preserved. In contrast, at transitions between the
regions of differing σi, there is a local SF maximum or minimum as σi
decreases or increases, respectively, due to the intrinsic spatial varia-
bility in source and sink strength. In the case of extreme fibrosis (70%
column of Fig.7), it was largely not within the fibrotic region itself that
propagation failed. On the contrary, propagation within the latter re-
gion was robust (SF≈1.5), albeit with a lower Θ, and conduction ul-
timately failed at the transition back to non-fibrotic tissue. The failure
of propagation into regions of increased conductivity has been de-
monstrated experimentally [28].

For all ionic changes tested, lower Θ was associated with lower SF.
This is not unexpected, since greater intake of charge during the action
potential upstroke, which results in increased Θ, leads to higher peak
potentials and in turn increases the electrical driving force between
cells, so long as λ is not affected. Thus, a critical finding of our analysis
is that while reduced SF implies reduced Θ, reduced Θ does not ne-
cessarily imply reduced SF.

SF profiles often looked like low pass filtered versions of the Θ
profile. That is, at points of sharp transitions in Θ, SF displayed wider,
lower amplitude (or indistinguishable) peaks. Changes in Θ are more
point specific relative to changes in SF, which factor in the spatial ex-
tent of source and sink regions, which occur over distances between 2λ
and 3λ.

In the Supplemental Material section entitled “Analytical
Derivations,” we show that the above results emerge from our SF for-
mulation; here, we discuss final results. Starting with our SF definition
(Eq. 1), and assuming a planar wavefront propagating at constant ve-
locity, Θ, we introduce Eq. 2 and transform the integration variable
from time to space. If we vary only the conductivity to affect conduction
velocity, that we denote as Θσ, then:

=SF
Q t

V( ) (1)
( )

i

thr A
m
M

(6)

which has no Θ dependence, as observed in our study. See Eqs. A1 to A8
for full derivation. The latter observation is supported experimentally
by Rohr et al. [26], who remarked that propagation still occurred with a
high degree of gap junction uncoupling.

Next, if we manipulate conduction velocity by changing the sodium
channel conductance, we note that Qthr(ΘNa)= 1/(A+ BΘNa) for po-
sitive constants A and B. Making this substitution,

= +SF A B V( ) ( ) (1)Na Na
i

m
M

(7)

which has a positive, linear dependence as observed. See Eqns. A10 to
A11 for full derivation.

Our conclusion is that qualitative assessment of Θ alone cannot
provide an intuitive estimate of SF. In general, pathologies that lead to
the development of fibrosis also have some impact on electrophysiology
(e.g., through paracrine effects). Reductions in Θ may result from any
combination of geometrical transitions, disruption of gap junctions, or
modifications to ionic currents, and SF is related to the underlying
cause of electrophysiological variability [29]. In acute experiments,
where only an agent affecting cell-scale excitability is added, a change
in Θ will be associated with an increase or decrease in SF. Experimental
results presented in this study are consistent with this prediction, given
that an observed spontaneous change in SF was not associated with a
concomitant change in SF (see Fig. 3).

An interesting potential application of SF is to analyze the re-
lationship between microstructural features such as functional hetero-
geneity of gap junction channels (e.g., due to the formation of macro-
molecular complexes involving co-localization of Cx43 with sodium
channels and scaffolding proteins at intercalated discs [30]). There is no
straightforward way to represent such phenomena using the modeling
approach used in the present study, since it is based on a continuum
approximation of tissue-scale electrophysiological properties. However,
recent work from a different research group has highlighted the fact
that our SF formulation can be used to study conduction and excit-
ability at the micro scale [31], suggesting that this could be feasible in
future work.

4.4. Arrhythmogenesis

Previously, our group used SF to show that source/sink mismatch at
left-right ventricle border might predispose that location for conduction
and wavebreak based solely on geometrical reasons [9]. Likewise, SF
could be applied around scars and fibrotic regions to identify points of
potential wavebreak which could be targets for therapy. Notably, for
the section concerning fibrotic tissue, we chose to only look at gross
structural remodeling (i.e., tissue replacement), and ignored other
factors like electrophysiological changes and diffuse fibrosis. In reality,
fibrosis is clearly a multi-factorial process that can be represented in
computational models in many different ways, as we have discussed in
previous work [32]. The rationale for modeling fibrosis in this way was
to illustrate how disruption of local source-sink mismatch affects SF.

Experimentally, SF can be used for analysis to understand reentry
initiation and identify mechanisms. For example, one could examine
filament centers and sites of wavebreak to determine whether the un-
derlying cause is the impact of substrate characteristics on SF at those
points. Using multiple pacing frequencies could also shed light on the
substrate as SF may reduce more rapidly in some locations as the pacing
rate increases.

4.5. Study limitations

Experimentally, we did not know β at each electrode. This could
have been performed by using a different microscope to get the true
shape in 3D, and by better estimating the cell density around each
electrode. HL-1 cells are a mutant cell line, and the SF range may fall
outside of normal myocardium. However, using basic physiological
assumptions, the computed SF turned out to be in a reasonable range.
The studies with changes to ionic models and conductivity were done in
2D. However, the 1, 2, and 3D simulations all showed the same beha-
vior for the validation portion.

It is relevant to note that that simulations conducted in our study
are based on models of rabbit ventricular myocyte kinetics whereas the
experimental data analyzed came from HL-1 cells. Our intention with
respect to considering experimental data was not to present a one-to-
one mapping between experimental and synthetic datasets, but rather
to explore the broad question of whether our SF formulation could
potentially be applied to any data recorded from cardiomyocytes in
culture. Previous analysis suggests that the SF formulation can be ap-
plied to arbitrary cell types, as long as proper steps are taken to char-
acterize the cell-specific Qthr(tA) relationship [8], as we did for the HL-1
cells used in this study.
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Appendix B. Analytical derivations

Theoretically, we will derive the dependence of SF on Θ emerging from our SF formulation, and show how our simulation results are consistent
with it. We start with our SF definition (Eq. 1) and assume a planar wavefront propagating in x at a constant propagation velocity, Θ, with no
stimulus (Qstim=0). We plug in the expression for Im (Eq. 2), convert to intracellular quantiies [33], and change the integration variable from time to
space, t→ x/Θ:
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Now, the temporal derivative is related to the gradient by =Vm
V
x
m . The lower limit of integration is the point where Vm has barely started to

rise, so the spatial derivative is very small and can be ignored. In Fig. 1, it can be seen that the upper limit is the point where the membrane current is
zero and is, thus, the instance of maximal Vm, denoted Vm

M :

(A7)

=
Q t

V
( )

( )i

thr A
m
M

2 (A8)

B.1. Varying tissue conductivity

If we vary only the conductivity to affect the conduction velocity, which we denote as Θσ, thenV ( )m
M varies little with Θσ (≈2% over the range

25–100 cm/s, see Fig. 9) [24], and can be considered constant. From theory and verified in our study (see Fig. 9), Θσ varies with the square root of
conductivity, so σi(Θσ)∝Θσ

2, and it follows:

=SF
Q t

V( ) (1)
( )

i

thr A
m
M

(A9)

where σi(1) is the conductivity producing a conduction velocity of 1m/s. Qthr(ta) is a single cell property so it is not affected by the tissue con-
ductivity. Therefore, SF is independent of Θσ, consistent with our results (Fig. 8).

B.2. Varying sodium conductance

Next, we start again from Eq. A8 and consider changing the conduction velocity, now denoted ΘNa, by fixing the tissue conductivity while varying
membrane excitability through adjusting the sodium channel conductance. Under these conditions, from our simulations (Fig. 9) and supported by
experiment [34], it is known that the relationship between the maximum rate of change of the transmembrane voltage and the conduction velocity is
given by V ( )m

M
Na Na

2 . With this substitution, we can write

=SF
Q t

V( )
( )

(1)i

thr A
m
M

Na (A10)

whereV (1)m
M is the maximum rate of change of transmembrane voltage with respect to time at a conduction velocity of 1m/s. Now, Qthr is the charge

required to bring the membrane to a voltage such that the inward current is regeneratively greater than the outward current, and is affected by
changes in sodium current. As a function of ΘNa, it has the form Qthr(ΘNa)= 1/(A+ BΘNa) for positive parameters A and B (see Fig. 9c), so,
incorporating this expression,
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= +SF A B V( ) ( ) (1)i
m
M

Na Na (A11)

which is a linear function with a positive slope as observed (Fig. 9c).
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