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Abstract

This study compares stimulation waveforms for single-
cell simulations. The alternatives include monophasic and
biphasic current pulses, and a new waveform that resem-
bles the transmembrane current responsible for conduc-
tion in tissue. Results indicate that the new stimulation
produces the lowest mismatch between action potential
markers simulated in cell and in tissue. In comparison
with the monophasic stimulation, the new stimulation re-
duced cell-fiber differences by 99% for triangulation, by
95% for maximum transmembrane voltage, and by 76% for
the maximum voltage slope. In conclusion, the new stim-
ulation waveform could help to improve the trustworthi-
ness of single-cell simulations in studies involving tissue-
derived markers.

1. Introduction

Cardiac computational models are a valuable tool for
improving our understanding of cardiac electrical activ-
ity. In particular, action potential (AP) models of car-
diac myocytes can be used to understand cellular electrical
function under physiological conditions or in response to
disease- or drug-induced alterations.

In silico models are generally validated by comparing
simulated results with available experimental data. Ex-
periments, however, exhibit a high degree of variability,
both between cells and between subjects, while most cur-
rent cell models only reproduce an AP meant to represent
the “average” over a population. Rather than considering
just a single AP model, a current trend in research is to
create a population of models (PoM), that is, an ensem-
ble of models covering a range of physiological character-
istics such that they are able to represent the experimen-
tal electrophysiological variability. Computational simula-
tions are run based on the created ensemble of models and
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the obtained results are compared to experimental observa-
tions. Candidate models whose results are not consistent
with experiments are discarded. The remaining models
constitute an experimentally—calibrated PoM [1]. During
calibration, it is crucial that simulations mimic experimen-
tal conditions as closely as possible, including stimulation
conditions.

Common electrophysiological markers for model cali-
bration include AP duration (APD), maximum transmem-
brane potential or AP triangulation, among others. Due
to the sensitivity of some ionic channels to cell isolation
procedures, the reference experimental values for some of
those markers are commonly obtained from cardiac tis-
sue preparations. In such cases, although intactness of
ion channels is preserved, the resulting characterization
of electrophysiological properties may be strongly influ-
enced by intercellular communication. Not accounting for
intercellular coupling effects may inadvertently introduce
a source of error when comparing simulations with ex-
perimental observations. Specifically, some studies in the
literature [2] have pointed out that, for some AP-derived
markers, there is not a close correspondence between val-
ues measured in cell and tissue. Those markers must be
used with caution when developing or calibrating single-
cell AP models if a comparison with experimental tissue
data is going to be considered.

The cell-tissue mismatch could be avoided by simu-
lating the behavior of cardiac tissue for calibration, but
such approach would excessively increase the computa-
tional cost, since PoMs contain thousands of model varia-
tions. More feasible alternatives should try to incorporate,
as far as possible, the effects of inter-cellular communica-
tion into single-cell simulations. In the literature, a bipha-
sic stimulation has been proposed to imitate cell excitation
during AP conduction [3]. The effect of such stimulation
on the cell-tissue mismatch has not been studied yet.

In this work we analyze four stimulation waveforms ap-
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plied onto single-cell AP simulations and quantify the mis-
match between AP markers measured in simulated cells
and tissues. The waveforms include the usual monophasic
and biphasic (symmetric and asymmetric) pulses as well as
a new waveform that resembles the transmembrane current
associated with AP conduction in tissue.

2. Methods

2.1. Computational simulations

Single-cell and fiber simulations were carried out using
the ten Tusscher-Panfilov (TPO6) human ventricular AP
model as a basis [4].

For tissue simulations, we created a homogeneous 3-
cm-long fiber composed of epicardial cells. Electrical
propagation across the cardiac tissue was modeled with
a monodomain reaction-diffusion equation. Discretization
was performed with a space step of 0.1 mm and a time step
of 0.01 ms. The value of the conductivity was set to obtain
a conduction velocity close to 65 cm/s under control con-
ditions [5]. The system of equations was solved using the
conjugate gradient method. The fiber was stimulated with
a monophasic current pulse with an amplitude of twice the
diastolic threshold, defined as the minimum amplitude re-
quired to propagate five APs, and a duration of 1 ms. The
simulation software ELVIRA was used for the computa-
tions [6].

For single-cell simulations, the system of ordinary dif-
ferential equations was solved by using forward Euler in-
tegration with a time step of 0.01 ms. We compared four
waveforms for the stimulus current:

a) Monophasic pulse (M) with a duration (At) of 1 ms and
an amplitude of A pA/pF.
b) Biphasic asymmetric pulse (BA), defined as in [3]:

A, 0<t< At
—AAt

T — At

where T is the pacing cycle length.

c¢) Biphasic symmetric pulse (BS), defined as:

155 (1) = A, 0<t<At
-4, At <t <2A¢

IPA@) =
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d) Adjusted waveform (A), defined as:
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where o« = 0.27, § = 1.37 and v = 1.5 are the scale,
shape and location parameters of an inverted and time-
shifted Weibull distribution. These values were obtained

by adjusting the positive phase of the wave to the posi-
tive phase of a reference waveform extracted from the fiber
control simulation (Fig. 1). The reference stimulation was
computed as an estimation of the transmembrane current
of the central cell in the fiber, that is,

. dv
Ip=—(C=+1
m (C dt + ’LOTL) )

where C' is the capacitance per unit area of membrane (1
wF/ecm?), V is the transmembrane potential and I;,,, rep-
resents the sum of ionic currents in the model.

For waveforms M, BS and BA, A was set to twice the di-
astolic threshold, and At was set to 1 ms. For the adjusted
waveform, A was set to 235.71 pA/pF and At was set to
1.5 ms in order to match the reference waveform.

2.2. Steady-state AP markers

The AP markers proposed in [2] were computed from
fiber and single-cell simulations. In particular, we com-
puted the APD at different percentages of repolarization
(90%, 75%, 50% and 25%), AP triangulation as AP Dgg —
AP D5, the maximum and minimum transmembrane po-
tential (V4. and V,,,;,,) and the maximum and minimum
AP slope (dV/dtmay and dV/dtin).

Control conditions were simulated by stimulating fiber
and single-cell models for 100 cycles at 1 Hz. AP markers
were computed from the last AP. Single-cell and fiber re-
sults were compared by computing the relative difference
between each marker j obtained in single-cell simulations
(M) and in fiber simulations (M) as

Me — m?
E%) = Jifj . 100.
M?
J
The individual contribution of each major ionic conduc-
tance to AP markers was assessed next. Each ionic con-

ductance was varied by + 15% and + 30% and its role
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Figure 1. Dashed line: estimated transmembrane current
I,,. Solid line: adjusted waveform 14,
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in determining each physiological AP-derived marker was
evaluated by using a first order response surface model as
proposed in [2].

2.3. Response to stimulation frequency

Five-minute simulations in single-cell and fiber were
performed at a range of stimulation frequencies, ranging
from 1 Hz to 4 Hz. For each of those frequencies, the val-
ues of AP Dgg and intracellular potassium concentration,
[K*];, were assessed from the last simulated beat.

3. Results

At 1 Hz pacing (control), stimulation A produced the
smallest difference between cell and fiber (Table 1) for all
markers except for AP Dsy5. As compared to the monopha-
sic stimulation (M), stimulation A produced a substantial
reduction in the differences between cell and fiber for tri-
angulation, V42, dV/dt e, and dV/dtpin.

Regarding ionic contributors, the conductances of Iy,
and I, currents played different roles in fiber and cell
simulations (Fig. 2). The impact of those two conduc-
tances on most electrophysiological AP markers was very
similar when evaluated in fiber and in single cell stimu-
lated with the A waveform. Of all analyzed markers, the
most notable differences were found for AP triangulation,
where stimulation M, BA and BS overestimated the contri-
bution of the I, current conductance and underestimated
the influence of the I-,;, current conductance. Stimula-
tion A produced the best match to fiber results for this
marker. Stimulation A also improved the cell-fiber match
in Vi and dV/dt,,;, markers, although in those cases
additional contributors were found in cell but not in fiber
(Ito for Viaes Ik s and Iyoq for dV/dt,n).

The values of AP Dgg and [K]; varied with the stimu-
lation frequency in a similar fashion for fiber, BA, BS and
A simulations (Fig. 3). Stimulation M led to overestima-
tion of [K*]; with respect to fiber. In Fig. 3, curves are
shown up to the cycle length that matched the refractory
period of the cells, which led to AP generation failure.

Table 1. Relative differences E(%) between markers sim-
ulated in cell (with stimulation M, BA, BS and A) vs. fiber.

Stimulation M BA BS A
APDgyq (ms) 0.1 -1.5 0.0 0.0
AP D7 (ms) 0.0 -1.7 -0.3 0.0
AP Dsq (ms) -14 -3.1 24 -0.1
APDsys (ms) -109  -12.7 -0.3 -0.5
Trian. (ms) 18.6 16.8 284 0.9
Vinaz (mV) 51.7 52.6 72.4 2.4
Vinin (mV) 0.0 0.3 0.0 0.0

dV/dtmaes (VIs) 657 672 665 158
AV /dtmin (VIs) 168.8 1739 1883.7 10.6

4. Discussion and conclusions

This work presents a new model for the stimulus cur-
rent in single cells that allows reproducing tissue elec-
trophysiological characteristics. The model is based on
the adjustment to a reference waveform extracted from
simulations conducted in a fiber of cells. The resulting
waveform mimics the source-sink behavior associated with
AP propagation in tissue and is consistent with experi-
mental observations [7]. In single cells stimulated with
the adjusted waveform, our set of evaluated AP markers
were found to present values similar to those measured in
fiber. The adjusted stimulation also improved the match
between the major ionic contributors to AP markers in
single-cell and fiber simulations. This was not the case
for the other tested stimulation waveforms. Consequently,
this new stimulation can be a convenient alternative to the
usual monophasic stimulation when a population of mod-
els needs to be calibrated with experimental data measured
in tissue preparations, specially in those cases where AP
triangulation, maximum voltage or voltage slopes are se-
lected as markers for evaluation.

Regarding frequency behavior, our results are consistent
with the literature [3]. In the TPO6 cell model, stimulation
is modeled as a K™ current. At high stimulation frequen-
cies, monophasic stimulation pulses produce a remarkable
accumulation of [K*];, which in turn alters [Na*];. BA
stimulation was proposed to alleviate this effect [3] by in-
cluding a negative phase to cancel out the total charge over
one beat. The adjusted stimulation proposed in this work
also prevents [K]; overload and leads to AP generation
failure at a frequency (2.9 Hz, Fig. 3) closer to that in fiber
(3.1 Hz) than stimulation BA (3.7 Hz).

This work represents a first step towards an improved
stimulation protocol for single-cell simulations. Further
work could investigate variations in the adjusted stimula-
tion waveform depending on additional factors, including
the possibility to adjust it for each AP model. Neverthe-
less, given the high inter-cell and inter-subject variability
in experimental AP properties, it is necessary to ponder
to what extent a better cell-fiber match would justify the
computational cost of specifically adjusting the stimulation
waveform to each simulated condition. Our results indi-
cate that the basic adjustment presented in this study could
be enough to decrease the mismatch between cell and fiber
and could ultimately help to improve the trustworthiness
of PoM studies without adding computational cost.
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Figure 2. Contribution of ionic conductances to AP markers simulated in fiber (F) and cell (stimulation S, BA, BS and A).
Color indicates the correlation between changes in a conductance and changes in a marker. Percentages in boxes indicate
the contribution of changes in a conductance to changes in a marker.
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Figure 3. Percentage of the initial value of AP Dy, and

[Kt]; vs. stimulation frequency.
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